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Atomic Processes in Matter-Antimatter Interactions 

David L. Morgan, Jr. 

Lawrence Livermore National Laboratory 

Livermore, California, 94550, U.S.A. 

Abstract 

Atomic processes dominate antiproton stopping in matter at nearly 
all energies of interest. They significantly influence or determine the 
antiproton annihilation rate at all energies around or below several MeV. 
This article reviews what is known about these atomic processes. For 
stopping above about 10 eV the processes are antiproton - electron 
collisions, effective at medium keV through high MeV energies, and elastic 
collisions with atoms and adiab&t.ic ionization of atoms, effective from 
medium eV through low keV energies. For annihilation above about 10 eV 
it is the enhancement of the antiproton annihilation rate due to the 
antiproton - nucleus coulomb attraction, effective around and below a few 
tens of MeV. At about 10 eV and below, the atomic rearrangement / 
annihilation process determines both the stopping and annihilation rates. 
Although a fair amount of theoretical and some experimental work 
relevant to these processes exist, there are a number of energy ranges and 
material types for which experimental data does not exist and for which 
the theoretical information is not as well grounded or as accurate as 
desired. Additional experimental and theoretical work is required for 
accurate prediction of antiproton stopping and annihilation for energies 
and materials relevant to anttproton experimentation and application. 
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I. Introduction 

The atomic processes considered here, for the most part, are those 

that affect the stopping and annihilation rates of antiprotons (p) in 

matter. The interaction of atoms of antihydrogen (H) and hydrogen (H) at 

electron-volt (eV) and sub-eV energies is also considered as well as the 

direct annihilation of p's with protons (p) and in other nuclei at high 

mega-electron-volt (MeV) energies where atomic effects are unimportant 

to the annihilation probability. 

The slowing and annihilation rates of p's in matter are relevant to 

design-concept and feasibility studies of antiproton annihilation rocket 

engines [1,2], to other applications of antiprotons (see articles by other 

authors in [I]), and to the planning and analysis of physics experiments 

where p's lose energy or lose energy and annihilate while passing through 

material. The interaction of H atoms with matter is important to 

experiments in which H's wil l be produced in the laboratory within a few 

years [3J. It is also Important for annihilation rocket engines since it may 

be favorable, in some cases, that the antimatter be in the form of H atoms 

(or molecules or clusters) rather than free p's. 

The slowing, or energy loss, of antiprotons while passing through 

unionized matter, is almost entirely due to atomic processes. At kinetic 

energies above a few kilo-electron-volts (keV) collisions with electrons 

(e") bound in the atoms leads to energy loss through ionization or 

excitation of the e"'s. At energies from several eV to a few keV or higher. 
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energy loss occurs through adiabatic ionization or excitation of e"'s and 

through elastic collisions with atoms or molecules of the material. (When 

the material is a solid, or perhaps a liquid, some of the p energy may be 

transferred to collective motions of the atoms or molecules and 

electrons). In adiabatic ionization/excitation the presence, though 

momentary, of the p with its negative charge within an atom reduces the 

binding of an e" and can cause it to become excited or ionized. The 

distiction between ionization/excitation due to p - e" collisions on one 

hand and this adiabatic process on the other may be artificial. Ermolaev 

[4] has sivi-wn that the ionization and excitation cross sections for p on H 

may vary fairly continuously as the p kinetic energy drops through the few 

keV range, where energy loss due to the former process (collisions with 

e"'s) drops to zero while loss due to the latter processes is relatively 

small but rising (see sections 2 and 4). 

Energy loss above a few keVdue to inelastic nuclear processes other 

than annihilation may be of some importance but is not considered here. 

Whereas the cross sections for such collisions are much lower than the 

cross sections for energy loss through atomic processes, the energy loss 

per collision is much higher. Energy loss due to p - nucleus elastic 

collisions is likewise not considered, except that it is included in p - atom 

elastic collisions below a few keV. 

For all p energies above several eV, annihilation of the p with the p in 

H or with a p or a neutron (n) in the nucleus of a heavier atom is direct. 

However, for energies of roughly 10 eV and below, annihilation occurs 
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indirectly through an atomic rearrangement process in which an atomic 

electron Is emitted while the 6 becomes bound to the nucleus and 

subsequently annihilates with one of the protons or neutrons after 

cascading to a lower state. The cross section for rearrangement 

annihilation below roughly 10 eV is orders of magnitude greater than that 

for direct annihilation. For energies of roughly 10 eV and below slowing 

of the antiproton is dominated by this same process. 

The purpose of this article is to provide a modest review of what is 

known about the atomic processes that are important to p stopping and 

annihilation rates, and to point out areas where more information is 

needed. 

In the following, the formulae are valid in any units, except that 

electrostatic units are used for charge and atomic units are used where 

noted to simplify the appearance of some expressions. 

II. p — Bound Electron Scattering 

For kinetic energies above a few keV, energy loss of p's passing 

through unionized matter occurs predominantly through collisions of the 

p's with bound electrons. Little definitive experimental information 

exists on the consequent stopping rate, but the "Bethe formula" [5] should 

give a good approximation for high keV or low MeV energies (depending on 

the material) and above. For non-relativistic energies (those below about 

1 Giga-electron-volt (GeV) here) this formula gives 
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where E is the p kinetic energy, x is the distance traversed by the p, m is 

the p mass, m, is the electron mass, n is the atomic number density of the 

material, N is its mean atomic number, and l is the mean ionization 

energy of its electrons. Atomic units are employed, so E and l m are in 

units of e 2 /a 0 (27.2 eV), where e is the charge on the electron and a 0 is the 

Bohr radius (5.29 x I0" 9 cm), x is In units of a 0, and n 1s in units of a 0" s. 

The mean ionization energy for most substances is given by 

I m / N = 13 *V [2) 

(For helium, beryllium, nitrogen, and calcium, however, the values of l m 

are 24.5 eV, 16 eV, i 1 eV, and 11 eV respectively.) 

Equation ( I) is normally used for positive, heavy particles like the 

proton, stopping in solids at high energies (£ » (m/4m t)l - roughly 5 to 

500 kev depending on the material) where It is known to be accurate from 

experimental data. For initial particle energies above several MeV most of 

the range of a particle in a solid involves energies around an MeV and 

above. When a particle's energy has dropped into the kev range, -dE/dx (Eq. 

I) becomes very large and only a very small fraction of the particles 

range involves energies between such values and zero. Thus, the accuracy 

of Eq. l Is difficult to determine for kev energies. However, kev and low 
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MeV energies are of interest for p stopping in propulsion and physics 

applications, at least when low densities cf the stopping material are 

involved, t l MeV p's stopping in gases at standard density probably have 

ranges of several centimeters.] Thus it is important to consider the 

applicability and accuracy of Eq. I for p's at energies around 1 MeV and 

below. 

The assumptions, explicit or implicit, used in the derivation of Eq. I 

most important to its accuracy at low energies are that the charged 

particle moves on a straight path as it passes near or through an atom and 

that the maximum energy that can be transferred to an electron is the 

maximum classical value for a two body collision of otherwise free 

particles. Deviation from a straight line path is one of the factors that 

leads to differences between p and p stopping. These differences have 

been considered by Brandt and Basbas and by Martin et al. [6], and indicate 

possibly significant deviations from Eq.l for p stopping for energies, 

depending on the stopping substance, of a few MeV and below. 

The upper limit on energy transferred to an e" (4Ems/m) leads to 

-dE/dx from Eq. I being zero at E»(m/4m()lm (roughly a few keV to a few 

hundred keV) and negative (physically unreal) for lower values of E. 

Whereas this clearly cannot be the case, i t may be that -dE/dx drops off 

rapidly as E passes through (m/4me)lm to lower values. If this is the case, 

then the accuracy of Eq. I might Be improved If It Is modified to include the 

fact that the atom has a distribution of Ionization and excitation energies. 
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This may be done through shell corrections [6J or by incorporating a 

distributed l m into Eq. 1 t i l . Tlis latter modification gives a slightly more 

complicated formula than Eq. 1, but It is simpler to employ than the shell 

corrections, and gives -dE/dx positive values for E > (m/4n # ) l m j n , where 

l n | j n is the. minimum excitation/ionization energy of the atom. 

Nevertheless -dE/dx Is sti l l negative for sufficiently low values of E. The 

formulae for elements with an atomic number of two or greater are: 

f o r E i c

2 W 
-dE/dx- 3 T r * n £ U ^ 

r*V-*e>V~ (UlE^T^J 
™ „& -dE/dx - TT 777 A E. i n . ( I m « / I ~ ; J 

f°rc,L,„}E, 
2 mm ' 

where 

and where 

-dE/dx = 0 ( 3 ) 

c 2 M "m e 

. - 0 . 2 2 5 N 1 andlm l - H.HH(I„/H)2 
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or i | n i n = minimum ionization or excitation energy 

and i = L 2 / I _ t a , 
mix m mm' 

and l m is again the mean ionization energy, which is given roughly by Eq. 2, 

and E, the I's, x, and n are in atomic units ;is in Eq. 1. For hydrogen one may 

take I s 13 ev and use Eq. I, the results for which are shown as the right 

portion of the -dE/d(px) curve in Fig. 1, where p is the mass density of the 

stopping substance. The two sets of choices for l m i X and l m i n arise from 

the fact that the distribution employed for the ionization / excitation 

energies is only approximate. It was used because it gave relatively 

simple formulae. The second choice is more accurate near the cutoff 

while the first is more accurate at somewhat ligher energies. 

III. Direct Annihilation 

Experimental annihilation cross sections are known for p"s in 

hydrogen, carbon (C), aluminum (Al), and copper (Cu) (Fig. 2). For C, Al, and 

Cu and for H above 20 MeV ( r = 0.02) the curves shown in Fig. 2 are smooth 

curves drawn through the data. The data for C, Al, and Cu are from [8] ana 

other work referenced there. For H they have been compiled in [91 an J are 

from work referenced in that article. The cross section for 6 annihilation 

with the p of H may be extrapolated to energies below 20 MeV by assuming 

it follows a c/v law, where c is the speed of light (2.596 x I 0 ! 0 cm s"') 

and v is the p speed, and by applying the coulomb correction to the 
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result [101: 

CT = °- 1 ? £T£* £Trr 8

a ft) 

with <f = 2 i T a c / v 

where r0 is the classical electron radius (2.82 x 10" 1 3 cm) and a is the 

fine structure constant (I /137.0). 

The c/v extrapolation used in Eq. A is sensible since it is consistent 

with the shape of the antineutron (n) ~ proton annihilation cross section 

[9] but may have some inaccuracy because Lhe size of the p - p annihilation 

cross section at 20 MeV requires some p-wave contribution, which has a 

different dependence on v than the c/v dependence of the dominant s-wave 

part. 

Thft coulomb correction factor ( the factor involving <T in Eq. 4) 

represents the enhancement of the annihilation due to the p - p attraction, 

and is \.uz only "atomic" effect involved in direct annihilation. It is the 

factor by which the coulomb attraction increases the square of the p - p 

relative wave function at the origin. This factor increases the p - p direct 

annihilation cross section at least one hundred times for p energies of a 

few tens of eV, the lowest energies for which p - H rearrangement does 

not dominate the annihilation process. Hence the importance of the atomic 

effect of p - p coulomb attraction on direct annihilation. The coulomb 

correction factor used here is for p annihilation with a free p. It is 
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unlikely, however, that e" screening of the p - p attraction for a p in H wil l 

reduce the correction since the maximum impact parameter involved in the 

"corrected" annihilation at a few tens of eV is only about 0.02 of a Bohr 

radius. 

IV. p - Atom Collisions 

Although it is common in experiments for p's to come to rest within 

matter before annihilating, no systematic experimental or theoretical 

study has been conducted to determine the stopping rates below the cutoff 

of the Bethe formula (Eq. 1,3) for energy loss due to p - e" collisions. I 

have proposed simple approximate models for two processes that lead to 

energy loss in the range from about 10 eV up to the cutoff [I]. Around and 

below 10 eV the rearrangement process described in the following section 

is important. 

Between 10 eV and the cutoff a p wil l lose energy through elastic 

collisions with the whole atom and through adlabatic ionization or 

excitation of the atom. In the latter process the presence of the negative 

P in the atom temporarily lowers the effective charge of the positive 

nucleus, leading to the possibility that an electron permanently becomes 

unbound or excited. Thus when a p at such energies collides with an atom, 

part of its kinetic energy is transferred to the kinetic energy of the atom 

as a whole and part may be transferred to the adlabatic increase in the 

energy of an electron. Very rough calculations of energy loss rates due to 
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adiabatic ionization / excitation [ I ] suggest that i t may be important at 

energies around one keV and above, but for energies from about 10 eV to a 

few hundred eV it is probably dominated by the elastic energy loss. 

The simple model for p - atom elastic scattering treats the p - atom 

motion as classical motion in a p - atom potential energy that is an 

approximation to the first order perturbation energy, E,, (the static 

energy) between the p and the atom. E, is used as the basis of the 

approximation because it is an accurate representation of the actual 

potential energy at the small values of p - nucleus separation that are 

most important in the scattering and because it is relatively easy to 

obtain, its use neglects the long range polarization potential, but the 

value of that part of the potential energy is smaller than the p kinetic 

energy by a factor of 10 or more for the energies of interest and for 

relevant p - atom separations. The approximate potential energy is a 

screened coulomb potential energy of the form, 

V = - N / r + N / R , f o r r ± R , 

V= 0 , -for r > R _ (5) 

where r is the p - nucleus distance and R is the potential energy cutoff 

distance. This potential energy is chosen because it is an accurate 

representation of E | ( and the actual potential energy at small r, because it 

is continuous at the cutoff point (force not infinite), and because the 
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classical motion in it can be solved exactly in a fairly tractable form. R is 
determined by the condition, 

W r dr = \ E t r dr . 
a o 

If the electronic configuration of the atom (neutral) is modeled as N 

electrons in identical orbitals, each with an energy -I then 

R = 3aoplm/{e2/a0) . (7) 

Such an atomic model is exact for hydrogen, is a good approximation f<r 

helium, and may provide at least roughly correct results in other cases. 

For p - H, l m * ez/2a0 so R - 3a0. The resulting V from Eq. 5 is compared to 

E, forp-H in table l. 

Solving the classical motion for the V given by Eq. 5 and 7 yields 

i f - u f l n M J l ^ i : f[ft] (?) 

<W ft = i d + WN/l7/I M

 / l > 
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where x is in units of a 0, E Is units of e 2 /a 0 , rl Is the mass of the atom, 

and, as before, l m is the mean ionization potential energy of the atom. I H is 

the ionization potential energy of H (= e2/2a0). The quantity f[A] is zero 

for A=0, is negative for A>0, and tends to zero as A+oo. It is continuous in 

value for all A, in spite of the apparent singularities in the expression for 

it. Based on Eq. 6, -dE/d(px) is given for p stopping In H as the mid portion 

of the curve in Fig. I. As noted in the Introduction, the minimum In 

-dE/d(px) in the keV range may not really be present, and the distinction 

between the physical processes that produce stopping below and above 

this point may be an artifact of the way we choose to describe the physics 

and of the approximations employed. 

The characteristics of scattering by the V of Eq. 5 and 7 are given in 

table 2 in terms of the distribution of the scattering angle, 6, in the 

center of mass system as a function of A. 9 = 0 corresponds to forward 

scaterring. e > v corresponds to the p looping fully around the atom. 

The large variety of scattering types appearing in table 2 occurs 

principally because V Is a negative potential of f tntte range. "Brick wall" 

scattering refers to the fact that for A = t all scattering is exactly 

badcwa-js (e = 180 degrees) independent of the impact parameter (see Fig. 

3). A = 1 corresponds to a kinetic energy (lab) of the p of about 10 eV for 

H and to higher values of energy for other atoms. Thus, this type of 

scattering would compete with rearrangement for H and possibly for other 

atoms. It Is likely that a more accurate treatment (classical or quantum 
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mechanical) of the scattering would not yield a case where all of the 

scattering is exactly backward for a given energy, but i t might yield one 

where the scattering is highly peaked In the backward direction. If such is 

the case, then p's slowing in H would lose nearly all their energy (in the 

lab frame) in one collision once their energy got close to 10 eV, since the 

p and H have about the same mass. For p's in heavier elements or negative 

muons and mesons in all elements, the effect would be a reversal of 

direction with a more ordinary amount of energy loss. In this case, the 

particles would not progress as they slowed, but just diffuse. 

V. p - atom Rearrangement 

At low eV znd sub-eV p energies the p - atom system can rearrange 

into a state in which the p is bound to the nucleus of the atom in a level of 

high principal quantum number and an atomic electron becomes unbound to 

the resultant effective nucleus which has one less positive charge. In 

moving to a higher energy level, that electron absorbs the initial kinetic 

energy of the p and its binding energy to the nucleus, if the atom is H, the 

single electron must became unbound if rearrangement is to occur, but if 

the atom has a higher atomic number, ft is possible, although probably 

much less likely, that all electrons can remain bound in states of higher 

energy in what amounts to a negative ion if the initial p energy is low 

enough. After rearrangement occurs, the p decays to a level of low 

principal quantum number through radiative transitions and annihilates 
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with a p or n in the nucleus. Similar reactions occur if the p is replaced by 

an antihydrogen atom (H) with the positron (e +) becoming unbound or 

forming unbound positronium with an electron of the atom. Theoretical 

results (referenced below) indicate that at least for sub-eV p energies and 

at least when the atom is H, but probably for a wider range of 

circumstances, the cross section for rearrangement followed by 

annihilation Is so high (tens or hundreds of n a 0

2 ) that it thoroughly 

dominates p stopping and annihilation. 

Theoretical work on or relevant to rearrangment involving various 

combinations of antimatter species - matter species has been carried out 

over the last few decades [10 - 17]. The antimatter species considered 

have been negative pions [ I I ] , p's [10,12,16], antimuonium (bound negative 

muon - e +) [ 12], H [ 10,12-16], He [ 17], and, on a limited basis, F^ [ 10]. The 

matter species have been H for the most part, but He has been considered 

in conjunction with He [17], argon atoms have been considered in 

connection with antimuonium [12], and limited consideration has been 

given to Hj [ 10] and to general atoms and ions [ 12]. 

At present all calculations of the antlspecte^ - species 

rearrangement / annihilation cross section have employed a semlclasstcal 

method. The interatomic potential energy, V, Is first determined quantum 

mechanically in the Born - Oppenheimer (or fixed-nucleus or adlabatlc) 

approximation as a function of the nucleus - antlnucleus separation, R, by 

solving the Schroedinger equation for the electrons (and positrons If 
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present) in the field of the fixed nuclei. V is initially used to determine 

the value of the critical radius, Rc. For R < Rc the energy of the rearranged 

state (also with fixed nuclei) is equal to that of the initial state, which, 

in the most likely circumstance means one electron (and/or a positron or 

positronium) has become unbound. For p - H (same V as for negative pion -

H) Rc - 0.639a0 [ I I ] . V is then used to determine the inner turning point, 

R0, of the classical antispecies - species orbit as a function of impact 

parameter, R,, and antispecies kinetic energy, E, in the lab frame. A 

critical impact parameter, R ) c, is then found such that R, > R,c gives R0> 

Rc while R, < R | c gives R0 < Rc. It is then assumed that rearrangement does 

not occur in the former case since R never becomes small enough for the 

system to spontaneously enter the rearranged state while in the latter 

case R0 < R£ leads to permanent formation of the rearranged state. Thus 

the rearrangement/annihilation cross section is TTR,C

2. 

Use of classical orbits to describe the antispecies - species motion 

appears to be a good approximation. For E equal to a room temperature 

thermal energy (a0.03 eV) or higher, at least several angular momentum 

waves are involved, and replacement of the classical orbit part of the 

calculation with an optical-potential quantum mechanical calculation 

yielded nearly Identical results in the one case which it was tried [12]. 

The assumption that the occurrence of R0 < Rc leads to rearrangment 

with near unity probability is, however, open to question. The reasons for 
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this may be considered in terms of the p - H system. For R approaching Rc 

the fixed nucleus / adiabatic approximation for the electron motion breaks 

down since its mean speed approaches and becomes less than the speed of 

the p - p relative motion. At this point the wave function of the electron 

has become much larger than R, and its motion decouples from that of p - p 

[16]. Further, the e" does not escape the region, or spread out to zero 

density, immediately. As R passes through Rc on the way in and then 

proceeds back toward R£ from smaller values, the e" wave function 

continues to spread out from the form it had when the adiabatic 

approximation broke down. If the spread is sufficiently limited when R 

again approaches Rc there is some probability that the system can revert 

to its original form. If one is to account for the possibility of e" 

reattachment while retaining the classical picture of the antispecies -

species relative motion, it is necessary to solve the time-dependent 

Schroedinger equation for the electronic motion to obtain V, at least for R 

If this is done for p - H using a gaussian wave packet model for the e" 

wave function during the time R x,Rc, an estimate of 20X is obtained for 

the probability of reversion to the original state for all values of E less 

than about 1 eV and for all R, < R l c [16]. Thus for E i I eV the 

semiclassical rearrangement / annihilation cross section should be 

multiplied by about 80S to obtain a more realistic value. 

17 



For values of E A I eV, R0 Is a discontinous function of R, whenever 

the species is neutral, due to the strong, long range dependence of V on R 

(R-4 f or p - H and R"6 for R - H). Thus R0 » Rc for R, >R1c and R0 « Rc for R, 

< R | c. Somewhere above 1 eV the discontinuity disappears,and R0 is fairly 

close in value to Rc when R0 < Rc,aml R0 Is less than Rc for a shorter time 

than for values of E where the discontinuity is present. Additionally the 

antispecies - species relative motion does not change direction as much, 

while R0 < Rc, at the higher values of E. it is likely, therefore, that the 

probability of reversion to the original state is greater for E > I eV than E 

i. 1 eV, but no estimate has been made. The absence of the discontinuity 

makes estimating the probability more difficult. 

For p - H there is little probability of rearrangement when E > 27.2 eV 

(energy in center of mass system > 13.6 eV, the e" binding energy). At such 

energies the electron must carry away more energy than can be 

transferred to it adiabatically, in order that p - p can become bound (i.e. 

form protonium). There appears to be no likely mechanism to accomplish 

this additional transferral of energy. Similar energy upper limits exist 

for other antispecies - species systems. Above these limits the e" is 

ejected but p - nucleus is unbound (adiabatic ionization). 

Thus the semiclassical cross section of TtR,c

2 appears to be a good 

approximation, although probably somewhat of an overestimate to the 

rearrangement/annihilation cross section f o r p - H f o r E i l eV. Above 

I eV but below about 27.2 eV, where the cross section becomes very small 
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(R1c very small), the actual cross section may be considerably less than 

nR, c

2. Similar statements may lie true for p - atom in general, but it is 

not certain that the probability for reversal of rearrangement is similar to 

tnac for H. An estimate is more difficult to make because the V's for the 

initial and rearranged state at small R, and hence R£, for p - atom are 

accurately known only for the H atom. 

To a good approximation, R1c, and hence the semiclassical cross 

section, may be determined for p - atom f or E i . 1 eV from a knowledge of 

only the long range part of V, 

V- - ae a / 2R ' ' (9) 

where a Is the polartzabtltty of the atom (a = 4.502 a 0

3 for H). This 

circumstance arises because of the discontinuity in R0 as a function of R,. 

R,c need be defined only as that value of R, for which the discontinuity 

occurs, and that is determined by V at large values of R. Determination of 

R ) c in this fashion gives 

a = TT^a(l +mo/M>e 2a./E' ^ 0 } 

for the p - atom rearrangement / annihilation cross section for E;C I eV. A 

more accurate result for p - H is given in [121 Since the interaction is 

dominated by this inelastic process and several angular momentum waves 
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are involved, the elastic scattering cross section is about the same. Thus 

for p's that don't annihilate, 

where <r is given by Eq. 10. Equation 11 is used to obtain the left-most 

portion of the curve in Fig. 1. 

The formulae, and portions of the discussion, of this section apply 

when the substance in which the p is stopping is a gas with the mean 

distance between its atoms or molecules greater than pertinent values of 

R,c [18]. At higher densities rearrangement will occur but the formulae 

will be altered. 

VI. Conclusions and Comments 

A variety of theoretical and experimental information exists on the 

stopping and annihilation of antiprotons In matter. There are, however, 

wide gaps In that information which must be filled so that accurate 

predictions of stopping and annihilation required in antiproton 

experimentation and application can be made. 

Experimental data on direct antiproton annihilation in a variety of 

substances is needed for antiproton kinetic energies from about 1 MeV to 

about 100 MeV. Such data is also needed for heavy elements into the GeV 

range. Improved theoretical work, or additional experimental work, is 
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required to scale the annihilation data to all elements and to extrapolate 

it down to very low energies. 

Experimental work on antiproton stopping in a variety of materials is 

needed for low MeV energies down to sub-eV energies. In particular it is 

needed in the narrower range of energies from about 10 eV up into the KeV 

range where the stopping processes are only now beginning to 03 

identified. Improvement and expansion of the theoretical work in this and 

the wider range of energies is equally important. Specific investigation of 

"brick wall" scattering, which occurs for the stopping of any heavy 

negative particle at a single energy ranging from about 10 eV to a few 

kev, is important because it produces a strong peak in the stopping rate as 

a function of energy. 

With the advent of the availability of antiprotons at very low 

energies, it should be possible to experimentally investigate the 

antiproton - atom rearrangement / annihilation process. This process 

dominates annihilation and stopping at energies around and below 10 eV. 

Theoretical work of greater accuracy and generality is needed here, 

especially for energies between about I ev and a few tens of eV as well as 

for species other than the hydrogen atom. 

Much could be learned from a fully quantum mechanical calculation of 

the properties of the antiproton - hydrogen atom system for sub-eV 

through MeV energies. Since this is a three body system, existing 

calculations) methods should be able to provide a reasonably accurate 

description of all of its properties relevant to stopping and annihilation. 
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Table l. VandE, forp-H. 

r/a0 E/^/ag) V/(e2/a0) 

0 - oo - oa 

0.5 -1.839 -1.667 
1.0 -0.677 -0.667 
2.0 -0.1191 -0.1667 
3.0 -0.0207 0.0 
40 -0.0034 0.0 
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Table 2. Distribution of scattering angles for classical p - atom 

scattering with V given by Eq. 5 and 7. A is a function of p kinetic energy 

(Eq. 8). 

Value or 
range of A 

Value or 
>ange of 8 

Scattering 
characteristics 

0 0 no scattering 

(0,1/2) [0,n] preferentially forward 

1/2 [O.TT] hard sphere distribution 

(1/2,1) [O/nl preferentially backward 

1 A "brick wall" scattering 

( t ,») tfl,2n] preferentially backward 

M [if,2n] hard sphere distribution 
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Figure Captions 

Figure 1. Stopping power for antiprotons of lab energy E in hydrogen. 

Figure 2. Cross section, cr, for annihilation of antiprotons in the nuclei of 
hydrogen, carbon, aluminum, and copper atoms. T is the ratio of 
antiproton kinetic energy to rest mass energy, D - v/c, and r 0 is the 
classic?) electron radius. 

Figure 3. "Brick wall" scattering. For an antiproton - atom potential 
energy of -N/r + N/R inside R, and zero outside, and a particular 
antiproton kinetic energy (about 10 eV for hydrogen, N = I), 
antiprotons are scattered through an angle of exactly 180' for all 
impact parameters less than R. 
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