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(Received 14 November 1988)

Abstract—Antiproton beams of relatively low energies (below hundreds of MeV) have recently become
available. The present article discusses the significance of those beams in the contexts of radiation physics
and of atomic and molecular physics. Studies on individual collisions of antiprotons with atoms and
molecules are valuable for a better understanding of collisions of protons or electrons, a subject with many
applications. An antiproton is unique as a stable, negative heavy particle without electronic structure, and
it provides an excellent opportunity to study atomic collision theory. Comparison of the stopping powers
of a material for an antiproton and a proton at the same speed will be the most clearcut approach to
the Barkas effect. The moderation of an antiproton in matter is roughly similar to that of negative pions
and muons, but some differences remain to be elucidated. Full discussion of the interactions of a
low-energy antiproton with an atom or molecule must consider the adiabatic potential determined by the
electronic motion in the field of the antiproton and nucleus at rest. When an antiproton approaches an
atom or molecule sufficiently closely, then some of the atomic or molecular electrons no longer remain
bound and ooze out with extremely low kinetic energies; thus, the atom or molecule becomes ionized, often
multiply ionized. This mechanism of ionization is absent for a proton. Upon complete moderation, an
antiproton is eventually captured by the Coulomb field of a nucleus and thus an antiprotonic atom is
formed. The present article also touches upon some problems related to condensed matter. For instance,
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the possibility of channeling of antiproton beams in a crystal is considered.

1. INTRODUCTION

ITiswell known that an antiproton is the antiparticle
of a proton and that it was discovered in 1955. What
is now attracting much attention is that beams of
antiprotons are available for experiments. At present,
antiproton beams are produced only at CERN,
Fermilab, and a few other laboratories, and the beam
intensities achieved are quite low. For instance, the
number of antiprotons that are stored in the LEAR
{Low-Energy Antiproton Ring) at CERN is about
2x 10°. This leads to 10°-10° antiprotons/s extracted
for a period of typically 45 min. However, the anti-
proton beam intensity will be increased greatly in the
years ahead.

In principle, the antiproton beam can be much
higher in intensity and much better collimated in
Momentum than presently available beams, because
the antiproton is virtually stable in a vacuum.
(According to the current theory, the antiproton, like
the proton, is supposed to decay, but this decay
Process is extremely slow. According to the current
tstimate, the proton lifetime is of the order of 10* yr.
In. other words a total of a few protons may decay
Yithin the bodies of 100 persons while they live a full
11fetime of about 80 years.) The beam of antiprotons
lel have much better quality than a beam of 7% or
%, which are unstable particles. In this sense, anti-

——

proton beams are similar to positron beams, which
are used in many experiments (Humbertson and
Armour, 1988) and in synchrotron radiation sources
in many institutions around the world.

The motivation for producing antiproton beams is
mainly for the study of elementary particles, as is seen
in Bloch et al. (1987). The purpose of the present
article is to consider antiprotons from the point of
view of radiation physics as well as atomic, molecu-
lar, chemical, or solid-state physics.

2. ANTIPROTONIC ATOMS

In any discussion of the structure of matter we start
with an atom. Among all atoms the most fundamen-
tal is the hydrogen atom. It is composed of a proton
and an electron in a bound sate. Similarly, we con-
sider a bound state of an antiproton and a positron,
i.e. an antihydrogen atom. Do a hydrogen atom and
an antihydrogen atom have the same energy levels
and spectra? They should have exactly the same
properties when they are isolated in a vacuum, ac-
cording to the CPT (charge conjugation, parity, and
time reversal) invariance. However, if we observe an
antihydrogen atom in our laboratory, the antihydro-
gen spectrum may not necessarily be identical with
the hydrogen spectrum. This is because our universe
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is overwhelmingly composed of ordinary matter
made from nucleons and electrons. Therefore an
antihydrogen atom may be influenced by the whole
universe, including our laboratory, and this influence
may differ from that affecting a hydrogen atom.
How does one produce antihydrogen atoms in the
laboratory? This task is very difficult indeed. In the
first place, antiprotons and positrons are obtained
most frequently as beams, and it is very difficult
to combine them into a bound state (Poth, 1986;
Neumann, 1987; Humbertson and Armour, 1988).
The ditficulty arises because the system must some-
how lose excess energy. One way to do this would be
radiative recombination, in which the excess energy is
emitted in the form of a photon or many photons.
However, the cross-section for that process is ex-
tremely small, according to theory. It will be much
more efficient to have a third body to carry off the
excess energy, as is well known from the recombi-
nation between an electron and a positive ion, which
is often studied in the laboratory. If we are to produce
an antihydrogen atom, an ideal third body should
include neither an electron nor a proton, which must
be kept away from a positron or an antiproton for a
period sufficient to prevent annihilation. Obviously,
there is no such third body. As another candidate,
one could use the process in which an antiproton
collides with a positronium and an antihydrogen
atom is produced, viz.,
ptee’)—(pet)+ec . (hH
This process is certainly exothermic and should have
an appreciable cross-section at low energies. accord-
ing to theory (Humbertson et al., 1987; Darewych,
1987; Nahar and Wadehra, 1988; Ermolaev et al.,
1988; Ermolaev, 1989). Within the CPT invariance,

the cross-section for process (1) should be the same
as for

p+(ee’)—(pe)+er, 2

a process that is much easier to study in experiment.
A beam of positronium atoms may be produced at
an appreciable intensity by injecting low-energy
positrons into helium or other gases (Humbertson
and Armour, 1988).

A potentially effective method is to use a trap, by
arranging a suitable electric and magnetic field (the
trap), in which a low-energy particle can be caught.
A great deal of work has been done on traps for
electrons and ions, and one for antiprotons has been
realized by Gabrielse ez al. (1986). One might also put
a positron in the same trap and let it combine with
the antiproton to form an antihydrogen atom
(Gabrielse et al., 1988).

3. COLLISIONS OF ANTIPROTONS WITH
ATOMS AT HIGH ENERGIES

Antiproton beams are initally obained at high
kinetic energies because most of the antiproton

formation reactions are efficient at energies aboys
a few tens of GeV. In the LEAR, the antiprou;.;'
are decelerated to much lower energies and they
stored. Thus, antiproton beams of MeV kinefg
energies or even lower have been obtained. Legt ‘l
consider how antiprotons of these energies slow doyy
in matter. :

It is appropriate to treat most of the collisions g
high energies by using the first-order Born approy;.
mation, in which we regard the interactions betwegy
the incident particle and an atom or molecule a4
weak perturbation and apply the first-order pertyr.
bation theory (Bethe, 1930). Indeed, work has been
done for many years on collisions of protons wit
atoms and molecules. As a result, we have learneg
that the first-order Born approximation provides g
generally correct picture for most high-energy col
lisions (Inokuti, 1971). More precisely, for thosg
collisions that occur at large impact parameterk,
much larger than the size of the target atom. g
a molecule, the first-order Born approximation i
adequate.

In the language of quantum mechanics, for col-
lisions that result in small-angle scattering, we can
describe the motion of the incident particle by a plane
wave and obtain reasonable results. Indeed, collisions
that satisfy such a condition are predominant at high
energies, and therefore the total cross-section for a
collision at high energy can be approximated by the
first-order Born approximation. In this approxi
mation the scattering amplitude for every process is
proportional to z, where z is the charge of the incident
particle. As a result, every cross-section is pre-
portional to z2. This is one of the important results
of the theory of Bethe (1930). As a consequence, the
cross-sections for a given target are the same for
a proton and an antiproton at the same energy.
Further, any material will have the same stopping
power for a proton and an antiproton at the same
energy.

For collisions that involve small impact parameters
(and often result in large scattering angles), the
first-order Born approximation may not be adequaté.
When these collisions make appreciable contr
butions, cross-sections for antiprotons and those qu
protons may be different at the same energy. Thls
difference should be observable even at high energies
in specially selected processes. Exactly this kind o
observation was made in the experiment by Anderse!
et al. (1987). They used antiprotons and protons from
LEAR and studied the ionization of helium, neob
and argon atoms. Ionization is a process in which 0%
or more electrons are ejected from an atom. Fot
one-electron ionization, no significant difference b&
tween antiprotons and protons was found at energ®
between 0.5 and 4.2 MeV. With smaller probability
two-electron ionization occurs. The probability ©
this process is very much different for antiproto“s
and protons. For instance, when the target is helit™
antiprotons cause double ionization (two-electro?
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ejection) at about twice the probability for protons of
the same energy.

One way to consider departures from the first-
order Born approximation is to consider the inter-
actions  between the incident particle and the
jarget atom up to the second-order perturbation. The
resulting scattering amplitude is of the form
zA1+22A2' Here A4, is the first-order Born con-
wibution, and A, is the second-order Born contri-
pution. The cross-section, then, is of the form
4,1+ 2°(4* 4, + Ay*A4,) + - - - Consequently, the
expression for the stopping power will have a term
proportional to z? (the Bethe term) plus a new term
proportional to z*. We call this term the Barkas term.
Work on this subject was pioneered by Barkas et al.
(1963), who found that =™ and mn~ have slightly
different ranges in matter at the same kinetic energy.
More precisely, the negative particle had a range in
a nuclear emulsion about 4% greater than did the
positive particle at f = 0.1-0.2. (See Heckman, 1970
for a historical account.) This implies that the stop-
ping power of the nuclear emulsion is smaller by
about 1% for the negative particle. Usually this is
interpreted in the following way. Both negative par-
ticles and positive particles traversing matter cause
electric polarization of electrons, but in opposite
directions. Negative particles repel electrons, and
therefore shift the mean position of the electrons
away, thus reducing the mean energy transfer to the
electrons, compared to that in the absence of the
polarization. Positive particles attract electrons, and
therefore shift the mean position of the electrons
coser, thus increasing the mean energy transfer to
the electrons, compared to that in the absence of the
polarization. For a survey of recent studies on the
Barkas term, see Lindhard (1976) concerning theory
and Andersen (1985) concerning experiment. It will
be illuminating to measure the stopping power of the
fame material for antiprotons and protons over a
Wide range of energies. The resulting data will be
tucial to the study of the Barkas term.

More generally, comparisons between antiprotons
and protons in their collisions with atoms and
Molecules will provide excellent guidance for collision
theory. This is similar to the great advantage of
tmparing electrons and positrons in their collisions
¥ith atoms and molecules (Humbertson and Armour,
!988)- A summary of current and planned exper-
ments at CERN is given by Elsener (1989).

Some special effects in antiproton collisions will be
fund in the energy distribution and angular distri-
hition of secondary electrons. So far, protons and
Yher positive ions have been used for the study of
*condary-electron distributions. Although there
lave been studies on the incidence of electrons, there
e been very few measurements on secondary
feetrons resulting from negative heavy particles. It is
"t easy to use 7~ or u~ for measurements because
bey are unstable. Negative atomic ions such as H~
e been used, but their collisions are more compli-

cated because of their loose electronic structure.
By contrast, antiprotons will provide an important
example of negative heavy ions without electronic
structure.

Recall the phenomenon called caprure into con-
tinuum that is related to ionization by protons and
other positive ions (Salin, 1969; Macek, 1970). The
term capture into continuum refers to the process in
which secondary electrons are generated with about
the same velocity vector as the incident positive
particle. In other words, the incident positive particle
drags some of the electrons along by its Coulomb
attractive forces. The same phenomenon also occurs
in the traversal of positive particles in solids. Elec-
trons thus generated in solids at velocities com-
parable to that of the incident charged particle are
called convoy electrons.

Now, the incidence of a negative particle such as an
antiproton results in Coulomb repulsion between the
negative particle and the electrons. Therefore, the
number of electrons that have velocity vectors com-
parable to that of the incident negative particle
should be depressed. We may call this effect the
exclusion of electrons in the forward direction. This
will be seen as dips in the energy distribution and
angular distribution of secondary electrons. Briggs
(1986) and Brauner and Briggs (1986) carried out
calculations and discussed the shape and the magni-
tude of the dips that arise in this way for electrons.
Studying these dips will be more straightforward with
antiprotons rather than electrons, because antipro-
tons are heavy and generally have smaller deflection
angles. Fainstein er al. (1988) present a prediction
about the dip for antiproton collisions with helium.

Upon incidence of positive particles, another
phenomenon occurs even more frequently than cap-
ture to continuum. This phenomenon is referred to as
the production of saddle point electrons (Meckbach
et al., 1986; Gay et al., 1988; Irby et al., 1988). In this
phenomenon, an electron from either the target or the
projectile may stay around a saddle point of the
two-center attractive Coulomb potential arising from
the incident positive particle and the target ion core.
These electrons are observable in experiments at some
angles (such as 10°) from the incident direction, with
velociy v, of the order of 0.2-0.5 of the incident
particle velocity v. A simple expression for the ratio
is v./v = 1/[1 + (z/z.)"*], where the particle charge is
z and the ion core charge is z, (Irby et al., 1988). This
phenomenon should be absent for negative incident
particles (Olson and Gay, 1988). It will be desirable
to verify this by using antiprotons.

What we have discussed above is only a small part
of the rich physics expected to be found in the ejection
of secondary electrons. It should be emphasized that
our knowledge of secondary-electron production by
negative particles is poor, apart from the case of
incident electrons. So far we have discussed individ-
ual collisions. We could also discuss consequences of
the many collisions accompanying the passage of
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negative particles through matter. We expect that
many ions and excited states would be produced
around the track of negative particles, just as for
positive particles. But, in what way would the yield
of ions and excited states be different? In what way
would the yield of secondary electrons depend on the
particle sign? These questions are important for
considering the effects of radiation. For instance, it
would be interesting to learn how antiprotons and
protons differ in biological actions and also in track
formation in nuclear emulsions. In this context, there
has been only one experimental report by Sullivan
(1985), who determined the dose-depth curve for
antiprotons in polyethylene. According to this report,
an antiproton near the end of the range delivers to the
material a considerably higher density of energy than
a proton. The discussion of the following section will
be pertinent to this result, and to other aspects of
low-energy interactions.

Measurements on the stopping-power difference
between protons and antiprotons of the same energy
have been recently reported by Andersen ez al. (1989)
and by Gabrielse et al. (1989).

4. LOW-ENERGY COLLISIONS WITH
ATOMS

Once an antiproton slows down in matter and
attains a kinetic energy of tens of keV, it behaves
differently from a proton. Towards the end of the
track, protons and antiprotons will exhibit com-
pletely different phenomena. This is because at those
kinetic energies the speed of an antiproton or a
proton is comparable to the orbital-electron speed in
an outer shell of an atom or molecule, or perhaps
even lower. Here, we must first consider the incident
particle and the ion core of an atom or molecule as
fixed and discuss how the outer electrons move. As a
first approximation, we determine electronic wave
functions in the field of the particle and the ion core
at rest, and then take into account how the electronic
motion might or might not follow changes in the
distance between the incident particle and the ion
core. The basic concept here is the adiabatic potential
that governs the relative motion of the particle and
the ion core at near-zero speed. The correctness of
this approach has been amply shown throughout the
long history of the study on collisions between a
positive particle and an atom or a molecule (Fano
and Lichten, 1965; Barat, 1986; Harel and Salin,
1988).

For consideration of the behavior of antiprotons at
low energies in matter, an excellent model exists in the
classic paper by Fermi and Teller (1947), who dis-
cussed the behavior of slow pions and muons. Anti-
protons and negative pions and negative muons are
heavy particles, much heavier than electrons, and
therefore similar in their behavior. Fermi and Teller
presented extensive and imaginative considerations
on n~ and u~ in a variety of substances and deter-

mined the time required for 7~ and u~ to g
completely in matter. They concluded that the time
will be about 107"s in solids and liquids, and
about 10~° s in air. These times are much shorter thay
the mean lifetime of =~ (2.8 x 107%s) and Meaq
lifetime of u (2.2 x 107%s). Therefore, in ording
substances, 7 ~ and u ~ first completely stop and then
decay.

The mesons thus completely stopped will eveny,.
ally be captured by one of the nuclei in matter. Tp
bound state is generally referred to as a mesic atop,
Its presence is detected by analyzing X-rays resulting
from transitions between bound states.

An early paper by Wightman (1950) includes djs.
cussion not only of 7~ and u~ but also of ant.
protons. While Fermi and Teller discussed varigy
substances, Wightman discussed only hydrogen (botp
atomic and molecular) in great detail. He treated ag
particles 7~ and u~ and “hypothetical particles of
1000 m and 1837 m”. Surprisingly, this paper wag
published five years before the experimental detection
of antiprotons. He concluded that it takes about
24 x107'%s for an antiproton of intial energy
10 MeV to be stopped completely in liquid hydrogen.
This time is shorter than the corresponding times for
negative mesons.

A great deal can be learned from Fermi and Teller
and also from Wightman. An important point is that
when a negative particle approaches a hydrogen atom
up to a particular distance, the electron that was
originally in the hydrogen atom must move into a
continuum state. This is best understood by looking
at the adiabatic potential of the system consisting of
the negative particle and a hydrogen atom (Fig. 1).
Wightman indeed calculated the adiabatic potential
for the ground state. Recently, Kimura and Inokuti
(1988) have calculated the adiabatic potentials for
the ground state as well as for low-lying excited
states.

In the ground state, when the distance between 2
negative particle and the hydrogen nucleus (a proton)
becomes 0.639 a.u., then the adiabatic potential be-
comes zero, as was first stated by Fermi and Teller.
At internuclear distances greater than this value, the
electron avoids the negative particle and goes behind
the proton but still manages to form a bound state.
When the distance is shorter than this value, the
electron tries to stay behind the proton, but the
localization requires a higher kinetic energy. As 2
result it is impossible to maintain a bound state
Thus, the electron must come out with approximately
zero energy. In other words, the electron will 00%
out, leaving behind the negative particle and the
proton, which will eventually form a bound staté
This is nothing but an antiprotonic atom. A detail
analysis of this process in hydrogen, which leads 10
the formation of protonium (pp) is given by Cohet
(1987).

The same physics that we discussed (the disappes®
ance of the electron bound state within a certail
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fic. 1. Adiabatic potentials for an antiproton approaching
3 hydrogen atom. The horizontal axis represents the dis-
ance R between the antiproton and the hydrogen nucleus,
measured in atomic units, F%/me’=0.529 x 10~*cm. The
vertical axis represents energy measured in atomic units,
_ me}/i?=27.2eV. The broken curve shows the pure elec-
rronic energy. The solid curve shows the adiabatic potential,
the sum of the electronic energy and the attractive Coulomb
potential between the antiproton and the hydrogen nucleus.
Note that the adiabatic potential is attractive in general. For
every state, the electronic energy reaches zero at a finite
value of R. At shorter distances, a bound state cannot be
maintained, and the electron goes to the continuum, i.e. it
oozes out. This figure is reproduced, with the publisher’s
permission, from Kimura and Inokuti (1988).

distance) is also relevant in the context of the scatter-
ing of an electron with a polar molecule such as
lithium fluoride or water. If the electric dipole
moment is sufficiently large, there is a bound state. If
the moment is smaller than a value called the critical
dipole moment, there is no bound state. Turner (1977)
discussed in detail the history of the study of this
problem. According to Turner’s account, Fermi and
Teller gave this value as 0.639, which was obtained by
Fermi after detailed analysis and numerical calcu-
ktions repeated over a long period of time. However,
the paper of Fermi and Teller contains no discussion
of the derivation of this value.

The adiabatic potentials for the system consisting
of an antiproton and a helium atom are given in
Fig. 2. As the internuclear distance approaches zero,
the electronic structure in the ground state converges
W that of the negative hydrogen ion, H~. Neverthe-
kss, the pure electronic energy (shown by the broken
Wrve) for the ground state crosses with the con-
Inwum e + He*. The pure electronic energy for any
tcited state eventually reaches the zero value and
Mmerges into the continuum at a particular value of
‘he internuclear distance. This situation is qualita-
Wely similar to the interaction of an antiproton with
My atom.

In summary, when an antiproton approaches an
om, a polarization attraction occurs at very large

e 3p

distances, just as when a proton approaches. This
polarization force is given by a potential of the form
~ae*/2R*, where o represents the dipole polarizabil-
ity of the atom and R represents the distance. At
shorter distances the adiabatic potential curves will
show different behavior depending upon the sym-
metry of the electronic orbital. Eventually the
Coulomb attraction between the antiproton and the
nucleus will become dominant at short distances.
Then electrons act to screen a part of the Coulomb
interaction. At distances shorter than a critical value,
at least one of the electrons will no longer remain
bound. In higher excited states, electrons are even
more prone to leave. Thus, the approach of an
antiproton will probably induce one electron or more
to ooze out from the atom. The probability is under-
standably large for two-electron ejection from helium
by the antiproton, as was observed by Andersen et al.
(1987). In their experiment, the antiproton had
kinetic energies higher than 1 MeV and was therefore
quite fast. Nevertheless, some of the antiprotons
should have arrived with small impact parameters
and thus should have approached the nucleus suf-
ficiently closely. Then the mechanism of ionization as
described above would have been operative. Of
course, this is an effect specific to a negative incident
particle that cannot happen with proton incidence.

i ]
10 20 30
R (au.)

F1G. 2. Adiabatic potentials for an antiproton approaching
a helium atom. The horizontal axis represents the distance
between the antiproton and the helium atom, and the
vertical axis the energy, both measured in atomic units as in
Fig. 1. The broken curve shows the pure electronic energy,
and the solid curve the adiabatic potential, the sum of the
electronic energy and the attractive Coulomb potential
between the antiproton and the helium nucleus. In the
ground state, the electronic energy remains negative at all
values of R. (At R — 0, the electronic state approaches that
of the hydrogen negative ion H~, which is bound.) For any
excited state, the electronic energy reaches zero at a finite
value of R; this behavior is similar to that in the system of
an antiproton plus a hydrogen atom shown in Fig. 1. This
figure is reproduced, with the publisher’s permission, from
Kimura and Inokuti (1988).
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F1G. 3. The ionization by protons and antiprotons at different depths in polyethylene, reproduced with
permission from Sullivan (1985).

This conclusion is consistent also with the results
of Ermolaev (1988, 1989), who carried out cal-
culations from points of view different from the
adiabatic potential.

The multiple ionization upon the formation of
antiprotonic atoms, at least at the outset, should
happen equally in condensed phases. Evidence for
this expectation is seen in the dose—depth curve
reported by Sullivan (1985), and reproduced here
as Fig. 3. Antiprotons of energies below 20 MeV
cause far greater ionization in polyethylene than
protons of the same energies. Eventually, some of the
electrons will recombine with ions, releasing some
excess energy. A part of the excess energy will be
dissipated as heat, but a part of it is likely to cause
a permanent change in the material structure. This
process provides a novel mechanism of radiation
effects.

Antiprotonic atoms (bound states of an antiproton
around a nucleus) have been detected. Bacher ez al.
(1987a, b) have analyzed X-rays emitted near the end
of an antiproton track in the gases neon, argon, and
krypton (see also Bacher, 1987). The X-rays show a
regular line structure like a Balmer series (Fig. 4).
These lines represent transitions from a state with
principal quantum number » to another with n — 1,
and are easily identifiable. Here the value of n is
between 7 and 30. What is really remarkable in the
spectra is that one or two lines at particular values of
n are extremely weak or of almost vanishing intensity.
These arise for the following reason. If an antiproton
goes into an orbit of particular n, then its energy is
comparable to the binding energy of an electron in a
particular electron shell. As a result, interactions
between the antiproton and electrons in the shell

become particularly strong, and the electrons become
ionized. In the beginning of this stage at least, the
mechanism of ionization discovered by Fermi and
Teller will operate. At later stages of electron ejection,
the mechanism will be similar to the well-known
Auger effect.

5. ANNIHILATION OF ANTIPROTONS
AND CONSEQUENCES

A positron and an electron annihilate and give rise
to two or more photons. When a proton and an
antiproton annihilate, the probability of photo-
emission is quite small. A dominant process upon
antiproton annihilation is the production of n~, n¥,
and n°. This is easily understandable from the quark
structure. In other words, a proton is a bound state
uud, and an antiproton is a bound state Giid, where
u represents an up quark and d represents a down
quark. The bar indicates an antiquark. When af
antiproton and a proton combine to annihilate,é
rearrangement of quarks occurs to give rise to ad, i,
and du, which will be observed as n~, =’ and n°,
respectively. Among the three pions, n°, which is @b,
has a short lifetime of 0.8 x 107s and decays pre-
dominantly into two photons. By contrast, ©* and
7~ have a much longer mean lifetime of 2.6 x 10-0.&
The number of pions actually produced has a dist*
bution, according to experiment (Baltay et al., 1966),
and the mean number is about four. The reason ¢a
be understood from kinematics. The process leading
to three pions is the most straightforward, but ¥
subject to stringent kinematic restrictions on the
motion of six quarks. Processes leading to the pro
duction of more than four pions certainly involve
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Fic. 4, X-ray emission spectra of antiprotonic atoms, repro-
fuced with permission from Bacher et al. (1987a). The three
Pnels show pNe, pAr, and pKr, from top to bottom. The
Wmeral above each line shows the principal quantum
mber » involved in the transition. According to Bacher
“al. (1987a), the yields of all lines from n = 15— 14 to
1e1=7") 6 in f)Ne are about the same after correction for the
N dect\on efficiency. In pAr, the intensities forn =17-16
Withn =16 — 15 are extremely weak. Energies of the states
I " =15-17 are very close to that of the electronic K line
"\AF- In pKr, the intensities for n=28-27,...,
n:25->24 are weak. Energies of the states with
=25,....,28 are close to those of electonic L lines of Kr.

production of quark-antiquark pairs, and this means
increased degrees of freedom. In other words, the
volume of the phase space appropriate for such
processes is much greater.

When an antiproton and a proton annihilate at
rest, energy is released of about 2M ¢ = 1.88 GeV.
If four pions were generated, there would be a total
of 4M,c* = 0.64 GeV rest energy. This means that a
total of 1.24 GeV kinetic energy is shared by the four
pions. This corresponds to about 300 MeV per pion.
Charged pions n = having this much energy will have
ranges of many tens of centimeters in water or human
tissue. Two y-ray photons resulting from the decay
of n° also propagate very far in water and other
materials. The antiproton can also annihilate by
combining with a neutron in a nucleus. Again, the
decay products are mostly high-energy pions. Con-
sequently, most of the energy obtained by the annihi-
lation of antiprotons will be deposited in a very wide
region.

This situation is different from the #~ absorption
in the nucleus. When n ~ is absorbed in the nucleus,
the result is the production of many low-energy
fragments, in which most of the pion rest mass is
converted to kinetic energies. This is called a star
phenomenon, in which the released energy is deposited
in quite a small volume of the material. This is the
rationale for using n~ for cancer therapy. When an
antiproton annihilates with a proton or neutron in
the nucleus, several nucleons may be ejected from the
nucleus. However, the likelihood that the whole
nucleus will be fragmented into small particles, each
having very low energy, is remote, according to recent
observations (Cugnon, 1988; Smith, 1988).

Proposals have been made for the potential use of
antiprotons in medical therapy and imaging (Gray
and Kalogeropoulos, 1982; Gray and Kalogero-
poulos, 1984; Kalogeropoulos and Muratore, 1989).
However, measurements by Sullivan (1985) show that
only a small fraction (less than 30 MeV) of the energy
is deposited in the vicinity of the end of the anti-
proton track in tissue-like materials. Consequently,
antiprotons are unlikely to offer a great advantage in
radiotherapeutic uses.

6. CONDENSED MATTER

We all know about channeling of protons and
other positive particles. As many studies have shown,
a positive particle incident at a particular angle with
respect to a crystal plane of a metallic single crystal
may travel through the neighborhood of a potential
minimum of the lattice of positive ions, thus reducing
encounters with electrons. A particle traveling in this
way will lose much less energy to electrons and go
much farther than the normal range. This phenom-
enon, channeling, has many applications, including
the probing of the electronic structure of certain
crystals.
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Do antiprotons channel at all? The picture of
channeling as sketched above will not apply to nega-
tive particles. There have been only a few reports on
channeling of negative particles other than electrons.
Electrons have small masses and therefore have
notable wave mechanical effects, such as diffraction;
therefore, the phenomenon of so-called electron
channeling is more complicated than the picture
presented above. One example of negative heavy
particle channeling has been reported by Braid et al.
(1979). According to them, n = at energies 17.5 MeV
and 255 MeV have been observed to channel through
a silicon crystal. However, the situation is quite
different for 7~ and = * at comparable energies.
According to the interpretation by the authors, 7~
spiral around a linear arrangement of positive ions.
Braid et al. (1979) call this axial channeling. Channel-
ing of this kind might well happen with antiprotons.
So far no experiment on this phenomenon has been
reported.

Let us consider the behavior of antiprotons that
have completely stopped in a crystal. They will
eventually form an antiprotonic atom, as I discussed
before in connection with experiments in gases. It is
interesting to consider whether an antiproton could,
under certain circumstances, avoid forming an anti-
protonic atom and live a long time before annihi-
lation. For this purpose an antiproton must stay out
of any nucleus and must be located at a stable
position somewhere in the lattice. One possibility
might be the site at which a negative ion of valence
one would ordinarily be present. If an antiproton
somehow succeeds in substituting for a negative ion
in the lattice at such a site, it might stay there for
some time. (As a qualification of this idea, we should
note a difference between a negative atomic ion and
an antiproton in the lattice site. The stability of the
negative atomic ion arises in part from the exchange
repulsion between the ion and those ions forming the
lattice. For the antiproton there is no corresponding
effect.) If such a trap can be realized, and if a suitable
detection method can be conceived, then we shall be
in a position to study condensed matter physics from
a new angle.

Falling short of that, we might still do some
solid-state physics or structure determination by
observing the mode of decay of autiprotons in solids.
When an excess electron enters liquid water, with a
high probability it forms a hydrated electron, a
species that plays a crucial role in radiation chemistry
(Hart and Anbar, 1970). Could an antiproton also
hydrate? An antiproton in liquid water may quickly
form an antiprotonic atom with one of the oxygen
nuclei. In that case, there would be no time to form
a hydrated antiproton. If a hydrated antiproton is
possible, then there is a serious question about how
to detect it. A hydrated electron has a strong absorp-
tion spectrum in the visible region and is easily
observed. The corresponding spectrum of a hydrated
antiproton will be in the microwave region and will be

very hard to observe because of the strong absorptiop
by water itself.

I have discussed a variety of problems concernip,
antiprotons and chemical and solid-state physic
Some of our cases are quite speculative because of
the novelty of the subject. However, even withiy
my limited imagination there are many interesting
problems to consider and to study. I hope that som
readers will share my interest and will find this arey
of study rewarding and promising.
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