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Abstract

We review recent progress in the laser and microwave spectroscopy of antiprotonic helium
atoms (pHe* = e~ — p — He**) carried out at CERN’s Antiproton Decelerator facility (AD).
Laser transitions were here induced between Rydberg states (n,£) and (n = 1,£ — 1) of
pHe* (n ~ 40 and ¢ < n — 1 being the principal and orbital angular momentum quantum
numbers of the antiproton orbit). Successive refinements in the experimental techniques
improved the fractional precision on the pHe" frequencies from 3 parts in 10 to ~1 part
in 10%. These included a radiofrequency quadrupole decelerator, which reduced the energy of
the antiprotons from 5.3 MeV (the energy of the beam emerging from AD) to ~100keV. This
enabled the production of pHe* in ultra-low density targets, where collisional effects with other
helium atoms are negligible. A continuous wave pulse-amplified dye laser, stabilized against
a femtosecond optical frequency comb, was then used to measure the pHe* frequencies with
ppb-scale precision. This progress in the experimental field was matched by similar advances
in computing methods for evaluating the expected transition frequencies in three-body QED
calculations. The comparison of experimental (vexp) and theoretical (v, ) frequencies for seven
transitions in p*He* and five in p>He* yielded an antiproton-to-electron mass ratio of my/m. =
1836.152 674(5). This agrees with the known proton-to-electron mass ratio at the level of ~2 x
10~°. The experiment also set a limit on any CPT-violating difference between the antiproton
and proton charges and masses, (Qp — |Q5|)/Qp ~ (mp —mp)/m, < 2 x 10~ to a 90%
confidence level. If on the other hand we assume the validity of the CPT invariance, the mg/m.
result can be taken to be equal to m,/m.. This can be used as an input to future adjustments
of fundamental constants. The hyperfine structure of a state in p*He" has also been measured
by microwave spectroscopy to a precision of 3 x 1073, This corresponds to the accuracy of
the most precise three-body QED calculations. Further increases in the experimental precision
may soon yield an improvement in the value of the antiproton magnetic moment.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Symmetries in particle physics are even more important than in chemistry or solid state physics.
Just like in any theory of matter, the inner structure of the composite particles is described
by symmetries, but in particle physics most of the phenomena, at least at laboratory energies,
are deduced from the symmetries (or invariance properties) of the state equations or from
symmetry violation: the conservation laws, the interactions and even the existence of particle
masses (see, e.g. [1] for general references).

CPT invariance is one of the most important symmetries of Nature and for a long time
nobody doubted its validity. However, at present several alternative theories have been
developed and this increased the interest in experimental tests. The present review is devoted
to the tests of CPT invariance using antiprotonic helium, a three-body system consisting of a
helium nucleus, an antiproton and an electron. In this section we summarize the theoretical
issues of CPT invariance and its possible violations and the available experimental tests.

Our aim is to present the most recent results of the field. Because of volume limitations we
do not describe the historical development of antiprotonic helium studies: these were published
in great detail in the review [2].

1.1. Particles and antiparticles

According to the Standard Model of elementary particles—which agrees with all available
experimental evidence so far—the visible matter of our world consists of a few point-like
elementary particles: spin % fermions (quarks and leptons, see table 1) whereas all interactions
are mediated by elementary integer-spin bosons.

The strongly interacting hadrons come in two varieties; mesons and baryons. Mesons are
composed of a quark and an antiquark whereas the baryons are three-quark states.

All fermions have antiparticles, anti-fermions which have identical properties but with
opposite charges. Due to the U(1) symmetry of the equation of motion of fermions, the
Dirac equation, the fermion current is a conserved quantity, one cannot create or destroy
fermions alone; they form and disappear in fermion—antifermion pairs only. The positron
mass is 511 keV/c?, so in order to create an electron—positron pair one needs an energy above
1.022 MeV. This is the typical energy range of nuclear transitions and so for getting low energy
positrons one can use an isotope with 8* decay; frequently ?’Na is used in most positron
sources. For a positron beam one can use higher energy electrons hitting a target and selecting
the positrons from pair production. When positrons are slowed down and stopped in matter,
they annihilate in flight or get bound to electrons or ions, trapped in cavities or coordinated in
liquids. At the end they annihilate with electrons and emit two or three photons depending on
the relative spin states of the particles.

The proton mass is 938 MeV/c?; the creation of a proton—antiproton pair needs at least a
2 GeV energy deposit, so one needs a high-energy accelerator to get antiprotons. There are
several such laboratories in Europe, the USA and Japan. At CERN antiprotons are produced in
an iridium target at a 3.5 GeV/c momentum, slow down in 3 steps in the Antiproton Decelerator
ring to 100 MeV/c at which they are delivered to the experiments.

The proton and antiproton are composite particles; the quark model describes several
of their static properties (spin, magnetic moment, etc) as a bound state of three quarks
(or antiquarks). However, the dynamic studies at high energies revealed that only half of
the momentum of the proton or antiproton can be attributed to the constituent quarks; the rest
is a cloud of gluons and virtual quark—antiquark pairs. This is, of course, also demonstrated by
the masses: in the quark model the proton is described as a (uud) state and the masses of those
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Table 1. The elementary fermions of the Standard Model. L stands for left: it symbolizes that
in the weak isospin doublets left-polarized particles and right-polarized antiparticles appear; their
counterparts constitute iso-singlet states. The apostrophes of down-type quarks denote their mixed
states for the weak interaction.

Fermion doublets (S = 1/2)  Charge Q  Isospin /
v v 12 0 +1/2
Leptons ¢ " ’ /
ef o \un/p \t/, —1 —-1/2
u c t +2/3 +1/2
Quarks , , ,
)0 \s /L b/, —-1/3 -1/2

quarks are of the order of 10 MeV whereas the proton mass is 2 orders of magnitude higher.
From this follows one of the mysteries of particle physics: how could such a complicated
system produce exactly 1/2 spin?

Following from the composite structure of the proton, the proton—antiproton annihilation
is also a complicated reaction. Once an antiproton is stopped in matter, it gets captured
via Coulomb interaction in an atomic orbit and then is generally absorbed in a nucleus and
annihilates in a very short time, usually within a femtosecond due to strong interaction.
The proton—antiproton annihilation produces on average 4.5 energetic charged particles,
predominantly pions as those are the lightest hadrons, emitted in all directions. This makes it
relatively easy to build detectors for antiprotonic experiments as one does not have to cover
the whole solid angle to have a detection efficiency of antiproton annihilation close to 100%.

The different abundances of particles and antiparticles in our Universe are one of the
mysteries of astrophysics: apparently there is no antimatter in the Universe in significant
quantities, see, e.g. [3]. If there were antimatter galaxies they would radiate antiparticles and
we would see zones of strong radiation at their borders with matter galaxies, but astronomers
do not see such a phenomenon anywhere.

1.2. CPT invariance and its possible violation—theoretical aspects

1.2.1. CPT invariance in field theory. Speaking in terms of Dirac theory an extremely
interesting property of the free antiparticles is that they can be treated mathematically as if
they were particles of the same mass and of oppositely signed charge of the same absolute
value going backward in space and time. This is the consequence of one of the most important
symmetries of Nature: CPT invariance [1,4,5]. It states that the following operations:

e charge conjugation C (i.e. changing particles into antiparticles),
e parity change P (i.e. the mirror reflection of space coordinates), and
e time reversal 7,

when performed simultaneously, do not change the measurable physical properties of the
system.

CPT invariance is valid [4] within the framework of a local, unitary and Lorentz-invariant
field theory in flat space—time. As the CPT operator is antiunitary, it relates the S-matrix
of a process to that for the inverse process with all spin-components reversed and particles
replaced by antiparticles. Of course, that does not mean that the same process will have the
same probability, e.g. that a particle will decay with the same rate to the same final states as
its antiparticle, but the sum of all partial decay rates, i.e. the lifetimes should be the same.

This means that the annihilation of a free positron with an electron can be described as if
an electron came to the point of collision, irradiated two or three photons and then went out
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backwards in space—time. Actually, the Feynman diagram technique assumes and uses CPT
invariance and so all calculations in particle physics phenomenology should lose validity with
the CPT symmetry disproved. Thus, the amazing agreement between the predictions of the
Standard Model and the measured data also serves as an indirect proof of the CPT invariance.

Note that for parity reflection changing the signs of all three coordinate axes is equivalent
to changing the sign of one, which results in, e.g. changing the polarization of a particle. A
function has even parity if it does not change upon inverting its variable and odd if it keeps its
absolute value but changes sign, i.e. acquires a factor of —1. For instance, f(x) = Acosx
has even whereas f(x) = A sinx has odd parity. Any function can be written as a sum of an
odd and an even function in many ways, e.g. by polynomial or trigonometric expansion and
grouping even and odd terms, or formally as

f) = 3{f )+ f(=0)+ 3 () = f(=0)).

Parity seems to be a basic property of fields in particle physics. A field is even or odd if its
sign changes appropriately at the space—time point of parity inversion. The electromagnetic and
strong interactions conserve parity whereas the weak interaction maximally violates it. This
violation of mirror symmetry is manifested by the fact that in weak interactions preferably
left-polarized (i.e. polarized against their momenta) particles and right-polarized antiparticles
(polarized along the momentum) are produced. When following the proposal of Lee and
Yang [6] the experiments of Wu et al [7] and Lederman and co-workers [8] proved that weak
interactions violated parity conservation Pauli exclaimed: ‘I cannot believe that God is left-
handed’. This discovery has started a systematic test of all invariance principles which almost
immediately resulted in discovering C P violation in weak interactions. Although as opposed
to the maximality of parity violation, C P symmetry is violated very little, e.g. for the channel
of its discovery, KE — m on the level of 1073, it again forced the field to revise particle
theory.

If we build a clock looking at its design in a mirror, it should work properly except that its
hands will rotate the opposite way and the lettering will be inverted. The laws governing the
work of the clock are invariant under space inversion, i.e. conserve parity. C P invariance seems
to be even more plausible as that involves simultaneous space reflection and charge inversion.
Unlike the other interactions, the weak interaction violates both parity and C P conservation;
CPT invariance, however, is still assumed to be absolute in field theory. Returning to the
example of the clock, a P reflection means switching left to right, a C transformation means
changing the matter of the clock to antimatter and the time reversal 7 means that we play the
video recording of the movement of the clock backwards.

Thus CPT invariance implies that particles and their antiparticles must have similar
properties: the same mass and quantum numbers, the same absolute values with opposite signs
of the charge-like quantities (electric charge, lepton and baryon number) and anti-colours for
anti-quarks.

1.2.2.  Possible alternatives versus experimental evidence. There are several ways to
incorporate CPT violation in Standard Model extensions. Colladay and Kostelecky [9, 10]
developed a general CPT-violating Hamiltonian which could be reduced to having a Lorentz
violation for a free fermion but keeps the observer frame Lorentz-invariant. For a free fermion
the generalized Dirac Lagrangian is [11]

17 w3 7
L= 3yl — y My, M
where the generalized mass and y-matrices are

M Em+aﬂy“+bﬂy5y“+%H’“’o,w )
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and
v = y"+c“‘”yu+d’“’“”y5yﬂ+e”+if”y5+%g)‘“”aw 3)

The partial derivation 9 is defined as A3*B = A(3*B) — (3" A)B, yH are the Dirac-
matrices and o#*¥ = %(y“y" —yUyH).

Here all additional terms violate Lorentz invariance and those with a, and b,, explicitly
violate CPT invariance as well. The parameters a,, b, ..., H"" control the degree of Lorentz
and CPT violation. As these terms are independent of the coordinate system, the system is
Lorentz-invariant in the observer frame, but Lorentz-violating in the particle frame. We have
not observed direct Lorentz-violation yet, so those parameters must be very small. The role of
the various parameters is analyzed in [9, 10]. The stability and causality of this approach was
discussed in many subsequent papers [12—14]. Note that Lorentz violation means dependence
on the direction of movement in a fixed coordinate system.

Quantum gravity [15, 16] could cause fluctuations leading to Lorentz violation or loss of
information in black holes which would mean unitarity violation. According to Mavromatos
it is difficult to incorporate CPT invariance in quantum gravity. First of all, CPT invariance
assumes flat space—time; it loses validity in highly curved ones such as in microscopic black
holes [17] with Planck-sized, 1073 m, event horizons. Such black holes could swallow
information; thus unitarity could be violated leading to an evolution from pure to mixed
quantum states and thus to decoherence, i.e. to T violation [18]. This is completely independent
of a hypothetic Lorentz-violation. A quantum decoherence model was used to interpret both
neutrino masses and dark energy in [19].

CPT invariance is so deeply embedded in field theory that many theorists claim it is
impossible to test within the framework of present-day physics. Indeed, in order to develop
CPT-violating models one has to reject fundamental axioms such as Lorentz invariance, the
locality of interactions or unitarity [12, 14-16]. As shown by Greenberg [20] CPT violation
in a unitary and local field theory implies violation of Lorentz invariance while the converse
statement is not true: Lorentz violation does not necessarily lead to CPT violation. One does
not willingly give up locality (i.e. causality), but unitarity or Lorentz-covariance, in principle,
could be violated.

As far as we know, the Standard Model is valid up to the Grand Unification Theory
(GUT) energy scale, ~10' GeV (which is somewhat below the Planck scale), as no available
experimental evidence shows any significant deviation from it. Still, the Standard Model is
a model, not a completely consistent theory, and it has some theoretical difficulties. The
electroweak and colour interactions are deduced from local U (1) ® SU(2) ® SU(3) gauge
invariance requirements, and in order to make them work one has to introduce a spontaneously
symmetry-breaking Higgs-field. However, gravity does not fit into this picture. We do not
know why there are exactly three fermion families and which interaction causes the mixing
of the neutrino types. The prevalence of matter against antimatter in the Universe and the
left-right asymmetry of weak interactions is also unexplained and the Universe seems to be
dominated by the mysterious dark matter and the even more mysterious dark energy. There
are extensions of the Standard Model trying to explain these effects, but so far we have no
experimental evidence supporting any of them in spite of great efforts of the particle physics
community.

Above the Planck energy scale we may expect to have new physical laws which allow for
Lorentz and CPT violation as well [12]. Quantum gravity [15, 16] could cause fluctuations
leading to Lorentz violation or loss of information in black holes which would mean unitarity
violation. Also, a quantitative expression of Lorentz and CPT invariance needs a Lorentz and
CPT violating theory [12].
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1.2.3. Neutrino oscillation and CPT violation. As mentioned above, the Standard Model
cannot fully explain neutrino oscillation. Phenomenologically, the oscillations observed for
solar and atmospheric neutrinos can be incorporated using two neutrino mass differences and
a mixing matrix with three angles and a phase [5]. The Liguid Scintillator Neutrino Detector
(LSND) experiment at Los Alamos found a strange excess of V. in a v, beam [21] which
cannot be explained within the Standard Model with three neutrinos. For a Standard Model
interpretation of the LSND results a fourth, sterile neutrino has to be introduced [5] as the
studies of the invisible width of the Z boson allow for three lepton families in the Standard
Model.

Several interpretations have been proposed to explain the LSND results based on CPT-
violating models [19,22-26]. The LSND Collaboration also proposed [27] an interpretation
of this neutrino oscillation using an extension of the Standard Model with Lorentz and CPT
violation of the order of 107" GeV. In 2007 the results of the Minimal Booster Neutrino
Experiment (MiniBooNE) Collaboration [28] excluded the existence of sterile neutrinos.

Recently, the Kostelecky group developed a Lorentz-violating extension of the Standard
Model [24] called the tandem model [29] which can explain all of observed neutrino oscillations
using massive neutrinos in a Hamiltonian with Lorentz-violating terms. The tandem model is
very attractive as (1) it does not need an additional kind of interaction, (2) it can account for all
experimental data including the LSND result and (3) it needs only 3 parameters as opposed to
the neutrino mass mixing of the Standard Model which introduces two mass differences and 4
mixing parameters.

There is another recent attempt by Barenboim et al [25] to interpret the neutrino oscillation
data using a CPT-violating extension of the Standard Model. The neutrino mass difference is
partially deduced from unitarity-violating quantum-gravity-induced decoherence. The model
fairly reproduces the KAMLand and Super-Kamiokande results for v, <> v,, oscillations.

Klinkhamer [26] proposed a Lorentz-violating model for neutrino oscillations in vacuum
which he successfully applied to the v, <> v, oscillation data. He has shown that these
oscillations may be T and C P invariant at low energies, but strongly 7 and C P violating at
much higher ones.

In the papers [25-27,29] several tests are proposed to check the models for neutrino
oscillations in short- and long-baseline experiments.

1.3. Direct CPT tests at high and low energies

CPT invariance is so far fully supported by the available experimental evidence and it is
absolutely fundamental in field theory. All of this is the best possible reason to test it as
precisely as possible. There are many experiments aimed at doing that. In principle the
simplest way is to compare the mass or charge of particles and antiparticles. However, as
pointed out in [18] not all CPT-violating mechanisms imply such a difference between particle
and antiparticle. Of course, on the other hand, an observation of such a difference should
imply breaking the CPT invariance.

There are many experimental tests, none showing significant deviations from the CPT
invariance; these are summarized in the recent reviews [5, 14,17, 30].

Usually, the comparison of the masses of the neutral K meson and its antiparticle
is considered to be the most precise such measurement: the relative difference
|mgo — myg|/average has been found to be less than 10718 [5] on a 90% confidence level
using kaon oscillation. However, the Dehmelt group [31] has shown that from their spin and
cyclotron frequency studies performed with single electrons and positrons in a magnetic trap,

by directly measuring the difference between the two frequencies, o = o — oF, which is
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proportional to the anomalous magnetic moment of the particles, a much lower CPT violation
limit was obtained: 1|w} /2 — w, /2|/(moc?) < |3 £ 12| x 1072 for the electron.

The TRAP group measured the charge/mass ratio of the proton and the antiproton at
LEAR [32]. They kept a single antiproton and a single H™ ion in the same Penning-trap
simultaneously at different orbits and measured their cyclotron frequencies. The measurements
were performed at liquid helium temperature, in a magnetic field of B = 5.85T and in an
extremely high vacuum estimated to be about p = 5 x 1077 Torr. While the particle at the
lower orbit of R ~ 350 um was studied, the other one at a higher orbit of R > 1.6 mm
was parking and waiting its turn. The orbits of the particles were switched by excitation.
The cyclotron frequencies were found to be v.(p) = 1.001089218750(2)v.(H™). After
having made corrections for the H™—p deviation they limited the relative proton—antiproton
charge/mass difference to k < (0.9 & 0.9) x 10~'°. Achieving this precision took 10 years
of work. As shown by [33] this result should be corrected for a polarization frequency shift
resulting in k < (1.6 £ 0.9) x 1070, To date this is the most precise CPT test in the baryon
sector. The theoretical issues of experiments with Penning traps are discussed in [34].

Hughes et al [35] have evaluated a test of CPT and Lorentz invariance from the microwave
spectroscopy of muonium (Mu = pu*e™). Hamiltonian terms beyond the Standard Model
violating CPT and Lorentz invariance would contribute frequency shifts to the transitions
involving muon spin flip, which were precisely measured in ground state muonium in a strong
magnetic field of 1.7 T. The shifts would be indicated by anti-correlated oscillations at the
Earth’s sidereal frequency. No time dependence was found at the level of 20 Hz, limiting the
size of some CPT and Lorentz-violating parameters at the level of 2 x 10723 GeV.

Phillips et al [36] searched for a CPT and Lorentz-violation signature by monitoring
the Zeeman frequency of hydrogen atoms in a static magnetic field using a hydrogen-maser
double-resonance technique during the sidereal rotation of the laboratory reference frame. On
the basis of these data and also using an earlier CPT and Lorentz constraint on the electron
they limited a CPT-violating parameter for the proton to 2 x 10727 GeV at the 1-sigma level.
A similar test was made by Bear and co-workers [37,38] for the neutron using a noble-gas
laser limiting CPT and Lorentz violation to 10727 GeV.

The BaBar [39] and Belle [40] experiments at B-factories used B — B oscillations to
limit the CPT violation in the B-meson sector. Following the proposal given in [41] the BaBar
collaboration studied the variation of these oscillations as a function of sidereal time. If Lorentz
invariance is violated, some measured reaction rates may depend on the absolute orientation
of the experimental apparatus with the rotation of Earth. The analysis was performed using
equation (1) where the term with a,, violates both Lorentz and CPT invariances. a,, is a constant
vector with a frozen orientation in space—time, the possible variation of which is assumed to
occur at a much larger length scale than the Earth (solar) scale. This may lead to its periodic
sidereal variation. The BaBar experiment has found a 2.2¢ difference in the period of 12h
in this CPT (and Lorentz) depending parameter. Although this deviation is statistically not
significant, it should motivate further CPT studies.

CPT violation was also searched for in the cosmic microwave background (CMB) using
the data collected by the Wilkinson Microwave Anisotropy Probe (WMAP) and by the
Boomerang experiment [42]. If the Lorentz and CPT symmetries are broken by a term in
the effective Lagrangian, which couples the dual electromagnetic field strength tensor to an
external four-vector, the polarization vectors of propagating CMB photons will get rotated.
The data seem to slightly favor (by 1.20) a non-zero rotation. A new interpretation [43]
of the Boomerang results favors non-zero coefficients for the Lorentz-violating terms on the
1o level. On the other hand, as shown by [44], assuming an energy dependent velocity of
light in the form of c(E) ~ co(1 — E/M) the Lorentz-violation energy scale M can be
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Figure 1. Atomic levels in hydrogen and antihydrogen. CPT symmetry requires them to be
exactly equivalent. The 2S—-1S two-photon transition and the ground-state hyperfine splitting
(HFS) microwave transition are the best candidates for high-precision CPT tests.

limited to M > 0.9 x 10'® GeV using y-ray bursts from the astrophysical sources of known
red-shifts.

Note that antiproton gravity is not of this category. The CPT theorem only says that an
apple should fall towards the Earth the same way as an anti-apple to anti-Earth; it is the weak
equivalence principle which should make an anti-apple fall to the Earth the same way.

1.4. Antihydrogen and antiprotonic helium atoms

CERN constructed its Antiproton Decelerator facility (AD) [45] in 1999 in order to test the
CPT invariance by comparing the properties of proton and antiproton and those of hydrogen
and antihydrogen.

Antihydrogen, the bound system of an antiproton and a positron, is a very attractive subject
for testing CPT invariance, as it is an anti-atom, which is shown to form, can be confined in
a trap and is stable in vacuo. The extremely small line width (1.3 Hz) corresponding to
the long lifetime of the metastable 2S state makes the 2S—18S transition (figure 1) a promising
candidate for high—precision measurements; a Doppler-free excitation is possible in the case of
absorption of two photons from opposite directions. This transition has been recently measured
in hydrogen with a precision of 1.8 x 10~ [46]. However, as shown in [47] the 1S and 2S
states of the same spin configuration in hydrogen and antihydrogen have identical leading-order
energy shifts and thus no leading order spectroscopic 1S-2S signal is expected for Lorentz
or CPT violation in free hydrogen or antihydrogen. At the same time studying hyperfine
transitions in hydrogen and antihydrogen confined in a magnetic trap is most promising from
a theoretical perspective.

Although some antihydrogen atoms have been successfully produced by two
collaborations at the AD, ATHENA [48] and ATRAP [49], the high hopes promised by
antihydrogen spectroscopy have not yet been realized. The goals of the ongoing efforts are
to make antihydrogen atoms in the ground state (none has been positively identified) and
magnetically trap them, both being the prerequisites for high-precision spectroscopy.

Another system studied at the AD, by the ASACUSA (Atomic Spectroscopy And
Collisions Using Slow Antiprotons) Collaboration, is the antiprotonic helium atom. It is
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Figure 2. Proton-to-electron [50] and antiproton-to-electron [51] mass ratios.

sufficiently stable to be an object of precision spectroscopy and sufficiently simple to have its
energy spectra calculated with very high precision. As shown in figure 2, which compares the
recent result of the antiproton-to-electron mass ratio obtained by pHe* laser spectroscopy [51]
with the CODATA (Committee on Data for Science and Technology) values for the proton-to-
electron mass ratio [50], the mass equality of proton to antiproton (i.e. CPT) has been tested
at the level of 10~ using antiprotonic helium atom spectroscopy. If we assume on the other
hand the validity of the CPT invariance, the antiproton result can be combined with m,/m. to
provide a more precise value for the proton-to-electron mass ratio.

CPT studies performed on this atomic state is the subject of this review. Section 2
overviews the formation and decay processes of antiprotonic helium atoms. Section 3 is
devoted to the technical aspects of the laser spectroscopy performed on antiprotonic helium.
Section 4 describes the state of art of determining the mass and charge of the antiproton
using the spectroscopic results. Section 5 describes the efforts and results of measuring the
magnetic moment of the antiproton using the laser-microwave-laser triple resonance method.
Section 6 summarizes the expected developments of the subject: two-photon spectroscopy to
reduce Doppler broadening, improved microwave technique and spectroscopy of the two-body
antiprotonic helium ion. Section 7 provides a summary of the review.

2. Exotic atom spectroscopy and particle-mass determination

2.1. Exotic atoms, formation and cascade

Exotic atoms denote systems in which a heavy negatively charged particle ‘X ~’ (e.g. antiproton,
see table 2) is bound by the Coulomb force to the nucleus. The atoms formed by a positive
particle and an electron (such as positronium, Ps = e*e™, or muonium, Mu = p*e™) also
belong to the family of exotic atoms and, owing to the wide applications of positron annihilation
and muon spin research in solid state physics and chemistry, their study is much more intensive
than that of exotic atoms with negative particles. Also, the physical processes are quite different
for exotic atoms with negative and positive particles. In this review we shall treat exotic atoms
with negative particles only.
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Table 2. Properties of exotic particles as compared with those of the electrons. The strongly
interacting particles, the integer spin mesons and the half-integer spin baryons, are together called
hadrons. The data are taken from [5].

Particle  Spin ()  Lifetime (s) mx/me mc®> (MeV)  Class

e” 1/2 o) 1 0.511 Lepton
w 1/2 2,197 x 10°¢ 207 105.7 Lepton
7 0 2.603 x 1078 273 139.6 Meson
K- 0 1.237 x 1078 966 493.6 Meson
p 172 00 1836 938.3 Baryon
ho 1/2 148 x 10710 2343 1197.4 Baryon

The importance of the Coulomb attraction between negatively charged mesons and atomic
nuclei was recognized by Araki and Tomonaga already in 1940 [52], who studied the absorption
of slow mesons in matter and argued that the negative mesons should be much more likely to be
captured by nuclei than to decay freely, while practically all positive mesons should undergo
spontaneous disintegration. Subsequently, Fermi and Teller [53], Wightman [54] and others
established that the nuclear capture of slow mesons is preceded by the exotic-atom formation
and cascade processes.

When anegatively charged particle X~ is injected into matter, it continues to lose energy by
ionization until its kinetic energy 7T falls below the ionization energy [ of the stopping material.
The initial capture of the negatively charged particle X ~ is expected to occur [53,54] at

neomy = X, @

*
me

where n is the principal quantum number of the initial-capture orbit and M} and m}
respectively, are the reduced masses of the X~ -nucleus and the electron—nucleus systems.
In the case of antiproton, the capture occurs at around n ~ /1800 ~ 40. The atomic capture
process is followed by various cascade (deexcitation) mechanisms as schematically illustrated
in figures 3 and 4, where figure 3 is for 1~ atoms while figure 4 is for the low-lying levels of
the pHe atom.

Auger transitions prevail in the initial stage of the cascade, while the radiative transitions
become dominant in the later stage. If the particle is strongly interacting as in the case of
antiproton, the strong-interaction effects become non-negligible for small » and/or small ¢
orbits, inducing the shift of binding energies of those low-lying states as well as broadening
of the level widths (figure 4).

Another important effect contributing to the cascade of exotic atoms is the Stark mixing.
This is particularly important for X~ capture in H, and He targets [55]. When for instance
the X~ —p atom is formed and moves in the H, target, the atom is subject to oscillating electric
fields, which induce Stark mixing among levels of the same 7 but different £. The Stark mixing
has the effect of redistributing the level population according to the statistical weight 2¢ + 1,
erasing the ‘memory’ of the primordial £ distribution. As shown by [56] when X~ is a strongly
interacting particle such as p, nuclear absorption and subsequent annihilation can occur for
high-n S-states and so the Stark mixing can induce nuclear absorption even for large-n, large-¢
states, which would otherwise survive for a long time avoiding nuclear interaction.

2.2. Determination of particle properties using exotic atoms

Spectroscopy of exotic atoms offers a powerful tool to study fundamental interactions as well
as particle properties. For example, the masses of 7* [57] and K* [58,59] as listed in the



2006 R S Hayano et al

}5 Initial population
:  ,

1= 0

n=14 —

n=13 AUge.r.
transitions

n=12 —

| Region I
Region 11
X-ray
transitions
Region 111

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

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

In those measurements, particle masses were determined by noting that the transition
energy AE from the state (n, £) to (n’, £’) can be written as

my _, < 1 1 )

AEn {—n' 0 = = Rhc—=Z — — = ] (5)
Me n/2 l’l2

wherein R denotes the Rydberg constant, & the Planck constant, c the speed of light, m% /m.

the reduced ‘X ~’-to-electron mass ratio and Z the nuclear charge. For the sake of simplicity

we here adopted the Bohr model and ignored the nuclear charge screening by the electron(s)

which in general can be still present when x-rays are emitted (see figure 3).

The situation is different for the proton, since the proton mass rather than the antiproton
mass can be more precisely determined using Penning traps. The 1998 CODATA recommended
value [60] for mp/m. of 1836.1526675(39) (relative standard uncertainty of 2.1 x 1079),
was based on the measurement conducted by the University of Washington group [61], who
compared the cyclotron frequencies w. = gB/m of a single C® ion and a single electron
trapped in a Penning trap, i.e. the determination of the electron mass in units of the atomic
mass unit). This was then combined with their comparison of the cyclotron frequencies of a
single proton and a single C** ion [62], yielding the mp/me value.

The 2002 CODATA recommended value [50] for m/m. of 1836.152 672 61(85) (relative
standard uncertainty of 4.6 x 107!) was based on a new measurement carried out by the
GSI-Mainz collaboration [63], who compared the '>C>* cyclotron frequency and its spin
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Figure 4. Deexcitation of the low-lying levels of the antiprotonic helium atom. For the highly
excited states see figure 3. In the lower x-ray region strong interaction with the nucleus shifts and
broadens the states with low orbital momentum, there is strong nuclear absorption from the lowest
states, so that the 1s state is practically not populated. T is the level width. The probabilities of
nuclear absorption are also shown for the lowest circular antiprotonic states.

precession frequency w; = geB/(2m.). From the measured ratio w./w; and the quantum-
electrodynamical (QED) prediction for the bound-electron g factor, the electron’s mass in units
of the atomic mass unit was obtained. The proton mass values thus obtained are much more
precise than the antiproton mass value obtained by the antiprotonic atom x-ray measurements
(having relative uncertainties of ~4 x 107>) [64]. The advent of antiprotonic helium atom
laser spectroscopy has made it possible to improve this by more than four orders of magnitude.

In addition to the particle mass, the magnetic moment p of a fermion can be determined
from the fine or hyperfine splitting of exotic atoms. In the case of the muon, the most precise
value for the muon-to-proton magnetic moment ratio came from the hyperfine splitting of
muonium (u*e™) [65] before a higher accuracy was achieved in a storage ring. For other
elementary particles such as the X~ [66] and the antiproton [67], i« was determined from the
fine structure, i.e. the spin—orbit splitting which in the case of the antiproton is given by

AEps(n, 1) = (14260 M (7o) ©6)
n,l) = K —_,
LS 2 md+1)
where the anomalous magnetic moment of the antiproton is defined by
wp = —(1 +K)pn, (N
with ux = eh/(2mp) being the nuclear magneton, e the elementary charge and m, the

proton mass.

2.3. Antiprotonic helium atoms

The serendipitous discovery of metastable antiprotonic helium atoms [2,68] was soon followed
by the advent of laser spectroscopic techniques [69,70], and after about 10 years of continuous
improvements, it has now become possible to deduce the antiproton mass nearly as precisely
as that of the proton [51]. Current experiments are being carried out by the ASACUSA at
CERN’s Antiproton Decelerator facility (AD). High-precision determination of the p mass
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Figure 5. Level diagram of p*He* in relation to that of p*He**. The continuous and wavy bars
stand for metastable and short-lived states, respectively, and the dotted lines are for /-degenerate
ionized states.

using the laser spectroscopy of antiprotonic helium is the main subject of this review, and we
present here a brief outline of the method involved and the results obtained.

Normally, when an antiproton is stopped in matter, the antiproton annihilates on a nucleus
within picoseconds, leaving no time for high-precision laser spectroscopy. The only exception
is known to occur in helium [2], due to the formation of the antiprotonic helium atom, i.e. a
neutral three-body system comprising an antiproton, a helium nucleus and an electron (hereafter
denoted pHe*). pHe™ is a naturally occurring antiproton trap in which an antiproton can be
‘stored’ for several microseconds, and its partial energy diagram is depicted in figure 5.

When the antiproton is located in a near-circular (n =~ 38, £ > 35) orbit of a neutral pae™
atom, those states from which Auger transitions are suppressed due to high angular momentum
exchange (A€ > 3) will become metastable as the electron removes the £-degeneracy of the
levels with the same principal quantum number n thereby preventing fast Stark-transitions and
also screens to some extent the pa system from collisional deexcitation. The levels indicated
by the continuous lines in figure 5 have metastable (=1 us) lifetimes and deexcite radiatively,
while the levels shown by wavy lines are short lived (<10 ns) and deexcite by Auger transitions
to antiprotonic helium ion states (shown by dotted lines). While the radiative rates ', depend
only weakly on the orbital quantum number ¢, at least around the circular states as discussed
here, the Auger rates I' 5, increase sharply towards smaller £. A rule of thumb is if the angular
momentum change A{ of the Auger transition is large (A€ > 4), the Auger transition rate
is slower than the radiative (I'aye < I'rag), making such states metastable. For lower Auger
multipolarities (A€ < 3), the Auger rate I'yy; dominates, making such states short lived.

The possible existence of these metastable antiprotonic helium atoms had been
theoretically predicted by Condo and Russell [71-75] 20 years before it was experimentally
discovered [68] at the 12 GeV proton synchrotron of KEK, Japan. Since then they have been
studied in detail at the Low Energy Antiproton Ring (LEAR) at CERN [2]. These studies



Antiprotonic helium and C PT invariance 2009

revealed the following remarkable features of pHe* atoms.

(i) The pHe™ atoms can be abundantly produced just by stopping antiprotons in a helium
target. Then, about 3% of the stopped antiprotons automatically become trapped in the
metastable states.

(i) The antiproton in the metastable orbits deexcite, initially, via radiative transitions,
following a propensity rule of An = —1, Av = 0, where v = n — £ — 1 is the so-called
vibrational quantum number. Once the antiproton reaches an Auger-dominated state, the
one-remaining electron is ejected, producing an antiprotonic helium ion (pHe*). Since
the ionic states are hydrogenic, Stark collisions quickly induce antiproton annihilation on
the helium nucleus, as indicated in the left part of figure 5.

(iii)) The level spacings between the metastable states connected by electric dipole (E1)
transitions, (n,£) — (n — 1,£ — 1) as well as (n,£) — (n+ 1,£ — 1), are in the
optical frequency region, making it possible to force transitions between those levels by
laser irradiation. Note that we are not changing the electronic state as in ordinary atomic
spectroscopy, but are inducing transitions between different antiproton orbits.

(iv) The pHe* atoms are initially produced at epithermal energies, but they then collide with
the surrounding helium atoms and become thermalized. If a low-temperature (7' ~ 10 K)
helium gas target is used, the thermalized pHe" atoms atoms are well suited for high-
precision spectroscopy (i.e. small Doppler width).

2.4. Theoretical considerations

2.4.1. Non-relativistic treatment. The laser spectroscopy of pHe* atoms determines the
transition frequencies between (n, £) and (n’, £') levels, which depends on the antiproton-to-
electron mass ratio as

—ngzz ey (L -2 8
Vnt—sn' 00 = Cm_e eff(na ,n', L) <ﬁ - _) . 8)
This is of course a simplified view, without relativistic, QED and spin effects. These effects are
perturbatively treated, as are discussed later. If the system was a two-body antiprotonic helium
ion, the nuclear charge Z is just 2, and hence calculating transition frequencies would be rather
trivial. In the case of pHe™, the effective nuclear charge Z.g is less than 2 due to the charge
screening by the remaining electron, and state-of-the-art three-body calculations are necessary.

It is in fact a non-trivial task to obtain the eigenenergies of three-body systems with
better-than-ten-digit accuracies, but there are several issues which make the treatment of the
antiprotonic helium atoms particularly difficult: (i) the total angular momentum is as high as
~40, (ii) the excited states are not true bound states but are Feshbach resonances, (iii) the
antiproton—electron correlation must be accurately taken into account, and (iv) adiabatic
treatment is not appropriate when p comes close to the helium nucleus.

The system can be either regarded as a molecule-like heavy-heavy-light two-center
problem (but with one of the two centers having a negative charge) [76—79] or as an atom-like
system (but with an ordinary and a ‘heavy’ electron) [80-82]. For this reason, pHe was often
called the atomcule. Note that the use of a molecular picture is appropriate when the p orbital
angular momentum is large, since the combined Coulomb-centrifugal potential for such states
look similar to the Morse potential. Kino et al [83, 84] took three rearrangement channels
(molecular channel, atomic channel and p — e~ correlation channel) and used a Gaussian
expansion method. Most calculations solved the Schrodinger equation variationally, while a
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finite-element method was also used [85]. We describe here the method of Korobov in some
detail, which has so far attained the highest precision [81].
By using the coordinate system centered on the helium nucleus (atomic base), the non-
relativistic Hamiltonian in atomic units can be written as
r _, 1 Uz 2123 2223

H=-— V- — v - DBy v, 42, )
212 24413 mi 2 T3 I3
1, 1 _, ms 2 2 1
- v v Bygpy, 2Ty I (10)
2412 213 mi R r [R-—r

wherein the indices 1, 2 and 3, respectively, correspond to He, p and e™, while R and r are the
position vectors of p and e~ relative to the helium nucleus.
The wavefunction of a state of total angular momentum L and parity A can be written as

iR )= > R, @Y huGll (R, 1.6), (11)
Crle=L
where M is the z component of L, £ is the p orbital angular momentum and £, is the electron
angular momentum. Here G%e (R, r, ) can be expanded as

GH(R.r.0) = ) Cremeuh-prnlter, (12)
i=1

where «;, B; and y; are complex parameters generated in a quasirandom manner [79].

As discussed above, the states which decay to the Auger daughter level with multipolarity
AL > 4have microsecond-scale radiative lifetimes (~10~'? a.u.), and hence the Feshbach-type
closed-channel solutions have high accuracies. On the other hand, the states having Auger-
transition multipolarity of A¢ = 3 have nanosecond-scale lifetimes (~1073-107% a.u.), for
which the wavefunction obtained within the closed-channel approximation have a relative
accuracy of ~10~%. This is insufficient for high-precision evaluation of relativistic and QED
corrections.

To overcome this difficulty, all recent high-precision calculations employ the complex-
coordinate-rotation (CCR) method [86], first introduced in the pHe* precision calculations
by Kino et al [84]. The CCR is a powerful method to uncover resonant poles embedded in
the continuum spectrum, by transforming the Hamiltonian with an operator U («, 6), which
applies complex scaling r — ae'’r to the coordinates, wherein o and 6 are real and positive.
The complex-rotated Hamiltonian and the corresponding wavefunction are

H(, 6) = Ua, ) HU "(a, 6) and (13)
U(a, 0) = U(a, O)W. (14)

The resonance energy is determined by solving the complex eigenvalue problem for the rotated
Hamiltonian,

(H(,0) — E)¥(x,0) =0. (15)

An example of trajectories of the complex eigenvalues E = R(E) +iJ(E) = E, —iI'/2 for
different scaling parameters, « and 6, is shown in figure 6. As shown, trajectories converge
to reveal a resonant pole. The position of the resonance can be determined by requiring the
paths to be stationary (0E/00 = 0E/da = 0). Korobov, using the quadruple-precision
arithmetic, showed that non-relativistic energies as well as mean values of the delta-function
operators, e.g. (6(r;) stably converged by taking some 3500 basis sets [82]. Kino et al who
used the double-precision arithmetic on a supercomputer and took a combination of the three
rearrangement channels demonstrated convergence with about 7000 basis sets [87].
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Figure 6. Complex eigenenergy trajectories [84] for the (n, £) = (33, 30) state of p*He™.

Table 3. Contributions from different relativistic and QED corrections (in atomic units) to the
(39, 35) — (38, 34) transition of p*He* [82,89].

AEy, =501972347.9
AEy = —=27526.1
AE,, = 233.3
AEg = 3818.1
AEy, = —122.5
AEyin = 37.3
AEeeh = —34.7
AE::g()il = 0.8
AElwo—loop = 0.9
AFEnuc = 2.4
AE 26
A Eotal = 501948 754.9(1.3)(0.5)

After solving the non-relativistic Hamiltonian (11),

relativistic [78] and quantum-electrodynamical [85, 88] corrections are perturbatively applied.

Table 3 shows an example of the breakdown of various terms contributing to the

(39, 35) — (38, 34) transition of p*He* [81]. Here,

ES — Er(38’34)) obtained by solving the complex

AE,; is the non-relativistic part (
eigenvalue problem)

AE, is the relativistic correction for the bound electron

V4
E. = o <——33 + —lz14w8(ry) + z24m3(r2)]> , (16)
8ms  8mj
AE,, is the anomalous magnetic moment correction for the bound electron
2 26l3
AE, = o (—>[z1478(r) + 22478 (r2)1), a7
8ms
where a3 is the anomalous magnetic moment of the electron,
AE. is the one-loop self-energy correction
4z 1 5 3 139 1
AE, =« 3—m§(8(r,)){ |:1n " B+ 6 8] + (z;a)37 (128 > ln2)
1
2142
—Z(z;a)*1 , 18
4(z a)”In o) } (18)
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where 8 = Inky(n)/ R is the Bethe logarithm of the three-body state [90],
AE,, is the one-loop vacuum polarization

4Z,‘013 1 5
2 [—— + (Zia)ﬂ_:| (8(ri)), (19)
3

AE,, =
P 5 64

A Eyi, is the relativistic corrections for heavy particles

vl vy (1+2
2 <——1 S A L 47[8(r2)>, (20)
8mi  8m; 8m;
where a; is the anomalous magnetic moment of the antiproton,
A Eexch 1s the transverse photon exchange correction of the leading order a?

i [V i(ri Vi)V
AEexen = —0* 5 SRAADLAY 1)
2mims T r?
A E . is the finite nuclear size corrections
27z (R; /ap)*
AEny = #(8(’7)% (22)
where R; is the root-mean-square radius of the nuclear charge distribution,
AEr(:c)oil is the transverse photon exchange correction of order o
3) ziad (2 31 14
AErecoil = m;ms 5 —Ina — 4/3 + ? (8(7‘,)) - ?(Q(rz» P (23)
where Q(r) is the so-called Araki—Sucher term [91,92],
A Eiwo-100p 18 the two-loop QED corrections
Zi 6131 4972
AEyotoop = &t —— | — — +27%In2 —3¢(3) | (8(r; 24
two-loop — & m%rr [ 1296 108 Y q )i| (8(r:)) 24
and
AE,s is the order-o* relativistic correction (with an estimated accuracy of ~10%),
4T
AE, ~ —« 55(1‘1). (25)

The total transition energy A E\o, is shown with two errors, the first being the uncertainty due
to as yet uncalculated contributions of order o In and higher, while the second being the
numerical uncertainty.

Theoretical [82] as well as experimental [51,93-95] precisions have improved over the
years, as shown in figure 7. The theory improved by adding higher QED correction terms,
and by improving the numerical precision in solving the non-relativistic Hamiltonian. The
progress of experimental methods will be discussed in section 3.

2.4.3. Hyperfine splitting of the antiprotonic states. The levels of antiprotonic helium labelled
by the principal quantum number » and the total angular momentum quantum number / exhibit
a splitting which originates from the magnetic moments associated with the electron spin S,
the antiproton orbital angular momentum L and the antiproton spin S3. The electron, which
is predominantly in its ground state (hence / = L), has a magnetic moment given by its
spin magnetic moment p. = g.uSe. The antiproton magnetic moment consists of an orbital
and a spin part p; = [g)Ls + gvSpliun, g and gt being the corresponding orbital and spin
g-factors. Because of the large angular momentum of p in metastable states, the p orbital
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Figure 7. Comparison of measured and calculated transition frequencies for the (39, 35) —
(38, 34) transition of p*He*.

magnetic moment is much larger than the spin one, and the angular momentum coupling
scheme proceeds as follows:

F:L13+Sé,
J=F+SI3=LI3+S§+SI3. (26)

Figure 8 (left) shows the resulting hyperfine splitting of p*He*. The dominant splitting
arising from the interaction of the antiproton angular momentum and the electron spin leads
to a splitting into a doublet F* and F~ and is called a hyperfine (HF) splitting. The antiproton
spin leads to a further, smaller splitting into a quadruplet J**, J*=, J=F and J~~ called
superhyperfine (SHF) splitting.

In the case of pHe", each level splits into an octet as shown in figure 8 (right), due to an
additional coupling to the *He (helion) nuclear spin Sy, [96]:

F=L13+Sé
G=F+Sh=LI3+S5+Sh
J:G+S5:L5+Sé+Sh+Sl3. 27

Although the helion magnetic moment is smaller than the antiproton one, its overlap with the
electron cloud is larger and therefore the coupling scheme shown above is more stable.

The hyperfine structure has been first calculated by Bakalov and Korobov (BK) [97] who
showed that the HF splitting is in the order of vyr = 10-15 GHz, while the SHF slitting is
about two orders of magnitude smaller: vsyr = 0.1-0.3 GHz. Note that in laser transitions,
it is the difference between the two hyperfine splittings which comes into play. In the case
of (n,f) — (n+1,£ — 1) transitions (unfavored transitions), the splitting is of the order
of 1.5 Gz and can be partially resolved in the laser resonance profiles, while in the case of
(n,£) — (n — 1,£ — 1) transitions (favored transitions) it is less than 0.5 GHz and hence
cannot be easily resolved. In order to determine the hyperfine splittings, it is necessary to
induce microwave transitions as indicated by wavy lines in figure 8, as discussed in detail in
section 5.
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Figure 8. Hyperfine splitting of a state (1, L) of p*He* (left) and of p>He* (right). The wavy lines
denote allowed M1 transitions that can be induced by microwave radiation.

According to BK, the interaction part of the three-body relativistic Hamiltonian has the
form of a sum of pairwise Breit interaction operators, calculated up to terms of O () in the
one-photon-exchange approximation

U=U12+U13+U23. (28)

The interaction of a pair of spin-1/2 particles can be written (in atomic units) as

8 i ‘ L (i ‘
e () (5) () o

Zj Zilkj
—(zi — 2Mi)m(" XPp;)-Si+ W(" Xpi)-S;

1

i
(rxp;)-s;— it

+(Z]—2M])2 2 3 mimr

= xp) s } (29)

and the interaction of a spin-1/ 2 particle with a spinless one is

m 2 3 (r X P,) s + #
Here, s;,p;. m;, z; and u;, respectively, are the spin vector, the momentum vector, mass, charge
and magnetic moment of particle i, and r = r; — r; is the relative position vector.

After numerically integrating the interaction part of the Hamiltonian, equations (29)
and (30), an effective Hamiltonian Hyg is obtained, which in the case of antiprotonic “He
takes the form

Hur = E1(Lp - Se) + E>(L; - S) + E3(Se - Sp)
+ E4{2L(L + 1)(Se - Sp) — 6[(Lj - Se) (L - Sp)1}. 31D

Uij = —a? {(Zi —2ui) (rxp;)- s,} : (30)

The first term, the S.—Lj interaction, gives the dominant HF contribution. Figure 9 shows the
level ordering caused by the other terms, namely, the p spin—orbit interaction (E5), the scalar
spin—spin (E3) and the tensor spin—spin interaction (£4). As can be seen, all splittings are of
similar size, but one of the contributions has an opposite level order leading to an effective
cancellation of two terms. The final level order is thus given by the spin—orbit interaction.
Such cancellation effects make the theoretical predictions sensitive to small uncertainties and
therefore call for a precise experimental determination of the hyperfine structure of antiprotonic
helium.
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Figure 9. Individual contributions to the SHF splitting.

3. Laser spectroscopy of antiprotonic helium pHe" atoms

During the years 20002006, three generations of laser spectroscopy experiments on pHe*
were carried out at the AD. These increased the fractional precision on the atom’s transition
frequency vexp, from (1.3-1.6) x 1077 to ~9 x 10~ (table 4: see subsequent sections for
details on the experimental errors). Although the techniques, instrumentation, and sources
of systematic errors in the three experiments were quite different, consistent results on veyp
were obtained. This section outlines some of the basic principles of the laser spectroscopy
(described in section 3.2) and the instrumentation used in these experiments. This includes
the AD itself (section 3.1), the cryogenic target where the pHe" were synthesized, the laser
system and detectors.

Most of these experimental efforts improved the following two factors which, as in other
types of laser spectroscopy measurements involving normal atoms, limited the precision on
Vexp; (1) spectral purity and accuracy of the spectroscopic laser; the optical frequencies of the
laser beams used here were calibrated and controlled to a precision of 1 part in 107-108. Its
linewidth (i.e. the energy spread of the photons) was narrowed to less than 1 part in 10 — 107,

Table 4. Various sources of experimental error in three measurements of the pHe* transition
frequencies, carried out using the 5.3 MeV antiproton beam of AD [94], the 100keV beam of
the RFQD [95] and using a cw pulse-amplified dye laser stabilized to an optical frequency comb
generator [51].

AD only RFQD Frequency comb
Error experiment [94]  experiment [95]  experiment [51]
source (MHz) (MHz) (MHz)
Density extrapolation 20-50 0.1-1 0.1-2
Statistical 20-40 20-200 3-13
Laser frequency calibration 70-140 20-50 <1
Frequency chirp in dye laser — — 2-4
Frequency chirp in SHG/THG <10 <10 12
Magnetic effects <1 <1 <1
Ac Stark effects <1 <1 <1
HES calculation uncertainties <1 <1 <1

Total error 80-150 30-200 4-15
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(ii) ‘quality’ of the pHe* target; if these atoms were to be studied by high-precision laser
spectroscopy, they had to be cooled to Kelvin-scale temperatures and preferably isolated in
low-density targets where their atomic energy levels would not be perturbed by collisions with
the surrounding atoms. This was not easy to do, because antiprotons can only be produced by
GeV-scale collisions (see section 3.1), and so a 13—14 orders of magnitude difference in the
energy scale had to be first bridged to carry out these experiments.

The first generation of experiments (described in section 3.3) directly utilized the 5.3 MeV
antiproton beam of AD to synthesize pHe" in a target of relatively high density (atomic density
p > 10! ecm™3, corresponding to collision rates of several GHz). The spectroscopy was carried
out with a type of pulsed dye laser which is widely used in other accelerator-based experiments.
The second generation (sections 3.5 and 3.6) used a radiofrequency quadrupole post-decelerator
(RFQD) to first slow down the AD antiprotons from 5.3 MeV to 60 keV, before stopping them
in an ultra-low density (o < 10'7 cm™) target. This technique reduced the above GHz-rates
of collisions that the resulting pHe* suffered with other helium atoms in the target to a few
MHz. The third generation (sections 3.7 and 3.8) utilized new laser technologies, including
an optical frequency comb, to further improve the spectral resolution and precision. To our
knowledge, this constituted one of the first times when a comb was used in an accelerator
experiment.

3.1. The Antiproton Decelerator at CERN

In order to produce antiprotonic atoms in the laboratory, we first need a supply of antiprotons
with kinetic energies comparable to or less than the eV-scale binding energies of the atoms
[53,98-101]. These conditions were first realized at CERN (figure 10) by the construction
of the Low Energy Antiproton Ring (LEAR) facility in 1982 [64, 102—-104]. LEAR was later
succeeded by the Antiproton Decelerator (AD) in 1999 [105-107], which is presently the
world’s only source of low energy antiprotons (figure 11).

Antiprotons to be introduced into the AD for subsequent deceleration to energies suitable
for these pHe" experiments were produced by directing a 26 GeV proton beam from the CERN
Proton Synchrotron (PS) to a stationary metal target [102]. The following reaction (or a similar
one involving target neutrons) can then occur under the constraints imposed by the conservation
of energy, momentum and nucleon number:

p(beam) + p(target) - p+p+p +p- (32)

We can easily see that the minimum kinetic energy (the ‘threshold’) of the incoming proton
in the laboratory frame needed for the above reaction to take place is roughly equal to six
proton masses, i.e. E ~ 6 GeV. The antiproton and three protons must then each emerge from
the reaction with laboratory kinetic energies of ~1 GeV. In practice, the AD employs higher
proton energies (E = 26 GeV) to increase the production yield of antiprotons over its threshold
value. The antiprotons thus emerge with energies £ ~ 3 GeV, and this must be subsequently
reduced by eight orders of magnitude before they can be used to create antiprotonic atoms for
laser spectroscopy experiments. A simple deceleration of a cloud containing N antiprotons,
however, would lead to an adiabatic increase in its phase-space density D defined as

N
D= —nu——,
R Y EhEvLAp/p

wherein E} and E, denote the horizontal and vertical emittances of the cloud, L its longitudinal
length and Ap/ p the spread of the antiproton’s momentum distribution. In fact, calculations
show that D would become so small (more than 3 orders of magnitude) that hardly any
antiprotons could be made to come to rest in a cm-sized experimental gas target [102].

(33)
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Figure 10. Schematic layout of CERN’s accelerator complex. The LINAC2 linear accelerator and
the PSB booster feed protons into the PS proton synchrotron, which accelerates them to 25 GeV/c
and passes them to the experiments in the East Area or to the SPS super proton synchrotron for further
acceleration and once every 100 s into an iridium target to produce antiprotons. The antiprotons
are collected at 3.5 GeV/c by the AD where they are decelerated in three steps to 100 MeV/c. The
PS also accelerates heavy ions for the SPS North Area experiments and until 2000 it accelerated
electrons and positrons for the LEP Large Electron Positron collider. The latter was removed and
in 2007 replaced by the LHC Large Hadron Collider.

The AD solves these problems by alternately decelerating and cooling the beam (i.e.
reducing its phase-space and increasing the D-value) [105-107] over a 100 s cycle (figure 12
and table 5). Antiprotons of momentum p ~ 3.6 GeV/c emerging from a 50 mm long iridium
target placed in the path of the PS beam are first focused into a parallel beam by a horn-type
lens. A bunch containing about 5 x 107 antiprotons can be collected in the 80 m diameter,
oval-shaped AD ring (figure 11), per PS pulse of about 1.5 x 10'3 protons. They initially
have a large emittance Ey, ~ E, ~ 2007 mm mrad and momentum spread Ap/p ~ 6%. RF
bunch rotation fields are then applied to these antiproton pulses, to stretch their pulse-lengths
from the initial value of L = 30m (corresponding to At = 25ns) to 180m (150ns). Since
the longitudinal emittance L Ap/p must be ideally conserved (see equation (33)), this reduces
Ap/p to ~1.5%. Next, in the stochastic cooling and deceleration phase, a series of pickup
electrodes detect the size and revolution frequency of the antiproton beam orbiting the AD.



2018

R S Hayano et al

Antiproton injection

Stochastic cooling

Radiofrequency
quadrupole
decelerator

AD ring

I - T
p s

Laser system

Electron cooler

Helium target

RF cavities
L |

10m

Figure 11. Schematic diagram of the Antiproton Decelerator, showing the locations of various
components of the synchrotron, and the laser spectroscopy experiment of pHe atoms.
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Figure 12. Typical machine cycle of the Antiproton Decelerator [106] showing the momentum of
antiprotons as a function of the time elapsed. The times at which stochastic and electron cooling

are applied are shown.

The high sensitivity and GHz-scale bandwidths allow these detectors to measure fluctuations
Ap; and Ax; in the longitudinal momentum and transverse deviations of small subgroups N; of
antiprotons, relative to the mean values of all N orbiting antiprotons [108,109]. These signals
Ap; and Ax; are then used to correct the orbits of the corresponding subgroups, by applying
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Table 5. Emittances and momentum spread of antiprotons in the AD, before and after the various
bunch rotation and cooling steps. From [106].

Initial emittances Final emittances

P e & Ap/p  en &y Ap/p 1
(GeV/c) (w mm mrad) (%) (7 mm mrad) (%) (s)

Bunch rotation

35 180 200 6 200 200 1.5
Stochastic cooling

35 180 200 1.5 3 4 0.07 17
2.0 9 9 0.18 3 3 0.015 7
Electron cooling

0.3 33 33 02 2.7 2.7 001 16
0.1 6 6 03 0.3 03 0.0l 8

pulses to steering electrodes located in the opposite side of the AD. Repeated corrections of
this kind in all subgroups cause the beam to ‘stochastically’ cool and converge to a single
ideal orbit, such that the emittances are reduced to 3—47 mm mrad and Ap/p to 0.07%. The
antiprotons are then decelerated to p = 2 GeV/c by RF fields and cooled in the same way to
37 mmmrad and Ap/p ~ 0.015%. Finally, after the deceleration to p = 300 MeV/c, they
are subjected to electron cooling. The antiprotons are here allowed to merge with an electron
beam of ampere-scale currents and a few centimetres diameter, in a collinear configuration
over a 1.5m long section of the ring [103,110, 111]. The electron velocity (corresponding
to an energy E = 25.5keV) is matched to the antiproton’s, such that in the center-of-mass
frame the antiprotons find themselves bathed in a stationary electron cloud of low temperature.
Coulomb collisions transfer the ‘heat’ of the antiprotons to the electrons. By continuously
replenishing cold electrons from a cathode gun into the antiproton beam and removing the hot
electrons at the end of the interaction region, the antiprotons are cooled within a few seconds
to Ey ~ E, ~ 2. 77 mmmrad and Ap/p ~ 0.01%. The antiprotons are finally decelerated to
p = 100MeV/c and electron-cooled to 0.37 mm mrad and Ap/p ~ 0.01%.

At the end of the above cycle, the AD ejected a 100 ns long beam containing (2-3) x 107
antiprotons of energy 5.3 MeV into one of the four experimental zones located inside the ring
(figure 11). Of these, the ASACUSA collaboration has carried out several experiments on
the antiprotonic helium described here and atomic [112—-114] and nuclear collisions using
antiprotons. Two other groups, ATRAP [49, 115-117] and ATHENA [48, 118-120], have
synthesized cold antihydrogen atoms. ATRAP and a new experiment ALPHA are currently
attempting to confine the antihydrogen atoms in magnetic multipole traps [121-123]. A
fourth experimental group, ACE, measured the biological response of cells against antiproton
irradiation [124].

3.2. Laser-induced annihilation spectroscopy

As described in section 2, experiments [68, 125] have revealed that some 3% of antiprotons
that come to rest in helium targets form pHe* with microsecond-scale lifetimes against
antiproton annihilation in the helium nucleus. The atomic E'1 transitions of the antiprotons
in these metastable states lie in the optical frequency region (the theoretical transition
wavelengths [77, 81, 83, 126] of some of these are shown in figure 13 in nanometres). All
these transitions can therefore be excited by resonant laser beams, but here the difficulty
is in experimentally detecting such excitations. Although a variety of laser spectroscopic
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Figure 13. The level structure of p*He*, with E1 transition wavelengths shown in

nanometres [127]. The solid lines indicate radiation-dominated metastable states, the wavy lines
Auger-dominated short-lived states. The broken lines indicate pHe?" ionic states formed after
Auger emission, the curved arrows Auger transitions with minimum |AZ|. On the left-hand scale
the theoretical absolute energy of each state is plotted relative to the three-body breakup threshold.

techniques (e.g. laser-induced fluorescence, absorption, or ionization) can be employed for
normal atoms, they cannot be used in the pHe* case. Any such signal from a small number of
pHe* atoms with short (microsecond-scale) lifetimes against annihilation would be practically
invisible against the strong background (e.g. scintillation light and ionization) induced by the
antiprotons slowing down or annihilating in an experimental target.

We instead use the clear, unambiguous signal produced by the annihilation of the
antiprotons when they finally arrive in the helium nuclei [69,70]. At pHe" formation, the
antiproton initially occupies states with principle and angular momentum quantum numbers
n ~38and ¢ ~ n —1[71-75,128]. It then proceeds to deexcite spontaneously by traversing
a constant-v = n — £ — 1 cascade of metastable states (indicated by arrows in figure 13).
Finally the atom reaches a short-lived state (wavy lines) which leads to rapid Auger electron
emission [76,80, 129, 130] and annihilation of the antiproton on the nucleus. By detecting the
charged pions emerging from these annihilations, a delayed annihilation time spectrum (i.e.
the distribution of the number of annihilations as a function of the time elapsed since pHe*
formation) can be obtained [68, 125, 131].

In the rest of this section, we use the I‘)“HeJr transition (n, £) = (39, 35) — (38, 34) as an
illustrative example to explain the experimental technique and the way in which the results can
be interpreted. The delayed annihilation time spectrum for the spontaneous processes referred
to above can be seen as a low-level background in figure 14(a) [132]. Atoms could be irradiated
at any given instant during this time period with a pulsed laser, the wavelength of which was
tuned to stimulate antiproton transitions from metastable states to the Auger-dominated short-
lived states described above [70]. This would cause these otherwise long-lived antiprotons to
annihilate immediately. The resonance condition between the laser beam and the atom was
then revealed as a sharp peak in the annihilation rate. The example in figure 14(a) shows the
transition (39, 35) — (38, 34) at a wavelength A = 597.256 nm, with the laser pulse applied
att = 1.3 us. The peak decays with the lifetime (r ~ 15ns) of the Auger-dominated state
(38, 34), convoluted with the timing structure of the laser pulse. By plotting the peak intensity
as a function of the laser wavelength, a resonance profile was obtained (figure 15 (top left)).
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Figure 14. Delayed annihilation time spectrum measured using a pulsed antiproton beam [132],
with the resonance transition (n, £) = (39, 35) — (38, 34) at wavelength 2 = 597.3 nm induced
at 1 = 1.6 us (a). The hatched area represents the estimated contribution of 7+ — u* — e*
decay. The background-free spectrum measured using a continuous antiproton beam at the same
target conditions, the spike induced at the same timing (b).

Now among the many E 1 transitions involving p*He" states of n < 40, the following two
types (some of which are shown in figure 15) are most amiable to laser spectroscopy.

e (n,f) - (m —1,£ — 1) (i.e. Av = 0), which lie in the wavelength region
A =264.7-776.1nm. We call these ‘favored’ transitions, since they have the highest
rates corresponding to transition dipole moments i = 0.2-0.8 D (1 Debye = 1018 esu)
[76,80,133].

e (n, ) — (n+1,£ — 1), characterized by Av = 2, A = 395.6-1154.8nm and
wir = 0.02-0.1 D. The partial rates of these ‘unfavored’ transitions are ~100 times smaller
than in the favored case.

Note that the dipole moment u¢ is related to the spontaneous radiation rate 1/t by the equation

1 o’ ,uizf
T 3mwehc?’ 34)
wherein w = 2mc/A denotes the optical angular frequency of the laser and ¢, 7 and ¢ the
dielectric constant of vacuum, the Planck constant divided by 27 and the speed of light.
The expected time evolution of the antiproton populations in the resonant parent
(n, £) = (39, 35) and daughter (38, 34) states under laser irradiation will reveal the laser
intensity needed to drive the transition within the microsecond-scale lifetime of pHe*. To
calculate this, we integrate the optical Bloch equation for a single-photon transition induced
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Figure 15. Six laser resonance profiles [94] of p*He* (left) measured using the 5.3 MeV antiproton
beam of AD. Transition frequencies vex, measured at various target densities p (right). GHz-scale
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by a linearly polarized laser beam [132],

Py
d | P~
dr | P,
P,

-;)b 0 0 Q)2 P
—— 0 —Q,,/2 Py,
0 0 —('+15,)/2-T, Aw Pou |
—Qn QO —Aw —(7' + 5 h/2-T,/) \Pm
(35)

where the populations in the parent and daughter states with a magnetic quantum number m are
denoted by Py, and P,,, and the real and imaginary parts of the off-diagonal terms in the density
matrix by Py, and Py,. The state lifetimes are denoted by 7y, (~1 us [76, 127,133, 134])
and 15, (~9ns) and the detuning of the laser from the transition frequency by Aw. The rate
of dephasing collisions caused by the GHz-scale collisions between pHe* and normal helium
atoms in an experimental target is denoted by I',,, [135]. These collisions lead to a broadening
of the measured resonance profiles with a roughly Lorentzian shape.

The frequency €2,,(t) /27 (in GHz) of Rabi oscillations of antiproton populations between
states (n, £, m) and (n £ 1, £ — 1, m), induced by a linearly polarized laser pulse with a time
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Figure 16. Typical temporal profile [132] of the laser pulse with an energy density ®

Time elapsed (us)

ImJcm~2 (a). Experimental (solid line) and theoretical (dotted line) profiles of the 597.3 nm
The simulated population evolution of the resonance parent state
(n, £)=(39, 35) during the laser pulse (——) and the measured depopulation efficiency (@) (c).

resonance spike (b).

profile © (¢) (in kilowatts per cm?, see figure 16(a)), can be calculated as,

Qi (1)

=0.44
2 H

C—m—1+m—1)
(20 —1)

o(r)

(36)

The dipole moment of this transition u ~ 0.6 D was obtained from the measured radiative

lifetime [127] and equation (34).

In figure 16(c), the calculated time evolution of the population in state (39, 35) during
laser irradiation on resonance, obtained by numerically integrating equation (35) and averaging
over m, is shown. The laser pulse (figure 16(a)) used in this example has a 10ns long
timing structure. About & ~ 90% of the antiprotons in the metastable parent state underwent
laser-induced deexcitation to the daughter state [132], followed by Auger deexcitation and
annihilation. In figure 17 (solid lines), the theoretical value of this efficiency ¢ of depopulating

the antiproton population of state (39, 35) at laser energy densities ® = 0 and 2mJcm™

2 s

shown. These simulations show that resonance signals are maximized at ® ~ 1 mJcm™2. In
fact, these values are in good agreement with the results of experiments (plotted using filled

circles) described below.

3.3. First experiments at AD

Laser spectroscopy experiments of pHe* were carried out during the first few weeks following
the commissioning of the AD in 2000 [94]. pHe* were produced by extracting antiproton
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Figure 17. Experimental (®) and theoretical (- ) depletion efficiencies of the laser pulse tuned
to the transition (39, 35) — (38, 34) at wavelength A = 597.3 nm at various energy densities of
the laser [132].

pulses of energy E = 5.3 MeV from AD and bringing them to rest in a cryogenic helium gas
target (figure 18). This was done by adjusting the thickness of a series of degrader foils located
upstream of the target entrance window. This caused multiple scattering and range straggling
in the antiproton beam. High densities (0 > 10°° cm™3) of the helium target were needed
to ensure that most of the decelerated antiprotons of large emittance and momentum spread
stopped in the cm-sized target. The spatial profile of the antiproton pulse was measured by a
parallel plate secondary emission chamber [136], also placed upstream of the target. A series
of magnetic elements in the transport beamline of AD were adjusted using this readout so as
to focus the antiprotons within a 3 mm diameter spot at the target entrance. The target itself
contained “He gas at a temperature T ~ 6 K and pressure P = 0.2-2.5 bar.

Although most antiprotons annihilated promptly after stopping in the helium (i.e. within
~10ns), about 3% of them formed ~5 x 10° metastable atoms, in which their annihilation
was delayed by an average lifetime of T = 3—4 us, because of their passage through the atomic
cascade of states shown in figure 13. Charged particles (mostly 7* and 7 ~, as well as electrons
and positrons originating from the y-rays undergoing pair production in the target chamber
walls) emerging from all these annihilations produced Cherenkov light in two 2 cm thick plates
of UV-transparent acrylic plates [94, 137]. These constituted the annihilation detectors which
allowed us to detect the delayed annihilation time spectra referred to above. The plates were
placed on either side of the target and covered a solid angle of 27 steradian seen from the target.
The envelope of the resulting light pulse consisted first of a bright (peak power 5-20 mW),
200 ns long flash from the promptly annihilating antiprotons corresponding to the 97% that
annihilate within a few picoseconds without forming metastable pHe*; this was followed by a
much longer but less intense tail from delayed annihilations of the metastable atoms. The pulse
was detected by a photomultiplier in which the electron multiplication could be gated off during
the prompt annihilation (thus preventing the detector from being blinded by the initial flash)
and then turned back on (with a rise time of <100 ns) to detect the delayed annihilation. The
output pulse therefore included only delayed annihilations and had an amplitude of 0.2-0.3 V
and a length of 15 s or more. The analog waveform of this pulse was recorded by a digital
oscilloscope [137].

Considerable efforts were made to develop photomultipliers whose analog output signal
would constitute a faithful representation of the annihilation spectrum of pHe*. In fact, some
initial experiments were hampered by spurious afterpulse signals (i.e. those signals produced
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Figure 18. Layout of the laser spectroscopy experiment of pHe* carried out using the E = 5.3 MeV
antiproton beam. The pulsed beam of antiprotons (right) come to rest in a cryogenic helium target,
thereby producing pHe* [137]. The atoms are irradiated by a laser pulse entering the target (left)
collinear with the antiproton beam. The pions emerging from the laser-induced annihilation of pHe*
are detected by Cherenkov counters surrounding the target. The spatial profile of the antiproton
beam is measured by a secondary electron emission chamber.

by ions accelerated inside the photomultiplier and striking the photocathode [137]) and by
non-linearities in the recorded spectra. It was found that while all types of photomultipliers
unavoidably produce these afterpulses, ‘fine mesh’ photomultipliers (i.e. those wherein the
photoelectrons are amplified in a series of parallel mesh electrodes) do not produce sharp
pulses [137]. The fine-mesh photomultipliers also showed a higher linearity compared with
the line-focus ones. All these characteristics allowed it to be used in these high-precision
measurements.

This ‘analog’ method of using a pulsed antiproton beam has several advantages [132],
compared with other accelerator-based laser spectroscopy experiments which typically rely on
the counting of individual particles in a continuous beam [139—142]: (i) here a single laser pulse
simultaneously induced transitions in 103~10* pHe* atoms. This meant that large numbers
of pHe* could be produced and studied at a high rate. (ii) The repetition rate of the pulsed
laser needed to excite the pHe* was very low (f; ~ 0.01 Hz). This relaxed requirement made
it easier to design laser systems of high precision and spectral purity, compared with other
experiments using a continuous beam that require f;-values of 100-2000 Hz.

The largest disadvantage of the analog method lies in the fact that it cannot differentiate
between the Cherenkov light produced by signal pions emerging from pHe* annihilations and
the background caused by other relativistic charged particles striking the detector. This limited



2026 R S Hayano et al

the sensitivity of this method in pHe* laser transitions with weak intensities [137]. The largest
background was caused by those low energy 7 *-mesons that emerged from the annihilations
and stopped in the target walls or in the detector. These decayed into positive muons with a
mean lifetime of T = 26 ns and further decayed into positrons with a 2.2 us lifetime. Some of
these positrons, whose mean energy was E = 40 MeV, then struck the detector and produced
delayed photoelectrons. The delayed annihilation time spectrum shown in figure 14(a) was
measured by stopping a pulse of 2 x 10% antiprotons in the helium target and stimulating the
transition (n, £) = (39,35) — (38, 34) at a wavelength of A = 597.26nm att = 1.6 us.
The hatched area represents the estimated contribution from the 7+ — u* — e* background
obtained from Monte-Carlo simulations, which constitutes 50—60% of the detected Cherenkov
light.

It is informative to compare the analog signal of figure 14(a), with the spectrum measured
previously at LEAR by the more orthodox method of using a continuous antiproton beam
(figure 14(b)). In the LEAR experiment, the antiprotons entered the target one by one at a rate
of f ~ 10*Hz. pHe" were thus produced and detected in an event-by-event manner, which
allowed the antiprotons occupying individual metastable states to be accurately counted under
background-free conditions. Comparisons between the two spectra showed the above 50-60%
estimation for the background to be quite accurate. In practice, this factor of ~2 deterioration
in the signal-to-noise ratio in the AD data was more than offset by the much higher rate of data
accumulation.

The laser pulses of energy density 0.1-1 mJ cm~2 needed to induce the pHe* resonances
were generated by a grating-stabilized dye laser [143], which was pumped by the second
or the third harmonic (A = 532/355nm) of a Q-switched Nd: YAG laser. Dye lasers of
similar design have been widely used in other accelerator experiments [139—141] that require
megawatt-scale peak powers. The main advantage of these lasers lies in the ease by which
their fundamental wavelength can be tuned to any of the pHe* resonances at A = 470-726 nm,
by simply changing the organic dye solution which serves as the lasing medium. The UV laser
pulses A = 265-372 nm needed to induce the resonances involving states of lower n-values
(n < 35) were produced by frequency doubling the above fundamental light in a beta-barium
borate (BBO) crystal. The 4 ns pulse length of the dye laser was defined by the Nd: YAG
pump laser. By adjusting its triggering timing, the metastable atoms could be irradiated at any
time t = 0.2—15 us after their birth.

The instrumentational linewidth (typically around Av ~ 0.5-5GHz) of these pulsed
dye lasers, relative to the optical frequency (v ~ 0.5 PHz), usually limits the achievable
resolution and precision of atomic or molecular spectroscopy experiments using them to around
Av/v ~ 1075, Two difficulties generally arise when attempting to reach higher precisions of
~10~7. The first of these is caused by quantum fluctuations [138, 144, 145] in the laser mode
structure (i.e. the Fourier transform of the optical frequency components in the laser pulses).
An ideal laser, wherein all the photons are concentrated into a single longitudinal mode of
the cavity, would provide the highest precision in the measured pHe* profiles. In practice,
however, these pulsed dye lasers [143] are usually ‘multi-mode’, i.e. the first few photons
emitted spontaneously from the dye that initiate the lasing process can proceed to occupy
several longitudinal cavity modes. The laser output used here contained 2—3 modes spaced by
frequency intervals Av = 500 MHz, corresponding to the free spectral range Av = ¢/2L of a
L = 300 mm long laser cavity. The number of photons in a given mode thus fluctuate from shot
to shot, following an exponential probability distribution. The fact that the pHe™ are irradiated
by a laser beam containing 2—3 optical frequency components, the relative intensities of which
fluctuate from shot to shot, has a detrimental effect on the experimental precision. The second
difficulty here is in the accurate wavelength calibration of such multimode laser pulses.
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Figure 19. The setup of the laser system used in the pHe* spectroscopy experiment with the
5.3 MeV antiproton beam of AD [138]. Resonant laser pulses were generated by a dye laser pulsed
by a Q-switched Nd : YAG laser. The laser wavelength was calibrated by carrying out optogalvanic
spectroscopy of argon and neon or absorption spectroscopy of iodine. PDs; photodiodes.

Notwithstanding these difficulties, an absolute precision of ~10~7 on the pHe™ frequencies
was achieved [94, 138] in the following way (figure 19). The wavelength and mode structure
of each laser pulse was measured by a series of Fizeau interferometers (spectral resolution
Av = 0.6 GHz) constituting a wavelength meter. The fringe patterns of most of the laser
pulses were broad (Av > 1 GHz), but in 20-30% of the cases, the laser energy happened to be
concentrated in a single longitudinal mode. Those broad-band laser pulses that deviated from a
single mode were rejected; this effectively narrowed the laser linewidth to Av = 0.4-0.5 GHz.
During the 100s intervals between the arrival of antiproton pulses, the laser wavelength
was calibrated via ro-vibrational absorption spectroscopy of molecular iodine I, (relevant
wavelengths & = 525-726 nm) [146-148] or tellurium Te; (463—471 nm), or by optogalvanic
spectroscopy [149] of neon or argon gas. The precision of the wavelength meter was
continuously checked against a continuous-wave (cw) diode laser, the frequency of which
was stabilized against hyperfine components of an ®Rb transition by Doppler-free saturation
spectroscopy [138].

Before the high-precision measurements of the pHe* transition frequencies could be
carried out, the candidate resonances first had to be discovered. The energy level diagram of
figure 20 indicates that more than a dozen laser transitions in p*He" and p*He* can in principle
be detected, which would provide a most rigorous test of three-body QED calculations. The
detection of any resonance critically depends on the existence of antiprotons populating the
associated pHe™ states. The state population is of course time-dependent and strongly varies
according to the n- and £-values. This is because, to first approximation, the antiproton is
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Figure 20. Energy level diagrams of p*He* and p’ He" atoms, with wavelengths of the transitions
measured for populations studies indicated in nanometres [150]. One of these (at A = 670.8 nm)

could not be detected.

theoretically expected to be captured into the n ~ ny = 38 region (equation (4)), then cascade
into lower-n states via An = A{ = —1 radiative transitions with microsecond-scale lifetimes.
Experiments at LEAR initially concentrated on laser transitions in the n ~ ng region, whereas

those in AD probed all detectable transitions between n = 31 and 40 [150].

The time dependence of the populations in individual pHe™ states (1, £) were measured in
the following way. The intensity of the resonance peaks induced at 7| in the delayed annihilation
time spectrum indicates [132, 150, 151] the antiproton population P, ¢ (1) (i.e. the number of
antiprotons populating the parent state (n, £) at ¢; after pHe* formation, normalized to the total
number of antiprotons stopped in the target). This fact is demonstrated in figures 21(a)—(c),
wherein the 134He+ transition (n, £) = (33, 32) — (32, 31) is induced at three timings between
t; = 1.4 us and 10.4 us. Similar measurements were made for the 12 transitions in p*He* and
8 transitions in 1_)3He+ shown in figure 20. The primary populations Py, ¢ (t = 0) were derived

by extrapolating the measured population evolutions (figure 22) to r = 0.

The state (40, 35) in p*He* (figure 22(a)) had a primary population of (0.10+0.02)%. The
population decreased with a 1 s time constant, which (being similar to the lifetime of a single
metastable state) indicates that there is very little metastable population in the region n > 41
inthe v = n — £ — 1 = 4 cascade. The population in (39, 35) decreased with a longer lifetime
of 1.9 us, due to the antiprotons initially populating (40, 36) deexciting into (39, 35), thereby
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Figure 21. Three delayed annihilation time spectra of p*He* with laser-induced annihilation spikes
of the transition (n, £) = (33, 32) — (32, 31) induced at r; = 1.4 us (a) 5.4 us (b) and 10.4 us (¢).

The spike intensities indicate the antiproton population in state (33, 32) at each ¢ [150].
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Figure 22. Time evolutions of the populations in twelve p*He* (filled circles with error bars in
(a)—(1)) and eight ;’)3HeJr (filled triangles in (m)—(t)) states. The best fit of a cascade model is shown
in solid lines [150].

increasing the population of the latter. Those in (38, 35) and (38, 36) decreased with still
longer (~2.2 us) lifetimes, because of spontaneous deexcitation from (39, 36) and (39, 37).
The populations in (37, 34) and (37, 35) decreased with 3 pus-lifetimes, and had downward-

bending profiles at early times caused by the large feeding from (38, 35) and (38, 36).

In contrast, very small primary populations were found in p*He" states in the n < 36
regions. The populations increased (figures 22(g)—(/)) as antiprotons deexcited from the higher,
initially populated states, the time #,,x at which the population reaches a maximum becoming
progressively later for lower-n states. The longest-living antiprotons were found in the lowest
metastable state (33, 32) inthe v = 0 cascade; since antiprotons captured in the n ~ 38 regions
made 6-7 radiative transitions before reaching this state, a significant population (~0.01%)
could be observed even at t; = 16 us.
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In 133HeJr atoms (figures 22(m)—(t)), the population in (38, 34) decreased with a 1.0 us
lifetime, which indicates that the populations in the region n > 39 in the v = 3 cascade are
very small. The largest populations (P ¢ (t = 0) ~ 0.3%) were found in (36, 34), (36, 35),
(37,34), (37, 35) and (37, 36). In contrast to the p*He* case, significant primary populations
were detected even in low-n regions, with the lowest metastable state in the v = 1 cascade
having a value of P34 32)(t = 0) = (0.06 £ 0.02)%. The lowest state (32,31) inthe v = 0
cascade had, on the other hand, a negligible primary population.

The high-precision laser spectroscopy experiments described in the next section were
carried out on six p*He" resonances which provided the highest intensity among those shown in
figure 22. For each transition, the laser timing was adjusted to the value #,,,x which maximized
the signal intensity.

3.4. Collisional frequency shifts in the p He* transitions

The profiles of six p*He* transitions measured using the above methods are shown in
figure 15 (left), each point corresponding to data collected from four antiproton pulses [94].
The resonances were typically 0.8-2.0 GHz wide, including contributions from the laser
bandwidth (0.4-0.5 GHz, see above), the thermal Doppler broadening, collisional broadening
and hyperfine splitting. The full-width-at-half-maximum value for the Doppler broadening
of pHe* atoms thermalized to the temperature T = 6 K of the cryogenic helium target was
calculated to be around Avp = 0.3-0.8 GHz using the equation

kT
Avp ~ 2,/2log(2)3,/ﬁ, 37)
C

wherein k denotes the Boltzmann constant and M the pHe* mass. Quantum chemical
calculations [135] have estimated that the collisional broadening of these resonance lines
to be between I';, ~ 0.1 and 2 GHz at the range of target densities studied here. The profile
of the unfavored transition (37, 35) — (38,34) at A = 726.1 nm [152], shows two peaks
separated by an interval of Agps = 1.8 £ 0.1 GHz; this is the hyperfine structure (see section 5
for a full description) which arises from the coupling between the orbital angular momentum
of the antiproton and the electron spin. The above value of Aygg is in good agreement with
the theoretical one obtained from three-body QED calculations [96,97, 153]. The splitting is
much smaller (Aygs < 0.5 GHz) for the other five favored (An = —1, A = —1) transitions,
and therefore cannot be resolved within the spectral resolution shown in figure 15. In these
initial experiments [94] of relatively low precision, the resonance centroid was obtained from
these profiles by fitting two Voigt functions, superimposed on each other and separated by
the theoretical value of the hyperfine splitting. Later experiments used a more sophisticated
analysis technique as described below.

Collisions between pHe* and helium atoms in the target induced 100 MHz to GHz scale
shifts in the measured transition frequencies v [94,93]. Quantum chemical calculations [135]
indicated that these frequency shifts occur when collisions perturb the pHe* atomic orbitals
and shift the energy levels involved in the laser transition. As the atomic density of the
target was increased between p = (0.1-3) x 10?! cm™3, the frequencies of three resonances
(39,35) — (38,34) at a wavelength of A = 597.3 nm, (37,35) — (38,34) at 726.1 nm
and (37, 34) — (38, 33) at 713.6 nm red-shifted with a gradient of dv/dp = —3 x 107! to
—4x 1072 GHz cm? (figure 15 (right)). The transitions at lower n-values, (35, 33) — (34, 32)
at A = 372.6nm and (33, 32) — (32, 31) at 296.1 nm, had much smaller shifts dv/dp =
—(0.4£0.1) x 107%" and (0.440.1) x 1072 GHz cm?, respectively. The experimental values
of all five resonances lie within 20% of the results of theoretical calculations [135].
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Figure 23. Comparisons between experimental (filled circles with errors) and theoretical (squares
[156] and triangles [83]) values for six transition frequencies of antiprotonic helium [94]. Note the
factor 10 and 100 differences in the axis scales. The various contributions from relativistic, QED,
and finite-size corrections to the theoretical frequencies are indicated.

One transition ((36,34) — (37,33) at A = 616.7nm), however, was experimentally
found to blue-shift with a gradient dv/dp = (3.8 £0.5) x 10~2! GHz cm? which did not agree
with the theoretical value of —1.90 x 1072! GHzcm?®. This resonance has a large linewidth
I' = 154+4 GHz [94, 155] which indicates a short lifetime T = 11 % 3 ps for the daughter state
(37, 33). It was theoretically predicted [155] that such a short lifetime is caused by a strong
coupling to an electronically excited pHe™ state, where the electron occupies the 3d-orbital,
and the antiproton the state (32, 31). The above disagreement between the theoretical and
experimental values for dv/dp may be due to the fact that the calculations [135] were made
assuming only a single state of 1s electron configuration.

The zero-density frequencies Ve, were obtained by linear extrapolation of the experimental
data (figure 23). The various sources of experimental errors on vey, are shown in table 4. The
above extrapolation to p = 0 introduced a systematic error 20—50 MHz. The statistical error in
the spectroscopy signal arising from the small number of pHe* excited by the multimode laser
beam was 2040 MHz. The frequency calibration of the pulsed dye laser had a systematic
error 70-140 MHz; better calibration techniques and modifications on the laser later improved
this to 20-50 MHz. Any frequency shift due to the residual magnetic field in the target has
been calculated to be negligibly small (<1 MHz). Ac Stark shifts (i.e. dynamic shifts in
the energy levels caused by the strong laser field polarizing the atomic orbitals of pHe") are
also estimated to be very small (<1 MHz). This is because the scalar (—3 to 2a.u.) and
tensor ((0.1-2) x 1073 a.u.) terms of the dynamic polarizability for these transitions are much
smaller than for electronic transitions in normal atoms [89]. The final experimental errors are
the quadratic sum of all these statistical and systematic errors.
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Figure 24. Precise comparison of the complex energies of five p*He" states [157]. The difference
of the experimental values from the two theories [83, 156] are plotted in MHz. The imaginary
part plotted here is half Auger width with negative sign, —%(FA/Zn)‘ The values used for the
comparison of the real part are the transition energies from the parent metastable states, where the
theoretical uncertainty should be very small.

The experimental frequencies of four transitions with natural widths I' < 50 MHz agree
with the theoretical values within vy, — Vexpl/Vexp < 5 X 1077, the experimental errors
(80-150 MHz) being of the same order as the QED one-loop vacuum polarization effect [78,85].
The differences were much larger (> 1 x 107%) for the two transitions (37, 34) — (38, 33)
at 713.6 nm and (36, 34) — (37, 33) at 616.7 nm, which have linewidths I" > 15 GHz. The
latter transition is particularly difficult to calculate due to the coupling of the state (37, 33) to a
broad, electronically excited pHe™" state. In figure 24, the difference between the experimental
and theoretical complex energies of three p*He* states are compared. The real part is here
derived from the measurement of the transition frequencies [94, 156], the imaginary part from
the Auger width of the resonant daughter state [83, 157]. All of these show good agreement
with three-body QED calculations.

It was found that some p*He® resonances cannot be observed at high densities
(p = 10® cm™!) of the helium target, as collisions destroy the antiprotonic populations in
some states but not others. According to Auger calculations for a single isolated atom, the
state (32, 31) is expected to be the lowest-lying metastable state in the v = 0 cascade (figure 13).
However, the corresponding UV transition (32,31) — (31, 30) at A = 264.7 nm could not
be observed in this experiment. Instead, the transition (33,32) — (32,31) at 296.1 nm
was detected, which shows that (32, 31) has a short collisional lifetime against antiproton
annihilation [94]. In fact, as we shall see below, this state recovered its metastability in
experiments carried out at much lower densities p ~ 10" cm~! [95].

3.5. The radiofrequency quadrupole decelerator

The precision on the pHe* transition frequencies v in the above experiment was limited by
the collisional shifts Av, and the errors associated with the extrapolation to zero density [94].
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Figure 25. Schematic drawing of the electrode structure of an RFQ (left). Antiprotons injected
axially into the ~1 cm diameter aperture between the rods are alternately focused and defocused in
the two transverse planes. The peaks and troughs machined into the rods provide the decelerating
force. Photograph of the RFQD electrodes (right).

Higher-precision measurements could only be carried out if the pHe" were produced in an
ultra-low density (e.g. p ~ 10'” cm~3) target, where collisional shifts would become negligible
compared with the 10 MHz scale natural widths of the transitions. Such experiments would
require an antiproton beam of sufficiently low energy (e.g. E ~ 100keV) that could be
efficiently stopped in the low-density target. For this purpose, the CERN PS division [158] with
the ASACUSA collaboration developed a radiofrequency quadrupole decelerator (RFQD),
which decelerated the 5.3 MeV antiprotons used above to energies E = 10-120keV.

The principle of the RFQD is as follows [158]. As described in the previous sections,
deceleration of an antiproton beam implies an increase in its physical emittance. In the absence
of cooling, the beam diameter would normally increase until the antiprotons strike the inner
walls of the accelerator. One way to avoid these losses is to strongly focus the beam during
deceleration, as is done in the RFQD. The RFQD [158] consisted of four 3.4 m long rod
electrodes arranged in a quadrupole configuration, which were excited by a quadrupole RF
field of f ~ 202.5MHz (figure 25). The high field (corresponding to a voltage on the
rod electrodes of ~170kV) was achieved by placing the rods in a cylindrical cavity which
was suitably designed to resonate at the required TE210 (i.e. transverse electric quadrupole)
mode. Antiprotons injected axially into the ~1 cm diameter aperture between the rods were
thus alternately focused and defocused in the two transverse planes (as in the case of a Paul
trap or quadrupole mass spectrometer [159]) with a maximum electric field ~30MV m~.
This ‘alternate gradient’ focusing resulted in a net confining effect, which ensured that the
antiprotons followed orbits of small transverse diameter that oscillate around the RFQD axis.

To generate a longitudinal component of the RF field which decelerated the antiprotons,
a series of peaks and troughs were machined on the surfaces of the rods. The axial positions
of the peaks were the same for opposing pairs of rods, but shifted by half a period between
neighboring rods. This deviated the originally transverse electric fields into the longitudinal
direction and gave rise to a standing wave along the RFQD axis, the wavelength A, of which
was determined by the pitch of these rod undulations. The A.-value was adjusted to correspond
to the flight distance of an antiproton during a single 202.5 MHz RF cycle, which gradually
decreased as the beam was decelerated from £ = 5.3MeV to 65keV along the RFQD.
Antiprotons injected into the RFQD with the correct timing relative to the RF phase were thus
decelerated each time they traversed a rod undulation (figure 26).

The RFQD was operated in the following way. A RF bunching cavity first shaped
the antiproton beam extracted from AD into a train of micropulses, with a pulse length
(At = 300ps) and relative timing to the RF phase, which were compatible with the above
requirements for deceleration. The antiprotons then entered the RFQD, and some ~30% were
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Figure 26. Experimental layout of the radiofrequency quadrupole decelerator and the laser
spectroscopy experiment of pHe*. Antiprotons decelerated to energy E ~ 100 keV in the RFQD are
transported by the achromatic momentum analyzer to the cryogenic helium target [95]. The pHe*
produced in the target are irradiated by a resonant laser beam. Dashed lines indicate trajectories of
the antiproton beam. Drawing not to scale.

emitted with energy E = 65 keV; the remaining 70% emerged with little or no deceleration.
The antiproton output energy could be varied between E = 10 and 120keV by biasing the
electrodes of the RFQD with a dc potential. An energy-correcting RF cavity at the input of the
RFQD was used to compensate for the changes in the energy of the incident beam resulting
from this biasing, and variations in the energy of the antiprotons extracted from the AD.

3.6. Direct measurement of the transition frequencies of isolated pHe*

The RFQD enabled direct measurements of the transition frequencies v of isolated pHe* at
target density p ~ 5 x 10" cm™ (i.e. under idealized conditions wherein the collisional
shifts Av became negligible), as follows. A beam of 100keV antiprotons emitted from
the RFQD was first diverted by an achromatic momentum analyzer connected to its output,
and focused into the entrance of a cryogenic helium target. This diversion eliminated the
large background that the undecelerated antiprotons would have otherwise produced. The
spatial profiles of antiproton pulses along the beam line were measured non-destructively
by micro-wire secondary electron emission detectors [160]. To ensure that the antiprotons
would stop in the low-density helium gas (corresponding to pressure P = (0.7-2 mbar and
temperature 7 = 12-30 K), the target volume was made much larger (diameter d = 15cm,
length [ = 30 cm) than in the 5.3 MeV experiments described above. The antiprotons which
entered through a 0.8 um thick polyethylene window mounted on one end of the chamber
formed pHe" atoms filling the entire volume of the target. These atoms were irradiated by
a 5 cm diameter laser beam which entered through a fused silica window. The other details
(Cherenkov counters and lasers) were similar to the above 5.3 MeV experiments.

At the very low densities studied in these experiments (p = 5 x 107 cm™3), the p*He*
(figure 27(a)) and p*He* had average lifetimes against annihilation of Tavg = S us and 4 us,
respectively. This is 1-2 s longer than the values measured in the above experiments carried
out at higher densities p > 10%° cm™3. Laser spectroscopy revealed that certain states became
long-lived, due to the reduced rate of collisions. For example, as described above the p*He*
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Figure 27. Delayed annihilation time spectra of p*He* measured at ultra-low densities
p~5x 107 em™3, with laser-induced annihilation spikes of the transitions (35,33) —
(34, 32) (a) and (32,31) — (31,30) (b). The latter transition could not be observed at higher
densities [95].
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Figure 28. Frequency profiles of [_)3He+ transitions (36, 34) — (37,33) (a) and (34,33) —
(35, 32) (b). Arrows denote theoretical positions of the substructure due to spin interactions. Here
there are eight, partially overlapping hyperfine components, arranged in three groups [162].

transition (32,31) — (31, 30) at 264.7 nm could not be previously detected because state
(32, 31) was found to have a lifetime two orders of magnitude shorter than the theoretically
expected value. It was detected at the low densities of the RFQD experiment, however,
indicating the recovery of its metastability. This result showed that the pHe* are now indeed
produced in a near-isolated condition.

In figure 28(a), the resonance profile of the 133He+ transition (n, £) = (36, 34) — (37, 33)
at A = 723.9nm is shown. As in the above p*He" case, the hyperfine splitting Ayps =
1.8+0.1 GHz between the two peaks caused by the dominant interaction between the antiproton
magnetic moment and the electron spin agreed with theoretical calculations [96, 161]. In
figure 28(b), the profile of the transition (34, 33) — (35, 32) at 525.5 nm is shown, with a
corresponding splitting Agps = 1.64+0.1 GHz. Now the theoretical discussion in section 2.4.3
and figure 8 shows that these profiles are a superposition of eight partially overlapping lines
arranged in three groups, the calculated positions of which are shown in arrows. These
further hyperfine structures cannot be resolved here due to the Doppler broadening effect
in the observed spectra and the limited resolution of the laser. However in the case of the
A = 525.5 nm resonance, the resolution is slightly better than the 723 nm case and reveals an
asymmetry in the profile caused by the uneven spacings among the peaks. This asymmetry
was clearly observed in later experiments (see below).

The spin-independent transition frequencies vex, were extracted from these spectra, by
fitting the profiles with four (in the case of the p*He* data) or eight (p*He™) Voigt functions
(solid lines), superimposed on each other and separated by the theoretical hyperfine splittings.
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Figure 29. Comparisons between experimental vey, (filled circles with errors) and theoretical vy,
(squares [81] and triangles [96]) transition frequencies [95].

Compared with the initial measurements [94] using the direct 5.3 MeV beam of AD, this
new series of experiments using the RFQD improved the precision by nearly eliminating
the systematic error associated with the density extrapolation (table 4). Nevertheless, there
remained a small collisional shift of around 0.1-4 MHz depending on the transition, which was
corrected to obtain the final in vacuo result. The precision of the laser frequency calibration
was also slightly improved. All other sources of statistical and systematic errors remained at
a similar level, which finally led to an experimental precision of (6-19) x 1078, the highest
being for the f>4He+ transition (35, 33) — (34, 32) at 372.6 nm. In figure 29, the frequencies
are compared with the results vy, of theoretical calculations [77,81,96, 163], the precisions of
which have been improved compared with those of those shown in figure 23. In the previous
5.3 MeV experiment [94], a theory—experiment difference of | (Vin — Vexp) /Vexpl ~ (5-7) X 1077
was observed in the p*He" transition (39, 35) — (38, 34) at 597.3 nm; as a result of these
experimental and theoretical improvements, the difference was now reduced to <8 x 1078,

3.7. Higher precision: cw pulse-amplified laser locked to a frequency comb

Having thus eliminated the collisional shift in the measured pHe" frequencies, further
improvements in the experimental precision (table 4) now required a higher-precision laser
system and more advanced techniques to stabilize the optical frequency. As we have seen
in figure 17, only pulsed lasers can provide the megawatt-scale intensities needed to induce
the pHe* transitions. Pulsed lasers are, however, characterized by large fluctuations in their
frequency and linewidth, and it is difficult to calibrate them over the wide range of pHe"
wavelengths 1 = 264.7-726.1 nm [138]. These problems were circumvented in the latest
series of pHe™ experiments [51], which were based on a continuous-wave (cw) laser whose
frequency could be stabilized with a precision <4 x 107! against an optical frequency comb
generator [164—166]. Its intensity was then amplified [167-169] by a factor of 10° to produce
a pulsed beam with an accuracy and resolution of 1-2 orders of magnitude higher (table 4)
than before.

Many commercially available cw lasers can easily achieve a spectral resolution of <4 MHz,
and even «100kHz with appropriate modifications to the laser cavity. This is why they are
used to carry out laser spectroscopy at the highest precision (e.g. on the 1s—2s transition of
atomic hydrogen [170]). It is the continuous nature of the laser output which enables this
precision; the frequency stabilization in cw lasers is typically carried out by monitoring the



Antiprotonic helium and C PT invariance 2037

Frequency comb <———)——Femtosecond laser CW Nd:YVO, laser

Microstructure <
optical fiber 0.7 W, 200 MHz 532 nm, 10 W (A)
- -»>Stabilization .
v .- CWdyelaser CW Nd:YVO, laser

L 574673 nm, 1W 532nm,10W (B)

o cw Ti:S laser

M 723941 nm, 1W . Heterodyne
chirp measurement

= P I
Vew+400 MH A
Seed beam AOM L cw z
Vew - CW pulse amplifier To target
EOM chirp |
| compensation — LI Vi t
BBO + LBO
crystals
Pulsed Nd:YAG laser | <, % g Q v
532 nm, 200 mJ (C) X
Pulse stretcher
To target
— | Dyel 372nm,5mJ (E
Pulsed Nd:YAG laser | ye laser 372 nm, 5 mJ (E) | N
365nm, 200mJ (D) |00 [ pye laser 372 nm, 5 md (F) |,
3

Figure 30. Top: layout of the stabilization of cw pulse-amplified dye laser to femtosecond frequency
comb. Bottom: additional dye lasers used to measure the 417.8 nm transition [51].

laser frequency v, with, e.g. an external reference cavity and feeding back the results to a
high-speed servo element located inside the laser cavity to correct any unwanted deviations
in vey. Those cw lasers which are tunable in the visible region, however, are usually limited
to output powers of several Watts. Pulsed amplification, in which a precisely stabilized cw
laser provides the seed photons which are injected into a high power pulsed laser, is therefore
needed in the pHe* case.

The implementation of this technique used here [51] is shown in figure 30. First, a
Nd: YVO, laser (B) pumped either a ring Ti : sapphire or dye laser, thus producing cw laser
beams covering the required wavelength range & = 574.8-941.4nm with power P ~ 1 W
and linewidth I' = 1 or 4 MHz. This seed beam was amplified to energy 5-20 mJ with a
linewidth I' ~ 60 MHz in three dye cells pumped by a pulsed Nd : YAG laser (C). The shorter
wavelengths & = 264.7-470.7 nm were obtained by frequency doubling or tripling the above
fundamental light in BBO and lithium triborate (LBO) crystals.

One of the largest sources of systematic error in precision spectroscopy experiments using
pulsed amplification of cw lasers is the so-called ‘frequency chirp’ [167-169]. The accuracy
of any such experiment crucially relies on the expectation that the stabilized frequency of
the cw seed laser v, should be precisely the same as that of the amplified laser pulse vy
which excites the atom (i.e. Ave(t) = vp(t) — vy = 0). In reality, however, there is a
small, time-dependent deviation [Av.(¢) # 0] involved in the amplification, which can cause
a shift in the measured value vy, of the pHe™ frequency. This frequency chirp Av. () occurs
because of rapid (nanosecond-scale) changes in the refractive index #n. of the dye during laser
amplification [168]. This change in 7. shifts the phase ¢, of the laser light, whereas the time
derivative of ¢. is equal to the chirp following the equation:

1 d¢,
Ave(t) = —5 dt“.

The magnitude and sign of Av, depends on many parameters such as the laser intensity and
wavelength, and the dye type and its concentration.

In the last 15 years, many techniques have been developed to evaluate and correct this
chirp Av.(¢), and successfully utilized in high-precision laser spectroscopy experiments
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Figure 31. (a) Delayed annihilation time spectrum of p*He* with laser-induced transition
(n, £) = (39, 35) — (38, 34), (b) heterodyne beat signal of the pulsed dye laser, (c) time evolution
of frequency chirp with (broken line) and without (solid) chirp compensation [51].

of, e.g. molecular hydrogen [171, 172], helium [167, 173], muonium [174, 175], and
positronium [176]. These methods have now been employed [51] to measure 12 transitions
in pHe™, the annihilation peak of one (p*He" resonance (n,£) = (39,35) — (38,34) at
wavelength A = 597.3 nm) of which is shown in figure 31(a). The time evolution of the chirp
Av.(t) in the laser pulse used to excite this transition was derived in the following way. Part of
the seed laser was diverted into an acousto-optic modulator (AOM), which shifted its frequency
by precisely v,om = 400 MHz. The resulting cw and pulsed dye laser beams of frequencies
Vew + Vaom and vp were merged and superimposed on a photodiode. The heterodyne beat
signal (figure 31(b)) measured by the photodiode contained the difference frequency between
the two lasers, i.€. V] — Vew — Vaom, Which was isolated by Fourier analysis [167,168]. Under
idealized conditions of zero frequency chirp Av, = 0, the carrier frequency of the beat signal
(figure 31(b)) would be equal to Vo = 400 MHz. Any non-zero value of Av., however, would
appear as a deviation from 400 MHz, which can then be precisely measured. In figure 31(c),
the chirp in a 597.3 nm laser pulse obtained in this way is shown in solid lines. It changed
from Av.(t) = 50 to —70 MHz over its 20 ns duration.

The chirp can be minimized by using an electro-optic modulator (EOM) to apply an
artificial frequency shift of opposite sign to the cw seed laser before amplification. This ‘anti-
chirp’ cancels the subsequent chirp (broken lines) induced in the dye cells [167, 169, 175], so
that the effective Av,(¢)-value is reduced to <10 MHz over most of the pulse. Any remaining
effect that the small residual chirp Av.(¢) has on the measured pHe" profile can then be
evaluated and corrected by numerical simulation (see below), so that the transition frequency
Vexp Can be precisely determined.

We now describe the absolute calibration of the cw laser frequency v.,,. Until recently, the
only practical way of calibrating laser frequencies with precision <10~ in such accelerator-
based experiments was to compare them against secondary atomic or molecular standards, as
was done in the previous two pHe* measurements [94,95]. This method has the following
constraints; however, (i) the frequency of the reference line must of course be known with
sufficiently high accuracy, but relatively few such lines with precisions <1077 exist, (ii) laser
spectroscopy of this atomic or molecular reference line must be carried out during the pHe*
experiment. The many possible systematic errors from, e.g. collisional or power shifts in the I,
or Rb spectroscopy [148] must be minimized, (iii) the reference line must typically lie within
a few tens of GHz of the target pHe* one. In fact, it was found that very few pHe* lines had
any corresponding reference which would allow spectroscopy at precisions <10~". One of the
authors (MH) therefore began constructing a portable laser spectroscopy system, which could
be transported between CERN in Geneva and, e.g. NIST in Colorado, to calibrate all 12 pHe™*
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Figure 32. (a) Train of consecutive laser pulses with repetition rate frep generated by the optical
frequency comb. The optical carrier wave in successive laser pulses are shifted by a phase angle
Ag. (b) Frequency spectrum of comb, with the cycle slip frequency fofr = A¢frep [164].

lines. These efforts became obsolete, however, with the invention of the optical frequency
comb in 1999-2000, which provided an accurate frequency standard over the entire optical
region.

The frequency comb [164,166] (figure 32(a)) essentially consists of a laser cavity of length
L, within which circulates a single laser pulse of optical carrier frequency f. and femtosecond
duration (i.e. much shorter than the nanosecond-scale round-trip time 7. = 2L /c of the laser
light in the cavity). The output of this laser is therefore a train of pulses with identically shaped
envelopes, which are separated by a repetition rate fi, = 7,'. When we carefully examine
each pulse, however, we find that the optical carrier waves in successive laser pulses are shifted
by increments of the phase angle A¢ with respect to the pulse envelope. This shift arises from
dispersion effects in the optical components in the cavity, which causes a slight difference in
the carrier and group velocities of the laser pulse circulating inside. The essential point here is
that both f., and A¢ can be measured and precisely stabilized by adjusting the pump power
of the femtosecond laser, and some optical elements in the laser cavity [165].

Fourier transformation of this train of laser pulses reveals a series of sharp spikes in the
optical frequency domain, which are separated by an interval fi, (figure 32(b)). This comb
structure corresponds to many thousands of modes in the laser cavity oscillating in unison.
The mode positions are shifted from being exact harmonics of the carrier frequency f. by an
offset forr = A frep (figure 32(b)); we call this the cycle slip frequency. The frequency of the
nth mode of the comb is then

fn = foff + nfrep- (39

By stabilizing both fof and frp against an atomic clock, the optical frequency of the comb
modes can reach absolute accuracies better than 1 part in 10'3 [177].

The comb (Menlo Systems GmbH FC-8004) used in these experiments (figure 30)
consisted [165] of a mode-locked Ti : sapphire laser pumped by a cw Nd: YVO, laser (A),
which produced a train of 15 fs long laser pulses of repetition rate fi, = 200 MHz, cycle slip
frequency for = 20 MHz and a spectral width extending between A = 750 and 850 nm. This
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infrared light was sent through a microstructure fiber [164—166], wherein non-linear effects
broadened the spectral width of the comb over the entire region A = 500—-1100 nm needed to
calibrate all the pHe™" lines.

The frequency v, of the cw seed laser was compared [51, 165] with the above comb and
stabilized to a value,

Vew = ncfrep + foff + fdif’ (40)
which was fgir = 20 MHz above the n.th mode of the comb. The laser frequencies used to
measure these pHe™ transitions corresponded to mode numbers n, = 1592 190-2 607 811 of
the comb. All radio frequencies frep, forr and fgir were synchronized to a quartz oscillator,
which was stabilized to a reference clock provided by global positioning satellites. The seed
(and consequently the pulsed dye) laser was scanned over a region +£4 GHz around the pHe*
resonances by changing the repetition rate of the femtosecond laser from fi, = 200.000 to
200.004 MHz to which it was stabilized. Doppler-free spectroscopy of Rb and I, in the seed
beam indicated that its frequency precision was <4 x 10710 [178]. A thermally stabilized,
hermetically sealed housing permitted 24 h operation of the comb during these months-long
experiments, and motorized stages optimized the alignment and polarization of the beam
coupled into the fiber during the 100 s intervals between antiproton pulses [51].

3.8. Parts-per-billion-scale laser spectroscopy of pHe*

The above laser system was used in conjunction with the RFQD to measure 12 transition
frequencies in p He" and 134HeJr to fractional precisions between 9 and 16 parts in 10° [51]. All
the experiments where carried out using a linearly polarized laser beam. A typical profile of the
resonance (n, £) = (36, 34) — (37,33) in [_)3He+ is shown in figure 34(a), and demonstrates
the much higher resolution and precision compared with the previous such measurements
of figures 28 and 15. The width of this profile is now dominated by the thermal Doppler
broadening of ~400 MHz, which is probed by a laser of much higher (~60 MHz) resolution.
The two peaks separated by 1.8 GHz and asymmetry due to the hyperfine structure can be
clearly resolved.

At the higher levels of precision involved in this measurement, it was no longer sufficient
to simply fit the profile with Voigt functions as in previous experiments [94,95] to determine the
spin-averaged transition frequency vex,. A more sophisticated simulation was made to obtain
the exact shape of the profile. Each state (n, £) in p° He" has eight hyperfine substates [96,161],
which are distinguished by the configurations of the electron, antiproton, and *He spins. The
profile of figure 34(a) therefore contains eight intense lines (the calculated position [161] of
which are indicated by arrows), corresponding to E'1 transitions between the eight substates
of the states (36, 34) and (37, 33) involving no spin-flip. In addition, there are 12 lines which
are weaker by more than 2 orders of magnitude, wherein one of the constituent particles
flips its spin. The theoretical lineshape was obtained by integrating a series of optical Bloch
equations (equation (35)) for all such possible E1 transitions. The equations for hundreds of
laser transitions between the many magnetic m-substates were simultaneously solved [179].
The frequency chirp Av.(¢) introduced a time dependence to the driving laser frequency when
performing the Bloch equation integration. The Doppler broadening laser power broadening,
and dephasing collision effects were also taken into account. This lineshape was then fitted to
the profile (solid line) to determine vexp. The veyp-values of p*He* resonances (figure 34(b)),
which contain four intense, non-spin-flip hyperfine lines and four weak, spin-flip ones were
obtained similarly.

All transitions heretofore accessible to precision laser spectroscopy involved a daughter
state with a short Auger lifetime, the natural width I, > 20 MHz [81, 126] of which would
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Figure 33. (a) Portion of energy level diagram of p*He*, (b) delayed annihilation time spectrum
with three lasers fired at #;—#3 to measure 417.8 nm transition (see text) [51].
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Figure 34. Frequency profiles of the transition (a) (36, 34) — (37, 33) in 133He+, (b) (37,35) —>
(38,34) and (c¢) (36,34) — (35,33) in 1')4He+, measured using cw pulse-amplified dye laser
stabilized to an optical frequency comb [51].

ultimately limit the achievable precision on vey, to around ~107°. A different technique was
introduced to extended the studies to a 1')4HeJr transition (36, 34) — (35, 33) between two
metastable states with I'; ~ 100 kHz. This implies an ultimate precision of ~10~!2, although
these experiments are Doppler rather than natural width limited. To measure this transition,
the following three-laser method was developed (figure 33(a)), (i) an additional dye laser (E in
figure 30) pumped by a 355 nm Nd : YAG laser (D) first irradiated the pHe* with a 372.6 nm
laser pulse. This depleted the population in state (35, 33) at #; by inducing the transition
(35, 33) — (34, 32) to a short-lived state, and thereby producing the first peak in figure 33(b),
(ii) at t = t,, the cw pulse-amplified laser tuned to (36, 34) — (35,33) at A = 417.8nm
equalized the population in the parent and daughter states, (iii) another 372.6 nm dye laser (F)
pumped by the same Nd: YAG laser after a 100 ns delay probed the increased population of
(35, 33) at t = t3 resulting from the transitions stimulated by the 417.8 nm laser pulse, and
produced an annihilation peak at t = #3. The profile of the (36, 34) — (35, 33) resonance
obtained by plotting the intensity of this peak against the frequency of the 417.8 nm laser is
shown in figure 34(c).

The in vacuo values ve,, (0 = 0) were obtained by correcting the experimental results
using shift between Av = —14 and 1 MHz corresponding to target density p ~ 2 x 10'8 cm™3.
As described above, theoretical calculations [89] show that shifts due to the ac Stark effect
or residual magnetic fields in the target are negligibly small (table 4). The experimental
1-standard deviation error oy, was the quadratic sum of the statistical component associated
with the above fit (3—13 MHz), together with the systematic component oy arising from the
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Figure 35. Experimental vex, (circles with 1o errors) versus theoretical vy, (triangles [126] and
squares [82,89]) transition frequencies [51].

chirp (2-4 MHz), collisional shifts (0.1-2 MHz) and any possible shift due to the harmonic
generation (1-2 MHz).

The vexp-values agree with the two previous experiments [94, 95] within the order of
magnitude lower precision of the latter. They are compared with the two sets of theoretical
values vy, [82,126] in figure 29; the latest values of [82] claims a precision oy, = 1-2 MHz. The
older values of [126] is claimed by the authors to have oy,-values of between 5 and 100 MHz,
because of technical difficulties in evaluating their variational trial functions near the origin
(where the distance r between the constituent particles approaches zero). Indeed, unpublished
results from the authors have recently moved by 3—100 MHz from those of [126]. Only the
values of [82] claim precisions consummate with our experimental errors, and were therefore
used in the CPT-related analysis described in the next section.

When compared with experiment, the values from [126] scatter within 7-8 standard
deviations of vey,. Those of [82,89] agree within <1 x 10~8 with the four highest-precision
measurements in p*He*, and (36,34) — (37,33) in p’He*. Four calculated p’He*-
frequencies were lower than the vey,-values by ~2 standard deviations (figure 35).

4. The mass and charge of the antiproton

From the comparison of the measured transition frequencies Ve and the theoretically
calculated ones [82] vy, using the 2002 CODATA recommended values for the fundamental
constants [50], the mass (and charge) of the antiproton can be deduced. This is done by varying
mg in the theoretical model, initially set to the m,, value, and performing the x2-minimization.

We here examine two possibilities to utilize the pHe" data (1) to determine p-to-electron
mass ratio (and then compare the value with m,/m.) and (2) to test CPT. There are subtle but
important differences between the two.

When deducing the p-to-electron mass ratio, we assume that the CPT invariance is not
violated yet at the present experimental precision. We therefore set O, + Q5 = 0, and
vary mg/m. in the theory model, and seek for the best fit. The obtained mj/me., if enough
precision is attained, can be used together with the current mj, /m. values in the future CODATA
adjustments of the fundamental constants.

On the other hand, in the CPT test, we test if there is any difference between m, and m;
and between Qp and |Qp|. We therefore let mj to vary relative to m,, (which implies that mj is
also changed relative to mye) and let | Q| to vary relative to Qp. The minimization procedure
makes it possible to set a CPT bound in the dm; — § Q5 two-dimensional plane.

Let us first discuss the case 1, determination of mg/me..
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4.1. Determination of the antiproton-to-electron mass ratio

For a small possible variation of m; which is being studied, it is possible to evaluate
the sensitivity coefficients, d E/d(6mp) for each (n, £) state of pHe*, and use a linearized
expression when performing the x> minimization.

The non-relativistic Hamiltonian of pHe* in atomic units, equation (11) can be
rewritten by defining symbols for mass ratios, such that n3, = m3/my(=m./m;) and
N1 = my/mi(=mp/my.). With these definitions, the reduced masses in the Hamiltonian
equation (11) can be written as [82]

1 1+ 1 1+
_( 7)21)7732’ _ L+ mans and UEI @1
212 2 20413 2 m
Then the derivatives of the level energy with respect to the particle-mass changes become
0Ey L+ma,_n M0 ,00
— =———(V]) = —(V3) — ViVs), 42
- 7 (Vi) = (V) = ma(ViVa) (42)
0Ey N2 o 32 o0
— = ——(V7]) — —(V3) — V1V2). 43
. 5 (Vi) = (V) =na{Vi V) (43)

where (.. .)s denote expectation values.
In terms of fractional changes such as Ans,/n3z, the level energy shift A Ey becomes

A A
AE() = a3 ( 7732) + djy ( 7721) s (44)
132 n21
where we have defined the sensitivity coefficients a3, and a;; as
oE, ok,
azn =3 (—) and a1 = N1 <—> . (45)
0132 o

With these coefficients, the change in the transition energy A E from the initial state (i) to
the final state (f) can be written as

. . A . A
AE = AE) — AEf = [(agz —d)) ( ’732> + (ay —ab)) < 121 )} , (46)
1732 n21
or in terms of the fractional frequency change,
A o (A - (A
av_ a§f3 ( '723) + aéfl ( 7721) ’ (47
v n23 n21
where the as in the last equation are
; (2R c)(ai —at )
olf, = 227 v32 32 (48)

and

it (2Rooc)(a121 _451)
21 = )
v

(49)

and note that we used 1,3 instead of 13, (and hence a3 has an opposite sign with respect to
asp) since we will be deducing the (anti)proton-to-electron mass ratio in what follows.

The first term of equation (47) expresses the sensitivity of the transition frequency on the
antiproton(2)-to-electron(3) mass ratio, while the second term is that on the antiproton(2)-to-
helium(1) mass ratio. In the present framework of m3/m. determination, only the first term is
relevant.
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Table 6. The CODATA2002 recommended values for the mass ratios relevant to pHe; m,—alpha
particle mass, mp—helion (®*He nucleus) mass, mp—proton mass and me—electron mass.

Quantity Value Relative

standard uncertainty
me /1y 3.97259968907(52) 1.3 x 10710
my/ny 2.993 1526671(58) 1.9 x 1072
mp/me =13 =1/n32  1836.15267261(85) 4.6 x 10710

Table 7. Comparison of measured transition frequencies (in MHz) with Korobov’s calculated ones.

The as and Bs are the mass and charge sensitivity coefficients (see text).

ni ¢ ng g Vexp (Jtot. ) (Ustat. ) (Usyst.) Vth (Ulh) (Gnum.) alzg aizrl ﬁéf
For p*He*

40 35 39 34  445608558(6)(6)(3) 445 608 568.6(1.2)(0.8) 1.86 —0.37 3.10
39 35 38 34  501948752(4)(4)(2) 501948754.9(1.3)(0.5) 1.80 —0.36 3.03
37 35 38 34  412885132(4)(3)(2) 412885132.0(2.3)(0.3) 2.61 —-0.53 4.01
37 34 36 33 636878139(8)(6)(4) 636878 151.6(1.3)(0.3) 1.63 —0.33 2.83
36 34 35 33 717474004(10)(9)4) 717474001.2(1.3)(0.4) 1.55 —-0.31 2.73
35 33 34 32 8046330598)(7)(4) 804633058.1(1.0)0.3) 1.47 —029 2.63
32 31 31 30 1132609209(15)(14)(7) 1132609223.5(1.2)(0.2) 1.27 —-0.25 2.38
For p°He*

38 34 37 33 505222296(8)(8)(2) 505222280.1(1.3)(0.3) 1.82 —0.46 3.05
36 34 37 33 414147508(4)(3)(2) 414 147508.0(2.2)(0.2) 2.64 —0.66 4.05
36 33 35 32 646180434(12)(11)(4) 646180407.7(1.4)(0.4) 1.65 —0.41 2.85
34 32 33 31 822809 190(12)(11)(4)  822809170.7(1.2)(0.2) 1.47 —0.37 2.64
32 31 31 30 1043128609(13)(13)(4) 1043128579.6(1.1)(0.1) 1.32 —0.33 245

To be more precise, in this treatment, it is the electron mass which is being varied with
respect to both p and helium nucleus, as we keep the p-to-helium mass ratio constant. This
makes sense since the proton (and hence antiproton) to o mass ratio is known to a better
precision than the proton-to-electron mass ratio as shown in table 6. It is the electron mass
which is less well known with respect to others®.

Table 7 compares the experimentally obtained transition frequencies Ve, to Korobov’s
theory values vy, calculated with the 2002 CODATA recommended values. The experimental
values vey, are shown together with statistical (0ga.), Systematic (0gys.) and total (i, =

Jol. +052yst_) errors, the details of which were discussed in the previous section. The

theoretical values vy, are shown together with uncertainties due to yet-to-be-calculated higher-
order terms (oy,) and numerical uncertainties (Guum. ). The table also shows the ol and o
sensitivity coefficients for the transition frequencies, as well as the charge sensitivity factor ﬂéf
which will be discussed in the next section. In calculating the & and S factors listed in table 7,
we made use of a complete set of mass and charge sensitivity factors calculated for each (n, £)
level, provided by Korobov [180] and are tabulated in table 8.

Figure 36 shows how (v, (An23) — Vexp)/Vexp Changes when the p-to-electron mass ratio
(123 = 1/n3y) is varied, for one of the f)4He+ favored transitions (36, 34) — (35, 33) and an

4 Table 6 however reveals that this is not so for the helion (*He nucleus) mass. In the 1998 CODATA recommended
values, mh/m{,”’”) was 2.993 152658 50(93), relative uncertainty of 3.1 x 10710, nearly as precise as that for
my/ ml(,lggg) of 2.8 x 10719, The large increase of the helion mass uncertainty is due to the discovery of an error in
the earlier experimental results, as discussed in [50]. In the x? fit, the uncertainty in the helion mass was propagated
by making use of the oy coefficients.
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Table 8. The a3y, a2 and b, sensitivity coefficients calculated by Korobov [180].

For p*He* For p>He*

n 14 az ap by n 14 az ap by

31 30 28170 0.5661 —4.8170 30 29 2.8238 0.7066 —4.8310
32 31 25991 05223 —4.4072 31 30 25985  0.6503 —4.4071
33 31 2.3811 04786 —4.0206 33 30 2.1691 0.5429 —3.6539
34 31 21793 04380 —3.6692 32 31 2.3888 0.5979 —4.0179
33 32 23957 04815 —4.0298 33 31 2.1776  0.5450 —3.6507
34 32 21904 04403 —3.6726 34 31 1.9822 04962 —3.3161
35 32 19994 04019 —3.3464 35 31 1.8078 0.4525 —3.0283
36 32 1.8241 03667 —3.0616 33 32 21923 0.5487 —3.6591
34 33 22048 04432 —3.6811 34 32 19935 04990 —3.3206
35 33 20112 04043 —33509 35 32 1.8094 0.4530 —3.0125
36 33 1.8313 03682 —3.0494 36 32 1.6402 04106 —2.7337
37 33 1.6652  0.3348 —2.7755 37 32 1.4885 0.3727 —2.4898
38 33 1.5224  0.3061 —2.5303 34 33 2.0073 0.5025 —3.3272
35 34 20247 04070 —3.3577 35 33 1.8201 04557 —-3.0154
36 34 1.8421 0.3703 —3.0527 36 33 1.6476 04125 —2.7327
37 34  1.6732 03364 —2.7752 37 33 1.4901 0.3731 —2.4781
38 34 15182 03053 —2.5242 38 33 1.3477 03375 —2.2505
39 34 13775 02770 —2.2987 35 34 1.8323 0.4587 —3.0194
36 35 1.8543  0.3728 —3.0571 36 34 1.6565 04147 —=2.7327
37 35 1.6822  0.3382 —2.7759 37 34 1.4957  0.3745 —2.4745
38 35 1.5242  0.3065 —2.5215 38 34 13502 0.3381 —2.2435
39 35 1.3806 0.2776  —2.2928 39 34  1.2201 0.3056  —2.0384
40 35 1.2514  0.2517 —2.0886 36 35 1.6664 04172 —2.7333
37 36 1.6923 03403 —2.7771 37 35 1.5019  0.3761 —2.4709
38 36 1.5308 03078 —2.5188 38 35 1.3531 0.3388 —2.2365
39 36 13841 02783 —2.2868 39 35 1.2201 0.3056 —2.0286
40 36  1.2521 0.2518 —=2.0799 40 35 1.1025 0.2762 —1.8456
41 36 1.1346  0.2282 —1.8967 37 36 15087 03778 —2.4672
38 37 1.5381 0.3093 —2.5161 38 36 1.3560 0.3396  —2.2287
39 37 1.3877 0.2791 —2.2803 39 36 1.2198 0.3055 —2.0177
40 37 1.2525 0.2519 —=2.0703 40 36 1.0997 0.2755 —1.8325
41 37 1.1326  0.2278 —1.8848 38 37 1.3589 0.3403 —2.2201
39 38 1.3914  0.2798 —2.2730 39 37 12189 0.3053 —2.0054
40 38 1.2526  0.2519 —2.0595 40 37 1.0960 0.2745 —1.8178
41 38 1.1298 0.2273 —1.8715 39 38 1.2171 03048 —1.9912
40 39 1.2521  0.2518 —2.0471 40 38 1.0909 0.2733  —1.8007
41 39 1.1260  0.2265 —1.8562 40 39 1.0839 0.2715 —1.7807
41 40 1.1207 0.2254  —1.8383

unfavored transition (37, 35) — (38, 34). The width of each band reflects the experimental

EITOr Ocxp. Here, vy (Ana3) takes the form

A
Vth (1 + 023 ( nn23>> ,
23

and for a small fractional change € of mj/m. with respect to the CODATA m,/m. value,

Anaz/n3 is

Ams

mf)/me - mp/me

_ my(1+¢€) —m,

123

mp/me

nmy

Il
o

(50)
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Figure 36. Dependence of the fractional frequency change §v/v on p-to-electron mass ratio
plotted for one of the 134He+ favored transitions (36, 34) — (35, 33) and an unfavored transition
(37,35) — (38, 34).

To obtain the mz/m. value, we minimize the x?

X2 _ Z (Vth(An23) - Vexp)z' (51)

2 2
Uexp + Oth

The best-fit values are

mf)/me

p*He*  1836.152666(4)
p*He*  1836.152697(9)

All 1836.152674(5)

where we show the results obtained using the p*He* data, those with the p*He*, and the
combined result.

4.2. CPT constraints on the p mass and charge

Let us now turn to case (2), and examine to what extent we can constrain the mass and charge
of the antiproton, if we let both p mass and charge to vary with respect to those of the proton.
To this end, we extend equation (47) to include a sensitivity factor ,Bif on the p charge:

Av . A : A . Az
— =d ( "23> +a ( "21) +By (—2) : (52)
v n23 21 22
Here, the charge sensitivity factor B, is obtained by taking a partial derivative of the

Hamiltonian (equation (11)) with respect to z; (i.e. antiproton charge), and takes the form
it (2Roc)(bh — bh)

(53)

e ()= (2+[2)
022 T2 32

with
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Figure 37. A 90% confidence limit contour on the antiproton mass and charge deduced from the
pHe* laser spectroscopy is shown.

where z;, 22, 23, respectively, are 2, —1 and —1. The numerical values of ﬂ;f have already
been included in table 7.

Naively, since the pHe* binding energies (and hence transition frequencies) are roughly
proportional to mj Q%, we expect see a correlation between the fractional mass change dmg/m,,
versus 8 O3/ Q) such as

dmz/my = =26 05/ 0p,

as was discussed in [2].

We now calculate the x? value by varying both the antiproton mass and charge according
to equation (52). Note that in case (1) when we derived the antiproton-to-electron mass ratio,
the second term of equation (52) did not come into play, but since we are now testing the
possible deviations of p mass and charge with respect to those of the proton, the second term
of equation (52) does contribute, since if the p mass is different from the p mass, both 7,3
(p-to-electron mass ratio) and 7,; (p-to-helium mass ratio) are affected. The 90% confidence
level contour in the 6m—§ Q plane obtained in this way is shown in figure 37.

As was expected, the CPT bounds on charge and mass obtained by the antiprotonic helium
atoms are correlated along the dmz/mpy ~ —28Q5/ Op direction, so that it is not possible to
individually constrain 8ms/m,, and § O3/ Qp. By combining the pHe* results with the proton-
to-antiproton cyclotron frequency comparison of the TRAP group [32, 33], a much tighter
bound on the equality of antiproton mass and charge with those of the proton of 2 x 1077
(90% confidence level).

5. The magnetic moment of the antiproton

The term ‘p magnetic moment’ is commonly used for the spin magnetic moment connected
to the antiproton spin, p5 = gY S5 un with g? being the spin g-factor of the antiproton.
This is known from the spectroscopy of heavy antiprotonic atoms with an accuracy of only
0.3% [5,67], much worse than the one of the proton. An improvement of this quantity would
yield a good test of CPT symmetry. Since antiprotonic helium contains an electron, these
magnetic moments lead to a hyperfine structure the measurement of which might allow a more
accurate determination of ug. The hyperfine structure of pHe*, however, is very unique due
to the fact that the antiproton in metastable states has a very large orbital angular momentum
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Figure 38. Laser resonance scan of the (n, L) = (37,35) — (38, 34) transitions at 726 nm at
LEAR [152] (left) and at the AD [94] (right). In both cases only the HF transitions are resolved.

and a determination of u% requires the comparison of experimental results with three-body
QED calculations. The experiment described in the following has so far not reached a higher
precision for Mf‘) than the Particle Data Group (PDG) value, although the individual transitions
have been measured with a precision of about 30 ppm. An improved experiment is therefore
being prepared at the AD which will be described in section 6.

5.1. HF structure in laser transitions

The hyperfine structure of p*He* was first experimentally observed in a laser spectroscopy
experiment at LEAR in the transition (n, L) = (37,35) — (38,34) at 726nm [152]
(cf figure 38(left)). The calculations of BK [97] showed, that the difference of HF splittings
is rather small in favored laser transitions along Av = 0 cascades, but significantly larger
in unfavored Av = 2 transitions as the 726 nm one. A laser transition between two levels
is shown in figure 39. Due to the large band width of the laser used in 1996 (~1.2 GHz),
only transitions between the HF doublets could be resolved leading to the doublet structure
in figure 38(left). The observed splitting of Avgr = (1.75 £ 0.05) GHz corresponding to the
difference in HF splitting of the (37,35) and (38,34) states was in good agreement with the
value of BK of 1.77 GHz, but the achievable precision in a laser scan is limited to a few per cent
due to the large laser band width of the pulsed dye lasers used. Also with the new pulsed laser
system used in the beginning at the AD (cf. section 3.3), the situation did not improve much
(cf figure 38(right)) although the laser bandwidth was reduced to ~0.6 GHz.

5.2. Laser-microwave-laser resonance method

In order to measure the HF splitting of the (37,35) state more precisely, we devised a laser-
microwave-laser resonance method [181] to directly measure the allowed M1 transitions v
and vy (cf figure 39) within a HF quadruplet using ~13 GHz microwave radiation. In order
to detect a microwave-induced transition between the F* and F~ doublets, first a population
asymmetry between them has to be created. This is done be a first laser pulse at time #; tuned
to one line of the HF doublets, i.e. f (cf figure 40) which predominantly depopulates the F*
doublet (note that due to the large laser band width compared with the HF splitting, the F~
state is also partially affected). A microwave pulse resonant to vy or Vi Will move part of
the population of the F~ doublet to F*. A second laser pulse of frequency f. at time #, then
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Figure 39. Laser transition between two quadruplet HF states.
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microwave

Figure 40. Explanation of the laser-microwave-laser method.

measures the population of the F* doublet. A scan is performed by keeping the laser frequency
constant and scanning the microwave frequency.

A numerical solution of the optical Bloch equations describing the laser and microwave
transition process was performed to estimate the expected signal [182]. Figure 41(left) shows
the populations of the four SHF states as a function of time during the experiment. The
grey shaded areas below denote the population of the short-lived daughter states in the laser
transition, which corresponds to the annihilation signal we observe in the ADATS spectra.
Figure 41(right) shows an experimental ADATS with the two peaks. As the simulation
indicates, the difference of the microwave on and off cases leads to a rather small change
in intensity of the spikes of order 10%. Since this is comparable to typical fluctuations of the
antiproton intensity from one AD shot to another, a large number of shots has to be averaged
in order to achieve the needed sensitivity.

5.3. Experiment

The necessary apparatus to perform the microwave-laser-microwave experiment is complex
and requires to stop antiprotons in a cavity filled with helium gas at cryogenic temperatures.
We used the same cryostat as for the initial laser spectroscopy experiments using the AD beam
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Figure 41. Left: (@) Simulated diagrams of the populations of each SHFS state and those of
the short-lived daughter states of the laser transition, for the microwave-oft case. (b) Simulated
diagrams of the populations, with microwave field of vmw = vjiz. The dark-gray area in the t =1,
peak of short-lived population corresponds to that of case (a), and the states in case (b) have a little
more population due to the microwave-induced transition [183]. Right: part of ADATS spectrum
showing the two spikes caused by the laser pulses at times #; and #,. The intensities I, (1) and
L, (1) are proportional to the population of the (37,35) state at the corresponding time. The figure
also shows the fit background curve and the fit range used in the analysis to extract the peak
intensities [181].

(cf section 3) and added a cylindrical microwave cavity which had both faces made of meshes
to allow both the laser beam and the antiprotons to enter.

The cavity was connected to a rectangular wave guide and immersed into the cryogenic
helium gas target (T ~ 6.1 K). Outside the cryostat, the waveguide was connected to a triple
stub tuner that was used to adjust the resonance frequency without needing movable parts at
low temperatures [184]. The microwave radiation was generated by a network analyzer and
amplified by a traveling wave tube amplifier before being introduced into the wave guide. The
annihilation signal of the antiprotons was recorded as usual using two Cerenkov counters read
out by a digital oscilloscope.

The laser radiation at 726.1 nm was created by one pulsed dye laser. In order to obtain two
consecutive pulses, the laser beam was split in a 50% beam splitter, and one pulse was delayed
using multiple reflexions between mirrors located about 12 m apart (cf figure 42). This limited
the delay time to At &~ 160 ns so as not to degrade the transverse beam profile too much. The
two laser beams were merged and focused into the helium target through a quartz window.

5.4. Results

An experiment was performed in 2001 at the AD. The microwave power was set to the optimum
value (15 W) corresponding to an oscillating field strength of B; = 7 G inside the cavity as
obtained from computer simulations. In order to reduce systematic effects such as fluctuations
in the overlap of laser and p beams or the p intensity, which might affect both peaks identically,
we calculated the ratio R** = I,.(;) /1, (t;) (cf figure 41) and plotted it against the microwave
frequency vmw .

We performed several microwave scans at two different densities of the helium medium.
The off-resonance level varied from data set to data set due to uncontrollable systematic effects
associated mainly with laser misalignments. To compensate this, the data sets were normalized
to their individual ‘microwave-off’ value R} obtained from points with very low microwave
power included in all scans. Each data set was then fitted by a sum of two Lorentzian functions
with identical width and amplitude, plus a constant background. The results for vjj and v
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Figure 43. Fit results for the two central frequencies v;j and vy of the two peaks in the individual
microwave scans as a function of density [184]. Shown are also the theoretical predictions and the
averaged value with its error (solid line and grey areas).

as well as the width of the Lorentzians agreed within the error bars and did not show any
dependence on the target density (cf figure 43). This is consistent with theoretical arguments
presented by Korenman [185, 186] and Bakalov [187] that the shift of the line centers with
density is very small, and that the collisional broadening at our densities is at maximum of the
order of MHz [185, 186] or as small as 10kHz [187].

We therefore combined all data sets and averaged points within 0.7 MHz to give the
final spectrum shown in figure 44. The measured line width yex, = 5.3 & 0.7 MHz is close
to the expected width given from the Fourier limit of the 160 ns observation time window,
Yobs &~ 1/160ns = 6.25 MHz. The natural width of the (37, 35) state of y(37,35y = 0.12 MHz
is much smaller, and other contributions coming either from collisions, the inhomogeneity of
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Figure 44. Average of all microwave scans showing clearly two resonance lines as predicted. The
width of the lines of ~6 MHz corresponds to 5 x 10~ of the central frequency [181].

Table 9. Experimental values for the HF transition frequencies of the state (37,35) in GHz
compared with theoretical results. The relative experimental error exp and the difference
Ath—exp = (Vth — Vexp)/Vexp are given in ppm.

ViiE Sexp VHE Sexp
(GHz) (ppm) (GHz) (ppm)
Exp. 12.89596(34) 27 12.92467(29) 23
Ath—exp Alh_eXP
BK [97] 12.89597 0.6 12.92394 —-57
KB [188] 12.896 3462 30 12.924 2428 —33
YK [153] 12.898977 234 12.926 884 171
K [96] 12.89607391 8.6 12.92396379  —55

the magnetic field over the stopping distribution of p, or the fact that the many substates with
magnetic quantum numbers m = —J ... J each have different Rabi frequencies seem not to
contribute significantly to the observed width.

The final results for vjj; and v obtained from fitting two Lorentzians plus a constant
background to the spectrum of figure 44 are presented in table 9 and compared with theoretical
calculations by two groups. The theoretical values for v} and vy distribute over a much
wider range (~100 ppm) than the laser transition energies (~0.1 ppm) calculated by the same
groups (see comparison in [94]), reflecting a higher sensitivity of the hyperfine coupling terms
to the details of the wave functions involved. Nevertheless, the experimental values are in
excellent agreement with the results of Korobov and Bakalov (both their initial values BK [97]
and their most recent ones KB [188]) as well as the latest values of Kino et al (K [96]).

The agreement of the experimental values vjj and vy with the most updated theoretical
values KB and K is about 6 x 107 or better, on the level of the accuracy of the calculations.
These do not include contributions of relative order o2 ~ 10~* or higher. Presently, the
experimental error is about 3 x 107, slightly exceeding the theoretical precision. The excellent
agreement between experiment and theory proves the validity of the theoretical expressions of
Bakalov and Korobov for the HFS of pHe*. The microwave resonance frequencies, vjj and

vyp. themselves are primarily depending on the dominant p orbital magnetic moment g5 L in.
Thus, the agreement between theory and experiment can be interpreted as an experimental
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Figure 45. Experimental result (error bars) and relative difference to several theoretical
calculations.

proof of g = 1 with a relative precision of ~6 x 107>. We note that no experimental value
exists for gb for the proton because no atoms with an orbiting proton exist in the world of
ordinary matter (figure 45).

Because the SHF splittings (which are caused by the spin magnetic moment ,u% of the
antiproton) in the F* and F~ doublets are different, the observed microwave frequencies also
exhibit a dependence on 5. The sensitivity depends strongly on the details of the individual
levels and has been evaluated by Bakalov and Widmann [189,190]. They calculated sensitivity
factors S, ry = 0v,LFs/01, Where v, r is the frequency difference of a SHF substate to the
spin-averaged center value. The sensitivities of the observed transitions on u% are then given
by the difference of the sensitivities of parent and daughter states.

The error A in the p spin magnetic moment can then be obtained from

aanF, AI)(GHZ)
Av = Ap = Aplpn] = c———F,
Iu SIGHz/ ux]

(55)

where the values in square brackets denote the units of the different quantities.

For a determination of 45 it is necessary that the theoretical uncertainty of the calculated
transition frequency is at least as small as the experimental one. For the measured transitions
v and vy which are primarily sensitive to the p orbital magnetic moment this turns out
not to be the case. The only quantity experimentally accessible by the current method is the
difference Avpr = vgp — Viip = Vg — Ve Which is directly sensitive to p5. Because it is
defined and measured as a difference, both the theoretical uncertainty is an order of magnitude
worse than for vjj and v, and the experimental error is large: AU](_?]Z Y = (27.9740.45) MHz
corresponding to an error of 1.6%. Together with the sensitivity factor S = 10.1 MHz/un
from [190] this results in an absolute error of /,L% of 0.045 uy or a relative error of also 1.6%.
This is consistent with an earlier determination of y% = 2.80040.008 wuy (relative error 0.3%)
from a fine structure measurement of antiprotonic lead [67].

Possible improvements of the experiment in order to increase the accuracy of the spin
magnetic moment of the antiproton will be described in the following section.
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Figure 46. Portion of the energy level diagram of p*He"*, indicating the principle of sub-Doppler
two-photon spectroscopy.

6. Future prospects

6.1. Doppler-free two-photon laser spectroscopy of antiprotonic helium

The precision of the laser spectroscopy experiments to determine the optical transition
frequencies vy, of pHe™ is limited by the thermal Doppler broadening of several hundred MHz
(equation (37)) in the observed lines (figure 34). Further improvements in the experimental
precision of vey, requires that this broadening be reduced or eliminated. Laser spectroscopy of
normal atoms at the highest precision utilize two laser beams arranged in a counterpropagating
geometry, to effectively eliminate the Doppler broadening to first order (see section 1). For
example, the frequency of the 1s-2s two-photon transition in atomic hydrogen has been
measured to precisions of ~10~'4, by irradiating the atoms with two counterpropagating laser
beams of the same wavelength A = 243 nm equal to half the 1s-2s interval [170]. It is not
possible, however, to directly apply this Doppler-canceling technique to our pHe* experiments,
because the transition probabilities involved in any non-linear two-photon transition of the
antiproton is many orders of magnitude smaller than, e.g. the electron case in hydrogen.
Indeed, calculations reveal that the laser intensities that would be needed to excite such a
pHe" transition within the microsecond-scale lifetime of the atom, using two photons of equal
wavelength are much greater than those available from any tunable laser.

We intend to solve these problems by utilizing a near-resonant two-photon excitation
(figure 46). The two counterpropagating laser beams irradiating the p*He* can have non-equal
frequencies v; and v,, adjusted such that (i) their combined frequencies v + v, is tuned to the
two-photon transition (n, £) = (36, 34) — (34, 32) involving an angular momentum change
of A¢ = 2, (ii) the virtual intermediate state involved in the two-photon transition is tuned to
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within a few GHz of areal state (n, £) = (35, 33). The nearness of the virtual state to a real one
should lead to an enhancement of the two-photon transition probability by several orders of
magnitude compared with the case v; = v,; theoretical calculations indicate that laser energy
densities of ~1 mJ cm~2 would then be needed to efficiently drive the two-photon transition.
Under these conditions, the observed width Av,, of the resonance line will decrease by factor
20 compared with the thermal Doppler width Avp according to the equation,

Avp. (56)

The ASACUSA collaboration is currently developing the two high-power pulsed lasers and
experimental target needed to carry out this experiment. These solid-state lasers are expected
to have a much smaller frequency chirp and higher spectral resolution compared with the dye
ones used previously. Systematic studies will be made of ac Stark effects, which can reach
~1 MHz at the high laser powers used here. The experimental precision on the pHe* transition
frequencies that can be finally achieved by this method would likely be limited to a few MHz
by the residual first-order Doppler width, and the systematic error arising from the frequency
chirp.

6.2. Microwave spectroscopy of antiprotonic helium

6.2.1. Improved experimental setup. The hyperfine structure of antiprotonic helium is due
to the interaction of the antiproton spin with its angular momentum and electron spin. As
described in section 5, the current result of the laser-microwave-laser experiment of the (37, 35)
state of antiprotonic helium yields a determination of the p magnetic moment ;% with an error
of 1.6%. This accuracy is about a factor 5 worse than the current PDG value which has an
error of 0.3% [5].

The previous experiment was limited by two factors which are both related to the pulsed
dye lasers used up to 2003 in ASACUSA:

(i) the maximum time difference At = 160 ns between the two laser pulses leads to a line
broadening by the Fourier limit of Av = 1/At &~ 6 MHz. This time difference is limited
by the fact that we need to use one dye laser, split the output and delay one laser beam for
~20m in order to avoid uncorrelated frequency fluctuations if we used two dye lasers.

(ii) The large band width of the pulsed dye lasers leads to an overlap of the HF lines, so if
the laser is set to one HF line, it still partly depopulates the other HF state. This causes a
reduction of the signal to noise in our measurement.

These limitations can be overcome by using the newly developed pulse-amplified laser
system developed for the 2004 measurements. Using a setup as sketched in figure 47, two
laser pulses of arbitrary time delay but correlated frequency can be obtained. In addition,
the band width of the new laser system (~100 MHz) is much less as compared with the HF
splitting in the laser transition used (~1.8 GHz), so that the two HF lines will be completely
separated. Thus, an experiment using the same method but replacing the laser system should
yield a microwave scan with much smaller line width and much higher signal-to-noise ratio.
Numerical simulations and first tests show that an improvement of the experimental accuracy
of one order of magnitude is feasible, thus a measurement of u% with an accuracy of 0.1%, a
factor 3 better than the current PDG value, seems reachable.

6.2.2. Sensitivity of transitions to /L:-) and possible improvements. In order to determine the
magnetic moment of the antiproton from microwave spectroscopy of pHe*, the comparison
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Figure 47. Schematic setup of the lasers for an improved laser-microwave-laser experiment using
two independently triggered pulse-amplification stages seeded by the same cw laser.

Table 10. Theoretical (A;) and experimental (8exp) errors, sensitivity to the antiproton magnetic
moment (8, ), and maximum improvement factors A, /A, of the measurement of Avy for various
states (n, L) of antiprotonic helium.

(n, L) (35,33) (37,34) (39,35) (33,32) (36,34) (37,35) (35,34) (34,33) (38,35)

Ay x 10 6 11 3 8 23 12 6 4 5
8, (kHz) 180 90 270 510 50 90 210 360 190
Ag/ Dy 50 27 8.9 36 13 2.7 5.4 8.4 6.0
Sexp (kHz) 36 33 30 142 38 33 39 43 32

of measured transition frequencies with three-body QED calculations is necessary. A recent
paper by Bakalov and Widmann (BW) [190] investigated this issue more closely. For the
calculations, the limiting factor comes from the Breit approximation used, which neglects
contributions to the HFS Hamiltonian of relative order o> ~ 107*. Since the observable
transitions vjje and vy only indirectly depend on Mls-) (cf section 5), the theoretical accuracy
is not good enough to obtain sensitivity to the p magnetic moment. Most sensitive are the
SHEF transitions viyr and vg, but they are very difficult to measure due to the much smaller
transition matrix element which would require excessively high radio-frequency power in a
frequency region (100-300 MHz) where the use of high- Q cavities is not possible.

Without a further theoretical improvement (going beyond the Breit approximation, which
appears extremely difficult), the only measurable quantity with sensitivity to 3 is the difference

of HF transitions Avgr = vgp — Vfip = Viup — Vsyp- Since it is a difference, both the
experimental and theoretical errors are larger. A summary of the theoretical situation for
various states (n, L) of pHe* is given in table 10. Here, A, stands for the estimated relative
accuracy of the QED calculations, which is significantly larger than 10~*. The row §,, indicates
the absolute accuracy to which Avyr needs to be measured for a given state to achieve the
current accuracy of the antiproton magnetic moment. As a consequence, the ratio A, /A,
defines the maximum improvement factor to the current known precision of the antiproton
magnetic moment. Jy, is the corresponding absolute experimental precision required to reach
the limit of the accuracy of the theory.

Thus measuring the hyperfine structure of the (37,35) state to a resolution of 30kHz
will result in a factor of 3 improvement to the known antiproton spin magnetic moment.
30kHz corresponds to a factor 10 improvement of our current precision which is—as
described above—feasible with the new laser system. Furthermore, other states offer a higher
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improvement factor up to 9 while the absolute experimental precision is always around 30 kHz.
This comes from the fact that for these states, the splitting Avyg is larger. Thus, measuring, e.g.
the HFS of the (39, 35) state with the same experimental accuracy, the value of ,u,';-) can ultimately
be improved by about one order of magnitude with the existing theoretical calculations. In
addition to testing CPT, this will constitute a severe test of the validity of three-body QED
calculations. If these calculations are some day improved beyond the Breit approximation,
higher precision will become possible.

6.3. Two-body antiprotonic helium ions

One of the interesting by-products of these RFQD studies was the synthesis [162] of cold
(T ~ 10K), long-lived antiprotonic helium ions (13He2+) [191,192]. This is a singly charged,
two-body system composed of an antiproton and a helium nucleus, and its spectroscopic
properties can therefore be calculated analytically. In future experiments, the ASACUSA
collaboration hopes to measure the transition frequencies of this ion by laser spectroscopy.

Recent experiments produced the Rydberg forms of the p*He>* and f)3Ho:2+ isotopes,
wherein the antiproton occupies circular states with large principal and orbital angular
momentum quantum numbers n; = 28-32 and ¢; = n; — 1. As in the case of the three-
body pHe* atom, the probability density of these antiprotonic orbitals have very little overlap
with the helium nucleus. A single isolated ion (i.e. an ion that does not suffer collisions with
surrounding atoms) thus has lifetimes near n; = 30 and £ ~ n—1 of a few hundred nanoseconds
against annihilation. The antiproton undergoes a series of radiative transitions [193] of the
type An; = A¢; = —1, and is finally absorbed from the n < 3 or £ < 2 regions [194].

In addition to the above analytic nature of pHe?*, QED and relativistic effects cause only
negligible shifts (of order <107®) in its energy levels, on account of the large mass and small
magnetic moment of the antiproton. These Rydberg ions thus constitute ideal semiclassical
Bohr systems whose spin-independent parts of the energy levels (left side of figure 13) can be
theoretically calculated to very high precision (~10~%) using the simple equation [193],

_ 4Ryhe M O}
n— — 2 5

9
n?  me €2

(57)

where the reduced mass of the system is denoted by M, the electron mass by m., the Rydberg
constant by R, and the antiproton and electron charges by Q5 and e. The simplicity of the
system, when coupled with the long (100 ns scale) lifetimes necessary for laser spectroscopy,
in principal makes this ion a good candidate for determining the properties of antiprotons (e.g.
its mass and charge) at the highest precision.

In these experiments [162], cold ions which selectively populated states (n;, £;) were
produced by a two-step method of (i) first cooling a three-body pHe* atom occupying a high-
(n, £) state by atomic collisions, (ii) removing the electron of pHe™ by inducing a laser transition
to an Auger-dominated state (14, £4). Auger emission will then produce the nearest ionic
state (n;, ¢;):

_ hv  _ — 2 _
pHe{, ,, — pHe{,, ,,, — PHe(, ,,+e". (58)

As described above, the Auger decay lifetime ‘L'(ﬁA’ ¢,) Was visible as the tail of the sharp peak
(figure 48) in the delayed annihilation time spectrum that appeared when the laser induced
a transition to state (na, £4). Normally, collisions once again immediately destroy any ion
produced subsequently by Auger process, in which case the length of the tail measures 7(,, ¢,)
directly (folded with the timing resolution of the laser pulse). We expected, however, that as
the target density (i.e. collision rate) was reduced to extremely low values, the pHe?* ion’s
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Figure 48. Annihilation spike produced by inducing the p*He* transition (1, £) = (39, 35) —
(38, 34), measured at a high target density (a). The tail extended at ultra-low densities (b), indicating
the formation of long-lived p*He?* ions populating state (n;, £;) = (32, 31) [162].

own lifetime would begin to compete with the Auger lifetime of its parent pHe* state. This
would be seen as a lengthening of the tail, and should therefore be an unambiguous signature
of the production of cold, long-lived ions.

The time spectra of figure 48 measured using the RFQD confirm the reasoning outlined
above concerning the tails of spikes in the annihilation distributions. Figure 48(a) was measured
at the high density p = 2 x 10'® cm~ by inducing the p*He" transition at A = 597.3 nm from
state (n, £) = (39, 35) with lifetime 73935y ~ 1.4 us, to state (38, 34) with a short Auger
lifetime 183’34) ~ 9ns [127]. Auger emission (curved arrow in figure 13) then produced
the 13He2+ ionic state (n;,£;) = (32,31). The annihilation spike decayed with lifetime
Tobs ~ (9 £ 1) ns, which indicates that the ion was destroyed by collisions in a short time
relative to the pHe* Auger lifetime téw 4 ~ 9ns. When the same transition was measured
at a 100 times lower density p = 3 x 10'®cm™>, however, the lifetime increased by an
order of magnitude to 7o,s ~ (90 £ 20) ns (figure 48(b)), due to the prolonged collisional
lifetime t; of the ion initially occupying (n;, £;) = (32, 31). This spectrum, representing data
accumulated from ~10'* antiprotons stopped in the target, includes ~10°% such ions. The
pHe?* ions produced subsequently have roughly the same temperature T ~ 10K as the parent
pHe* atom. This is because the kinetic energy of the emitted Auger electron (E 33,3 5 =0.8¢eV,
corresponding to the energy difference between the Auger-dominated pHe*- and final pHe?*-
states, see figure 13) is very low. This results in a ~100 peV recoil energy for the ion.

Now according to equation (57), the E1 transitions (n,£) — (n + 1,£ + 1) between
circular pHe?" ionic states with n- and £-values of 29-33 are characterized by UV transition
wavelengths A = 200-310nm, and dipole moments D ~ 0.1 Debye. Hence these ionic
transitions are readily induced by pulsed UV laser beams with intensities similar to those
used in the pHe* atom experiments. The difficulty in any laser spectroscopy experiment of
f)HezJ’, however, lies in the detection of these laser transitions. The ASACUSA collaboration is
examining the possibilities of carrying out these laser spectroscopy experiments in the future.

7. Summary

Antiprotonic helium atoms (pHe™ = e~ —p—He™™), serendipitously discovered at KEK (1991)
and subsequently studied (1992-1996) at CERN’s low energy antiproton ring (LEAR), have
been further studied (1999-2007) using high-precision laser-spectroscopic methods at CERN’s
Antiproton Decelerator facility (AD). Experimental methods were successively developed to
measure the laser transition frequencies between (n, £) and (n £ 1, ¢ — 1) states of pHe*
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(n ~ 40 and £ < n — 1 are the principal and orbital quantum numbers of the antiproton) to
progressively higher precisions, from the initial LEAR value of 3 parts in 10°, to the most
recent value of 9 parts in 10°.

The first major advance was brought about by using of pulsed beams of antiprotons in high
precision measurements of the pHe* transition frequencies at high precision. Under this new
experiment mode, a single laser pulse of high spectral purity induce transitions in ~10°-10*
pHe* atoms simultaneously. This allowed large numbers of pHe* to be produced and studied
at a higher rate and precision than was possible using continuous antiproton beams. The next
advance was introduced by the construction of the radio-frequency quadrupole decelerator
(RFQD), a post-decelerator to the AD, which can decelerate antiprotons from 5.3 MeV to
~100keV with an efficiency of ~20%. The RFQD made it possible to stop antiprotons in a
helium gas target at very low densities of p ~ 10'7 cm™3, some 10* times lower than those
previously used, and to study pHe* atoms under near-vacuum conditions. This eliminated the
need for the zero-density extrapolation, a large source of errors in previous measurements,
thereby improving the experimental precision by nearly an order of magnitude. Another order
of magnitude improvement was recently achieved by using a femtosecond optical frequency
comb and continuous-wave pulse-amplified laser. The new laser system made it possible to
reduce systematic uncertainties in absolute frequency determination to a few MHz level, better
than the statistical uncertainties of 3—13 MHz.

This progress in experimental technique was matched by similar advances in the theoretical
methods employed in high-precision three-body QED calculations. Methods have been
developed to obtain complex eigenvalues of the three-body Hamiltonian to 1 MHz scale
precisions, and QED corrections have been applied up to the order of .

Comparisons of experimental vy, and theoretical vy, frequencies for twelve transitions,
seven in p*He* and five in p*He*, yielded an antiproton-to-electron mass ratio of mg/m. =
1836.152 674(5), which agrees with the known proton-to-electron mass ratio at the level of
~2 x 107°. The experiment also set a limit on any CPT-violating difference between the
antiproton and proton charges and masses, (Qp — |Qp1)/ Qp ~ (mp —mp)/m, < 2 x 10~ to
a 90% confidence level. If on the other hand we assume the validity of CPT invariance, the
m;/me result can be taken to be equal to m,/m.. The present result has in fact contributed to
the improvement of the relative standard uncertainty in the proton—electron mass ratio from
0.46 ppb (2002 CODATA values) [50] to 0.43 ppb (2006 CODATA values) [195].

Further improvements in the experimental precision would be possible if the thermal
Doppler broadening could be reduced. With a near-resonant two-photon excitation method,
currently being developed, it appears possible to determine the antiproton-to-electron mass
ratio with a precision comparable to that of the proton-to-electron mass ratio (~0.5 x 107°).
Achieving much higher precisions of <10~'" however would be difficult unless a new higher-
quality low-energy antiproton beam becomes available and a spectroscopic method based on
cw lasers can be developed.

Each (n, £) level of p*He™ in fact has a quadruplet hyperfine structure, due to the coupling
of the antiproton orbital angular momentum, the antiproton spin and the electron spin. At
the AD, the hyperfine splittings of one p*He* level were measured by a laser-microwave-
laser technique with a precision of some 30 ppm. By comparing the measured frequencies
with the results of three-body QED calculations, the antiproton spin magnetic moment was
deduced to a fractional precision of 1.6%. Although this method has so far not reached a higher
precision for p; than the PDG value of 0.3%, a new series of experiments under preparation
is likely to achieve a precision better than 0.1%, thereby setting a new limit on the possible
difference between the proton and antiproton magnetic moments. This is an independent
CPT test.
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