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Abstract

Some laser spectroscopy experiments carried out by the Atomic Spectroscopy and Col-
lisions Using Slow Antiprotons (ASACUSA) collaboration to measure the single-photon
transition frequencies of antiprotonic helium (pHe™ = p+He>* +¢7) atoms are reviewed.
The pHe™ were cooled to temperature T = 1.5-1.7 K by buffer-gas cooling in a cryogenic
gas target, thus reducing the thermal Doppler width in the single-photon resonance lines.
The antiproton-to-electron mass ratio was determined as M3/m, = 1836.1526734(15)
by comparisons with the results of three-body quantum electrodynamics calculations. This
agreed with the known proton-to-electron mass ratio.
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1 Introduction

Metastable antiprotonic helium (pHe' = p + He?* + ¢7) is a three-body atom composed
of a helium nucleus, an electron in the ground state, and an antiproton occupying a Ryd-
berg state of principal and orbital angular momentum quantum numbers n ~ £ — 1 ~ 38
[1-3]. By measuring its transition frequencies by laser spectroscopy [4—7], and comparing
the values with the results of three-body quantum electrodynamics (QED) calculations, the
antiproton-to-electron mass ratio M7 /m, can in principle be determined with a relative pre-
cision of < 107!!. This corresponds to the best determinations of the proton-to-electron
mass ratio M, /m, from Penning trap experiments [8—12], or laser spectroscopy of HD™
molecular ions [13-15]. Spectroscopy of pHe™ also provides a consistency test of CPT
symmetry, which may be complementary to the experiments on antihydrogen atoms [16—
18]. The data have also been used to constrain exotic fifth forces that may exist at the ~ 1
A length scale [19-23].
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The atoms are experimentally synthesized via the reaction, p + He — pHet + e™,
which occurs when an antiproton beam [24] is allowed to come to rest in a helium gas tar-
get [25-27]. The transition frequencies of pHe™ spanning the infrared to ultraviolet regions
have been calculated [1-3] to a relative precision of ~ 10710 by evaluating the QED cor-
rections up to order m.c’ in atomic units. Here m, and « respectively denote the electron
mass and the fine structure constant. The calculations used the International Council for
Science Committee on Data for Science and Technology (CODATA) 2010 recommended
values of the fundamental constants [28], which included the fine structure constant «, the
3He- and *He-to-electron mass ratios, the Bohr radius, and the Rydberg constant. The cor-
rections to the atomic transition frequencies that arise from the finite charge radii of the
helium nucleus (4 to 7 MHz) and of the antiproton [29, 30] (< 1 MHz) are small in the
case of pHe™, because the spatial overlap between the Rydberg antiproton orbital and the
nucleus is relatively small, and because the negatively-charged antiproton is polarized away
from the 1s electron in the atom. Past experiments on antiproton-nucleon scattering and
X-ray spectroscopy of antiprotonic atoms provide an upper limit on the radius of antipro-
tons [31-34], but the pHe™ experiments have not yet reached a precision that is sensitive
to this.

2 Buffer gas cooling of pHe* atoms

In the experimental target, the thermal motions of pHe™ at temperature 7 broadens the
width of the measured single-photon laser resonances by a factor, v/8kz T log 2/ M c?. Here
v denotes the transition frequency, kp the Boltzmann constant, M the atom’s mass, and c the
speed of light. In past experiments, the corresponding loss in the spectral resolution limited
[35] the precision in the determination of the resonance centroid to around 10~7-1078.
One way to reach a precision beyond this Doppler limit was recently provided by two-
photon spectroscopy [4, 36], in which the pHe™ was irradiated by two counterpropagating
ultraviolet laser beams.

An alternative method of increasing the spectral resolution involved cooling some 2 x 10°
PpHe™ atoms to a temperature 7 = 1.5-1.7 K, by allowing the pHe™ to undergo elastic
collisions with cryogenic helium gas [5]. This cooling is in contrast to the behavior seen in
other types of hadronic exotic atoms, such as pionic hydrogen [37], which was found to be
heated by collisions with the surrounding H, molecules that led to the deexcitation of the
atom. The density of the buffer gas (T ~ 1.5 K and P = 40-170 Pa) was carefully adjusted
so that the pHe™ atoms, once formed, rapidly underwent a few hundred or more cooling
collisions. The atoms were then interrogated by the resonant laser beam. The presence of
the 1s electron protected a significant fraction of the pHe™ from annihilation during this
cooling.

The experiment (see Fig. 1) was carried out by utilizing the pulsed beam of the Antipro-
ton Decelerator (AD) of CERN that contained between 2 x 107 and 3 x 107 antiprotons with
akinetic energy E = 5.3 MeV and repetition rate f = 0.01 Hz. A fraction of the antiprotons
were slowed down to E = 75 keV by allowing them to traverse a 3 m long radiofrequency
quadrupole decelerator. The device was also recently used to attempt to measure the annihi-
lation cross sections of antiprotons that traversed some thin target foils [38—42]. The 75-keV
antiprotons that emerged from the RFQD were transported by a beamline and allowed to
enter the cryogenic helium gas target. The target was in thermal contact with an open-cycle
Joule-Thomson cryocooler which was cooled to a temperature T ~ 1.3 K. The pHe™ atoms
were irradiated by At = 40 to 100 ns long laser pulses [43] with peak powers P = 0.5 to
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Fig.1 Experimental layout [5] used to synthesize pHe™, which are then cooled to temperature 7 = 1.5-1.7
K (top). Laser system used for single-photon spectroscopy (bottom)
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Fig. 2 The resonance profiles of the single-photon transitions a (n, £) = (37,35) — (38,34),b (n,¢) =
(39,35) — (38,34), and ¢ (n,£) = (38,35) — (39, 34) of buffer-gas cooled F‘He*. d The resonance
profile (36, 34) — (37, 33) of p°He™. The x-abscissa indicates the offset of the laser frequency relative to
the resonance centroid. Solid curves indicate the best fit of an ab initio model based on the optical Bloch
equation. From Ref. [5]

10 kW and wavelengths A = 264 to 841 nm, which were generated by Ti:Sapphire or dye
laser systems.

The spectra of Fig. 2a—c show the resonance profiles of the transitions (n,£) =
(37,35) — (38, 34), (39, 35) — (38, 34), and (38, 35) — (39, 34) of p*He*. The spectra
were obtained by plotting the intensities of the antiproton annihilation signals which were
induced at multiple laser frequencies between —1 and 1 GHz around the resonance centroid.
The arrows indicate the positions of the four hyperfine sublines that arise from the spin-spin
interaction between the antiproton and electron in p*He™. The single photon resolution of
some of these profiles exceeds those of sub-Doppler two-photon spectroscopy experiments
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using higher-temperature atoms [4]; this indicates the low T = 1.5-1.7 K temperature of the
atoms. Figure 2d shows the profile of the ﬁ3He+ resonance (n, £) = (36, 34) — (37, 33);
the three-peak structure arises from the eight unequally spaced hyperfine sublines caused
by the interactions between the 3He nuclear, electron, and antiproton spins. For each tran-
sition, the spin-independent transition frequencies were determined by fitting the profiles
with a theoretical line shape (indicated by blue lines). These line shapes were obtained
by solving the optical Bloch equations [36] that model the corresponding single-photon
transition. The experimental uncertainties in the determinations of the pHe™ frequencies
include contributions from the statistical uncertainty (=1 MHz) that arises from the lim-
ited number of measured atoms, and the systematic uncertainty of 0.4-3 MHz caused by
the fitting function. The dye and Ti:Sapphire lasers used to excite the atoms contain a
spurious frequency modulation, which were measured with a precision of 0.4—1.0 MHz.
The ac Stark effects that were induced by the lasers, and magnetic Zeeman shifts due
to residual magnetic fields, caused systematic effects of < 0.1 MHz and < 0.2 MHz,
respectively.

Eight transition frequencies of p*Het atoms and five transition frequencies of p>He™t
were measured with relative uncertainties between 2.5 x 107 and 15 x 10~°. The exper-
imental frequencies vexp, (Fig. 3a, open circles with error bars) agree with theoretical vy,
values (filled squares). Due to the cooling techniques and improvements in the experimen-
tal apparatus, this agreement is a factor of 1.4 to 10 times better than previous single-photon
experiments [35] of pHe™. The uncertainties for most of the theoretical frequencies vy, arise
from uncalculated QED contributions of orders higher than m.a”.

When the antiproton-to-electron mass ratio Mz/m, used in the QED calculations was
changed by a fractional amount 1 x 10~°, the theoretical pHe* frequencies vy, changed
by 2.6 x 1072 to 2.7 x 10~°. By minimizing the difference between the frequencies Vexp
and vy, the mass ratio was determined as, M5/m, = 1836.1526734(15). The one-standard
deviation uncertainty in the parenthesis includes the three contributions 9x 10~7, 11 x 1077,
and 3 x 1077 of the experimental statistical and systematic uncertainties, and the theoretical
uncertainty, respectively.

The atomic mass of the electron has been determined [11] with a relative precision of
3 x 107! in an experiment involving the confinement of a '>C* ion in a Penning trap.
The cyclotron frequency of its motion in a magnetic field and the precession frequency
of the electron spin was measured, and the results compared with QED calculations of its
g-factor [44]. From this and the proton mass which was recently measured in a separate
measurement with a Penning trap [12] from the same collaboration, the proton-to-electron
mass ratio was determined as, M,/m, = 1836.152673346(81). In Fig. 3b, these latest
M, /m., mass ratios are shown together with the results of previous experiments that were
determined by comparing the cyclotron frequencies of protons and electrons in a Penning
trap [8], laser spectroscopy of cold HDT molecular ions [13], and the CODATA 2010 rec-
ommended value [28]. The recent high-precision values are in good agreement with the
M3/ m, ratio determined from pHe™. The TRAP and BASE experiments of CERN have
compared the cyclotron frequencies of antiprotons and H™ ion pairs confined in a Penning
trap [45, 46]. A limit of 5 x 10719 was set [5, 47] on any deviation between the antipro-
ton and proton masses and charges by combining the results with the pHe™ spectroscopic
data.

The ﬁ“He‘* transition (n, £) = (40,36) — (41, 35) was recently studied by laser spec-
troscopy [6]. For this a stimulated first-order Raman scattering process in a Hy gas cell was
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Fig. 3 a Comparison of experimental and calculated transition frequencies, showing the fractional differ-
ences between the experimental (open circles) and theoretical (squares) values of 13 transition frequencies
of cooled p*Het and p°Het atoms. b Proton-to-electron mass ratios measured in Penning traps and laser
spectroscopy of HD' molecular ions, compared with the antiproton-to-electron mass ratio determined by
spectroscopy of pHe™. The shaded area represents the CODATA 2010 recommended value [28]. The more
precise CODATA 2014 value is similar to the high-precision result of Ref. [11], see text. From Ref. [5]

used to generate the 7 ns long laser pulses of wavelength A = 1154.9 nm needed to excite the
transition. The experiments showed that most of the metastable populations are concentrated
into states of principal quantum number n > 40, whereas the states n > 41 contain rel-
atively small populations of antiprotons. A laser-microwave-laser triple resonance method
was used to study the hyperfine structure of the (n, £) = (36, 34) state of ﬁ3He+ [7].

3 Conclusions and future perspectives

The transition frequencies of antiprotonic helium cooled to temperature 7 ~ 1.5 — 1.7 K
were measured to a fractional precision between 2.5 x 10~ and 16 x 10~ by single pho-
ton spectroscopy. The precision on the calculations of pHe™ energies are now more than an
order of magnitude higher than these experimental uncertainties, whereas further improve-
ments in the theoretical precision are expected in the next 5 years. The Extra Low Energy
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Antiproton Ring (ELENA) facility due to begin full operation in 2021 will provide a high-
quality, cooled antiproton beam of kinetic energy £ = 100 keV. Using this beam, samples
of pHe™ could be formed in a smaller volume in the experimental target, so that lasers
of lower power and higher spectral resolution could be utilized. The superior intensity and
positional stability of the antiproton beam should improve the signal-to-noise ratio on the
PHe™ spectral lines measured by the experiment. This may allow us to resolve weak pHe™
transitions between metastable states of smaller natural width, which can be measured with
a higher precision.

Metastable pionic helium (x He™) is an analogous three-body atom [48-50] that consists
of a helium nucleus, an electron in the 1s ground state, and a negative-charged pion in a
Rydberg state of quantum numbers n ~ ¢ — 1 ~ 16. The spectral lines of these atoms
have never been directly observed, and so the existence of wHe™ is so far hypothetical.
Laser spectroscopy of the atom is currently being attempted at the 590 MeV ring cyclotron
facility of the Paul Scherrer Institute. The 7~ mass [51] can in principle be determined with
a fractional precision of 1078 to 107%, by comparing the experimental frequencies with
those derived from QED calculations. The first experiments have been carried out and data
analysis is ongoing.
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