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Low-energy: 	

high precision measurements

Kern- und Teilchenphysik 
in Österreich              

In Österreich forschen 7 Universitätsinstitute und 2 Akademieinstitute 

auf dem Gebiet der experimentellen und theoretischen Kern- 

und Teilchenphysik. Die ForscherInnen dieser Institute sind im 

Fachausschuss für Kern- und Teilchenphysik (FAKT) der Öster-

reichischen Physikalischen Gesellschaft organisiert.

Ein Schwerpunkt der experimentellen Kern- und Teilchenphysik ist 

die Teilnahme an internationalen Experimenten. Die österreichische 

Wirtschaft profitiert vom Know-how der neu entwickelten Technologien 

und von dem beachtlichen finanziellen Rückfluss an österreichische 

Unternehmen.

Die österreichischen Kern- und Teilchenphysik-Institute bieten ein 

exzellentes Ausbildungsprogramm für StudentInnen, DiplomandInnen 

und DissertantInnen. Die NachwuchswissenschaftlerInnen sind von 

Beginn an in internationale Forschungsprojekte involviert.

Experimente an vorderster Front der 

Teilchenphysik 

�� CMS- und ATLAS-Experiment (CERN, Genf, Schweiz)
�� PANDA-Experiment (FAIR, Darmstadt, Deutschland)
�� Neue Formen der Kernmaterie (LN Frascati, Italien und  

J-PARC, Tokai, Japan)
�� Materie/Antimaterie Symmetrie:  BELLE I/II (KEK, 

Tsukuba, Japan)
�� Fundamentale Symmetrien mit Antimaterie: ASACUSA 

(CERN, Genf, Schweiz)
�� Präzisonsexperimente mit Neutronen: PERKEO, 

qBOUNCE (ILL, Grenoble, Frankreich), PERC (FRM2, 
München, Deutschland)

Innovative und computergestützte 
theoretische Physik

�� Phänomenologie des Standardmodells der 
Teilchenphysik (elektroschwache Theorie, 
Quantenchromodynamik)

�� Physik der Hadronen und der Materie bei hohen und 
niedrigen Energien und unter extremen Bedingungen 
(Quantenchromodynamik)

�� Physik jenseits des Standardmodells (Supersymmetrie, 
Stringtheorie, Quantengravitation)

�� Neutrinophysik

Das Foto zeigt den CMS Silizium-Spurendetektor, der mit 
 österreichischer Beteiligung gebaut wurde.

Mikrowellenkavität zur Messung der Hyperfeinstruktur von 
Antiwasserstoff.
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CPT → particle/antiparticle: same masses, lifetimes, g-factors, |charge|,...
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VIOLATIONS OF FUNDAMENTAL SYMMETRIES

• Historically it was believed that nature 
would conserve symmetries of space	


• Observed symmetry violations in weak 
interaction:

Size	  of	  effect

Parity 
violation

1956	  Theory:	  Lee	  &	  Yang	  
1957	  ß-‐decay	  Wu	  et	  al.	  	  
	  	  	  	  	  	  	  	  	  π	  -‐>	  µ	  -‐>	  e	  decay

100	  %

CP violation

1964	  K
2001	  B	  decays:	  BELLE,	  BaBar	  
2008	  Nobel	  prize	   
	  	  	  	  	  	  	  	  	  	  Kobayashi	  &	  Maskawa

ε	  ~2.3	  
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CP AND THE KAON SYSTEM

•BOTH K0 SATES CAN DECAY TO 2π AND 3π	

!

!

•CP EIGENSTATES
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8.14 Neutral K Mesons 125

where kaons and antikaons can be distinguished by the charges of the

produced hadrons. The mixing occurs, because both neutral kaon states can

decay into both states with 2 and 3 pions. Therefore, the kaon state needs

to be written as follows:

| K(t)i = ↵(t) | K0i + �(t) | K0i. (8.37)

Weak interaction states must be eigenstates of CP , which can be defined

as follows:

| KSi =
1p
2

⇣

| K0i+ | K0i
⌘

: CP = +1 (8.38)

| KLi =
1p
2

⇣

| K0i� | K0i
⌘

: CP = �1. (8.39)

The subscript S and L refer to short and long lifetime of the di↵erent

states. K0, K
0
can be distinguished in production, while KS and KL in

decay. The main decay modes of KS and KL go to di↵erned CP eigenstates:

KS ! 2⇡, CP = +1, ⌧ ⇠ 0.9 ⇥ 10�10 s, (8.40)

KL ! 3⇡, CP = �1, ⌧ ⇠ 0.5 ⇥ 10�7 s. (8.41)

8.14.1 Strangeness oscillations

KS, KL have di↵erent life times and decay modes, hence also di↵erent masses.

They can be described by amplitudes

AS(t) = AS(0) exp (�(�S/2 + imS)t) (8.42)

AL(t) = AL(0) exp (�(�L/2 + imL)t) (8.43)

If a pure K0 is created, after a time t it will envolved into a mixed state

I(K0) =
1

2
[AS + AL][A

⇤
S + A⇤

L] (8.44)

=
1

4
[exp (��St) + exp (��Lt) (8.45)

+2 exp (�(�S + �L)t/2) cos (�mt)].

Fig. 8.4 shows the evolvement of the amplitudes for �m = 3.5 ⇥ 10�12

MeV (�m/m ⇠ 10�15).
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124 Weak Interactions

The Cabibbo matrix is specified by one real angle (✓c) while for the 3 ⇥ 3

matrix there are three Euler angles and one phase �, which has the form

ei(!t+�) in the wavefunction. This is not invariant under time invariance so

it introduces the possibility of T -violating or CP -violating amplitudes in the

Standard Model. However the matrix must be unitary V †V = 1, where V †

is the complex transpose of V .

8.14 Neutral K Mesons

The K mesons are in the form of two isospin I3 = ±1
2
doublets of strangeness

S = ±1:

K+ : us, K0 : ds S = +1 (8.31)

K� : su, K0 : sd S = �1 (8.32)

They decay via the �S = ±1 weak interaction into non-strange particles.

The K0 can be produced by non-strange particles with a hyperon

⇡� + p ! ⇤ + K0, E = 0.91GeV

S 0 0 �1 + 1 (8.33)

while the K
0
is produced at the same time as a kaon having S = +1

⇡+ + p ! K+ + K
0
+ p, E = 1.5GeV

S 0 0 +1 � 1 0 (8.34)

therefore it is possible to produce a pure K0 beam by choosing incident pions

of a suitable energy. Experiments were performed studying kaons beams

of mixed strangeness K0-K
0
oscillation. Most precise results are from the

CPLEAR experiment at LEAR of CERN, which made use of the following

reactions

pp ! K�⇡+K0 (8.35)

pp ! K+⇡�K0, (8.36)
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Figure 8.4: Oscillations of K0 and K0] intensities with time, for an initially

pure K0 beam- The values �m ⌧s = 0.5 has been assumed.

8.14.2 K0 regeneration

If a K0 beam travels through material for man ⌧KS , then only KL is left over.

But KL consist of both K0 and K0, which have due to di↵erent strangeness

also di↵erent interactions with matter. The change of the relative content of

K0 and K0 means that again KS are produced or regenerated.

8.15 CP violation in the neutral kaon system

In 1964 Cronin and Fitch discovered CP violation in the neutral kaon system.

We ca again first define CP eigenstates with anplitudes

K1 : CP = +1

K2 : CP = �1.

8.15 CP violation in the neutral kaon system 127

Then, the kaon states that decay into both CP states can be written as

KL =
1

p

1 + |✏|2
(K2 + ✏K1) (8.46)

KS =
1

p

1 + |✏|2
(K1 � ✏K2), (8.47)

(8.48)

where ✏ is a quantification of the degree of CP violation.Experimentally,

one can observe quantities such as

|⌘+�| =
amplitude(KL ! ⇡+⇡�)

amplitude(KS ! ⇡+⇡�)
= 2.3 ⇥ 10�3 (8.49)

|⌘00| =
amplitude(KL ! ⇡0⇡0)

amplitude(KS ! ⇡0⇡0)
= 2.3 ⇥ 10�3 (8.50)

Since both KL and KS decay into two pions, again an interference signal

is expected with a shape like Eq. 8.44:

I2⇡(t)

I2⇡(0)
= exp (��St) + |⌘+�|2 exp (��Lt) (8.51)

+2|⌘+�| exp (�(�S + �L)t/2) cos (�mt+ �+�).

Here, t is the proper time. Fig. 8.5 shows experimental data. CPLEAR

has accurately determined all the quantities, with �+�,�00 ⇠ 440.

There are two possible sources of CP violation: indirect via the described

mising of the K1 and K2 states, or direct via a violation of ✏ in the decay

itself. In the latter case one writes

⌘+� = |⌘+�| exp (i�+�) ⇠ ✏+ i ✏0, (8.52)

⌘00 = |⌘00| exp (i�00) ⇠ ✏ � 2i ✏0. (8.53)

Experimental e↵orts were done to measure ✏0/✏ ⇠ 2 ⇥ 10�3.

An important additional CP violation occurs in the leptonic decay modes:

KL ! e+ + ⌫e + ⇡� (8.54)

KL ! e� + ⌫e + ⇡+, (8.55)

where Eq. 8.54 has a 0.3% higher rate as Eq. 8.55. Note that this can be

used to define in anabsolute way matter versus antimatter.
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Figure 8.5: (a) Event rates for K0 ! ⇡+⇡� decays ads a funtion of proper

time. The best fit n the upper graph needs the existence of in-

terference between KL and KS amplitudes. (b) The interference

term extracted from the results.

8.16 Cosmological CP violation

In the current universe essentially no antimatter at all is observed, which

can be explained qualitatively by CP violation with assumptions of baryon

number non-conservation and deviations from thermal equilibrium (the so-

called “Sakharov-criteria“).
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Figure 8.5: (a) Event rates for K0 ! ⇡+⇡� decays ads a funtion of proper

time. The best fit n the upper graph needs the existence of in-

terference between KL and KS amplitudes. (b) The interference

term extracted from the results.

8.16 Cosmological CP violation

In the current universe essentially no antimatter at all is observed, which

can be explained qualitatively by CP violation with assumptions of baryon

number non-conservation and deviations from thermal equilibrium (the so-

called “Sakharov-criteria“).

"0

"
= (2.2± 0.4)⇥ 10�3
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Then, the kaon states that decay into both CP states can be written as
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KS =
1

p

1 + |✏|2
(K1 � ✏K2), (8.47)

(8.48)

where ✏ is a quantification of the degree of CP violation.Experimentally,

one can observe quantities such as

|⌘+�| =
amplitude(KL ! ⇡+⇡�)

amplitude(KS ! ⇡+⇡�)
= 2.3 ⇥ 10�3 (8.49)

|⌘00| =
amplitude(KL ! ⇡0⇡0)

amplitude(KS ! ⇡0⇡0)
= 2.3 ⇥ 10�3 (8.50)

Since both KL and KS decay into two pions, again an interference signal

is expected with a shape like Eq. 8.44:

I2⇡(t)

I2⇡(0)
= exp (��St) + |⌘+�|2 exp (��Lt) (8.51)

+2|⌘+�| exp (�(�S + �L)t/2) cos (�mt+ �+�).

Here, t is the proper time. Fig. 8.5 shows experimental data. CPLEAR

has accurately determined all the quantities, with �+�,�00 ⇠ 440.

There are two possible sources of CP violation: indirect via the described

mising of the K1 and K2 states, or direct via a violation of ✏ in the decay

itself. In the latter case one writes

⌘+� = |⌘+�| exp (i�+�) ⇠ ✏+ i ✏0, (8.52)

⌘00 = |⌘00| exp (i�00) ⇠ ✏ � 2i ✏0. (8.53)

Experimental e↵orts were done to measure ✏0/✏ ⇠ 2 ⇥ 10�3.

An important additional CP violation occurs in the leptonic decay modes:

KL ! e+ + ⌫e + ⇡� (8.54)

KL ! e� + ⌫e + ⇡+, (8.55)

where Eq. 8.54 has a 0.3% higher rate as Eq. 8.55. Note that this can be

used to define in anabsolute way matter versus antimatter.
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Figure 8.5: (a) Event rates for K0 ! ⇡+⇡� decays ads a funtion of proper

time. The best fit n the upper graph needs the existence of in-

terference between KL and KS amplitudes. (b) The interference

term extracted from the results.

8.16 Cosmological CP violation

In the current universe essentially no antimatter at all is observed, which

can be explained qualitatively by CP violation with assumptions of baryon

number non-conservation and deviations from thermal equilibrium (the so-

called “Sakharov-criteria“).
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8.16 Cosmological CP violation

In the current universe essentially no antimatter at all is observed, which

can be explained qualitatively by CP violation with assumptions of baryon

number non-conservation and deviations from thermal equilibrium (the so-

called “Sakharov-criteria“).
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Here, t is the proper time. Fig. 8.5 shows experimental data. CPLEAR
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There are two possible sources of CP violation: indirect via the described

mising of the K1 and K2 states, or direct via a violation of ✏ in the decay

itself. In the latter case one writes

⌘+� = |⌘+�| exp (i�+�) ⇠ ✏+ i ✏0, (8.52)
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Fig. 2. CPLEAR detector: (a) longitudinal view, and (b) transverse view and display of an event, !pp (not shown)
→ K−!+K0 with the neutral kaon decaying to !+!−. View (b) is magni"ed twice with respect to (a) and does not show
the magnet coils and outer detector components. In both views the central region refers to the early data taking without
the innermost proportional chamber PC0.

3.2. The detector

The detector speci"cations were based on the experimental requirements, which were the
following.

• To select reaction (49) from the (very) large number of multi-pion annihilation channels.
In particular, a very e#cient kaon identi"cation is essential.

• To distinguish between the various neutral-kaon decay channels.
• To measure the decay proper time between 0 and ≈ 20 KS mean lives. At the highest K0 mo-
mentum measured in our experiment (750 MeV=c), the KS mean decay length is 4 cm. This sets
the size of the cylindrical K0 decay volume to a radius of ≈ 60 cm.

• To acquire a large quantity of statistics, which required both a high rate capability (1 MHz anni-
hilation rate) and large geometrical coverage.

An important aspect in the design of the experiment was the need to minimize neutral-kaon
regeneration e$ects in the decay volume by minimizing the amount of matter in the detector. The
regeneration e$ects modify the time evolution of initial K0 and !K0 di$erently. The regeneration
amplitude had not been measured in our K0 momentum range and at "rst had to be inferred from
previous measurements of charged-kaon cross-sections. Later, however, we could measure it in the
same detector.
Since the antiproton reactions of Eq. (49) were observed at rest, the particles were produced

isotropically, thus the detector had a typical near-4! geometry. The whole detector was embedded
in a (3:6 m long, 2 m diameter) warm solenoidal magnet which provided a 0:44 T uniform "eld.
The general layout of the CPLEAR experiment is shown in Fig. 2; a comprehensive descrip-

tion of the detector is found in Ref. [3]. The incoming !p beam was delivered by the Low Energy

Angelopoulos, A., et al. (2003). Phys.Rept., 374, 165–270. doi:10.1016/S0370-1573(02)00367-8
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mentum measured in our experiment (750 MeV=c), the KS mean decay length is 4 cm. This sets
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An important aspect in the design of the experiment was the need to minimize neutral-kaon
regeneration e$ects in the decay volume by minimizing the amount of matter in the detector. The
regeneration e$ects modify the time evolution of initial K0 and !K0 di$erently. The regeneration
amplitude had not been measured in our K0 momentum range and at "rst had to be inferred from
previous measurements of charged-kaon cross-sections. Later, however, we could measure it in the
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Since the antiproton reactions of Eq. (49) were observed at rest, the particles were produced
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124 Weak Interactions

The Cabibbo matrix is specified by one real angle (✓c) while for the 3 ⇥ 3

matrix there are three Euler angles and one phase �, which has the form

ei(!t+�) in the wavefunction. This is not invariant under time invariance so

it introduces the possibility of T -violating or CP -violating amplitudes in the

Standard Model. However the matrix must be unitary V †V = 1, where V †

is the complex transpose of V .

8.14 Neutral K Mesons

The K mesons are in the form of two isospin I3 = ±1
2
doublets of strangeness

S = ±1:

K+ : us, K0 : ds S = +1 (8.31)

K� : su, K0 : sd S = �1 (8.32)

They decay via the �S = ±1 weak interaction into non-strange particles.

The K0 can be produced by non-strange particles with a hyperon

⇡� + p ! ⇤ + K0, E = 0.91GeV

S 0 0 �1 + 1 (8.33)

while the K
0
is produced at the same time as a kaon having S = +1

⇡+ + p ! K+ + K
0
+ p, E = 1.5GeV

S 0 0 +1 � 1 0 (8.34)

therefore it is possible to produce a pure K0 beam by choosing incident pions

of a suitable energy. Experiments were performed studying kaons beams

of mixed strangeness K0-K
0
oscillation. Most precise results are from the

CPLEAR experiment at LEAR of CERN, which made use of the following

reactions

pp ! K�⇡+K0 (8.35)

pp ! K+⇡�K0, (8.36)

Angelopoulos, A., et al. (2003). Phys.Rept., 374, 165–270. doi:10.1016/S0370-1573(02)00367-8
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• EDM: both P,T violating (SM: TV →CPV)	


!

!

!

!

!

!

!

• magnitude EDM = charge x length x TV	

• current value dn < 2.9x10−26 e cm

11

Baker, C. et al., Physical Review Letters, 97, 131801 (2006)
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WHAT IS T-TRANSFORMATION EXPERIMENTALLY?

projects
Entangled state

projects
Entangled state

Ȋ(4S)
t1

�B    
p j

J/l �
Ȋ(4S)

t

0    
projects
B

T
t1

t1 W'

J/ȥ

KLL

lt1

t1 '

t2TaggingB �

W'

�lt2

t1

TaggingB
0

W'

J/ȥ

It is NOT
the exchange

t1 t2 projects

gg g�

j t

TaggingB �
Kss

0
   

projects

B�B    
projects

0 0

�
'�o� BB W0 0

BB �o�'
�

W

EPR-ENTANGLEMENT: CP-TAG

¾ BUT the INDIVIDUAL STATE of each neutral meson is NOT DEFINED BEFORE its 

collapse as a filter imposed by the observation of the decay of its orthogonal partner!

¾ One can rewrite li> in terms of any other pair of orthogonal states of the individual 

neutral B-mesons:

Consider B
+

and B , where B is filtered by the decay J/Ȍ K
+
, K

+
being the neutralConsider B

+
and B

-
, where B

-
is filtered by the decay J/Ȍ K

+
, K

+
being the neutral  

K-meson decaying K
+

ʌʌ, and B
+

is the orthogonal to B
-
, not connected to J/Ȍ K

+
.

W ll th ti f th i iti l t t t t i th filt i d b fi tWe may call the preparation of the initial state at t
1
, using the filter imposed by a first

observation of one of these decays, a “CP-tag”, although B± are not CP-eigenstates of 

B’s necessarilyB s necessarily.

The same entangled state of the system can be rewritten

1 � � � � � � � �> @21212
1| tBtBtBtBi ���� � ²

B meson oscillations J. Bernabeu (Valencia)



E.	  Widmann

FIRST OBSERVATION OF T INVARIANCE 
VIOLATION

14

16 November 2012 Physics Today www.physicstoday.org

search and discovery

When it was discovered in 1957
that the weak interactions of el-
ementary particles are not sym-

metric under the parity operation P,
theorists retreated to the seemingly safe
presumption that the combined opera-
tion CP remained an inviolate symme-
try. (The charge-conjugation operation
C replaces all particles by their antipar-
ticles.) But seven years later came a 
second rude awakening: The decay of
neutral K mesons revealed a minuscule
but undeniable violation of CP symme-
try. So particles viewed in a mirror don’t
behave exactly like their antiparticles. 

The violation of CP symmetry
strongly implies that the weak interac-
tions must also be asymmetric under
time reversal T. That’s because invio-
late CPT symmetry was, and still re-
mains, a bedrock theorem of particle
theory. In 1999 experimenters thought
they had found the first direct evidence
of T violation in the observed differ-
ence in the forward and backward rates
for the oscillatory metamorphosis
K0 ↔ ‾K0 (see PHYSICS TODAY, February
1999, page 19).

But theorist Lincoln Wolfenstein
soon pointed out that because K0 and ‾K0

are antiparticles, such rate comparisons
can’t disentangle the contributions of T
and CP violation.1 He suggested instead
that less ambiguous evi-
dence of T violation be
sought in decay cas-
cades of the much heav-
ier neutral B mesons
soon to be produced in
great profusion at the “B
factories,” small, spe-
cial-purpose electron–
positron colliders just
then starting up at SLAC
and at KEK in Japan.
“Though accepted the-
ory insisted on the CPT
theorem,” Wolfenstein
recalls, “testing it has
long been a goal.”

From 1999 to its
final shutdown in 2008,
SLAC’s B factory pro-
duced several hundred
million pairs of neutral

B mesons quantum-entangled in such
a way that, sometimes, the decay of
one instantaneously fixes the state of
its partner, perhaps a millimeter away.
Having combed through all those B
pairs, the international collaboration
that ran the B factory’s BaBar detector
now reports the first clear, direct evi-
dence of T-symmetry violation.2 In
transitions between neutral-B states
not connected by CP, they find transi-
tion rates that depend on temporal di-
rection in a way that can only be attrib-
uted to T violation. And the observed
level of T asymmetry is consistent
with what’s expected from the known
violation of CP symmetry. To no one’s
surprise, then, the CPT theorem
emerges unscathed.

B factories
B mesons are bound states of the heavy
b quark (or its antiquark ‾b) and one of the
ordinary light antiquarks (or quarks).
Therefore, the B meson’s mass (5.28 GeV)
is about five times that of the proton. To
create B pairs at the highest possible rate,
the countercirculating e− and e+ beams in
the SLAC collider were tuned so that
their center-of-mass collision energy was
10.58 GeV, the mass of an upsilon meson
[the s-wave ‾bb bound state Υ(4s)] that
immediately decays, with roughly equal

Bedrock theory has insisted since 1964 that the weak interactions
should look slightly different when the movie is run backwards.
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Figure 1. Two neutral B mesons, entangled by the in-
ternal quantum numbers of their rapidly moving par-
ent Υ(4s) meson, decay a few picoseconds apart in the
BaBar detector at SLAC. The μ− emerging from the first
decay reveals that the other B was, at that instant, in
the quark-flavor eigenstate B0. But then the survivor’s
decay mode, after a time interval measured by the 
longitudinal separation Δz, reveals that the B0 had 
become the CP eigenstate B− .
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probability, into a pair of neutral or op-
positely charged B mesons. 

The B mesons then decay with a half-
life of about a picosecond. Much like its
Japanese rival, the SLAC collider em-
ployed a trick to be!er observe the indi-
vidual B decays: The beam electrons are
accelerated to three times the momentum
of the positrons that run into them. In a
conventional collider with equal and op-
posite beam momenta, the B mesons
would be born almost at rest. But the
asymmetric SLAC collider imparts a
he"y 6-GeV net momentum to the B pair.
Thus a measurable distance between the
two B-decay vertices in the BaBar detector
reveals the time interval between them
(see PHYSICS TODAY, May 2001, page 17).

Looking for violation 
Symmetry under time reversal would
require the transition rate between two
different neutral-B states to be inde-
pendent of the time order. The internal
quantum state of a neutral B meson can
be described in terms of either the
quark-flavor eigenstates B0 and ‾B0 (de-
pending on whether the heavy quark 
is a b or ‾b) or the even and odd CP
eigenstates B+ and B− , which are orthog-
onal superpositions of the flavor states:
                                                                     

B± = (B0 ± ‾B0)/√‾2 .

Like neutral kaons and neutrinos,
neutral B mesons exhibit flavor oscilla-

tion as they travel. Born, say, as a pure
‾B0, a neutral B can later show itself in a
revealing decay as a B0, or even as one
of the CP eigenstates.

The entanglement imposed on the
neutral-B pair by the parent Υ(4s) dic-
tates that if the first decay of a daughter
reveals it to have been in a specific fla-
vor or CP eigenstate, her still unde-
cayed sister must—at that instant—be
in the opposite state. “That’s the kind 
of Einstein-Podolsky-Rosen quantum
weirdness we exploited in search of 
T violation,” says BaBar spokesman
Michael Roney. 

To that end, a BaBar analysis team
led by Fernando Martinez-Vidal (Uni-
versity of Valencia, Spain) sought the
rare neutral-B pairs in which the decay
of one B clearly revealed a CP eigen-
state and the decay of the other, a flavor
eigenstate. Decays that reveal a neutral
B’s quark flavor are not rare. The charge
of an energetic lepton among the decay
products can serve as a flavor tag. If it’s
an e− or a µ−, the progenitor was a ‾B0;
but if it’s an e+ or a µ+, the decay began
with a B0. 

Much rarer are the decays that un-
ambiguously reveal a CP eigenstate.
The gold standard is 

B+/− → ψ(1s) + KL/S .

The ψ(1s) meson is the first discovered
bound state of the charmed quark and
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Figure 2. Violation of symmetry under time reversal T is evident in these plots of
the measured asymmetry parameter A (defined in the text) for various transforma-
tions of neutral B-meson states versus the time interval between state-identifying
decays. The blue curves estimate departures of measured A from zero due to instru-
mental effects even in the absence of T asymmetry. The best global fit (red curves)
to all the data indicates a 14-standard-deviation signal of T-symmetry violation.
(Adapted from ref. 2.) 

Optimize your 
experimental set-up

 

 

  

 

Low Temperature 
Optical Spectroscopy

Check out our special Fall offer at: 

www.oxinst.com/opti
or email: nanoscience@oxinst.com

 
 

 
 

 

 

 

  

 

 

 

 
 

 
 

 

 

 

  

 

 

 

 
 

 
 

 

Optistat™ and ostatMicr ™,
leading brands in optical cryostats

es as low as 1.5 KemperaturTTe

Lowest helium consumption 
of any flow cryostat

 

 

  

 

 

 

 
 

 
 

 

™,
leading brands in optical cryostats

es as low as 1.5 K

Lowest helium consumption 

 

 

  

 

 

 

 
 

 
 

 

Complete system includes the 
latest curyMer iTC temperatur

ollercontr

 

 

  

 

 

 

 
 

 
 

 

Complete system includes the 
e iTC temperatur

 

 

  

 

 

 

 
 

 
 

 

 

 

  

 

 

 

 
 

 
 

 

 

 

  

 

 

 

 
 

 
 

 

fer at:Check out our special Fall of

.oxinst.com/optiwww
or email: nanoscience@oxinst.com

Microscope image of masked InGaN
quantum dot sample cooled by a

ostatMicrro Hires2. A 1 µm hole can be
seen at the center of the three arrows
labeled 76. Courtesy of Prof. Robert T

, Oxford Univeryy,Clarendon Laboratorry

 

 

  

 

 

 

 
 

 
 

 

fer at:

nanoscience@oxinst.com

Microscope image of masked InGaN

Hires2. A 1 µm hole can be
seen at the center of the three arrows

aylorr,TTa
rsityy.

 

 

  

 

 

 

 
 

 
 

 

or email: nanoscience@oxinst.com

 

 

  

 

 

 

 
 

 
 

 

nanoscience@oxinst.com

Downloaded 09 Dec 2012 to 137.138.139.20. Redistribution subject to AIP license or copyright; see http://www.physicstoday.org/about_us/terms

 J. P. Lees et al. (The BABAR Collaboration)  Phys. Rev. Lett. 109, 211801 (2012)   arXiv:1207.5832 [hep-ex]  

5

low discriminating power are excluded from further anal-
ysis. We determine the signed difference of proper time
∆t = tβ − tα between the two B decays from the mea-
sured separation of the decay vertices along the collision
axis. Events are accepted if the reconstructed |∆t| and
its estimated uncertainty, σ∆t, are lower than 20 ps and
2.5 ps, respectively. The performances of the flavor ID
and ∆t reconstruction algorithms are evaluated by us-
ing a large sample of flavor-specific neutral B decays to
D(∗)−[π+, ρ(770)+, a1(1260)+] and J/ψK∗0(→ K+π−)
final states (referred to as Bflav sample). The ∆t res-
olution function is the same as in Ref. [20] except that
all Gaussian offsets and widths are modeled to be pro-
portional to σ∆t.
The composition of the final sample is determined

through fits to the mES and ∆E distributions, using
parametric forms and distributions extracted from MC
simulation and dilepton mass sidebands in data to de-
scribe the signal and background components. Figure 1
shows the mES and ∆E data distributions for events
that satisfy the flavor ID and vertexing requirements,
overlaid with the fit projections. The final sample con-
tains 7796 ccK0

S
events, with purities in the signal region

(5.27 < mES < 5.29 GeV/c2) ranging between 87% and
96%, and 5813 J/ψK0

L
events, with a purity of 56% in

the |∆E| < 10 MeV region.
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FIG. 1: (color online). Distributions of (a) mES and (b)
∆E for the neutral B decays reconstructed in the ccK0

S and
J/ψK0

L final states, respectively, after flavor ID and vertexing
requirements. In each plot, the shaded region is the estimated
background contribution. The two samples of events are iden-
tical to those used in our most recent CP -violation study [20],
but excluding ηcK

0
S and J/ψK∗0(→ K0

Sπ
0) final states.

We perform a simultaneous, unbinned maximum likeli-
hood fit to the ∆t distributions for flavor identified ccK0

S

and J/ψK0
L
events, split by flavor category. The signal

probability density function (PDF) is [15]

Hα,β(∆t) ∝ g+α,β(∆ttrue)H(∆ttrue)⊗R(δt;σ∆t) + (2)

g−α,β(−∆ttrue)H(−∆ttrue)⊗R(δt;σ∆t),

where ∆ttrue is the signed difference of proper time be-
tween the two B decays in the limit of perfect ∆t recon-
struction, H is the Heaviside step function, R(δt;σ∆t)

with δt = ∆t−∆ttrue is the resolution function, and g±α,β
are given by Eq. (1). Note that ∆ttrue is equivalent to
∆τ (−∆τ) when a true flavor (CP ) tag occurs. Because
of the convolution with the resolution function, the dis-
tribution for ∆t > 0 contains predominantly true flavor-
tagged events, with a small contribution from true CP -
tagged events at low ∆t, and conversely for ∆t < 0. Mis-
takes in the flavor ID algorithm mix correct and incorrect
flavor assignments, and dilute the T -violating asymme-
tries by a factor of approximately (1−2w). Backgrounds
are accounted for by adding terms to Eq. (2) [20]. Events
are assigned signal and background probabilities based on
the mES or ∆E distributions, for ccK0

S
or J/ψK0

L
events,

respectively.
A total of 27 parameters are varied in the likelihood

fit: eight pairs of (S±
α,β , C

±
α,β) coefficients for the sig-

nal, and 11 parameters describing possible CP and T
violation in the background. All remaining signal and
background parameters are fixed to values taken from
the Bflav sample, J/ψ -candidate sidebands in J/ψK0

L
,

world averages for Γd and ∆md [22], or MC simula-
tion [20]. From the 16 signal coefficients [23], we con-
struct six pairs of independent asymmetry parameters
(∆S±

T ,∆C±
T ), (∆S±

CP ,∆C±
CP ), and (∆S±

CPT ,∆C±
CPT ), as

shown in Table I. The T -asymmetry parameters have
the advantage that T -symmetry breaking would directly
manifest itself through any nonzero value of ∆S±

T or
∆C±

T , or any difference between ∆S±
CP and ∆S±

CPT ,
or between ∆C±

CP and ∆C±
CPT (analogously for CP - or

CPT -symmetry breaking). The measured values for the
asymmetry parameters are reported in Table I. There
is another two times three pairs of T -, CP -, and CPT -
asymmetry parameters, but they are not independent
and can be derived from Table I or Ref. [23].
We build time-dependent asymmetries AT (∆t) to vi-

sually demonstrate the T -violating effect. For transition
B0 → B−,

AT (∆t) ≡
H−

ℓ−,K0
L

(∆t)−H+
ℓ+,K0

S

(∆t)

H−
ℓ−,K0

L

(∆t) +H+
ℓ+,K0

S

(∆t)
, (3)

where H±
α,β(∆t) = Hα,β(±∆t)H(∆t). With this con-

struction, AT (∆t) is defined only for positive ∆t val-
ues. Neglecting reconstruction effects, AT (∆t) ≈
∆S+

T

2 sin(∆md∆t)+
∆C+

T

2 cos(∆md∆t). We introduce the
other three T -violating asymmetries similarly. Figure 2
shows the four observed asymmetries, overlaid with the
projection of the best fit results to the ∆t distribu-
tions with and without the eight T -invariance restric-
tions: ∆S±

T = ∆C±
T = 0, ∆S±

CP = ∆S±
CPT , and ∆C±

CP =
∆C±

CPT [23].
Using large samples of MC simulated data, we deter-

mine that the asymmetry parameters are unbiased and
have Gaussian errors. Splitting the data by flavor cate-
gory or data-taking period give consistent results. Fitting
a single pair of (S,C) coefficients, reversing the sign of S
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1. Introduction

The existence of antimatter is a direct consequence of combining two of the most fundamental
known concepts in physics, the theory of relativity and quantum mechanics. Its theoretical
prediction, based on these abstract principles [1], and experimental discovery [2] represent one
of the great successes of theoretical physics. At the time of its discovery, antimatter was thought
to be an exact mirror of matter; all phenomena that had been observed in nature were invariant
under conjugation of parity (P) and charge (C) as well as time reversal (T), and not much was
known about the early history of the universe. Henceforth, the enormous matter–antimatter
asymmetry of the nearby universe (complete absence of antimatter except in cosmic rays) posed
a mystery that could only be explained by assuming that the universe was set up like this.

With the rise of the big bang theory after the theoretical prediction [3, 4] and observational
discovery of the cosmic expansion [5] and cosmic microwave background (CMB) [6], it be-
came clear that the universe was hot during the early stages of its history [7], and antimatter
was present when pair-creation and annihilation reactions were in thermal equilibrium. When
particle energies in the cooling plasma became too small for pair creation, almost all particles
and antiparticles were annihilated, with a small amount of matter (by definition) surviving. The
baryon asymmetry of the universe (BAU) can be defined as the difference between the number
of baryons NB and antibaryons NB̄ divided by their sum (or the entropy s) just before antiprotons
disappeared from the primordial plasma. Since the end products of annihilation processes are
mostly photons and there are no antibaryons in the universe today5, the BAU can be estimated
by the baryon to photon ratio ⌘,

⌘ = NB

N�

���
T =3 K

= NB � NB̄

N�

���
T =3 K

⇠ NB � NB̄

NB + NB̄

���
T&1 GeV

. (1)

5 Here we assume that the BAU is the same everywhere in space within the observable universe, we discuss this
point in section 2.

New Journal of Physics 14 (2012) 095012 (http://www.njp.org/)
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was present when pair-creation and annihilation reactions were in thermal equilibrium. When
particle energies in the cooling plasma became too small for pair creation, almost all particles
and antiparticles were annihilated, with a small amount of matter (by definition) surviving. The
baryon asymmetry of the universe (BAU) can be defined as the difference between the number
of baryons NB and antibaryons NB̄ divided by their sum (or the entropy s) just before antiprotons
disappeared from the primordial plasma. Since the end products of annihilation processes are
mostly photons and there are no antibaryons in the universe today5, the BAU can be estimated
by the baryon to photon ratio ⌘,

⌘ = NB

N�

���
T =3 K

= NB � NB̄

N�

���
T =3 K

⇠ NB � NB̄

NB + NB̄

���
T&1 GeV

. (1)

5 Here we assume that the BAU is the same everywhere in space within the observable universe, we discuss this
point in section 2.
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ANTIMATTER IN THE UNIVERSE

•DIRECT SEARCHES IN COSMIC RAYS
• PAMELA (satellite), AMS (space station): e+, p,̄ no α̅
• no annihilation radiation observed

•COSMOLOGICAL MODELS
• estimate from baryon/photon ratio
• photons are final products of annihilation processes

• 2 ways
• relative abundances of light elements in the IGM

• temperature fluctuations in the CMB
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1. Introduction

The existence of antimatter is a direct consequence of combining two of the most fundamental
known concepts in physics, the theory of relativity and quantum mechanics. Its theoretical
prediction, based on these abstract principles [1], and experimental discovery [2] represent one
of the great successes of theoretical physics. At the time of its discovery, antimatter was thought
to be an exact mirror of matter; all phenomena that had been observed in nature were invariant
under conjugation of parity (P) and charge (C) as well as time reversal (T), and not much was
known about the early history of the universe. Henceforth, the enormous matter–antimatter
asymmetry of the nearby universe (complete absence of antimatter except in cosmic rays) posed
a mystery that could only be explained by assuming that the universe was set up like this.

With the rise of the big bang theory after the theoretical prediction [3, 4] and observational
discovery of the cosmic expansion [5] and cosmic microwave background (CMB) [6], it be-
came clear that the universe was hot during the early stages of its history [7], and antimatter
was present when pair-creation and annihilation reactions were in thermal equilibrium. When
particle energies in the cooling plasma became too small for pair creation, almost all particles
and antiparticles were annihilated, with a small amount of matter (by definition) surviving. The
baryon asymmetry of the universe (BAU) can be defined as the difference between the number
of baryons NB and antibaryons NB̄ divided by their sum (or the entropy s) just before antiprotons
disappeared from the primordial plasma. Since the end products of annihilation processes are
mostly photons and there are no antibaryons in the universe today5, the BAU can be estimated
by the baryon to photon ratio ⌘,

⌘ = NB

N�

���
T =3 K

= NB � NB̄

N�

���
T =3 K

⇠ NB � NB̄

NB + NB̄

���
T&1 GeV

. (1)

5 Here we assume that the BAU is the same everywhere in space within the observable universe, we discuss this
point in section 2.
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of light elements by modifying the expansion rate of the universe. The expansion rate is
given by

H 2 = 8⇡

3
G⇢, (5)

where G is Newton’s constant, H the Hubble parameter and ⇢ the energy density of the universe.
In the radiation-dominated era at the time of BBN, ⇢ ' ⇢� + ⇢e + N⌫⇢⌫ , where the first two terms
are the energy densities for photons and electrons/positrons and ⇢⌫ is the contribution from a
flavour of neutrinos. N⌫ is the effective number of neutrino species. In the standard scenario
N⌫ = 3 during BBN12, any deviation 1N⌫ from that can be used to parameterize a non-standard
expansion rate. Despite the name, a 1N⌫ 6= 0 need not be caused by an additional neutrino
species. It may, e.g., be due to any non-standard energy budget, gravitational waves, varying
coupling constants or extra dimensions. A best fit to the observed element abundances with N⌫

left as a free parameter, reported in [28], yields

⌘BBN = 6.07 ± 0.33, 1N⌫ = 0.62 ± 0.46, (6)

with 1N⌫ consistent with zero at ⇠1.3� .13 However, the precise values of these parameters are
affected by the selection of datasets and estimates of systematic errors, cf the discussion in [27].

The main uncertainty results from the difficulty in measuring the primordial abundances of
light elements. These differ from present-day values within galaxies, which have been modified
by thermonuclear reactions in stars throughout the last 13 Gyears. N⌫ is mainly sensitive to the
4He abundance (because the expansion history determines the point of neutron freezeout, which
affects the neutron fraction n/p in the plasma), and ⌘ is sensitive to D. In contrast to He, there
are no known astrophysical sources of D [32]; thus the observed abundance provides a reliable
lower bound on the primordial value. In fact, the BBN bounds on ⌘ are almost entirely derived
from the D abundance. This has earned D the label ‘baryometer’ of the universe, and the strong
dependence on D is the reason why ⌘ is relatively insensitive to the infamous 7Li problem [29].
It is believed that the most precise measurement to date can be obtained from high-redshift low-
metallicity quasar absorption systems, although the systematic errors are not fully understood,
cf the discussion and references in [27].

3.2. Cosmic microwave background and large-scale structure

The baryon content of the universe can also be determined from the power spectrum of
temperature fluctuations in the CMB. The temperature fluctuations were generated by acoustic
oscillations of the baryon–photon plasma in the gravitational potential caused by small
inhomogeneities in the dark matter (DM) distribution. The oscillations are sensitive to ⌘ because
the baryon fraction determines the equation of state of the plasma, which mainly manifests
in the relative height of odd and even peaks in the power spectrum. Since the decoupling of
photons happens at a vastly different epoch (T ⇠ 0.3 eV) and the physics that produces the
acoustic peaks in the power spectrum is very different from BBN, this is a truly independent
measurement. The WMAP7 data [33] alone give, in units of 10�10,

⌘CMB = 6.160+0.153
�0.156. (7)

12 At the time of CMB decoupling N⌫ = 3.046 in the SM, where the deviation from 3 parameterizes a deviation
from the equilibrium distribution of neutrinos caused by e± annihilation [30].
13 Recently, evidence from different sources that hints at 1N⌫ > 0 has mounted [31, 33], but the statistical
significance does not allow a definite conclusion at this stage.

New Journal of Physics 14 (2012) 095012 (http://www.njp.org/)
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“MODEL” FOR CPTV:  
STANDARD MODEL EXTENSION SME

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua	


• Note: there is a preferred frame, sidereal variation due to earth  
  rotation may be detectable

CPT & LORENTZ VIOLATION

LORENTZ VIOLATION

Modified Dirac eq. in SME
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OTHER POSSIBILITY:  
FOAM AND UNITARITY VIOLATION

10-35 m
After Weinberg 99
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• P, CP VIOLATION	

• T VIOLATION:  EDMS, DIRECT EXPERIMENTS	
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DISCOVERY OF THE ANTIPROTON

•Bevatron 5.6 GeV	

• Just at threshold!	


•Discrimination against π–: measure	

• Momentum 	


• Magnets: 1.19 GeV	

• Velocity	


• TOF 51 vs. 40 ns	

• Cherenkov counter veto	


•60 events in 1955	

•Δm/mp ~ 5%	

•O. Chamberlain, E. Segre,  
C. Wiegand, T. Ypsilantis,  
Phys. Rev. 100, 947 (1955)	


•Nobelprize Chamberlain &  
Segre 1959
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FIRST p-̄N ANNIHILATION

•Energy release 1350 ± 50 MeV > mp	


•Total 35 annihilations!	

• Chamberlain et al., Phys. Rev. 102, 902 (1956)	


•final proof of antimatter character

24
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DISCOVERY OF W, Z BOSONS AT CERN
C. Rubbia 247

from Ref. [9]. Protons (100 GeV/c) are
periodically extracted in short bursts and produce 3.5 GeV/c antiprotons, which are accumulated
and cooled in the small stacking ring. Then p’s are reinjected in an RF bucket of the main ring and
accelerated to top energy. They collide head on against a bunch filled with protons of equal energy
and rotating in the opposite direction.

The rate R of events of cross-section u for two counter-rotating beam
bunches colliding head on, with frequency fc and nl and n2 particles, is

where e is the (common) beam radius, and the numerical factor l/4 takes into
account the integration over Gaussian profiles. For our experiment, typically
~~0.01  c m  a n d  c~=lO-~~ c m2. Therefore (alne2)=3x10-3’,  and a very
large nl n2 product is needed to overcome the ‘geometry’ effect.

The scheme used in the present experimental programme has been dis-
cussed by Rubbia, Cline and McIntyre [9] and is shown in Fig. 5. It makes use
of the existing 400 GeV CERN Proton Synchrotron (PS) [10], suitably modi-
fied in order to be able to store counter-rotating bunches of protons and
antiprotons at an energy of 270 GeV per beam. Antiprotons are produced by
collisions of 26 GeV/c protons from the PS onto a solid target. Accumulation in
a small 3.5 GeV/c storage ring is followed by stochastic cooling [ll] to
compress phase space. In Table 1 the parameters of Ref. [9] are given. Taking
into account that the original proposal was formulated for another machine,
namely the Fermilab synchrotron (Batavia, Ill.) they are quite close to the
conditions realised in the SPS conversion. Details of the accumulation of
antiprotons are described in the accompanying lecture by Simon van der
Meer.

The CERN experiments with proton-antiproton collisions have been the
first, and so far the only, example of using a storage ring in which bunched
protons and antiprotons collide head on. Although the CERN pp Collider uses
bunched beams, as do the e+e- colliders, the phase-space damping due to
synchrotron radiation is now absent. Furthermore, since antiprotons are

C. Rubbia, S. van der Meer 
© CERN

Proton-antiproton 
collider 1983
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ANTIPROTON PRODUCTION @ CERN
•Threshold 6 mp (5.6 GeV)	

•PS: 26 GeV	

•Antiprotons of 3.7 GeV/c	

•Low-energy beam	

• Accumulation	

• Deceleration	

• Cooling (stochastic,  

electron)	

•1982 – 1996 : AAC	

• 3 separate rings  

AC, AA, LEAR	

•Since 2000	

• All-in-one machine: AD
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LEAR
•Decleration of 3.7 GeV/c  
p ̄in PS (inverse way!)	


• Injection into LEAR	

•Stochastic and  
electron cooling	


•Range 0.1 to 2 GeV/c	

• min. 5.3 MeV	


•1 Mio p/̄s over  
1 hour in slow  
extraction	


•109 p/̄shot in  
fast extraction
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LEAR

Electron 
cooler

Stochastic cooling lines
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STOCHASTIC COOLING: PRINCIPLE

• Measure beam center by pick-ups	

• Correction signal to opposite 

kicker	

!

• pioneered at CERN for  
discovery W,Z bosons	


• Nobel Prize S. van der  
Meer	


!
• Cooling power decreseas 

with decreasing energy	

• Cooling time ~ number  

of particles

32

•Measure beam center by pick-ups	

•Correction signal to opposite kicker
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ELECTRON COOLING

electron 
collector

electron 
gun

high voltage platform

magnetic 
field electron 

beam

ion 
beam

33

Cooling rate:	

E=electron, i= ion	

Le/C: fraction of circ. Covered	

    by electrons	

R: classical radii	

F~ 0.3 
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Cooling rate:	
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ANTIPROTON DECELERATOR @ CERN

35

•All-in-one machine:	

•Antiproton capture	

•deceleration & cooling	

•100 MeV/c (5.3 MeV)
•Pulsed extraction	


• 2-4 x 107 antiprotons per 
pulse of 100 ns length 	


• 1 pulse / 85−120 secondsAntiproton production

ASACUSA

ALPHA

ATRAP

AEgIS
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ELENA @ CERN-AD
• Decelerator after AD 5 MeV → 100 keV

36

Energy range, MeV 5.3 - 0.1

Intensity of ejected beam 1.8 

εx,y 4 / 4

∆p/p of extracted beam, [95%], standard 8·10

Operation from 2017
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AD & ELENA AREA AND EXPERIMENTS
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ELENA

GBAR

ASACUSA
ALPHA

ATRAP

AEgIS
BASE
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AD EXPERIMENTS

• ATRAP - G. Gabrielse, Harvard	

• ALPHA - J. S. Hangst, Aarhus	

• Antihydrogen trapping and 1S-2S 

spectroscopy	


• ASACUSA* - R.S. Hayano, Tokyo	

• Antiprotonic atoms, collisions,  

antihydrogen hyperfine structure	


• AEgIS* - M. Doser, CERN	

• Antimatter gravity	


• GBAR - P. Perez, Saclay	

• Antimatter gravity	


• BASE - S. Ulmer, RIKEN	

• p ̄magnetic moment	


• ACE - M. Holzscheiter, Heidelberg	

• biological effects of p ̄annihilations

38
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2010 Summary in Physics Today ATRAP Antihydrogen Collaboration AIP Physics Story of the Year

Gabrielse Group Hessels and Storry Groups Walz Group Speck Group

  Annotated Publication List   

 
Long Term Goal: Precise laser or microwave spectroscopy of trapped antihydrogen

               to make the most stringent lepton and baryon CPT tests  

 
``When antihydrogen is formed in an ion trap, the neutral atoms will no longer be
confined and will thus quickly strike the trap electrodes. Resulting annihilations
of the positron and antiproton could be monitored. ..."

 

"... it is clear that the very low [antihydrogen production rate] will make ...
experiments with antihydrogen to be very ... difficult. For me, the most attractive
way ... would be to capture the antihydrogen in a neutral particle trap ... The
objective would be to then study the properties of a small number of
[antihydrogen] atoms confined in the neutral trap for a long time."

 

 Gerald Gabrielse, 1986 Erice Lecture (shortly after first trapping of antiprotons), in Fundamental Symmetries, ed. by P. Bloch, et al., p. 59 (Plenum, NY, 1987)  

ATRAP Simultaneously Loads Positrons and Antiprotons During a 100 Second Cycle

 
tick marks: 1 meter  

  
Positron accumulator Cold positrons and

accumulates positrons cold antiprotons are
accumulated

from a 22Na source in Penning traps located
within a 1-3 Tesla solenoid

 (below left)
  
  
 Antiprotons come from
 the CERN Antiproton

time axis Decelerator (AD)
storage ring

 0 seconds
antiprotons load

30 seconds
positrons load  70 seconds

more positrons load
100 seconds

cycle starts over   

scintillation
detectors   

Anihydrogen is produced
within a Ioffe trap
by one of two methods
that ATRAP developed
(method 1, method 2, 
traps for antihydrogen)

 Solenoid and vacuum container for the traps  Inside view of Penning traps and Ioffe trap
rotated 90 degrees clockwise  

ATRAP is a collaboration of the following groups:
Harvard University - Responsible for the Penning traps, integration of the experiment, particlecollaboration

D. Perini,  A. Dudarev, 
J. Bremer, G. Burghart, 
T. Eisel. , M.Doser

G. Testera, C. Carraro, C. 
Canali, V. Lagomarsino, G. 
Manuzio,, C. Canali, S. 
Zavatarell, L. DiNoto , R. 
Vaccarone

H Sandaker, J. P. Hansen 

A. Kellerbauer, 
U. Warring

M. Oberthaler,
F. Haupert,
P. Bräunig

I. Al-Qaradawi,
L. Joergensen

Qatar University

R. Brusa, S. Mariazzi,
G. Nebbia 
(D. Fabris, M. Lunardon,
S. Moretto, S. Pesente,
G. Viesti)

AEGIS

*E.W.
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•High brightness low energy beams	

• two storage rings with 300 keV 
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•High brightness low energy beams	

• two storage rings with 300 keV 
(LSR) and 20 keV (USR)	


• electron cooling	

• ε ~ 1 π mm mrad	

• Δp/p ~ 10–4 	


•Storage rings with internal targets 
for collision studies	


•Slow and fast extraction 

40

Factor  100  more  pbar  trapped  or    
stopped  in  gas  targets  than  now

• Ion traps	

• HITRAP facility for HCI & pbar

• Many new experiments possible
• same facilities can be used for HCI
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1.3.3. Antiprotons at FAIR 

FAIR,&the&Facility&for&Antiproton&and&Ion&Research&will&
be&an&extension&of&the&existing&GSI&Helmholtzzentrum&
für& Schwerionenforschung&mbH& near& Darmstadt27

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
27&FAIR&Baseline&Technical&Report&2006,&
http://www.gsi.de/fair/reports/btr.html&

.& It&
will&be&an& international&research&institute&for&nuclear&
and&hadron&physics,&with&25%&of&the&construction&cost&
to& be& provided& from& countries& outside& Germany.& In&
2009& Slovakia& and& SaudiPArabia& joined& as& new&
member& states& and& promised& to& contribute& to& the&
FAIR& project.& The& physics& program& of& FAIR& covers& a&
wide& range&of& topics,& such& as&highPenergy& antiproton&

beams& for& hadron& physics& in& the& charmonium& range&
(PANDA),& lowPenergy& antiproton& beams& for&
fundamental& symmetries& and& atomic& physics& studies&
(FLAIR),& highPenergy& heavy& ion& collisions& (CBM),&
radioactive& ion& beams& for& nuclear& structure& studies&
(NUSTAR)& and& atomic& physics& with& highly& charged&
ions& (APPA).& FAIR& will& become& the& most& important&
centre& for& hadron& physics& in& Europe.& The& Austrian&
Ministry&for&Science&and&Research&has&decided&to&sign&
the& memorandum& of& understanding& of& FAIR& in&
February& 2007& and& has& shown& willingness& to&

significantly& contribute& to& the& construction& and&
operation&of&the&FAIR&facility.&
Even& though& the& complete& external& contribution& has&
not&yet&been&secured,&the&project&was&formally&started&
with&a&kickPoff&event&in&November&2007.&This&marked&
the& start&of&phase&A&of& the&project.&A& cost& revision& in&
August&2009&had&to&raise&the&construction&costs&of&this&
Phase.& The& firm& commitments& from& all& partner&
countries& amount& to& 1039& M€.& The& FAIR& Joint& Core&

Team& decided& to& divide& the& setting& up& of& the& facility&
into& 6& modules& (cf.& Fig.& 17).& Modules& 0& to& 3& are&
covered& by& the& firm& commitments.&Modules& 4,& 5& and&
Phase& B& will& be& started& as& soon& as& the& remaining&
funding&will&become&available.&In&November&2009,&the&
basic& legal& documents& were& finalized& and& are&
currently& being& translated& into& the& languages& of&
several& participating& countries.& The& process& is&
expected&to&end&in&summer&2010&and&the&formation&of&
the& FAIR& company& is& foreseen& soon& after.& The& time&
schedule&anticipates&an&end&of&construction&of&module&
3& earliest& in& 2016,& and& a& start& of& the& antiproton&
operation&soon&after.&Regarding&FAIR,&the&focus&of&the&

&

Fig.!17:!Modules!0!to!3!of!FAIR.!Module!0:!green;!module!1:!red;!module!2:!yellow;!module!3:!orange.&
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CRYRING @ ESR 

ESR 

CRYRING 

CRYRING has been delivered 
to GSI and is currently getting 
installed  

AP 
SPARC/FLAIR 
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VISION: ANTIPROTONS FROM CR/RESR?

• Current ESR experimental hall could be used for full FLAIR 
program	


Vision: Antiprotons from CR/RESR
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LECTURE OVERVIEW

•FUNDAMENTAL SYMMETRIES	

• P, CP VIOLATION	

• T VIOLATION:  EDMS, DIRECT EXPERIMENTS	

• CPT SYMMETRY	


•ANTIPROTON PRODUCTION	

• CERN-AD, ELENA, FAIR/FLAIR	


•CPT TESTS 	

• Antiproton properties	

• Antiprotonic helium: p ̄mass, charge, magn. moment	

• Antihydrogen: GS-HFS, 1S-2S
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TRAPPING OF p ̄IN PENNING TRAPS

B field
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Simple	  Concept:	  g-‐Factor	  Measurement

Cyclotron	  Motion
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Larmor	  Precession

Determination	  of	  the	  g-‐factor	  reduces	  to	  the	  determination	  of	  a	  frequency	  ratio	  
-‐>	  in	  principle	  a	  very	  simple	  experiment	  

g:	  mag.	  Moment	  in	  units	  of	  	  
nuclear	  magneton

S.	  Ulmer	  RIKEN	  
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The	  Continuous	  Stern	  Gerlach	  Effect

Energy	  of	  magnetic	  dipole	  in	  magnetic	  
field

	  

	  Leading	  order	  magnetic	  field	  	  
correction

This	  term	  adds	  a	  spin	  dependent	  quadratic	  axial	  potential	  -‐
>	  Axial	  frequency	  becomes	  function	  of	  spin	  state

	  

-‐	  Very	  difficult	  for	  the	  proton/antiproton	  system.	  	  
-‐	  Most	  extreme	  magnetic	  conditions	  ever	  applied	  to	  single	  particle.

S.	  Ulmer	  RIKEN	  
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BASE	  Penning	  trap
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Larmor	  Frequency	  Measurement
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Recent	  ATRAP	  Results

Measured	  in	  Penning	  trap	  with	  strong	  magnetic	  inhomogeneity	  
-‐>	  Double	  Penning	  Trap

J.	  diSciacca	  et	  al.,	  PLR	  110,	  130801	  (2013)	  

g/2	  =	  2.792	  848	  (24)	  Rodegheri	  et	  al.,	  NJP	  14,	  063011,	  (2012)	  
g/2	  =	  2.792	  846	  (7)	  di	  Sciacca	  et	  al.,	  PRL	  108,	  153001	  (2012)

ASACUSA	  (Pask,	  Widmann	  et	  al.)
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Mooser, A., et al. Nature, 509, 596–599 (2014).



E.	  Widmann

PROTON g-FACTOR FROM PENNING TRAP

53

Each trap consists of five stacked cylindrical electrodes. The central
ring electrode of the analysis trap is made out of ferromagnetic Co/Fe
material, which generates the magnetic bottle. The other electrodes are
made out of oxygen-free copper. To prevent oxidation all electrodes are
gold-plated. The two trap centres are separated by 43.7 mm. Within this

distance the magnetic-field inhomogeneity drops significantly. In
the precision trap (PT) we have BPT 5 B0 1 B1, PTz 1 B2, PTz2, where
B1, PT < 85 T m21 and B2, PT < 4 T m22, which is 75,000 times smaller
than in the analysis trap. To shuttle the particle from one trap to the
other, potential ramps are applied to transport electrodes located between
the two traps. Radio-frequency drives applied to coils mounted close to
each trap generate oscillating magnetic fields to drive proton spin transi-
tions. The entire setup is placed in a hermetically sealed vacuum chamber
cooled to 4 K. In this chamber pressures below 10214 Pa are achieved18,
providing single-proton storage times of at least one year.

Protons are produced with an in-trap electron impact ion source.
Electrons from a field emission gun hit a polyethylene target. Sputtered
atoms are ionized in the centre of the precision trap. From the loaded
ion-cloud a single proton is prepared using well established techniques19.

Once a single proton is prepared, the particle’s modified cyclotron
mode is cooled resistively. This is achieved by tuning a cryogenic tank
circuit, which acts on resonance as a resistor, to the cyclotron mode at
n1 5 28.9 MHz (ref. 20). Subsequently, the particle is shuttled to the
analysis trap and the axial frequency is measured. To this end, nz!

ffiffiffiffiffiffi
V0
p

is tuned to resonance with our superconducting axial detection system
at 740 kHz by adjusting the trapping voltage V0. Once the axial motion
is cooled to thermal equilibrium, the particle shorts the thermal noise of
the detector and appears as a dip in the fast Fourier transform of the
detector signal21. Such a fast Fourier transform spectrum is recorded in
60 s (shown as red points in Fig. 2b). By applying a fit to the data, the
axial frequency nz is obtained. From this measurement, the quantum
number of the cyclotron mode n1 is determined22. Low n1 is cru-
cial to achieve an axial frequency stability which is sufficient to resolve
single spin transitions23,24. Below a threshold cyclotron quantum num-
ber n1, th , 1,500 we achieve single spin-flip resolution with a fidelity
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Figure 2 | Experimental setup and measurement procedures. a, Schematic
of the double Penning-trap setup that is used for the direct measurement of the
proton magnetic moment. It consists of two traps, an analysis trap and a
precision trap, which are connected by transport electrodes. A strong magnetic
field inhomogeneity is superimposed on the analysis trap, which is required to
detect proton spin quantum transitions. In the precision trap, where the
magnetic field is homogeneous, the precise frequency measurements are
carried out. The solid curve in the plot below the trap system indicates the
strength of the on-axis magnetic field. b, Fast Fourier transform spectrum of the

axial detector’s output signal. The dip (red) is due to a single particle, which
shorts the thermal noise of the detector. The double-dip signal (black) appears
when a quadrupolar sideband drive at n1 2 nz is applied. From such dip spectra
n1, nz and n2 are determined and thus the cyclotron frequency. The axial
frequency has been offset by 623,850 Hz. For further details see text. c, Axial
frequency measurement as a function of time. Frequency jumps of about
170 mHz are observed, which are due to induced single-proton spin transitions.
The axial frequency has been offset by 742,060 Hz.

Indirect,
hydrogen maser

Direct, Penning trap
with magnetic bottle

Direct, double
Penning trap

Ref. 1

Ref. 5

Ref. 4

This work

Relative precision

10–12 10–10 10–8 10–6 10–4 10–2 1

Figure 1 | Relative precision achieved in measurements of the proton
magnetic moment. The value extracted indirectly from measurements with a
hydrogen maser has a precision of 10 p.p.b. (ref. 1). Direct measurements
with a single proton in a Penning trap with strong superimposed magnetic
inhomogeneities were performed in 2012 by us4 and a group at Harvard5. The
result of the measurement described in this work was achieved by using the
double Penning-trap technique with a single trapped proton. Our result is 3
times more precise than reported in ref. 1 and about 760 times more precise
than other direct single particle measurements.
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Direct high-precision measurement of the magnetic
moment of the proton
A. Mooser1,2{, S. Ulmer3, K. Blaum4, K. Franke3,4, H. Kracke1,2, C. Leiteritz1, W. Quint5,6, C. C. Rodegheri1,4, C. Smorra3 & J. Walz1,2

One of the fundamental properties of the proton is its magnetic
moment, mp. So far mp has been measured only indirectly, by analys-
ing the spectrum of an atomic hydrogen maser in a magnetic field1.
Here we report the direct high-precision measurement of the mag-
netic moment of a single proton using the double Penning-trap
technique2. We drive proton-spin quantum jumps by a magnetic
radio-frequency field in a Penning trap with a homogeneous mag-
netic field. The induced spin transitions are detected in a second trap
with a strong superimposed magnetic inhomogeneity3. This enables
the measurement of the spin-flip probability as a function of the drive
frequency. In each measurement the proton’s cyclotron frequency is
used to determine the magnetic field of the trap. From the normalized
resonance curve, we extract the particle’s magnetic moment in terms
of the nuclear magneton: mp 5 2.792847350(9)mN. This measurement
outperforms previous Penning-trap measurements4,5 in terms of pre-
cision by a factor of about 760. It improves the precision of the forty-
year-old indirect measurement, in which significant theoretical bound
state corrections6 were required to obtain mp, by a factor of 3. By appli-
cation of this method to the antiproton magnetic moment, the frac-
tional precision of the recently reported value7 can be improved by a
factor of at least 1,000. Combined with the present result, this will
provide a stringent test of matter/antimatter symmetry with baryons8.

The challenge to measure the properties of the proton with great pre-
cision inspires very different branches of physics. As part of the intense
search for baryon number violation so far, a lower limit of the proton’s
lifetime of tp . 2.1 3 1029 years has been set9. Employing Penning traps,
the proton’s atomic mass was measured with a fractional precision of
0.14 parts per billion (p.p.b.; ref. 10), and the proton-to-electron mass
ratio was determined with a relative accuracy of 94 parts in 1012 (ref. 11).
Both provide essential input parameters with which to test the theory
of quantum electrodynamics and contribute to the search for physics
beyond the Standard Model. Furthermore, exciting results obtained by
spectroscopy of muonic hydrogen12 yielded a new value of the proton
charge radius, and compared to previous measurements a 7s deviation
was observed, which has yet to be understood.

Another property of the proton is its spin magnetic moment

mp~gp
qp

2mp
S ð1Þ

where qp/mp is the charge-to-mass ratio and S is the particle’s spin. The
constant gp is a dimensionless measure of mp in units of the nuclear
magneton mN~qpB= 2mp

! "
, where B is the reduced Planck constant.

The most precise value of mp (see Fig. 1, white bar) is extracted from
spectroscopy of atomic hydrogen1. In this experiment the bound proton-
to-electron magnetic moment ratio mp(H)/me(H) was measured with a
fractional precision of 10 p.p.b., and mp was calculated by taking theor-
etical corrections at the level of about 18 parts per million into account6.

A scheme for the direct measurement of magnetic moments of single
particles in Penning traps has been applied with great success in mea-
surements of the g 2 2 values (where g is the dimensionless measure
of the electron magnetic moment me in units of the Bohr magneton

mB~qeB= 2með Þ) of the electron and the positron13 and further improved
for the electron in ref. 14, where fractional precisions at the level of 3.8
and 0.28 parts in 1012 were achieved, respectively. The application of
this scheme to measure the magnetic moment of the proton is a consi-
derable challenge, because mp is about 658 times smaller than the mag-
netic moment of the electron me. Thus, an apparatus with much higher
sensitivity to the magnetic moment is needed.

In a Penning trap, the g-factor of the proton is determined by the
measurement of a frequency ratio gp/2 5 nL/nc wherenc 5 qpB0/(2pmp)
is the cyclotron frequency, and nL 5 (gp/2)nc is the spin-precession
frequency, also called the Larmor frequency. Both frequencies are mea-
sured in the same magnetic field B0. The cyclotron frequency is obtained
by the Brown–Gabrielse invariance theorem, n2

c~n2
zzn2

zzn2
{, where

n1, nz and n2 are the characteristic oscillation frequencies of the trapped
particle15, the modified cyclotron frequency, the axial frequency and the
magnetron frequency, respectively. The Larmor frequency can be mea-
sured by application of the so-called continuous Stern–Gerlach-effect3.
In that scheme a magnetic field inhomogeneity DB(z)z 5 B2z2 is super-
imposed on the trap, where B2 characterizes its strength and z is the axial
coordinate. This ‘magnetic bottle’ couples the spin magnetic moment to
the axial oscillation frequency, thus reducing the determination of the
spin state to a measurement of nz. A spin-flip shifts the axial frequency
by Dnz, SF 5 (mpB2)/(2p2mpnz). This enables the measurement of the
spin transition rate as a function of an applied drive frequency nrf, and
yields the Larmor frequency nL (ref. 16).

In our experiment, we use B2 5 2.97(10) 3 105 T m22 (ref. 4), which is
2,000 times stronger than in the electron/positron experiments13. In
the presence of such a strong magnetic inhomogeneity the axial fre-
quency shift caused by a spin-transition isDnz, SF 5 171 mHz out of nz <
740 kHz. Thus, the detection of proton spin quantum jumps requires
an adequate axial frequency stability that is difficult to achieve in the
strong magnetic bottle B2 (ref. 17). However, dramatic progress in the
manipulation of a single trapped proton allowed the first direct mea-
surements of the proton magnetic moment mp (refs 4 and 5; see Fig. 1,
grey bars). Those experiments were carried out solely in Penning traps
with a superimposed B2, which are usually called ‘analysis traps’. The
strong inhomogeneity broadens the width of the spin resonance, and
ultimately limits the precision to the level of parts per million. An ele-
gant solution to boost experimental precision is provided by the dou-
ble Penning-trap technique2. This method separates the analysis of the
spin state from the precision measurements of nc and nL. In addition to
the analysis trap, a precision trap is used, in which the magnetic field is
more homogeneous by orders of magnitude. This narrows the width of
the Larmor resonance dramatically, and thus improves the precision.
Here we report the first direct measurement of the proton magnetic
moment using this technique.

Figure 2a shows a schematic of our double Penning-trap setup located
at the University of Mainz, Germany. It is mounted in the horizontal and
southward-oriented bore of a superconducting magnet, with a magnetic
field of B0 < 1.89 T and a stability of (DB/B0)/Dt 5 4.0(0.7) 3 1029 h21.

1Institut für Physik, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany. 2Helmholtz-Institut Mainz, 55099 Mainz, Germany. 3RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198,
Japan. 4Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany. 5Fakultät für Physik und Astronomie, Ruprecht-Karls-Universität Heidelberg, 69047 Heidelberg, Germany. 6GSI—
Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany. {Present address: RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198, Japan.
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Each trap consists of five stacked cylindrical electrodes. The central
ring electrode of the analysis trap is made out of ferromagnetic Co/Fe
material, which generates the magnetic bottle. The other electrodes are
made out of oxygen-free copper. To prevent oxidation all electrodes are
gold-plated. The two trap centres are separated by 43.7 mm. Within this

distance the magnetic-field inhomogeneity drops significantly. In
the precision trap (PT) we have BPT 5 B0 1 B1, PTz 1 B2, PTz2, where
B1, PT < 85 T m21 and B2, PT < 4 T m22, which is 75,000 times smaller
than in the analysis trap. To shuttle the particle from one trap to the
other, potential ramps are applied to transport electrodes located between
the two traps. Radio-frequency drives applied to coils mounted close to
each trap generate oscillating magnetic fields to drive proton spin transi-
tions. The entire setup is placed in a hermetically sealed vacuum chamber
cooled to 4 K. In this chamber pressures below 10214 Pa are achieved18,
providing single-proton storage times of at least one year.

Protons are produced with an in-trap electron impact ion source.
Electrons from a field emission gun hit a polyethylene target. Sputtered
atoms are ionized in the centre of the precision trap. From the loaded
ion-cloud a single proton is prepared using well established techniques19.

Once a single proton is prepared, the particle’s modified cyclotron
mode is cooled resistively. This is achieved by tuning a cryogenic tank
circuit, which acts on resonance as a resistor, to the cyclotron mode at
n1 5 28.9 MHz (ref. 20). Subsequently, the particle is shuttled to the
analysis trap and the axial frequency is measured. To this end, nz!

ffiffiffiffiffiffi
V0
p

is tuned to resonance with our superconducting axial detection system
at 740 kHz by adjusting the trapping voltage V0. Once the axial motion
is cooled to thermal equilibrium, the particle shorts the thermal noise of
the detector and appears as a dip in the fast Fourier transform of the
detector signal21. Such a fast Fourier transform spectrum is recorded in
60 s (shown as red points in Fig. 2b). By applying a fit to the data, the
axial frequency nz is obtained. From this measurement, the quantum
number of the cyclotron mode n1 is determined22. Low n1 is cru-
cial to achieve an axial frequency stability which is sufficient to resolve
single spin transitions23,24. Below a threshold cyclotron quantum num-
ber n1, th , 1,500 we achieve single spin-flip resolution with a fidelity
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Figure 2 | Experimental setup and measurement procedures. a, Schematic
of the double Penning-trap setup that is used for the direct measurement of the
proton magnetic moment. It consists of two traps, an analysis trap and a
precision trap, which are connected by transport electrodes. A strong magnetic
field inhomogeneity is superimposed on the analysis trap, which is required to
detect proton spin quantum transitions. In the precision trap, where the
magnetic field is homogeneous, the precise frequency measurements are
carried out. The solid curve in the plot below the trap system indicates the
strength of the on-axis magnetic field. b, Fast Fourier transform spectrum of the

axial detector’s output signal. The dip (red) is due to a single particle, which
shorts the thermal noise of the detector. The double-dip signal (black) appears
when a quadrupolar sideband drive at n1 2 nz is applied. From such dip spectra
n1, nz and n2 are determined and thus the cyclotron frequency. The axial
frequency has been offset by 623,850 Hz. For further details see text. c, Axial
frequency measurement as a function of time. Frequency jumps of about
170 mHz are observed, which are due to induced single-proton spin transitions.
The axial frequency has been offset by 742,060 Hz.
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Figure 1 | Relative precision achieved in measurements of the proton
magnetic moment. The value extracted indirectly from measurements with a
hydrogen maser has a precision of 10 p.p.b. (ref. 1). Direct measurements
with a single proton in a Penning trap with strong superimposed magnetic
inhomogeneities were performed in 2012 by us4 and a group at Harvard5. The
result of the measurement described in this work was achieved by using the
double Penning-trap technique with a single trapped proton. Our result is 3
times more precise than reported in ref. 1 and about 760 times more precise
than other direct single particle measurements.

LETTER RESEARCH

2 9 M A Y 2 0 1 4 | V O L 5 0 9 | N A T U R E | 5 9 7

Macmillan Publishers Limited. All rights reserved©2014

LETTER
doi:10.1038/nature13388

Direct high-precision measurement of the magnetic
moment of the proton
A. Mooser1,2{, S. Ulmer3, K. Blaum4, K. Franke3,4, H. Kracke1,2, C. Leiteritz1, W. Quint5,6, C. C. Rodegheri1,4, C. Smorra3 & J. Walz1,2

One of the fundamental properties of the proton is its magnetic
moment, mp. So far mp has been measured only indirectly, by analys-
ing the spectrum of an atomic hydrogen maser in a magnetic field1.
Here we report the direct high-precision measurement of the mag-
netic moment of a single proton using the double Penning-trap
technique2. We drive proton-spin quantum jumps by a magnetic
radio-frequency field in a Penning trap with a homogeneous mag-
netic field. The induced spin transitions are detected in a second trap
with a strong superimposed magnetic inhomogeneity3. This enables
the measurement of the spin-flip probability as a function of the drive
frequency. In each measurement the proton’s cyclotron frequency is
used to determine the magnetic field of the trap. From the normalized
resonance curve, we extract the particle’s magnetic moment in terms
of the nuclear magneton: mp 5 2.792847350(9)mN. This measurement
outperforms previous Penning-trap measurements4,5 in terms of pre-
cision by a factor of about 760. It improves the precision of the forty-
year-old indirect measurement, in which significant theoretical bound
state corrections6 were required to obtain mp, by a factor of 3. By appli-
cation of this method to the antiproton magnetic moment, the frac-
tional precision of the recently reported value7 can be improved by a
factor of at least 1,000. Combined with the present result, this will
provide a stringent test of matter/antimatter symmetry with baryons8.

The challenge to measure the properties of the proton with great pre-
cision inspires very different branches of physics. As part of the intense
search for baryon number violation so far, a lower limit of the proton’s
lifetime of tp . 2.1 3 1029 years has been set9. Employing Penning traps,
the proton’s atomic mass was measured with a fractional precision of
0.14 parts per billion (p.p.b.; ref. 10), and the proton-to-electron mass
ratio was determined with a relative accuracy of 94 parts in 1012 (ref. 11).
Both provide essential input parameters with which to test the theory
of quantum electrodynamics and contribute to the search for physics
beyond the Standard Model. Furthermore, exciting results obtained by
spectroscopy of muonic hydrogen12 yielded a new value of the proton
charge radius, and compared to previous measurements a 7s deviation
was observed, which has yet to be understood.

Another property of the proton is its spin magnetic moment

mp~gp
qp

2mp
S ð1Þ

where qp/mp is the charge-to-mass ratio and S is the particle’s spin. The
constant gp is a dimensionless measure of mp in units of the nuclear
magneton mN~qpB= 2mp

! "
, where B is the reduced Planck constant.

The most precise value of mp (see Fig. 1, white bar) is extracted from
spectroscopy of atomic hydrogen1. In this experiment the bound proton-
to-electron magnetic moment ratio mp(H)/me(H) was measured with a
fractional precision of 10 p.p.b., and mp was calculated by taking theor-
etical corrections at the level of about 18 parts per million into account6.

A scheme for the direct measurement of magnetic moments of single
particles in Penning traps has been applied with great success in mea-
surements of the g 2 2 values (where g is the dimensionless measure
of the electron magnetic moment me in units of the Bohr magneton

mB~qeB= 2með Þ) of the electron and the positron13 and further improved
for the electron in ref. 14, where fractional precisions at the level of 3.8
and 0.28 parts in 1012 were achieved, respectively. The application of
this scheme to measure the magnetic moment of the proton is a consi-
derable challenge, because mp is about 658 times smaller than the mag-
netic moment of the electron me. Thus, an apparatus with much higher
sensitivity to the magnetic moment is needed.

In a Penning trap, the g-factor of the proton is determined by the
measurement of a frequency ratio gp/2 5 nL/nc wherenc 5 qpB0/(2pmp)
is the cyclotron frequency, and nL 5 (gp/2)nc is the spin-precession
frequency, also called the Larmor frequency. Both frequencies are mea-
sured in the same magnetic field B0. The cyclotron frequency is obtained
by the Brown–Gabrielse invariance theorem, n2

c~n2
zzn2

zzn2
{, where

n1, nz and n2 are the characteristic oscillation frequencies of the trapped
particle15, the modified cyclotron frequency, the axial frequency and the
magnetron frequency, respectively. The Larmor frequency can be mea-
sured by application of the so-called continuous Stern–Gerlach-effect3.
In that scheme a magnetic field inhomogeneity DB(z)z 5 B2z2 is super-
imposed on the trap, where B2 characterizes its strength and z is the axial
coordinate. This ‘magnetic bottle’ couples the spin magnetic moment to
the axial oscillation frequency, thus reducing the determination of the
spin state to a measurement of nz. A spin-flip shifts the axial frequency
by Dnz, SF 5 (mpB2)/(2p2mpnz). This enables the measurement of the
spin transition rate as a function of an applied drive frequency nrf, and
yields the Larmor frequency nL (ref. 16).

In our experiment, we use B2 5 2.97(10) 3 105 T m22 (ref. 4), which is
2,000 times stronger than in the electron/positron experiments13. In
the presence of such a strong magnetic inhomogeneity the axial fre-
quency shift caused by a spin-transition isDnz, SF 5 171 mHz out of nz <
740 kHz. Thus, the detection of proton spin quantum jumps requires
an adequate axial frequency stability that is difficult to achieve in the
strong magnetic bottle B2 (ref. 17). However, dramatic progress in the
manipulation of a single trapped proton allowed the first direct mea-
surements of the proton magnetic moment mp (refs 4 and 5; see Fig. 1,
grey bars). Those experiments were carried out solely in Penning traps
with a superimposed B2, which are usually called ‘analysis traps’. The
strong inhomogeneity broadens the width of the spin resonance, and
ultimately limits the precision to the level of parts per million. An ele-
gant solution to boost experimental precision is provided by the dou-
ble Penning-trap technique2. This method separates the analysis of the
spin state from the precision measurements of nc and nL. In addition to
the analysis trap, a precision trap is used, in which the magnetic field is
more homogeneous by orders of magnitude. This narrows the width of
the Larmor resonance dramatically, and thus improves the precision.
Here we report the first direct measurement of the proton magnetic
moment using this technique.

Figure 2a shows a schematic of our double Penning-trap setup located
at the University of Mainz, Germany. It is mounted in the horizontal and
southward-oriented bore of a superconducting magnet, with a magnetic
field of B0 < 1.89 T and a stability of (DB/B0)/Dt 5 4.0(0.7) 3 1029 h21.

1Institut für Physik, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany. 2Helmholtz-Institut Mainz, 55099 Mainz, Germany. 3RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198,
Japan. 4Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany. 5Fakultät für Physik und Astronomie, Ruprecht-Karls-Universität Heidelberg, 69047 Heidelberg, Germany. 6GSI—
Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany. {Present address: RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198, Japan.
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F . 75%. This means that three out of four spin transitions are iden-
tified correctly. If n1 . n1, th is obtained, the particle is shuttled back to
the precision trap and the cyclotron mode is cooled again. This pro-
cedure is repeated until n1 , n1, th, which takes about two hours.

Once a particle with adequate n1 is prepared, the actual g-factor
measurement is conducted. First, the proton’s spin state is identified.
To this end, the axial frequency is measured and a spin-transition is
induced by applying a magnetic radio-frequency drive, followed by
another measurement of nz. As soon as a spin quantum jump is observed
(see Fig. 2c), the proton’s spin state is known. Afterwards, the particle is
transported to the precision trap, where its cyclotron frequency nc is
determined. First, the modified cyclotron frequency is measured via
sideband coupling. An electric field at nsb, which is close to n1 2 nz, PT

is applied. This transfers energy between the axial mode and the modi-
fied cyclotron mode, and leads to a modulation of the axial oscillation
amplitude. In the corresponding fast Fourier transform spectrum a so-
called ‘double-dip’ with frequencies nleft and nright for the left and the
right dip, respectively, is observed (shown as black data points in Fig. 2b).
Subsequently, the axial frequency is recorded, which is about nz, PT <
624 kHz. We determine n1 by applying the relation25

nz~nsbznleftznright{nz, PT ð2Þ
The magnetron frequency n2 < 7 kHz is measured in a similar way.
Finally, nc, 1 is obtained using the invariance theorem15. Next, spin
transitions are induced by applying a spin-flip drive at nrf, PT and sub-
sequently the cyclotron frequency nc, 2 is measured again. Since the side-
band drive leads to heating of the cyclotron mode, in a next step, by
repeated cyclotron mode cooling in the precision trap and transport to
the analysis trap, a low n1 , n1, th state is prepared and the spin state
analysed again. From a comparison of the two measured spin states we
conclude whether the spin in the precision trap was flipped. By repeat-
ing this scheme many times the spin-flip probability PSF as a function
of nrf, PT is obtained. Normalizing each applied nrf, PT, k by the associated
nc, k where k is the measurement number, one obtains a so-called g-
factor resonance, PSF(nL/nc), with a maximum at mp/mN 5 gp/2. For the
normalization we use the average (nc, 1 1 nc, 2)/2 of the two cyclotron
frequency measurements. This compensates for linear magnetic field
drifts which potentially take place while spin transitions are driven.

The result of our g-factor measurement is shown in Fig. 3. Inco-
herences caused by the coupling of the particle’s axial motion to the
axial detection circuit in the slightly inhomogeneous magnetic field of
the precision trap prevent PSF from exceeding 50% (ref. 16). The line-
width of the measured resonance is 12.5 p.p.b., which is caused by
saturation and thermal fluctuations of the modified cyclotron energy
E1. The latter causes fluctuations of the axial frequency, nz, PT / B2E1,
which lead to fluctuations of the measured cyclotron frequency via equa-
tion (2), thus contributing to the linewidth. The measured data set is
analysed using the maximum-likelihood method26 based on a Gaussian
distribution with the g-factor being the lineshape centre. The maximum-
likelihood method is a statistical parameter estimation technique and
avoids the need for arbitrary data binning, which may result in a biased
estimate of the fitting parameters. From the data analysis we obtain

mp~
gp

2
mN~2:792 847 348 7ð ÞmN

where the number in parentheses is the statistical uncertainty of the fit,
which corresponds to a relative precision of 2.6 p.p.b.

Systematic shifts D(gp/2) of the measured (gp/2) value are caused by
time and energy dependencies of nL and nc

D gp=2
! "

gp=2
! " ~

DnL Ez,Ez,E{,tð Þ
nL

{
Dnc Ez,Ez,E{,tð Þ

nc
ð3Þ

The frequency shiftsDnL(E1, Ez, E2, t) andDnc(E1, Ez, E2, t) are caused
by trap imperfections such as a slightly inhomogeneous magnetic field
at the centre of the precision trap or an anharmonic trapping potential.
To first order, the shifts induced by the magnetic field inhomogeneities

cancel in the frequency ratio, because they contribute the same relative
amount to nc and nL (refs 4 and 15). A considerable systematic shift can
be caused by an anharmonicity of the electrostatic potential that only
affects nc while nL remains unchanged. Thus, the trapping potential was
optimized by careful adjustment of the voltages applied to the com-
pensation electrodes of the precision trap to obtainDnc 5 0. The relative
uncertainty in the resulting shift Dnc is 0.20 p.p.b. A second g-factor
resonance was recorded where the electrostatic potential was deliber-
ately de-tuned to shift the modified cyclotron frequency by –5 p.p.b.
Within error, we obtained the same (gp/2) value, which confirms that
systematic shifts due to electrostatic anharmonicities are understood
and negligible at the present level of precision. In addition to these two
leading-order shifts, relativistic frequency shifts and image-charge shifts
contribute15. However, because the frequency measurements are carried
out in thermal equilibrium with the cryogenic detection system the rela-
tivistic shift contributes only at a level of 0.03 p.p.b. For our trap geo-
metry the image-charge shift is 20.088 p.p.b. Thus, both shifts can be
neglected. Time-dependent shifts are due to voltage and magnetic field
drifts. The effect of voltage drifts was characterized by performing a
sequence of axial frequency measurements at constant E1. The corres-
ponding systematic shift in nc is –0.07(0.35) p.p.b.

The dominant systematic uncertainty is caused by nonlinear drifts of
the magnetic field. By comparing the cyclotron frequency measure-
ments before and after application of the spin-flip drive we find an aver-
age shift nc, 2 2 nc, 1 5 4 p.p.b. Such frequency shifts in the precision
trap are observed only if the spin-flip drive in the analysis trap has been
applied in advance. It is consistent with heating of the electrodes caused
by the latter spin-flip drive. Owing to thermal expansion the trap centres
are shifted, thereby changing the magnetic field in the precision trap.
Once the drive is turned off, thermal relaxation causes the observed drift
of the magnetic field. The last contribution considered is a shift of the
axial frequency after the measurement of n1. The sideband drive heats
the particle to a cyclotron energy of E1/kB 5 T1 < 330 K, where kB is
the Boltzmann constant. During the subsequent axial frequency mea-
surement, the modified cyclotron mode is cooled resistively. This leads
to an effective frequency shift of nz and contributes to a shift of the cyclo-
tron frequency by –0.51(0.08) p.p.b. Accordingly, the magnetic moment
value is corrected and the final result is

mp

mN
~

gp

2
~2:792 847 350 7ð Þ 6ð Þ ð4Þ

The first and second numbers in parentheses are the statistical uncer-
tainty of the fit and the systematic uncertainty, respectively, see Table 1.
The latter is dominated by the nonlinear drift of the magnetic field. The
result has a relative precision of 3.3 p.p.b. and is in agreement with the
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Each trap consists of five stacked cylindrical electrodes. The central
ring electrode of the analysis trap is made out of ferromagnetic Co/Fe
material, which generates the magnetic bottle. The other electrodes are
made out of oxygen-free copper. To prevent oxidation all electrodes are
gold-plated. The two trap centres are separated by 43.7 mm. Within this

distance the magnetic-field inhomogeneity drops significantly. In
the precision trap (PT) we have BPT 5 B0 1 B1, PTz 1 B2, PTz2, where
B1, PT < 85 T m21 and B2, PT < 4 T m22, which is 75,000 times smaller
than in the analysis trap. To shuttle the particle from one trap to the
other, potential ramps are applied to transport electrodes located between
the two traps. Radio-frequency drives applied to coils mounted close to
each trap generate oscillating magnetic fields to drive proton spin transi-
tions. The entire setup is placed in a hermetically sealed vacuum chamber
cooled to 4 K. In this chamber pressures below 10214 Pa are achieved18,
providing single-proton storage times of at least one year.

Protons are produced with an in-trap electron impact ion source.
Electrons from a field emission gun hit a polyethylene target. Sputtered
atoms are ionized in the centre of the precision trap. From the loaded
ion-cloud a single proton is prepared using well established techniques19.

Once a single proton is prepared, the particle’s modified cyclotron
mode is cooled resistively. This is achieved by tuning a cryogenic tank
circuit, which acts on resonance as a resistor, to the cyclotron mode at
n1 5 28.9 MHz (ref. 20). Subsequently, the particle is shuttled to the
analysis trap and the axial frequency is measured. To this end, nz!

ffiffiffiffiffiffi
V0
p

is tuned to resonance with our superconducting axial detection system
at 740 kHz by adjusting the trapping voltage V0. Once the axial motion
is cooled to thermal equilibrium, the particle shorts the thermal noise of
the detector and appears as a dip in the fast Fourier transform of the
detector signal21. Such a fast Fourier transform spectrum is recorded in
60 s (shown as red points in Fig. 2b). By applying a fit to the data, the
axial frequency nz is obtained. From this measurement, the quantum
number of the cyclotron mode n1 is determined22. Low n1 is cru-
cial to achieve an axial frequency stability which is sufficient to resolve
single spin transitions23,24. Below a threshold cyclotron quantum num-
ber n1, th , 1,500 we achieve single spin-flip resolution with a fidelity
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Figure 2 | Experimental setup and measurement procedures. a, Schematic
of the double Penning-trap setup that is used for the direct measurement of the
proton magnetic moment. It consists of two traps, an analysis trap and a
precision trap, which are connected by transport electrodes. A strong magnetic
field inhomogeneity is superimposed on the analysis trap, which is required to
detect proton spin quantum transitions. In the precision trap, where the
magnetic field is homogeneous, the precise frequency measurements are
carried out. The solid curve in the plot below the trap system indicates the
strength of the on-axis magnetic field. b, Fast Fourier transform spectrum of the

axial detector’s output signal. The dip (red) is due to a single particle, which
shorts the thermal noise of the detector. The double-dip signal (black) appears
when a quadrupolar sideband drive at n1 2 nz is applied. From such dip spectra
n1, nz and n2 are determined and thus the cyclotron frequency. The axial
frequency has been offset by 623,850 Hz. For further details see text. c, Axial
frequency measurement as a function of time. Frequency jumps of about
170 mHz are observed, which are due to induced single-proton spin transitions.
The axial frequency has been offset by 742,060 Hz.
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Figure 1 | Relative precision achieved in measurements of the proton
magnetic moment. The value extracted indirectly from measurements with a
hydrogen maser has a precision of 10 p.p.b. (ref. 1). Direct measurements
with a single proton in a Penning trap with strong superimposed magnetic
inhomogeneities were performed in 2012 by us4 and a group at Harvard5. The
result of the measurement described in this work was achieved by using the
double Penning-trap technique with a single trapped proton. Our result is 3
times more precise than reported in ref. 1 and about 760 times more precise
than other direct single particle measurements.
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Each trap consists of five stacked cylindrical electrodes. The central
ring electrode of the analysis trap is made out of ferromagnetic Co/Fe
material, which generates the magnetic bottle. The other electrodes are
made out of oxygen-free copper. To prevent oxidation all electrodes are
gold-plated. The two trap centres are separated by 43.7 mm. Within this

distance the magnetic-field inhomogeneity drops significantly. In
the precision trap (PT) we have BPT 5 B0 1 B1, PTz 1 B2, PTz2, where
B1, PT < 85 T m21 and B2, PT < 4 T m22, which is 75,000 times smaller
than in the analysis trap. To shuttle the particle from one trap to the
other, potential ramps are applied to transport electrodes located between
the two traps. Radio-frequency drives applied to coils mounted close to
each trap generate oscillating magnetic fields to drive proton spin transi-
tions. The entire setup is placed in a hermetically sealed vacuum chamber
cooled to 4 K. In this chamber pressures below 10214 Pa are achieved18,
providing single-proton storage times of at least one year.

Protons are produced with an in-trap electron impact ion source.
Electrons from a field emission gun hit a polyethylene target. Sputtered
atoms are ionized in the centre of the precision trap. From the loaded
ion-cloud a single proton is prepared using well established techniques19.

Once a single proton is prepared, the particle’s modified cyclotron
mode is cooled resistively. This is achieved by tuning a cryogenic tank
circuit, which acts on resonance as a resistor, to the cyclotron mode at
n1 5 28.9 MHz (ref. 20). Subsequently, the particle is shuttled to the
analysis trap and the axial frequency is measured. To this end, nz!

ffiffiffiffiffiffi
V0
p

is tuned to resonance with our superconducting axial detection system
at 740 kHz by adjusting the trapping voltage V0. Once the axial motion
is cooled to thermal equilibrium, the particle shorts the thermal noise of
the detector and appears as a dip in the fast Fourier transform of the
detector signal21. Such a fast Fourier transform spectrum is recorded in
60 s (shown as red points in Fig. 2b). By applying a fit to the data, the
axial frequency nz is obtained. From this measurement, the quantum
number of the cyclotron mode n1 is determined22. Low n1 is cru-
cial to achieve an axial frequency stability which is sufficient to resolve
single spin transitions23,24. Below a threshold cyclotron quantum num-
ber n1, th , 1,500 we achieve single spin-flip resolution with a fidelity
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Figure 2 | Experimental setup and measurement procedures. a, Schematic
of the double Penning-trap setup that is used for the direct measurement of the
proton magnetic moment. It consists of two traps, an analysis trap and a
precision trap, which are connected by transport electrodes. A strong magnetic
field inhomogeneity is superimposed on the analysis trap, which is required to
detect proton spin quantum transitions. In the precision trap, where the
magnetic field is homogeneous, the precise frequency measurements are
carried out. The solid curve in the plot below the trap system indicates the
strength of the on-axis magnetic field. b, Fast Fourier transform spectrum of the

axial detector’s output signal. The dip (red) is due to a single particle, which
shorts the thermal noise of the detector. The double-dip signal (black) appears
when a quadrupolar sideband drive at n1 2 nz is applied. From such dip spectra
n1, nz and n2 are determined and thus the cyclotron frequency. The axial
frequency has been offset by 623,850 Hz. For further details see text. c, Axial
frequency measurement as a function of time. Frequency jumps of about
170 mHz are observed, which are due to induced single-proton spin transitions.
The axial frequency has been offset by 742,060 Hz.
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Figure 1 | Relative precision achieved in measurements of the proton
magnetic moment. The value extracted indirectly from measurements with a
hydrogen maser has a precision of 10 p.p.b. (ref. 1). Direct measurements
with a single proton in a Penning trap with strong superimposed magnetic
inhomogeneities were performed in 2012 by us4 and a group at Harvard5. The
result of the measurement described in this work was achieved by using the
double Penning-trap technique with a single trapped proton. Our result is 3
times more precise than reported in ref. 1 and about 760 times more precise
than other direct single particle measurements.
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Direct high-precision measurement of the magnetic
moment of the proton
A. Mooser1,2{, S. Ulmer3, K. Blaum4, K. Franke3,4, H. Kracke1,2, C. Leiteritz1, W. Quint5,6, C. C. Rodegheri1,4, C. Smorra3 & J. Walz1,2

One of the fundamental properties of the proton is its magnetic
moment, mp. So far mp has been measured only indirectly, by analys-
ing the spectrum of an atomic hydrogen maser in a magnetic field1.
Here we report the direct high-precision measurement of the mag-
netic moment of a single proton using the double Penning-trap
technique2. We drive proton-spin quantum jumps by a magnetic
radio-frequency field in a Penning trap with a homogeneous mag-
netic field. The induced spin transitions are detected in a second trap
with a strong superimposed magnetic inhomogeneity3. This enables
the measurement of the spin-flip probability as a function of the drive
frequency. In each measurement the proton’s cyclotron frequency is
used to determine the magnetic field of the trap. From the normalized
resonance curve, we extract the particle’s magnetic moment in terms
of the nuclear magneton: mp 5 2.792847350(9)mN. This measurement
outperforms previous Penning-trap measurements4,5 in terms of pre-
cision by a factor of about 760. It improves the precision of the forty-
year-old indirect measurement, in which significant theoretical bound
state corrections6 were required to obtain mp, by a factor of 3. By appli-
cation of this method to the antiproton magnetic moment, the frac-
tional precision of the recently reported value7 can be improved by a
factor of at least 1,000. Combined with the present result, this will
provide a stringent test of matter/antimatter symmetry with baryons8.

The challenge to measure the properties of the proton with great pre-
cision inspires very different branches of physics. As part of the intense
search for baryon number violation so far, a lower limit of the proton’s
lifetime of tp . 2.1 3 1029 years has been set9. Employing Penning traps,
the proton’s atomic mass was measured with a fractional precision of
0.14 parts per billion (p.p.b.; ref. 10), and the proton-to-electron mass
ratio was determined with a relative accuracy of 94 parts in 1012 (ref. 11).
Both provide essential input parameters with which to test the theory
of quantum electrodynamics and contribute to the search for physics
beyond the Standard Model. Furthermore, exciting results obtained by
spectroscopy of muonic hydrogen12 yielded a new value of the proton
charge radius, and compared to previous measurements a 7s deviation
was observed, which has yet to be understood.

Another property of the proton is its spin magnetic moment

mp~gp
qp

2mp
S ð1Þ

where qp/mp is the charge-to-mass ratio and S is the particle’s spin. The
constant gp is a dimensionless measure of mp in units of the nuclear
magneton mN~qpB= 2mp

! "
, where B is the reduced Planck constant.

The most precise value of mp (see Fig. 1, white bar) is extracted from
spectroscopy of atomic hydrogen1. In this experiment the bound proton-
to-electron magnetic moment ratio mp(H)/me(H) was measured with a
fractional precision of 10 p.p.b., and mp was calculated by taking theor-
etical corrections at the level of about 18 parts per million into account6.

A scheme for the direct measurement of magnetic moments of single
particles in Penning traps has been applied with great success in mea-
surements of the g 2 2 values (where g is the dimensionless measure
of the electron magnetic moment me in units of the Bohr magneton

mB~qeB= 2með Þ) of the electron and the positron13 and further improved
for the electron in ref. 14, where fractional precisions at the level of 3.8
and 0.28 parts in 1012 were achieved, respectively. The application of
this scheme to measure the magnetic moment of the proton is a consi-
derable challenge, because mp is about 658 times smaller than the mag-
netic moment of the electron me. Thus, an apparatus with much higher
sensitivity to the magnetic moment is needed.

In a Penning trap, the g-factor of the proton is determined by the
measurement of a frequency ratio gp/2 5 nL/nc wherenc 5 qpB0/(2pmp)
is the cyclotron frequency, and nL 5 (gp/2)nc is the spin-precession
frequency, also called the Larmor frequency. Both frequencies are mea-
sured in the same magnetic field B0. The cyclotron frequency is obtained
by the Brown–Gabrielse invariance theorem, n2

c~n2
zzn2

zzn2
{, where

n1, nz and n2 are the characteristic oscillation frequencies of the trapped
particle15, the modified cyclotron frequency, the axial frequency and the
magnetron frequency, respectively. The Larmor frequency can be mea-
sured by application of the so-called continuous Stern–Gerlach-effect3.
In that scheme a magnetic field inhomogeneity DB(z)z 5 B2z2 is super-
imposed on the trap, where B2 characterizes its strength and z is the axial
coordinate. This ‘magnetic bottle’ couples the spin magnetic moment to
the axial oscillation frequency, thus reducing the determination of the
spin state to a measurement of nz. A spin-flip shifts the axial frequency
by Dnz, SF 5 (mpB2)/(2p2mpnz). This enables the measurement of the
spin transition rate as a function of an applied drive frequency nrf, and
yields the Larmor frequency nL (ref. 16).

In our experiment, we use B2 5 2.97(10) 3 105 T m22 (ref. 4), which is
2,000 times stronger than in the electron/positron experiments13. In
the presence of such a strong magnetic inhomogeneity the axial fre-
quency shift caused by a spin-transition isDnz, SF 5 171 mHz out of nz <
740 kHz. Thus, the detection of proton spin quantum jumps requires
an adequate axial frequency stability that is difficult to achieve in the
strong magnetic bottle B2 (ref. 17). However, dramatic progress in the
manipulation of a single trapped proton allowed the first direct mea-
surements of the proton magnetic moment mp (refs 4 and 5; see Fig. 1,
grey bars). Those experiments were carried out solely in Penning traps
with a superimposed B2, which are usually called ‘analysis traps’. The
strong inhomogeneity broadens the width of the spin resonance, and
ultimately limits the precision to the level of parts per million. An ele-
gant solution to boost experimental precision is provided by the dou-
ble Penning-trap technique2. This method separates the analysis of the
spin state from the precision measurements of nc and nL. In addition to
the analysis trap, a precision trap is used, in which the magnetic field is
more homogeneous by orders of magnitude. This narrows the width of
the Larmor resonance dramatically, and thus improves the precision.
Here we report the first direct measurement of the proton magnetic
moment using this technique.

Figure 2a shows a schematic of our double Penning-trap setup located
at the University of Mainz, Germany. It is mounted in the horizontal and
southward-oriented bore of a superconducting magnet, with a magnetic
field of B0 < 1.89 T and a stability of (DB/B0)/Dt 5 4.0(0.7) 3 1029 h21.

1Institut für Physik, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany. 2Helmholtz-Institut Mainz, 55099 Mainz, Germany. 3RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198,
Japan. 4Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany. 5Fakultät für Physik und Astronomie, Ruprecht-Karls-Universität Heidelberg, 69047 Heidelberg, Germany. 6GSI—
Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany. {Present address: RIKEN, Ulmer Initiative Research Unit, Wako, Saitama 351-0198, Japan.
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currently accepted CODATA value gCODATA/2 5 2.792847356(23),
but is 2.5 times more precise.

We expect it will be possible to achieve an improvement in precision
by at least another factor of 10, by using an apparatus with reduced
residual magnetic field inhomogeneity B2 in the precision trap, a higher
spin-state detection fidelity, as well as by applying phase-sensitive detec-
tion techniques27. In addition, the so-called Standard Model extension8

describes diurnal frequency variations as a consequence of violation of
the combined charge, parity and time symmetry and Lorentz violation.
With faster measurement cycles, which become possible by application
of advanced cyclotron cooling techniques, and an improved spin state
detection fidelity a search for the predicted effects28 becomes feasible.

The double Penning-trap method can be applied to measure the anti-
proton magnetic moment with similar precision7,29. A comparison of
both values will provide a sensitive test of CPT invariance with baryons.
The measurement of the antiproton magnetic moment will be conducted
at the BASE experiment30 at the Antiproton Decelerator of CERN.
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1. Winkler, P. F., Kleppner, D., Myint, T. & Walther, F. G. Magnetic moment of the
proton in Bohr magnetons. Phys. Rev. A 5, 83–114 (1972).
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Table 1 | Error budget of the direct proton g-factor measurement
Parameter Relative shift of gp/2 Uncertainty

Trapping potential 0 0.2 3 1029

Relativistic shift 0.03 3 1029 -
Image-charge shift 20.088 3 1029 -
Voltage fluctuations 20.07 3 1029 0.35 3 1029

Magnetic field relaxation 0 2 3 1029

Cyclotron cooling 20.51 3 1029 0.08 3 1029

Total systematic shift 20.64 3 1029 2 3 1029

This table lists the relative systematic shifts and their uncertainties, which were applied to the measured
gp value.
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currently accepted CODATA value gCODATA/2 5 2.792847356(23),
but is 2.5 times more precise.

We expect it will be possible to achieve an improvement in precision
by at least another factor of 10, by using an apparatus with reduced
residual magnetic field inhomogeneity B2 in the precision trap, a higher
spin-state detection fidelity, as well as by applying phase-sensitive detec-
tion techniques27. In addition, the so-called Standard Model extension8

describes diurnal frequency variations as a consequence of violation of
the combined charge, parity and time symmetry and Lorentz violation.
With faster measurement cycles, which become possible by application
of advanced cyclotron cooling techniques, and an improved spin state
detection fidelity a search for the predicted effects28 becomes feasible.

The double Penning-trap method can be applied to measure the anti-
proton magnetic moment with similar precision7,29. A comparison of
both values will provide a sensitive test of CPT invariance with baryons.
The measurement of the antiproton magnetic moment will be conducted
at the BASE experiment30 at the Antiproton Decelerator of CERN.
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Table 1 | Error budget of the direct proton g-factor measurement
Parameter Relative shift of gp/2 Uncertainty

Trapping potential 0 0.2 3 1029

Relativistic shift 0.03 3 1029 -
Image-charge shift 20.088 3 1029 -
Voltage fluctuations 20.07 3 1029 0.35 3 1029

Magnetic field relaxation 0 2 3 1029

Cyclotron cooling 20.51 3 1029 0.08 3 1029
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F . 75%. This means that three out of four spin transitions are iden-
tified correctly. If n1 . n1, th is obtained, the particle is shuttled back to
the precision trap and the cyclotron mode is cooled again. This pro-
cedure is repeated until n1 , n1, th, which takes about two hours.

Once a particle with adequate n1 is prepared, the actual g-factor
measurement is conducted. First, the proton’s spin state is identified.
To this end, the axial frequency is measured and a spin-transition is
induced by applying a magnetic radio-frequency drive, followed by
another measurement of nz. As soon as a spin quantum jump is observed
(see Fig. 2c), the proton’s spin state is known. Afterwards, the particle is
transported to the precision trap, where its cyclotron frequency nc is
determined. First, the modified cyclotron frequency is measured via
sideband coupling. An electric field at nsb, which is close to n1 2 nz, PT

is applied. This transfers energy between the axial mode and the modi-
fied cyclotron mode, and leads to a modulation of the axial oscillation
amplitude. In the corresponding fast Fourier transform spectrum a so-
called ‘double-dip’ with frequencies nleft and nright for the left and the
right dip, respectively, is observed (shown as black data points in Fig. 2b).
Subsequently, the axial frequency is recorded, which is about nz, PT <
624 kHz. We determine n1 by applying the relation25

nz~nsbznleftznright{nz, PT ð2Þ
The magnetron frequency n2 < 7 kHz is measured in a similar way.
Finally, nc, 1 is obtained using the invariance theorem15. Next, spin
transitions are induced by applying a spin-flip drive at nrf, PT and sub-
sequently the cyclotron frequency nc, 2 is measured again. Since the side-
band drive leads to heating of the cyclotron mode, in a next step, by
repeated cyclotron mode cooling in the precision trap and transport to
the analysis trap, a low n1 , n1, th state is prepared and the spin state
analysed again. From a comparison of the two measured spin states we
conclude whether the spin in the precision trap was flipped. By repeat-
ing this scheme many times the spin-flip probability PSF as a function
of nrf, PT is obtained. Normalizing each applied nrf, PT, k by the associated
nc, k where k is the measurement number, one obtains a so-called g-
factor resonance, PSF(nL/nc), with a maximum at mp/mN 5 gp/2. For the
normalization we use the average (nc, 1 1 nc, 2)/2 of the two cyclotron
frequency measurements. This compensates for linear magnetic field
drifts which potentially take place while spin transitions are driven.

The result of our g-factor measurement is shown in Fig. 3. Inco-
herences caused by the coupling of the particle’s axial motion to the
axial detection circuit in the slightly inhomogeneous magnetic field of
the precision trap prevent PSF from exceeding 50% (ref. 16). The line-
width of the measured resonance is 12.5 p.p.b., which is caused by
saturation and thermal fluctuations of the modified cyclotron energy
E1. The latter causes fluctuations of the axial frequency, nz, PT / B2E1,
which lead to fluctuations of the measured cyclotron frequency via equa-
tion (2), thus contributing to the linewidth. The measured data set is
analysed using the maximum-likelihood method26 based on a Gaussian
distribution with the g-factor being the lineshape centre. The maximum-
likelihood method is a statistical parameter estimation technique and
avoids the need for arbitrary data binning, which may result in a biased
estimate of the fitting parameters. From the data analysis we obtain

mp~
gp

2
mN~2:792 847 348 7ð ÞmN

where the number in parentheses is the statistical uncertainty of the fit,
which corresponds to a relative precision of 2.6 p.p.b.

Systematic shifts D(gp/2) of the measured (gp/2) value are caused by
time and energy dependencies of nL and nc

D gp=2
! "

gp=2
! " ~

DnL Ez,Ez,E{,tð Þ
nL

{
Dnc Ez,Ez,E{,tð Þ

nc
ð3Þ

The frequency shiftsDnL(E1, Ez, E2, t) andDnc(E1, Ez, E2, t) are caused
by trap imperfections such as a slightly inhomogeneous magnetic field
at the centre of the precision trap or an anharmonic trapping potential.
To first order, the shifts induced by the magnetic field inhomogeneities

cancel in the frequency ratio, because they contribute the same relative
amount to nc and nL (refs 4 and 15). A considerable systematic shift can
be caused by an anharmonicity of the electrostatic potential that only
affects nc while nL remains unchanged. Thus, the trapping potential was
optimized by careful adjustment of the voltages applied to the com-
pensation electrodes of the precision trap to obtainDnc 5 0. The relative
uncertainty in the resulting shift Dnc is 0.20 p.p.b. A second g-factor
resonance was recorded where the electrostatic potential was deliber-
ately de-tuned to shift the modified cyclotron frequency by –5 p.p.b.
Within error, we obtained the same (gp/2) value, which confirms that
systematic shifts due to electrostatic anharmonicities are understood
and negligible at the present level of precision. In addition to these two
leading-order shifts, relativistic frequency shifts and image-charge shifts
contribute15. However, because the frequency measurements are carried
out in thermal equilibrium with the cryogenic detection system the rela-
tivistic shift contributes only at a level of 0.03 p.p.b. For our trap geo-
metry the image-charge shift is 20.088 p.p.b. Thus, both shifts can be
neglected. Time-dependent shifts are due to voltage and magnetic field
drifts. The effect of voltage drifts was characterized by performing a
sequence of axial frequency measurements at constant E1. The corres-
ponding systematic shift in nc is –0.07(0.35) p.p.b.

The dominant systematic uncertainty is caused by nonlinear drifts of
the magnetic field. By comparing the cyclotron frequency measure-
ments before and after application of the spin-flip drive we find an aver-
age shift nc, 2 2 nc, 1 5 4 p.p.b. Such frequency shifts in the precision
trap are observed only if the spin-flip drive in the analysis trap has been
applied in advance. It is consistent with heating of the electrodes caused
by the latter spin-flip drive. Owing to thermal expansion the trap centres
are shifted, thereby changing the magnetic field in the precision trap.
Once the drive is turned off, thermal relaxation causes the observed drift
of the magnetic field. The last contribution considered is a shift of the
axial frequency after the measurement of n1. The sideband drive heats
the particle to a cyclotron energy of E1/kB 5 T1 < 330 K, where kB is
the Boltzmann constant. During the subsequent axial frequency mea-
surement, the modified cyclotron mode is cooled resistively. This leads
to an effective frequency shift of nz and contributes to a shift of the cyclo-
tron frequency by –0.51(0.08) p.p.b. Accordingly, the magnetic moment
value is corrected and the final result is

mp

mN
~

gp

2
~2:792 847 350 7ð Þ 6ð Þ ð4Þ

The first and second numbers in parentheses are the statistical uncer-
tainty of the fit and the systematic uncertainty, respectively, see Table 1.
The latter is dominated by the nonlinear drift of the magnetic field. The
result has a relative precision of 3.3 p.p.b. and is in agreement with the
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Figure 3 | Measured g-factor resonance. The abscissa is the measured g value
normalized to the currently accepted value gCODATA. The solid line is a
maximum-likelihood fit to the data, which avoids the need for data binning.
The shaded area indicates the 1s confidence band of the fit. Filled squares
representing binned data points with 1s error bars are shown for visualization
and do not explicitly enter the line fit. It took about four months to record the
entire set of 450 data points.
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• energy loss until Ekin < ionization energy	

• capture

Fermi andTeller Phys. Rev. 72, 399–408 1947	
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ATOMIC CASCADE

• capture in high-lying 
orbits	


• I strong electron 
screening effect	


• II low e-screening	

• III interaction with 

the nucleus

Antiprotonic helium and CPT invariance 13

Initial population

Figure 3. Deexcitation of a muonic atom. From highly excited states Auger transitions prevail,
in the lower region x-ray emission. The x-ray region can be divided into three subregions:
(I) strong electron screening effect, (II) low electron screening, negligible nuclear interaction,
and (III) interaction with the nucleus.

review of particle physics [5] were determined using exotic-atom x-ray transitions, and the
‘CPT theorem’ discussed in the previous section was used to assign the same values to the
mass of their antiparticles.

In those measurements, particle masses were determined by noting that the transition
energy !E from the state (n, ℓ) to (n′, ℓ′) can be written as

!En,ℓ→n′,ℓ′ = Rhc
m∗

X

me
Z2

!

1
n′2 − 1

n2

"

, (5)

wherein R denotes the Rydberg constant, h the Planck constant, c the speed of light, m∗
X/me

the reduced ‘X−’-to-electron mass ratio and Z the nuclear charge. For the sake of simplicity
we here adopted the Bohr model and ignored the nuclear charge screening by the electron(s)
which in general can be still present when x-rays are emitted (see figure 3).

The situation is different for the proton, since the proton mass rather than the antiproton
mass can be more precisely determined using Penning traps. The 1998 CODATA recommended
value [60] for mp/me of 1836.152 6675(39) (relative standard uncertainty of 2.1 × 10−9),
was based on the measurement conducted by the University of Washington group [61], who
compared the cyclotron frequencies ωc = qB/m of a single C6+ ion and a single electron
trapped in a Penning trap, i.e. the determination of the electron mass in units of the atomic
mass unit). This was then combined with their comparison of the cyclotron frequencies of a
single proton and a single C4+ ion [62], yielding the mp/me value.

The 2002 CODATA recommended value [50] for mp/me of 1836.152 672 61(85) (relative
standard uncertainty of 4.6 × 10−10) was based on a new measurement carried out by the
GSI-Mainz collaboration [63], who compared the 12C5+ cyclotron frequency and its spin
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ATOMS CONTAINING ANTIPROTONS

•ANTIPROTONIC HELIUM	

• laser and microwave spectroscopy 

CPT test antiproton properties	

• mass,charge:             7x10−10      2011 	

• magnetic moment:    2.9x10−3     2009	


• most precisely calculated 3-body 
system
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•ANTIHYDROGEN	

• hydrogen measured to high 

precision	

• 1S-2S:                   <10−14      	

• ground-state HFS    10−12	
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spacing between the unresolved hyperfine lines (Se, S
!p)5 ("")R ("")

and ("#)R ("#) being smaller than the 75-MHz spacing between
(#")R (#") and (##)R (##).
We next detected the (33, 32)R (31, 30) resonance at wavelength

l5 139.8 nm with the lowest n values among the two-photon transi-
tions, using lasers of wavelengths c/n15 296 and c/n25 264nm
(Fig. 2c). The small transition probability and antiproton population
required that higher laser intensities, P. 2mJ cm22, and small detun-
ings,Dnd< 3GHz, from state (32, 31) were needed. For this transition,
the four hyperfine lines are much closer together, lying within a
200-MHz range. We also measured the !p3He1 resonance (35,
33)R (33, 31) at l5 139.8 nm (Fig. 2d) using lasers of wavelengths
c/n15 410 and c/n25 364 nm. This profile contains eight partly over-
lapping hyperfine lines arising from the spin–spin interactions of the
3He nucleus, the electron and the antiproton.
We determined the spin-independent transition frequencies, nexp

(Table 1), by fitting each profile with a theoretical line shape9 (Fig. 2,
blue lines) that was determined by numerically solving the nonlinear
rate equations of the two-photon process. This included taking into
account all two-photon transitions between the 2l1 1< 70 substates,
the transition rates, power broadening effects, thermal motion of the
atoms, the spurious frequency modulation11 in the laser pulse, the
experimentally measured spatial and temporal profiles of the laser
beam, and a.c. Stark effects9. The positions of the hyperfine lines were
fixed to the theoretical values, which have a precision of ,0.5MHz
(ref. 16).
For the transition (36, 34)R (34, 32) in !p4He1 (Table 2), the

statistical error, sstat, due to the finite number of atoms in the laser
beam was estimated to be 3MHz (all quoted errors are s.d.). We
measured transitions at various target densities between 13 1018

and 33 1018 cm23.Within this density range, no significant collisional
shift was observable within the 3-MHz experimental error. This agrees
with quantum chemistry calculations (ref. 17 and D. Bakalov et al.,
personal communication) for which the predictions of 0.1–1-MHz-
scale collisional shifts in the associated single-photon lines agreed
with experimental results4,18 to within ,20%. Calculations show that

magnetic Zeeman shifts are also small (,0.5MHz) for the Rydberg
states under our experimental conditions. The frequency chirp of each
laser pulse was recorded and corrected to a precision11 of 0.8MHz.We
estimated the systematic error arising from the calculation of the fitting
function9 to be around 1MHz.
Laser fields can shift the frequencies of the two-photon transitions9

by an amount proportional to (V12V2)/Dnd, where V1 and V2
denote the Rabi frequencies of transitions between the parent and
virtual intermediate states and, respectively, the daughter and inter-
mediate states.We reduced this a.c. Stark shift to#5MHz by carefully
adjusting the intensities of the two laser beams such that V1<V2.
Remaining shifts were cancelled to a level of 0.5MHz by systematically
comparing9 the resonance profilesmeasured alternately at positive and
negative detunings, 6Dnd. The total experimental error, sexp, was
obtained as the quadratic sum of all these errors. The larger error for
the 193.0-nm !p3He1 transitions is due to the larger number (eight) of
hyperfine lines and the smaller signal intensity.
The experimental transition frequencies, nexp (Fig. 3, filled circles

with error bars in), agree with theoretical values, nth (squares), to
within (2–5)3 1029. This agreement is a factor of five to ten times
better than that obtained in previous single-photon experiments5. The
calculation uses fundamental constants19 compiled in CODATA 2002
including the 3He-to-electron and 4He-to-electron mass ratios, the
Bohr radius and the Rydberg constant. To preserve the independence
of this work, we avoided using themore recent CODATA2006 (http://
physics.nist.gov/cuu/Constants/archive2006.html) values, which include
results from our previous experiments and three-body QED calcula-
tions on !pHe1. The charge radii of the 3He and 4He nuclei give correc-
tions to nth of 4–7MHz, whereas the correction from the antiproton
radius ismuch smaller (refs 3,20;=MHz) owing to the large l values of
the states. The precision of nth is mainly limited by the uncalculated
radiative corrections of order ma8 (Table 2).
When the antiproton-to-electron mass ratio,M!p/me, in these calcu-

lations was changed by 1029, nth changed by 2.3–2.8MHz. Byminimiz-
ing

P
!p½nth(M!p=me){nexp"2=s2stat, where the sum is over the three

!pHe1 frequencies, and considering the above systematic errors, ssys,

Table 1 | Spin-averaged transition frequencies of !pHe1

Isotope Transition
(n, l)R (n22, l22)

Transition frequency (MHz)

Experiment Theory

!p4He1 (36, 34)R (34, 32) 1,522,107,062(4)(3)(2) 1,522,107,058.9(2.1)(0.3)
(33, 32)R (31, 30) 2,145,054,858(5)(5)(2) 2,145,054,857.9(1.6)(0.3)

!p3He1 (35, 33)R (33, 31) 1,553,643,100(7)(7)(3) 1,553,643,100.7(2.2)(0.2)

Experimental values show respective total, statistical and systematic 1-s.d. errors in parentheses; theoretical values (ref. 3 and V. I. Korobov, personal communication) show respective uncertainties from
uncalculated QED terms and numerical errors in parentheses.

Table 2 | Errors for transition (n, l)5 (36, 34)R (34, 32) of !p4He1

Datum Error (MHz)

Experimental errors

Statistical error, sstat 3
Collisional shift error 1
A.c. Stark shift error 0.5
Zeeman shift ,0.5
Frequency chirp error 0.8
Seed laser frequency calibration ,0.1
Hyperfine structure ,0.5
Line profile simulation 1
Total systematic error, ssys 1.8
Total experimental error, sexp 3.5

Theoretical uncertainties

Uncertainties from uncalculated QED terms* 2.1
Numerical uncertainty in calculation* 0.3
Mass uncertainties* ,0.1
Charge radii uncertainties* ,0.1
Total theoretical uncertainty*, sth 2.1

Experimental errors and theoretical uncertainties are 1 s.d.
*Ref. 3 and V. I. Korobov, personal communication.

(36, 34) → (34, 32)

–4 –2

p3He+

p4He+

0
(�th – �exp)/�exp (p.p.b.)

2 4

(33, 32) → (31, 30)

(35, 33) → (33, 31)

Figure 3 | Two-photon transition frequencies. The experimental values
(nexp; blue circles) for !p

4He1 and !p3He1 agree with theoretical values (nth; red
squares) to within fractional precisions of (2–5)3 1029. Error bars, 1 s.d.;
p.p.b., parts per 109.
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we obtained the ratio M!p/me5 1,836.1526736(23), which yielded the
best agreement between theoretical and experimental frequencies. The
uncertainty, 2.33 1026, includes the statistical and systematic experi-
mental contributions, respectively 1.83 1026 and 1.23 1026, and the
theoretical contribution, 1.03 1026. This is in good agreementwith the
four previous measurements of the proton-to-electron mass ratio21–24

(Fig. 4) and has a similar experimental precision. The most precise
value for protons is currently obtained by comparing the g factors of
hydrogen-like 12C51 and 16O71 ions measured by the GSI-Mainz
collaboration23,24 with high-field QED calculations. The CODATA
recommended value for Mp/me is taken as the average over these
experiments. This ratio may be determined to higher precision in the
future by laser spectroscopy experiments25 on H2

1 and HD1 ions. By
assuming19CPT invariance, such thatM!p 5Mp5 1.00727646677(10) u,
we can further derive the value of me5 0.0005485799091(7) u for the
electron mass from our !pHe1 result.
The equalities between the antiproton and proton charges and

masses, formulated respectively as dQ5 (Qp2Q!p)/Qp and dM5
(Mp2M!p)/Mp, have been constrained26,27 to within 23 1025. This
was achieved by combining X-ray spectroscopic data on antiprotonic
atoms (/Q2

!pM!p) with the cyclotron frequency (/Q!p=M!p) of anti-
protons confined in Penning traps andmeasured to a higher precision.
We can improve this limit by more than four orders of magnitude by
studying the linear dependence2 of dM and dQ on nth, that is,
dMkM1 dQkQ# jnexp2 nthj/nexp. For the three transitions, the con-
stants kM and kQ were estimated2 to be 2.3–2.8 and 2.7–3.4, respec-
tively. The right-hand side of the inequality was evaluated to be
,(8615)310210 by averaging over the three transitions. Furthermore,
the constraint that (Q!p/M!p)/(Qp/Mp)1 15 1.6(9)3 10210, from the
TRAP experiment28,29, implies that dQ< dM. From this, we conclude
that any deviations between the charges andmasses are,73 10210 at
the 90% confidence level.

METHODS SUMMARY
The two continuous-wave seed lasers were stabilized relative to 470-mm-long,
monolithic cavities made of ultralow-expansion glass by using the Pound–
Drever–Hall technique. The cavities were suspended horizontally by springs
and isolated in a vacuum chamber whose temperature was stabilized to
60.05 uC. Drifts in the laser frequencies were typically ,0.1MHzh21. The fre-
quency chirp11,13–15 during pulsed laser amplification was corrected using electro-
optic modulators placed inside the pulsed laser resonators, such that its amplitude
was reduced to a fewmegahertz. This remaining chirp was recorded for each laser
pulse and its effect corrected for at the data analysis stage. The output beams were

frequency-doubled (second-harmonic generation) or frequency-tripled (third-
harmonic generation) to wavelengths of l5 264–417 nm in b-barium borate
and lithium triborate crystals. Simulations5,13,14 show that additional chirp caused
by this frequency conversion is negligible (,0.1MHz).
The Cherenkov signals corresponding to !pHe1 were recorded using a digital

oscilloscope, and the area under the peak in each of these time spectra (Fig. 1b) was
plotted as a function of laser frequency to obtain the resonance profiles in Fig. 2.
Eachdatapoint represents anaverageof 8–10antiproton beamarrivals at the target.
Thismeasurementwas repeated for 10,000 arrivals at various laser intensities, target
densities, frequency offsets (nd) and alignments of the antiproton beam. The fact
that the pulsed laser can maintain absolute precision for the duration of the mea-
surements was verified by using part of the light to measure the 6s–8s two-photon
transition frequency of caesium 20 times over a two-week period. The result, with a
conservative error of 1.43 1029, was in good agreement with previous experi-
ments30. The acquired resonance profile was fitted with the theoretical two-photon
resonance line shape as described in the main text. This a-priori calculation well
reproduced the experimental data (Fig. 2). The validity of this method was also
partly verified by using it to analyse the above-mentioned caesium two-photon
signal11.
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12. Udem,Th., Holzwarth, R.&Hänsch, T.W.Optical frequencymetrology.Nature416,
233–237 (2002).

13. Meyer, V. et al.Measurement of the 1s-2s energy interval in muonium. Phys. Rev.
Lett. 84, 1136–1139 (2000).

14. Eikema, K. S. E., Ubachs,W., Vassen,W. & Hogervorst, W. Lamb shift measurement
in the 11S ground state of helium. Phys. Rev. A 55, 1866–1884 (1997).

15. Bakule, P. et al. A chirp-compensated, injection-seeded alexandrite laser. Appl.
Phys. B 71, 11–17 (2000).

16. Korobov, V. I. Hyperfine structure of metastable states in 3He1p
_
. Phys. Rev. A 73,

022509 (2006).
17. Bakalov,D., Jeziorski, B.,Korona,T., Szalewicz,K., &. Tchoukova, E.Density shift and

broadening of transition lines in antiprotonic helium. Phys. Rev. Lett. 84, 235–238
(2000).

18. Hori, M. et al. Sub-ppm laser spectroscopy of antiprotonic helium and a CPT-
violation limit on the antiprotonic charge and mass. Phys. Rev. Lett. 87, 093401
(2001).

19. Mohr, P. J. & Taylor, B. N. CODATA recommended values of the fundamental
constants: 2002. Rev. Mod. Phys. 77, 1–107 (2005).

20. Pohl, R. et al. The size of the proton. Nature 466, 213–216 (2010).
21. Van Dyck, R. S. Jr. Moore, F. L., Farnham, D. L. & Schwinberg, P. B. Improved

measurement of proton-electron mass ratio. Bull. Am. Phys. Soc. 31, 244–244
(1986).

22. Farnham, D. L., Van Dyck, R. S. Jr & Schwinberg, P. B. Determination of the
electron’s atomicmass and the proton/electronmass ratio via Penning trapmass
spectroscopy. Phys. Rev. Lett. 75, 3598–3601 (1995).

23. Beier, T. et al. New determination of the electron’s mass. Phys. Rev. Lett. 88,
011603 (2002).
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Figure 4 | Antiproton-to-electron and proton-to-electron mass ratios. The
antiproton-to-electron mass ratio determined in this work agrees to within a
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spacing between the unresolved hyperfine lines (Se, S
!p)5 ("")R ("")

and ("#)R ("#) being smaller than the 75-MHz spacing between
(#")R (#") and (##)R (##).
We next detected the (33, 32)R (31, 30) resonance at wavelength

l5 139.8 nm with the lowest n values among the two-photon transi-
tions, using lasers of wavelengths c/n15 296 and c/n25 264nm
(Fig. 2c). The small transition probability and antiproton population
required that higher laser intensities, P. 2mJ cm22, and small detun-
ings,Dnd< 3GHz, from state (32, 31) were needed. For this transition,
the four hyperfine lines are much closer together, lying within a
200-MHz range. We also measured the !p3He1 resonance (35,
33)R (33, 31) at l5 139.8 nm (Fig. 2d) using lasers of wavelengths
c/n15 410 and c/n25 364 nm. This profile contains eight partly over-
lapping hyperfine lines arising from the spin–spin interactions of the
3He nucleus, the electron and the antiproton.
We determined the spin-independent transition frequencies, nexp

(Table 1), by fitting each profile with a theoretical line shape9 (Fig. 2,
blue lines) that was determined by numerically solving the nonlinear
rate equations of the two-photon process. This included taking into
account all two-photon transitions between the 2l1 1< 70 substates,
the transition rates, power broadening effects, thermal motion of the
atoms, the spurious frequency modulation11 in the laser pulse, the
experimentally measured spatial and temporal profiles of the laser
beam, and a.c. Stark effects9. The positions of the hyperfine lines were
fixed to the theoretical values, which have a precision of ,0.5MHz
(ref. 16).
For the transition (36, 34)R (34, 32) in !p4He1 (Table 2), the

statistical error, sstat, due to the finite number of atoms in the laser
beam was estimated to be 3MHz (all quoted errors are s.d.). We
measured transitions at various target densities between 13 1018

and 33 1018 cm23.Within this density range, no significant collisional
shift was observable within the 3-MHz experimental error. This agrees
with quantum chemistry calculations (ref. 17 and D. Bakalov et al.,
personal communication) for which the predictions of 0.1–1-MHz-
scale collisional shifts in the associated single-photon lines agreed
with experimental results4,18 to within ,20%. Calculations show that

magnetic Zeeman shifts are also small (,0.5MHz) for the Rydberg
states under our experimental conditions. The frequency chirp of each
laser pulse was recorded and corrected to a precision11 of 0.8MHz.We
estimated the systematic error arising from the calculation of the fitting
function9 to be around 1MHz.
Laser fields can shift the frequencies of the two-photon transitions9

by an amount proportional to (V12V2)/Dnd, where V1 and V2
denote the Rabi frequencies of transitions between the parent and
virtual intermediate states and, respectively, the daughter and inter-
mediate states.We reduced this a.c. Stark shift to#5MHz by carefully
adjusting the intensities of the two laser beams such that V1<V2.
Remaining shifts were cancelled to a level of 0.5MHz by systematically
comparing9 the resonance profilesmeasured alternately at positive and
negative detunings, 6Dnd. The total experimental error, sexp, was
obtained as the quadratic sum of all these errors. The larger error for
the 193.0-nm !p3He1 transitions is due to the larger number (eight) of
hyperfine lines and the smaller signal intensity.
The experimental transition frequencies, nexp (Fig. 3, filled circles

with error bars in), agree with theoretical values, nth (squares), to
within (2–5)3 1029. This agreement is a factor of five to ten times
better than that obtained in previous single-photon experiments5. The
calculation uses fundamental constants19 compiled in CODATA 2002
including the 3He-to-electron and 4He-to-electron mass ratios, the
Bohr radius and the Rydberg constant. To preserve the independence
of this work, we avoided using themore recent CODATA2006 (http://
physics.nist.gov/cuu/Constants/archive2006.html) values, which include
results from our previous experiments and three-body QED calcula-
tions on !pHe1. The charge radii of the 3He and 4He nuclei give correc-
tions to nth of 4–7MHz, whereas the correction from the antiproton
radius ismuch smaller (refs 3,20;=MHz) owing to the large l values of
the states. The precision of nth is mainly limited by the uncalculated
radiative corrections of order ma8 (Table 2).
When the antiproton-to-electron mass ratio,M!p/me, in these calcu-

lations was changed by 1029, nth changed by 2.3–2.8MHz. Byminimiz-
ing

P
!p½nth(M!p=me){nexp"2=s2stat, where the sum is over the three

!pHe1 frequencies, and considering the above systematic errors, ssys,

Table 1 | Spin-averaged transition frequencies of !pHe1

Isotope Transition
(n, l)R (n22, l22)

Transition frequency (MHz)

Experiment Theory

!p4He1 (36, 34)R (34, 32) 1,522,107,062(4)(3)(2) 1,522,107,058.9(2.1)(0.3)
(33, 32)R (31, 30) 2,145,054,858(5)(5)(2) 2,145,054,857.9(1.6)(0.3)

!p3He1 (35, 33)R (33, 31) 1,553,643,100(7)(7)(3) 1,553,643,100.7(2.2)(0.2)

Experimental values show respective total, statistical and systematic 1-s.d. errors in parentheses; theoretical values (ref. 3 and V. I. Korobov, personal communication) show respective uncertainties from
uncalculated QED terms and numerical errors in parentheses.

Table 2 | Errors for transition (n, l)5 (36, 34)R (34, 32) of !p4He1

Datum Error (MHz)

Experimental errors

Statistical error, sstat 3
Collisional shift error 1
A.c. Stark shift error 0.5
Zeeman shift ,0.5
Frequency chirp error 0.8
Seed laser frequency calibration ,0.1
Hyperfine structure ,0.5
Line profile simulation 1
Total systematic error, ssys 1.8
Total experimental error, sexp 3.5

Theoretical uncertainties

Uncertainties from uncalculated QED terms* 2.1
Numerical uncertainty in calculation* 0.3
Mass uncertainties* ,0.1
Charge radii uncertainties* ,0.1
Total theoretical uncertainty*, sth 2.1

Experimental errors and theoretical uncertainties are 1 s.d.
*Ref. 3 and V. I. Korobov, personal communication.

(36, 34) → (34, 32)

–4 –2

p3He+

p4He+

0
(�th – �exp)/�exp (p.p.b.)

2 4

(33, 32) → (31, 30)

(35, 33) → (33, 31)

Figure 3 | Two-photon transition frequencies. The experimental values
(nexp; blue circles) for !p

4He1 and !p3He1 agree with theoretical values (nth; red
squares) to within fractional precisions of (2–5)3 1029. Error bars, 1 s.d.;
p.p.b., parts per 109.
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we obtained the ratio M!p/me5 1,836.1526736(23), which yielded the
best agreement between theoretical and experimental frequencies. The
uncertainty, 2.33 1026, includes the statistical and systematic experi-
mental contributions, respectively 1.83 1026 and 1.23 1026, and the
theoretical contribution, 1.03 1026. This is in good agreementwith the
four previous measurements of the proton-to-electron mass ratio21–24

(Fig. 4) and has a similar experimental precision. The most precise
value for protons is currently obtained by comparing the g factors of
hydrogen-like 12C51 and 16O71 ions measured by the GSI-Mainz
collaboration23,24 with high-field QED calculations. The CODATA
recommended value for Mp/me is taken as the average over these
experiments. This ratio may be determined to higher precision in the
future by laser spectroscopy experiments25 on H2

1 and HD1 ions. By
assuming19CPT invariance, such thatM!p 5Mp5 1.00727646677(10) u,
we can further derive the value of me5 0.0005485799091(7) u for the
electron mass from our !pHe1 result.
The equalities between the antiproton and proton charges and

masses, formulated respectively as dQ5 (Qp2Q!p)/Qp and dM5
(Mp2M!p)/Mp, have been constrained26,27 to within 23 1025. This
was achieved by combining X-ray spectroscopic data on antiprotonic
atoms (/Q2

!pM!p) with the cyclotron frequency (/Q!p=M!p) of anti-
protons confined in Penning traps andmeasured to a higher precision.
We can improve this limit by more than four orders of magnitude by
studying the linear dependence2 of dM and dQ on nth, that is,
dMkM1 dQkQ# jnexp2 nthj/nexp. For the three transitions, the con-
stants kM and kQ were estimated2 to be 2.3–2.8 and 2.7–3.4, respec-
tively. The right-hand side of the inequality was evaluated to be
,(8615)310210 by averaging over the three transitions. Furthermore,
the constraint that (Q!p/M!p)/(Qp/Mp)1 15 1.6(9)3 10210, from the
TRAP experiment28,29, implies that dQ< dM. From this, we conclude
that any deviations between the charges andmasses are,73 10210 at
the 90% confidence level.

METHODS SUMMARY
The two continuous-wave seed lasers were stabilized relative to 470-mm-long,
monolithic cavities made of ultralow-expansion glass by using the Pound–
Drever–Hall technique. The cavities were suspended horizontally by springs
and isolated in a vacuum chamber whose temperature was stabilized to
60.05 uC. Drifts in the laser frequencies were typically ,0.1MHzh21. The fre-
quency chirp11,13–15 during pulsed laser amplification was corrected using electro-
optic modulators placed inside the pulsed laser resonators, such that its amplitude
was reduced to a fewmegahertz. This remaining chirp was recorded for each laser
pulse and its effect corrected for at the data analysis stage. The output beams were

frequency-doubled (second-harmonic generation) or frequency-tripled (third-
harmonic generation) to wavelengths of l5 264–417 nm in b-barium borate
and lithium triborate crystals. Simulations5,13,14 show that additional chirp caused
by this frequency conversion is negligible (,0.1MHz).
The Cherenkov signals corresponding to !pHe1 were recorded using a digital

oscilloscope, and the area under the peak in each of these time spectra (Fig. 1b) was
plotted as a function of laser frequency to obtain the resonance profiles in Fig. 2.
Eachdatapoint represents anaverageof 8–10antiproton beamarrivals at the target.
Thismeasurementwas repeated for 10,000 arrivals at various laser intensities, target
densities, frequency offsets (nd) and alignments of the antiproton beam. The fact
that the pulsed laser can maintain absolute precision for the duration of the mea-
surements was verified by using part of the light to measure the 6s–8s two-photon
transition frequency of caesium 20 times over a two-week period. The result, with a
conservative error of 1.43 1029, was in good agreement with previous experi-
ments30. The acquired resonance profile was fitted with the theoretical two-photon
resonance line shape as described in the main text. This a-priori calculation well
reproduced the experimental data (Fig. 2). The validity of this method was also
partly verified by using it to analyse the above-mentioned caesium two-photon
signal11.
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Figure 18: Experimental precision on the antiproton-to-electron mass ratio determined by laser spectroscopy
of pHe+ over the years (solid red line). The uncertainty from theoretical calculations (broken blue line) are
also shown. Both experiment and theory progressed by using several new techniques over the years (indicated
after each data point).

and H+
2 molecules (which are similar three-body systems), and experimental interest of several

groups [31] in measuring their transition frequencies to determine Mp/me.
The effects of the finite charge radius of the helium nucleus and antiproton are relatively small

for the Rydberg atomic transitions νexp studied here [22], because the antiproton occupying the
pHe+ states have negligible overlap with the nucleus. Nevertheless the contribution of the charge
radius of the helium nucleus through its interaction with the 1s electron will become important,
once the experimental precision on νexp is improved by an order of magnitude compared to now
(∼ 10−10). The 4He radius is known quite precisely (rHe = 1.673(1) fm), and the µHe collaboration
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and H+
2 molecules (which are similar three-body systems), and experimental interest of several

groups [31] in measuring their transition frequencies to determine Mp/me.
The effects of the finite charge radius of the helium nucleus and antiproton are relatively small

for the Rydberg atomic transitions νexp studied here [22], because the antiproton occupying the
pHe+ states have negligible overlap with the nucleus. Nevertheless the contribution of the charge
radius of the helium nucleus through its interaction with the 1s electron will become important,
once the experimental precision on νexp is improved by an order of magnitude compared to now
(∼ 10−10). The 4He radius is known quite precisely (rHe = 1.673(1) fm), and the µHe collaboration
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    two-photoN transitions	

    7x10−10

‘chirp’, induced during this amplification are an important source of
systematic error5,13–15 and were measured using a heterodyne spectro-
meter11. The precision of this laser system was verified11 to be
,1.43 1029 by measuring some two-photon transition frequencies
in rubidium and caesium at respective wavelengths of 778 and 822 nm.
It was essential to use helium targets of low enough density for the

relaxations caused by collisions between!pHe1 and other heliumatoms
that could inhibit the two-photon transition to remain small. This
implied the use of antiprotons of low enough energy to be stopped
in such targets within the volume irradiated by the 2-cm-diameter
laser beams. We used the CERN Antiproton Decelerator to produce
200-ns-long, pulsed beams of 5.3-MeV antiprotons (Fig. 1c). Every
100 s, we decelerated about 73 106 antiprotons to,70 keV by allow-
ing them to pass through a 3-m-long, radio-frequency quadrupole
decelerator4. The beam was then transported by an achromatic,
magnetic beamline to the target chamber filled with 4He or 3He gas
at temperatureT< 15K and pressureP5 0.8–3mbar. At a time 2–8ms
after the resulting formation of !pHe1, two horizontally polarized
laser beams of energy density ,1mJ cm22 were simultaneously
fired through the target in opposite directions perpendicular to the
antiproton beam.
Figure 1b shows the Cherenkov signal (solid blue line) as a function

of time elapsed since the arrival of antiproton pulses at the target,
averaged over 30 pulses, which corresponds to ,107 !pHe1 atoms.
Laser beams of wavelengths c/n15 417 and c/n25 372 nm were tuned
to the two-photon transition (36, 34)R (34, 32) such that the virtual
intermediate state lay Dnd< 6GHz away from the real state (35, 33).
The above-mentioned annihilation spike corresponding to the two-
photon transition can be seen at t5 2.4ms. When the 417-nm laser
alone was tuned off the two-photon resonance condition slightly (by
0.5GHz; Fig. 1b, red line), the signal abruptly disappeared as expected.
This indicates that the background from any Doppler-broadened,
single-photon transitions is very small.
Figure2b shows the resonanceprofilemeasuredbydetuning the laser

of frequency n2 by Dnd526GHz and scanning the laser of frequency
n1 between 21 and 1GHz around the two-photon resonance defined
by n11 n2, which corresponds to a wavelength of ,197.0 nm. The

measured linewidth (,200MHz) represents the highest spectral reso-
lution achieved so far for an antiprotonic atom, and is more than an
order of magnitude smaller than the Doppler- and power-broadened
profile of the corresponding single-photon resonance (36, 34)R (35,
33) (Fig. 2a) measured under the same target and laser power condi-
tions.This allowsus todetermine the atomic transition frequencywitha
correspondingly higher precision. The remainingwidth is caused by the
hyperfine structure; the 3-ns Auger lifetime of the daughter state, (34,
32); and power broadening effects.
The two-peak structure with a frequency interval of 500MHz arises

from the dominant interaction between the electron spin and the
orbital angular momentum of the antiproton. Each peak is a super-
position of two hyperfine lines caused by a further interaction between
the antiproton and electron spins. The asymmetric structure is repro-
duced by line shape calculations9 (see below) and is due to the 25-MHz
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!p4He1 via a virtual intermediate state of the antiproton tuned close to the real
state (35, 33). b, Cherenkov detectors revealed the annihilation of !p4He1

following the nonlinear two-photon resonance induced at t5 2.4ms (blue).
When one of the lasers was detuned from resonance frequency by2500MHz,
the two-photon signal abruptly disappeared (red). PMT, photomultiplier tube.

c, The !p4He1 atoms were synthesized by decelerating a beam of antiprotons
using a radio-frequency quadrupole, and allowing them to stop in a cryogenic
helium target. Two Ti:sapphire pulsed lasers whose optical frequencies were
stabilized to a femtosecond frequency comb were used to carry out the
spectroscopy. CW, continuous wave; RF, radio frequency; SHG, second-
harmonic generation; THG, third-harmonic generation; ULE, ultralow
expansion.

0

1

2

3

0

1

2

3

–1 0 1 –1 0 1

Tw
o-

ph
ot

on
 s

ig
na

l i
nt

en
si

ty
 (a

.u
.)

Laser frequency offset (GHz)

a c

b d

Figure 2 | Profiles of sub-Doppler two-photon resonances. a, Doppler- and
power-broadened profile of the single-photon resonance (36, 34)R (35, 33) of
!p4He1. b, Sub-Doppler two-photon profile of (36, 34)R (34, 32) involving the
same parent state. c, d, Profiles of (33, 32)R (31, 30) of !p4He1 (c) and (35,
33)R (33, 31) of !p3He1 (d). Black filled circles indicate experimental data
points with 1-s.d. error bars, blue lines are best fits of theoretical line profiles
(see text) and partly overlapping arrows indicate positions of the hyperfine
lines. a.u., arbitrary units.

LETTER RESEARCH

2 8 J U LY 2 0 1 1 | V O L 4 7 5 | N A T U R E | 4 8 5

Macmillan Publishers Limited. All rights reserved©2011

LEAR experiments

AD construction

RFQD beam

Frequency comb, 
  laser chirp correction

Two-photon
spectroscopy

Relativistic
corrections

Complex-coordinate rotation

QED mα , improved
   Bethe logarithm,
   Finite nuclear size 

7

QED order mα  6

Two-loop QED

10
-6

10
-8

10
-7

10
-9

10
-11

10
-10

10
-5

CODATA2010

CODATA98
proton/electron
  mass ratio

P
re

ci
si

o
n

 o
n

 (
a

n
ti)

p
ro

to
n

-t
o

-e
le

ct
ro

n
 m

a
ss

 r
a

tio

1995 2000 2005 2010 2015

Years

Figure 18: Experimental precision on the antiproton-to-electron mass ratio determined by laser spectroscopy
of pHe+ over the years (solid red line). The uncertainty from theoretical calculations (broken blue line) are
also shown. Both experiment and theory progressed by using several new techniques over the years (indicated
after each data point).

and H+
2 molecules (which are similar three-body systems), and experimental interest of several

groups [31] in measuring their transition frequencies to determine Mp/me.
The effects of the finite charge radius of the helium nucleus and antiproton are relatively small

for the Rydberg atomic transitions νexp studied here [22], because the antiproton occupying the
pHe+ states have negligible overlap with the nucleus. Nevertheless the contribution of the charge
radius of the helium nucleus through its interaction with the 1s electron will become important,
once the experimental precision on νexp is improved by an order of magnitude compared to now
(∼ 10−10). The 4He radius is known quite precisely (rHe = 1.673(1) fm), and the µHe collaboration
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Table 1. Detector specifications 

Detector Area Thickness Energy 

range 

(mm z) (mm) (keV) 

Resolution at 

/~/~ 11 - ,  10 

(ev) 

D ! 200 7 10-430 936 

D2 200 10 10-430 867 

D3 200 10 lOM30 794 

D4 500 13 10-675 996 

D5 1134 12.5 10-610 1075 

a target of circular shape. Five high-purity Ge semi- 

conductor  detectors (D 1 D 5) were placed around this 

target. An incoming antiproton was defined by the 

coincidence signal of the two scintillation counters. 

The degrader was used to slow down the antiprotons 

in order to let them stop in the 300 mg/cm 2 metallic 

target (diameter 3 cm). The /5 X-rays were detected 

in a range up to 675 keV. The characteristic data of 

the detectors are given in Table 1. The electronics and 

data-acquisition system are described elsewhere in de- 

tail [1, 12 14]. 

The data were taken during two LEAR running 

periods at/5 momenta of 200 MeV/c and 300 MeV/c. 

A total of 654 million antiprotons were stopped. 

4 D a t a  a n a l y s i s  

The evaluation of the X-ray spectra was done as de- 

scribed elsewhere in more detail [12, 13]. We shall 

give in the following just a brief summary. 

4.1 The calibration 

The Ge detectors were first calibrated with standard 

radioactive sources of 75Se, 133Ba, and 241Am, when 

the beam was off. This was taken as a zero-order 

calibration. For  the final in-beam calibration those 

/52~ X-ray transitions were taken which were not 

perturbed by the strong interaction. The calibration 

peaks were fitted with a single Gaussian line and a 

linear background. In all cases it was sufficient to 

use a linear polynomial for the energy calibration. 

The detector resolution as a function of energy was 

also determined from these fits. 

4.2 Evaluation of the/52~ 11 ~ 10 lines 

Each observed X-ray transition n ~ n - 1  consists, in 

principle, of one circular transition (between levels 

with maximal angular momentum) and parallel tran- 

sitions, all having components a, b, and c. Only paral- 

559 

lel transitions with more than 1% of the total peak 

intensity were included in the fit. It turned out 

that only the circular transition 

In, 1 = n - 1) ~ In' = n - 1, 1' = n - 2 ) and the first paral- 

lel transition [ n , l = n - 2 ) ~ ] n ' = n - l , l ' = n - 3 )  of 

the /52~ 11 ~ 10 transition had to be taken into 

account. 

Since the intensity of component b is less than 

3%0 of the total intensity of the 11--, 10 transition 

and its energy value is well outside the doublet, only 

components a and c were considered in the fit. For  

all fits the background was assumed to be linear. For  

the final determination of the 15 magnetic moment 

only the 11 -~ 10 transition in/~2~ was evaluated, 

since the 1 2 ~  11 line could not be resolved by any 

of the detectors used. Figure 2 shows the two transi- 

tions for one of the detectors used. 

Initially the fit was done with the energies of the 

two main components of the circular and first non- 

circular transitions set to the theoretical value [15, 

16]. The Gauss widths were set equal for all four 

peaks and varied together in the fit. Finally the inten- 

sity ratios of the fine-structure components were set 

to the value given by (5). In this way the intensity 

of the first non-circular t rans i t ion/ l  e r  could be deter- 

mined directly from the measured line doublet, since 

the fit was very sensitive to the energy differences 

between the circular and the parallel transitions. Its 

contribution to the total intensity was found to be 

lXPT: lc i rc=3.8%+l . l% (average of all detectors). 

This method has the advantage of being independent 

of cascade calculations and is thus model indepen- 

dent. 

1000 

k 

o 500 

2oepb 

~11-10 i 

I I k 

285 290 2% 

E[keV] 

Fig. 2. The ff 1 1 ~ 1 0  transition in 2~ (detector D2) 

300 

• Kreissl et al. PRC 37 (1988) 557 	

• fine structure of x-Rays of 
antiprotonic lead	

• 208Pb to avoid HFS	

!

!
!

• results (PDG): 

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

!!qp + qe
!!"e

!!qp + qe
!!"e

!!qp + qe
!!"e

!!qp + qe
!!"e

See DYLLA 73 for a summary of experiments on the neutrality of matter.
See also “n CHARGE” in the neutron Listings.

VALUE DOCUMENT ID COMMENT

<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21 8 DYLLA 73 Neutrality of SF6
• • • We do not use the following data for averages, fits, limits, etc. • • •

<3.2 × 10−20 9 SENGUPTA 00 binary pulsar
<0.8 × 10−21 MARINELLI 84 Magnetic levitation

8Assumes that qn = qp+qe .
9 SENGUPTA 00 uses the difference between the observed rate of of rotational energy loss
by the binary pulsar PSR B1913+16 and the rate predicted by general relativity to set
this limit. See the paper for assumptions.

p MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENT

See the “Note on Baryon Magnetic Moments” in the Λ Listings.

VALUE (µN ) DOCUMENT ID TECN COMMENT

2.792847351±0.0000000282.792847351±0.0000000282.792847351±0.0000000282.792847351±0.000000028 MOHR 05 RVUE 2002 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •
2.792847337±0.000000029 MOHR 99 RVUE 1998 CODATA value
2.792847386±0.000000063 COHEN 87 RVUE 1986 CODATA value
2.7928456 ±0.0000011 COHEN 73 RVUE 1973 CODATA value

p MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENT

A few early results have been omitted.

VALUE (µN ) DOCUMENT ID TECN COMMENT

−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE

−2.8005±0.0090 KREISSL 88 CNTR p 208Pb 11→ 10 X-ray
−2.817 ±0.048 ROBERTS 78 CNTR
−2.791 ±0.021 HU 75 CNTR Exotic atoms

(µp + µp)
"

µp(µp + µp)
"

µp(µp + µp)
"

µp(µp + µp)
"

µp

A test of CPT invariance. Calculated from the p and p magnetic moments,
above.

VALUE DOCUMENT ID

(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION

HTTP://PDG.LBL.GOV Page 3 Created: 7/6/2006 16:35
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Table 1
A list of the experimental data including parameters pressure p, laser delay T , microwave power P , number of shots from the AD p̄ shots, HF transition frequencies ν±

HF, and
peak widths Γ± .

p (mbar) T (ns) P (W) p̄ shots ν+
HF (GHz) Γ+ (MHz) ν−

HF (GHz) Γ− (MHz)

150 200 15 1070 12.896 45(12) 3.84(8) 12.924 30(14) 4.70(3)
150 350 5 1028 12.896 709(78) 2.76(8) 12.924 579(59) 2.21(4)
150 500 3 2236 12.896 688(48) 1.68(6) 12.924 470(41) 1.48(4)
250 [13] 350 5 2938 12.896 651(35) 2.24(2) 12.924 431(35) 2.41(3)
250 [13] 500 3 230 12.896 53(12) 2.55(7) 12.924 446(65) 1.65(5)
500 350 5 1844 12.896 525(80) 2.06(5) 12.924 446(99) 2.01(7)

726.1 nm into two seed beams. These were each pulse amplified
by a NG:Yag laser and three Bethune dye cells, the second delayed
by a time T after the first. The pump beams were stretched so
that the pulse lengths of the two lasers were 18 ns and 13 ns [13],
slightly longer than the Auger lifetime of the daughter state, to
achieve a high depopulation efficiency.

The microwave apparatus was similar to that described in Sak-
aguchi et al. [23] and a schematic is displayed in Fig. 2(b). The mi-
crowave pulse was synthesised by a vector network analyser (An-
ritsu 37225B) referenced to a 10 MHz satellite signal (HP 58503B)
and amplified by a travelling wave tube amplifier (TMD PTC6358).
A waveguide carried the pulse to a custom made stainless steel
cylindrical cavity, with central frequency ∼ 12.91 GHz, which pro-
vided the desired shape for the field (TM110 mode) at the target.
Steel meshes (92% transparency) covered both ends of the cavity
so that antiprotons and the two laser beams could enter the tar-
get from opposite directions. The cavity was overcoupled to the
waveguide to achieve a broad frequency range ∼ 100 MHz. A mu-
metal shell surrounded the target region to protect from external
magnetic fields. Indeed the field measured in three dimensions
within the target was B < 0.03 G.

Previously, different choke positions of a triple-stub-tuner were
used to match the impedance of the waveguide to that of the cav-
ity for a range of frequencies [23]. This time, a constant microwave
power P was produced at the target by firing a predetermined sig-
nal strength down the unmatched waveguide. Most of the signal
was reflected and dumped to a 50 # terminator by a three-way
circulator, which allowed the relatively small amount of power ab-
sorbed by the cavity to be controlled to within 1 dB over the
frequency range. The power was monitored by an undercoupled
pickup antenna situated opposite the waveguide.

Table 1 shows a summary of all data measured for this experi-
ment. The line shape was determined in Pask et al. [13] to be

X(ω) = |2b|2
|2b|2 + (ω0 − ω)2

sin2
!
1
2

"
|2b|2 + (ω0 − ω)2

# 1
2 T

$
.

Data measured with the same p and T were fitted simultaneously
with common parameters for height, width and central frequency.
Two data sets were systematically examined: (1) Microwave power
dependence, and (2) Pressure dependence.

(1) The ac Stark effect shifts the E1 transitions by less than one
part in 109 [10]. Its equivalent, the ac Zeeman shift of the M1 tran-
sitions, is far weaker and therefore far too small to be resolved.
A power dependence measurement was nevertheless examined for
a complete understanding of the systematics. At a constant pres-
sure p = 150 mbar, resonance profiles were measured with various
laser delays T = 200 ns, 350 ns and 500 ns at microwave powers
carefully chosen to achieve a π -pulse [24], P = 15 W, 5 W and
3 W, respectively. For illustrative purposes the average of these
scans is shown in Fig. 3 where the dominating broadening effect
was due to the Fourier transform of the rectangular microwave
pulse of length T [25]. Fig. 4(b) shows that no power dependent

Fig. 3. Microwave frequency profiles averaged from scans at a common pressure
p = 150 mbar and laser delays T = 200 ns, 350 ns and 500 ns. The broadening is
due to the Fourier transform of the rectangular microwave pulse of length T .

trend was observed, therefore all data measured at common target
densities could be averaged.

(2) In 2006 Korenman predicted a collisional shift of ∆ ≡
dν/dp = 0.3 kHz/mbar [26] and, for the first time, a resolution
has been achieved to examine this. High statistic microwave res-
onance profiles were measured at p = 150 mbar and 500 mbar.
Previous measurements had been made at p = 250 mbar [13].

The results are displayed in Fig. 4(a) and clearly show that,
if any such density dependence existed, the trend may have the
same magnitude but opposite sign. Extrapolating the points to
zero density can be performed with lines of average gradient
∆ = −0.26 ± 0.2 kHz/mbar. Such a large error neither confirms
nor precludes conclusively the existence of a shift. The two fits
in Fig. 4(a) are shown with the same gradient because no den-
sity shift was observed for the difference between the transitions
'νHF = ν−

HF − ν+
HF, see Fig. 5, in accordance with predictions.

A more recent calculation [27], based on measurements of the
collisional broadening [25], predicts ∆ = −0.048 kHz/mbar which
is less than the experimental precision. As a negative slope contra-
dicts the predictions, the average of each measurement was taken
but the error used was that of the extrapolation to zero density
from the fit.

exp

theory
νHF

−

νHF+

accuracy exp: νHF :  5 ppm	

              th:         50 ppm
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Table 1. Different fit results for the microwave scans, where the functions shown have been fitted as two independent functions with a
constant background except ‘slope’ where the two independent functions of type (3) were fitted with a slanted background. Deg. F is the
number of degrees of freedom, Red. χ 2 is the reduced χ 2 for the fits, ν±

HF are the HF transition frequencies and #νHF is the difference
between ν+

HF and ν−
HF.

χ 2 Deg. F Red. χ 2 ν+
HF (GHz) ν−

HF (GHz) #νHF (MHz)

Voigt 389.0 88 4.4 12.896 628(20) 12.924 413(20) 27.784(28)
Gauss 388.8 89 4.4 12.896 628(20) 12.924 412(20) 27.785(28)
Equation (3) 349.4 89 3.9 12.896 622(20) 12.924 412(19) 27.789(28)
Slope 348.0 88 4.0 12.896 623(20) 12.924 412(20) 27.788(28)

frequency of the transition significantly only if the slope
exceeded 300 W GHz−1.

The line shape for a two-level system under the effects of
an external oscillating field for time T was expected to follow
(3). The optimum case is when the system undergoes a π-
pulse, | b | T = π/2. The parameter X(ω) is the probability
of transferring an atom to the other HF state and b is related to
the half-width of the distribution:

X(ω) = |2b|2

|2b|2 + (ω0 − ω)2
sin2

!
1
2

[|2b|2 + (ω0 − ω)2]
1
2 T

"
.

(3)

To confirm this was the correct shape, crosschecks of other
functions were performed. As the power had been measured
to vary slightly between each resonant peak, two independent
functions, rather than two identical ones, were used. A
Voigt function with a constant background was first used to
determine the contributions from the Gaussian, which is a
good approximation of (3), and Lorentzian functions. The
Lorentzian contribution was determined to be three orders of
magnitude smaller than the Gaussian.

The background was not assumed to be flat and was
determined by fitting a sloped function. This showed that
the background increased slightly towards higher frequencies
but the peak centres remained unchanged. The slope of this
background corresponds to the slope of microwave power
shown in figure 6(b). However, as no Rabi oscillations should
be induced off-resonance no effect of the microwave power
should be observed outside the peaks and the observation is
most likely to be statistical. The different fitting methods all
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Figure 8. A close up of the HF peaks fitted with two independent equations of type (3) plus a constant background: (a) ν+
HF and (b) ν−

HF.
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Figure 7. Microwave resonance profile of the (37, 35) metastable
state measured at a pressure of 250 mbar, a temperature of 6.1 K
and a laser delay of T = 350 ns. The ν+

HF and ν−
HF peaks are fitted

with two independent equations of type (3) and a constant
background.

gave a similar result (see table 1), but the two functions of
type (3) with a constant background fitted with the best χ2.
Figure 7 shows the averaged results of the 12 scans at a
target density of 250 mbar. The fit shown is a function
consisting of two independent equations of type (3) with a
constant background. Figure 8 shows a close up of each
peak. The results, with a numerical comparison to the current
theories and previous experiment, are shown in table 2 and a
graphical representation of the HF splitting #νHF = ν−

HF −ν+
HF

is displayed in figure 9 where the error has been increased by
the square root of the reduced χ2.
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Table 1. Different fit results for the microwave scans, where the functions shown have been fitted as two independent functions with a
constant background except ‘slope’ where the two independent functions of type (3) were fitted with a slanted background. Deg. F is the
number of degrees of freedom, Red. χ 2 is the reduced χ 2 for the fits, ν±

HF are the HF transition frequencies and #νHF is the difference
between ν+

HF and ν−
HF.

χ 2 Deg. F Red. χ 2 ν+
HF (GHz) ν−

HF (GHz) #νHF (MHz)

Voigt 389.0 88 4.4 12.896 628(20) 12.924 413(20) 27.784(28)
Gauss 388.8 89 4.4 12.896 628(20) 12.924 412(20) 27.785(28)
Equation (3) 349.4 89 3.9 12.896 622(20) 12.924 412(19) 27.789(28)
Slope 348.0 88 4.0 12.896 623(20) 12.924 412(20) 27.788(28)

frequency of the transition significantly only if the slope
exceeded 300 W GHz−1.

The line shape for a two-level system under the effects of
an external oscillating field for time T was expected to follow
(3). The optimum case is when the system undergoes a π-
pulse, | b | T = π/2. The parameter X(ω) is the probability
of transferring an atom to the other HF state and b is related to
the half-width of the distribution:

X(ω) = |2b|2

|2b|2 + (ω0 − ω)2
sin2

!
1
2

[|2b|2 + (ω0 − ω)2]
1
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To confirm this was the correct shape, crosschecks of other
functions were performed. As the power had been measured
to vary slightly between each resonant peak, two independent
functions, rather than two identical ones, were used. A
Voigt function with a constant background was first used to
determine the contributions from the Gaussian, which is a
good approximation of (3), and Lorentzian functions. The
Lorentzian contribution was determined to be three orders of
magnitude smaller than the Gaussian.

The background was not assumed to be flat and was
determined by fitting a sloped function. This showed that
the background increased slightly towards higher frequencies
but the peak centres remained unchanged. The slope of this
background corresponds to the slope of microwave power
shown in figure 6(b). However, as no Rabi oscillations should
be induced off-resonance no effect of the microwave power
should be observed outside the peaks and the observation is
most likely to be statistical. The different fitting methods all
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Figure 8. A close up of the HF peaks fitted with two independent equations of type (3) plus a constant background: (a) ν+
HF and (b) ν−
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Figure 7. Microwave resonance profile of the (37, 35) metastable
state measured at a pressure of 250 mbar, a temperature of 6.1 K
and a laser delay of T = 350 ns. The ν+

HF and ν−
HF peaks are fitted

with two independent equations of type (3) and a constant
background.

gave a similar result (see table 1), but the two functions of
type (3) with a constant background fitted with the best χ2.
Figure 7 shows the averaged results of the 12 scans at a
target density of 250 mbar. The fit shown is a function
consisting of two independent equations of type (3) with a
constant background. Figure 8 shows a close up of each
peak. The results, with a numerical comparison to the current
theories and previous experiment, are shown in table 2 and a
graphical representation of the HF splitting #νHF = ν−

HF −ν+
HF

is displayed in figure 9 where the error has been increased by
the square root of the reduced χ2.
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Fig. 5. The difference for !νHF between experiment and theory [15,17] as a function
of target pressure. The experimental values are shown as squares (2). The point
shown at x = 0 and represented by a circle (") represents the average of the total
data.

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !νHF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an α6 calculation but a significant change in !νHF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (

!N
i ν−

HFi
− !N

i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Table 1. Different fit results for the microwave scans, where the functions shown have been fitted as two independent functions with a
constant background except ‘slope’ where the two independent functions of type (3) were fitted with a slanted background. Deg. F is the
number of degrees of freedom, Red. χ 2 is the reduced χ 2 for the fits, ν±

HF are the HF transition frequencies and #νHF is the difference
between ν+

HF and ν−
HF.

χ 2 Deg. F Red. χ 2 ν+
HF (GHz) ν−

HF (GHz) #νHF (MHz)

Voigt 389.0 88 4.4 12.896 628(20) 12.924 413(20) 27.784(28)
Gauss 388.8 89 4.4 12.896 628(20) 12.924 412(20) 27.785(28)
Equation (3) 349.4 89 3.9 12.896 622(20) 12.924 412(19) 27.789(28)
Slope 348.0 88 4.0 12.896 623(20) 12.924 412(20) 27.788(28)

frequency of the transition significantly only if the slope
exceeded 300 W GHz−1.

The line shape for a two-level system under the effects of
an external oscillating field for time T was expected to follow
(3). The optimum case is when the system undergoes a π-
pulse, | b | T = π/2. The parameter X(ω) is the probability
of transferring an atom to the other HF state and b is related to
the half-width of the distribution:

X(ω) = |2b|2

|2b|2 + (ω0 − ω)2
sin2

!
1
2

[|2b|2 + (ω0 − ω)2]
1
2 T

"
.

(3)

To confirm this was the correct shape, crosschecks of other
functions were performed. As the power had been measured
to vary slightly between each resonant peak, two independent
functions, rather than two identical ones, were used. A
Voigt function with a constant background was first used to
determine the contributions from the Gaussian, which is a
good approximation of (3), and Lorentzian functions. The
Lorentzian contribution was determined to be three orders of
magnitude smaller than the Gaussian.

The background was not assumed to be flat and was
determined by fitting a sloped function. This showed that
the background increased slightly towards higher frequencies
but the peak centres remained unchanged. The slope of this
background corresponds to the slope of microwave power
shown in figure 6(b). However, as no Rabi oscillations should
be induced off-resonance no effect of the microwave power
should be observed outside the peaks and the observation is
most likely to be statistical. The different fitting methods all
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Figure 8. A close up of the HF peaks fitted with two independent equations of type (3) plus a constant background: (a) ν+
HF and (b) ν−

HF.
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with two independent equations of type (3) and a constant
background.

gave a similar result (see table 1), but the two functions of
type (3) with a constant background fitted with the best χ2.
Figure 7 shows the averaged results of the 12 scans at a
target density of 250 mbar. The fit shown is a function
consisting of two independent equations of type (3) with a
constant background. Figure 8 shows a close up of each
peak. The results, with a numerical comparison to the current
theories and previous experiment, are shown in table 2 and a
graphical representation of the HF splitting #νHF = ν−

HF −ν+
HF

is displayed in figure 9 where the error has been increased by
the square root of the reduced χ2.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (

!N
i ν−

HFi
− !N

i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Fig. 5. The difference for !νHF between experiment and theory [15,17] as a function
of target pressure. The experimental values are shown as squares (2). The point
shown at x = 0 and represented by a circle (") represents the average of the total
data.

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !νHF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an α6 calculation but a significant change in !νHF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (

!N
i ν−

HFi
− !N

i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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)/N , rather than
the difference between the sum of each transition measurement
$νHF = (
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i ν−

HFi
− !N

i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).

Korobov, V., Bakalov, D.: J. Phys. B 34, L519 (2001)
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Fig. 4. Laser resonance profile for the (n, L) = (36,34) state of p3He+ , displaying
the two laser transitions f + and f − between the HF states of the parent and the
daughter state, at a target pressure of 250 mbar. The peaks are fitted with four Voigt
functions referring to the four “allowed” E1 transitions between the SHF states of
the parent state (refer to Fig. 1). The arrows indicate the corresponding theoretical
transition frequencies.

The field is measured with a small (∼2 mm) pin antenna opposite
to the waveguide input. Thus the power in the cavity was moni-
tored and the input power adjusted for every frequency point, with
a power fluctuation of ∼16% over the frequency range. The only
drawback is that considerably high input power, i.e. up to 200 W,
might be required.

To obtain a sufficiently broad resonance with a FWHM of at
least 100 MHz the cavity is over-coupled to the waveguide sys-
tem through an iris, a rectangular aperture in the cavity. The iris
of the 11 GHz target has a size of 7 × 8 mm, the longer side in
radial direction. This way the resonance width of the cavity was
∼140 MHz. These are fixed parameters of the setup. When design-
ing the target, the width of the resonance can be optimized by
changing the iris dimensions – and consequently also the central
frequency shifts, which can be readjusted by changing the radius.
The length may also have to be adapted in order to exclude inter-
ferences with other field modes. In particular the iris size is crucial
for a successful measurement since it may cause polarization de-
generation of the mode in the cavity. The whole microwave part of
the setup was designed using the High Frequency Structure Simu-
lator (HFSS) Software [18].

5. Results

First, a scan over the laser frequency range was done to deter-
mine the frequency offset and the splitting of the two HF lines (see
Fig. 4) to ensure that only one of the two hyperfine levels of the
(n, L) = (36,34) state is depopulated by laser stimulation.

The splitting is ! f = 1.72 ± 0.03 GHz, similar to the transi-
tion at ∼726.090 nm in p4He+ , with a splitting of ! f = 1.75 ±
0.01 GHz. Due to the different SSHF energy level spacings, one of
the laser transition peaks has a lower amplitude and larger width.
Each of these peaks consists of another two sub-peaks, correspond-
ing to transitions from one SHF substate of the parent state to the
same SHF substate of the daughter state. Two of the four SHF sub-
states, respectively, are lying close enough to each other to have a
frequency difference smaller than the laser linewidth (∼100 MHz)
and the Doppler width (∼300 MHz) and can thus not be resolved
while the other two lines have a splitting in the range of the
broadening and thus result in a smaller and broader peak.

The measurements were all performed with a delay time T be-
tween the two lasers of 350 ns and a target pressure of 250 mbar.
These parameters shall provide a first comparison with results in
p4He+ . A study at different laser delay times and target pressures
is planned to be done in the future.

Fig. 5. Scan over the microwave frequency for two of the four SSHF transitions for
the (n, L) = (36,34) state of p3He+ , at a target pressure of 250 mbar. Each transi-
tion is fitted with Eq. (2) (solid lines). The frequencies of the measured transitions
are 11.12559(14) GHz and 11.15839(18) GHz. The dashed curve shows a simulation
using collision rates obtained from comparison between experiment and simulation.

Two of the four allowed SSHF resonance transitions in p3He+

could be observed. The scans of the two microwave-induced tran-
sitions are displayed in Fig. 5. They were both fitted with the
function of their natural line shape. For a two-level system, which
is affected by an oscillating magnetic field for a time T , the line
shape is given by [19]

X(ω) = A
|2b|2

|2b|2 + (ω0 − ω)2

× sin2
!
1
2

"
|2b|2 + (ω0 − ω)2

# 1
2 T

$
. (2)

Here X(ω) is the probability that an atom is transferred from one
HF state to the other, ω is the angular frequency of the magnetic
field and ω0 is the angular frequency of the transition between
the two energy levels. A = 1 in an ideal two-level system. Thus
A is a scaling term added for the fitting procedure. It takes into
account the fact that the real system is not an ideal two level
one. The parameter b = Ω/2 is a time independent part of the
transition matrix elements between two energy levels, with the
Rabi frequency Ω . In the case of a complete π -pulse, one obtains
|b|T = π/2. This is referred to as the optimum case, since together
with X(ω) = 1 at resonance this gives the smallest width for the
transition line, Γ = 0.799

T [19]. The Fourier transform of the rect-
angular microwave pulse gives a lower limit for the transition line
width.

Agreement theory-experiment 	

~50 ppm (~ theory error)

Exp: S. Friedreich et al., Physics Letters B, 700 (2011) 1–6

112 Experimental Results

Figure 8.7: This graph summarizes the results for the two measured SSHF transi-

tions ⌫��
HF and ⌫�+

HF as well as the frequency di↵erence �⌫±HF(E010 [69],

E010/011) and provides a comparison of these values with the respective

theoretical calculations (Kor [33,68], Ki [37]).

tween the SSHF states – were obtained from adjusting the simulation to the

experimental results and they are comparable to the values for p4He+. The

extracted values for the elastic collision rate in p3He+ is �e = 3.5⇥10�3 MHz

(the same as for p4He+) and the inelastic collision rate �i = 0.52⇥10�3 MHz

(�i = 1.4 ⇥ 10�3 MHz for p4He+). Fig. 8.6 shows the simulations in com-

parison to the fitted measurement data.

V. Korobov, Phys. Rev. A 73 022509 (2006)
Y. Kino et al., Hyperfine Interactions 146 331 (2003)

Theory:

8 SHFS states	

Two out of four transitions
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (

!N
i ν−

HFi
− !N

i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (

!N
i ν−

HFi
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i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of

which constitutes the point at p = 150 mbar in (a).
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].
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)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.
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and antiproton are in agreement within
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Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the
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Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].
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2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)

difference between each pair of transitions that were measured
at common densities $νHF = !N

i (ν−
HFi

− ν+
HFi

)/N , rather than
the difference between the sum of each transition measurement
$νHF = (
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HFi
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i ν+
HFi

)/N , where i is the index of a mea-
surement and N = 3 is the total number of density dependent
measurements. Fig. 5 displays $νHF as a function of target pres-
sure compared to the two most recent theories.

Fitting a first order polynomial, results in a gradient almost
half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.

This work demonstrates the completion of a systematic ex-
perimental study on the HF splitting of the (37, 35) state of
p̄He+ . The experimental error of ν±

HF has been reduced by a fac-
tor 20 less than that of the theoretical calculations and, although
∆exp-th = 300–600 kHz, it is well within the estimated theoretical
error 1.3 MHz. The experimental precision for $νHF has reached
that of theory and has been improved by more than a factor of 10
over the first measurement [12]. There is a two sigma agreement
between theory and experiment.

The sensitivity S of $νHF on µp̄
s for the (37,35) state is S ≡

dE/dµp̄
s = 10.1 MHz/µN [18], where µN is the nuclear magneton.

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

where the uncertainty has been calculated by adding $exp-th with
the errors of theory and experiment in quadrature, resulting in a
one sigma error, slightly less than the value determined by Kreissl
et al. [19], while the deviation from the magnitude of the proton
spin magnetic moment, µp

s = 2.792847351(28), is similar but op-
posite in sign.

The absolute values for the magnetic moments of the proton
and antiproton are in agreement within

µp
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= (2.4± 2.9) × 10−3. (2)

Fig. 4. The difference ∆exp-th = νexp −νth for ν±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of ν+
HF is shown as a solid triangle (Q) and ν−

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
scale of these graphs. (a) Pressure dependence, where the point at 250 mbar is the average of two power dependent measurements from [13]. The points represented by the
solid circle (") and empty circle (!) shown at p = 0 mbar are ν̄+

HF and ν̄−
HF respectively. (b) Power dependence measured at constant pressure p = 150 mbar the average of
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

Bakalov calculated that a broadening of ν±
HF due to an exter-

nal magnetic field occurs at a rate of Γ± ∼ 5.6 MHz/G [28]. The
similarity between the Fourier transform of the microwave pulse
and the spectral line widths [25] confirms that the target region
was well shielded during the experiment. Due to referencing to
a 10 MHz GPS receiver, the precision of the frequency source is
several orders of magnitude less than the resolution of this exper-
iment. Therefore the statistical errors are much greater than the
systematic.

The individual transition frequencies have a negligible de-
pendence on µp̄

s . However $νHF is directly proportional to this
value. The predicted density shift for $νHF is far smaller, ∆ =
0.003 Hz/mbar [27] than the precision of this experiment. If
this is the case, the total splitting can be calculated from the

Table 2
Experimental data compared with three-body QED predictions, where ν±

HF are the
HF transition frequencies and $νHF is the difference between ν−

HF and ν+
HF. The

quoted theoretical errors have been estimated by Bakalov and Widmann [18].
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This work 12.896 641(63) 12.924 461(63) 27.825(33)
2002 [12] 12.895 96(34) 12.924 67(29) 28.71(44)

Korobov [15] 12.8963(13) 12.9242(13) 27.896(33)
Kino [17] 12.8960(13) 12.9239(13) 27.889(33)
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consecutive 80 s fz averages are characterized by an Allan
variance !2

f. Then !2
0 (from below the threshold fre-

quency) is subtracted to get !2.
No fits to expected resonance line shapes are used for

this measurement, but the spin line shape fits well to the
Brownian motion line shape [15] expected for magnetic
field fluctuations caused by thermal axial motion within a
magnetic bottle gradient for a spin 1=2 system. An axial
temperature of 8 K is extracted from the fit, consistent with
measurements using a magnetron method detailed in
Ref. [7]. With no expected line shape yet available for
the cyclotron resonance, we note that the cyclotron line
fits well to the expected spin line shape but with an axial
temperature of 4 K. A proper diffusion treatment of the
way that a cyclotron drive moves the population between
cyclotron states is still needed.

A ratio of frequencies determines the magnetic moment
in nuclear magnetons [Eq. (1)]. The free space cyclotron
frequency, fc ¼ eB=ð2"mpÞ, is needed while the trap
eigenfrequencies fþ, fz, and f% are measured directly.
The Brown-Gabrielse invariance theorem, f2c ¼ f2þþ
f2z þ f2% [16] determines fc from the eigenfrequencies of
an (unavoidably) imperfect Penning trap.

Applying Eq. (1) gives the measured !p magnetic
moment

# !p=#N ¼ %2:792 845& 0:000 012 ½4:4 ppm(: (4)

The total uncertainty, with all known contributions detailed
in Table I is 680 times smaller than obtained in an exotic
atom measurement. Frequency uncertainties are the half
widths of the sharp edges in the line shapes, determined
less precisely than for #p because larger frequency steps
were taken. The magnetron linewidth uncertainty comes
from the distribution of magnetron radii following side-
band cooling done without and with simultaneous axial
feedback cooling [7,17] for the spin and cyclotron cases.
Comparing # !p to previously measured #p gives

# !p=#p ¼ %1:000 000& 0:000 005 ½5:1 ppm(; (5)

# !p=#p¼%0:9999992&0:0000044 ½4:4 ppm(; (6)

consistent with the prediction of the CPT theorem. The
first uses the #p directly measured within the same trap
electrodes [6]. The second uses the more precise #p

deduced indirectly from three measurements (not possible
with !p) and two theoretical corrections [18,19].

A comparison of the !p and p moments that is 103 to 104

times more precise seems feasible, to make a baryon CPT
test with a precision approaching the 9) 10%11 compari-
son of the charge-to-mass ratios of !p and p [2]. Individual
spin flips must be resolved so quantum jump spectroscopy
can be used to measure fs, as done to measure the electron
magnetic moment [5]. The jitter of fz described above is
the challenge since this is not much than the shift from a
spin flip. So far, in just one measurement cycle, we can

already determine the spin state with a fidelity above 0.95
in about 1 of 4 attempts [20] but are hopeful that this
efficiency can be improved (with adiabatic passage or "
pulse methods) to allow making a spin resonance in a
reasonable time. The magnetic gradient used to detect an
electron spin flip was small enough that flipping and
detecting the spin could be done in the same trap. To avoid
the line broadening due to the large magnetic gradient
needed to detect a !p spin state, spin flips must be driven
in an adjacent trap with no magnetic gradient before being
transferred to the trap used for spin state detection (as done
with ions [21]). Measuring the cyclotron frequency fc, the
second frequency needed to determine the !p magnetic
moment, has already been demonstrated to better than
10%10 [2] in a trap with essentially no magnetic gradient.
In conclusion, a direct measurement of the !p magnetic

moment to 4.4 ppm is made with a single !p suspended in a
Penning trap, improving upon the value from exotic atom
spectroscopy by a factor of 680. The measured ratio of the
!p and p magnetic moments is consistent with the value of
%1 predicted by the CPT theorem to 5 ppm or better. It
seems possible in the future to compare the magnetic
moments of !p and p more precisely, by a factor of 103 or
104 in addition to what is reported here.
Thanks to CERN for the 5-MeV !p and some support for

W.O, and to N. Jones for helpful comments. This work was
supported by the U.S. NSF and AFOSR, and the Canadian
NSERC, CRC, and CFI.
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For the first time a single trapped antiproton ( !p) is used to measure the !p magnetic moment ! !p. The

moment ! !p ¼ ! !pS=ð@=2Þ is given in terms of its spin S and the nuclear magneton (!N) by ! !p=!N ¼
$2:792 845% 0:000 012. The 4.4 parts per million (ppm) uncertainty is 680 times smaller than previously

realized. Comparing to the proton moment measured using the same method and trap electrodes gives

! !p=!p ¼ $1:000 000% 0:000 005 to 5 ppm, for a proton moment !p ¼ !pS=ð@=2Þ, consistent with the
prediction of the CPT theorem.

DOI: 10.1103/PhysRevLett.110.130801 PACS numbers: 14.20.Dh, 11.30.Er, 13.40.Em, 37.10.Ty

Measurements of the properties of particles and antipar-
ticles are intriguing in part because the fundamental cause
of the asymmetry between matter and antimatter in the
universe has yet to be discovered. Within the standard
model of particle physics, the results of particle-
antiparticle comparisons are predicted by a CPT theorem
[1] that pertains because systems are described by a local,
Lorentz-invariant, quantum field theory (QFT). Whether
the theorem applies universally is open to question, espe-
cially since gravitational interactions have so far eluded a
QFT description. It is thus important to precisely test
predictions of the CPT theorem, one example of which is
that antiproton ( !p) and proton (p) magnetic moments have
opposite signs and the same magnitude. Testing this pre-
diction may eventually produce a second precise CPT test
with a baryon and antibaryon, of comparable precision to
the !p and p charge-to-mass ratio comparison [2].

The !p magnetic moment was previously deduced only
from measured transition energies in exotic atoms in which
a !p orbits a nucleus as a ‘‘heavy electron.’’ Measurements
25 and 4 years ago [3,4] both reached a 3000 ppm precision
(Fig. 1). Meanwhile, single particle methods were used to
measure other magnetic moments to a much higher preci-
sion. For example, the most precisely measured property of
an elementary particle is the electron magnetic moment
measured with one electron [5].

This Letter reports the first single-particle measurement
of the !p magnetic moment, a 4.4 ppm determination that is
680 times more precise than realized with exotic atoms
(Fig. 1). The methods and apparatus were initially demon-
strated in a one-proton measurement of !p [6], following
the realization of feedback cooling and a self-excited oscil-
lator with one proton [7]. We profited from a parallel
exploration of proton spin flips [8] and a measurement of
!p [9] that followed ours.
The cyclotron and spin frequencies (fc and fs), mea-

sured for a single !p suspended in a magnetic field, deter-
mine the !p moment in nuclear magnetons,

! !p

!N
& g !p

2

q !p=m !p

qp=mp
' $ g !p

2
¼ $ fs

fc
; (1)

where g !p is the !p g factor. The ratio of !p and p charge-to-
mass ratios enters because the nuclear magneton !N is
defined in terms of the proton charge and mass. This ratio
was measured to be $1 to 0.0001 ppm using a !p

FIG. 1. Uncertainties in measurements of the !p magnetic mo-
ment measured in nuclear magnetons, ! !p=!N .
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•ANTIHYDROGEN	

• hydrogen measured to high 

precision	

• 1S-2S:                   <10−14      	

• ground-state HFS    10−12	
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CPT & Lorentz violation
Lorentz violation

D. Colladay and V. A. Kostelecky, PRD 55 (1997) 6760.
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• Energy correction to hydrogen energy levels:	

• Only transitions between HF Levels show CPTV	

• 1S-2S no effect - new: non-minimal SME results coming	

!
!

• Splitting of triplet  
substates even  
in zero field →

But this result is derived assuming that the electric and magnetic radii are equal, which is
not experimentally well verified. At least the uncertainty in the magnetic radius of the proton
is much larger than in the electric one. Therefore the uncertainty in Eq. 1.7 could be up to a
factor 3 larger [53].

A further structure effect, the proton polarizability, is only estimated to be 4±2 ppm [53], of
the same order as the value above. The “agreement” between theory and experiment is therefore
only valid on a level of ∼ 4 ppm. Thus, we can say that the uncertainty in the hyperfine structure
reflects dominantly the electric and magnetic distribution of the proton, which is related to the
origin of the proton anomalous magnetic moment, a current topic of particle-nuclear physics. A
first measurement of the antihydrogen hyperfine structure will initially provide a better value for
the poorly known antiproton magnetic moment (µp), the current 0.3 % relative precision of which
has been obtained from the fine structure of heavy antiprotonic atoms [21] . Subsequent, more
precise values of νHF(H) will yield information on the magnetic form factor of the antiproton
(GM (p)), etc.

1.2 A theoretical model for CPT violation

At what scale and in what kind of physical observables might we then find CPT violating
effects and what might be their significance? As is well known, CPT violation would require
the abandonment of one or more of the cherished axioms of relativistic quantum field theory,
which has had conspicuous success in all domains of particle physics. It is the fact that even
so, most physicists believe that for a variety of reasons the standard model is incomplete that
drives speculation about CPT-violation. For example, since several of the conditions required
in the mathematical proof of the CPT theorem no longer hold in string theory, CPT violation
could be used as a signature for string theory.

In recent years, the group of V.A. Kostelecky at Indiana has developed an extension to the
standard model that includes both CPT as well as Lorentz-invariance violating (LIV) terms in
the Lagrangian of a quantum field theory [54–58]. Although this model does not directly predict
any CPT violation nor LIV, it can be used as basis to compare CPT tests in different sectors,
and as a guide where to look for possible CPT violating effects. In fact, various groups have
already done so [12, 59–64]. We describe this particular model below (although we do not base
our proposed study of the antihydrogen hyperfine structure on it alone).

For the case of hydrogen and antihydrogen, the model [58] has the feature that CPT-violation
effects might modify the triplet-singlet hyperfine structures of both hydrogen and antihydrogen,
but differently. By introducing a number of CPT-violating parameters (generically denoted by
a, b, c, and d below) as well as Lorentz-invariance violating (LIV) terms these authors can relate
each of various physical observables to the theoretical parameters. In the hydrogen atom this
adds an energy correction to states with electron and proton spin components mJ and mI with
value (me and mp denote the electron and proton mass, resp.):

∆EH(mJ ,mI) = ae
0 + ap

0 − ce
00me − cp

00mp (1.8)
+(−be

3 + de
30me + He

12)mJ/|mJ | (1.9)
+(−bp

3 + dp
30mp + Hp

12)mI/|mI |. (1.10)

For antihydrogen, the parameters a, d, and H reverse sign. The anomalous energy terms ∆EH

and ∆EH arise from Lorentz invariance violation, among which the parameters a0’s and b3’s are
responsible for CPT violation.

16

CPT & Lorentz violation
Lorentz violation

D. Colladay and V. A. Kostelecky, PRD 55 (1997) 6760.

R. Bluhm, V. Kostelecký, & N. Russell,	

PRL 82, 2254 (1999). 
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antly, the Lagrangian !Eq. "1#$ remains invariant under ob-
server Lorentz transformations. However, the background
expectation values are unaffected by particle Lorentz trans-
formations, leading to nontrivial changes in the theory under
rotations and boosts !4$.
Within this framework alone, the values of the parameters

that characterize Lorentz violation are not calculable; in-
stead, values or constraints must be determined experimen-
tally. The general nature of this theory ensures that bounds
placed on different combinations of Lorentz and CPT violat-
ing terms may be compared between different experiments
"see Table I and Ref. !4$#.
For example, Lorentz and CPT violation may produce

shifts in atomic levels depending on the orientation of the
constituent particles’ spins relative to some unknown, fixed
inertial frame !4,5$. "Boosts relative to the preferred inertial
frame may also cause atomic energy level shifts !9$.# Certain
atomic transition frequencies, therefore, may exhibit sinu-
soidal variation as the Earth rotates on its axis. Sensitive tests
of Lorentz and CPT symmetry can be made by searching for
sidereal variation of these atomic transition frequencies.
As shown in Table I, among the most sensitive such ex-

periments are Penning trap tests by Dehmelt and co-workers
with the electron and positron !10$ which place a limit on
electron Lorentz and CPT violation at a level of
%10!25 GeV. A recent reanalysis by Adelberger, Gundlach,
Heckel, and co-workers of existing data from the ‘‘Eöt-Wash
II’’ spin-polarized torsion pendulum !11$ has improved this
limit to a level of %10!29 GeV !12$, the most stringent
bound to date on Lorentz and CPT violation of the electron.
A limit on neutron Lorentz and CPT violation of about
10!31 GeV has been set by Bear et al. !13$ using a dual
species noble gas maser to compare the nuclear Zeeman fre-
quencies of 129Xe and 3He. Stringent limits on Lorentz and
CPT violation of the electron, proton, and neutron have also
been derived !4$ from the results of an experiment by Ber-
glund et al. !14$ which compared the Zeeman frequencies of
199Hg and 133Cs.

III. APPLICATION OF THE STANDARD MODEL
EXTENSION TO ATOMIC HYDROGEN
HYPERFINEÕZEEMAN ENERGY LEVELS

Atomic energy-level shifts due to Lorentz violation are
calculated perturbatively using standard field-theory tech-

niques by taking the expectation value of the Hamiltonian
derived from the standard model extension’s modified La-
grangian. Note that for most atoms, the interpretation of
energy-level shifts in terms of the standard model extension
is reliant on the particular model used to describe the atomic
nucleus "e.g., the Schmidt model#. A key advantage of an
experimental study in atomic hydrogen is the simplicity of
the nuclear structure "a single proton#, with results that are
therefore ‘‘clean,’’ i.e., uncompromised by any nuclear
model uncertainty.
Figure 1 illustrates the Lorentz-violating corrections to

the hyperfine/Zeeman energy levels of the ground electronic
state of atomic hydrogen !6$. In particular, the shift in the
F"1, &mF"#1 Zeeman frequency, following the notation
of Refs. !4–7$, is

!&'Z!"
1
h !b̃ z

e$ b̃ z
p!, "4#

where b̃ z
w"bz

w!dzt
wmw!Hxy

w for w"p or e! !8$. The spatial
subscripts (x , y, z) denote the projection of the tensor cou-

TABLE I. Experimental bounds on Lorentz and CPT violation for the electron, proton, and neutron in
terms of the parameters b̃X"bX!medX0!HYZ and b̃Y"bY!medY0!HZX , where the subscripts denote the
projection of the tensor couplings onto a fixed inertial frame "see Sec. VII#. Bounds are listed by order of
magnitude and in terms of a sum of Lorentz-violating parameters in the standard model extension !see Eqs.
"2#–"4#$.

Experiment b̃X ,Y
e (GeV) b̃X ,Y

p (GeV) b̃X ,Y
n (GeV)

Anomaly frequency of e! in Penning trap !10$ 10!25

199Hg and 133Cs precesion frequencies !14$ 10!27 10!27 10!30

Hydrogen maser double resonance !7$ 10!27 10!27

Spin-polarized torsion pendulum !12$ 10!29

Dual species 129Xe/3He maser !13$ 10!31

FIG. 1. Hydrogen hyperfine/Zeeman energy levels. The full
curves are the unperturbed levels, while the dashed curves illustrate
the shifts due to Lorentz and CPT violating effects for the exagger-
ated values of !bz

e!dzt
e me!Hxy

e !"90 MHz and !bz
p!dzt

p mp!Hxy
p !

"10 MHz. "We have set a bound of less than 1 mHz for these
terms !7$.# A hydrogen maser typically oscillates on the first-order
magnetic-field-independent !2(↔!4( hyperfine transition near 1420
MHz, and with a static magnetic field of less than 1 mG. For these
low field strengths, the two F"1, &mF"#1 Zeeman frequencies
are nearly degenerate, and '12%'23%1 kHz.

HUMPHREY et al. PHYSICAL REVIEW A 68, 063807 "2003#

063807-2

Humphrey, M., Phillips, D., Mattison, E., Vessot, R., Stoner, R., & Walsworth, R. 	

Testing CPT and Lorentz symmetry with hydrogen masers. Physical Review A, 68(6), 63807 (2003).

Breit-Rabi diagram
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sidereal variation of these atomic transition frequencies.
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derived from the standard model extension’s modified La-
grangian. Note that for most atoms, the interpretation of
energy-level shifts in terms of the standard model extension
is reliant on the particular model used to describe the atomic
nucleus "e.g., the Schmidt model#. A key advantage of an
experimental study in atomic hydrogen is the simplicity of
the nuclear structure "a single proton#, with results that are
therefore ‘‘clean,’’ i.e., uncompromised by any nuclear
model uncertainty.
Figure 1 illustrates the Lorentz-violating corrections to
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"10 MHz. "We have set a bound of less than 1 mHz for these
terms !7$.# A hydrogen maser typically oscillates on the first-order
magnetic-field-independent !2(↔!4( hyperfine transition near 1420
MHz, and with a static magnetic field of less than 1 mG. For these
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calculated perturbatively using standard field-theory tech-

niques by taking the expectation value of the Hamiltonian
derived from the standard model extension’s modified La-
grangian. Note that for most atoms, the interpretation of
energy-level shifts in terms of the standard model extension
is reliant on the particular model used to describe the atomic
nucleus "e.g., the Schmidt model#. A key advantage of an
experimental study in atomic hydrogen is the simplicity of
the nuclear structure "a single proton#, with results that are
therefore ‘‘clean,’’ i.e., uncompromised by any nuclear
model uncertainty.
Figure 1 illustrates the Lorentz-violating corrections to

the hyperfine/Zeeman energy levels of the ground electronic
state of atomic hydrogen !6$. In particular, the shift in the
F"1, &mF"#1 Zeeman frequency, following the notation
of Refs. !4–7$, is
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TABLE I. Experimental bounds on Lorentz and CPT violation for the electron, proton, and neutron in
terms of the parameters b̃X"bX!medX0!HYZ and b̃Y"bY!medY0!HZX , where the subscripts denote the
projection of the tensor couplings onto a fixed inertial frame "see Sec. VII#. Bounds are listed by order of
magnitude and in terms of a sum of Lorentz-violating parameters in the standard model extension !see Eqs.
"2#–"4#$.

Experiment b̃X ,Y
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199Hg and 133Cs precesion frequencies !14$ 10!27 10!27 10!30

Hydrogen maser double resonance !7$ 10!27 10!27
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FIG. 1. Hydrogen hyperfine/Zeeman energy levels. The full
curves are the unperturbed levels, while the dashed curves illustrate
the shifts due to Lorentz and CPT violating effects for the exagger-
ated values of !bz
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"10 MHz. "We have set a bound of less than 1 mHz for these
terms !7$.# A hydrogen maser typically oscillates on the first-order
magnetic-field-independent !2(↔!4( hyperfine transition near 1420
MHz, and with a static magnetic field of less than 1 mG. For these
low field strengths, the two F"1, &mF"#1 Zeeman frequencies
are nearly degenerate, and '12%'23%1 kHz.
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A theoretical underpinning of the standard model of fundamen-
tal particles and interactions is CPT invariance, which requires
that the laws of physics be invariant under the combined discrete
operations of charge conjugation, parity and time reversal.
Antimatter, the existence of which was predicted by Dirac, can
be used to test the CPT theorem—experimental investigations
involving comparisons of particles with antiparticles are numer-
ous1. Cold atoms and anti-atoms, such as hydrogen and anti-
hydrogen, could form the basis of a new precise test, as CPT
invariance implies that they must have the same spectrum.
Observations of antihydrogen in small quantities and at high
energies have been reported at the European Organization for
Nuclear Research (CERN)2 and at Fermilab3, but these experi-
ments were not suited to precision comparison measurements.
Here we demonstrate the production of antihydrogen atoms at
very low energy bymixing trapped antiprotons and positrons in a
cryogenic environment. The neutral anti-atoms have been
detected directly when they escape the trap and annihilate,
producing a characteristic signature in an imaging particle
detector.
The current experiment, called ATHENA, seeks to compare the

frequency of the 1S–2S electronic transition (ground state to first
excited state) in hydrogenwith that in antihydrogen. This frequency
has been measured in hydrogen4 to an accuracy of 1.8 parts in 1014.
Obtaining similar precision in antihydrogen is possible in principle,
but only if very cold (of the order of a few kelvin) anti-atoms are
available.
Located adjacent to the antiproton decelerator5 (AD) ring at the

CERN laboratory in Geneva, the ATHENA apparatus comprises
four main subsystems: the antiproton catching trap, the positron
accumulator, the antiproton/positron mixing trap, and the antihy-
drogen annihilation detector. All traps in the experiment are
variations on the Penning trap6, which uses an axial magnetic
field to transversely confine the charged particles, and a series of
hollow cylindrical electrodes to trap them axially (Fig. 1a). The
catching and mixing traps are adjacent to each other, and coaxial
with a 3 T magnetic field from a superconducting solenoid. The

positron accumulator has its own magnetic system, also a solenoid,
of 0.14 T. A separate cryogenic heat exchanger in the bore of the
superconducting magnet cools the catching and mixing traps to
about 15K. The ATHENA apparatus7 features an open, modular
design that allows great experimental flexibility, particularly in
introducing large numbers of positrons into the apparatus—an
essential factor in the current work.

The catching trap8 slows, traps, cools and accumulates antipro-
tons. To cool antiprotons, the catching trap is first loaded with
3 £ 108 electrons, which cool by synchrotron radiation in the 3 T
magnetic field. Typically, the AD delivers 2 £ 107 antiprotons
having kinetic energy 5.3MeV and a pulse duration of 200 ns to
the experiment at 100-s intervals. The antiprotons are slowed in a
thin foil and trapped using a pulsed electric field. The antiprotons
lose energy and equilibrate with the cold electrons by Coulomb
interaction. The electrons are ejected before mixing the antiprotons
with positrons. Each AD shot results in about 3 £ 103 cold anti-
protons for interaction experiments.

The positron accumulator, based on a design detailed in ref. 9,
slows, traps and accumulates positrons emitted from a radioactive
source (1.4 £ 109 Bq 22Na). Accumulation for 300 s yields 1.5 £ 108

positrons10, 50% of which are successfully transferred to the mixing
trap where they cool by synchrotron radiation. The mixing trap has
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Figure 1 Central part of the ATHENA apparatus and trapping potential. a, Schematic
diagram, in axial section, of the ATHENA mixing trap and antihydrogen detector. The

cylindrical electrodes and the position of the positron cloud (blue ellipse) are shown. A

typical antihydrogen annihilation into three charged pions and two back-to-back 511-keV

photons is also shown. The arrow indicates the direction of the magnetic field. The

detector active volume is 16 cm long and has inner and outer diameters of 7.5 cm and

14 cm, respectively. b, The trapping potential is plotted against length along the trap. The
dashed line is the potential immediately before antiproton transfer. The solid line is the

potential during mixing.
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that the laws of physics be invariant under the combined discrete
operations of charge conjugation, parity and time reversal.
Antimatter, the existence of which was predicted by Dirac, can
be used to test the CPT theorem—experimental investigations
involving comparisons of particles with antiparticles are numer-
ous1. Cold atoms and anti-atoms, such as hydrogen and anti-
hydrogen, could form the basis of a new precise test, as CPT
invariance implies that they must have the same spectrum.
Observations of antihydrogen in small quantities and at high
energies have been reported at the European Organization for
Nuclear Research (CERN)2 and at Fermilab3, but these experi-
ments were not suited to precision comparison measurements.
Here we demonstrate the production of antihydrogen atoms at
very low energy bymixing trapped antiprotons and positrons in a
cryogenic environment. The neutral anti-atoms have been
detected directly when they escape the trap and annihilate,
producing a characteristic signature in an imaging particle
detector.
The current experiment, called ATHENA, seeks to compare the

frequency of the 1S–2S electronic transition (ground state to first
excited state) in hydrogenwith that in antihydrogen. This frequency
has been measured in hydrogen4 to an accuracy of 1.8 parts in 1014.
Obtaining similar precision in antihydrogen is possible in principle,
but only if very cold (of the order of a few kelvin) anti-atoms are
available.
Located adjacent to the antiproton decelerator5 (AD) ring at the

CERN laboratory in Geneva, the ATHENA apparatus comprises
four main subsystems: the antiproton catching trap, the positron
accumulator, the antiproton/positron mixing trap, and the antihy-
drogen annihilation detector. All traps in the experiment are
variations on the Penning trap6, which uses an axial magnetic
field to transversely confine the charged particles, and a series of
hollow cylindrical electrodes to trap them axially (Fig. 1a). The
catching and mixing traps are adjacent to each other, and coaxial
with a 3 T magnetic field from a superconducting solenoid. The

positron accumulator has its own magnetic system, also a solenoid,
of 0.14 T. A separate cryogenic heat exchanger in the bore of the
superconducting magnet cools the catching and mixing traps to
about 15K. The ATHENA apparatus7 features an open, modular
design that allows great experimental flexibility, particularly in
introducing large numbers of positrons into the apparatus—an
essential factor in the current work.

The catching trap8 slows, traps, cools and accumulates antipro-
tons. To cool antiprotons, the catching trap is first loaded with
3 £ 108 electrons, which cool by synchrotron radiation in the 3 T
magnetic field. Typically, the AD delivers 2 £ 107 antiprotons
having kinetic energy 5.3MeV and a pulse duration of 200 ns to
the experiment at 100-s intervals. The antiprotons are slowed in a
thin foil and trapped using a pulsed electric field. The antiprotons
lose energy and equilibrate with the cold electrons by Coulomb
interaction. The electrons are ejected before mixing the antiprotons
with positrons. Each AD shot results in about 3 £ 103 cold anti-
protons for interaction experiments.

The positron accumulator, based on a design detailed in ref. 9,
slows, traps and accumulates positrons emitted from a radioactive
source (1.4 £ 109 Bq 22Na). Accumulation for 300 s yields 1.5 £ 108

positrons10, 50% of which are successfully transferred to the mixing
trap where they cool by synchrotron radiation. The mixing trap has
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A background-free observation of cold antihydrogen atoms is made using field ionization followed by
antiproton storage, a detection method that provides the first experimental information about anti-
hydrogen atomic states. More antihydrogen atoms can be field ionized in an hour than all the antimatter
atoms that have been previously reported, and the production rate per incident high energy antiproton is
higher than ever observed. The high rate and the high Rydberg states suggest that the antihydrogen is
formed via three-body recombination.

DOI: 10.1103/PhysRevLett.89.213401 PACS numbers: 36.10.–k

Antihydrogen (H) atoms that are cold enough to be
trapped for laser spectroscopy [1] promise to provide
the most stringent CPT tests with baryons and leptons
[2], along with more sensitive tests for possible exten-
sions to the standard model [3], building on the high
accuracy of hydrogen spectroscopy [4]. It may even be
possible to directly observe the gravitational force on
antimatter atoms [5]. H atoms with a temperature near
to the 0.5 K depth of a realistic magnetic trap are greatly
preferred since trapping atoms from a thermal distribu-
tion is much less likely with increasing temperature.

The ATRAP Collaboration demonstrated the first posi-
tron cooling of antiprotons [6,7] in a nested Penning trap
[8] more than a year ago. Detailed studies of this cooling
(to 4 K) have since been carried out [9] to ensure that the
antiproton (p) loss we observed during positron (e!)
cooling corresponds to H formation. This Letter reports
an observation of cold H produced during such cooling
that is insensitive to other p loss mechanisms. Field
ionization of H followed by p storage provides the first
experimental information about H excited states. Every
recorded event comes from H production, with no back-
ground. Another very recent report of cold H formation
[10], also during positron cooling in a nested Penning
trap, instead identifies p and e! annihilations within
"8 mm and 5 !s as H, subtracting a background larger
than the signal. Observations of high velocity H also used
simultaneous annihilation detection [11,12].

More antiprotons from ionized H atoms can now be
captured in an hour than the sum of all antimatter atoms
reported so far. If the H leave the production region
isotropically, then 11% of the p in the nested Penning

trap form H. The 657 p we capture from H ionization in
the sample used here would then correspond to nearly
170 000 cold H atoms. Even if the distribution is not
isotropic, the high rate supports the feasibility of spec-
troscopic investigations to follow. Rydberg states formed
at a high rate likely start with a three-body recombina-
tion collision [8] between a p and two e!, with deexcita-
tion continuing via other processes [13,14].

The apparatus (Fig. 1) alternates between the one used
to demonstrate positron cooling of antiprotons [6] and a
close copy. A 5.4 T magnetic field from a superconducting
solenoid is directed along the vertical symmetry axis of a
stack of gold-plated copper rings. Applied voltages form
Penning traps that confine the p, e#, and e! and control
their interactions. Captured p accumulate in the volume
below the rotatable electrode. Above, injected e! accu-
mulate simultaneously. The electrodes and surrounding
vacuum enclosure are cooled to 4.2 K via a thermal
contact to liquid helium. Cryopumping reduces the pres-
sure within the trap to less than 5$ 10#17 Torr, as mea-
sured in a similar apparatus [15] using the lifetime of
trapped p as a gauge.

All experiments pursuing antihydrogen, and other ex-
periments requiring the lowest energy antiprotons, make
use of CERN’s unique Antiproton Decelerator (AD). A
standard set of techniques that some of us developed over
the last 15 years [2] is also used to accumulate cold p in a
trap, at an energy that can be more than a factor of 1010

times lower than that of p in the AD. Every 100 s, the AD
ejects a short pulse of p. The p slow in matter, are
captured in a trap that is closed electronically while
they are within, and electron cool in the trap to 4.2 K.
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typical neutral-atom trap used for hydrogen spectroscopy [21], the atoms will experience Zeeman
level shifts due to their thermal motion. So far experiments on RF-spectroscopy of trapped neutral
atoms have not been able to achieve high precision, but only to extract the temperature distribution
of atoms, even though these atoms had a temperature as small as 60 mK [22, 23].

We therefore believe that experiments carried out with an antihydrogen beam of energy corre-
sponding to about 10 K has an enormous, but yet untapped potential for testing CPT-symmetry.
Atomic beams sacrifice the long storage times of neutral atom traps in favour of simplicity of con-
struction, operation, and experimental complexity. To judge by the number of fundamental physical
quantities that have been determined to high precision in such beams, this tradeoff has frequently
been worthwhile. These include not only the HFS frequency in hydrogen and its above-cited con-
comitant, the proton magnetic moment, but also the fine structure constant itself (from fine and
hyperfine structure measurements of one- and two-electron atoms), the Lamb shift, the equality of
proton and electron charges to one part in 1018 and upper limits on the electric quadrupole moment
of the electron and proton.

Seen in this perspective, experiments to measure the hyperfine structure appear not only feasible
- the initial ones might have been carried out in the 1930s had antihydrogen beams been available
then - but also logically and empirically meaningful. Thus, without pushing microwave and magnet
technology to unreasonable limits, we can expect to parallel with antihydrogen the historical de-
velopment of the hydrogen case, starting from a simple Stern-Gerlach experiment and proceeding
to microwave resonance experiments, with better and better values for the antihydrogen hyperfine
frequency νHF emerging at each stage. We base our intention to measure the hyperfine structure of
the ground state of the antihydrogen at the AD on these experimental grounds. Section 3 describes
in more detail the ground-state hyperfine structure, and section 4 gives some additional theoretical
material on CPT violation. In Section 5 we develop our experimental strategy to measure the
hyperfine structure in an atomic beam of antihydrogen atoms, and in section 6 we discuss the
possible scenarios for producing cold H atoms. Section 7 deals with positron production schemes,
and section 8 describes technical milestones.

3 Physics of the ground-state hyperfine structure and CPT vio-
lation

The hyperfine structure of antihydrogen provides a variety of physics implications, which are unique
and qualitatively different from those given by the binding energy of antihydrogen. The hyperfine
coupling frequency νHF in the hydrogen ground state is given to the leading term by the Fermi
contact interaction, yielding

νF =
16
3

(
Mp

Mp + me
)3

me

Mp

µp

µN
α2c Ry, (3)

which is a direct product of the electron magnetic moment and the anomalous proton magnetic
moment (Mp, me denote proton and electron mass, c the speed of light, α the fine structure
constant, and Ry the Rydberg constant). Using the known proton magnetic moment,

µp = 2.792 847 386(63) µN , (4)

with
µN = 7.622 591 4 MHz/T, (5)

this formula yields νF = 1418.83 MHz, which is significantly different from the experimental value.
This 1000 -ppm discrepancy led to the discovery of the anomalous electron g-factor (ge = 2.002).
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Even after higher-order QED corrections [2] still a significant difference between theory and
experiment remained, as

δ(QED) =
ν(QED) − ν(Exp)

ν(Exp)
= 32.55(10) ppm. (6)

This discrepancy was accounted for by the non-relativistic magnetic size correction (Zemach cor-
rection) [2]:

∆ν(Zemach) = νF
2Zαme

π2

!
d3p

p4

"
GE(p2)GM (p2)

1 + κ
− 1

#

, (7)

where νF is the Fermi contact term defined in eq. (3), GE(p2) and GM (p2) are the electric and
magnetic form factor of the proton, and κ its anomalous magnetic moment. The Zemach corrections
therefore contain both the magnetic and charge distribution of the proton.

A detailed treatment of the Zemach corrections can be found in [8]. Assuming the validity of
the dipole approximation, the two form factors can be correlated

GE(p2) =
GM (p2)
1 + κ

=
$

Λ2

Λ2 + p2

%2

(8)

where the Λ is related to the proton charge radius by Rp =
√

12/Λ. Whether the dipole approxima-
tion is indeed a good approximation, however, is not really clear. Integration by separation of low
and high-momentum regions with various separation values, and the use of different values for Rp

gives a value for the Zemach corrections of ∆ν(Zemach) = −41.07(75) ppm [8]. With this correc-
tion, and some more recently calculated ones, the theoretical value deviates from the experimental
one by [8]

ν(exp) − ν(th)
ν(exp)

= 3.5 ± 0.9 ppm. (9)

A further structure effect, the proton polarizability, is only estimated to be < 4 ppm [8], of the
same order than the value above. The “agreement” between theory and experiment is therefore
only valid on a level of ∼ 4 ppm. Thus, we can say that the uncertainty in the hyperfine structure
reflects dominantly the electric and magnetic distribution of the proton, which is related to the
origin of the proton anomalous moment, a current topic of particle-nuclear physics.

The hyperfine structure of antihydrogen (νHF(H)) gives unique and qualitatively different in-
formation from that given by the binding energies of antihydrogen atomic states. Historically, of
course, it was the hyperfine coupling constants of hydrogen and deuterium which first indicated
that the values of the proton and deuteron magnetic moments were surprisingly anomalous. A first
measurement of the antihydrogen hyperfine structure will initially provide a better value for the
poorly known antiproton magnetic moment (µp), the current 0.3 % relative precision of which has
been obtained from the fine structure of heavy antiprotonic atoms [24] . Subsequent, more precise
values of νHF(H) will yield information on the magnetic form factor of the antiproton (GM (p)), etc.

4 A theoretical model for CPT violation

At what scale and in what kind of physical observables might we then find CPT violating effects
and what might be their significance? As is well known, CPT violation would require the aban-
donment of one or more of the cherished axioms of relativistic quantum field theory, which has had
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ton structure corrections is unambiguous. However, the sepa-
ration between the recoil and polarizability corrections de-
pends upon a protocol. The issue is that the elastic and
inelastic corrections separately have !after an overall lepton
mass, m!, is factored out" logarithmic divergences in the
m!→0 limit. For convenience, the polarizability corrections
have been defined #5$ by taking the inelastic corrections and
adding an elastic-looking term to cancel the logarithmic sin-
gularity. An identical term is subtracted from the recoil cor-
rections, and the overall sum is unchanged.

The term added to form the polarizability correction must
satisfy the criteria that it cancel the existing m!→0 diver-
gence, and that it introduce no new divergence. This does not
uniquely fix the residual nondivergent part of the term. For
the electron case, the choice is standard. Hence, one can in
principle add calculations of electronic hydrogen polarizabil-
ity and recoil corrections from different sources without
worry. For the massive lepton case, it appears that there are
two different protocols, which agree in the m!→0 limit but
not otherwise. Hence, there is a need for care in combining
muonic hydrogen calculations from different sources, or else
for a unified calculation of all the proton structure-dependent
terms, as we do here.

Our calculations and results are detailed in Sec. II. The
relevant formulas are first summarized and discussed, fol-
lowed by numerical evaluations for the electronic and
muonic hydrogen systems. Section III summarizes our con-
clusions.

II. FORMULAS AND CALCULATIONS

A. Formulas and calculations

The calculated hyperfine splitting can be given as #6,7$

Ehfs!!−p" = !1 + !QED + !hvp
p + !"vp

p + !weak
p + !S"EF

p ,

!2"

where lepton !− is either e− or "− and the Fermi energy is

EF
p =

8#3mr
3

3$
"B"p =

16#2

3
"p

"B

R%

!1 + m!/mp"3 . !3"

Mass mr=m!mp / !mp+m!" is the reduced mass and R% is the
Rydberg constant !in frequency units". By convention, the
Bohr magneton "B is inserted for the lepton and the mea-
sured magnetic moment "p is used for the proton. The con-
stants on the right-hand side are well enough known to
evaluate the Fermi energy to 0.01 ppm.

The first four corrections are due to QED, hadronic
vacuum polarization, muonic vacuum polarization, and weak
interactions !Z0 exchange". They are well enough known not
to require discussion here.

The proton structure-dependent corrections are

!S = !Z + !R
p + !pol. !4"

The subscripts stand for “Zemach,” “recoil,” and “polariz-
ability.” The measured value of Ehfs!e−p" and calculated val-
ues of other quantities implies a “target value” !S
=−32.77&0.01 ppm for ordinary hydrogen #6,7$.

The structure-dependent corrections can be obtained by a
dispersive calculation of the two-photon exchange diagram
!Fig. 1", as pioneered by Iddings #8$ and by Drell and Sulli-
van #5$. The reason for separating the result into three terms
is partly to shorten individual formulas and partly for histori-
cal reasons. We only quote the results, reserving a discussion
of the derivation, particularly for the massive lepton case, for
a later report.

We start with the polarizability corrections. They are usu-
ally given in the limit m!→0 #5,8–11$. To our knowledge,
the only previous exception is in the paper of Cherednikova,
Faustov, and Martynenko #12$. Including the lepton mass,
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ton structure corrections is unambiguous. However, the sepa-
ration between the recoil and polarizability corrections de-
pends upon a protocol. The issue is that the elastic and
inelastic corrections separately have !after an overall lepton
mass, m!, is factored out" logarithmic divergences in the
m!→0 limit. For convenience, the polarizability corrections
have been defined #5$ by taking the inelastic corrections and
adding an elastic-looking term to cancel the logarithmic sin-
gularity. An identical term is subtracted from the recoil cor-
rections, and the overall sum is unchanged.

The term added to form the polarizability correction must
satisfy the criteria that it cancel the existing m!→0 diver-
gence, and that it introduce no new divergence. This does not
uniquely fix the residual nondivergent part of the term. For
the electron case, the choice is standard. Hence, one can in
principle add calculations of electronic hydrogen polarizabil-
ity and recoil corrections from different sources without
worry. For the massive lepton case, it appears that there are
two different protocols, which agree in the m!→0 limit but
not otherwise. Hence, there is a need for care in combining
muonic hydrogen calculations from different sources, or else
for a unified calculation of all the proton structure-dependent
terms, as we do here.

Our calculations and results are detailed in Sec. II. The
relevant formulas are first summarized and discussed, fol-
lowed by numerical evaluations for the electronic and
muonic hydrogen systems. Section III summarizes our con-
clusions.

II. FORMULAS AND CALCULATIONS

A. Formulas and calculations

The calculated hyperfine splitting can be given as #6,7$
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Bohr magneton "B is inserted for the lepton and the mea-
sured magnetic moment "p is used for the proton. The con-
stants on the right-hand side are well enough known to
evaluate the Fermi energy to 0.01 ppm.

The first four corrections are due to QED, hadronic
vacuum polarization, muonic vacuum polarization, and weak
interactions !Z0 exchange". They are well enough known not
to require discussion here.

The proton structure-dependent corrections are
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ability.” The measured value of Ehfs!e−p" and calculated val-
ues of other quantities implies a “target value” !S
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van #5$. The reason for separating the result into three terms
is partly to shorten individual formulas and partly for histori-
cal reasons. We only quote the results, reserving a discussion
of the derivation, particularly for the massive lepton case, for
a later report.

We start with the polarizability corrections. They are usu-
ally given in the limit m!→0 #5,8–11$. To our knowledge,
the only previous exception is in the paper of Cherednikova,
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ton structure corrections is unambiguous. However, the sepa-
ration between the recoil and polarizability corrections de-
pends upon a protocol. The issue is that the elastic and
inelastic corrections separately have !after an overall lepton
mass, m!, is factored out" logarithmic divergences in the
m!→0 limit. For convenience, the polarizability corrections
have been defined #5$ by taking the inelastic corrections and
adding an elastic-looking term to cancel the logarithmic sin-
gularity. An identical term is subtracted from the recoil cor-
rections, and the overall sum is unchanged.

The term added to form the polarizability correction must
satisfy the criteria that it cancel the existing m!→0 diver-
gence, and that it introduce no new divergence. This does not
uniquely fix the residual nondivergent part of the term. For
the electron case, the choice is standard. Hence, one can in
principle add calculations of electronic hydrogen polarizabil-
ity and recoil corrections from different sources without
worry. For the massive lepton case, it appears that there are
two different protocols, which agree in the m!→0 limit but
not otherwise. Hence, there is a need for care in combining
muonic hydrogen calculations from different sources, or else
for a unified calculation of all the proton structure-dependent
terms, as we do here.

Our calculations and results are detailed in Sec. II. The
relevant formulas are first summarized and discussed, fol-
lowed by numerical evaluations for the electronic and
muonic hydrogen systems. Section III summarizes our con-
clusions.

II. FORMULAS AND CALCULATIONS

A. Formulas and calculations

The calculated hyperfine splitting can be given as #6,7$

Ehfs!!−p" = !1 + !QED + !hvp
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Mass mr=m!mp / !mp+m!" is the reduced mass and R% is the
Rydberg constant !in frequency units". By convention, the
Bohr magneton "B is inserted for the lepton and the mea-
sured magnetic moment "p is used for the proton. The con-
stants on the right-hand side are well enough known to
evaluate the Fermi energy to 0.01 ppm.

The first four corrections are due to QED, hadronic
vacuum polarization, muonic vacuum polarization, and weak
interactions !Z0 exchange". They are well enough known not
to require discussion here.

The proton structure-dependent corrections are

!S = !Z + !R
p + !pol. !4"

The subscripts stand for “Zemach,” “recoil,” and “polariz-
ability.” The measured value of Ehfs!e−p" and calculated val-
ues of other quantities implies a “target value” !S
=−32.77&0.01 ppm for ordinary hydrogen #6,7$.

The structure-dependent corrections can be obtained by a
dispersive calculation of the two-photon exchange diagram
!Fig. 1", as pioneered by Iddings #8$ and by Drell and Sulli-
van #5$. The reason for separating the result into three terms
is partly to shorten individual formulas and partly for histori-
cal reasons. We only quote the results, reserving a discussion
of the derivation, particularly for the massive lepton case, for
a later report.

We start with the polarizability corrections. They are usu-
ally given in the limit m!→0 #5,8–11$. To our knowledge,
the only previous exception is in the paper of Cherednikova,
Faustov, and Martynenko #12$. Including the lepton mass,
our result for the polarizability corrections is
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Finally, F2"Q2# is the "elastic# Pauli form factor, normalized
by F2"0#=#p.

The polarizability terms come mainly from inelastic inter-
mediate states in Fig. 1; hence, the appearance of the struc-
ture functions g1,2. The term containing F2 is the term de-
scribed in the Introduction, which is inserted to cancel the
divergence that appears in the g1 term of $1 in the massless
lepton limit. As m!→0, one can show that %1,2→&1,2 and
&1"!!#→1, and further, for Q2→0, &1"!#→1. Then, the
Gerasimov-Drell-Hearn $13,14% sum rule,

lim
Q2→0

8mp
2

Q2 &
0

xth

dxg1"x,Q2# = − #p
2, "11#

both ensure that the second term of $1 diverges in the mass-
less limit, and that the first term will regularize it.

Our polarizability correction agrees with $12% for the g1,2
terms, which are unique. Some choice is possible for the F2

2

terms, and here, and in Ref. $12%, different choices are made.

Further explanation of this point joins the discussion of the
recoil correction, below.

The Zemach corrections are $15%

$Z = − 2'mrrZ"1 + (Z
rad# , "12#

where rZ is the Zemach radius

rZ = −
4
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0

* dQ

Q2 'GE"Q2#
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1 + #p

− 1( . "13#

The electric and magnetic Sachs form factors are

GM"Q2# = F1"Q2# + F2"Q2# ,

GE"Q2# = F1"Q2# −
Q2

4mp
2 F2"Q2# , "14#

and the Dirac form factor is normalized with F1"0#=1.
The extra radiative correction (Z

rad is given in $16,17%. For
the dipole form factor, GE,M"Q2#+ "1+Q2 /,2#−2, one finds
(Z

rad= "' /3)# $2 ln",2 /me
2#−4111 /420%=0.0153, using the

standard value ,2=0.71 GeV2. For other form factors that
we use, the changes in (Z

rad have a 0.01 ppm or smaller effect
upon the hyperfine splitting.

The leading order recoil corrections are $16,18%
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Factoring out an overall m!, there remain recoil terms that
diverge like ln"m!# as m!→0; hence the m!→0 limit is not
taken. Further, and in contrast to the Zemach corrections, the
recoil corrections are not zero in the static and pointlike pro-
ton limits. $The static limit neglects the Q2 dependence of the
form factors, so that F1"Q2#→F1"0#=1 and F2"Q2#→F2"0#
=#p; the pointlike limit additionally takes #p→0.% Thus, part
of the recoil correction is structure independent. However,
that they are overall structure dependent is clear, and so it is
proper to include them here along with $Z and $pol.

Notice that the last term in the recoil correction is the
negative of the F2 term from the $1 polarizability correction.
These are the terms that were added and subtracted to ensure
that $1 contained no divergence in the massless lepton limit.

We specify the term here using a historical criterion. An
alternative nondispersive calculation of the elastic contribu-
tions alone, the lower part of Fig. 1, inserts photon-proton-
proton vertices

-" = %"F1"Q2# +
i

2mp
."/q/F2"Q2# , "16#

for incoming q, and does the loop integral directly. In mod-
ern times, one should hesitate to do the calculation this way

because there is no reason to think the vertex representation
is correct when the intermediate proton is off shell. "The
dispersive calculation is not subject to the same criticism
because it obtains the real part of the two-photon corrections
from the imaginary part, which only requires knowing the
vertices when all protons are on-shell.# However, the direct
calculation is historically older than the dispersive one, and
is still often quoted; for relatively modern source see $18%. It
is possible to choose the F2

2 terms in the polarizability and
recoil corrections to cancel the zero mass divergence in one
case and give the historical result in the other, and that is the
choice we made. Reference $12%, which showed only the
polarizability term, differs from us in the F2

2 terms in $pol
and this can be traced to a different choice early on $19%.

B. Ordinary hydrogen polarizability corrections

For electronic hydrogen, take the m!→0 limit to obtain
the well-known result $5,8–11%,

$1 =
9
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Finally, F2"Q2# is the "elastic# Pauli form factor, normalized
by F2"0#=#p.

The polarizability terms come mainly from inelastic inter-
mediate states in Fig. 1; hence, the appearance of the struc-
ture functions g1,2. The term containing F2 is the term de-
scribed in the Introduction, which is inserted to cancel the
divergence that appears in the g1 term of $1 in the massless
lepton limit. As m!→0, one can show that %1,2→&1,2 and
&1"!!#→1, and further, for Q2→0, &1"!#→1. Then, the
Gerasimov-Drell-Hearn $13,14% sum rule,

lim
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both ensure that the second term of $1 diverges in the mass-
less limit, and that the first term will regularize it.

Our polarizability correction agrees with $12% for the g1,2
terms, which are unique. Some choice is possible for the F2

2

terms, and here, and in Ref. $12%, different choices are made.

Further explanation of this point joins the discussion of the
recoil correction, below.

The Zemach corrections are $15%
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The electric and magnetic Sachs form factors are
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GE"Q2# = F1"Q2# −
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and the Dirac form factor is normalized with F1"0#=1.
The extra radiative correction (Z

rad is given in $16,17%. For
the dipole form factor, GE,M"Q2#+ "1+Q2 /,2#−2, one finds
(Z

rad= "' /3)# $2 ln",2 /me
2#−4111 /420%=0.0153, using the

standard value ,2=0.71 GeV2. For other form factors that
we use, the changes in (Z

rad have a 0.01 ppm or smaller effect
upon the hyperfine splitting.

The leading order recoil corrections are $16,18%
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Factoring out an overall m!, there remain recoil terms that
diverge like ln"m!# as m!→0; hence the m!→0 limit is not
taken. Further, and in contrast to the Zemach corrections, the
recoil corrections are not zero in the static and pointlike pro-
ton limits. $The static limit neglects the Q2 dependence of the
form factors, so that F1"Q2#→F1"0#=1 and F2"Q2#→F2"0#
=#p; the pointlike limit additionally takes #p→0.% Thus, part
of the recoil correction is structure independent. However,
that they are overall structure dependent is clear, and so it is
proper to include them here along with $Z and $pol.

Notice that the last term in the recoil correction is the
negative of the F2 term from the $1 polarizability correction.
These are the terms that were added and subtracted to ensure
that $1 contained no divergence in the massless lepton limit.

We specify the term here using a historical criterion. An
alternative nondispersive calculation of the elastic contribu-
tions alone, the lower part of Fig. 1, inserts photon-proton-
proton vertices

-" = %"F1"Q2# +
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2mp
."/q/F2"Q2# , "16#

for incoming q, and does the loop integral directly. In mod-
ern times, one should hesitate to do the calculation this way

because there is no reason to think the vertex representation
is correct when the intermediate proton is off shell. "The
dispersive calculation is not subject to the same criticism
because it obtains the real part of the two-photon corrections
from the imaginary part, which only requires knowing the
vertices when all protons are on-shell.# However, the direct
calculation is historically older than the dispersive one, and
is still often quoted; for relatively modern source see $18%. It
is possible to choose the F2

2 terms in the polarizability and
recoil corrections to cancel the zero mass divergence in one
case and give the historical result in the other, and that is the
choice we made. Reference $12%, which showed only the
polarizability term, differs from us in the F2

2 terms in $pol
and this can be traced to a different choice early on $19%.

B. Ordinary hydrogen polarizability corrections

For electronic hydrogen, take the m!→0 limit to obtain
the well-known result $5,8–11%,
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Finally, F2"Q2# is the "elastic# Pauli form factor, normalized
by F2"0#=#p.

The polarizability terms come mainly from inelastic inter-
mediate states in Fig. 1; hence, the appearance of the struc-
ture functions g1,2. The term containing F2 is the term de-
scribed in the Introduction, which is inserted to cancel the
divergence that appears in the g1 term of $1 in the massless
lepton limit. As m!→0, one can show that %1,2→&1,2 and
&1"!!#→1, and further, for Q2→0, &1"!#→1. Then, the
Gerasimov-Drell-Hearn $13,14% sum rule,

lim
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both ensure that the second term of $1 diverges in the mass-
less limit, and that the first term will regularize it.

Our polarizability correction agrees with $12% for the g1,2
terms, which are unique. Some choice is possible for the F2

2

terms, and here, and in Ref. $12%, different choices are made.

Further explanation of this point joins the discussion of the
recoil correction, below.

The Zemach corrections are $15%
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The electric and magnetic Sachs form factors are
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and the Dirac form factor is normalized with F1"0#=1.
The extra radiative correction (Z

rad is given in $16,17%. For
the dipole form factor, GE,M"Q2#+ "1+Q2 /,2#−2, one finds
(Z

rad= "' /3)# $2 ln",2 /me
2#−4111 /420%=0.0153, using the

standard value ,2=0.71 GeV2. For other form factors that
we use, the changes in (Z

rad have a 0.01 ppm or smaller effect
upon the hyperfine splitting.

The leading order recoil corrections are $16,18%
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Factoring out an overall m!, there remain recoil terms that
diverge like ln"m!# as m!→0; hence the m!→0 limit is not
taken. Further, and in contrast to the Zemach corrections, the
recoil corrections are not zero in the static and pointlike pro-
ton limits. $The static limit neglects the Q2 dependence of the
form factors, so that F1"Q2#→F1"0#=1 and F2"Q2#→F2"0#
=#p; the pointlike limit additionally takes #p→0.% Thus, part
of the recoil correction is structure independent. However,
that they are overall structure dependent is clear, and so it is
proper to include them here along with $Z and $pol.

Notice that the last term in the recoil correction is the
negative of the F2 term from the $1 polarizability correction.
These are the terms that were added and subtracted to ensure
that $1 contained no divergence in the massless lepton limit.

We specify the term here using a historical criterion. An
alternative nondispersive calculation of the elastic contribu-
tions alone, the lower part of Fig. 1, inserts photon-proton-
proton vertices

-" = %"F1"Q2# +
i

2mp
."/q/F2"Q2# , "16#

for incoming q, and does the loop integral directly. In mod-
ern times, one should hesitate to do the calculation this way

because there is no reason to think the vertex representation
is correct when the intermediate proton is off shell. "The
dispersive calculation is not subject to the same criticism
because it obtains the real part of the two-photon corrections
from the imaginary part, which only requires knowing the
vertices when all protons are on-shell.# However, the direct
calculation is historically older than the dispersive one, and
is still often quoted; for relatively modern source see $18%. It
is possible to choose the F2

2 terms in the polarizability and
recoil corrections to cancel the zero mass divergence in one
case and give the historical result in the other, and that is the
choice we made. Reference $12%, which showed only the
polarizability term, differs from us in the F2

2 terms in $pol
and this can be traced to a different choice early on $19%.

B. Ordinary hydrogen polarizability corrections

For electronic hydrogen, take the m!→0 limit to obtain
the well-known result $5,8–11%,

$1 =
9
4&0

* dQ2

Q2 'F2
2"Q2# +

8mp
2

Q2 B1"Q2#( ,
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Carlson, C., Nazaryan, V., & Griffioen, K. PRA, 78, 022517 (2008).
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Finally, F2"Q2# is the "elastic# Pauli form factor, normalized
by F2"0#=#p.

The polarizability terms come mainly from inelastic inter-
mediate states in Fig. 1; hence, the appearance of the struc-
ture functions g1,2. The term containing F2 is the term de-
scribed in the Introduction, which is inserted to cancel the
divergence that appears in the g1 term of $1 in the massless
lepton limit. As m!→0, one can show that %1,2→&1,2 and
&1"!!#→1, and further, for Q2→0, &1"!#→1. Then, the
Gerasimov-Drell-Hearn $13,14% sum rule,
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8mp
2

Q2 &
0

xth

dxg1"x,Q2# = − #p
2, "11#

both ensure that the second term of $1 diverges in the mass-
less limit, and that the first term will regularize it.

Our polarizability correction agrees with $12% for the g1,2
terms, which are unique. Some choice is possible for the F2

2

terms, and here, and in Ref. $12%, different choices are made.

Further explanation of this point joins the discussion of the
recoil correction, below.

The Zemach corrections are $15%

$Z = − 2'mrrZ"1 + (Z
rad# , "12#

where rZ is the Zemach radius
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The electric and magnetic Sachs form factors are

GM"Q2# = F1"Q2# + F2"Q2# ,

GE"Q2# = F1"Q2# −
Q2

4mp
2 F2"Q2# , "14#

and the Dirac form factor is normalized with F1"0#=1.
The extra radiative correction (Z

rad is given in $16,17%. For
the dipole form factor, GE,M"Q2#+ "1+Q2 /,2#−2, one finds
(Z

rad= "' /3)# $2 ln",2 /me
2#−4111 /420%=0.0153, using the

standard value ,2=0.71 GeV2. For other form factors that
we use, the changes in (Z

rad have a 0.01 ppm or smaller effect
upon the hyperfine splitting.

The leading order recoil corrections are $16,18%
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Factoring out an overall m!, there remain recoil terms that
diverge like ln"m!# as m!→0; hence the m!→0 limit is not
taken. Further, and in contrast to the Zemach corrections, the
recoil corrections are not zero in the static and pointlike pro-
ton limits. $The static limit neglects the Q2 dependence of the
form factors, so that F1"Q2#→F1"0#=1 and F2"Q2#→F2"0#
=#p; the pointlike limit additionally takes #p→0.% Thus, part
of the recoil correction is structure independent. However,
that they are overall structure dependent is clear, and so it is
proper to include them here along with $Z and $pol.

Notice that the last term in the recoil correction is the
negative of the F2 term from the $1 polarizability correction.
These are the terms that were added and subtracted to ensure
that $1 contained no divergence in the massless lepton limit.

We specify the term here using a historical criterion. An
alternative nondispersive calculation of the elastic contribu-
tions alone, the lower part of Fig. 1, inserts photon-proton-
proton vertices

-" = %"F1"Q2# +
i

2mp
."/q/F2"Q2# , "16#

for incoming q, and does the loop integral directly. In mod-
ern times, one should hesitate to do the calculation this way

because there is no reason to think the vertex representation
is correct when the intermediate proton is off shell. "The
dispersive calculation is not subject to the same criticism
because it obtains the real part of the two-photon corrections
from the imaginary part, which only requires knowing the
vertices when all protons are on-shell.# However, the direct
calculation is historically older than the dispersive one, and
is still often quoted; for relatively modern source see $18%. It
is possible to choose the F2

2 terms in the polarizability and
recoil corrections to cancel the zero mass divergence in one
case and give the historical result in the other, and that is the
choice we made. Reference $12%, which showed only the
polarizability term, differs from us in the F2

2 terms in $pol
and this can be traced to a different choice early on $19%.

B. Ordinary hydrogen polarizability corrections

For electronic hydrogen, take the m!→0 limit to obtain
the well-known result $5,8–11%,

$1 =
9
4&0

* dQ2

Q2 'F2
2"Q2# +

8mp
2

Q2 B1"Q2#( ,

PROTON STRUCTURE CORRECTIONS TO ELECTRONIC … PHYSICAL REVIEW A 78, 022517 "2008#

022517-3

Recoil corrections



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

•cusp trap provides polarized beam

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

•cusp trap provides polarized beam
•spin-flip by microwave

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

•cusp trap provides polarized beam
•spin-flip by microwave
•spin analysis by sextupole magnet

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

•cusp trap provides polarized beam
•spin-flip by microwave
•spin analysis by sextupole magnet
• low-background high-efficiency 
detection of antihydrogen 

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H



E.	  Widmann

HFS MEASUREMENT IN AN ATOMIC 
BEAM

•atoms evaporate - no trapping 
needed 

•cusp trap provides polarized beam
•spin-flip by microwave
•spin analysis by sextupole magnet
• low-background high-efficiency 
detection of antihydrogen 

86

E.W. et al. ASACUSA proposal addendum!
CERN-SPSC 2005-002!

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap

B (T)

0.00 0.02 0.04 0.06 0.08 0.10

 (
G

H
z
)

i

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

(F,M)=(1,1)

(F,M)=(1,0)

(F,M)=(1,-1)

(F,M)=(0,0)

1
/

1
m

2
/

H

achievable resolution	

• better 10–6 for T ≤ 100 K	

• > 100 H̄/s in 1S state into 4π 
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of the cusp magnetic field. Simulations predict that when the
mixing of positrons and antiprotons is performed at this position,
the cusp magnetic field enhances the polarization of !H atoms,
which flow out towards the downstream direction and pass
the magnetic field minimum. About 3! 105 antiprotons from the
MUSASHI trap are injected into the positron plasma stored in the
nested well. The kinetic energy of the antiproton beam is adjusted
to be slightly above the potential energy of the plasma (Fig. 2a) in
order to avoid significant heating induced by the antiproton
injection. In contrast to the charged particles confined in the
nested well, electrically neutral antihydrogen atoms escape from
this potential configuration.

To monitor antihydrogen synthesis, we prepare a field
ionization well 20 cm downstream of the mixing region11. An
antihydrogen atom in a Rydberg state with principal quantum
number n is field-ionized if nZ(3.2/e)1/4! 102 is satisfied27,
where e (V cm" 1) is the electric field strength. The average field
strength is 139 V cm" 1 (93 V cm" 1 on axis), which can field-
ionize antihydrogen atoms with n\39. Here we define the
average electric field strength, which is the mean value of the field
averaged over the entire trap radius. Resulting antiprotons are
trapped in the field-ionization well11,26. When this well is opened,
the particles escape from the trap, annihilate and are counted by
the pion-tracking detector. In such a direct injection scheme
typically 75 field-ionization counts are obtained in a time interval
of 80 s. To investigate the time evolution of antihydrogen
formation, during the mixing process the field ionization well is
opened and closed periodically. Results of that measurement are
shown in Fig. 2b (filled squares). A maximum is reached after
B20 s, followed by a slow decrease explained by the axial
separation of antiprotons and positrons. This separation is due to
two possible processes: one process is the energy loss of the
antiprotons by interaction with electrons formed in annihilation
with the background gas; the other is the reduction of the

antiproton’s axial energy due to collisional relaxation. When the
axial energy of the antiprotons drops below the positron potential
energy, the !H synthesis is stopped. This axial separation model is
based on information obtained from our position-sensitive pion-
tracking detector11.

To counteract the axial separation and to prolong the
antihydrogen production period, an rf-assisted direct injection
scheme was developed. During the mixing process an rf drive at
420 kHz is applied to one of the ring electrodes of the MRE,
which excites the axial oscillation of the trapped antiprotons28.
The filled red circles in Fig. 2b represent a typical result obtained
from such an experiment. More than 260 antiprotons are counted
in the time-window of 80 s, which is a factor of 3.5 more than
without rf.

Detection in a magnetic field-free environment. The anti-
hydrogen detector placed at the end of the spectrometer line is
made out of a bismuth germanium oxide (Bi4Ge3O12, BGO)
single-crystal. This scintillating material was selected because of
its high density (7.13 g cm" 3), high photon yield (8–10 per keV
energy deposit) and ultra-high vacuum compatibility. The BGO
crystal has a diameter of 10 cm and a thickness of 5 mm. It is
placed inside a vacuum chamber with its centre on the beam axis.
Outside the chamber, five plastic scintillator plates (thickness
10 mm, total solid angle coverage 49% of 4p) are installed to
detect annihilation pions. Each scintillator is read-out by a pho-
tomultiplier tube. The BGO signal is recorded by a waveform
digitizer while the timing of the plastic scintillator signal is read-
out by time-to-digital converters. The signal of the BGO scintil-
lator was energy calibrated by comparing measured cosmic rays
with simulations using GEANT4 (ref. 29) and the CRY package30.

Antiproton annihilations originating from antihydrogen atoms
hitting the crystal surface yield on average three charged pions

e+ accumulator

Low energy e+ beam transport line

22Na: e+ source

Sextupole magnet

H– detector

Hyperfine spectrometer lin
e

Cusp trap

I.

II.

III.

IV.

Ultra-low energy p– beam transport linep–
 from RFQD

MUSASHI trap
(ultra-low energy p– beam source)

Figure 1 | Schematic view of our experimental apparatus. Arrows represent 1 m in each direction. Antiprotons delivered from the AD via the RFQD are
trapped, electron-cooled and radially compressed in the MUSASHI. Moderated positrons from a 22Na source are prepared and cooled in the positron
accumulator and then are transported to the cusp trap. The cusp trap consists of an MRE and superconducting anti-Helmholtz coils. After positrons
are accumulated near the maximum magnetic field region, antiprotons are injected from the MUSASHI and mixed with positrons synthesizing antihydrogen
atoms. Antihydrogen atoms in low-field-seeking states are focused downstream of the cusp trap due to the strong magnetic field gradient, while
those high-field-seeking states are de-focused. Thus, a polarized antihydrogen beam is produced. On both sides of the cusp trap, scintillator modules
labelled as I–IV are mounted, which are used to track charged pions produced by annihilation reactions. Downstream of the cusp trap a spectrometer line is
placed, which involves a sextupole magnet and an antihydrogen detector.
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.

7

Cycle time: 15 min	

Mixing time: 100 sec
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4089 ARTICLE

NATURE COMMUNICATIONS | 5:3089 | DOI: 10.1038/ncomms4089 | www.nature.com/naturecommunications 5

& 2014 Macmillan Publishers Limited. All rights reserved.

of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
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are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
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factor of 3.5.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4089

4 NATURE COMMUNICATIONS | 5:3089 | DOI: 10.1038/ncomms4089 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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hydrogen—is one of the most precisely investigated and best understood systems in physics
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symmetry, which is the most fundamental symmetry in the Standard Model of elementary

particle physics. Any measured difference would point to CPT violation and thus to new

physics. Here we report the development of an antihydrogen source using a cusp trap for
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particle physics. Any measured difference would point to CPT violation and thus to new

physics. Here we report the development of an antihydrogen source using a cusp trap for

in-flight spectroscopy. A total of 80 antihydrogen atoms are unambiguously detected 2.7 m

downstream of the production region, where perturbing residual magnetic fields are small.

This is a major step towards precision spectroscopy of the ground-state hyperfine splitting of

antihydrogen using Rabi-like beam spectroscopy.
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case

–160

–150

–140

–130

–120

0

5

10

15

20

25

30

35

Positrons

Nested well

O
n-

ax
is

 p
ot

en
tia

l (
V

)

Position (mm)

Direct injection configuration

F
ie

ld
-io

ni
se

d 
an

tih
yd

ro
ge

n 
at

om
s

Time (s)

–80 40–60 –40 –20 0 20 60 80

0 7010 20 30 40 50 60 80

Antiproton
injection
energy

Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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Antihydrogen, a positron bound to an antiproton, is the simplest antiatom. Its counterpart—

hydrogen—is one of the most precisely investigated and best understood systems in physics

research. High-resolution comparisons of both systems provide sensitive tests of CPT
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case

–160

–150

–140

–130

–120

0

5

10

15

20

25

30

35

Positrons

Nested well

O
n-

ax
is

 p
ot

en
tia

l (
V

)

Position (mm)

Direct injection configuration

F
ie

ld
-io

ni
se

d 
an

tih
yd

ro
ge

n 
at

om
s

Time (s)

–80 40–60 –40 –20 0 20 60 80

0 7010 20 30 40 50 60 80

Antiproton
injection
energy

Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4089

4 NATURE COMMUNICATIONS | 5:3089 | DOI: 10.1038/ncomms4089 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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RECENT RESULTS: H̅ BEAM

• SCHEME 1
• e− cooling of p ̄
• mix e+ and p ̄

• SCHEME 2
• e− cooling of p ̄

90

of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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RECENT RESULTS: H̅ BEAM

• SCHEME 1
• e− cooling of p ̄
• mix e+ and p ̄

• SCHEME 2
• e− cooling of p ̄
• mix e− and p ̄

90

of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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4. Bluhm, R., Kostelecký, V. A. & Russel, N. CPT and Lorentz tests in hydrogen
and antihydrogen. Phys. Rev. Lett. 82, 2254–2257 (1999).

5. Andresen, G. B. et al. Trapped antihydrogen. Nature 468, 673–676 (2010).
6. Gabrielse, G. et al. Trapped antihydrogen in its ground state. Phys. Rev. Lett.

108, 113002 (2012).
7. Andresen, G. B. Confinement of antihydrogen for 1,000 seconds. Nat. Phys. 8,

558–564 (2011).
8. Amole, C. et al. Resonant quantum transitions in trapped antihydrogen atoms.

Nature 483, 439–443 (2012).
9. Rabi, I. I., Kellogg, J. M. B. & Zacharias, J. R. The magnetic moment of the

proton. Phys. Rev. 46, 157–163 (1934).
10. Mohri, A. & Yamazaki, Y. A possible new scheme to synthesize antihydrogen

and to prepare a polarized antihydrogen beam. Europhys. Lett. 63, 207–213
(2003).

11. Enomoto, Y. et al. Synthesis of cold antihydrogen in a cusp trap. Phys. Rev. Lett.
105, 243401 (2010).

12. Juhász, B. & Widmann, E. Planned measurement of the ground-state hyperfine
splitting of antihydrogen. Hyperfine Interact. 193, 305–311 (2009).

13. Eides, M. I., Grotch, H. & Shelyuto, V. A. Theory of light hydrogenlike atoms.
Phys. Rep. 342, 63–261 (2001).

14. Ulmer, S. et al. Observation of spin flips with a single trapped proton. Phys. Rev.
Lett. 106, 253001 (2011).

15. DiSciacca, J. et al. One-particle measurement of the antiproton magnetic
moment. Phys. Rev. Lett. 110, 130801 (2013).

16. Kuroda, N. et al. Development of a monoenergetic ultraslow antiproton beam
source for high-precision investigation. Phys. Rev. ST Accel. Beams 15, 024702
(2012).

17. Imao, H. et al. Positron accumulation and manipulation for antihydrogen
synthesis. J Phys. Conf. Ser. 225, 012018 (2010).

0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200
0

2

4

6

8

10

12

14

16

18

N
or

m
al

is
ed

 c
ou

nt
s/

15
0 

s 10

1

10–1

C
or

re
ct

ed
 c

ou
nt

s/
15

0 
s

1

2

3

4
Mixing (n < 43)

Mixing (n < 29)

Mixing (n < 43)

Background

E (MeV)

es
tim

at
ed

 n
um

be
r 

of
H–  e

ve
nt

s/
15

0 
s

Eth (MeV)

Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case

–160

–150

–140

–130

–120

0

5

10

15

20

25

30

35

Positrons

Nested well

O
n-

ax
is

 p
ot

en
tia

l (
V

)

Position (mm)

Direct injection configuration

F
ie

ld
-io

ni
se

d 
an

tih
yd

ro
ge

n 
at

om
s

Time (s)

–80 40–60 –40 –20 0 20 60 80

0 7010 20 30 40 50 60 80

Antiproton
injection
energy

Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.

References
1. Parthey, C. G. et al. Improved measurement of the hydrogen 1s–2s transition

frequency. Phys. Rev. Lett. 107, 203001 (2011).
2. Ramsey, N. Atomic hydrogen hyperfine structure experiments. In Quantum

Electrodynamics (ed. Kinoshita, T.) 673–695 (World Scientific, 1990).
3. Widmann, E. et al. Hyperfine structure measurements of antiprotonic helium

and antihydrogen. In The Hydrogen Atom: Precision Physics of Simple Atomic
Systems (ed. Kahrhenboim, S.) 528–542 (Lecture Notes in Physics vol. 570,
Springer, 2001).
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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research. High-resolution comparisons of both systems provide sensitive tests of CPT

symmetry, which is the most fundamental symmetry in the Standard Model of elementary

particle physics. Any measured difference would point to CPT violation and thus to new

physics. Here we report the development of an antihydrogen source using a cusp trap for

in-flight spectroscopy. A total of 80 antihydrogen atoms are unambiguously detected 2.7 m

downstream of the production region, where perturbing residual magnetic fields are small.

This is a major step towards precision spectroscopy of the ground-state hyperfine splitting of
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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symmetry, which is the most fundamental symmetry in the Standard Model of elementary

particle physics. Any measured difference would point to CPT violation and thus to new

physics. Here we report the development of an antihydrogen source using a cusp trap for

in-flight spectroscopy. A total of 80 antihydrogen atoms are unambiguously detected 2.7 m

downstream of the production region, where perturbing residual magnetic fields are small.
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der Wissenschaften, Wien 1090, Austria. 5 CERN, Genève 1211, Switzerland. 6 Dipartimento di Ingegneria dell’Informazione, Università di Brescia, Brescia
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RECENT RESULTS: H̅ BEAM

• H̄ BEAM OBSERVED WITH 
5σ	

• n≲43 (field ionization)	


• 6 events / 15 min
• significant fraction in lower n	


• n≲29: 3σ	

• 4 events / 15 min	

• τ ~ few ms
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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25133, Italy. 7 Istituto Nazionale di Fisica Nucleare, Gruppo Collegato di Brescia, Brescia 25133, Italy. 8 Department of Physics, Tokyo University of Science,
Tokyo 162-8601, Japan. 9 Graduate School of Advanced Sciences of Matter, Hiroshima University, Hiroshima 739-8530, Japan. w Present address: CERN,
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Abbildung 3: Aufbau der Kavität 

 

 Zuvor haben wir noch zwei Metallplatten im Inneren montiert, die für die stehenden Wellen der 
Mikrowellen sorgen. Die Kavität besitzt vier Eingänge, in die die Mikrowellen eingestrahlt werden. An 
diesen Metallplatten sind vergoldete Kupfer-Berillium-Streifen montiert, damit eine möglichst gute 
elektrische Leitfähigkeit zwischen den Platten und der Kavität hergestellt ist. (siehe Abbildung 3) 

 

Abbildung 4: Innenraum der Kavität 

Um die Kavität herum befinden sich zwei Helmholtzspulen, die mithilfe gleich langer Metallstangen in 
einem exakten Abstand voneinander montiert wurden und so ein möglichst homogenes Magnetfeld 
erzeugen.  

Figure 4. Left [13]: Schematic view of the cylindrical radiofrequency resonator with the double
stripline and two auxiliary plates. Of the two vacuum flanges which close the chamber, only one
is shown. Center [13]: Oscillating magnetic field of the double stripline cavity in the X-Y plane
(perpendicular to the beam axis). Right [13]: Oscillating magnetic field in the Y -Z plane.

5. Radiofrequency resonator
As explained above, the purpose of the radiofrequency resonator is to induce a spin flip of the
antihydrogen atoms. Ideally, the spin flip should be a ‘π-pulse’ i.e. when the spin of of the atoms
makes exactly one half of a Rabi oscillation. This way the width∆ ν of the GS-HFS line in the
RF spectrum can reach the theoretical minimum, which can be calculated for monoenergetic
(monovelocitic) atoms as [12]:

∆ν =
0.799

T
, (4)

where T is the observation time of the transition i.e. the time it takes for one atom to pass
through the RF resonator and interact with the oscillating magnetic field. It can be readily seen
that the longer the observation time, the narrower the transition line.

The resonator has to be tunable within the range of 1420–1425 MHz. This will be achieved
by using a low-Q cavity in which the frequency of the oscillating field can be changed simply by
changing the frequency of the external frequency source.

5.1. Oscillating magnetic field
The spin flip of the antihydrogen atom has to be induced by a magnetic field oscillating at
1.42 GHz. With such an oscillating field, the π1 and the σ1 transitions in Fig. 2 can be observed.
Ideally, the oscillating magnetic field should be perfectly homogenous in all directions. However,
Maxwell’s equations forbid to generate a perfectly homogenous oscillating magnetic (or electric)
field in a volume whose dimensions are comparable or larger than the half-wavelength of the field.
This is exactly the case in this setup, since the size of the volume in which the oscillating field
has to be present is at least ∼10×10×10 cm3, while the half-wavelength of the radiofrequency
field is λHFS/2 ≃ 10.5 cm. Therefore at least in one direction the magnetic field cannot be
homogenous.

To generate the required oscillating magnetic field, a cylindrical cavity with a double stripline,
i.e two parallel conducting plates, has been chosen [13, 14] (see Fig. 4). The length of the plates
(measured along the beam) has to be an integer multiple of the desired half-wavelength, while
the width and the distance between the plates can be arbitrary. The plates are placed inside
a cylindrical vacuum chamber, which has two openings on the front and back plates. These
openings are covered with fine metallic meshes, which allow the H atoms to enter and leave the
cavity, but keep the RF field from leaking out.

5

18

Meshes on the front & back planes

Strip length in Z: !/2, !, 3!/2, ...

Width & strip distance: arbitrary

Low Q (500-1000)

Frequency can be changed by 1-2 MHz without 
external tuning

Homogeneity in X-Y plane is quite good

Longitudinal: B ~ sin(Z)

Zero field at the center plane

Front & back halves of the resonator are in 
opposite phase

Their effects cancel each other when "field = "HF 

independently of velocity
by Tom Kroyer, CERN

transverse field:	

homogeneous longitudinal field:	


cos(z)
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Abbildung 10: Messung bei 0,2A (1G) 

 

Abbildung 11: Messung bei 0,5A (2,3G) 

 

Abbildung 12: Messung bei 1,1A (5G) 

11 
 

 

Abbildung 6: Magnetfeldsensor, der bereits an der Metallplatte befestigt ist, um das Innere der Kavität zu vermessen. 

Diese beiden Sensoren messen das Magnetfeld während des Experimentes, da der Innenraum der 
Kavität aufgrund des ultrahohen Vakuums nicht während der Datennahme vermessen werden kann. 
Meine Messung soll helfen, die Feldstärken innerhalb der Kavität besser zu kennen, obwohl man nur 
außerhalb davon messen kann. 

Wesentlich komplizierter jedoch ist die Messung des Magnetfeldes im Innenraum. Hier wird nämlich, 
im Gegensatz zu den beiden äußeren Sensoren, in nicht nur einem Punkt die magnetische Feldstärke 
gemessen, sondern in einem ganzen Volumen, was vom Aufbau her nicht einfach ist.  

Um einen dreidimensionalen Raum vermessen zu können, haben wir den Sensor auf eine sog. 
„Stepperanlage“   montiert.   Diese   Anlage   besitzt   drei   Achsen mit Motoren, die sich mit einem 
Programm ansteuern lassen. Ich habe eine Apparatur montiert, auf der die Stepperanlage auf der 
richtigen Höhe befestigt wurde um optimal messen zu können.  

 

Abbildung 7: Montierter Sensor an der Stepperanlage, die vor der Kavität mit Magnetschild befestigt ist 

 

 



E.	  WidmannE.	  Widmann

CPT DETECTOR  

95

Hodoscope 8 cm diameter	

30 plastic scintillators	


5x10 mm2     	

length 15 cm	


2x SiPM readout

π

π

Hbar counter: 64 scint. + multi channel PMT

Measurement of the hyperfine structure of antihydrogen in a beam

D
ep

os
it

ed
 c

ha
rg

e

0

5000

10000

15000

20000

25000

30000

Fig. 6 (Left) Picture of the hodoscope in the beam line. (Right) Event display showing a projection
of the hit position onto a plane perpendicular to the beam axis

both detectors projected onto a plane perpendicular to the beam direction. The color
code corresponds to the energy deposit in each detector. The two rings represent
the output of the downstreams and upstreams detectors of each hodoscope bar. The
figure shows the track of a cosmic ray penetrating the hodoscope in a straight line. A
p annihilation would lead in more than 50 % of the events to the creation of three or
more pions which should be clearly distinguishable from cosmic rays.

4 Outlook

After a first test of the setup with the new particle detectors in summer 2012, a 1.5
year break in the antiproton production at CERN will take place. This time will be
spent with analyzing the data and performing measurements with the apparatus using
hydrogen. A monoatomic polarized hydrogen beam is currently being developed
based on an RF discharge source [14], a Q-mass spectrometer to detect the hydrogen
atoms, and permanent sextupole magnets. Next attempts using an antihydrogen
beam will commence in 2014.
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H BEAM SETUP @ CERN-CRYOLAB
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B BEAM SOURCE SCHEMATIC
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HYDROEN BEAM LINE TEST SETUP@CERN
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2D beam profiles: focusing 
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HISTORY OF HYDROGEN MEASUREMENTS

• 1936	
 Simple atomic beams 	
           ~ 5 %	

• 1947	
Atomic beams plus 	
 	
 4 x 10–6	
 discovery of anomalous                                            
	
 microwave resonance	
	
                       magnetic moment of e–	


• 1950	
 	
 	
 	
            4 x 10–8	

• 1960-70 Hydrogen maser	
 	
 6 x 10–13	
 not easily possible for antimatter	

!
!
!
!
!
!
!
!
!

• N.B. HFS spectroscopy of trapped antihydrogen does not lead to high precision due 
to the inhomogeneous magnetic field inside the trap

101

NUCLEAR MAGNETIC MOM ENTS

A magnet B magnet

Fro. i. Paths of molecules. The two solid curves indicate the paths of two molecules having different
moments and velocities and whose moments are not changed during passage through the apparatus.
This is indicated by the small gyroscopes drawn on one of these paths, in which the projection of the
magnetic moment along the field remains fixed. The two dotted curves in the region of the 8 magnet
indicate the paths of two molecules the projection of whose nuclear magnetic moments along the field
has been changed in the region of the C magnet. This is indicated by means of the two gyroscopes drawn
on the dotted curves, for one of which the projection of the magnetic moment along the field has been
increased, and for the other of which the projection has been decreased.

mentum will precess with the Larmor frequency,
v, (in revolutions per sec.) given by,

v =pHp/Jh, .
Our method consists in the measurement of v in
a known field Ho. The measurement of v is the
essential step in this method, since Ho may be
measured by conventional procedures. Using
Eq. (1) we obtain the gyromagnetic ratio. If, in
addition, the angular momentum, J, of the
system is known, we can evaluate the magnetic
moment p. In its present state of development
our method is not suitable for the measurement
of J.
The process by which the precession frequency

v is measured has a rather close analog in
classical mechanics. To the system described in
the previous paragraph, we apply an additional
magnetic field H~, which is much smaller than
Ho and perpendicular to it in direction. If we
consider the initial condition such that H~ is
perpendicular to both the angular momentum
and Ho, the additional precession caused by H&
will be such as to increase or decrease the angle
between the angular momentum, J, and Ho,
depending on the r elative - directions. If HI
rotates with the frequency v this effect is cumula-
tive and the change in angle between Ho and J
can be made large. R is apparent that if the
frequency of revolution, f, of H& about Ho is
markedly different from v, the net effect will be

small. Furthermore, if the sense of rotation of H~
is opposite to that of the precession, the effect
will also be small. The smaller the ratio H~/Ho
the sharper this effect will be in its dependence
on the exact agreement between the frequency
of precession, v, and the frequency f.
Any method which enables one to detect this

change in orientation of the angular momentum
with respect to Ho can therefore utilize this
process to measure the precession frequency and
therefore the magnetic moment. The general
method here outlined includes not only the
magnitude but also the sign of the magnetic
moment since the direction of precession de-
pends on whether the magnetic moment vector
is parallel or antiparallel to J.
The precise form of the initial conditions

previously described is not important and we
may consider H& initially at any angle p with the
plane determined by Ho and J but still per-
pendicular to Ho. In fact, according to quantum
mechanics, we must consider the initial condi-
tions of an ensemble of systems with a definite
projection of J on Ho as uniformly distributed
over @. This only means that some systems will
increase and other systems will decrease their
projections in the direction of Ho.
In practice it is frequently more convenient to

use an oscillating field H~ rather than a rotating
field. Although the situation is not quite as
clear as for the rotating field, it is reasonable to

Rabi, I. I., Millman, S., Kusch, P., & Zacharias, J. R. Physical Review, 55, 526 (1939).

Kusch, P. Phys. Rev., 100, 1188 (1955).
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1st H RESONANCE SCAN: σ1

• No magnetic shielding	

• Earth magnetic field of 
30 μT	


• Cavity L=10.5 cm
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4 Simulation of the GSHFS Transitions of H̄
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Figure 4.8: Scans of the σ1 transition at 90K. Left: σ1 transition for a monoenergetic
beam (green) and a beam with Boltzmann distributed velocity (red).
Right: Same as right, only with an downward shift of the baseline for the
green scan in order to allow better comparision. 105 antihydrogen atoms
per scan point were used and a polarization of 70 % LFS and 30 % HFS.
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Figure 4.9: Amplitude of the two gaussians in dependence of the temperature for the
monoenergetic beam (green) and the beam with Boltzmann distributed
velocity (red).
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Figure 4.9: Amplitude of the two gaussians in dependence of the temperature for the
monoenergetic beam (green) and the beam with Boltzmann distributed
velocity (red).
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 ν(MHz) Error (Hz)/ 
deviation

Rel error/ 
deviation

Resonance 
center

1 420.406 354 133 9E-08

νHF 1 420.405 751 768 603 4E-07
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Figure 4.9: Amplitude of the two gaussians in dependence of the temperature for the
monoenergetic beam (green) and the beam with Boltzmann distributed
velocity (red).
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2nd H RESONANCE SCAN: π1

• no magnetic shielding	

• earth magnetic field 
of 37 μT	


• Cavity L=10.5 cm
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4 Simulation of the GSHFS Transitions of H̄
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Figure 4.14: π1 scans for different temperatures. Red points represent simulations
with power adjusted to the temperature, green points show results with
power kept at power for 50K. 105 anti hydrogen atoms per scan point
were used and a polarization of 70 % LFS and 30 % HFS.
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Figure 4.15: Peak amplitude of the two gaussians in dependence of the temperature
for the scans with power kept constant (green) and power adjusted
(red).

for 20K which is the lowest temperature used and the fartherest away from
50K a difference in peak amplitude (see figure 4.15) and fitting error of the
central peak postion (see figure 4.17) is noticable.
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Figure 4.14: π1 scans for different temperatures. Red points represent simulations
with power adjusted to the temperature, green points show results with
power kept at power for 50K. 105 anti hydrogen atoms per scan point
were used and a polarization of 70 % LFS and 30 % HFS.
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Figure 4.15: Peak amplitude of the two gaussians in dependence of the temperature
for the scans with power kept constant (green) and power adjusted
(red).

for 20K which is the lowest temperature used and the fartherest away from
50K a difference in peak amplitude (see figure 4.15) and fitting error of the
central peak postion (see figure 4.17) is noticable.
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2nd H RESONANCE SCAN: π1

• no magnetic shielding	

• earth magnetic field 
of 37 μT	


• Cavity L=10.5 cm
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 ν(MHz) Error/ 
deviation

Rel error/ 
deviation

Resonance 
center

1 420.885 262 168 Hz 1.2E-7

νHF 1 420.405 751 768 480 kHz
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50K a difference in peak amplitude (see figure 4.15) and fitting error of the
central peak postion (see figure 4.17) is noticable.
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THEORETICAL LINE SHAPE

• numerical 
solution of 
optical Bloch 
equation

104

FLAIR Collaboration Workshop , Heidelberg,  May 2013=4              Chloé Malbrunot

beam stopper: stop particles 
coming from the center of the CUSP 

cavity length 10 cm 
MW frequency: 1.42GHz 
 
Q~100 

THE MICROWAVE CAVITY
Helmholtz coils 0-10G static field 
high stability power supply 
Field Stability <0.025% @ 4G (<1mG) 

 

shielding

C. Sauerzopf, B. Kolbinger
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FURTHER PROGRESS σ1

• Total counts instead 
of Lock-in	


• Fit function that 
approximates the 
theoretical curve	

• only known from 

numerical simulations	

• error 10x smaller than 
shift by B field
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using&different&quan..es&for&the&fit&&
TOTAL&RATE& BEAM&RATE& 1stO&Amp& 1stO&Phi&

f_rabi& 5110.82&+G&25.14&Hz& 5343.71&+G&90.69&Hz& 5397.53&+G&40.25&Hz& 4838.68&+G&66.61&Hz&
f_center& 1420406028.85&+G&33.56&Hz& 1420405931.24&+G&120.7&Hz& 1420406003.2&+G&61.13&Hz& 1420405984.5&+G&85.49&Hz&
rela.ve&error& 2.3627EG08& 8.49757EG08& 4.3037EG08& 6.0187EG08&
baseline& 58295.7&+G&10.22& 3781.97&+G&8.719& 111.732&+G&0.1328& G154.54&+G&0.0762&
effect& 1991.28&+G&27.67& 546.714&+G&23.76& 17.3993&+G&0.3696& G6.5856&+G&0.2234&
smear& 1.11931&+G&0.0081& 1.10443&+G&0.0253& 1.07987&+G&0.0112& 1.14027&+G&0.018&
red&Chi^2& 1.13851& 0.885557& 0.973049& 0.920064&

TOTAL&COUNTS& 1st&Order&LIA&Phase&

Data&from&16th&of&May:&Y2014M05D16h16m48s20histaat_mh03_300A&&
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EXPERIMENTS IN AN ATOMIC BEAM

• Phase 1 (ongoing): Rabi method	


!

!

!

!

• Phase 2: Ramsey separated oscillatory fields
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Linewidth reduced by D/L

Δν/ν ~10−7

microwave
cavity 1 sextupole 2

antihydrogen
detector

cusp trap microwave
cavity 2

D DL

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap
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(FAR) FUTURE EXPERIMENTS
!

•PHASE 3: TRAPPED H̄	

• Hyperfine spectroscopy 

in an atomic fountain of  
antihydrogen	


• needs trapping and laser 
cooling outside of 
formation magnet	


• slow beam & capture in 
measurement trap	


• Ramsey method with 
d=1m	

• Δf ~3 Hz, Δf/f ~ 2x10−9
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M. Kasevich, E. Riis, S. Chu, R. Devoe,	

Prl 63, 612–615 (1989)
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HYDROGEN 1S-2S SPECTROSCOPY IN A 
NEUTRAL ATOM TRAP

• Force of magnetic field gradient on 
magnetic moment of atom	


• “depth” typically < 1 K (50 µeV)	

• Constant holding-field Bz,0 to avoid 
spin flips	


• Typical configuration: 

• Trapped hydrogen 	

• Cesar et al., PRL 77, 255 (1996)
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mized and studied when !p eventually become available
again.

There is a basic reason to fear charged particle loss from
a Penning or Penning-Malmberg trap when the radial
magnetic field of a Ioffe trap is added [15]. A confinement
theorem [18] prevents radial particle loss from a cylindri-
cally symmetric Penning trap—a spatially uniform mag-
netic field B0ẑ and an electrostatic quadrupole potential
V / !z2 " #x2 $ y2%=2&. However, the axial symmetry and
the guaranteed radial confinement of charged particles are
destroyed by the addition of radial Ioffe fields.

One example is the radial field of a quadrupole Ioffe trap
!#xx̂" yŷ%, with ! determined by the geometry and cur-
rent of the Ioffe trap. The field magnitude increases line-
arly with distance from the central axis, creating a field
minimum that can radially confine a cold !H by its magnetic
moment. Currents in four current bars [Fig. 2(a)] parallel to
B0ẑ produce such a field.

Higher-order Ioffe traps, produced using more current
bars [e.g., Fig. 2(b)], offer smaller radial magnetic fields
and gradients close to the center axis, lessening any
gradient-related loss of !p confined near this axis [19].
However, quadrupole Ioffe traps offer several potential
advantages. First, deeper radial well depths for !H are
possible, because the magnetic field magnitude for a quad-
rupole drops off much more slowly with increasing dis-
tance from the current bars than does that of a higher-order
trap, in the region just inside the current bars where elec-
trodes and support materials must be located. Second,
enhanced decay-induced cooling [20] may be possible.
Third, there is easier radial access for cooling lasers.
Fourth, tighter !H confinement to the center axis optimizes
overlap with axial cooling and spectroscopy lasers.

Without axial symmetry and guaranteed radial confine-
ment, what particle loss should be expected? In the absence
of !p experiments, various answers have been offered. A
Letter written to voice stability concerns [15] claimed that,
in the absence of angular momentum conservation, adia-
batic invariants could prevent radial loss of charged parti-
cles for low numbers and densities of charged particles,
when a quadrupole Ioffe trap is added to a Penning trap.
Resonances capable of causing particle loss seemed easily
avoidable in the low density limit. As the particle density
was increased, it was suggested that close collisions would
eventually break these invariants and lead to particle loss,
but the critical density could not be specified. A subsequent

Letter [16] claimed that the resonances could not be
avoided, and the resulting diffusive loss of charge particles
would ‘‘very likely . . . destroy the confinement of . . . e$

and !p.’’ A follow-up study with electrons [17] encountered
electron loss along magnetic field lines that was more
severe than the predicted diffusive loss. The strong con-
clusion was that quadrupole Ioffe traps ‘‘cannot be used to
trap antihydrogen . . . in all currently described [antihydro-
gen production] schemes.’’

The !p stability tests reported here use !p from the unique
Antiproton Decelerator (AD) of CERN. They are captured
in the lower section of a series of 45 cylindrical gold-plated
copper ring electrodes, each with a R ' 1:8 cm inner
radius. A spatially uniform magnetic field B0 ' 1 T is
directed along the symmetry axis of the rings. This rela-
tively low field is needed to avoid reducing the well depth
for the Ioffe trap, even though 4.5 times more !p can be
trapped per AD injection for B0 > 3 T. Still, more than
30 000 !p slow in a degrader, are captured in the Penning
trap, and cool via collisions with cold electrons, for each !p
injection. These are photoelectrons liberated from a thin
gold layer by 10 ns, 1.7 MW excimer laser pulses at
248 nm. More !p are ‘‘stacked’’ if needed from successive
AD injections [21]. The cooling electrons are released by
removing the !p trapping potential for a time short enough
that they, but not the !p, can escape. For this test, the
ejection was not optimized to ensure a !p temperature
near the 4.2 K of the apparatus.

The !p are transferred through the series of cylindrical
electrodes, from the place where they are initially electron
cooled [Fig. 1(b)] to an electrode near the center of the
deenergized quadrupole Ioffe trap [Fig. 1(b)], a move of
0.4 m through 18 electrodes. They are transferred adiabati-
cally through one electrode at a time by manipulating the
potentials applied to the electrodes. More !p loss is detected
during the transfer than expected, a likely consequence of
an elevated !p temperature. The !p are held as long as
desired. When released from the trap, their annihilations
are counted as the !p strike the degrader plate (used earlier
to slow !p for their initial capture). Four layers of scintillat-
ing fibers and two layers of plastic scintillator paddles
detect the annihilations with a high efficiency, and count-
ing coincidences from these detector layers reduces the
background.

The radial field of the quadrupole Ioffe trap is produced
by current in the superconducting current bars of racetrack
coils (Fig. 1). Current sent through superconducting pinch
coils would produce the axial gradient needed to axially
confine !H, adding to B0 and making it depend upon z.
Fields and critical currents for the magnetic trap were
initially calculated at Harvard, where the cryogenic plat-
form and Penning traps were designed and built. The final
magnetic trap design, mechanical stability, and construc-
tion were the responsibility of the Jülich team [22].
Multistrand NbTi wire is wound on titanium forms.
Strong outward forces after energization are contained by
close fitting titanium parts and aluminum bands. The Ioffe

 

FIG. 2 (color). Current bars of simple (a) quadrupole and
(b) octupole Ioffe traps are parallel to an externally produced
bias magnetic field. Currents in pinch coils add an axial gradient.
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G. Gabrielse,1,* P. Larochelle,1 D. Le Sage,1 B. Levitt,1 W. S. Kolthammer,1 I. Kuljanishvili,1 R. McConnell,1 J. Wrubel,1

F. M. Esser,2 H. Glückler,2 D. Grzonka,3 G. Hansen,2 S. Martin,3 W. Oelert,3 J. Schillings,2 M. Schmitt,2 T. Sefzick,3

H. Soltner,2 Z. Zhang,3 D. Comeau,4 M. C. George,4 E. A. Hessels,4 C. H. Storry,4 M. Weel,4 A. Speck,5 F. Nillius,6

J. Walz,6 and T. W. Hänsch7,8
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Antiprotons ( !p) remain confined in a Penning trap, in sufficient numbers to form antihydrogen ( !H)
atoms via charge exchange, when the radial field of a quadrupole Ioffe trap is added. This first
demonstration with !p suggests that quadrupole Ioffe traps can be superimposed upon !p and e! traps
to attempt the capture of !H atoms as they form, contrary to conclusions of previous analyses.

DOI: 10.1103/PhysRevLett.98.113002 PACS numbers: 32.80.Pj, 36.10."k, 41.20."q, 41.90.+e

A long-term goal for !H experiments is confining !H in a
magnetic trap for precise laser spectroscopy [1]—to com-
pare !H and H as a test for violations of CPT and Lorentz
invariance [2] and for possible differences in the gravita-
tional force on antimatter and matter [3,4]. These objec-
tives were recently reviewed [5], along with the two
methods that produce !H atoms—using a nested Penning
trap [6–10] and using laser-controlled charge exchange
[11,12]. The simplest approach is to superimpose the mag-
netic gradient needed to trap !H atoms upon the uniform
magnetic field used to store the !p and e! from which !H
will form. The quadrupole Ioffe traps that confined H
atoms [13] for extremely precise laser spectroscopy [14]
should confine similarly cold !H atoms. However, three
Letters in this journal expressed concern as to whether
the radial field of such magnetic traps would prevent !p
and e! from being trapped long enough to produce !H
atoms [15–17]. The last of these claimed that the radial
field of such magnetic traps would keep !H from being
produced by any known !H formation mechanism [17].
These studies focused upon radial Ioffe fields, perpendicu-
lar to the axial magnetic field of the Penning trap, assuming
that axial Ioffe fields added to trap !H could always be made
small at the location of the trapped charges.

We demonstrate here the stable confinement of !p in a
Penning trap, when the radial magnetic field of a quadru-
pole Ioffe trap destroys the axial symmetry. This first
experimental study of such !p stability is facilitated by
the near-unit efficiency with which annihilation pions re-
veal !p losses. More !p remain confined in our Penning trap
apparatus (Fig. 1) than are needed to use ATRAP’s laser-

controlled charge-exchange method to produce !H [12]. The
feasibility of also keeping the needed e! confined in this
environment is demonstrated with electrons. Ioffe quadru-
pole traps thus seem to have a role in !H experiments,
despite contrary claims, though much remains to be opti-
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FIG. 1 (color). (a) Outside and (b) cutaway views of a
Penning-Ioffe apparatus. Many cylindrical ring electrodes can
be biased to form Penning traps for antiprotons, positrons, and
electrons. An external 1 Tesla bias field, directed along the
central symmetry axis of these electrodes, is produced by a large
external solenoid (not shown). Two pinch coils add a gradient to
the axial field. The radial quadrupole Ioffe field is produced by
four racetrack coils.
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external solenoid (not shown). Two pinch coils add a gradient to
the axial field. The radial quadrupole Ioffe field is produced by
four racetrack coils.
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Antimatter was first predicted1 in 1931, by Dirac. Work with high-
energy antiparticles is now commonplace, and anti-electrons are
used regularly in themedical technique of positron emission tomo-
graphy scanning. Antihydrogen, the bound state of an antiproton
and a positron, has been produced2,3 at low energies at CERN (the
European Organization for Nuclear Research) since 2002.
Antihydrogen is of interest for use in a precision test of nature’s
fundamental symmetries. The charge conjugation/parity/time
reversal (CPT) theorem, a crucial part of the foundation of the
standard model of elementary particles and interactions, demands
that hydrogen and antihydrogen have the same spectrum. Given
the current experimental precision of measurements on the hydro-
gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
transition4), subjecting antihydrogen to rigorous spectroscopic
examination would constitute a compelling, model-independent
test of CPT. Antihydrogen could also be used to study the gravita-
tional behaviour of antimatter5. However, so far experiments have
produced antihydrogen that is not confined, precluding detailed
study of its structure. Here we demonstrate trapping of antihydro-
gen atoms. From the interaction of about 107 antiprotons and
73 108 positrons, we observed 38 annihilation events consistent
with the controlled release of trapped antihydrogen from ourmag-
netic trap; themeasured background is 1.46 1.4 events. This result
opens the door to precision measurements on anti-atoms, which
can soon be subjected to the same techniques as developed for
hydrogen.
Charged particles of antimatter can be trapped in a high-vacuum

environment in Penning–Malmberg traps, which use axial electric
fields generated by hollow cylindrical electrodes and a solenoidal mag-
netic field to provide confinement. The ALPHA apparatus, located at
the Antiproton Decelerator6 at CERN, uses several such traps to accu-
mulate, cool and mix charged plasmas of antiprotons and positrons to
synthesize antihydrogen atoms at cryogenic temperatures. ALPHA
evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.
In addition to the charged particle traps necessary to produce anti-

hydrogen, ALPHA features a novel, superconducting magnetic trap7

(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9K. Antihydrogen atoms that are formedwith
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
can confine ground-state antihydrogen atoms with a kinetic energy, in
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-Tmagnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5mm and the minimum-
magnetic-field trap has an effective length of 274mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9mm in the z
direction and 0.23mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position ismeasured relative
to the centre of the atom trap.
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gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
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can soon be subjected to the same techniques as developed for
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evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.
In addition to the charged particle traps necessary to produce anti-
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(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9K. Antihydrogen atoms that are formedwith
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-Tmagnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5mm and the minimum-
magnetic-field trap has an effective length of 274mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9mm in the z
direction and 0.23mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position ismeasured relative
to the centre of the atom trap.
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We consider the effect of the bias fields in Fig. 3. We plot the event
time versus the z coordinate of the reconstructed vertex for all iden-
tified annihilations in the 30-ms window. The start of the magnet
shutdown corresponds to the zero of time. Figure 3a shows the t–z
distribution for the 38 annihilations recorded using cold positrons and
the one annihilation from heated positrons. Superimposed is a scatter
plot from a dynamical simulation that predicts the behaviour of
trapped antihydrogen atoms being released and annihilating on the
Penning trap electrodes. (Details of the simulation procedures are
given in Methods.) Figure 3b compares the measured annihilation
distribution with simulations of mirror-trapped antiprotons released
during the magnet shutdown. Predictions for the left-, right- and no-
bias variations are shown.
Particles can bemirror-trapped when the ratio of their transverse to

longitudinal energies exceeds a threshold determined by the field geo-
metry. Although the phase space distribution of hypothetical mirror-
trapped antiprotons is unknown, we illustrate here the prediction for
an initial sample of antiprotons that has a uniform spatial distribution
and a flat velocity distribution up to a maximum kinetic energy of
75 eV. This choice is quite conservative, as the maximum longitudinal
potential well depth during the mixing process is less than 21 eV. We
note that themodel predicts that onlymirror-trapped antiprotonswith
a transverse kinetic energy of greater than 45 eV could remain trapped
after the clearing pulses. We have not been able to identify any mech-
anism that could create such antiprotons in the course of our experi-
mental procedure, much less one that would then fail to create them
when the positrons are heated by only 0.1 eV.

In the unlikely event that there are mirror-trapped antiprotons that
survive the clearing pulses, it is clear from Fig. 3b that the measured
annihilation distributions for the left- and right-bias trapping attempts
are not consistent with the model predictions of the drastic deflection
and earlier escape of such particles. Nor is the measured no-bias anni-
hilation distribution consistent with the simulation distribution for
antiprotons under no-bias conditions. All measured distributions
are, however, consistent with the predicted behaviour of neutral anti-
hydrogen (Fig. 3a). In a separate experiment, we intentionally created
mirror-trapped antiprotons using extreme potential manipulations,
and demonstrated that those that survive the clearing pulses are clearly
deflected by the bias fields during the quench, in accordance with the
simulations.
The background comprises 1.46 1.4 events (scaled to 335 attempts)

detected when trappable antihydrogen is unlikely to be present owing
to heating of the positrons, and includes an expected cosmic back-
ground of 0.466 0.01 events. As we have shown that the remaining
events could not be mirror-trapped antiprotons, we conclude that we
have observed the release of antihydrogen atoms that have been mag-
netically trapped for at least 172ms.
The extensive diagnostic capabilities (Methods) of the ALPHA

device allow us to make an order-of-magnitude theoretical estimate
of the expected number of trapped antihydrogen atoms in our experi-
ments. Following the procedure outlined in an earlier work23, we
estimate that we should detect about 0.4 trapped atoms per attempt,
in reasonable agreement with the 0.11 observed here.
We note that although the trapping rate per antihydrogen atom

produced is rather low (,53 1025, using the overall detection effi-
ciency of about 50%) in our experiment, there is cause for optimism.
The parameter space of positron temperature and density—which are
the rate-determining factors for our type ofmixing—has only begun to
be investigated, and the positrons in ALPHA are still warm in com-
parison with their cryogenic surroundings. The promising technique
of evaporative cooling of antiprotons17 has yet to be used here. Our
work is a crucial step towards precision antihydrogen spectroscopy
and anti-atomic tests of fundamental symmetries or gravitation.

METHODS SUMMARY
The ALPHAdevice has extensive capabilities for characterizing andmanipulating
charged antimatter plasmas. These include imaging of the plasmas to determine
radii and transverse density, temperaturemeasurement by controlled release of the
plasma, the rotating-wall technique for control of plasma transverse size and
density, evaporative cooling of the positron plasma and autoresonant injection
of antiprotons into the positron plasmas.
Extensive simulations of antiproton and antihydrogenmotionhave beenused to

inform the experimental programme and to interpret the results ofmeasurements.
The simulations track single-particle trajectories using classical force equations.
Event topology is used todistinguish antiprotonannihilations fromcosmic rays in

the silicon detector. The three event characteristics used are the number of recon-
structed tracks, the vertex radius, and the deviation from straight-line geometry.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Table 1 | Number of annihilations identified in the 30ms following
the trap shutdown
Type of attempt Number of attempts Antiproton annihilation events

No bias 137 15
Left bias 101 11
Right bias 97 12
No bias, heated positrons 132 1
Left bias, heated positrons 60 0
Right bias, heated positrons 54 0
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Figure 3 | Distributions of released antihydrogen atoms and antiprotons.
a, Measured t–z distribution for annihilations obtained with no bias (green
circles), left bias (blue triangles), right bias (red triangles) and heated positrons
(violet star). The grey dots are from a numerical simulation of antihydrogen
atoms released from the trap during the quench. The simulated atoms were
initially in the ground state, with a maximum kinetic energy of 0.1meV. The
typical kinetic energy is larger than thedepth of the neutral trap, ensuring that all
trappable atoms are considered. The 30-ms observationwindow includes 99%of
the 20,000 simulated points. b, Experimental t–z distribution, as above, shown
alongwith results of a numerical simulationofmirror-trappedantiprotons being
released from the trap. The colour codes are as above and there are 3,000 points
in each of the three simulation plots. In both a and b, the simulated z
distributions were convolved with the detector spatial resolution, of,5mm.
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the well to the right. After B is reduced to 1 T, currents
approaching 100 A are introduced into the pinch and race-
track coils [11]. This creates a 375 mK Ioffe trap for an !H
atom in its ground state [with equipotentials in Fig. 2(b)] to
confine low-field-seeking !H formed with sufficiently low
kinetic energy.

!H atoms form via a three-body interaction of a !p and two
eþ [16,17]. In a search for the most efficient production of
cold !H, the 20 trials differ primarily in the driving force
applied to make the !p gain enough energy to pass through
the eþ [8]. To maintain resonance with the anharmonic !p
center-of-mass oscillation as the !p oscillation energy

increases, some trials apply a driving force with a fre-
quency spectrum broadened by noise for up to 10 min.
Other trials use a coherent drive, chirped in frequency for a
duration of 2 ms to 15 min. (See Fig. 3 of [8] and [18].)

!H production and trapping continues for the 2 ms to
15 min that the !p and eþ interact in the various trials. An !H
atom stays confined as long as its radiative decay takes it to
another low-field-seeking state whose kinetic energy is less
than the Ioffe trap well depth for the state. The !p and eþ are
then cleared out by axial electric fields of about"5 V=cm
[Figs. 2(a) and 2(c)]. These fields, parallel to the trap axis,
are chosen to be much stronger than any stray fields that
could otherwise trap a !p given the B field. For a !p to be
trapped directly by the Ioffe trap, its cyclotron magnetic
moment would require a 140 eV cyclotron energy—much
larger than the axial energy that could be transferred to
cyclotron motion by !p- !p collisions.
The !H remaining in the trap are released by quenching

the superconducting racetrack coils of the Ioffe trap. The
quench is caused by a heat pulse from a resistor (early
trials) or by exceeding the critical current (later trials).
The minimum !H storage time ranges from 15 to 60 s (the

time between the application of the clearing electric field
and the quench). However, in many trials the !H storage
time could be as long as the 1000 s between when !H
production starts and the quench. The integral [Fig. 3(b)]
of the electromotive force (emf) induced [Fig. 3(a)] in the
field-boosting solenoid in Fig. 1 identifies the 1 s time
interval during which the radial Ioffe trap well depth is
reduced so that 93% of a uniform distribution of !H energies
can escape the trap. In this interval, the signal from escap-
ing !H annihilating on an electrode competes with the
cosmic ray background.
The !p annihilation pions (and cosmic rays) are detected

using 4 layers of 3.8 mm scintillating fibers (2 straight and
2 helical in Fig. 1). Made of BICRON BCF-12, with a peak
emission wavelength of 435 nm and an attenuation length
of 2.7 m, these 784 fibers are located outside the trap
vacuum enclosure and the Dewar that cools it (not
shown in Fig. 1). A double layer of 24 large scintillating
paddles 1 m high surrounds the Dewar for the 1 Tesla
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FIG. 2 (color). (a) Potentials along the center axis used to
contain (solid line) and remove (dashed line) charged particles.
(b) Electrode cross sections with equipotential energy contours
for a low-field-seeking, ground state !H in the Ioffe trap. (c) Axial
electric field contours used to clear !p and eþ before trapped !H
are detected. The trap axis is vertical.

FIG. 1 (color). Electrodes and coils produce Penning traps (to
store !p and eþ) and an Ioffe trap [22] (to store !H). Much of the
vacuum enclosure and cooling system is hidden to make the
traps and detectors visible. An external solenoid (not shown)
adds a 1 T magnetic field along the trap axis ẑ which is vertical.
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Antihydrogen atoms ( !H) are confined in an Ioffe trap for 15–1000 s—long enough to ensure that they

reach their ground state. Though reproducibility challenges remain in making large numbers of cold

antiprotons ( !p) and positrons (eþ) interact, 5" 1 simultaneously confined ground-state atoms are

produced and observed on average, substantially more than previously reported. Increases in the number

of simultaneously trapped !H are critical if laser cooling of trapped !H is to be demonstrated and

spectroscopic studies at interesting levels of precision are to be carried out.

DOI: 10.1103/PhysRevLett.108.113002 PACS numbers: 37.10.De, 36.10.#k, 41.20.#q, 41.90.+e

The original proposal to use cold !p and eþ to produce !H
atoms that could be confined in a magnetic trap for precise
spectroscopy [1] and gravitational measurements [2] is
being actively pursued. Such spectroscopy (demonstrated
later with H [3]) could compare !H and H at a higher
precision than the most stringent CPT tests with leptons
[4] and baryons [5]. Cold !H production [6,7], at rates
increased by driving forces [8], recently led to a demon-
stration of almost one !H atom per trial trapped for many
seconds [9]. !H spectroscopy may eventually use only one
trapped atom, but attaining interesting levels of precision
will initially require many more simultaneously trapped
atoms [10].

When ATRAP produced the first !H atoms in an Ioffe trap
designed to confine them [11], no trapped atoms were
observed. In an average of N trials, ATRAP’s detector
could detect an average of 12=

ffiffiffiffi
N

p
simultaneously trapped

!H atoms per trial at a 3! level. Increases in the detection
efficiency, the number of trials, and/or the number of
simultaneously trapped !H were thus required. The latter
is the most attractive since more simultaneously trapped !H
are needed to demonstrate laser cooling, and then precise
laser and microwave spectroscopy.

To increase the likelihood that cold !H would be pro-
duced, we cooled the electrodes of the traps containing !p
and eþ to 1.2 K [12], demonstrated that eþ or e# stored
within these thermalized at 20 K [13], and prepared up to

107 cold !p for producing cold !H [13]. This Letter reports
using 106 !p (over an order of magnitude more than used for
any previous attempt to trap !H) to produce 5" 1 simulta-
neously trapped !H atoms on average. The !H energies are
below 375 mK (with the low energy expressed in tempera-
ture units), and confinement times between 15 and 1000 s
ensure that they are in their ground state. The number of
confined !H produced compares favorably to a very recent
report [9] of 0:7" 0:3 atoms, with energies below 500 mK
stored from 50 to 2000 s, produced using many fewer !p.
Our demonstration that more !p produce more trapped !H
suggests that it may be possible to further scale up the
number of simultaneously trapped !H using the 107 !p and
many more eþ currently available.
Each of the 20 trials in this demonstration take up to 2 h.

One hour is used to accumulate and cool !p and 30 min to
accumulate and cool eþ. Up to 30 min is used to bring the
!p and eþ into position, ramp up the Ioffe trap, form !H
atoms, and look for trapped !H.
Similar methods accumulate !p and eþ for all !H experi-

ments [14]. Within a B ¼ 3:7 T magnetic field, we accu-
mulate 106 !p from 6 to 8 pulses of 3% 107 !p delivered
with a 5 MeV energy approximately every 100 s by
CERN’s antiproton decelerator (AD). The !p slow in a
thin Be degrader window, are trapped within cylindrical
Penning trap electrodes (Fig. 1), and thermalize via colli-
sions with trapped e# that are then ejected. The eþ from a
22Na source are trapped after they collide with gas mole-
cules [15], and are transported though a 9.5 m magnetic
guide to enter the trap (from the right in Fig. 1). The trap
electrodes are biased to form a nested Penning trap [16]
[e.g., Fig. 2(a)]. Approximately 3% 107 thermalized eþ

are positioned in the trap center, with 106 !p at the bottom of

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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superconducting solenoid (on a 66 cm radius, outside the
view of Fig. 1). Coincidences between the fibers and
paddles detect !p annihilations with an efficiency of 54%
and a cosmic ray background of 41 Hz.

A time-stamped record of the fibers and paddles trig-
gered near the time of the quench is acquired at a rate up to
103 events per second—much higher than the observed
count rate. The probabilities that 4096 scintillator combi-
nations are triggered by !p annihilations and by cosmic ray
are measured using the annihilations of 3! 105 !p spilled
radially and 3:5! 105 cosmic ray events. A Monte Carlo
simulation shows that selecting the 256 scintillator combi-
nations for which the ratio of these probabilities are greater
than 4.55 optimizes the signal-to-noise ratio—providing
enough signal while minimizing the effect of background
fluctuations. This choice reduces the background to 1.7 Hz
from 41 Hz while decreasing the !p detection efficiency
from 54% to 33%.

As described, the method used to make large !p and eþ

plasmas interact is varied from trial to trial. No clear
favorite has yet emerged, and the interaction of the plasmas
varies noticeably even for trials intended to be identical.
Accordingly, we sum the detector counts for all of the 20
trials carried out during the 2011 AD run. The background
averages down to allow a small signal from trapped !H to
become visible, suggesting that some or all of the methods
produce trapped !H.

Figure 4(a) shows the sum of the detector counts for the
20 trials in 1 s intervals, including the interval in which
quenches emptied the Ioffe trap [dark gray (blue)]. The
pronounced peak, when divided by the detector efficiency,
shows that 105# 21 !H atoms were trapped in the 375 mK
quadrupole Ioffe trap. This corresponds to an average of
5# 1 simultaneously trapped !H per trial, stored in the trap
for between 15 and 1000 s. This signal is 6 standard
deviations above what is expected from the observed back-
ground [right vertical scale in Fig. 4(a)], indicating that
there is only 1 chance in 107 that the signal in the central
channel is a fluctuation of the cosmic background. The
counts in the 1 s intervals before and after the central signal
interval are consistent with the measured statistical
background.

Figure 4(c) shows the sum of 20 control trials made by
quenching the Ioffe trap when no !H are trapped. It shows
that the sudden flux change from quenching the trap does
not induce false coincidence signals that could be misin-
terpreted as being from !H atoms.

The best of the 20 !H trials illustrates current challenges
and future possibilities. The count average and fluctuations
outside of the central 1 s time interval are consistent with
the other trials. However, the counts in the central bin
(corresponding to 39# 8 !H atoms when the detection
efficiency is included) are much higher than the average.
Sometimes we produce more !H atoms and sometimes
fewer, owing to our inability to precisely control the

interaction of the !p and eþ, even in ‘‘identical’’ trials.
Identical trials also produce slightly different !p and eþ

plasma diameters and differences in the rate at which !p and
eþ escape the nested trap. If we analyze our trials without
the best one (though we have no justification for discarding
it), the average number of simultaneously trapped !H per
trial is 3:5# 0:7. This is consistent with the average for all
20 trials, with a statistical significance of 4! (a probability
of less than 3! 10$4 of this being a background fluctua-
tion). Better control of the interaction of the large !p and eþ

plasmas in a substantial magnetic gradient should produce
the large number of trapped !H in every trial.
To realize the long-time goal of precise !H spectroscopy

[1], the !H atoms must be in their ground state. However,
essentially all the !H produced as !p and eþ interact in a
nested Penning trap are in highly excited Rydberg states
(demonstrated earlier using ATRAP’s field ionization
method [8]). These highly excited, guiding-center atoms
[17] are high-field-seeking states that cannot be trapped.
The trapped atoms must thus come from the small !H

fraction that the earlier field ionization measurements
showed were produced with radii smaller than 0:14 "m
[14]. (This corresponds to a principal quantum number
n % 50, though n is not a very good quantum number for
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FIG. 4 (color online). (a) Detector counts in 1 s intervals for 20
trials. The radial Ioffe trap field turns off and releases trapped !H
between t ¼ 0 and 1 s. The counts in this interval above the
average cosmic ray counts (solid line) correspond to 105 trapped
!p for our detection efficiency. (b) Probability that cosmic rays
produce the observed counts or more. (c) Quenching the Ioffe
trap generates no false signals in 20 control trials.
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Table 1 | Summary of antihydrogen confinement-time measurements.

Confinement time (s) 0.4 10.4 50.4 180 600 1,000 2,000

Number of attempts 119 6 13 32 12 16 3
Detected events 76 6 4 14 4 7 1
Estimated background 0.17 0.01 0.02 0.05 0.02 0.02 0.004
Statistical significance (� ) �20 8.0 5.7 11 5.8 8.0 2.6
Trapped antihydrogens per attempt 1.13±0.13 1.76±0.72 0.54±0.26 0.77±0.21 0.59±0.29 0.77±0.29 0.59±0.59
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Figure 2 | Long-time confinement of antihydrogen. a, Antihydrogen
trapping rate (the number of trapped antihydrogen atoms per attempt), as
a function of confinement time. An antihydrogen detection efficiency of
0.57±0.06, derived from an independent calibration, is assumed. The
error bars represent uncertainties from counting statistics only
(propagated from the square root of the observed event numbers). Scatter
within subsets of the data indicates the presence of a systematic
uncertainty at the level of ±0.2 in the trapping rate, which is not explicitly
included; this does not affect our conclusions, or our claims of statistical
significance. b, The statistical significance of the observed signal against
the (cosmic-ray) background-only hypothesis, expressed in terms of the
number of Gaussian standard deviations for a one-sided limit. The point for
0.4 s ( �20 � ) is off scale, and is thus not shown.

10–30min are reported for cryogenic magnetic traps for matter
atoms, comparable to our observations, and that collisions with the
background gas are cited as the likely dominant lossmechanism18,19.

Precision laser and microwave spectroscopy will probably
require ground-state anti-atoms, and hence estimation of the
quantum-state distribution of antihydrogen is of considerable
importance38–40. In all previous work involving untrapped atoms
only highly excited states have been experimentally identified.

Antihydrogen atoms produced by the three-body process
(involving two positrons and an antiproton)41,42 are created in
excited states. De-excitation to the ground state takes place through
cascades involving radiative and collisional (that is, between the
atom and a positron) processes. The slowest radiative cascade
proceeds through circular states (that is l = n� 1, where l and
n are the orbital angular momentum and principal quantum
numbers, respectively), which enables us to estimate an upper
limit for the cascade time. Our calculations on the basis of semi-
classical quantization of energy and radiative rates, including the
effect of blackbody radiation, show conservatively that more than

99% of trapped antihydrogen atoms will be in the ground state
after 0.5 s (see Methods). Therefore, our observed long trapping
times of �1 s imply that most anti-atoms reach the ground state
before being released, indicating that a sample of ground-state
antihydrogen atoms has been obtained for the first time.

We now turn to considerations of the energy distribution and
the orbital dynamics of trapped antihydrogen. Information on the
energy distribution is essential in understanding the antihydrogen
trapping mechanism. In addition, knowledge of the orbital
dynamics will be important in the realization of spectroscopic
measurements, because the anti-atoms will typically overlap with
the resonant radiation in only a small region of the trap volume.

Shown in Fig. 3a are experimental and simulated plots of
time (t ) versus axial position (z) of the annihilations of released
antihydrogen. Annihilation time t ismeasured from the start of trap
shutdown. A simulation of 40,000 trapped antihydrogen atoms (see
below) is compared with experimental data for 309 annihilation
events detected by the silicon vertex detector. These data include
both the events from the long-confinement measurement (Table 1)
and events collected under wider variations of plasma conditions.
Figure 3b–d shows projections of these data onto the t and z axes.
For detailed comparison with simulations, we select events with
�200mm < z < 200mm, and t < 30ms, taking into account the
detector solid angle and the trap shutdown time. We also restrict
the analysis to confinement times<1 s, because longer times are not
modelled in the simulations, resulting in 273 annihilation events.

We developed a simulation-based theoretical model to investi-
gate the trapping dynamics and the release process (see Methods).
Our simulations start with ground-state antihydrogen atoms with
a distribution of initial kinetic energies E . Other than E , our
simulations have no adjustable parameters, and use only a set
of parameters chosen a priori that describe the experiment. The
antihydrogen energy is an important input to the simulations, as it
has been the subject of some controversy. Early experiments using
conventional plasma-merging schemes43,44 as well as corresponding
theoretical calculations45 suggested that antihydrogen atoms in
those experiments were formed epithermally with kinetic energies
that were substantially higher than the positron temperatures. Un-
der such conditions, a vanishing fraction of the antihydrogen atoms
would have trappable energies. (See ref. 39 for an alternative inter-
pretation of the data.) Inmost of the simulations presented here, we
assumed that antiprotons are thermalized in the positron plasma at
a temperature of Te+ = 54K before antihydrogen formation takes
place. (This is referred to as the standard simulation; see Fig. 4a–d
for its dynamical characteristics.) The assumption of thermalized
production may be justified by the low kinetic energies of the
antiprotons in our autoresonant mixing procedure24. Figure 4b
shows the initial kinetic-energy distribution f (E), for simulated
antihydrogen atoms that were trapped and then released to hit the
trap walls. The main part of the distribution is characterized by a
function f⇠ E1/2, that is, the tail of a three-dimensional Maxwell–
Boltzmann distribution. The shape of this tail is independent of
Te+ as long as E ⌧ kTe+. The contribution of the positron-plasma
rotational energy to the total kinetic energy is negligible in the
present case (see Methods).
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Figure 1 | The ALPHA antihydrogen trap and its magnetic-field configuration. a, A schematic view of the ALPHA trap. Radial and axial confinement of
antihydrogen atoms is provided by an octupole magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ⇠9 K, and have
an inner diameter of 44.5 mm. A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1 T base field is provided by an external
solenoid (not shown). An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left. b, The
magnetic-field strength in the y–z plane (z is along the trap axis, with z= 0 at the centre of the magnetic trap). Green dashed lines in this and other figures
depict the locations of the inner walls of the electrodes. c, The axial field profile, with an effective trap length of ⇠270 mm. d, The field strength in the x–y
plane. e, The field-strength profile along the x axis.

efficient injection of antiprotons into the positrons with very
low kinetic energies.

About 6⇥ 103 antihydrogen atoms are produced by enabling
the plasmas to interact for 1 s. Most of the atoms annihilate on
the trap walls32, whereas a small fraction are trapped. A series of
fast electric field pulses is then applied to clear any remaining
charged particles. After a specified confinement time for each
experimental cycle, the superconducting magnets for the magnetic
trap are shut down with a 9ms time constant. Antihydrogen, when
released from the magnetic trap, annihilates on the Penning-trap
electrodes. The antiproton annihilation events are registered using
a silicon vertex detector33,34 (see Methods). For most of the data
presented here, a static axial electric bias field of 500Vm�1 was
applied during the confinement and shutdown stages to deflect
bare antiprotons that may have been trapped through the magnetic
mirror effect16. (Deflection of antiprotons by the bias field has been
experimentally verified using intentionally trapped antiprotons16.)
This bias field ensured that annihilation events could only be
produced by neutral antihydrogen.

The silicon vertex detector, surrounding the mixing trap
in three layers (Fig. 1a), enables position-sensitive detection of
antihydrogen annihilations even in the presence of a large amount
of scattering material (superconducting magnets and cryostat)35,
and is one of the unique features of ALPHA (see Methods). The
capability of vertex detection to efficiently distinguish between
cosmic rays and antiproton annihilations36, as well as the fast
shutdown capability of our trap25, provide background counts
per trapping attempt of 1.4 ⇥ 10�3. This is six orders of
magnitude smaller than was obtained in ref. 37 (on the basis
of the reported 1min shutdown time and 20 s�1 background
rate). Improvements in annihilation-event identification have also
resulted in an increase in detection efficiency (seeMethods) relative

to our previous work16. Knowledge of annihilation positions
also provides sensitivity to the antihydrogen energy distribution,
as we shall show.

In Table 1 and Fig. 2, we present the results for a series of
measurements, wherein the confinement time was varied from 0.4 s
to 2,000 s. These data, collected under similar conditions, contained
112 detected annihilation events out of 201 trapping attempts.
Annihilation patterns in both time and position (Fig. 3) agree
well with those predicted by simulation (see below). Our cosmic
background rejection36 enables us to establish, with high statistical
significance, the observation of trapped antihydrogen after long
confinement times (Fig. 2b). At 1,000 s, the probability that the
annihilation events observed are due to a statistical fluctuation
in the cosmic ray background (that is, the Poisson probability,
p, of the observed events assuming cosmic background only4) is
less than 10�15, corresponding to a statistical significance of 8.0 � .
Even at 2,000 s, we have an indication of antihydrogen survival
with a p value of 4⇥10�3 or a statistical significance of 2.6 � . The
1,000 s observation constitutes a more than a 5,000-fold increase
in measured confinement time relative to the previously reported
lower limit of 172ms (ref. 16).

Possiblemechanisms for antihydrogen loss from the trap include
annihilations on background gas, heating through elastic collisions
with background gas and the loss of a quasi-trapped population21

(see below). Spin-changing collisions between trapped atoms20
are negligible because of the low antihydrogen density. The main
background gases in our cryogenic vacuum are expected to be He
andH2.Our theoretical analysis of antihydrogen collisions indicates
that trap losses due to gas collisions give a lifetime in the range
of ⇠300 to 105 s, depending on the temperature of the gas (see
Methods). The observed confinement of antihydrogen for 1,000 s
is consistent with these estimates. Note that trapping lifetimes of
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ALPHA collaboration, Nature Physics 7, 1 (2011)

Long enough time to guarantee ground-state H̅



E.	  WidmannE.	  Widmann

ALPHA: HFS TRANSITIONS IN A TRAP

• high magnetic field	

• fbc−fad=fHFS independent of B	

• only proof of principle

116

LETTER
doi:10.1038/nature10942

Resonant quantum transitions in trapped
antihydrogen atoms
C. Amole1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4,5,6, P. D. Bowe7, E. Butler8, A. Capra1, C. L. Cesar9, M. Charlton4,
A. Deller4, P. H. Donnan10, S. Eriksson4, J. Fajans3,11, T. Friesen12, M. C. Fujiwara12,13, D. R. Gill13, A. Gutierrez14, J. S. Hangst7,
W. N. Hardy14,15, M. E. Hayden2, A. J. Humphries4, C. A. Isaac4, S. Jonsell16, L. Kurchaninov13, A. Little3, N. Madsen4,
J. T. K. McKenna17, S. Menary1, S. C. Napoli4, P. Nolan17, K. Olchanski13, A. Olin13,18, P. Pusa17, C. Ø. Rasmussen7, F. Robicheaux10,
E. Sarid19, C. R. Shields4, D. M. Silveira20{, S. Stracka13, C. So3, R. I. Thompson12, D. P. van der Werf4 & J. S. Wurtele3,11

The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen. We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.

Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-
lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magnetic moment m with the non-uniform magnetic field. Figure 1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible

when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.

Working at the Antiproton Decelerator9 facility at CERN, we
recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9 ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.

Our approach was to subject trapped antihydrogen atoms to res-
onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in

1Departmentof Physics and Astronomy, York University, Toronto, Ontario, M3J 1P3,Canada. 2Departmentof Physics, Simon Fraser University, Burnaby, British Columbia, V5A 1S6,Canada. 3Department of
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measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.6 3 1024 and 1.5 3 1022, respectively, sup-
porting the hypothesis that the difference is due to spin flip.

We note that the survival rates for the no-microwave measurements
are higher than for those in which microwaves are present but off-
resonance (the P-value is 6 3 1023). This difference could be explained
by far off-resonant interactions with the cj i state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3c). (See the discussion of the appearance
mode data below.)

We also directly searched for annihilation signals of anti-atoms that
are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having zj jv6 cm
(Methods). In the first frequency sweep (0 , t , 30 s) we observe a
significant excess of counts (P 5 2.8 3 1025) in on-resonance (series 1

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0 , t , 15 s (microwaves probing
fbc) occur in the first second; for 15 , t , 30 s (probing fad) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700 mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.

In the off-resonant experiments, we observe a mild excess of counts
above the no-microwave case (series 5 plus series 6) with an associated
P 5 5.6 3 1022. We interpret this excess to be due to the above-
mentioned off-resonance interaction with the cj i state. This conclu-
sion is supported by the fact that the events are in 15 , t , 30 s
(Fig. 4a), when the microwaves are probing the upper 15-MHz
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.
b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field BA (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. c, The situation for
off-resonance experiments at magnetic field BB (series 2 and 4). d, The situation

for on-resonant experiments at magnetic field BB (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180 s, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span 25 MHz to
110 MHz about the target frequency.

Table 1 | Series summaries for the ‘disappearance mode’ analysis
Series Relative microwave

frequency
Relative magnetic field Number of attempts Antihydrogen detected

at trap shutdown
Rate Comment

1 0 MHz 0 mT (Baxis
min 5 BA) 79 1 0.01 6 0.01 On resonance (Fig. 3b)

2 0 MHz 13.5 mT (Baxis
min 5 BB) 88 16 0.18 6 0.05 Off resonance (Fig. 3c)

3 1100 MHz 13.5 mT (Baxis
min 5 BB) 24 1 0.04 6 0.04 On resonance (Fig. 3d)

4 0 MHz 13.5 mT (Baxis
min 5 BB) 22 7 0.32 6 0.12 Off resonance (Fig. 3c)

5 Off 0 mT (Baxis
min 5 BA) 52 17 0.33 6 0.08 No microwaves

6 Off 13.5 mT (Baxis
min 5 BB) 48 23 0.48 6 0.10 No microwaves

LETTER RESEARCH
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•No direct test of CPT	

• Weak equivalence principle	


•no experimental test done ever 	

•Highest precision reachable with neutral antimatter	

•Ultra-cold antihydrogen atoms (μK) from neutral atom 
traps	

• GBAR (P. Perez)	


•low-energy beam	

• AEgIS (M. Doser)
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GRAVITATIONAL ACCELERATION OF 
ANTIMATTER
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ANTIMATTER AND GRAVITY

•ANTIGRAVITY: gmatter = −gantimatter	


• separation of matter and antimatter in Universe	


•QUANTUMGRAVITY	

• Graviton (S=2)→adds Gravivector (S=1), Graviscalar (S=0)	

• simplest case: static potential	

!

!

• a: Gravivector, b: Graviscalar	

• − attractive (matter-matter), +: repulsive: matter-antimatter	

• matter experiments: |a−b|	

• antimatter:                a+b
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V = �Gm1m2

r
(1⌥ a e�r/v + b e�r/s)
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GRAVITATONAL REDSCHIFT OF CLOCKS

120

Gabrielse

The Most Precise Experimental Answer is “Yes”
� to at lease a precision of 1 part per million

Experiment:  TRAP  Collaboration, Phys. Rev. Lett. 82, 3198 (1999).
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U
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for tensor gravity
(would be 1 for scalar gravity)

Hughes and Holzscheiter,
Phys. Rev. Lett. 66, 854 (1991).

Gravitational red shift for a clock: 2/ /g h c � �

�Antimatter and matter clocks run at different rates
if g is different for antimatter and matter

grav. pot. rnergy difference
between empty flat space time
and inside of hypercluster of galaxies
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Comparable limit to that on neutrinos and antineutrinos 1987A
TRAP collaboration G. Gabrielse

Gabrielse

Comparison of an Antimatter and Matter Clock

/ (antiproton) 0.99999999991(9)
/ (proton)

q m
q m

� �

The Most Precise CPT Test with Baryons � by TRAP at CERN

(most precise result of CERN’s antiproton program)

Goal at the AD:  Make CPT test that approach
exceed this precision

119 10 90ppt�	 �
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TRAPPED H̅ AND GRAVITY
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P1: GAD
General Relativity and Gravitation (GERG) PP1066-gerg-477708 January 2, 2004 15:54 Style file version May 27, 2002

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments
with antihydrogen. The scale on the bottom gives the spread of vertical
velocities, 1 σ =

√
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can
climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser
radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in
the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength
range at Lyman-α is a considerable challenge. Using a pulsed Lyman-α source,
laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated
down to temperatures of 8mK [29]. Recently we have build the first continuous
laser source for Lyman-α radiation which might eventually improve laser-cooling
of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser
cooling, one of which is due to the finite selectivity of the cooling force in velocity
space. This “Doppler limit,” kBTDoppler = h̄γ /2, is related to the natural linewidth,
γ = 2π · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The
other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2π/λ. Laser
cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note
that these limits are fairly high, compared to those for other (alkali) atoms which
are common for laser cooling. This is due to three reasons. First hydrogen is a
very light atom, second the cooling transition is at a rather short wavelength and
third the cooling transition is rather strong, i.e. it has a large natural linewidth.
Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular
for CPT tests. But for experiments in antimatter gravity the corresponding vertical
heights in the range of meters might still be somewhat too large to be practical.

Walz & Hänsch, General relativity and gravitation A36, 561–570 (2004).
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ALPHA GRAVITY MEASUREMENT

• release trapped H̅	

• too hot for 

gravitational force	

• limits on ratio inertial 

and gravitational mass	


• Gravity	

• no systematics	

• mgrav/minertial <  75	

• with systematics	

• mgrav/minertial < 110	


• Antigravity	

• mgrav/minertial > −65
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Description and first application of a new technique
to measure the gravitational mass of antihydrogen
The ALPHA Collaboration* & A.E. Charman1

Physicists have long wondered whether the gravitational interactions between matter and

antimatter might be different from those between matter and itself. Although there are many

indirect indications that no such differences exist and that the weak equivalence principle

holds, there have been no direct, free-fall style, experimental tests of gravity on antimatter.

Here we describe a novel direct test methodology; we search for a propensity for anti-

hydrogen atoms to fall downward when released from the ALPHA antihydrogen trap. In the

absence of systematic errors, we can reject ratios of the gravitational to inertial mass of

antihydrogen 475 at a statistical significance level of 5%; worst-case systematic errors

increase the minimum rejection ratio to 110. A similar search places somewhat tighter bounds

on a negative gravitational mass, that is, on antigravity. This methodology, coupled with

ongoing experimental improvements, should allow us to bound the ratio within the more

interesting near equivalence regime.

1Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA. Correspondence and requests for materials should be
addressed to J.S.H. (email: Jeffrey.hangst@cern.ch) or to J.F. (email: joel@physics.berkeley.edu) or to J.S.W. (email: wurtele@berkeley.edu). *A full list of
authors for the ALPHA Collaboraton and their affiliations appears at the end of the paper.
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correspondence between the escape time of an anti-atom and its
initial energy because it can take some time for an anti-atom to
find the ‘hole’ in the trap potential. Computer simulations of this
process, described in ref. 38, show that anti-atoms of a given
initial energy escape over a temporal range of at least 10 ms. The
simulations discussed in ref. 38 did not include a gravitational
force; to aid in our interpretation of the current experimental
data, we extended these simulations to include gravity by the
addition of a gravitational term to the equation of motion:

M
d2q

dt2 ¼rðlH # Bðq; tÞÞ%Mggŷ; ð1Þ

where q is the centre-of-mass position of the anti-atom, and g is
the local gravitational acceleration. Previous measurements39 on
ALPHA established that the magnitude of the magnetic moment
lH equals that of hydrogen to the accuracy required in this paper;
its direction is assumed to adiabatically track the external
magnetic field.

Simulation studies. To model the experiment, we simulated the
effects of gravity on an ensemble of ground-state antihydrogen
atoms randomly selected from the

ffiffi
e
p

energy distribution
described above. These anti-atoms are first propagated for 50 ms
in the full-strength trap fields to effectively randomize their
positions, and then propagated in the post-shutdown decaying
fields until they annihilate on the trap wall. The results of a typical
simulation are shown in Fig. 2 for F¼ 100, which exaggerates the
effects of gravity relative to the baseline of F¼ 1 expected from
the equivalence principle. As can be seen in Fig. 2, there is a
tendency for the anti-atoms to annihilate in the bottom half
(yo0) of the trap. This tendency is pronounced for anti-atoms
annihilating at later times. This is because, as shown in Fig. 3 and
in Table 1, the confining potential well associated with the
magnetic and gravitational forces in equation 1 is most skewed by

gravitational effects late in time when the magnetic restoring
force is relatively weak, and the remaining particles are those with
the lowest energy. We note that while the number of late anni-
hilating anti-atoms is dependent on the exact energy distribution
used to initialize the simulations, the annihilation locations of
these anti-atoms are not; for the purposes of this paper, the exact
distribution is unimportant.

Reverse cumulative average analysis. To determine an experi-
mental limit on F, we compare our data set of 434 observed
antihydrogen annihilation events to computer simulations at
various F’s. Our statistics suffer from the fact that escaping anti-
atoms are most sensitive to gravitational forces at late times, but
relatively few of the events occur at late times. For example, even
with the cooling due to the adiabatic expansion that occurs as the
trap depth is lowered, only 23 anti-atoms out of the 434 anni-
hilate after 20 ms. Moreover, inspection of the simulation data in
Fig. 2 shows that even when there is a pronounced tendency for
the anti-atoms to fall down, some still annihilate near the top of
the trap. To obtain a qualitative understanding of the data, we use
the reverse cumulative average /y|tS: the average of the y
positions of all the annihilations that occur at time t or later (see
Methods). This reverse cumulative average highlights the more
informative late-time events while still including as many events
as possible into the average. Figure 4 plots /y|tS for the events
and the simulations at several values of F. These plots suggest that
an upper bound on F can be established from the data, at a value
somewhere between F¼ 60 and 150.

Monte Carlo analysis. Although the visual approach taken in
Fig. 4 is striking, a more sophisticated analysis is necessary for a
quantitative assessment of F. Specifically, our problem is this:
given our event set of experimental annihilations {(y,t)}Ev, where
y is the observed position of a given annihilation and t is the time
of this annihilation, and given a family of similar sets of simulated
pseudo-annihilations {(y,t)}F at various F, how can we determine
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Figure 2 | Annihilation locations. The times and vertical (y) annihilation
locations (green dots) of 10,000 simulated antihydrogen atoms in the
decaying magnetic fields, as found by simulations of equation 1 with
F¼ 100. Because F¼ 100 in this simulation, there is a tendency for the anti-
atoms to annihilate in the bottom half (yo0) of the trap, as shown by the
black solid line, which plots the average annihilation locations binned in
1 ms intervals. The average was taken by simulating approximately
900,000 anti-atoms; the green points are the annihilation locations of a
sub-sample of these simulated anti-atoms. The blue dotted line includes the
effects of detector azimuthal smearing on the average; the smearing
reduces the effect of gravity observed in the data. The red circles are the
annihilation times and locations for 434 real anti-atoms, as measured by
our particle detector. Also shown (black dashed line) is the average
annihilation location for B840,000 simulated anti-atoms for F¼ 1.
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AEGIS - Antimatter Experiment: Gravity, 
Interferometry, Spectroscopy

grating 1 grating 2

position-sensitive
detector

L Latomic
beam

Ps

laser
  excitation

antiproton
  trap

positronium
  converter

e+

Ps

Ps*
Ps*

H*

H*
H beamH*

accelerating
  electric field

Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_
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•FREE FALL OF p	̄

• H̅ production at 100 mK	

• resonant charge exchange with excited positronium	

• acceleration of Rydberg H̅ by Starck effect	

• pulsed production, measure TOF & position
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GRAVITY MEASUREMENT -  
PROOF OF PRINCIPLE

•Mini-moiré deflectometer	

• distance 25 mm	

• slit 12 μm, pitch 40 μm, 100 μm thick	

• p ̄beam E~(100±150) keV traversing 

1T magnet	

• light reference:  

Talbot-Lau	

• emulsion detector 

124
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Proof of principles

❖ Antiproton fringes observed#

❖ Small uncertainty due to distortion #

❖ Shift of fringes detected #

❖ Consistent with the force from stray field perpendicular to the grating period 

21

Mini-Moiré setup 
❖ ~100 keV antiprotons#
❖ 7 hour exposure#
❖ Bare emulsion behind deflectometer#
❖ Alignment of gratings using light and 

single grating

Submitted for publication

Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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❖ Consistent with the force from stray field perpendicular to the grating period 
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❖ 7 hour exposure#
❖ Bare emulsion behind deflectometer#
❖ Alignment of gratings using light and 
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Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

The precise measurement of forces between objects
gives deep insight into the fundamental interactions and
symmetries of nature. A paradigm example is the

comparison of the motion of matter in the gravitational field,
testing with high precision that the acceleration is material-
independent, that is, the weak equivalence principle1–4. Although
indirect experimental evidence suggests that the weak equivalence
principle also holds for antimatter5–7, a direct observation for
antimatter is still missing. First attempts in this direction have
recently been reported by the ALPHA collaboration8, who used
the release of antihydrogen from a magnetic trap to exclude the
absolute value of the gravitational acceleration of antihydrogen to
be 100 times larger than for matter. An alternative approach is
followed by the GBAR collaboration9, which is based on
sympathetic cooling of positive antihydrogen ions and their
subsequent photodetachment. One of the specified goals of
the AEgIS collaboration (antihydrogen experiment: gravity,
interferometry, spectroscopy) is the direct detection of the
gravitational acceleration using an antihydrogen beam10,11

combined with a moiré deflectometer12, a device with high
sensitivity for acceleration measurements.

Here, we present the successful realization of such a device for
antiprotons. This has been achieved using slow antiprotons from
the Antiproton Decelerator (AD) at CERN, the technology of
emulsion detectors developed for recent high-energy neutrino
experiments13 and a novel referencing method employing
Talbot–Lau interferometry14,15 with light. The observation is
consistent with a force at the 500 aN level acting on the
antiprotons. This demonstration is an important prerequisite
for future studies of the gravitational acceleration of antimatter
building on an antihydrogen beam.

Results
Moiré deflectometer. The principle used in the experiment
reported here is visualized in Fig. 1a. A divergent beam of
antiprotons enters the moiré setup consisting of three equally
spaced elements: two gratings and a spatially resolving emulsion
detector. The two gratings with periodicity d define the classical
trajectories leading to a fringe pattern with the same periodicity at
the position of the detector. If the transit time of the particles
through the device is known, absolute force measurements
are possible by employing Newton’s second law of mechanics16.

As indicated in Fig. 1b, the position of the moiré pattern is shifted
in the presence of a force with respect to the geometric shadow by

Dy ¼ Fk
m

t2 ¼ at2; ð1Þ

where F|| represents the force component along the grating
period, m is the inertial mass of the test particle, a is the
acceleration and t is the time of flight between the two gratings. It
is important to note that the shift has two contributions. The
velocity of the particle after the second grating in the direction of
the acceleration is non-zero and the particle is also accelerated in
the second half of the moiré deflectometer. The relevant
parameter for precision measurements is the sensitivity, that is,
the minimal detectable acceleration amin. This can be estimated
by considering the maximal signal S to noise ratio possible in this
scenario. Since the influence of a pattern shift is most sensitively
detected at the steepest gradient of the pattern the visibility
u¼ (Smax$ Smin)/(Smaxþ Smin) should be maximized and the
periodicity minimized. The noise of the signal is intrinsically
limited for classical particle sources to the shot noise which scales
as 1/

ffiffiffiffi
N
p

, where N is the number of detected particles.
Consequently, the minimal detectable acceleration12 is given by
amin ¼ d= 2put2

ffiffiffiffi
N
p" #

. It is important to note that this device
works even for a very divergent source of particles as shown in
Fig. 1a, and thus is an ideal device for the highly divergent beam
of antihydrogen atoms that is expected in the AEgIS apparatus.

Talbot–Lau interferometry with light as absolute reference.
To determine the magnitude of the fringe pattern shift,
knowledge of the undeflected fringe position (indicated as grey
trajectories in Fig. 1b) is required. Due to the neutrality and high
speed of photons, it is favourable to measure this position inde-
pendently with light so that the action of forces is negligible.
Unlike the case of classical particles described above, geometric
paths are not applicable for visible light as diffraction at the
gratings has to be taken into account. Figure 1c depicts the cor-
responding light field pattern where the distance between the
gratings is given by the Talbot length LTalbot¼ 2d2/l. This con-
figuration is known as Talbot–Lau interferometer14, which is
based on the near-field Talbot effect15—the rephasing of the
pattern in discrete distances behind a grating illuminated with
light. The final pattern is not a classical distribution, but an
interference pattern and coincides with the pattern of the moiré

Light interference

Matter moiréa b

c

40 µm

25 mm
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Figure 1 | Moiré deflectometer for antiprotons. (a) A divergent antiproton beam impinges on two subsequent gratings that restrict the transmitted
particles to well-defined trajectories. This leads to a shadow fringe pattern as indicated in b, which is shifted in the presence of a force (blue trajectories).
Finally, the antiprotons are detected with a spatially resolving emulsion detector. To infer the force, the shifted position of the moiré pattern has to be
compared with the expected pattern without force. (c) This is achieved using light and near-field interference, the shift of which is negligible. A grating in
direct contact with the emulsion is used to reference the antimatter and the light measurements.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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Moiré deflectometer 

TO
F 

Position detector 

Bare emulsion 

SUS  20 Pm 

Vacuum flange 

(A) 

(B) 
50 Pm 

G
at

e v
al

ve
 

G
at

e v
al

ve
 

Janusz  
chamber 

(10-5 mbar) 

5 T / 1 T  
magnet 

Fl
an

ge
 

SUS  
20 Pm 

Emulsion 
5 films 

UHV/OVC separation 
(2 Pm titanium) 

Turbo pump 

Impact 
parameter 

SU
S 

200 Pm 
44 Pm 

p Preliminary 

Impact parameter resolution (Pm) 



E.	  Widmann

GRAVITY MEASUREMENT -  
PROOF OF PRINCIPLE

•Mini-moiré deflectometer	

• distance 25 mm	

• slit 12 μm, pitch 40 μm, 100 μm thick	

• p ̄beam E~(100±150) keV traversing 

1T magnet	

• light reference:  

Talbot-Lau	

• emulsion detector 
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Proof of principles

❖ Antiproton fringes observed#

❖ Small uncertainty due to distortion #

❖ Shift of fringes detected #

❖ Consistent with the force from stray field perpendicular to the grating period 

21

Mini-Moiré setup 
❖ ~100 keV antiprotons#
❖ 7 hour exposure#
❖ Bare emulsion behind deflectometer#
❖ Alignment of gratings using light and 

single grating

Submitted for publication

Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

The precise measurement of forces between objects
gives deep insight into the fundamental interactions and
symmetries of nature. A paradigm example is the

comparison of the motion of matter in the gravitational field,
testing with high precision that the acceleration is material-
independent, that is, the weak equivalence principle1–4. Although
indirect experimental evidence suggests that the weak equivalence
principle also holds for antimatter5–7, a direct observation for
antimatter is still missing. First attempts in this direction have
recently been reported by the ALPHA collaboration8, who used
the release of antihydrogen from a magnetic trap to exclude the
absolute value of the gravitational acceleration of antihydrogen to
be 100 times larger than for matter. An alternative approach is
followed by the GBAR collaboration9, which is based on
sympathetic cooling of positive antihydrogen ions and their
subsequent photodetachment. One of the specified goals of
the AEgIS collaboration (antihydrogen experiment: gravity,
interferometry, spectroscopy) is the direct detection of the
gravitational acceleration using an antihydrogen beam10,11

combined with a moiré deflectometer12, a device with high
sensitivity for acceleration measurements.

Here, we present the successful realization of such a device for
antiprotons. This has been achieved using slow antiprotons from
the Antiproton Decelerator (AD) at CERN, the technology of
emulsion detectors developed for recent high-energy neutrino
experiments13 and a novel referencing method employing
Talbot–Lau interferometry14,15 with light. The observation is
consistent with a force at the 500 aN level acting on the
antiprotons. This demonstration is an important prerequisite
for future studies of the gravitational acceleration of antimatter
building on an antihydrogen beam.

Results
Moiré deflectometer. The principle used in the experiment
reported here is visualized in Fig. 1a. A divergent beam of
antiprotons enters the moiré setup consisting of three equally
spaced elements: two gratings and a spatially resolving emulsion
detector. The two gratings with periodicity d define the classical
trajectories leading to a fringe pattern with the same periodicity at
the position of the detector. If the transit time of the particles
through the device is known, absolute force measurements
are possible by employing Newton’s second law of mechanics16.

As indicated in Fig. 1b, the position of the moiré pattern is shifted
in the presence of a force with respect to the geometric shadow by

Dy ¼ Fk
m

t2 ¼ at2; ð1Þ

where F|| represents the force component along the grating
period, m is the inertial mass of the test particle, a is the
acceleration and t is the time of flight between the two gratings. It
is important to note that the shift has two contributions. The
velocity of the particle after the second grating in the direction of
the acceleration is non-zero and the particle is also accelerated in
the second half of the moiré deflectometer. The relevant
parameter for precision measurements is the sensitivity, that is,
the minimal detectable acceleration amin. This can be estimated
by considering the maximal signal S to noise ratio possible in this
scenario. Since the influence of a pattern shift is most sensitively
detected at the steepest gradient of the pattern the visibility
u¼ (Smax$ Smin)/(Smaxþ Smin) should be maximized and the
periodicity minimized. The noise of the signal is intrinsically
limited for classical particle sources to the shot noise which scales
as 1/

ffiffiffiffi
N
p

, where N is the number of detected particles.
Consequently, the minimal detectable acceleration12 is given by
amin ¼ d= 2put2

ffiffiffiffi
N
p" #

. It is important to note that this device
works even for a very divergent source of particles as shown in
Fig. 1a, and thus is an ideal device for the highly divergent beam
of antihydrogen atoms that is expected in the AEgIS apparatus.

Talbot–Lau interferometry with light as absolute reference.
To determine the magnitude of the fringe pattern shift,
knowledge of the undeflected fringe position (indicated as grey
trajectories in Fig. 1b) is required. Due to the neutrality and high
speed of photons, it is favourable to measure this position inde-
pendently with light so that the action of forces is negligible.
Unlike the case of classical particles described above, geometric
paths are not applicable for visible light as diffraction at the
gratings has to be taken into account. Figure 1c depicts the cor-
responding light field pattern where the distance between the
gratings is given by the Talbot length LTalbot¼ 2d2/l. This con-
figuration is known as Talbot–Lau interferometer14, which is
based on the near-field Talbot effect15—the rephasing of the
pattern in discrete distances behind a grating illuminated with
light. The final pattern is not a classical distribution, but an
interference pattern and coincides with the pattern of the moiré

Light interference

Matter moiréa b

c

40 µm

25 mm

25 mm

Moiré Contact

Figure 1 | Moiré deflectometer for antiprotons. (a) A divergent antiproton beam impinges on two subsequent gratings that restrict the transmitted
particles to well-defined trajectories. This leads to a shadow fringe pattern as indicated in b, which is shifted in the presence of a force (blue trajectories).
Finally, the antiprotons are detected with a spatially resolving emulsion detector. To infer the force, the shifted position of the moiré pattern has to be
compared with the expected pattern without force. (c) This is achieved using light and near-field interference, the shift of which is negligible. A grating in
direct contact with the emulsion is used to reference the antimatter and the light measurements.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 
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Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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force present without the necessity of referencing.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.

x position (mm)

y 
po

si
tio

n 
(m

m
)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

a b c

1

0 20 40 60 a a+d/2
y position

a+d
0

10
20
30
40
50

H
its

x position (µm)

Moiré pattern Contact pattern

0 d/2
y position

d
0

10
20
30
40
50
60

H
its

Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n
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i¼1
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2p
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where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing
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where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2
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Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Δy=9.8±0.9(stat)±6.4(syst) μm

Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 
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Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1
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2p
d
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where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  

MC 

Phase (rad) 

OVC 
UHV 

Thin metal window 
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2
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Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Δy=9.8±0.9(stat)±6.4(syst) μm

Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing
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n
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i¼1
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d
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where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
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corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.

x position (mm)

y 
po

si
tio

n 
(m

m
)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

a b c

1

0 20 40 60 a a+d/2
y position

a+d
0

10
20
30
40
50

H
its

x position (µm)

Moiré pattern Contact pattern

0 d/2
y position

d
0

10
20
30
40
50
60

H
its

Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Δy=9.8±0.9(stat)±6.4(syst) μm

Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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Moiré deflectometer 

TO
F 

Position detector 

Bare emulsion 

SUS  20 Pm 

Vacuum flange 

(A) 

(B) 
50 Pm 

G
at

e v
al

ve
 

G
at

e v
al

ve
 

Janusz  
chamber 

(10-5 mbar) 

5 T / 1 T  
magnet 

Fl
an

ge
 

SUS  
20 Pm 

Emulsion 
5 films 

UHV/OVC separation 
(2 Pm titanium) 

Turbo pump 

Impact 
parameter 

SU
S 

200 Pm 
44 Pm 

p Preliminary 

Impact parameter resolution (Pm) 



E.	  Widmann

p ̄DEFLECTOMETER RESULT

•Pattern observed
• Shift between p ̄and 

light observed

• consistent with residual 
B, E fields

• sensitivity of μm 
reached

• H̅ beam case
• velocity *10−4

• distance * 40
• Force 10−10

125

deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3 MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14 m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25 mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d¼ 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5 mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1 mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1
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2p
d
# yi
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where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 
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The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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THANK YOU FOR YOUR ATTENTION



E.	  Widmann

SUMMARY

•EXOTIC ATOMS ARE IDEALLY SUITED TO STUDY 	

• fundamental symmetries	


• Precise measurement of the hyperfine structure of 
antihydrogen promises one of the most sensitive tests of 
CPT symmetry	


• fundamental interactions 	

• X-ray spectroscopy of light kaonic atoms yields precision 

data at threshold for strong-interaction studies in the 
strangeness sector	


• puzzles solved, K−d missing
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