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EXOTIC ATOM FORMATION
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• energy loss until Ekin < ionization energy	


• capture

Fermi and Teller Phys. Rev. 72, 399–408 (1947)	
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ANTIPROTONIC HELIUM
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EXOTIC ATOMS
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ATOMS CONTAINING ANTIPROTONS

•ANTIPROTONIC HELIUM	


• laser and microwave spectroscopy 

CPT test antiproton properties	


• mass,charge:             7x10−10      2011 	


• magnetic moment:    2.9x10−3     2009	



• most precisely calculated 3-body 
system

5

•ANTIHYDROGEN	


• hydrogen measured to high 

precision	


• 1S-2S:                   <10−14      	


• ground-state HFS    10−12	
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ASACUSA COLLABORATION @ CERN-AD
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Atomic Spectroscopy And Collisions 	


Using Slow Antiprotons

~ 44 MEMBERS
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ANTIPROTON DECELERATOR @ CERN
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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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AD & ELENA AREA AND EXPERIMENTS
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MATTER-ANTIMATTER SYMMETRY

•COSMOLOGICAL SCALE:	


• Asymmetry	



!
!
!

!

!

!

•CPT	


• Microscopic:  

symmetry?
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CPT SYMMETRY & COSMOLOGY

• 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?
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ANTIHYDROGEN SPECTROSCOPY

1s-2s	


2 photon	


λ=243 nm	



Δf/f=10-14

Ground state	


hyperfine splitting	


f = 1.4 GHz 	


Δf/f=10-12
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CPT TESTS - RELATIVE & ABSOLUTE 
PRECISION
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•ATOMIC PHYSICS EXPERIMENTS, ESPECIALLY ANTIHYDROGEN OFFER 
THE MOST SENSITIVE EXPERIMENTAL VERIFICATIONS OF CPT
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ANTIPROTONIC HELIUM LASER 
SPECTROSCOPY 
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included in CODATA as proton value

spacing between the unresolved hyperfine lines (Se, S
!p)5 ("")R ("")

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

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

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

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

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

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

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

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

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

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

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

Table 1 | Spin-averaged transition frequencies of !pHe1

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

Transition frequency (MHz)

Experiment Theory

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

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

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

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

Datum Error (MHz)

Experimental errors

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

Theoretical uncertainties

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

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

(36, 34) → (34, 32)
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p3He+

p4He+

0
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(33, 32) → (31, 30)

(35, 33) → (33, 31)

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

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

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

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

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

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

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

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

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

Received 12 April; accepted 26 May 2011.
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pbarHe+ transitions

mp/me ratio

mp/̅me=1,836.1526736(23)	


(mp−̅mp)/av. < 7x10−10
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PROGRESS IN ATOMCULE SPECTROSCOPY
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seeded laser

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

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

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

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

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

from the dominant interaction between the electron spin and the
orbital angular momentum of the antiproton. Each peak is a super-
position of two hyperfine lines caused by a further interaction between
the antiproton and electron spins. The asymmetric structure is repro-
duced by line shape calculations9 (see below) and is due to the 25-MHz
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Figure 1 | Energy levels, Cherenkov detector signals and experimental
layout for two-photon spectroscopy of !pHe1. a, Two counter-propagating
laser beams induced the two-photon transition (n, l)5 (36, 34)R (34, 32) in
!p4He1 via a virtual intermediate state of the antiproton tuned close to the real
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the two-photon signal abruptly disappeared (red). PMT, photomultiplier tube.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared χred of the fit was χred ∼ 3. To adjust for this
the error bars were inflated by

√
χred ∼ 1.7.

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

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

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

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

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

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

HF and ν+
HF. The

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

ν+
HF (GHz) ν−

HF (GHz) $νHF (MHz)

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

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

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

i (ν−
HFi

− ν+
HFi

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

∑N
i ν−

HFi
− ∑N

i ν+
HFi

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

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

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

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

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

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

Thus the magnetic moment can be determined to be:

µp̄
s = −2.7862(83)µN , (1)

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

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

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

µp
s − |µp̄

s |
µp

s
= (2.4± 2.9) × 10−3. (2)

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

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

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

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

which constitutes the point at p = 150 mbar in (a).
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ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
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half that of its associated error, ∆ = 0.24 ± 0.37 kHz/mbar, so the
above holds and the data can be averaged to obtain a final value
of $νHF. Table 2 presents the data for the recent and previous ex-
periments compared to the two most up to date theories.
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perimental study on the HF splitting of the (37, 35) state of
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tor 20 less than that of the theoretical calculations and, although
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consecutive 80 s fz averages are characterized by an Allan
variance !2

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

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

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

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

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

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

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

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

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

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

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

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

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

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

moment to 4.4 ppm is made with a single !p suspended in a
Penning trap, improving upon the value from exotic atom
spectroscopy by a factor of 680. The measured ratio of the
!p and p magnetic moments is consistent with the value of
%1 predicted by the CPT theorem to 5 ppm or better. It
seems possible in the future to compare the magnetic
moments of !p and p more precisely, by a factor of 103 or
104 in addition to what is reported here.
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[1] G. Lüders, Ann. Phys. (N.Y.) 2, 1 (1957).
[2] G. Gabrielse, A. Khabbaz, D. S. Hall, C. Heimann, H.

Kalinowsky, and W. Jhe, Phys. Rev. Lett. 82, 3198 (1999).
[3] A. Kreissl, A. Hancock, H. Koch, T. Köehler, H. Poth, U.
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transferred to the trap used for spin state detection (as done
with ions [21]). Measuring the cyclotron frequency fc, the
second frequency needed to determine the !p magnetic
moment, has already been demonstrated to better than
10%10 [2] in a trap with essentially no magnetic gradient.
In conclusion, a direct measurement of the !p magnetic

moment to 4.4 ppm is made with a single !p suspended in a
Penning trap, improving upon the value from exotic atom
spectroscopy by a factor of 680. The measured ratio of the
!p and p magnetic moments is consistent with the value of
%1 predicted by the CPT theorem to 5 ppm or better. It
seems possible in the future to compare the magnetic
moments of !p and p more precisely, by a factor of 103 or
104 in addition to what is reported here.
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For the first time a single trapped antiproton ( !p) is used to measure the !p magnetic moment ! !p. The

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

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

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

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

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

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

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

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

! !p

!N
& g !p

2

q !p=m !p

qp=mp
' $ g !p

2
¼ $ fs

fc
; (1)

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

FIG. 1. Uncertainties in measurements of the !p magnetic mo-
ment measured in nuclear magnetons, ! !p=!N .
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simultaneously trapped with a H! ion [2] so the approxi-
mation in Eq. (1) is more than adequate for our precision.

The !p magnetic moment is measured within the ‘‘analy-
sis trap’’ electrodes (Fig. 2) used to measure the proton
magnetic moment [6]. The stacked rings are made of OFE
copper or iron, with a 3 mm inner diameter and an evapo-
rated gold layer. The electrodes and surrounding vacuum
container are cooled to 4.2 K by a thermal connection to
liquid helium. Cryopumping of the closed system made the
vacuum better than 5" 10!17 Torr in a similar system
[10], so collisions are unimportant. Appropriate potentials
applied to electrodes with a carefully chosen relative ge-
ometry [11] make a very good electrostatic quadrupole
near the trap center with open access to the trap interior
from either end.

After the proton measurement [6] was completed, the
apparatus was modified and moved from Harvard to
CERN. The neighboring electrodes and vacuum enclosure
(not pictured in Fig. 2) were modified to allow 5 MeV !p
from CERN’s antiproton decelerator (AD) to enter the
vacuum enclosure through a thin Ti window and to be
captured and electron cooled in the neighboring electrodes.
The cooling electrons are ejected by reducing the trap
potential long enough that light electrons escape while
heavier !p do not. These methods, now used for all low
energy !p and !H experiments, are reviewed in Ref. [12].

Once the !p is centered in the analysis trap, in a 5 tesla
vertical magnetic field B ¼ Bẑ, the circular cyclotron
motion of a trapped !p is perpendicular to B with a fre-
quency fþ ¼ 79:152 MHz slightly shifted from fc by the
electrostatic potential. The !p also oscillates parallel to B at
about fz ¼ 920 kHz. The third motion is a circular mag-
netron motion, also perpendicular to B, at the much lower

frequency f! ¼ 5:32 kHz. The spin precession frequency
is fs ¼ 221:075 MHz.
Driving spin flips requires a magnetic field perpendicu-

lar to B that oscillates at approximately fs. This field is
generated by currents (increased compared to Ref. [6] by a
transmission line transformer) sent through halves of a
compensation electrode [Fig. 2(c)]. Driving cyclotron
transitions requires an electric field perpendicular to B
that oscillates at approximately fþ. This field is generated
by potentials applied across halves of a compensation
electrode [Fig. 2(d)].
Much of the challenge of the measurement arises from

the small size of a nuclear magnetic moment. Unlike the
electron moment, which scales naturally as a Bohr mag-
neton (!B), the nuclear moments scale as the much smaller
nuclear magneton !N , with !N=!B ¼ me=mp % 1=2000.
Shifts in fz reveal changes in the cyclotron, spin, and
magnetron quantum numbers n, ms, and ‘ [13],

"fz
fz

¼ @"2

4#mpjBjf!

!
nþ 1

2
þ gpms

2
þ f!

fþ

!
‘þ 1

2

""
:

(2)

The shifts (50 and 130 mHz per cyclotron quantum and
spin flip) arise from a saturated iron ring [Fig. 2(a)] that
adds (to B) a magnetic bottle gradient (at the trap center),

"B ¼ "2½ðz2 ! $2=2Þẑ! z$!̂): (3)

The effective fz shifts because the electrostatic axial oscil-
lator Hamiltonian going as f2zz

2 acquires !z2 from the
interaction of the cyclotron, magnetron, and spin moments,
!ẑ, with "B. The bottle strength, "2 ¼ 2:9" 105 T=m2,
is 190 times that used to detect electron spin flips [5] to
compensate partially for the small !N .
The !p are transferred between the analysis trap and an

adjacent coaxial trap (not in Fig. 2) by slowly varying the
applied electrode voltages to make the axial potential well
move adiabatically between the two trap centers. In the
adjacent trap the !p cyclotron motion induces currents in
and comes to thermal equilibrium with an attached damp-
ing circuit cooled with the trap. The cooled !p is transferred
back to the analysis trap and a measured shift "fz <
100 Hz is required to ensure a cyclotron radius below
0:7 !m (a bit larger than was possible with more time in
Ref. [6]) before measuring fs. For larger shifts, the !p is
returned to the precision trap for cyclotron damping as
needed until a low cyclotron energy is selected.
Two methods are used to measure the "fz of Eq. (2) in

the analysis trap, though the choice of which method to use
in which context is more historical than necessary at the
current precision. The first (used to detect cyclotron tran-
sitions with the weakest possible driving force) takes "fz
to be the shift of the frequency at which Johnson noise in a
detection circuit is canceled by the signal from the !p axial
motion that it drives [14]. The second (used to detect
spin flips) takes "fz to be the shift of the frequency of a

(c) (d)

fc drivefs drive

lower  compensationlower  compensation

c o m p e ns a t i o n 

c o m p e ns a t i o n 

end c a p

end c a p

iro n r ing

di
st
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c e

 ( m
 m

 ) 

(a) (b)3 m m B (tesla) - 5.67

FIG. 2 (color online). (a) Electrodes of the analysis trap (cut-
away side view) are copper with an iron ring. (b) The iron ring
significantly alters B on axis. (c) Top view of the paths of the
oscillating current for the spin flip drive. (d) An oscillating
electric field (top view) drives !p cyclotron motion.
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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

8

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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of the cusp magnetic field. Simulations predict that when the
mixing of positrons and antiprotons is performed at this position,
the cusp magnetic field enhances the polarization of !H atoms,
which flow out towards the downstream direction and pass
the magnetic field minimum. About 3! 105 antiprotons from the
MUSASHI trap are injected into the positron plasma stored in the
nested well. The kinetic energy of the antiproton beam is adjusted
to be slightly above the potential energy of the plasma (Fig. 2a) in
order to avoid significant heating induced by the antiproton
injection. In contrast to the charged particles confined in the
nested well, electrically neutral antihydrogen atoms escape from
this potential configuration.

To monitor antihydrogen synthesis, we prepare a field
ionization well 20 cm downstream of the mixing region11. An
antihydrogen atom in a Rydberg state with principal quantum
number n is field-ionized if nZ(3.2/e)1/4! 102 is satisfied27,
where e (V cm" 1) is the electric field strength. The average field
strength is 139 V cm" 1 (93 V cm" 1 on axis), which can field-
ionize antihydrogen atoms with n\39. Here we define the
average electric field strength, which is the mean value of the field
averaged over the entire trap radius. Resulting antiprotons are
trapped in the field-ionization well11,26. When this well is opened,
the particles escape from the trap, annihilate and are counted by
the pion-tracking detector. In such a direct injection scheme
typically 75 field-ionization counts are obtained in a time interval
of 80 s. To investigate the time evolution of antihydrogen
formation, during the mixing process the field ionization well is
opened and closed periodically. Results of that measurement are
shown in Fig. 2b (filled squares). A maximum is reached after
B20 s, followed by a slow decrease explained by the axial
separation of antiprotons and positrons. This separation is due to
two possible processes: one process is the energy loss of the
antiprotons by interaction with electrons formed in annihilation
with the background gas; the other is the reduction of the

antiproton’s axial energy due to collisional relaxation. When the
axial energy of the antiprotons drops below the positron potential
energy, the !H synthesis is stopped. This axial separation model is
based on information obtained from our position-sensitive pion-
tracking detector11.

To counteract the axial separation and to prolong the
antihydrogen production period, an rf-assisted direct injection
scheme was developed. During the mixing process an rf drive at
420 kHz is applied to one of the ring electrodes of the MRE,
which excites the axial oscillation of the trapped antiprotons28.
The filled red circles in Fig. 2b represent a typical result obtained
from such an experiment. More than 260 antiprotons are counted
in the time-window of 80 s, which is a factor of 3.5 more than
without rf.

Detection in a magnetic field-free environment. The anti-
hydrogen detector placed at the end of the spectrometer line is
made out of a bismuth germanium oxide (Bi4Ge3O12, BGO)
single-crystal. This scintillating material was selected because of
its high density (7.13 g cm" 3), high photon yield (8–10 per keV
energy deposit) and ultra-high vacuum compatibility. The BGO
crystal has a diameter of 10 cm and a thickness of 5 mm. It is
placed inside a vacuum chamber with its centre on the beam axis.
Outside the chamber, five plastic scintillator plates (thickness
10 mm, total solid angle coverage 49% of 4p) are installed to
detect annihilation pions. Each scintillator is read-out by a pho-
tomultiplier tube. The BGO signal is recorded by a waveform
digitizer while the timing of the plastic scintillator signal is read-
out by time-to-digital converters. The signal of the BGO scintil-
lator was energy calibrated by comparing measured cosmic rays
with simulations using GEANT4 (ref. 29) and the CRY package30.

Antiproton annihilations originating from antihydrogen atoms
hitting the crystal surface yield on average three charged pions

e+ accumulator

Low energy e+ beam transport line

22Na: e+ source

Sextupole magnet

H– detector

Hyperfine spectrometer lin
e

Cusp trap

I.

II.

III.

IV.

Ultra-low energy p– beam transport linep–
 from RFQD

MUSASHI trap
(ultra-low energy p– beam source)

Figure 1 | Schematic view of our experimental apparatus. Arrows represent 1 m in each direction. Antiprotons delivered from the AD via the RFQD are
trapped, electron-cooled and radially compressed in the MUSASHI. Moderated positrons from a 22Na source are prepared and cooled in the positron
accumulator and then are transported to the cusp trap. The cusp trap consists of an MRE and superconducting anti-Helmholtz coils. After positrons
are accumulated near the maximum magnetic field region, antiprotons are injected from the MUSASHI and mixed with positrons synthesizing antihydrogen
atoms. Antihydrogen atoms in low-field-seeking states are focused downstream of the cusp trap due to the strong magnetic field gradient, while
those high-field-seeking states are de-focused. Thus, a polarized antihydrogen beam is produced. On both sides of the cusp trap, scintillator modules
labelled as I–IV are mounted, which are used to track charged pions produced by annihilation reactions. Downstream of the cusp trap a spectrometer line is
placed, which involves a sextupole magnet and an antihydrogen detector.
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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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 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.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4089

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

& 2014 Macmillan Publishers Limited. All rights reserved.

with a mean momentum of B300 MeV c! 1 (ref. 31), which are
detected by the plastic scintillators. In order to reduce
background events from antiprotons annihilating upstream or
from cosmic rays, a coincidence between the BGO and the plastic
scintillators is required. Owing to the high multiplicity of the
annihilation products, coincidence with at least two plastic
scintillators can be used. According to our simulations this
coincidence condition reduces the background event rate by
three orders of magnitude while the signal count rate is only
reduced by about a factor of 2. Using even higher multiplicities
leads to an additional decrease of the signal by at least a
factor of 3. Thus double coincidence events are used in the
following analysis.

To investigate the principal quantum number of the anti-
hydrogen atoms that reach the detector, voltages of either ! 400

or ! 2,000 V are applied to a set of field-ionization electrodes
located in front of the BGO scintillator, which corresponds to
average electric fields of 94 V cm! 1 (n\43) and 452 V cm! 1

(n\29), respectively (hereafter called scheme 1 and scheme 2).
In other words, the antihydrogen atoms with nt43 (scheme 1)
or nt29 (scheme 2) reach the BGO scintillator, while the
antiprotons originating from field-ionized antihydrogen are
repelled by the electric field.

The unshaded histogram bordered by the solid line in Fig. 3a
shows the distribution of energy deposited in the BGO scintillator
for double coincidence events up to 200 MeV for scheme 1.
According to simulations, 200 MeV is the maximum energy
deposited on the BGO scintillator when an antiproton annihilates
on its surface. The shaded histogram shows results where
antiprotons are trapped and cooled with electrons instead of
positrons (referred to as a background run hereafter). The
obtained energy spectrum represents events originating from
cosmic rays and secondary particles, especially charged pions,
which are produced by annihilation of antiprotons trapped in the
nested well. The annihilation rate during the background run is
expected to be comparable to the background annihilation rate of
schemes 1 and 2. As in the low-energy region the annihilation
cross section S is proportional to 1/n (Langevin cross section), the
annihilation rate, which is proportional to nS, does not depend on
the antiproton energy, where n is the relative velocity between the
antiproton and a residual gas atom32. A GEANT4 simulation
predicts that events due to antihydrogen annihilation along the
vacuum tube upstream of the BGO scintillator are negligibly
small. Figure 3a shows that the number of events with energy
deposition above 40 MeV are significantly larger than those of the
background run, that is, the threshold energy Eth¼ 40 MeV can
be chosen to identify antihydrogen atoms annihilating on the
BGO scintillator. The total accumulation times for the schemes 1
and 2, and a background run were 4,950, 2,100 and 1,550 s,
respectively.

Discussion
To evaluate the statistical significance of these results, the
measured energy deposition spectra are integrated from Eth to
200 MeV. The filled squares and filled triangles in Fig. 3b show
such integrated events after subtraction of background counts for
both schemes, normalized to the data accumulation time of 150 s.
Taking into account the detection probability as a function of Eth
predicted by GEANT4, the absolute number of antihydrogen
atoms arriving at the BGO scintillator was evaluated, which is
shown in Fig. 3c. Irrespective of the threshold energy, for both
schemes the numbers are almost constant. We obtain around 6
and 4 for schemes 1 and 2, respectively. This demonstrates that
the characteristics of the detector system are well understood and
under full control.

In Table 1 the results of the analysis are summarized. It shows
the total measurement time, the total number of double
coincidence events Nt, the total number of double coincidence
events with deposition energy higher than 40 MeV in the BGO
scintillator N440 and the statistical significance of N440. In the
case of scheme 1, we detected 99 candidate events in 4,950 s, while
6 is the observed number of background events in 1,550 s. The
statistical significance of our data was evaluated using the
following two methods. The profile likelihood significance
incorporating Poisson fluctuations in the data33 is 5.0s. The
Z-value (significance in one-sided Gaussian standard deviations)
for the ratio of Poisson means34 is 4.8s. These statistical
significances unambiguously prove the observation of anti-
hydrogen atoms with nt43 at a distance of 2.7 m downstream
of the antihydrogen production region. Furthermore, in the case
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Figure 2 | Antihydrogen synthesis. (a) Illustration of the direct injection
scheme, which is used to produce antihydrogen atoms. A positron plasma
is confined and compressed at the centre of the nested well (black solid
line). The potential is opened (red solid line) when antiprotons with low
energy spread are injected into the positron plasma. The antiproton kinetic
energy is adjusted to slightly higher than the potential energy of the
positron plasma (yellow solid line), which ensures efficient mixing of
antiprotons and positrons. To prolong the interaction time during mixing, an
rf drive (not shown in the figure) is applied, which drives the axial
oscillation of the antiprotons. (b) The number of antihydrogen atoms field-
ionized downstream of the nested trap as a function of time. The filled black
squares are from an experiment when direct injection was applied. The
filled red circles represent results obtained from the rf-assisted direct
injection scheme. Error bars show s.d. of the mean. By applying the rf
drive the yield of field-ionized antihydrogen atoms was increased by a
factor of 3.5.
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Helmholtz	



coils
sextupole

antihydrogen	


detector

4.4 m



E.	
  WidmannE.	
  Widmann

SPIN-FLIP RESONATOR
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• f = 1.420 GHz, Δf = few MHz, ~ W power 	


•challenge: homogeneity over 10x10x10cm3@ λ=21cm	


•solution: strip line

RF cavity

9 
 

 

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
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Meshes on the front & back planes

Strip length in Z: !/2, !, 3!/2, ...

Width & strip distance: arbitrary

Low Q (500-1000)

Frequency can be changed by 1-2 MHz without 
external tuning

Homogeneity in X-Y plane is quite good

Longitudinal: B ~ sin(Z)

Zero field at the center plane

Front & back halves of the resonator are in 
opposite phase

Their effects cancel each other when "field = "HF 

independently of velocity
by Tom Kroyer, CERN

transverse field:	


homogeneous longitudinal field:	



cos(z)
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hydrogen beamline 
developed at SMI 

permanent sextupole for initial 
polarization developed at CERN 	



1.4 T integrated field	


10mm inner diameter 	


Permendur/permanent magnet

Polarized cold hydrogen beam:	


•Source of atomic hydrogen (microwave discharge)	


•Permanent sextupoles create polarized hydrogen beam	


•QMS detect GS hydrogen	


•Choppers connected to a lock-in amplifier for noise reduction

SETUP TESTING DURING LS1
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Summary:(350A,(mh53(various(B3fields(

fmeas = 1420405740 +- 24 Hz   ! 1.7e-8  
 
flit  = 1420405751.7667 Hz   ! Δf = 12 Hz 

coil(current( f3center( f3error(
(mA)( (Hz)( (Hz)(
3100( 1420406343( 31(
100( 1420406284( 31(
3205( 1420408209( 34(
205( 1420408249( 36(
3410( 1420415513( 38(
410( 1420415485( 43(
3615*( 1420427885( 30(
615( 1420427730( 35(

f (I ) = f0 ⋅ 1+ λ ⋅ I − I0( )( )
2

fit function: 

individual measurements: 

*mean(of(two(measurements(

Individual scans B field scan

error ~30 ppb error ~20 ppb!
   Δlit ~  8 ppb

external(B4field(=(+4410mA(

variance(of(residuals((reduced(chisquare)(=(WSSR/ndf(((:(1.10083(
(
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(
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PRELIMINARY
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EXPERIMENTS IN AN ATOMIC BEAM

• Phase 1 (ongoing): Rabi method	



!

!

!

!

• Phase 2: Ramsey separated oscillatory fields
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Linewidth reduced by D/L

Δν/ν ~10−7

microwave
cavity 1 sextupole 2

antihydrogen
detector

cusp trap microwave
cavity 2

D DL

microwave
cavity

sextupole 1

antihydrogen
detector

cusp trap
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(FAR) FUTURE EXPERIMENTS
!

• PHASE 3: TRAPPED 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
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M. Kasevich, E. Riis, S. Chu, R. Devoe,	


Prl 63, 612–615 (1989)
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SUMMARY

• Antiprotonic helium allows best p ̄mass determination	


• 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 	


• Time scale of precision experiments is 5-10 years 
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