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Antiproton
 production

• 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 seconds	
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MATTER-ANTIMATTER SYMMETRY
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•CPT	

• Microscopic:  

symmetry?
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•ATOMIC PHYSICS EXPERIMENTS, ESPECIALLY ANTIHYDROGEN OFFER 
THE MOST SENSITIVE EXPERIMENTAL VERIFICATIONS OF CPT
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HFS AND STANDARD MODEL EXTENSION
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CPT & Lorentz violation
Lorentz violation
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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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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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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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Cosmic rays in BGO

A BGO detector was installed to detect possible H̅ signals
BGO is surrounded by 5 plastic scintillators for coincidence measurements to suppress 
background from:
 - cosmic rays (150/cycle)
 - H̅ annihilations on the MRE wall
 - p ̄ annihilations with rest-gas atoms
Good agreement between cosmics and slow antiproton signal and Geant4 simulation 
Measurement of antihydrogen downstream of the CUSP Trap

N. Kuroda et al. To be published (2013)
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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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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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energy spread are injected into the positron plasma. The antiproton kinetic
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positron plasma (yellow solid line), which ensures efficient mixing of
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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
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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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Genève 1211, Switzerland. Correspondence and requests for materials should be addressed to N.K. (email: kuroda@phys.c.u-tokyo.ac.jp).

NATURE COMMUNICATIONS | 5:3089 | DOI: 10.1038/ncomms4089 | www.nature.com/naturecommunications 1

& 2014 Macmillan Publishers Limited. All rights reserved.

0
Z [cm]

−30 30

e+ p
_

60 90 120 150

H detector
_

 210 240 270180

Sextupole magnet
(spin analyzer)

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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Genève 1211, Switzerland. Correspondence and requests for materials should be addressed to N.K. (email: kuroda@phys.c.u-tokyo.ac.jp).

NATURE COMMUNICATIONS | 5:3089 | DOI: 10.1038/ncomms4089 | www.nature.com/naturecommunications 1

& 2014 Macmillan Publishers Limited. All rights reserved.

ARTICLE
Received 25 Jun 2013 | Accepted 11 Dec 2013 | Published 21 Jan 2014

A source of antihydrogen for in-flight hyperfine
spectroscopy
N. Kuroda1, S. Ulmer2, D.J. Murtagh3, S. Van Gorp3, Y. Nagata3, M. Diermaier4, S. Federmann5, M. Leali6,7,

C. Malbrunot4,w, V. Mascagna6,7, O. Massiczek4, K. Michishio8, T. Mizutani1, A. Mohri3, H. Nagahama1,

M. Ohtsuka1, B. Radics3, S. Sakurai9, C. Sauerzopf4, K. Suzuki4, M. Tajima1, H.A. Torii1, L. Venturelli6,7,

B. Wünschek4, J. Zmeskal4, N. Zurlo6, H. Higaki9, Y. Kanai3, E. Lodi Rizzini6,7, Y. Nagashima8,

Y. Matsuda1, E. Widmann4 & Y. Yamazaki1,3

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

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

antihydrogen using Rabi-like beam spectroscopy.

DOI: 10.1038/ncomms4089 OPEN

1 Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan. 2 Ulmer Initiative Research Unit, RIKEN, Saitama
351-0198, Japan. 3 Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. 4 Stefan-Meyer-Institut für Subatomare Physik, Österreichische Akademie
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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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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

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

antihydrogen using Rabi-like beam spectroscopy.
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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

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

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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14

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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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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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.

ARTICLE
Received 25 Jun 2013 | Accepted 11 Dec 2013 | Published 21 Jan 2014

A source of antihydrogen for in-flight hyperfine
spectroscopy
N. Kuroda1, S. Ulmer2, D.J. Murtagh3, S. Van Gorp3, Y. Nagata3, M. Diermaier4, S. Federmann5, M. Leali6,7,

C. Malbrunot4,w, V. Mascagna6,7, O. Massiczek4, K. Michishio8, T. Mizutani1, A. Mohri3, H. Nagahama1,

M. Ohtsuka1, B. Radics3, S. Sakurai9, C. Sauerzopf4, K. Suzuki4, M. Tajima1, H.A. Torii1, L. Venturelli6,7,

B. Wünschek4, J. Zmeskal4, N. Zurlo6, H. Higaki9, Y. Kanai3, E. Lodi Rizzini6,7, Y. Nagashima8,

Y. Matsuda1, E. Widmann4 & Y. Yamazaki1,3

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

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

antihydrogen using Rabi-like beam spectroscopy.

DOI: 10.1038/ncomms4089 OPEN

1 Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan. 2 Ulmer Initiative Research Unit, RIKEN, Saitama
351-0198, Japan. 3 Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. 4 Stefan-Meyer-Institut für Subatomare Physik, Österreichische Akademie
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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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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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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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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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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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RECENT RESULTS

• H̄ BEAM OBSERVED WITH 
5σ significance	

• n≲43 (field ionization)	


• 6 events / 15 min

15

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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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

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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E.	  Widmann

RECENT RESULTS

• H̄ BEAM OBSERVED WITH 
5σ significance	

• n≲43 (field ionization)	


• 6 events / 15 min
• significant fraction in lower n	


• n≲29: 3σ	

• 4 events / 15 min	

• τ ~ few ms

15

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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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 
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Homogeneity in X-Y plane is quite good

Longitudinal: B ~ sin(Z)

Zero field at the center plane
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opposite phase

Their effects cancel each other when "field = "HF 
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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 
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new 2-layer hodoscope!
with central BGO detector
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H BEAM SETUP @ CERN-CRYOLAB
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THEORETICAL LINE SHAPE

• numerical solution 
of optical Bloch 
equation

23

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. Kolbinger18

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, CERNlongitudinal field:	


cos(z)
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H BEAM HFS RESULT 
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• σ1 transitions	
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EXPERIMENTS IN AN ATOMIC BEAM

• Phase 1 (ongoing): Rabi method	


!

!

!

!

• Phase 2: Ramsey separated oscillatory fields

25

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 H̅	

• 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

26

M. Kasevich, E. Riis, S. Chu, R. Devoe,	

Prl 63, 612–615 (1989)
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SUMMARY

• Precise measurement of the hyperfine structure of 
antihydrogen promises one of the most sensitive tests of 
CPT symmetry

• First “beam” of H̄ observed in field-free region

• Next steps: optimize rate, check polarization, velocity

• HFS measurement of H beam <10−8 achieved 

• Full setup used for the 1st time in 2014 (short) run 

• Time scale of precision experiments is 5-10 years 

ERC Advanced Grant 291242	
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www.antimatter.at	
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• mathematical theorem, not valid e.g. in string theory, 
quantum gravity

• possible hint: antimatter absence in the universe	

• Big Bang -> if CPT holds: equal amounts matter/antimatter	

• Standard scenario for Baryogenesis (Sakharov 1967)	


• Baryon-number non-conservation	

• C and CP violation	

• Deviation from thermal equilibrium

• Currently known CPV  
not large enough	

• Other source of baryon  

asymmetry?   
CPT non-conservation?

29
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STRUCTURE DEP. CORRECTIONS TO HFS
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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,
our result for the polarizability corrections is

!pol =
#m!

2!1 + 'p"$mp
!!1 + !2" , !5"

with

!1 = %
0

% dQ2

Q2 &(1!)!"F2
2!Q2"

+
8mp

2

Q2 %
0

xth

dx(̃1!),)!"g1!x,Q2"' ,

!2 = − 24mp
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0
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Q4 %
0
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dx(̃2!),)!"g2!x,Q2" , !6"

where 'p is the proton anomalous magnetic moment in
nuclear magnetons, xth=Q2 / !2mpm$+m$

2 +Q2" with m$ the
charged pion mass, and

(̃1!),)!" =
x2(1!)" − !m!

2/mp
2"(1!)!"

x2 − m!
2/mp

2 ,

(̃2!),)!" =
x2#(2!)" − (2!)!"$

x2 − m!
2/mp

2 . !7"

The plain (1,2 auxiliary functions, introduced by De Rafael
#10$, are

(1!)" = − 3) + 2)2 + 2!2 − )"()!) + 1" ,

(2!)" = 1 + 2) − 2()!) + 1" , !8"

which have limits

(1!)" = )4() + O!)" , ) → 0,

9
4
&1 −

5
18

1
)

+
7
48

1
)2 + ¯ ' , ) → % , *

(2!)" = )1 + O!()" , ) → 0,

0 +
1
4

1
)

−
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)2 + ¯ , ) → % , * !9"

and are used with the notations
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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,
our result for the polarizability corrections is

!pol =
#m!

2!1 + 'p"$mp
!!1 + !2" , !5"

with
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where 'p is the proton anomalous magnetic moment in
nuclear magnetons, xth=Q2 / !2mpm$+m$

2 +Q2" with m$ the
charged pion mass, and
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2/mp
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2 ,
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2 . !7"

The plain (1,2 auxiliary functions, introduced by De Rafael
#10$, are
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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
)
&

0

* dQ

Q2 'GE"Q2#
GM"Q2#
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%

$R
p =

2'mr

)mp
2 &

0

*

dQF2"Q2#
GM"Q2#
1 + #p

+
'm!mp

2"1 + #p#)"mp
2 − m!

2#)&0

* dQ2

Q2 '&1"!p# − 4*!p

!p
−

&1"!!# − 4*!!

!!
(F1"Q2#GM"Q2#

+ 3&
0

* dQ2

Q2 $&2"!p# − &2"!!#%F2"Q2#GM"Q2#+ −
'm!

2"1 + #p#)mp
&

0

* dQ2

Q2 &1"!!#F2
2"Q2# . "15#

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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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
)
&

0

* dQ

Q2 'GE"Q2#
GM"Q2#
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%

$R
p =
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+
'm!mp
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Q2 &1"!!#F2
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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%,
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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
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
)
&

0

* dQ

Q2 'GE"Q2#
GM"Q2#
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%,
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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
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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%,
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