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Exotic atom formation

• stopping of negatively 
charged particles in 
matter
• slowing down by 

ionization (normal 
energy loss)

• end when kinetic energy 
< ionization energy

• capture in high-lying 
orbits with n~√(M*/me) 

antiprotonic helium: τ ~ µs
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laser transition:
forced annihilation

τ ≤ ns
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Current source:  AD @ CERN

3

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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Antiprotonic Helium and CPT

• Three-body system He++-e–-p, 
• p in highly excited, near circular states (n,l) ~ (38,37)

• Easy (automatic) formation
• Comparison to 3-body QED calculations with mp

• 2 heavy centers: molecular calculations

CPT
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Progress in atomcule spectroscopy

100 keV

RFQDAD AD 5.3 MeV, 
pulsed dye laser
6x10−8

RFQD 100 keV, 
pulsed dye laser
1x10−8

RFQD 100 keV, 
seeded laser
2x10−9

6

    two-photon 
    transitions
    7x10−10
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First antiprotonic helium measurement using LEAR

First measurement using AD

Known mass of proton (proton-to-electron ratio)

RFQD

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
state (35, 33). b, Cherenkov detectors revealed the annihilation of !p4He1

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

c, The !p4He1 atoms were synthesized by decelerating a beam of antiprotons
using a radio-frequency quadrupole, and allowing them to stop in a cryogenic
helium target. Two Ti:sapphire pulsed lasers whose optical frequencies were
stabilized to a femtosecond frequency comb were used to carry out the
spectroscopy. CW, continuous wave; RF, radio frequency; SHG, second-
harmonic generation; THG, third-harmonic generation; ULE, ultralow
expansion.
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Figure 2 | Profiles of sub-Doppler two-photon resonances. a, Doppler- and
power-broadened profile of the single-photon resonance (36, 34)R (35, 33) of
!p4He1. b, Sub-Doppler two-photon profile of (36, 34)R (34, 32) involving the
same parent state. c, d, Profiles of (33, 32)R (31, 30) of !p4He1 (c) and (35,
33)R (33, 31) of !p3He1 (d). Black filled circles indicate experimental data
points with 1-s.d. error bars, blue lines are best fits of theoretical line profiles
(see text) and partly overlapping arrows indicate positions of the hyperfine
lines. a.u., arbitrary units.
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Experimental improvement: M. Hori MPQ Munich
Parallel theoretical improvement: V.I. Korobov JINR Dubna
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Two-photon spectroscopy of pbarHe+

7

‘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
state (35, 33). b, Cherenkov detectors revealed the annihilation of !p4He1

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

c, The !p4He1 atoms were synthesized by decelerating a beam of antiprotons
using a radio-frequency quadrupole, and allowing them to stop in a cryogenic
helium target. Two Ti:sapphire pulsed lasers whose optical frequencies were
stabilized to a femtosecond frequency comb were used to carry out the
spectroscopy. CW, continuous wave; RF, radio frequency; SHG, second-
harmonic generation; THG, third-harmonic generation; ULE, ultralow
expansion.
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Figure 2 | Profiles of sub-Doppler two-photon resonances. a, Doppler- and
power-broadened profile of the single-photon resonance (36, 34)R (35, 33) of
!p4He1. b, Sub-Doppler two-photon profile of (36, 34)R (34, 32) involving the
same parent state. c, d, Profiles of (33, 32)R (31, 30) of !p4He1 (c) and (35,
33)R (33, 31) of !p3He1 (d). Black filled circles indicate experimental data
points with 1-s.d. error bars, blue lines are best fits of theoretical line profiles
(see text) and partly overlapping arrows indicate positions of the hyperfine
lines. a.u., arbitrary units.
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two-photon laser spectroscopy:
mp̅/me = 1,836.1526736(23)(1.3 ppb)

7x10−10 (90%CL)

we obtained the ratio M!p/me5 1,836.1526736(23), which yielded the
best agreement between theoretical and experimental frequencies. The
uncertainty, 2.33 1026, includes the statistical and systematic experi-
mental contributions, respectively 1.83 1026 and 1.23 1026, and the
theoretical contribution, 1.03 1026. This is in good agreementwith the
four previous measurements of the proton-to-electron mass ratio21–24

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

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

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

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

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

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

oscilloscope, and the area under the peak in each of these time spectra (Fig. 1b) was
plotted as a function of laser frequency to obtain the resonance profiles in Fig. 2.
Eachdatapoint represents anaverageof 8–10antiproton beamarrivals at the target.
Thismeasurementwas repeated for 10,000 arrivals at various laser intensities, target
densities, frequency offsets (nd) and alignments of the antiproton beam. The fact
that the pulsed laser can maintain absolute precision for the duration of the mea-
surements was verified by using part of the light to measure the 6s–8s two-photon
transition frequency of caesium 20 times over a two-week period. The result, with a
conservative error of 1.43 1029, was in good agreement with previous experi-
ments30. The acquired resonance profile was fitted with the theoretical two-photon
resonance line shape as described in the main text. This a-priori calculation well
reproduced the experimental data (Fig. 2). The validity of this method was also
partly verified by using it to analyse the above-mentioned caesium two-photon
signal11.
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with constraint 
G. Gabrielse et al.  Phys. Rev. Lett. 82 (1999) 3198 

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

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

Table 1 | Spin-averaged transition frequencies of !pHe1

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

Transition frequency (MHz)

Experiment Theory

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

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

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

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

Datum Error (MHz)

Experimental errors

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

Theoretical uncertainties

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

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

(36, 34) → (34, 32)

–4 –2

p3He+

p4He+

0
(�th – �exp)/�exp (p.p.b.)

2 4

(33, 32) → (31, 30)

(35, 33) → (33, 31)

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

4He1 and !p3He1 agree with theoretical values (nth; red
squares) to within fractional precisions of (2–5)3 1029. Error bars, 1 s.d.;
p.p.b., parts per 109.
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included in CODATA 2010 for proton
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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12. Udem,Th., Holzwarth, R.&Hänsch, T.W.Optical frequencymetrology.Nature416,
233–237 (2002).

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

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

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

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

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

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

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

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

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

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

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

23. Beier, T. et al. New determination of the electron’s mass. Phys. Rev. Lett. 88,
011603 (2002).
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Antiprotonic helium „atomcule“ HFS
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determination of µp ̅

• νSHF
+ , νSHF

− most sensitive, but impossible to measure (power requirement)

• ∆νHF = νHF
− − νHF

+ = νSHF
+ − νSHF

− : sensitive to μp̅

• sensitivity factors from theory (D. Bakalov and E.W., PRA 76 (2007)  012512)
• S(F,J)= ∂EnFLJ / ∂µp ̅ |µp ̅ =−µp

• S(νHF
+) = S(F−J−−) − S(F+J+−)
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1st Observation of HFS in a laser transition

• 1.70 GHz is difference of HF splitting of (37,35) and (38,34) state
• SHFS transitions cannot be observed due to Doppler broadening & laser 
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Laser-microwave-laser resonance experiment

      Laser scan
Time spectrum 
with 2 laser 
pulses
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J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 081008 Fast Track Communication
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Figure 4. Laser resonance profile of the (n, l) = (37, 35) to (38, 34) transition measured at a temperature of 6.1 K, an He pressure of
250 mbar and the laser energy fluence of 30 mJ cm!2 in (a) 2006 fitted with a double Voigt profile and (b) 2001 [14] fitted with a double
Voigt profile.

A cylindrical resonant microwave cavity created the
microwave field at the target. To cover the entire microwave
range, the cavity, which had an unloaded quality factor Q0

of "2700, was over-coupled to the waveguide so that its
loaded quality factor QL was "100. A triple-stub-tuner
(TST), a custom-made device with three perpendicular lengths
of waveguides shorted by actuator-controlled, moveable
(0–25 mm) chokes, was inserted into the waveguide circuit
outside the cryostat. By changing choke positions, the TST
allowed the impedance of the transmission line to be matched
to the cavity and the central frequency chosen. By this
method the cavity was tunable, across the frequency range
!f = f0/QL " 100 MHz, where f0 " 12.91 GHz is the
central frequency of the cavity, while achieving at each point
a resonance condition with a Q-value close to Q0.

An antenna was attached to the back of the cavity in an
under-coupled arrangement so as not to disrupt the field. It
picked up a signal (pickup) relative to the field inside the
cavity and carried it through co-axial (SMA) cables to an I/Q

mixer (MITEQ IR0618 L C2Q) which displayed a dc signal
proportional to the in-phase (I) and quadrature (Q) component
of the input signal to a DSO. From the I and Q signals, the
time evolution of the amplitude and phase of the magnetic
field in the cavity can be extracted for diagnostic purposes.
A second I/Q mixer analysed a sample microwave signal
(sample), which was a fraction of the main signal attenuated
by 50 dB, and displayed the information on the same DSO.

Timing was controlled by a Stanford Research (DG535)
signal generator, triggered by a signal pulse from the AD. Such
a device was used to pulse the TWTA, to gate the PMTs and
fire each of the Nd:YAG pump lasers. Although the entire
microwave pulse was 20 µs long the time for which the
microwave signal affected the atoms was determined by the
duration T between the first and second laser pulse, which was
of the order of several hundred nanoseconds starting after the
microwave was switched on and ending before it was switched
off.

Prior to the beam time, a range of microwave frequencies
was determined with various TST positions and recorded. In
the "90 s period between each p arrival, the data acquisition

system was computer controlled to: (1) move the TST to the
next set of positions and set the VNA to the corresponding
CW microwave frequency, (2) warm up the TWTA at a rate of
10 Hz for 12 s, (3) wait for a trigger from the AD, (4) fire the
amplifier and then the two lasers and (5) record data.

5. Results

To achieve the highest degree of precision, it is necessary to
make a high statistic measurement under optimum conditions.
The linewidth is limited by the Fourier transform of the
microwave pulse which is determined by the laser delay time
T, where the frequency difference between the half-intensity
points !" = 0.799/T . Ideally, to make the linewidth as
narrow as possible, the maximum laser delay should be chosen.
However, if T is increased indefinitely, long before all the
metastable atoms annihilate, the asymmetry, induced by the
first laser, is lost due to relaxations caused to inelastic collisions
and refilling from higher states. Once an asymmetry has been
created, the particles begin to return to equilibrium through
spin exchanging inelastic collisions. The relaxation time #c

has been calculated by Korenman and Yudin to lie between
160.5 ns and 325 ns for a target density of 250 mbar and a
temperature of 6 K [25].

To help determine the optimum conditions and to
ensure that the asymmetry was not lost to collision-induced
relaxations, the maximum achievable signal-to-noise ratio was
measured for a range of laser delays (T = 150 ns, 350 ns,
500 ns, 700 ns and 1000 ns). The results are shown
in figure 5(a) where the signal-to-noise ratio is defined as
the ratio between the on-resonance and off-resonance signal
amplitudes. Scans at three different laser delays (T = 150 ns,
350 ns and 500 ns) were also measured, as shown in figure 5(b),
where the reduction in linewidth can be observed with the
increase in T. In the T = 350 ns and T = 500 ns measurements,
the widths are just larger than the Fourier transform of the
equivalent time delay. This small broadening is probably due
to elastic collisions, calculated to be between 5.92 MHz and
2.66 MHz [25].

4
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Experimental setup
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Microwave cavity

• low Q (~100) to avoid mechanical 
tuning

• tuning via synthesizer and stub tuner

•cavity for 13 GHz at < 10 K to 
reduce Doppler broadening

•Meshes to allow pbar and laser 
light to enter

13
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42 The Microwave Spectroscopy Apparatus

Figure 5.2: 3D simulation of the microwave system with HFSS [57].

Figure 5.3: Simulations of the magnetic field distribution in the microwave sys-

tem. The picture on top displays the magnitude of the magnetic field

and the picture at the bottom the magnetic vector field in cavity and

waveguide [57].
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First observation of HFS MW transition
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• Comparison to theory favours most 
recent results of both groups
• Korobov, Bakalov JPB 34 L519 2001
• Kino et al. Proc. APAC 2001

• Difference < 6 x 10–5

• Corresponds to theoretical 
uncertainty 
• Omission of terms O(α2)~5x10−5 

νHF
+ 12.895 96(34) GHz 27 ppm

νHF
– 12.924 67(29) GHz 23 ppm
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Systematic studies in 4He

15

T. Pask et al. / Physics Letters B 678 (2009) 55–59 57

Table 1
A list of the experimental data including parameters pressure p, laser delay T , microwave power P , number of shots from the AD p̄ shots, HF transition frequencies !±

HF, and
peak widths "± .

p (mbar) T (ns) P (W) p̄ shots !+
HF (GHz) "+ (MHz) !!

HF (GHz) "! (MHz)

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

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

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

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

Table 1 shows a summary of all data measured for this experi-
ment. The line shape was determined in Pask et al. [13] to be
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Data measured with the same p and T were fitted simultaneously
with common parameters for height, width and central frequency.
Two data sets were systematically examined: (1) Microwave power
dependence, and (2) Pressure dependence.

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

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

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

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

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

HF ! !+
HF, see Fig. 5, in accordance with predictions.

A more recent calculation [27], based on measurements of the
collisional broadening [25], predicts & = !0.048 kHz/mbar which
is less than the experimental precision. As a negative slope contra-
dicts the predictions, the average of each measurement was taken
but the error used was that of the extrapolation to zero density
from the fit.
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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 !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

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

nal magnetic field occurs at a rate of #± ! 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 $"HF is directly proportional to this
value. The predicted density shift for $"HF 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 "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

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

"+
HF (GHz) "#

HF (GHz) $"HF (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 $"HF = !N

i ("#
HFi

# "+
HFi

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

!N
i "#

HFi
# !N

i "+
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 $"HF 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 $"HF. 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 "±

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 $"HF 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 $"HF 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 = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

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 "̄+

HF and "̄#
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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above holds and the data can be averaged to obtain a final value
of $"HF. 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
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tor 20 less than that of the theoretical calculations and, although
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Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

HF as an empty triangle (P). The estimated theoretical error is 1.3 MHz [18] and therefore too large to be shown on the
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which constitutes the point at p = 150 mbar in (a).

Time between laser shots Target pressure, MW power

Sonntag, 09. Dezember 12



S
te

fa
n 

M
ey

er
 In

st
itu

te

E. Widmann

Comparison to theory in 4He

16

12.924,0!

12.924,2!

12.924,4!

12.924,6!

12.924,8!

12.925,0!

12.925,2!

12.925,4!

12.925,6!

0! 100! 200! 300! 400! 500!

ν H
F−

 (
M

H
z)


Pressure (mbar)

Korobov 01! Korobov 09! Pask 09! P09 Average!

exp

theory

νHF−

12.896,0!

12.896,2!

12.896,4!

12.896,6!

12.896,8!

12.897,0!

12.897,2!

12.897,4!

12.897,6!

0! 100! 200! 300! 400! 500!

ν H
F+

 (
M

H
z)


Pressure (mbar)

Korobov 01! Korobov 09! Pask 09! P09 Average!

νHF+

accuracy exp: νHF :  5 ppm
              th:         50 ppm

S. Friedreich, et al., Hyperfine 
Interactions, 199, 337–346 (2011)

Sonntag, 09. Dezember 12



S
te

fa
n 

M
ey

er
 In

st
itu

te

E. Widmann

Magnetic moment of the antiproton

2.
76

2.
78

2.
80

2.
82

2.
84

2.
86

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

P
a
s
k
 e

t 
a
l.

K
re

is
s
l 
e

t 
a
l.

Magnetisches Moment des Protons

R
o
b
e
rt

s
 e

t 
a

l.

H
u

 e
t 

a
l.

K
e

rn
m

a
g
n
e
to

n

Jahr

Magnetisches Moment des Antiprotons

58 T. Pask et al. / Physics Letters B 678 (2009) 55–59

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 !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

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

nal magnetic field occurs at a rate of #± ! 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 $"HF is directly proportional to this
value. The predicted density shift for $"HF 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 "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

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

"+
HF (GHz) "#

HF (GHz) $"HF (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 $"HF = !N

i ("#
HFi

# "+
HFi

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

!N
i "#

HFi
# !N

i "+
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 $"HF 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 $"HF. 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 "±

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 $"HF 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 $"HF 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 = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

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 "̄+

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

which constitutes the point at p = 150 mbar in (a).
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
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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-
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a 10 MHz GPS receiver, the precision of the frequency source is
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systematic.

The individual transition frequencies have a negligible de-
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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 $"HF. 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
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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 $"HF 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.
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Fig. 4. The difference %exp-th = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

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 "̄+

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

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

The limit of experimental precision has been reached for the
(37,35) state. The study of other states with larger !"HF could
potentially increase the precision but the system cannot generally
be improved due mainly to uncontrollable fluctuations of the AD
beam. Preparations are underway to measure the HF splitting of
p̄3He+ which, because of the additional helion spin, provides a
more thorough test of the theory but yields no further informa-
tion on the magnetic moment. The theorists are currently working
on an #6 calculation but a significant change in !"HF is not ex-
pected.
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Other systematic effects that influence the measurement in-
clude external magnetic fields, precision of the microwave fre-
quency source, shot-to-shot microwave power fluctuations and
variances in the laser position and fluence from day to day. How-
ever these effects have been determined to be far smaller than the
shot-to-shot fluctuations of the antiproton beam. Data was mea-
sured over a long period to reduce these drift effects and variations
in the p̄ intensity have been reduced by normalising the second
laser induced annihilation peak with the first (proportional to the
number of antiprotons captured). Despite these considerations the
reduced chi-squared !red of the fit was !red ! 3. To adjust for this
the error bars were inflated by

"
!red ! 1.7.

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

nal magnetic field occurs at a rate of #± ! 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 $"HF is directly proportional to this
value. The predicted density shift for $"HF 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 "±

HF are the
HF transition frequencies and $"HF is the difference between "#

HF and "+
HF. The

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

"+
HF (GHz) "#

HF (GHz) $"HF (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 $"HF = !N

i ("#
HFi

# "+
HFi

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

!N
i "#

HFi
# !N

i "+
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 $"HF 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 $"HF. 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 "±

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 $"HF 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 $"HF 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 = "exp #"th for "±
HF between experiment and the closest theory = 0 MHz [15]. The second theory [17] is another 300 kHz less. The experimental

value of "+
HF is shown as a solid triangle (Q) and "#

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 "̄+

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

which constitutes the point at p = 150 mbar in (a).
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Fig. 1. A schematic drawing of the laser–microwave–laser method. The dashed ar-
rows indicate the laser transitions between the SHF levels of the radiative decay-
dominated state (n, L) = (36,34) and the Auger decay-dominated state (n, L) =
(37,33) of p̄3He+ . The wavy lines illustrate the microwave-induced transitions be-
tween the SSHF levels of the long-lived state.

orbital angular momentum and antiproton spin !S p̄ in combination
with the contact spin–spin and the tensor spin–spin interactions
between the particles result in a further splitting of the SHF states
into eight substates – as illustrated in Fig. 1 – which we call super-
super-hyperfine (SSHF) splitting. This octuplet structure can be de-
scribed by the quantum number !J = !G + !S p̄ = !L + !Se + !Sh + !S p̄ .
Even though the magnetic moment of the antiproton is larger than
that of the 3He nucleus, the former has a smaller overlap with the
electron cloud. Therefore it creates a smaller splitting.

In p4He+ , however, where the 4He nucleus has zero spin, only
a quadruplet structure is present. The hyperfine structure of the
(n, L) = (37,35) state of p4He+ was already extensively studied.
Through comparison of the experimental results to state-of-the-
art three-body QED calculations a new experimental value for the
spin magnetic moment of the antiproton was obtained as µp̄

a =
2.7862(83)µN [5], where µN is the nuclear magneton. This is more
precise than the previous measurement by Kreissl et al. [6]. The
agreement with µp

a was within 0.24% [7,8].
New microwave spectroscopy measurements with p3He+ were

started, studying the state (n, L) = (36,34). It was the first attempt
to measure the microwave transition frequencies of antiprotonic
3He. Transitions between the SSHF states can be induced by a mag-
netic field oscillating in the microwave frequency range. Due to
technical limitations of the microwave input power, only the tran-
sitions which flip the spin of the electron can be measured. There
are four such “allowed” SSHF transitions for the (n, L) = (36,34)
state of p3He+ , of which we report on two:

!""
HF : J""" = L " 3

2
# J+"" = L " 1

2
,

!"+
HF : J""+ = L " 1

2
# J+"+ = L + 1

2
. (1)

The interest in p3He+ arose from its more complex structure
due to the additional coupling of the nuclear spin with the antipro-
ton orbital angular momentum. Such a measurement will allow a

more rigorous test of theory. The theoretical calculations have been
developed by two different groups [9–11]. The hyperfine structure
for p3He+ has been calculated by V. Korobov [12] with the most
accurate variational wave functions.

3. Laser–microwave–laser spectroscopy

The experimental technique is a three-step process, referred to
as laser–microwave–laser spectroscopy (Fig. 1).

After antiprotonic helium is formed, the atoms in the hyperfine
substates are all equally populated. Therefore, at first a population
asymmetry between the SSHF substates of the measured radiative
decay state (n, L) needs to be created. This depopulation is induced
by a short laser pulse, which transfers the majority of the antipro-
tons from one of the HF states of the radiative decay-dominated,
metastable parent state to the Auger decay-dominated, short-lived
daughter state ( f + transition in Fig. 1). The bandwidth of the laser
is narrow enough so that the f " transition is not excited. Thus
the antiprotons in the other HF state are not affected, which re-
sults in the desired population asymmetry. The antiprotons in the
short-lived daughter state annihilate within a few nanoseconds.
Afterwards, a microwave frequency pulse, tuned around the tran-
sition frequency between two SSHF (p3He+) states of the parent
state, is applied to the antiprotonic helium atoms. If the microwave
field is on resonance with one of the SSHF transitions, this will
cause a population transfer and thus a partial refilling of one of
the previously depopulated states. Then, a second laser pulse is
applied again to the same transition ( f +) as before, which will
again result in subsequent Auger decay of the transferred atoms
and annihilation of the antiprotons. Thus the number of annihila-
tions after the second laser pulse will be larger if more antiprotons
were transferred by the microwave pulse.

The annihilation decay products – primarily charged pions, but
also electrons and positrons – resulting from the decay of the
daughter state after the two laser pulses, are detected by two
Cherenkov counters (see Section 4).

Prior to the first laser-induced population transfer a large an-
nihilation peak (prompt) is caused by the majority of pHe+ atoms
which find themselves in Auger decay-dominated states and anni-
hilate within picoseconds after formation. At later times, this peak
exhibits an exponential tail due to pHe+ atoms in the metastable
states cascading more slowly towards the nucleus. This consti-
tutes the background for the laser-induced annihilation signals. As
mentioned above, the daughter state has a very short lifetime of
$10 ns and thus the population transfer is indicated by a sharp
annihilation peak against the background during the two laser
pulses. The area under these peaks is proportional to the popula-
tion transferred to the Auger decay-dominated state. This spectrum
is called an analogue delayed annihilation time spectrum or ADATS.
The spectrum with the two laser-induced peaks super-imposed on
the exponential tail is displayed in Fig. 2.

Since the intensity of the antiproton pulse fluctuates from shot
to shot, the peaks must be normalised by the total intensity of the
pulse (total). This ratio is referred to as peak-to-total. The peak-to-
total (ptt) corresponds to the ratio of the peak area (I(t1) or I(t2))
to the total area under the full spectrum (see Fig. 2). If the second
laser annihilation peak is further normalised to the first one, the
total cancels out. The frequencies of the two SSHF transitions can
now be obtained as distinct lines by plotting I(t2)

I(t1)
as a function of

the microwave frequency. The ratio I(t2)
I(t1)

is largely independent of
the intensity and position of the antiproton beam. The height of
the microwave spectrum lines depends on the time delay between
the two laser pulses and collisional relaxation effects which are
estimated to be 1 MHz at 6 K [13].
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We report on the first experimental results for microwave spectroscopy of the hyperfine structure of
p3He+. Due to the helium nuclear spin, p3He+ has a more complex hyperfine structure than p4He+,
which has already been studied before. Thus a comparison between theoretical calculations and the
experimental results will provide a more stringent test of the three-body quantum electrodynamics
(QED) theory. Two out of four super-super-hyperfine (SSHF) transition lines of the (n, L) = (36,34)
state were observed. The measured frequencies of the individual transitions are 11.12559(14) GHz and
11.15839(18) GHz, less than 1 MHz higher than the current theoretical values, but still within their
estimated errors. Although the experimental uncertainty for the difference of these frequencies is still
very large as compared to that of theory, its measured value agrees with theoretical calculations.
This difference is crucial to be determined because it is proportional to the magnetic moment of the
antiproton.

! 2011 Elsevier B.V. All rights reserved.

1. Introduction

It was observed for the first time at KEK in Japan in 1991
[1] that antiprotons stopped in helium can survive for several mi-
croseconds.

If an antiproton is approaching a helium atom at its ionization
energy (24.6 eV) or below, the antiproton can eject one of the two
electrons from the ground state of the helium atom, replace it and
thus get captured. This exotic, metastable three-body antiprotonic
helium, i.e. pHe+ , consists of one electron in the ground state, the
helium nucleus and the antiproton [2–4]. The atoms occupy circu-
lar states with L close to n, where L is the angular momentum
quantum number and n the principal quantum number. The elec-
tron remains in the ground state. The antiproton is, due to its high
mass, most likely to be captured into states with high angular mo-
mentum, i.e. n = n0 " #

M!/me $ 38, M! being the reduced mass
of the system.

About 97% of these exotic atoms find themselves in states
dominated by Auger decay and ionize within a few nanoseconds
because of the Auger excitation of the electron. Afterwards, the re-

* Corresponding author.
E-mail address: susanne.friedreich@oeaw.ac.at (S. Friedreich).

maining antiprotonic helium ion undergoes Stark mixing due to
the electric field of the surrounding helium atoms. The antiprotons
then annihilate within picoseconds with one of the nucleons of the
helium nucleus because of the overlap of their wave functions.

Only 3% of the antiprotonic helium atoms remain in metastable,
radiative decay-dominated states. In this case, the change of orbital
angular momentum in the Auger transition is large and thus Auger
decay is suppressed. Consequently, these states are relatively long
lived, having a lifetime of about 1–2 µs. This time window can be
used to do microwave spectroscopy measurements.

2. Hyperfine structure of antiprotonic helium

The interaction of the magnetic moments of its constituting
particles gives rise to a splitting of the p3He+ energy levels. The
coupling of the electron spin %Se and the orbital angular momen-
tum of the antiproton L leads to the primary splitting of the
state into a doublet structure, referred to as hyperfine (HF) split-
ting. The quantum number %F = %L + %Se defines the two substates as
F+ = L + 1

2 and F& = L & 1
2 . The non-zero spin of the 3He nucleus

causes a further, so-called super-hyperfine (SHF) splitting, which can
be characterized by the quantum number %G = %F + %Sh = %L+ %Se + %Sh,
where %Sh is the spin of the helium nucleus. This results in four
SHF substates. At last, the spin–orbit interaction of the antiproton

0370-2693/$ – see front matter ! 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2011.04.029
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Summary and Outlook

• Atoms containing antiprotons offer exciting possibilities 
for tests of fundamental symmetries & interactions

• Precision spectroscopy of antiprotonic helium & three-
body bound state QED
• determine mass, charge (rel. error 7x10−10), magnetic moment 

(rel. error 2.9x10−3) of the antiproton to highest precision
• contribute to fundamental constants if CPT is assumed

• ultimate test of CPT with antiprotons
• antihydrogen

• CERN-AD is currently unique in the world
• More low-energy antiprotons needed

• ELENA upgrade at CERN (recently approved, start 2017)
• FLAIR at FAIR (next decade)

20
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New laser system

• Reduction of line width
• Fourier limit

• Higher signal-to-noise
• laser pulse > Auger lifetime

40

A new Laser System

Advantages over previous system: 
 

  narrow linewidth                           
  single mode, high shot-to-shot stability 

  Long pulse length (more than 10ns) 
  Unlimited time difference between the two laser pulses 

! =100MHz

•Laser stability
• pulse-amplified cw laser
• narrow linewidth <100MHz
• arbitrary time difference between 
• the two laser pulses

M. Hori, A. Dax
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