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Advances in the development of methods of intense antiproton beam storing and cooling has
again attracted attention to the problem of generation and experimental studies of

antihydrogen atoms. An additional impetus to this activity has been given by the proof to the
“‘existence theorem’’—experiments on antihydrogen atom synthesis at CERN. The

interest to antiatoms is aroused due to possibility of studies of the fundamental properties of
matter, and foremost—its symmetry (the CPT theorem). This report is dedicated to description and
analysis of the methods of the antiproton and positronium directed flux generation and
experimental studies of the atoms in these fluxes. © 1997 American Institute of Physics.
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INTRODUCTION

The physics of antihydrogen is of great interest from the
viewpoint of understanding the fundamental properties of
matter, and, in particular, its symmetry properties. A specific
problem which was suggested by the authors of the first stud-
ies on antihydrogen production'? is that of verifying the CPT
theorem. This has become quite feasible since the first syn-
thesis of antihydrogen atoms in December 1995 at the LEAR
antiproton ring at CERN.? Alhough this experiment was es-
sentially just a demonstration (see Sec. II A below), it can
now be claimed that antihydrogen exists as a physical object.

Currently, there are two quite different approaches in
antihydrogen physics. The first is the production of antihy-
drogen atoms one by one in antiproton and antipositron traps
at ultralow energies, followed by confinement of the atoms
in magnetic traps with the minimum magnetic field and cool-
ing down to a temperature of order 1 K by means of laser
radiation. Presently, most proposals for antihydrogen experi-
ments favor this method, and it has been widely discussed in
the literature (see Ref. 4 and references therein). We shall
therefore not discuss it here.

The second approach is the use of antiproton and posi-
tron storage rings.!? This has been under discussion for some
time (see, for example, the review of Ref. 5). A variant of
this idea suggested recently®’ would allow the production of
intense pencil beams of 30— 3 X 10* antihydrogen atoms per
second with velocities in the range 0.03— 0.3 times the speed
of light, respectively (antiproton energies of 0.5—50 MeV).
This setup would simultaneously produce pencil beams of
orthopositronium (30— 1.7X 10* sec™ "), which are of inde-
pendent interest as an object of study.

The latter method of producing antihydrogen seems to
be simpler from the viewpoint of the possibilities offered by
accelerator technology. However, for a long time it has been
viewed unfavorably by most experimentalists owing to the
difficulties of performing experiments involving atoms of ap-
proximately relativistic velocities. There has been nearly no
acknowledgement of the advantages offered by electron
cooling (of both antiprotons and positrons), in particular, de-
crease of the spread of the atomic velocity distribution to a
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level Av/v~107%, corresponding to a temperature of frac-
tions of a degree Kelvin in the particle rest frame. In addi-
tion, methods of fast-atom spectroscopy are available in
atomic physics (see, for example, Refs. 8—12), and a combi-
nation of these with the technique of producing cold antihy-
drogen atoms appears very promising.'> The purpose of the
present study is to describe the possibilities offered by ex-
periments using beams of antihydrogen and orthopositro-
nium.

1. PROBLEMS IN THE PHYSICS OF ANTIHYDROGEN
AND POSITRONIUM

1.1. Antihydrogen and CPT invariance

The principle of CPT invariance (the CPT theorem) can
be verified by comparing particle and antiparticle param-
eters: their masses, absolute values of the electric charges
and magnetic moments, and gyromagnetic ratios. Of course,
it is interesting to perform measurements at a level of accu-
racy exceeding that attained at present. The latter can be
judged from the data of Refs. 14—16, given in Table 1.

Although at present there is no experimental evidence
calling the validity of CPT invariance into question, there is
also no reason not to verify CPT invariance. In this respect,
CPT invariance is just as much an axiom of modern physics
as are other axioms. The high accuracy attained by indirect
comparison of the masses of neutral kaons'’

m(K%)—m(K°)

m(Kﬁ)

<5.107" (1.1

cannot serve as absolute proof of the theorem, because, in
general, any particle ‘‘has the right’’ to be asymmetric rela-
tive to its antiparticle. Therefore, the experimental verifica-
tion of the symmetry of each of the known particles is of
independent importance. It is most important for the ‘‘most
fundamental’’ particles, i.e., the proton and electron.

The use of directed fluxes of antihydrogen atoms as a
test object allows direct and highly accurate comparison of
the electric charges of the antiproton and positron (Sec. III).
The measurement of the hyperfine structure and the Lamb
shifts of the optical spectrum of antihydrogen is just as in-
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TABLE 1. Parameters of the fundamental particles.

Value

Parameter Electron and positron Accuracy Reference
Electron mass, MeV 0.510 099 906(15) 3.1077 [14]
Mass difference <4.107% <4-1078 [14]
|m*=m~|/m"~
Charge inequality <4.1078 <4-107% [14]
let—e"|/le”
Difference of the charge <3-107% 1.1078 [14]
to mass ratios
Electron magnetic moment 1.011 159 652 193(10) 1-107! [14]
(in Bohr magnetons)
Gyromagnetic ratios |[g* —g7|/g~ (=0.5%2.1) 10712 2.1x10712 [14]

Proton and antiproton
Proton mass, MeV 938.2723(28) 3.1077 [14]
Mass difference, <*+4.107% <4-107% [14]
AMIM
Inequality of proton and <1-107% <1-107% [14]
electron charges, |e,— e |/e”
Inequality of the proton and <2-107° <2-107° [14]
antiproton charges, |e,—e,|/e,
Inequality of the proton and <1.5-107° <1.1-107° [15]
Antiproton charge-to-mass ratios
Proton magnetic moment 2.792 847 39(6) 21078 [14]
(in nuclear magnetons)
Antiproton magnetic moment —2.8005(90) 3-1073 [16]

(in nuclear magnetons)

teresting. As is well known, the hyperfine splitting of levels
is proportional to a combination of fundamental constants
(see, for example, Sec. 121 of Ref. 18):

Awyps o leye)’, (1.2)

where w, and u, are the proton (antiproton) and electron
(positron) magnetic moments, and ¢, and e are the proton
(antiproton) and electron (positron) electric charges. Since
the parameter known at present with least accuracy is u,
(while for the antiproton this has not been measured at all), a
precise measurement of Awyrs would first of all allow the
determination of the magnetic moment—both its absolute
value and, with much higher accuracy, the relative difference
between the proton and antiproton magnetic moments.

The Lamb shift is proportional to

AwLocme(’e:, (1.3)
where m is the electron (positron) mass. Therefore, measure-
ment of Aw; gives information about the values of three
fundamental constants [in the combination (1.3)] for par-
ticles and antiparticles.

Of course, the precise determination of Awyps and
A w, is important not only because it provides more accurate
knowledge of the antiproton and positron parameters. If
these values were found to differ for atoms and antiatoms,
this would in itself be an indication of symmetry breaking in
the fundamental interactions. In particular, the Lamb shift,
which is calculated in quantum electrodynamics including
radiative corrections, a parameter of the atomic spectrum-
measured with a high degree of accuracy.'® Accordingly, by
comparing its values for hydrogen and antihydrogen it be-
comes possible to judge the symmetry of the interactions.
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1.2. Positronium and QED

Positronium, being a very simple quantum system, has
been described quite well theoretically and perhaps plays the
same role in quantum electrodynamics as the hydrogen atom
in nonrelativistic quantum mechanics.'>?® Experiments in-
volving positronium, which so far have been carried out un-
der rather complicated conditions in which it is not easy to
isolate the effect of the target, have, as a rule, produced
rather inaccurate results, and even results which in some
cases are ambiguous (Table II). A precise measurement of
the positronium parameters is therefore of great interest.

1. Among experiments of this type, mention should first
of all be made of the measurement of the orthopositronium
lifetime. Its theoretical value, calculated taking into account
order-a radiative corrections,?'? is

abme? 2(w?-9)

_ a
Tomho= rE— -[1—10.282(3);;

a? a\? 3a°
——he '+B|=| —5=(na™ 2|,
m m
(1.4)

where B is a numerical coefficient whose calculation is not
yet complete (see Ref. 21b below). The results of experi-
ments on the measurement of 7,4, are quite contradictory
(Fig. 1). The experiments performed by the Michigan
group®>~2* gave a value of 7y, smaller than the theoretical
value (Table II), the difference being more than 3—5 standard
deviations. The Tokyo group” obtained a value exceeding
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TABLE II. Positronium parameters.

Parameter Theory Experiment Accuracy
Orthopositronium
Lifetime, nsec 142.08106(20) (Ref. 21a) 141.880(32) (Ref. 24) 2-107%
142.038 (Ref. 21b) 142.049(80) (Ref. 25) 5-1074

Energy of 15—-28§ 1.233 607 185(15) (Ref. 29) 1-1078
transition, PHz

1.233 607 2355(107) (Ref. 27) 1.233 607 2189(107) (Ref. 30) 1Xx 1078

Agreement through o?
Fine structure of 25-2P levels
Relative probability of
2 annihilation 0 <1.4X 1073 (Ref. 33)
Parapositronium
Lifetime, nsec 125.16(08) (Ref. 26) 125.142 (Ref. 26) 2-1074
Relative probability of 4y <(1.3%0.4)-10™* (Ref. 34)
annihilation
Ground state

Energy, eV 6.79
Fine structure 8.411-1074
Agpg, eV
Agpg/2mh, GHz 203.4003(129) (Ref. 31) 203.38910(74) (Ref. 31) +3,6-107°

the theoretical one by about 1.5 standard deviations, which
does not contradict theory,?'*® although the accuracy is still
inadequate

2. The short parapositronium lifetime cannot be mea-
sured in a standard experiment. The theoretical value calcu-
lated through order a? is given by (see Ref. 26)

—1 a’mc? 7\ a 2 ) 1
Toara = 1-|5——| —t+za“"In—
T a

P of 4 3

Sichy

Here again the coefficient C has not been fully calculated
(hence the uncertainty in the numerical value). The experi-
mental value of 7y, measured?® by the method of mixing of
ortho- and parapositronium states in a magnetic field (see
Sec. 6.1 below) coincides with the theoretical value (1.5)
within one standard deviation.

It should be noted that the calculation of the theoretical
values of 7y, and Tp,, with accuracy O(a?) is fraught with
serious difﬁculties.”l')28 In addition to two-loop virtual cor-

(1.5)

wi1s,

1421 (21a] l[

14205 T Theor.
142

141.95
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1418 + I E

+
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rections (not yet completely determined), it is necessary to
include the comparable contribution of relativistic correc-
tions of order (v/ c)2, where v is the velocity of the electron
and the positron in the positronium rest frame.?’ If the theo-
retical values of the O(a?) corrections are known, the ex-
perimental values of the relativistic corrections can be ex-
tracted from the experimental values of the 0-Ps and p-Ps
lifetimes. The knowledge of these quantities is of great in-
terest for the physics of heavy quarkonia such as J/¥ and Y.
Moreover, this requires considerably better experimental ac-
curacy.

3. The positronium spectrum calculated taking into ac-
count high-order radiative corrections is also a good testing
ground for QED.

As for anti-hydrogen, the item of main intereset in the
positronium spectrum is measurement of the 1S—2S transi-
tion. The lifetime of positronium in the metastable 2§ is
eight times larger (the ratio of the squares of the wave func-
tions at the origin for the first and second levels), than in the
ground state, which permits a much higher accuracy.

FIG. 1. Theoretical and experimental values of the orthopositronium lifetime.
1987-1990: studies by the Michigan group (Refs. 22-24); 1995: studies by
the Tokyo group (Ref. 25).
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29,30

Here mention should be made of the experiments to

measure the energy of the 1S—25 transition using Doppler-
free two-photon spectroscopy. The accuracy attained
Ag/e~1X1073 is at the same level as that of the masses
and electric charges of the electron and positron, but still
inferior to that of the electron and positron gyromagnetic
ratios, the electron magnetic moment (Table I), and also the
hydrogen spectrum.

Precise measurement of the fine structure of the spec-
trum is very interesting. In particular, the difference between
the energies of the ortho- and para-levels in the ground state
(see Ref. 31 and references therein) is given by

AEFS=27Th . AVFS’

where

7oafi6 N5 o]
6 w\9 T MNa

o> P ,
+a —6——1) - 2In a)*|.
The coefficients a~0.0108 and »~0.0021 have not yet
been fully calculated. The theoretical and experimental val-
ues coincide within one standard deviation taking into ac-
count the uncertainty in the theoretical value (Table II). The
accuracy with which they are measured is 3.6 ppm.

The Michigan group®” has performed precision measure-
ments of the fine structure of the 2S—2P states of ortho-
positronium, and the results coincide with the theoretical val-
ues of the level splitting calculated through order a”.

4. Fundamentally new results can be expected from ex-
periments to seek orthopositronium annihilation with viola-
tion of momentum conservation and charge invariance:

a*mc?
AVFS=—2

(1.6)

(1.7

where n is an integer. The current value of the upper limit on
the decay probability (1.7) for n=1 (Ref. 33) can be signifi-
cantly improved in experiments using positronium fluxes.

5. Just as interesting is the search for exotic and rare
decay channels of parapositronium:

0-Ps—2nvy,

n>2.

(1.8)

The limit of the possibilities offered by standard experi-
ments is apparently the case n=4. The upper limit on the
ratio of annihilation probabilities for n=2 and n=4 ob-
tained in Ref. 34 is consistent with the QED estimates.

6. The discrepancy between the theoretical and experi-
mental values of the o-Ps lifetime mentioned above has
given rise to the hypothesized existence of a light, neutral,
short-lived boson, via which o-Ps annihilation can occur:

p-Ps—nvy,

0o—Ps—b+y
(1.9)

The existence of such an o-Ps decay channel should be
manifested in the spectrum of detected y quanta as a narrow
monochromatic peak [see (6.14)], if the positronium is gen-
erated inside the target, as occurs in the usual experimental
setup. It has been shown in experiments to seek this

|—27y.
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FIG. 2. Relative probability for orthopositronium annihilation with produc-
tion of a short-lived neutral boson of mass m, (results of Refs. 33-36).

particle’>3® that the decay probability (1.9) is less than
(1—2.8)X 1073 if m,<1 MeV/c? (Fig. 2). The lifetime of
the hypothetical boson with mass no greater than
30 KeV/c? is no more than 10™ 3(m,c?) .y sec.

7. Perhaps the most intriguing problem in positronium
physics is the search for the ‘‘mirror world’’ hypothesized
by the authors of Ref. 39. It was later suggested40 that ortho-
positronium be used as the test object, because it is a particle
with quantum numbers equal to zero. In particular, the mix-
ing of o-Ps and its analog from the mirror world would lead
to the possibility of o-Ps transitions from our world to the
mirror world, so that o-Ps would vanish without a trace
from our observation. This would be seen as undercounting
of the number of triple coincidences from anihilation y
quanta (see Sec. 6.5 below).

Amusingly, the o-Ps escapees can be used to commu-
nicate with the mirror world (which would seem to be ex-
cluded by the hypothesis of Ref. 39). This would require
time modulation of the o-Ps beam.

The experimental limit on the probability for o-Ps “‘dis-
appearance’’ is currently estimated*’ to be no more than
1073 of the probability for 3 annihilation.

2. ANTIHYDROGEN PRODUCTION
2.1. The first experiment producing antihydrogen

In the experiment® performed at the LEAR antiproton
storage ring at CERN, a circulating antiproton beam of en-
ergy 1.2 GeV (momentum 1.94 GeV/c) interacted with the
xenon atoms of an internal cluster (jet) target. The target
thickness reached 3 X 10" atoms/cm?, and the intensity of
the antiproton beam was 1.7X 10'° particles for a lifetime of
3 min. The integrated luminosity for September and October
of 1995 was 5% 10*(£50%) cm™2.

Atoms of antihydrogen (H%) appeared inside the target
when antiprotons interacted with xenon nuclei: an antiproton
interacting with a nucleus generates an ¢*e~ pair (Fig. 3)
and captures a positron if the momentum of the latter is close
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eb

in magnitude and direction to that of the antiproton (an en-
ergy difference of less than 13.6 V). The cross section for
this process is

o~272 pb ~ 6-1073 cm?, (2.1)

where Z=54 is the atomic number of xenon. Therefore, for
the given luminosity, it could be expected that 30 atoms of
H° would be obtained. The fast, neutral HO atoms (antiproton
energy equal to 1.217 GeV and positron energy equal to
0.663 MeV), which were not deflected in the magnetic field
of the storage ring, traveled into the detection channel (Fig.
4). Passing through the first two of three silicon counters Si
(of thickness 700 um and 500 wm, respectively), the H°
atoms lost the positron, which was stopped in one of the
counters, producing a vy pair. The third counter recorded
dE/dx from the remaining antiproton. The annihilation y
pair was recorded by a cylindrical Nal calorimeter (with en-
ergy resolution 14%), which covered 91% of the entire solid
angle, thereby ensuring a total efficiency of 82%.

The antiprotons appearing after the stripping of the H°
atom passed through three start scintillators Sc (each 4 mm
thick) and a hodoscope H of 16 fibers (2X2X32 mm), and
then a group of four stop scintillators Sc (Fig. 4). The three
drift chambers D with corresponding readout delays recorded
the passage of antiprotons deflected in the dipole magnetic
field B. The needed calibrations were performed using cos-
mic rays.

The experiment recorded 11 HC atoms for a background
contribution of no more than 2+ 1 with 95% probability.

The main result of the experiment, namely, the proof of
the ‘‘existence theorem,’’ i.e., of the possibility of synthesiz-
ing antihydrogen atoms under terrestrial conditions, is cer-
tainly of fundamental importance.

21m 32m

—
——
S\

H Sc | Nal
Si

)
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HO

FIG. 3. Graph of two-photon e* e~ production pair in the interaction of an
antiproton with a nucleus and production of an antihydrogen atom.?

2.2. Antihydrogen production in storage rings

The idea of producing beams (fluxes) of antihydrogen
atoms is closely related to the technique of electron cooling.'
For antihydrogen generation, the antiproton source, for ex-
ample, one like the antiproton installations at CERN or Fer-
milab, must be provided with two storage rings. The first is
used to store low-energy antiprotons and has a traditional
system with hard focusing. In principle, LEAR at CERN can
serve as such a storage device, although, of course, it has not
been optimized for this purpose. The second is a positron
storage ring of the racetrack type with four straight sections
The storage rings are combined such that in one of the
straight sections the beams pass through each other (Fig. 5),
similar to what occurs in electron cooling devices."?>® This
is where the antiprotons recombine, forming HC atoms. Each
storage ring has its own electron cooling system, allowing
dense, cold beams of recombining particles to be obtained.
Positron production also occurs on the electron cooling sec-
tion. Its long-lived component, orthopositronium, can be ex-
tracted from the focusing system into the recording channel,
similar to the H® atoms (Fig. 5).

The proposed variant of positron storage ring®’ has a
special focusing system with longitudinal quasiuniform and
helical quadrupole magnetic fields. A bounding magnetic
field consistent with the positron energy is also applied to the
toroidal segments of this storage device. Such a focusing
system of the “‘stellarator’’ type ensures stability of the beam
of circulating electrons.

The fundamental feature of this scheme distinguishing it
from those proposed earlier for low antiproton energies>*? is
the magnetization of the positrons, whose source is also im-
mersed in the longitudinal field. This complicates the injec-

FIG. 4. Scheme for antihydrogen generation: Si—three silicon

counters; Sc—silicon counter—trigger and scintillators;

D—proportional chambers; Nal—6-section  calorimeter;
L  H-—scintillation hodoscope; B—dipole magnet.

_E
H A
R

S |
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FIG. 5. Scheme for generating antihydrogen and positronium: /—antiproton
storage ring; 2—positron storage ring; 3—pe " -recombination section; 4—
H® detection channel; 5—source and receiver of the electron beam;
6—segment of electron cooling of positrons; 7—positron injection channel,
8—positronium detection channel; 9—system for electron cooling of anti-
protons.

tion of positrons into the ring, making it necessary to use a
special injection system (see the description in Ref. 7). How-
ever, the magnetization leads to several important advan-
tages.

First, the size of the positron beam is practically inde-
pendent of the angular spread 6. This is related to the rather
small value of the transverse Larmor radius of the positrons
in the magnetic field B of the storage device:

c
p,=0- L <a, 2.2)

eB
where p is the positron momentum and 2a is the beam di-
ameter.

The second advantage is the significant gain in the rate
of electron cooling. The helical motion of the two particles in
the magnetic field increases severalfold the number of colli-
sions they undergo in traveling through the cooling
segment.*

Finally, the design with magnetized beam is only weakly
sensitive to retuning of the particle energy, which suggests
that it might also be applicable for stabilizing the positron
beam down to very low positron energies of the order of
hundreds of eV (accordingly, antiproton energies of hun-
dreds of keV). From the viewpoint of the stability of an
intense beam, such a storage device is equivalent to a ring
with very hard focusing, because the role of the betatron
function in it is played by the Larmor helix, the period of
which is of the order of several centimeters for the highest
energy planned.

The electron cooling of the two beams of recombining
particles, antiprotons and positrons, ensures low tempera-
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tures of each (small spread and velocity), thereby leading to
a high recombination rate.5”

Analysis shows that the intensity of the HC flux is limited
mainly by the deficiency of low-energy positrons. Three
methods of positron production using a special target* are
under consideration:’

1. A linear electron accelerator at an energy of about 40
MeV (the optimal value);

2. A source of hard synchrotron radiation with photon
energy near the e* e~ -pair production threshold;

3. An intense positron-emitting radioactive source (such
as 2?Na, *®Co, and so on).

The second method offers the highest intensity, but it
requires a storage device for electrons of energy of the order
of GeV.

It should be stressed that the use of electron cooling
makes it possible to obtain a flux of HC atoms with small
angular spread in velocities:

2
TC

AVJ_ - A V" - T" n
B2y*mc?’

= "% "V,

T"N 62’1;/3
14 14 p

(2.3)
where v and Av, , are the average velocity of the H° atoms
and the spreads of its components, T is the electron ‘‘longi-
tudinal’’ temperature and density in the particle rest frame,
and ¢, is the antiproton kinetic energy, and T¢ is the tem-
perature of the electron given cathode.®

For positrons, in contrast to antiprotons, the tempera-
tures associated with the longitudinal and transverse degrees
of freedom are different owing to the positron magnetization.
As a result of cooling, these temperatures become equal to
those of the cooling electrons:*

T —(T,),, Ty—(T,),. (2.4

Here (T,), ~0.1 eV is the temperature of the electron trans-
verse degree of freedom, roughly equal to the cathode tem-
perature. For this reason, the cooled positron beam and, ac-
cordingly, the orthopositronium beam have relatively large
angular spreads and small spreads in the longitudinal veloci-
ties (Table III).

Table III lists the design values of the parameters of
storage rings and estimates of the intensities of antihydrogen
and orthopositronium fluxes made in the radiative recombi-
nation approximation.‘)

Yet another important advantage of systems with elec-
tron cooling, which follows from the equality of the average
velocities of the cooling and cooled particles, is the possibil-
ity of absolute calibration of the H’-atom velocity (using the
voltage at the cathode of the electron gun) and the possiblity
of smooth, controlled tuning of this velocity within a broad
range (using the same voltage or the potential of a “‘sus-
pended’’ cooling segment). These possibilities are extremely
important for performing the experiments discussed below.

3. DIRECT COMPARISON OF PARTICLE ELECTRICAL
CHARGES

By measuring the displacement of the beam of atomic
particles—antihydrogen, hydrogen, and positronium—
emitted from the storage device and deflected in the trans-
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TABLE III. Antiproton and positron storage ring parameters.

Antiproton storage ring

Perimeter, m 80
Antiproton energy, MeV 50 0.5
Density of cooling electron 1.0 0.02
beam, A/cm?
Electron longitudinal 120 70
temperature, u eV
Number of stored antiprotons 1-10" 1-10°
Antiproton current, mA 20 2.0
Positron storage ring
Perimeter, m 20
Positron energy, keV 272 0.272
Longitudinal magnetic field, T 0.1 0.05
Number of stored positrons 1-10° 1-108
Positron beam current, £A 800 80
Density of cooling electron 1.0 0.002
beam, A/cm?
Intensity,sec™! 3.10* 30
Angular spread, urad 1.1 8.5
Velocity spread, 1076 1.1 8.5
Doppler spread,Av/c, 1077 35 2.7
Orthopositronium flux
Intensity, sec™ 1.7-10* 35
Angular spread, mrad 1.5 16
Velocity spread, 1073 5.1 40
Doppler spread, 1073 1.5 1.2

verse magnetic field, it is possible to obtain an upper limit on
the difference of the electric charges de.' The sensitivity of
the method is mainly determined by the accuracy of measur-
ing the atomic coordinates Sx at the channel exit:
de 2pc Ox

e eB, L%
Here L is the length of the atom path in the transverse mag-
netic field B, and p is the atom momentum. The use of the
‘‘zero’’ measurement method—with the field and without
the field—can provide a resolution of at least 0.1 of the total
beam width in the detector:

8x<0.10,L,

(3.1)

(3.2)

where 6, is the angular spread of the atomic beam. Substi-
tuting 8,=Aw, /v from (2.3) into this, we see that the sen-
sitivity (3.1) does not depend directly on the energy in the
case of electron cooling of the antihydrogen (or hydrogen)
atoms:

( 5e) VM T,
HO

E - —_—

<02 1 (3.3)

e

where M is the antiproton mass.

Of course, the temperature of the cooling electrons T is
different for different electron energies and currents. Never-
theless, there are some possibilities for maneuvering here:
after cooling the antiproton beam by a sufficiently intense
electron beam, it is possible to decrease its current and
‘‘squeeze out’’ a very small angular spread. If we take the
values given in Table III for the angular spread, then in a
field B, =10 T the sensitivity becomes
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(dele)y~2-107°, (3.4

Here a resolution 8x (3.2) of order 1-2 um is required.
For positronium the value of B, is limited owing to
interference between its ortho- and para-states accompanied
by rapid annihilation of the p-Ps component (Sec. 6.1).
Nevertheless, even in fields of order 1 T we can count on

(Sele)p~1-1078, (3.5)

Of course, this value decreases the present limit only insig-
nificantly (Table I). Nevertheless, by performing an experi-
ment of this design with antihydrogen and positronium and
using the high accuracy with which the charges e, and e~
coincide, it is possible to ‘‘close’’ (via positronium!) the
chain of charges of all four particles with an accuracy of at
least 1078, i.e., to improve the inequality of ¢, and e, by
three orders of magnitude (Table I). Further improvement is
determined by the limit on the inequality of e* and e~

We should stress the fact that the proposed experiment
gives the difference of the electric charges of the particles,
and so it differs from the experiment of Ref. 15, where
e/m is measured. The results of the two experiments allow
the upper limit on the inequality of m, and m, to be im-
proved.

4. SPECTROSCOPY OF THE 25—2P STATES OF
ANTIHYDROGEN

The methods of radiospectroscopy and atomic interfer-
ometry developed in measurements of the hyperfine structure
and the Lamb shift of the hydrogen spectrum®~'2 can be used
in these experiments.'® These methods are part of the general
approach based on the interference of two nearby states of an
atom in an external electromagnetic field.

4.1. Interference in a two-level system

The behavior of a two-level quantum system under the
influence of an external periodic perturbation with amplitude
E and frequency o close to the transition frequency wg is
quite well known (see Ref. 18). In the perturbing field the
upper level # and lower level d form a single bound state,
and the probabilities of finding the system in the states » and
d after the perturbation is switched off depend on its param-
eters: the frequency, amplitude, and duration of the perturba-
tion. The wave function of a two-level system in the field of
an external perturbation can be found following Ref. 18 (see
the problem in Sec. 40, where unfortunately there is an error
in the solution) and introducing the decay constants of the
states vy, and y,. If at the initial time =0 the system is in
the lower state, i.e., ‘P(O)=‘I’2, its state at time ¢ is de-
scribed by the wave function

1 iQd,— —(iQy—a
\I’[(I)= E(_)_ (Qde(lﬂu a)'/2+Q”€ (iQy )1/2)\1,2

Q . :
+T)_E_ (e(xn,,—a):/z_e—(zn,,—a)tm)q,g e~ (vt vt

4.1
where 1, ,=Q*Aw, Aw=w—wy, 0= \/(Aw)2+4&12,
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vl .a are the wave functions of the unperturbed states, and
d,,,d is the matrix element of the d—u transition, which for
the hydrogen atom is equal in order of magnitude to the
product of the electron charge and the Bohr radius a,. For
example, for the 28 — 2 P transition discussed below we have
(see, for example, problem 11.56 of Ref. 46)

d25_2P=3eao. (4.3)
Equation (4.1) is valid for
0> YusVd- (44)

If at =0 the system is in the u state [‘I’(O)=‘I’2], its
perturbed wave function is described by Eq. (4.1) after inter-
changing the indices u and d:

V(1) =Y()yea- (4.5)

The probability of finding the system W (¢) in one of the
two (u or d) states is equal to the squared modulus of the
expression in front of the corresponding unperturbed func-
tion in (4.1):

PP(1)= 77 (Qe™ "+ Qe + 80 cos 0r)

e~ (vat vt

20}
PO(r)= ——2—(cosh at—cos Qr)e” (Vat vt (4.6)
We stress the fact that y, and 7y, are the decay constants of
the states entering into the expressions for the wave func-
tions. They are half the corresponding level widths, or the
inverse lifetimes of the states:

7u,d: Iﬂu,zl/z' (4-7)

Equation (4.6) clearly demonstrates the effect of produc-
ing a bound state, when the system makes a transition from
the d state to the u state and vice versa. This is completely
obvious in the case of small level widths 7y, ,—0:

Aw? 202

P“)—-—;+ oz (1+4cos Q1),

QZ
Pf,l)=2ﬁ—§ (1—cos Q)=1-PP. (4.8)

This interference of states is a quite general quantum-
mechanical phenomenon and is observed in all the funda-
mental interactions (see, for example, Ref. 47).

Later on, in discussing the physics of positronium (Sec.
6.1), we shall need the expressions for the probabilities (4.6)
in case I, when initially the system is in the u state. Let us
write these expressions in a form different from (4.6):
PU(1)= gz (e "'+ Qe ' +807 cos Qr-e7™),
2

Q , , .
PP(n)= Q—f (e Tu'+e Ta'—2 cos Qt-e7 1), (4.9)
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FIG. 6. Structure of the low-lying levels of the hydrogen atom.
Av,=355.1014 MHz, Av,=Av,/8, Av;=Av,/10, Av,=(13/30)Av,,
v;=1057.8514(19) MHz is the Lamb shift.

where we have introduced the decay constants

QI+l _Q,r+Qr,
u= 20 » hdT 20 ’

r,+T,

=— (4.10)

For case II [¥(0)=¥° +], Egs. (4.8)—(4.10) are valid after
interchange of the 1nd1ces u and d.

Equations (4.9) show that a mixed state decays with a
constant which is a linear combination of the decay constants
of the unperturbed states. This becomes especially important
when one of the constants is much larger than the other: the
lifetime of the long-lived state cancels out. In particular, this
is important for positronium in a magnetic field (Sec. 6.1).

4.2. Radiospectroscopy of the 2S,,, state. The atomic
interferometer

The radiospectroscopic method developed in precision
measurements of the hyperfine structure of the hydrogen
atom’ can also be used in experiments involving an antihy-
drogen flux. The idea of the method is that an external per-
turbation can be used to excite transitions between hyperfine
levels of the metastable 22S,,, state (whose lifetime is 1/7
sec), and then the resonance frequency of the transition can
be measured. The atoms which have undergone this transi-
tion are detected by exciting the next transition from the
2S state to one of the short-lived 22P states (whose lifetime
is about 1.5 nsec) with the decay of this state detected using
the 2P — 1S transition (Fig. 6). We shall call the device ef-
fecting this 2S—2P transition an ‘‘analyzer’’ (see the dis-
cussion at the end of this section). The frequencies of
28— 2P transitions lie in the centimeter wavelength region,
and those of 2P — 1§ transitions lie in the vacuum ultravio-
let (10.2 eV).

The main difference between the experiment discussed
here and the pioneering one of Ref. 9 is the relatively high
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velocity of the atoms, vg. This affects the resolution of the
method, and also makes it necessary to take into account the
Doppler frequency shift:

wl

— —(1— Q212 —
WLab ,y(l_ﬂ cos 0)’ Y (l B ) ’ B VO/C'

(4.11)

Here w’ is the frequency in the atomic rest frame and @ is the
angle between the directions of the atomic velocity and the
cavity axis.

For the numerical estimates below we shall use the two
extreme cases given in Table II:

‘“‘fast atoms’’:¢=50 MeV, B=0.31, y=1.0533,

‘“slow atoms’’:e=0.5 MeV, B=0.03, v=1.0005.

(4.12)

Let us assume that we have, by some method (see be-
low), succeeded in forming a beam of atoms in the lower
225 ,,,(F=0) state, which is passed through a cavity tuned to
the frequency corresponding to that of the transition in the
atomic rest frame.

At the cavity output the flux of atoms in the upper
228,(F=1) state is

Nap=NyPP(7), (4.13)
where N ¢ 1s the flux of atoms at the cavity input, Pf,”(r) is
the probability (4.8), and /=7 is the cavity length. After
passing through the resonator, the atoms reach the analyzer,
where they make a transition into the 2P state and decay
over a short distance vy/I",p (15 cm for fast atoms and 1.5
cm for slow ones). Therefore, the counting rate simply coin-
cides with the atomic flux (4.13), taking into account the
correction for the detector efficiency. Eliminating the depen-
dence of the counting rate on the cavity frequency, we can
determine the resonance frequency corresponding to the tran-
sition frequency. The maximum counting rate is attained if
the field amplitude satisfies the equation

K
Q ET= ‘2_. (4.14)
Here the frequency dependence of the counting rate is de-

scribed by a smooth function [see Eq. (4.8)]:

N2P=NA,(M)2 x=A—w. (4.15)
Ve T
The half-width of this function is of order

Aw,,zazt;. (4.16)
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FIG. 7. Scheme for an atomic interferometer: H®, H*,
H* are antihydrogen atoms in the ground and excited
states; T is a thin target; P and A are cavities for puri-
fication and analysis. The interferometer: / is the length
of cavities C; and C,; L is the length of free space
(D); Det are UV-radiation detectors; DA are annihila-
tion detectors.

The accuracy (resolution) can be improved by many orders
of magnitude by using the technique of the atomic
interferometer 3112

The operating principle of such an interferometer, which
was apparently first proposed in Ref. 8, is the following. Two
short electromagnetic field pulses, separated in space and
time by a relatively long interval L= v,T, are applied; be-
tween them, the atom moves in free space. In the radiospec-
troscopic version of this interferometer these pulses are gen-
erated by the electromagnetic fields of two cavities (Fig. 7)
excited at the same frequency w. The first cavity C, induces,
as before, transitions between initial ‘‘lower’’ 225,,(F=0)
states and final ‘‘upper’” 22S,,(F=1) states. The phase of
the wave function at the output of C, depends on the reso-
nator length /, the frequency, and the field amplitude. After
passing through the free segment L, the atom enters the sec-
ond cavity C,, where it again undergoes transitions between
the two states. The atoms leaving the interferometer in the
“‘upper’’ state undergo transitions to the 2P state in the ana-
lyzer and deexcite to the 1S state. The photons of the UV
radiation are recorded by the detectors Det.

The probability of finding an atom in the upper state at
the interferometer output can be obtained by matching the
corresponding wave functions at the junctions of the three
interferometer segments. In the simplest case of small level
widths (28 state!)

'r<I'T<1, P=P,,, (4.17)
we find
P (cu)=(ﬁsin-(k'-.)z-(cos-(E - cos e
“ Q 2 2 2
Ao Q7  AwT\? Bde—0 5
—q Sinsin— ) ——— sin” 2Q 7.

(4.18)

The quantities (2, )z, and Aw have the same values as in
(4.2).

The half-width of the function (4.18) with the condition
(4.17) is

1
Awm“;-

(4.19)
At first sight the gain relative to (4.16) appears insignificant.
However, the length of the free segment L can be chosen to
be much longer than the cavity length [ (i.e., 7> 7). In addi-
tion, the accuracy of determining the transition frequency
wq can be raised considerably if the dependence P, (w) is
measured (Fig. 8). By fitting the experimental data to the
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FIG. 8. Signal from the atomic interferometer [Eq. (4.14)], T/7=3,
x=AwT/2.

function (4.18), it is possible to raise the accuracy to nearly
\/17 , where N is the total number of experimental points.

The best accuracy is achieved in this manner in Ref. 9.
The authors of that study obtained a resolution of order 50
Hz, which allows measurement of the hyperfine structure of
the 25, state with an accuracy of order

ow
—3 1077, (4.20)

Zeeman splitting and double fitting were used for this (see
Sec. 4.4).

Let us make a few remarks about the experimental setup.
Measurement of the described transition requires a flux of
H atoms in the corresponding excited 225,,,(F=0) state.
Such a flux can be formed using a thin target of foil'®!! or a
gas jet, which the atoms collide with to induce transitions to
excited states. Then the flux is subjected to a special purifi-
cation process: it is passed through a ‘‘polarizer’’ (Ref. 10,
for example), resonators which induce transitions from the
“useless”” 228,,,(F=1) state to the 2P, state (of frequen-
cies 1147 and 1087 MHz) followed by transitions to the 1.5
level. After this process, the beam contains predominantly
atoms in the 22S,,(F=0) state, and the hyperfine splitting
of this level is then measured by an interferometer and the
cavity C,, using transitions to the 22P;, or 22P5, level.

The authors of Ref. 9 used an original technique for
purifying (“‘polarizing’’) the flux and analyzing it by means
of a magnetic field. For a certain value of the field strength,
the Zeeman splitting causes the energies of the
228,,(F=0) and 2P ,(F=1) states to coincide, which in-
duces transitions to the 1S state. The transition from the u
state to the d state of the 25 level was studied for this case.

The photons of the UV radiation arising in deexcitation
of the atoms from the 2P state are recorded in coincidence
(taking into account the time of flight) with the signals of the
counters recording the radiation arising in the annihilation of
the particles of the H® atom—the antiproton and the
positron—when they reach the detector wall DA. This pro-
cedure is similar to the one used in the first experiment on
antihydrogen synthesis (Sec. 2.1).
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Determination of the values of the hyperfine splitting of
the 25,,, level of hydrogen and antihydrogen allows [see
(1.2)] comparison of the proton and antiproton magnetic mo-
ments at a level 1076—3Xx1077.

4.3. The Lamb shift of the 2P level. The atomic
interferometer with electrostatic

A variant of the atomic interferometer with static electric
fields was successfully used in experiments'® involving hy-
drogen atoms of low energy of order 20 keV. The goal of the
study was measurement of the Lamb shift of the 2P state
(Fig. 6). The frequency of the transition
228,,(F=0)—22P,,(F=1) was measured (this is labeled
as vgp in Fig. 6). Knowledge of the frequencies of all pos-
sible transitions between the 2.5 and 2P levels makes it pos-
sible to find the Lamb shift:

]
wL=w5P+3A(l)2+ —_— .

3 (4.21)

The values of the frequency Aw, were taken from Ref. 9.
This interferometer variant differs from the one de-
scribed above in that the ac electromagnetic field of the cavi-
ties is replaced by the dc field of two capacitors or dc two
pairs of diaphragms. The states in question mix in these
fields owing to the Stark effect. The interlevel transitions are
described by Egs. (4.1)—(4.18) with the substitution

0=0, Aw=0,, Q=\oij+4Q3.

Here, as before, wy is the transition frequency, and the ex-
pression for {1 has the same form as in (4.2)—(4.3), with the
only difference that now E is the strength of the static field.
By measuring, as in Sec. 4.2, the dependence of the flux of
atoms in the 22P, state on the field strength E or the time
of flight T (for which it is necessary to vary the atomic
velocity, by varying, for example, the energy of the cooling
electrons), it is possible to find w, by a fit to the function
(4.18). The accuracy of measuring the transition frequency
attained in Ref. 10 was dwsp=27-2 kHz.

A feature of this spectrometer variant is the fact that
Aw=wy=const [see (4.18)], so that to obtain the maximum
counting rate, in addition to the condition (4.14), it is neces-
sary to choose the electric field strength such that

(4.22)

QEN wq. (423)
For 25— 2P transitions this gives
ﬁ (OF3
E~——=291 V/cm. (4.24)
3ea

We note that the Doppler spread of frequencies in the experi-
ment of Ref. 10 was about 3X 1073 of the transition fre-
quency.

The first measurements of the Lamb shift with a flux of
fast (v4/c~0.35) hydrogen atoms were performed at a pro-
ton storage ring with electron cooling, NAP-M.!' The low
accuracy of the experiment was mainly due to insufficient
statistics.
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FIG. 9. Hyperfine structure of the ground state of hydrogen in a magnetic
field: m=1 (1), —1 (2), 0 (3 and 4).

4.4. The atomic interferometer and the Stern—Gerlach
method. Spectroscopy of the 1S state

The use of the atomic interferometer in the classical
Stern—Gerlach method made it possible to perform high-
precision measurements of the hyperfine structure of the
ground 128, state of the hydrogen atom.'? This scheme can
be applied nearly without change in experiments involving
antihydrogen fluxes. For this the polarizer and analyzer of
the interferometer (Fig. 7) must be realized as ordinary EPR
spectrometers: each must consist of a dipole magnet with a
uniform field B, directed across the beam, and a resonator in
which an electromagnetic field is produced. Its magnetic
component B,(f)=B, sin wt excites EPR transitions. In ad-
dition, a sorting system composed of two gradient magnets,
one before and one after the analyzer, is provided. The mag-
nets separate atoms with different polarization (the Stern—
Gerlach method), and guide atoms in a given state to the
detector. The transition from one state to another is accom-
panied by change of the polarization, as a result of which the
atom is sent to the detector by the second sorting magnet. In
the current version, the gradient sorting magnets are made in
the form of sextupoles as, for example, in the hydrogen
maser—the time standard.

The hyperfine structure of the 1S state of the hydrogen
atom in a magnetic field is well known. The level is split into
4 sublevels, the energy (frequency) of which depends on the
value of the field B, (Fig. 9):

MB,
P

, B 2
(l)3,4:_Ai2 A2+(/;ﬁl) s mp=0,

pp==x1
=0,

u)]’z:Ai mp=i1,

=[””_”"’ (4.25)

Mot iy,

where

is the hyperfine splitting for B, =0 and w, and w, are the
electron and proton magnetic moments. For example, for
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B, =0.1T, the frequency of the 12 transition accompa-
nied by complete spin flip (of the electron and proton) is
about 2.8 GHz.
As before, Eq. (4.18) describes the intensity of the flux
in the u state for the substitution
KB,

Qo=

(4.26)

where wy=|w;— wy| is the frequency of the transition be-
tween levels 1-4 [Eq. (4.25) and Fig. 9].

A double fit of the experimental results—the dependence
of the intensity of the flux passing through the interferometer
to Eq. (4.18) and then the dependence wy(B,) to Eq.
(4.25)—greatly increases the accuracy. It can be hoped that
this will allow the Doppler-broadening limit (see Table III)
to be exceeded by an order of magnitude, giving

dwlwy<3-1078.

Aw=w)—w,

(4.27)

The use of Zeeman splitting in high-precision radiospectro-
scopic measurements is a fairly common technique which
can also be applied successfully in the spectroscopy of ex-
cited states.”!'? The techniques described in Secs. 4.2 and 4.4
essentially differ only in the method of detecting atomic tran-
sitions.

We note that the motion of a fast atom in a magnetic
field B, generates an electric field in the frame of the atom:

E,;.J. =ByB,,

which induces the Stark effect. This effect can be eliminated
(up to the spread of atomic velocities Av/v) by imposing a
transverse electric field

1
ELL=_;ELL:ﬂBJ. .

However, this somewhat weakens the magnetic field in the
frame of the atom:

(4.28)

B
(Bi)m,=—yi. (4.29)

Knowledge of the frequency of transitions between hy-
perfine levels of the ground state makes it possible to deter-
mine the value of the antiproton magnetic moment using
(4.25):

1
,u.u=5(p,(mf=0)~p.(mF=il)). (4.30)

The accuracy of this determination is obviously

Sua i p. Sw
/‘L(l /‘l'(l

’
Ma @0

which for the accuracy (4.27) gives Au,/u,~2X1075,

Higher accuracy can be obtained by comparing the val-
ues of the hyperfine splitting A. Measurement of A for the
antiproton with the accuracy (4.27) allows the difference be-
tween u, and u,, [see (1.2)] to be found with an accuracy of
at least 1 X 1077,
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Let us conclude this section by mentioning the extremely
high accuracy of the measurement of the hyperfine splitting
of the ground state of hydrogen attained in experiments using
atoms stored in magnetic traps: dw/wy~ 1072, It is ex-
pected that the use of this technique for antihydrogen will
involve serious difficulties, primarily in the capture and cool-
ing of antiatoms in the trap. Nevertheless, here we can also
hope for progress in the foreseeable future.

5. THE LASER SPECTROSCOPY OF FAST
ANTIHYDROGEN ATOMS

The laser spectroscopy of antihydrogen atoms should be
discussed seriously, in spite of the seeming hopelessness of
the situation owing to the low intensity of the atomic fluxes.
Estimates show that in the variants of the setup described
below, the experiment is of great interest. This is primarily
true of two-photon excitation of the 1S5—2S transition,
which is interesting because the metastable 225,,, level has
extremely small width (a lifetime of 1/7 sec).

In working with a directed flux of fast atoms, by using a
laser beam opposing the flux it is possible to raise the photon
energy in the frame of the atom by way of the Doppler shift:

, (0'lw)2—1
o'=y(1+B)w, or 'B_(—(—x)_'/—m)le (5.1)
This means helps to compensate for the limitations in the
choice of available lasers, and, as noted in Sec. 2.2, it also
ensures smooth tuning of the photon energy in the frame of
the atom, by changing the energy of the cooling electrons
and, accordingly, the atomic velocity. This method is fairly
simple and routine in the technique of electron cooling. It
eliminates the necessity of using complicated, low-power
dye lasers, which are commonly used in spectroscopy to vary

the wavelength of the radiation.
5.1. The 1S—-28S two-photon transition

The possibility of a 1.S—2S two-photon transition in the
scattering of an opposing laser beam on a flux of hydrogen
atoms has been discussed some time ago in Ref. 2. The au-
thors arrived at a pessimistic conclusion owing to the very
low, of order several atoms/sec, intensity of the H® flux in
the antihydrogen generation scheme that they proposed. In
the version discussed in the present study it actually becomes
feasible to perform such an experiment.

The probability for a two-photon transition between lev-
els m and n is®

4
w)=|z2)| N, Lu2
mn mnl\ g (2w—w,,,,,)2+(rm/2)2’

(5.2)

where

g Ly Zutu
mn 2 I wln_w

is the sum over all possible states between levels m and n to
which transitions from the mth or nth level are allowed,
Z,,; is the dipole matrix element of the transition m« |,
,,, 18 the frequency of the mn transition, I', is the width of
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the mth level, and E is the amplitude of the electric field of
the radiation. For the 1S—2S transition (with intermediate
2P, level) we find

eEay\* 1 r 53)
2 .

(2) ~5. —_—
Wisas~5 ( h Aw*+(I'72)*
Here a, is the Bohr radius, w, is the frequency of the
1S—2S transition, Aw=2wAf is the bandwidth of the ra-
diation, and I'~7 sec™ ! is the width of the 25 level. Assum-

ing that Aw>T" and expressing E in terms of the density of
radiated power, we find

W —72 (dp)z = (5.4)
~ == , sec . .
1528 (Af) ds —
Therefore, the transition probability is proportional to the
square of the spatial-spectral density of the radiated power.

Equations (5.3) and (5.4) are written in the frame of the
atom. In the laboratory frame the number of transitions per
unit time in a flux N4, propagating with speed Bc counter to
the ratiation is then

(1+8) (dzP)z L .

dsdf " N sec

W-cm~2.sec

(5.5)

Here L is the length of the bombardment segment. For
d*P/dSdf~100 W-cm™2.sec, N4,~3%10% L=5m, and
B=10.64 (see below for the choice of laser), Eq. (5.5) gives

N*~30 sec” .

The experiment can be set up as follows (Fig. 10). By
means of a refracting cone, an axicon, laser light is directed
counter to a beam of H® atoms. The axicon has a hole at its
center. Atoms excited by the radiation arrive at the cavities C
tuned to the frequencies of 25— 2P transitions. After under-
going a transition to a short-lived 2P state, the atoms deex-
cite, and the rest of the procedure for detecting them is, in
principle, analogous to that described in Sec. 2.1: the pho-
tons of 2P — 1 S transitions are recorded in coincidence (with
time-of-flight selection) with signals from the detectors of
the annihilation and ionization chambers. Therefore, the in-
tegrated flux of UV photons is recorded as a function of the
velocity of the H® atoms.

The background of scattered laser radiation can be low-
ered significantly owing to the same Doppler shift of the
wavelength of the radiation from the moving atoms. The
photon wavelength and flux depend on the direction of the
emission in the laboratory frame (the angle 6, Fig. 10):

Nab=Y(1 =B cos O)\,, (5.6)

dn, N*

10 (1 foos 07 G

where A g=21c¢/ wg is the wavelength of the radiation in the
frame of the atom. It follows from this and from (5.1) that in
the laboratory frame the wavelength of the atomic radiation
is shorter than that of the laser radiation; they are comparable
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only for photons scattered strictly backward. The atomic ra-
diation is primarily directed forward. The photon flux in the
forward hemisphere is

. 1+ .
AN,=—— N*.

(5.8)

A critical question is that of the choice of laser, because
for the 1S—2S transition, even in two-photon excitation, a
laser with wavelength near 240 nm is needed. The closest
candidate is the KrCl excimer laser (A =222 nm). Unfortu-
nately, the power of excimer lasers is low, and their continu-
ous single-mode operation is problematic. The Doppler shift
(5.1) and colliding atomic—laser beams can be used, as
shown in Fig. 10. In particular, to reach the region of the
most powerful continuously operating laser, the argon laser
(514 nm), atoms with antiproton energy of about 280 MeV
are needed (B8=0.64). It is quite possible to reach this en-
ergy in the proposed scheme of antihydrogen generation.

Finally, the resolution of the method remains the main
question. The 1S—2S transition is interesting because the
small width of the 2.5 level makes it possible, in principle, to
measure the transition frequency with an accuracy

Sw T

—=—~10"1, (5.9)
as pointed out by the authors of Ref. 4. The best accuracy
attained for this transition in hydrogen (Ref. 49)? is
1X 107!, The authors of that study use a scheme with can-
cellation (in first order) of the Doppler frequency broaden-
ing, referred to as Doppler-free spectroscopy:*® two laser
beams are used, with one propagating along the atomic beam
and the other opposite it. In the scheme of center propagating
atom-laser beams discussed above, the Doppler broadening
plays the decisive role.

It can be estimated by including in (5.1) the angular
spread of the H° beam A# and the longitudinal velocity
spread of the atoms Av/v:

o' =y(1+B cos @)w=~y(1+ B cos Oy)w
B A
-—2—)), (5.10)

where ;<1 is the beam intersection angle (Fig. 10). It fol-

Oy- A6+
1+8 ( 0
lows that for a beam with the parameters given in Table III,

Av
X 1+B727—
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FIG. 10. Scheme for an experiment on the optical
spectoscopy of antihydrogen atoms: H is the beam
of antihydrogen atoms; LR is laser radiation; M is a
mirror; A is a conical ‘‘prism,”’ an axicon; C is a
resonator exciting 2S—2P transitions; Det 7y are
UV-photon detectors; DA are detectors of the radia-
tion arising in the annihilation of the H atom, an
antiproton and a positron, on the detector walls.

the dominant factor is the spread in longitudinal velocities,
which produces a Doppler frequency spread of order

ow’ Av
o ~BY =107

(5.11)

The fitting technique described in Sec. 4 allows this limit to
be exceeded by at least an order of magnitude, to reach an
accuracy of 1078,

The Doppler-free scheme can be used in these experi-
ments if it is somehow possible to solve the laser problem.
Unfortunately, use of the Doppler shift as suggested above is
not possible at present, because the Doppler-free scheme pre-
supposes the excitation of a two-photon transition in an atom
bombarded by two colliding beams of the same laser, one
beam directed along the atomic flux, and the other opposite
to it. Therefore, the Doppler shifts have different signs for
each beam. This is actually the main idea of this scheme: the
total energy (frequency) of two colliding photons in the
frame of the atom [see Eq. (4.11)] is independent of the
angular spread of the beam and, in a first approximation, of
the velocity spread:

’ r_
) +w2—2ywlaser'

Here w) ., is the frequency of the laser radiation in the labo-
ratory frame. The spread in the longitudinal velocities enters
only through the factor ¥, and, instead of Eq. (5.11), we have

oo’

raatds

2Av

14

Although in a system for electron cooling of antiprotons
an electron beam with adiabatically slow acceleration is used
(see Refs. 6, Section 4.2), the contribution of fluctuations
that determine the ordinary temperature of the electrons (the
first term in the expression for 7| (formula (2.3) becomes
negligible. In this case we have from Eq. (2.3)

Av

14

Sw’
and -
W

Tc c

vE
Vae e, M mc?

if T¢~0.1 eV (a beam from a thermionic cathode. The use of
a special beams with photocathodes and fitting of the Dop-
pler line broadening will yield a resolution at the 10"

5%1079,
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level. An important point is that the resolution in this formu-
lation of the experiment is nearly independent of the velocity
of the antihydrogen atoms.

5.2. The 25-4S two-photon transition

This transition, which was studied as an object of mea-
surement in Ref. 4, lies in the visible region: its wavelength
is 486 nm, so that the choice of laser does not present a
serious problem.

For example, the argon laser used in the scheme dis-
cussed in Sec. 5.1 requires an antiproton energy of only 1.4
MeV.

The width of the 45 level is’'

F4S:4.3X 106 Sec_l.

Using the fact that the most probable two-photon 25—4S

transition is via the 3P level, similarly to (5.4) we find
dp\?

W, ~1.5- 10-4(—) . (5.12)

ds W/cm?2

Here we have assumed that the bandwidth of the laser radia-

tion is small, Aw<I',s. Then, taking a pulsed laser with

power density of order 100 kW/cm?, 8=0.054 (1.4 MeV),

and L=5 m, similarly to (5.5) we find the counting rate:

N*NO.S'NA'.

This counting rate makes it possible to obtain something
like one transition per laser pulse for N 4,~ 50, pulse duration
~ 10 usec, and repetition frequency ~ 4 kHz.

5.3. The 1S—-2P one-photon transition

In spite of the quite large width of the 2P level, about
100 MHz, the precise measurement of this transition is inter-
esting because it offers possibilities different from those de-
scribed above in Sec. 4. The wavelength of the transition lies
in the UV region, 121 nm, and even for colliding beams it is
difficult to find a suitable laser. The problem is eased some-
what by the large absorption cross section at this transition: 19
2) 10 @alw,

o= 25677( = T

3 ~6.4x10" " cm?,

Aw<T.
(5.13)

It is therefore possible to use, for example, a cw He—Cd laser
with wavelength 325 nm, and to work in the colliding beam
mode with an antiproton energy of about 500 MeV
(B=0.756).

The number of transitions per unit time in this case is
obtained like (5.5) (see also Ref. 52), and in the laboratory
frame it is

. (1+B)?*y oL dP . S
N= 878 o dS -N4~52-10
(1+B)%y (dP) )
X———— . L| — -Ny,, sec” L. 5.14
B as W/cm? Al ( )

Here the cross section o in (5.13) is written in the rest frame
of the atom, where it is expressed in terms of the atomic

21 Phys. Part. Nucl. 28 (2), March-April 1997

251 Ae(B)/Aers
24 m=0
15+

o-Ps
1 m=zl

0.5 - | 3 B /BA

0 : +- —

-0.5 +

-1 4 p-PS

sl

FIG. 11. Splitting of the ground state of positronium in a magnetic field.

characteristics. For the same parameters as above (L=5m,
N,,=3%10* and dP/dS=1 W/cm? we find

N*=~2.10° sec”\.

The power density we have chosen can be obtained using the
He—Cd laser, and cw operation should provide good mono-
chromaticity.

The detection scheme (Fig. 10) does not require the use
of the cavities C, because the excited atoms make transitions
into a short-lived 2P state. Their emission has the same fea-
tures as in Sec. 5.1, i.e., it is shifted to the short-wavelength
region relative to the laser radiation and is primarily forward-
directed [Egs. (5.6)—(5.8)]. Therefore, it is possible as before
to record the integrated photon flux with energy discrimina-
tion and selection of coincidences with annihilation quanta.
The estimates of the resolution, Egs. (5.10) and (5.11), also
remain valid, and here it is possible to expect a precision of
dwl w~107%,

Of course, the experiments discussed in this section do
not exhaust all the possibilities of the optical spectroscopy of
fast H? atoms. In any case, it can be stated that all the spec-
troscopic measurements discussed for low-energy single an-
tihydrogen atoms held in traps* can with some success be
performed on a beam of fast atoms.

6. EXPERIMENTS USING POSITRONIUM FLUXES
6.1. Positronium in a magnetic field

Positronium behaves in a magnetic field very much like
a hydrogen atom (Sec. 4.4). A difference arises because the
magnetic moments of the electron and positron, to the accu-
racy with which they are known at present, are equal in
magnitude and opposite in sign. Therefore, in the ortho-state
the total magnetic moment of positronium is zero, although
the spin is one. In the para-state it is the reverse. As a result,
in positronium there is no linear Zeeman effect (Fig. 11), and
an ortho-level with m=*1 does not react at all to the pres-
ence of a magnetic field B:>

Agouno(m==*1)=Agrg=const,
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A gune(m=0)= 2”+\/( > )+(2u3)2,

ASFS AEF32
e [

Here A&y is the difference of the ground-state energies (fine
structure) of o-Ps and p-Ps (1.6), and u is the electron
(positron) magnetic moment.

The states of positronium mix in a magnetic field, simi-
lar to what occurs for atoms (Sec. IV A). Here, according to
the above discussion, states of o-Ps with m=*1 remain
unperturbed, and states of o-Ps with m=0 and p-Ps form a
bound state, the dynamics of which is described®* by the
expressions in Sec. IV A. The level widths and lifetimes of
0-Ps and p-Ps in a magnetic field are usually written as
(see Refs. 53—55)

6.1

. F,,+y2Fp
FoETal(B): 1+)’2 4
_ r,+yT,
F'ETpl(B)— p1+y2 5 (6.2)
x/2, x<l1,
= 2_ ~ 1
y=(y1+x*—1)/x | 1,
_B
x~BA,
Ae
A= 4:s=3.62 T. (6.3)

Here I',=1/7, and I',=1/7, are the decay constants (level
widths) and lifetimes of p- Ps and o-Ps in the free state (see
Table II). It is easily verified that these expressions coincide
with (4.10) for the substitution

Q—2uB/f  Aw—Aegpg/h,

ry=—7,, I,—7,. (6.4)
Then, accordingly,
C4u=Tpo(B). 6.5)

In a weak field B<B, Eq. (6.2) for the lifetime becomes
approximately

2
gyl X -
T, (B)=~t1, + 77

T,(B)~T,. (6.6)

Therefore, the lifetime 7,(B) is slightly decreased, while
7,(B) remains practically constant.

However, these expressions should not be viewed simply
as the change of the lifetime of the two states of positronium
(which, as a rule, is done in the studies cited). In fact, a
mixed state of positronium in a magnetic field “‘lives’’ ac-
cording to the law (4.9), (4.10). Therefore, the probability for
decay of positronium in this mixed state into two or three
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gamma quanta is determined by the probability for positro-
nium to stay in the d (para-) or u (ortho-) state (4.9).

The behavior of the flux of orthopositronium passing
through the section with magnetic field can now be described
completely.

We shall assume that this section is located rather far
from the region of positronium generation (Fig. 5), so that at
the entrance there is only the long-lived o-Ps component,
the total flux of which is equal to N ps - On the average, the
positronium atoms at the entrance are divided with equal
probability into o-Ps states with m =0, * 1. Therefore, 2/3 of
the flux corresponding to m = * 1 states decays with constant
7,, and the 1/3 going into the mixed state decays in accor-
dance with (4.9). The flux at the exit of the segment is

S N
No(l)/NPszge 0+§' P”(T),

. . 1
Np(l)/ijzg Pd(T), (6.7)
where 7=1/v, is the time to travel along the section of
length 1, and P, 4(7) are the values of the probabilities (4.9)
at the exit of the segment [taking into account the substitu-
tion (6.4)]. It is convenient to write these expressions in
terms of the parameters x and y(x) [see Eq. (6.2)]:

V Y 2 -Tor -r's 4. -T'7
No(l)/NpSZEC o +'3—(—1—+y—2)2‘ (e oTty%e T p
+2y%e T cos w,7),
32
Y v — -I'ry —T'r -Ir
= . o™+ —
N,(1)/N ps m (e e p’—2e

- COS W,T),
Aepsg '
w,=1 +x2 P I'=r,+r,. (6.8)

Oscillations of the o-Ps and p-Ps fluxes at the exit are
noticeable if the lifetime is of order 7, (Fig. 12). In particu-

lar, if the segment is sufficiently long that
T~ T, Ty, (6.9)

Eq. (6.8) in a weak field (x<€1) can be written approxi-
mately as

N ,
™ (2e ToT e ToT),

No(h~=

5 (6.10)

; 2

1\'/,,(1)~% -(i) e To”, B<B,.
Therefore, at the exit of a long section with weak magnetic
field there is a small fraction of parapositronium mixed with
an attenuated flux of orthopositronium.

Just as important is the fact that in a magnetic field,
2/3 of the initial intensity (or half the total positronium flux
generated by the storage device) decays according to the
‘“usual’’ exponential law with constant I',. In any case, the
field at which the loss of positronium becomes significant is
of order B, .
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FIG. 12. Dependence of the intensity of (1) o-Ps and (2) p-Ps at the exit
of the segment with magnetic field on the field strength. The time of flight is
(a) =7, and (b) 37,. The notation is given in the text.

It is also useful to give the expressions for the total num-
ber of 3y and 2y annihilations per unit time on the segment
with magnetic field. For this it is necessary to integrate over
time the derivatives of the probability for positronium to
survive in the ortho- or para-state. A special feature of the
calculation of these derivatives should be noted. In the func-
tions (4.9) or (6.8) describing the probability, it is not nec-
essary to differentiate the factors cos )z or cos w,f in the last
terms, because their derivatives give a probability flux from
0-Ps to p-Ps and vice versa, while the number of annihila-
tions per unit time comes from the derivatives of only the
three exponentials. The integrals of the derivatives of the
probability for the o- Ps state calculated in this manner give
1\'73",/ for the number of 3+ annihilations, while for p-Ps they
give N;"y for the number of 2+ events. The resulting expres-
sions are quite awkward, but nevertheless should be given
here:

. . 2 1 '
* — —aT,T . —e T,7 4
N¥JNp=3 (1—¢ )+——2—3(]+y) [1—e ToT+y4(1

—e Ty +y2 f(1)],
y2

—_— o —eT.r_ —I‘",r__
s e e s,

N;‘,}/Npsz

— 2r (1 I'r + -Ir
f(T)_Fz-i-wf [T(1—€e' " cos w,7)+w,.e

6.11)

- sin @, 7).

In the approximation of a long section (6.9) and weak field
y<€1 we then find
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. . 1 '
Ngk‘y:NPs(l_E .e_roT—g- -e_ruT R

a s ( 5 (6.12)

2
N27 12 B_A) (2—e FDT).
The meaning of this expression is almost obvious: an 0-Ps
(m==x1) state partially decays into 3y with a decay con-
stant I',, and the upper mixed state also decays partially, but
with a constant I') . The lower mixed state decays into 2y
partially with constant the I’} and completely with the con-
stant Fx’z> 71, and this is the reason for the factor of two
instead of one in the second expression. In this approxima-
tion the oscillatory terms vanish.

6.2. The lifetime of orthopositronium

The problem of the precise measurement of the o-Ps
lifetime discussed in Sec. 1.2 requires an accuracy of better
than 10™* (see Table II). When a flux of orthopositronium is
used it is possible to perform the classical version of the
experiment: measurement of the dependence of the counting
rate of triple coincidences (preferably with trajectory analy-
sis) on the coordinate along the vacuum channel of positro-
nium detection (Fig. 5, No. 8). For a positronium velocity of
10'0 c/sec the triple decay length is about 14 m, which for
an angular spread of the flux of about 1.5 mrad (Table III)
gives a flux size at the exit of about 20 mm.

The accuracy of measuring the lifetime in this version of
the experiment [fitting the dependence N(x) by an exponen-
tial law] is roughly

_ ek N 26x

or \/N_l InN, L’
where £ is the ratio of the length of the detection channel and
the decay length, N, is the number of counts collected at the
channel entrance, and dx is the accuracy of measuring the
coordinate. In this case an accuracy of £,=107> for k=3
and L=14 m requires N,~5X10% and &x~0.15 mm. It
takes about 15 hours to collect this statistics for a flux of
10* sec™!. Therefore, this level of accuracy appears to be
attainable, and the possibility of performing the experiment
in a vacuum makes it very attractive.

We note that the L, photons arising in positronium for-
mation can be used as start signals.

(6.13)

6.3. The lifetime of parapositronium

By using the mixing of the ortho- and para-states in a
magnetic field, a flux enriched by parapositronium can be
obtained at the exit of the segment containing the magnetic
field. Then, by measuring the positronium decay with selec-
tion of pair coincidences in 7y detection using the scheme of
Sec. 6.2, it becomes possible to determine the p-Ps lifetime.

A well known difficulty is the short lifetime of p-Ps: at
velocity 10'® c/sec the triple decay length of p-Ps is only
3.75 cm. A possible solution of this problem is to record
positronium absorption followed by annihilation in targets
successively placed in the path of the positronium flux. In
this case, it may be possible to localize the annihilation point
with an accuracy of order 10 wm, which gives the main
contribution to the measurement error:
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I 3-107°.

A fit to an exponential dependence allows the accuracy to be
raised to 5X 1073,

The second difficulty in this approach is the low inten-
sity of the flux of the p- Ps component. However, this can be
overcome by using, in addition to a magnetic field, excitation
of transitions between positronium states in a varying elec-
tromagnetic field as in Secs. 4.2 and 4.4. The frequency of
transitions between fine-structure levels (Fig. 11 and Table
1) is of order 200 GHz, which corresponds [the Doppler
shift (4.7) is small] to a wavelength of 1.5 mm. The detailed
procedure was used in Ref. 29 to measure Aggyg.

Another method is an indirect one, where again state
mixing and decrease of the o- Ps lifetime in a magnetic field
(6.3) are used. This effect was also used in Ref. 26. In the
case under discussion there is no possibility of having any
start signal, and so it is impossible to use the same experi-
mental setup as in Ref. 26. Instead, one can measure the
dependence of the fluxes of 3y and 27 events on the mag-
netic field strength (the parameter y) and time-of-flight (en-
ergy variation), and then fit this dependence by the law
(6.12), extracting the value of I')(B) (6.2). When B and
I", are known, it is possible to calculate I',. Obviously, a
double fit can be performed here: N*(B) can be fit by the
law (6.12) and I (B) by the law (6.2). A level of precision
of at least 10™° can be counted on, because nearly all of the
positronium flux is used in this setup.

6.4. Positronium spectroscopy

The experiments on the high-precision measurement of
the positronium spectrum described in Sec. 1.2 (item 3) can
also be performed using directed positronium fluxes. Owing
to their high intensity and small velocity spread, a level of
precision of at least 1075 can be expected (an order of mag-
nitude better than the Doppler spread; Table III). Both ra-
diospectroscopic and laser-spectroscopic realizations of these
experiments are possible. The latter may also allow measure-
ments on two-photon transitions with cancellation of the
Doppler broadening.

6.5. Searches for exotic decay channels and the
“mirror world”

The version of the experiment to measure the o-Ps life-
time described in Sec. 6.2 can be extended to search for
exotic decay channels, a short-lived boson, and the *‘mirror
world”’ described in items 4-7 of Sec. I B.

The isolation of the decay channels in (1.7) requires an
orthopositronium flux with the p-Ps component removed to
the required level. For example, to measure the probability of
o0-Ps decay into 2y at a level of 1078 it is necessary to use
a detection channel of length equal to more than 18 decay
lengths of the para- component, which corresponds to only
70 cm for a velocity of 10'® cm/sec. Therefore, such an ex-
periment can be performed under very clean conditions. The
requirements on the purity for 4y and higher decays are even
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easier to satisfy. The limit attained will then in practice be
determined by the background conditions and counting er-
rors in the coincidence recording.

The search for p-Ps decays of the type (1.8) is difficult
owing to the background from o-Ps decays. Here it is pos-
sible to use the forced transition of positronium from the
0-Ps to the p-Ps state described in Sec. 6.3, which offers
special possibilities for extracting exotic events.

The search for short-lived bosons in o-Ps decays is also
considerably easier in this case compared to the studies cited,
owing to the purity of the experimental conditions and the
high flux intensity. In particular, there is practically none of
the intense background from positron annihilation in the tar-
get, which inevitably arises in the traditional setup where
positronium is produced in the recombination of positrons
stopped in the target with electrons of the target atoms. It is
this background, and also the background from p-Ps decay,
which is the main source of noise in the studies cited. Of
course, it should be noted that for in-flight o-Ps decay the
peak of the monochromatic gamma quanta is broadened
compared to decay of positronium at rest. For example, two
sharp peaks must be observed in the y energy spectrum in
the decay of stopped o-Ps according to the scheme (1.9):
one from o-Ps decay into a boson and a 7y, with y energy

2
N TR
81—(m 4m)c , (6.14)
and the other from decay of the boson into 2y with
g,=mcl/2. (6.15)

When these decays are recorded in an o-Ps flux with a
single velocity, the peaks are shifted by an amount
de.,~(y—1)&,, and broadened, their width becoming

Ae ,~2B(& ) max-

This broadening makes detection of the peaks a bit more
complicated, but the great improvement of the background
conditions (in particular, the absence of the intense line from
annihilation of positrons absorbed by the target in the tradi-
tional setup) more than compensates for this drawback.

Finally, the verification of the ‘‘mirror world’’ hypoth-
esis reduces to measurement of the deviation of the distribu-
tion N(x) of the number of decays along the channel length
from an exponential law. Therefore, an experiment to mea-
sure the o-Ps lifetime in the setup described in Sec. 6.2
would simultaneously allow determination of the level of
“‘runaway’’ positronium atoms.

CONCLUSIONS

Experiments on directed monochromatic atoms of anti-
hydrogen and positronium reveal new possibilities for the
experimental testing of the CPT theorem and quantum elec-
trodynamics. In Table IV we give the accuracies of measur-
ing the parameters of the fundamental particles and the sim-
plest atoms which have been attained at present and which
can be expected in the future on the basis of the estimates
made above.
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TABLE 1V. Accuracies of the experimental values of the fundamental par-
ticle parameters.

Accuracy
Parameter Attained Expected
Difference of antiproton and 2:-107° 2-107°
positron electric charges, & e/e
The same for the electron, positron, 2-107° 2-1078
proton, and antiproton, de/e
Antiproton magnetic moment, du, /., 3.1073 2-107°
Difference of the proton and antiproton 3.1073 1-1077
magnetic moments, Su/ py
Hyperfine structure of the ground state 3.1078

of antihydrogen,Se/e

Hyperfine structure of the 25,
level and Lamb shift of the
2P, level, of antihydrogen,de/e
Energry of 15-2S§ transition

in antihydrogen, dc/e

2-1075-1-107¢

1-1071°
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