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The study of CPT invariance with the highest achievabIe precision in all particle sectors is of fundamental 
importance for physics. Equally important is the question of the gravitational acceleration of antimatter. In 
recent years, impressive progress has been achieved in capturing antiprotons in specially designed Penning traps, 
in cooling them to energies of a few milli-electron volts, and in storing them for hours in a small volume of space. 
Positrons have been accumulated in large numbers in similar traps, and low energy positron or positronium beams 
have been generated. Finally, steady progress has been made in trapping and cooling neutral atoms. Thus the 
ingredients to form antihydrogen at rest are at  hand. Once antihydrogen atoms have been captured a t  low energy, 
spectroscopic methods can be applied to interrogate their atomic structure with extremely high precision and 
compare it to its normal matter counterpart, the hydrogen atom. Especially the 1S2S transition, with a lifetime 
of the exated state of 122 msec and thereby a natural Linewidth of 5 parts in 1Ol6, offers in principle the possibility 
to directly compare matter and antimatter properties at a level of 1 part in 10". 
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1. Introduction 

CPT invariance is a fundamental property of 
quantum field theories in flat space-time, which 
results from the basic requirements of locality, 
Lorentz invariance and unitarity [l-51. Princi- 
pal consequences include the predictions that pat- 
ticles and their antiparticles have equal masses 
and lifetimes, and equal and opposite electric 
charges and magnetic moments. It also follows 
that the h e  structure, hyperfine structure, and 
Lamb shifts of matter and antimatter bound sys- 
t e m  should be identical. 

A number of experiments have tested some of 
these predictions with impressive accuracy [6], 
e.g. with a precision of for the difference 
between the moduli of the magnetic moment of 
the positron and the electron [7] and of lo-' for 
the difference between the proton and antiproton 
charge-to-mass ratio [8]. However, the most strin- 
gent CPT test comes from a mass comparison of 
neutral kaon and antikaon, where the tremendous 
accuracy of has been reached, albeit in a 
theoretically dependent manner. 

Such a fundamental theorem must, of course, 
be tested as stringently as possible wherever fea- 
sible. In this regard, one may draw an analogy 
to M. Goldhaber's initial tests of baryon number 
violation, which is now understood to be by no 
means as significantly deep a principle as CPT. 
And indeed, pursuit of more vigorous tests of the 
baryon conservation law was not forthcoming be- 
fore a theoretical context (Grand Unification) for 
its possible violation had been established. CPT 
violation is now on the threshold of a similar tran- 
sition: from clearly important but with no con- 
cept of specific implications of its violation; to 
a deeper understanding of the significance, im- 
portance and physical mechanism for its viola- 
tion [9-20]. 

The availability of antihydrogen atoms pro- 
duced and stored at very low energies would offer 
new possibilities for a very precise comparison of 
matter and antimatter systems. In'particular, the 
long lifetime (122 ms) of the metastable 2s level 
sets an ultimate limit for measuring the 1s-2s en- 

'Spokesperson, Ernail: bokicheitertkern.ch 
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e r a  difference of 10-l8, if the line width can be 
reduced to the quantum limit [21], and if the cen- 
tre of the spectral line is determined to one part 
in lo3. For a more detailed discussion of these 
and related issues, see also ref. [22]. 

. b y  difference e.g. in the frequency of the 1s 
2s transition would signal new physics. Such an 
exciting result may be due to CPT violation, but 
it could also stem from an anomalous red-shift 
because of a different gravitational interaction of 
matter and antimatter [23]. 
-4s a long term goal, a direct comparison of the 

gravitational acceleration of hydrogen and anti- 
hydrogen in the Earth's gravitational field can 
be envisaged [24]. Once the technique of cool- 
ing antihydrogen to the Dopper limit (3 mK) has 
been demonstrated, such ballistic measurements 
wil l  become possible, albeit with a more moderate 
precision. 

2. Experimental overview 

c'sing the method developed at LEAR [8,25], 
antiprotons can be captured in an electromag- 
netic field configuration known as a Penning trap, 
and cooled to sub-eV temperatures by electron 
cooling. We plan to accumulate lo7 cold antipro- 
tons &om the Antiproton Decelerator (AD) [26] 
proposed at CERN in such a trap enclosed in a 
large diameter superconducting magnet. 
Large numbers of positrons have been accumu- 

lated in similar field configurations. Our collab- 
oration plans to use a system based upon the 
positron accumulator prpently operated at the 
University of California in San Diego, in which 
10' low energy positrons are routinely accumu- 
lated in a few minutes. 

One of the major challenges wil l  consist of 
bringing the antiprotons and positrons in close 
contact for a time surticiently long to allow the 
recombination process to take place. To combine 
free positrons with the antiprotons it has been 
proposed to use nested Penning traps [27,28], a 
combined RF/Penning trap configuration [29], or 
to inject a (pulsed or continuous) beam of low 
energy pusitronium atoms into stored antipro- 
tons [m]. 

In the nested traps the oppositely charged an- 
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tiprotons and positrons are stored in two different 
potential wells in close proximity and are cooled 
to low energy. At  the time of recombination these 
two clouds need to be merged while preserving 
their low temperature and high densities. While 
the theoretical rate for this process is attractively 
high, this method may present a number of seri- 
ous challenges, and despite a number of experi- 
mental efforts, no recombination of electrons and 
protons into hydrogen has been observed to date. 

In a combined radio-frequency (Paul) and Pen- 
ning trap particles of opposite electric charge can 
be confined by using the Penning trap for one 
species (i.e. the proton) and the superimposed 
RF fields to store the other particle (Le. the elec- 
trons). Such a trap has recently been demon- 
strated to hold electrons and protons for long 
times, but the main problem identified was the 
heating of the particles by the FtF fields, prohibit- 
ing high densities and low temperatures, both es- 
sential ingredients for efficient recombination and 
subsequent confinement of the neutrals. 

A third possibility to form antihydrogen con- 
sists of bringing the positron to the antiproton 
in the form of a neutral positronium atom. Here 
positrons injected into the recombination region 
as a beam would be converted into positronium 
atoms in close proximity to the trapped antipro- 
tons. Accumulation in an external positron trap 
may be used to enhance the instantaneous inten- 
sity of the positron beam used for positronium 
generation in the trap to allow for better back- 
ground discrimination. 

Once antiprotons and positrons have been re- 
combined, the confinement by the electric forces 
ceases and the antihydrogen atoms would escape, 
hit the nearest wall, and annihilate. To con- 
fine the produced antihydrogen atoms magnetic 
gradients interacting with their magnetic mo- 
ment can be used. This requires superimposing a 
strong magnetic field gradient onto the constant 
field necessary for the Penning trap. Typically 
a combination of quadrupole coils (Ioffe bars) for 
radial confinement and Helmholtz coils for the ax- 
ial confinement is used [31]. 

We plan to use a large diameter, cold bore, 
superconducting magnet to house the antiproton 
trap, the positron storage trap, and the actual 

. 

recombination trap inside a completely sealed, 
cryogenic vacuum environment. These compo- 
nents wil l  be located inside a separate vacuum 
system, which can be inserted and removed from 
the main solenoid without affecting its cryogenic 
performance, and which can be cooled to a tem- 
perature at or below 0.5 K using a 3He dilution 
(or evaporatiw) re6igerator. 

The magnet coils to superim- 
pose the IoffePritchard-type trap [32] onto the 
homogeneous field will be mounted on the inside 
of the main solenoid, and wil l  be thermally cou- 
pled to the main cryogenic bath. The well depth 
of the magnetic trap has been designed such that 
a significant fraction of the formed antihydrogen 
can be confined. 

The necessary detectors to study the formation 
and subsequent annihilation of antihydrogen as a 
function of time after the injection of positrons 
and antiprotons, and also as a function of trap 
parameters (well depths of antiproton/positron 
traps, density of charged particle clouds, mag- 
netic well depth, etc.) will be mounted in the 
space between the inner vacuum shell and the 
Ioffe-Pritchard trap coils. Finally, access is pro- 
vided for iaser beams to the neutral trap (for 
stimulated recombination, laser cooling, and for 
spectroscopy), and the space for a 121.5 nm pho- 
ton detector to observe the 2P-1s fluoresceice is 
foreseen. 

Figure 1 shows a general lay-out of the central 
portion of the apparatus containing the antipre 
ton capture trap, the recombination trap with 
superimposed neutral trap and detector system, 
and the final positron storage trap. These indi- 
vidual items wi l l  be discussed in more detail in the 
subsequent sections. The initial goal of our col- 
laboration is to reproduce the precision demon- 
strated in hydrogen by the groups at MIT [33] 
and the MPI Munich [a]. Such a precision can 
be achieved with the system as described here and 
x 1000 Atoms at  0.5 K in the magnetic trap. 
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Figure 1. Ovenn'ew of the ATEENA appamtw showing the superconducting solenoid with the antiproton mpture 
trap, the positron storage trap, and the recombination trap surrounded by the magnetic gradient trap. 
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3. Capture and cooling of antiprotons 

3.1. Current Status 
The technique of capturing antiprotons into 

traps and cooling them to d - e V  energies has 
been developed at LEAR over the last 10 years 
[35,36]. The energy of a short pulse of antiprotons 
from LEAR (typically of 200 ns duration with a 
kinetic energy of 5.9 MeV) is degraded by a care 
fully optimized system of entrance counters and 
foils. The fraction of antiprotons exiting the last 
of these foils, which is an integral part of the trap 
structure, with energies below the trapping po- 
tential can then be dynamically captured by ap- 
plying first a reflective voltage at the downstream 
electrode of the Penning trap, and then - before 
the reflected antiprotons leave the trap through 
the entrance electrode - rapidly ramping up to 
the full capture voltage. 

The trap structure consists typically of seven 
electrodes: the entrance foil, a central region com- 
prising five cylinders (two endcaps, two compen- 
sation electrodes, and the central ring), and a 
cylindrical high voltage exit electrode. The trap 
system is situated in the cryogenic bore of a su- 
perconducting solenoid capable of generating a 
magnetic field of up to 6 Tesla. The geometry 
of the central trap system is carefully chosen to 
produce a harmonic, orthogonalized quadrupole 
potential in the central region [37]. Its purpose 
is twofold: initially to store cold electrons, and 
then to collect the cooled antiprotons. Two ex- 
periments at LEAR have demonstrated trapping 
and cooling of antiprotons to sub-eV energies. PS 
196 is using a small trap system of L =12 cm 
length and D = 1.2 cm diameter, and a capture 
voltage U, x 3 kV. The dimensions are optimized 
for having precise control of the harmonic prop- 
erties of the Penning trap, but the small trap size 
results in a capture efficiency of only loe4. The 
PS 200 system (L = 50 cm, D = 3.8 cm, U, 5 
30 kV) is designed to capture the largest possible 
number of antiprotons in this energy regime. Ef- 
ficiencies of typically 0.5% are achieved, resulting 
in the capture of more than lo6 antiprotons from 
a single LEAR bunch. 

The initial kinetic energy of antiprotons after 
capture is in the keV range. Electron cooling is 

used to reduce the.antiproton energy to d u e s  
below 1 meV. For this purpose, a dense electron 
cloud is preloaded into the central region of the 
trap. These electrons cool to equilibrium with 
their cryogenic environment via synchrotron radi- 
ation. The antiprotons oscillate through the cold 
electron cloud and lose their energy via Coulomb 
collisions with a time constant of a few minutes. 
The efficiency obsen-ed for this process is better 
than 90% in both experiments. Owing to the very 
good vacuum within the cryogenic environment, 
the lifetime of cooled antiprotons reaches several 
hours or even months [a]. 

After the antiprotons have been cooled and 
stored in the central region of the trap, the cap 
ture potential at the entrance and exit electrodes 
can be switched off without losing antiprotons. 
Therefore it is possible to repeat the capture and 
cooling procedure several times, and both q e r i -  
ments have shown that this "stacking" allows in- 
creasing the number of stored antiprotons by a 
factor 10 or more. The enhancement figure was 
essentially limited by the number of LEAR shots 
obtainable without refilling the machine, and is 
expected to  be much higher at the future AD, 
where many more pulses can be delivered to the 
experiments with a repetition rate of 1 pulse ev- 
ery 1 - 2 minutes. 

3.2. Capture and cooling of antiprotons in 

The geometry of the ATHENA (ApparaTus 
for High precision Experiments on Neutral 
Antimatter) capture and cooling trap wi l l  be sim- 
ilar to the PS200 trap. It willbe housed in a large 
bore solenoid (inner diameter 2 25 cm) with a 
homogeneous magnetic field (AB/B < of 
about 3 Tesla over a 1.5 m long section. The in- 
side of the bore is at a temperature of 4 K. The 
trap structure is further contained within a sepa- 
rate vacuum enclosure, which also accommodates 
the neutral (antihydrogen) trap and the internal 
positron storage trap. This enclosure is held at a 
temperature of 0.5 K or below and is completely 
separated €iom the magnet isolation vacuum and 
the outside by thin windows allowing injection 
of antiprotons and positrons. Owing to the very 
good vacuum ( p < 10-17 Torr) which can be 

ATHENA 
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reached with such a completely sealed cryogenic 
system [38,39], it is expected that very few an- 
tiprotons annihilate during a typical experimental 
cycle time of about 1 hour. 

The AD will deliver 10' antiprotons per bunch, 
with a repetition rate of about 1 per minute. As- 
suming the theoretical capture efficiency for a 15 
keV well depth of - 1% can be reached, lo5 an- 
tiprotons would be trapped and cooled via elec- 
tron cooling to cryogenic temperatures between 
two .4D cycles. In order to reach the nominal goal 
of lo7 cooled antiprotons, about 100 AD shots 
would have to be stacked in the trap. 

The cooling of the antiprotons will use the well- 
known techniques developed at LEAR. A har- 
monic well in the middle of the trap is pre-loaded 
with x lo9 electrons, which will reach thermal 
equilibrium with the 0.5 K environment via syn- 
chrotron damping within a few seconds at the 
magnetic field to be used. 
Once a sufficient number of antiprotons (i.e. 

lo7) has been accumulated and cooled, these may 
be transferred from the catching trap to the neu- 
tral trap. Both traps being situated inside a com- 
mon solenoidal field, the transfer will be very 
efficient, since the problem of transporting very 
low energy antiprotons through magnetic fringe 
fields is not an issue. The temperature of the an- 
tiproton cloud will also not be affected during the 
transfer, provided the applied DC voItages have 
a stability of 0.1 mV or better. 

4. Positron production and accumulation 

Controlled sources of low energy positrons, and 
their efficient conversion to positronium atoms 
in vacuum, are readily available (for reviews 
see e.g. [40,41]). Positrons emitted from ra- 
dioactive sources, or in pair production from 
bremsstrahlung, usually have a wide range of ki- 
netic energies in the MeV region and upon pene- 
trating solid matter slow typically within a few pi- 
coseconds to an energy close to the thermal level. 
Once slowed the positron is free to dif€use in the 
medium (in which most annihilate), with a dif- 
fusion length around 103 - lo' and dependent 
upon the moderating material. During the diffu- 
sion process a positron may encounter again the 

surface of the solid and be spontaneously emitted 
into the surrounding vacuum as a free positron, 
or bound to an electron as positronium. Com- 
paring the penetration depth of the positron with 
its diffusion length immediately gives some idea 
of the efficiency of moderation (i.e. the produc- 
tion efficiency of slow positrons in vacuum from 
an initially energetic ensemble incident upon the 
material). This is around for positrons from 
a radioactive source, but is typically lower for the 
more energetic positrons from pair production. 

When low energy positrons are incident upon 
surfaces in vacuum they can be re-emitted as 
positrons or positronium atoms under conditions 
which can be controlled to suit the particular ex- 
periment. Emission efficiencies can be high, even 
approaching 100% for positronium emission from 
some heated surfaces (Ref. 1411 and references 
therein), since the positron implantation depth 
can be much less than its diffusion length. 

In order to facilitate the production of antihy- 
drogen by any of the schemes outlined in section 
5, and its observation, it is preferable to have a 
pulsed positron or positronium source. This will 
involve the construction of a dedicated positron 
source and accumulator. A number of meth- 
ods have been used to achieve this from radioac- 
tive source-based beams, as summarized in [41]. 
These include the electronic damping technique 
[42444] and the buffer gas moderating scheme of 
Surko and co-workers [45,46]. 

The latter method is by far the most effi- 
cient yet devised, and we plan to use a vari- 
ant of this technique that incorporates accumu- 
lation under UHV conditions [47]. The trapping 
of the positrons is effected using an axial mag- 
netic field for radial confinement and a system 
of appropriately biased electrodes which form a 
potential well for axial confinement. The source 
of slow positrons is a 22Na radioactive source 
and a solid neon moderator [48] optimized for 
the positron accumulator. The neon moderator, 
which is grown at 8 K under computer control, is 
capable of providing a slow positron beam flux of 
2 x lo7 e+/s from a 150 mCi (5.6 GBq) source I491 

Positrons from the beam are injected into the 
trap over a potential hill where they interact with 
the Nz buffer gas. Around 30% of the positrons 
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lose sufficient kinetic energy to become trapped. 
After the initial trapping the buffer gas pressure is 
reduced to 5 x Torr in less than 60 seconds, 
allowing storage times for the positrons in excess 
of 30 minutes. Using the solid neon moderated 
primary beam, a capture rate of 55,000 e+/s per 
mCi of radioactive source has been achieved [49], 
as compared with only a few positrons per mCi 
for the electronic damping method [43,44]. 

The buffer gas trapping technique has achieved 
in excess of 108 positrons trapped in a vacuum of 
5 x 10-lo Torr in a three minute cycle. With mod- 
est changes the buffer gas method can be further 
improved to allow accumulation of 10" positrons 
per hour [47]. 

A schematic illustration of the set-up is shown 
in Fig. 1. The positron trapping sequence for 
the antihydrogen experiment has been described 
elsewhere [47]. It involves loading the trapping 
stage until equilibrium between the loading and 
annihilation rates is achieved, pumping out this 
stage to 5xlO-'O Torr within one minute, and 
then opening valve A in Fig. 1 for a short pe- 
riod to allow the positrons to be transferred to 
the UHV storage stage. Once per hour, the accu- 
mulations of 10'O positrons can be shuttled to the 
cryogenic positron trap through the pulsed valve 
(B). An additional ultra-thin foil can be located 
at the entrance to the cryogenic section of the 
storage trap to avoid gas loading of the extreme 
high vacuum. Such foils typically have transmis- 
sion efficiencies of - 30%. Both the rapid pump 
down of the system (7 seconds per decade of pres- 
sure) and the transfer of positrons between var- 
ious stages of the present accumulator have al- 
ready been demonstrated experimentally [47]. 

5. Antihydrogen formation 

5.1. Introduction 
The initial focus of the ATHENA experiment 

is on the production and storage of antihydro- 
gen atoms at very low energies. The recombina- 
tion technique used in the ATHENA experiment 
should 

0 provide sufficient numbers of antihydrogen 
atoms for spectroscopy, 

0 produce the atoms at very low temperatures 
(T 5 1 K) to allow trapping within achiev- 
able magnetic well depths, 

0 form antihydrogen atoms in the ground 
state or in low lying excited states, and 

0 achieve above with a reasonably fast reac- 
tion time. 

Although a technique combining all these fea- 
tures has not yet been demonstrated, recent ex- 
perimental results have been encouraging. In ad- 
dition, measurements of recombination rates of 
protons and electrons in storage rings and exper- 
iments with crossed beams of protons and positro- 
nium give an experimental input to check the the- 
oretical understanding of the recombination pro- 

To form a bound state of antiproton and 
positron starting h m  fiee particles, excess en- 
ergy and momentum has to be carried away by 
a third particle. Various schemes for producing 
antihydrogen have been proposed and discussed 
in some detail [28,51-$61, with the &st mention- 
ing of the possible production of antihydrogen in 
traps by Dehmelt and -workers [57]. 

The simplest process is spontaneous radiative 
recombination: 

CeSSeS. 

i I 
e+ + p  =S f? + hu (1) 

(see references [58,59]). The rate for this process 
can be increased by laser stimulation [51]: 

e+ +p+ nhv + E+ (n - 1)hu . (2) 

A different approach is based on three-body 
collisions [28]: 

e + + e + + j j + Z + e + .  (3) 

The above reactions require that two plasmas of 
opposite charge (antiprotons and positrons) are 
trapped and brought into contact. Alternatively, 
recombination by crossing a beam of positronium 
(either in the ground state or in Iow-lying excited 
states) with antiprotons has been proposed: 

Ps + p + iT + e- , (43 
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(see references [52,53]), and 

P s * + p * H ' + e -  , (5) 

(see references [54,55]). 
In the following we discuss the basic princi- 

ples of radiative and threebody recombination. 
Afterwards, the advantages and disadvantages 
of the proposed reactions are compared. In 
the absence of a proven scheme, we intend to 
pursue more than one route to trapped antihy- 
drogen, with particular emphasis on the laser- 
stimulated recombination in nested traps and on 
the positronium-collision method. 

5.2. Radiative recombination of positrons 

Recombination between ions and electrons is 
an important issue in storage rings with eledtron 
cooling, since it causes significant beam losses. 
The measured rates of recombination, depending 
on the relative longitudinal and transverse veloc- 
ity distributions of the two plasmas, can be used 
to estimate the corresponding rates in traps by 
considering the co-moving center-of-mass system 
of the ion (proton) beam. 

The critical issues are the recombination rate 
and the initial state of the formed antihydrogen 
atom. Two processes are t y p i d y  considered, 
spontaneous radiative recombination (SRR), and 
three-body recombination (TBR). 

5.2.1. Spontaneous radiative recombina- 

The cross-section for spontaneous radiative 
recombination (SFtR) [SO] is related by time- 
reversal invariance to photo-ionization, and de- 
pends only on the kinetic energy E of the elec- 
tron in the center-of-mass (c.m.) system' of the 
proton, and the capture level n. The partial cross- 
section decreases with high n, and the total cross- 
section is obtained by summing over all n up to a 
"cut-off level which is reached when antihydro- 
gen atoms are ionized in collisions with neighbor- 
ing atoms (E - kT) or by external electric fields. 
For example, an antihydrogen atom in an n = 
200 state is ionized by electric fields of about 1 
V/cm or by collisions with 0.34 meV kinetic en- 
ergy. Typical cross-sections range from 5 - 

and antiprotons 

tion 

to 1.5 - cm2 for relative kinetic energies of 

nom these cross section's we can deduce the re- 
combination coefficient Q by integrating the prod- 
uct of cross section and velocity distribution over 
the spatial overlap of the two clouds. To get an 
order of magnitude for a(ur),  we consider the sim- 
ple case where all velocities are equal: 

- 1 eV - 0.1 meV. 

a(u,) = (a(v)v) = (6) 
3.2 - m 3 s - '  ( l e v )  
7.1 (10meV) (7) 
0.9 - (0.1meV) ' 

These values agree within a factor 2 or better 
with more elaborate calculations [61] as well as 
with experiments at the Test Storage Ring (TSR) 
in Heidelberg [62]. 

To find the rates for spontaneous recombina- 
tion in a nested Penning trap, we have to make 
some assumptions about the relative velocity dis- 
tributions of the electron and the proton cloud 
and the spatial overlap of their distribution func- 
tions. An upper limit for recombination rates can 
be obtained by assuming a complete overlap of 
proton and electron clouds, characterized by an 
average relative velocity Vr- 

With Ne = lo8, Np = lo', and using the a p  
proximate value of a(v) in (7), the upper limits 
for the spontaneous recombination rates at  dif- 
ferent electron energies are: R = 300 s-l (1 eV), 
7000 s-l (10 mev), and 90.000 s-' (0.1 meV). 
respectively. 

5.2.2. Laser-induced radiative recombina- 

The rate for spontaneous radiative recombina- 
tion is small since the emission of a photon, neces- 
sary to conserve energy and momentum, is a slow 
process on the time scale of a collision. There- 
fore laser-induced recombination (see reaction (2) 
and reference [51]) was proposed, in which the 
capture rate in particular n--states would be in- 
creased by illuminating the reaction region with 
photons of appropriate energy hu corresponding 
to the particular continuum to bound-state tran- 
sition. Laser-stimulated recombination of protons 

tion 
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with electrons in continuum states has been stud- 
ied exTensively at storage rings, and has been dis- 
cussed in several papers (631. A measure for the 
efficiency of laser-stimulated recombination is the 
ratio of the induced recombination rate to the to- 
tal spontaneous recombination rate, the enhance- 
ment factor G. 

For a maximum enhancement factor, a low en- 
ergy spread in the electron (positron) energy de 
tribution and a high laser power density are most 
important. The limiting effect is photo-ionization 
of the produced (anti)hydrogen atoms, leading to 
saturation of the enhancement factor when the 
laser intensity is increased. At the TSR in Hei-' 
delberg, proton-electron recombination into n=2 
has been studied at laser pulse intensities close to 
20 MW/cm2, leading to an enhancement factor 
G = 70 f2, not far from the expected enhance- 
ment factor of 85 [MI. 

- 

5.2.3. Three-body recombination in dense 

This mechanism, where three particles (two 
positrons and an antiproton) collide simultane- 
ously; only plays a role at high positron densi- 
ties and low temperatures. The rate for three- 
body recombination QTBR(n) as a function of the 
capture level n has been calculated [65] by con- 
sidering the time-reversed process, i.e. electron- 
impact ionization of hydrogen, which is well 
kIl0Wn: 

positron plasmas 

The steep dependence on the principal quan- 
tum number n indicates that mostly very high 
Rydberg states close to the ucut-ofT" level n* - 
d m  ( R  = 13.6 eV) are populated. Summing 
up all contributions from n=l to n*, the total 
three-body recombination rate for a Maxwellian 
positron velocity distribution of temperature T 
becomes: 

(9) 

This formula is in excellent agreement with 
A comparison previously quoted results [SS]. 

with the recombination coefficient for radiative 
recombination shows that for positron densities 
ne = lo6 cm-3 three-body recombination be- 
comes comparable at kT - 10 meV, and then 
increases by 4.5 orders of magnitude per factor 
10 of decreasing temperature. Consequently, at 
very low temperatures this process is expected to 
dominate completely and a dynamic equilibrium 
will be reached, with as many antihydrogen atoms 
forming in high-n as are destroyed by collisions 
or field ionization. Only if an effective deexcita- 
tion mechanism is used to induce transitions to 
lower lying states, which then decay rapidly to 
the ground state, will this process be useful for 
the purpose of antihydrogen formation for pre- 
cision spectroscopy. The positrons captured in 
high-lying bound levels can be stabilized by stim- 
ulating a transition to lower levels, i.e. the 11.1 
pm light of a 13C02 laser could be used to drive 
a transition to n = 11. 

5.3. Positronium-antiproton collisions 
Collisions between antipratons and positron- 

ium atoms (reactioq 4 and 5) have also been 
proposed as a possible recombination scheme 
[30,53].The relevant cross-section can be derived 
from the related process of positronium forma- 
tion in positron-atomic hydrogen collisions. A 
summary of calculations and data has been given 
by Ermolaev [67]. He stresses that recent calcu- 
lations [68] have found cross-sections for antihy- 
drogen formation of 10-l~ an2 for positronium 
impact energies of a few electron-volts. These 
calculations also show that antihydrogen is pro- 
duced mostly in the ground or first excited state, 
given that the positronium is in its ground state. 

It was pointed out some time ago [54] that the 
use of excited state positronium atoms for anti- 
hydrogen production (reaction 5) had some ad- 
vantages over the use of the ground state. No- 
tably, the cross-section was argued to follow a 
classical area scaling law (proportional to the 
fourth power of the positronium principal quan- 
tum number) and is therefore expected be much 
enhanced. (This has been supported by quantum 
mechanical calculations [a].) Again the antihy- 
drogen is formed into relatively low-lying states 
such that, as arg~ed by Deutch et d. [55], the 
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recoil energy of the excited antihydrogen can be 
low. 

6. Magnetic traps for antihydrogen 

recombination process in such a way that the an- 
tihydrogen formation takes place in the minimum 
of the magnetic well. .Antihydrogen produced in 
the high-field seeking states will quickly leave the 
trap volume, while the low-field seeking states 
would be repelled by the magnetic barrier and, 
if the well depth is higher than the kinetic energy 
of the formed atoms, will be trapped. 

Having discussed the generation, trapping of 
all necessary components, and possible recorn- 
biation schemes whereby antihydrogen can be 
formed, the next task is to combine all this into 
an environment suitable for trapping and study- 
ing the neutral antihydrogen atoms. 

To confine neutral atoms the force exerted by 
the magnetic gradient onto the magnetic moment 
of the neutral atoms may be used. This sepa- 
rates the (anti-)hydrogen into low-field seeking 
and high-field seeking atoms. The trap configu- 
ration used to radially confine the low-field seek- 
ing atoms normally consists of an arrangement 
of coils hown as Ioffe-Pritchard trap [32] , d e  
signed to produce a magnetic minimum at the 
center of the trap without having a zero field lo- 
cation, which would introduce spin-depolariziig 
Majorana transitions. Axial confinement is typi- 
cally achieved through coaxial solenoids at either 
end of the trapping volume, which provide a bar- 
rier against axial leakage and also the non-zero 
field value in the center. Ioffe-Pritchard magnetic 
traps have been successfully used by the groups 
at MIT [33] and in Amsterdam [69]. Typically 
trap depths of 1K were achieved . 

The proposed static magnetic trap for the 
ATHENA apparatus is a modified version of the 
Ioffe-Pritchard configuration designed with the 
goal of achieving the highest possible trap depth 
while allowing room for the particle detection 
system and the antiproton trap. In our appa- 
ratus the trap consists of four superconducting 
racetrack "quadrupole" coils and one solenoid 
(compensation solenoid) running oppositely to 
the main solenoid to generate a field minimum 
in the axial direction. 

When working with hydrogen, magnetic traps 
are filled by allowing the hydrogen "gas" to fall 
into the potential well by inelastic collisions with 
residual gas atoms and the walls, a method un- 
acceptable for antihydrogen. Therefore we pro- 
pose to superimpose the magnetic trap onto the 
Penning and/or combined trap to be used for the 

7. Physics with antihydrogen 

7.1. High resolution spectroscopy 
A central goal of the ATHENA collaboration 

is to compare the level structure of antihydro- 
gen with that of hydrogen with the highest possi- 
ble precision. The most interesting spectroscopy 
is the two-photon 1S2S transition at the exci- 
tation wavelength of 243 nm, half the Lyman- 
a frequency, with a natural linewidth of 1.3 Hz. 
This linewidth represents an accuracy of 5 parts 
in 10l6, which, with a sutficiently high signal-to- 
noise ratio, could be enhanced to 1 part in 10l8 
by determiniig the line Center to high accuracy. 

The group of T. W. HZnsch in Munich [70] 
has been performing high precision spectroscopy 
on hydrogen for the last twenty years, using a 
cold atomic beam traveling collinear to a staqding 
wave light field. This method is intrinsically free 
of the first order Doppler &ect, and the accuracy 
was limited by the second-order Doppler effect 
due to the thermal velocity spread of the atoms. 
By actively selecting the low velocity component 
of the beam, the narrowest line achieved with this 
method so far has been about 3 kHz wide, rep- 
resenting a relative accufacy of 2.8 x10-l2 [71]. 
At MIT, a record relatiw resolution of 2 parts in 
10l2 with a high signal--noise ratio in this tran- 
sition has recently been achieved [72] by using 
cold, trapped hydrogen atoms. The limitations 
of this experiment were the laser frequency insta- 
bilities and the lack of a good reference standard 
to which the laser frequency can be locked. 

Laser spectroscopy of antihydrogen will require 
in many respects a rather different technology 
from what has been used SO far with hydrogen. 
Experiments w i l l  have to be carried out in the 
comparatively harsh environment of an accelera- 
tor. The first improvement would be the replace- 
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ment of the sensitive dye laser system by a fie 
quency doubled Ti:Sapphire laser, operating at 
972 nm. In the future it may become possible to 
start with a high power diode laser at 972 nm, 
eliminating the need for large Ar+ or Kr+ ion 
pump lasers. A similar development will be nec- 
essary in terms of providing a smaller and more 
robust hydrogen frequency standard. 

An additional complication in performing spec- 
troscopic experiments on trapped antihydrogen is 
the relatively small number of atoms available. 
Unlike in beam experiments, where a continuous 
stream of hydrogen atoms can be used, or in the 
trapped .hydrogen experiments at MIT in dense 
samples, most efficient use of the antihydrogen 
atoms is required. The excitation of atoms to 
the 2s level is typically detected through field- 
induced Lyman-a fluorescence. Both the quench- 
ing field and the spontaneous L, emission wil l  
cause spin flips and cause the atoms to leave 
the trap. This can be avoided by using a mi- 
crowave transition to cycle the atom through the 
2P3l2,F = 2,m = 2 state, ensuring that the 
atom always decays back into the low-field seek- 
ing ground state. 

Additionally, the power in the WV light nec- 
essary to excite the 1s-2s transition may cause 
photo-ionization of the n=2 level, representing 
another loss mechanism. Zimmermann [73] es- 
timates the number of atoms needed for high- 
resolution spectroscopy. By balancing the need 
for minimizing the photeionization losses by a 
fast quenching rate against the unavoidable line 
broadening introduced by quenching, he esti- 
mates that with 1000 atoms at 0.2 K a frac- 
tional accuracy in determining the center of the 
line would be better than 1 part in if the 
Zeeman-broadening and the quench-broadening 
are both kept at about 20 kHz. 

Such an accuracy exceeds the currently avail- 
able CPT tests of the electromagnetic interaction 
by 2 orders of magnitude. Further improvements, 
eventually up to a fractional accuracy of 1 part 
in 10l8, appear feasible, in principle, but wi l l  re- 
quire many further technical developments, in- 
cluding efficient cooling of antihydrogen atoms in 
the trap. 

7.2. Gravity studies on antimatter 
If spectroscopic comparisons of antihydrogen 

to hydrogen would yield a difference, this would 
not necessarily constitute a violation of CPT, but 
could also be interpreted as an anomalous red- 
shift of the antiatom. Hughes [74] has studied 
the consequence of an anomalous gravitational 
coupling to antimatter, Bith a range larger than 
the distance of the Earth to the Sun, but smaller 
than our galaxy. A s s ~ g  exact CPT symme- 
try and a tensor force gravitational interaction 
with infinite range, he showed that a compar- 
ative measurement of the 1S2S transition fre- 
quency in hydrogen and antihydrogen at a level 
of 1 part in lOI5  would test the weak equivalence 
principIe for positrons at a level of 1 part in 10". 
Such tests are not model-independent and would 
require a variety of further experiments to dis- 
tinguish between possible violations of CPT or 
the weak equivalence principle. Therefore, di- 
rect measurements would be preferable and would 
yield valuable complementary hformation, albeit 
with lower precision. Such experiments could 
comprise free-fall experiments [75], measurements 
of the gravitational sag of a stored antihydrogen 
cloud [76], or interferometric methods [77,78]. 

8. Summary 

We have described the necessary steps to ob- 
tain the ingredients and the possible scenarios 
to form antihydrogen atoms at rest for precision 
spectroscopy. While it may take many years of 
intense work to reach the ultimate accuracy of 
1 part in current technology will d o w  the 
comparison of hydrogen and antihydrogen atoms 
at a levd of 1 part in W2. Such a measurement 
would represent an improvement of known tests 
of CPT for baryons. With recent advances in the 
theoretical understanding of possible mechanisms 
and implications of CPT violations such tests are 
of critical importance to the further development 
of physics and well justify the construction of a 
dedicated antiproton source. 
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