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Interaction of relativistic elementary atoms with matter. II. Numerical results
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The formulas of the cross sections of elementary-atom interaction with atoms of matter given in
part I of this study are simplified to the form appropriate for numerical calculations. The cross sec-
tions are split into electric, magnetic, and spin parts. The numerical values of each part of the total
and excitation cross sections of eight elementary atomis ( Aze, Aey, Aem, A2y, Apmy, A2ey, Az, A2x) in-
teracting with five typical targets (C, Al, Cu, Ag, Pb) are given. The electric parts are found to give
the dominant contribution to all cross sections except those of para-ortho and ortho-para transitions
of the elementary atoms composed of two spin-% particles. The results are compared to those pub-

lished earlier. The points concerning the elementary-atom interaction with matter which are not

studied by us are briefly reviewed. The magnetic form factors of elementary atoms are discussed.

I. INTRODUCTION

In this paper we continue our studies of elementary-
atom interactions with matter. We give here the numer-
ical values of cross sections of eight elementary atoms:
Aze, Aey.l Acﬂ') AZ#, A#,T, Azﬂ, AﬂK’ and AZK interact-
ing with C, Al, Cu, Ag, and Pb atoms.

Let us first recall some points from part I of our
study.! The interaction process is considered in the
frame where the elementary atom is initially at rest. Be-
cause the characteristic momentum transfer to the atom
is of order of the inverse Bohr radius of the elementary
atom, the initial and final atom motion is described non-
relativistically. The atom of matter is treated as a spin-
less structureless particle of a charge Ze. The electron
screening of the nucleus electromagnetic field is taken
into account by modification of the photon propagator.

Our first task is to rewrite the cross-section formulas
given in part I using some simplifying assumptions and
approximations. Since we are interested in the interaction
of relativistic atoms it is assumed that the projectile veloc-
ity equals the velocity of light and the Lorentz y factor is
much greater than unity. Because the momentum
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transfer q is smaller than the initial momentum k;, the
quantities of order of Q/ |k; |(Q=|q|) are neglected.
For the same reason q is assumed perpendicular to the
beam axis.! The initial atomic state is identified with the
ground state, and the quantum numbers of this state are
further suppressed to simplify the notation.

The paper is organized as follows. In Sec. II we con-
sider the elementary atoms of spinless components. The
excitation, elastic, and total cross sections are calculated.
The atoms of one spinless and one spin-§ particle are
discussed in Sec. III. The previously quoted cross sec-
tions are calculated; however the spin-flip processes are
taken into account. The interaction of atoms composed
of two spin-1 particles is studied in Sec. IV. In Sec. V
our numerical results are discussed. Section VI is devot-
ed to the brief review of the points which have not been
studied in our papers. Finally we conclude our con-
siderations.

II. THE ATOMS OF SPINLESS COMPONENTS

Keeping in mind the approximations and assumptions
listed in Sec. I formula (I.33) [I.33 means Eq. (33) from
paper I] can be rewritten in the form

2
QdQdé,

where we have used the form factors D (1.30) which are related to G by formula (1.32). All notations coincide with
those from paper I (c =#=1); however initial-state quantum numbers (n =1, / =0, m =0), as quoted previously, are
suppressed. The quantization axis of the atomic orbital momentum is chosen along the momentum-transfer vector q
which simultaneously defines the z axis of our coordinate system. Because qlv and v>=1 one writes

v-D"™(q)=cos¢D'™(q)+sindD'"(q) .

Using relations (A3) and (A4) given in the Appendix and observing that F"™(q)=0 for m =0 one finds the atomic exci-
tation cross section summarized over projections of the atomic orbital momentum
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do"=dol —|—damag ,

where the electric and magnetic parts of the cross section read

4
dofi=%"2-|Alg)|?| F"m =%yq) —F"" =%(¢q) | 2Q dQ , 2)
0 for /=0 )
dom — 2 4 2
O mag —Zf—m(q)v L prm=1(pq)+ L prm=1£q)| 0dQ forI>1.
1 2

The electric and magnetic cross sections relate to the interaction of the atomic component charges and currents with

the electric and magnetic fields, respectively, generated by the fast atom of matter.
magnetic cross sections is, of course, not Lorentz invariant.

The distinction of electric and
The cross sections (1)-(3), which do not depend on the

choice of the quantization axis, are, as expected, ¢ independent.
For the atoms composed of a particle and antiparticle formulas (2) and (3) are

24
doli=[1—(—11Z2" | A(QF"™ =(1q) | 20 dQ ,

daf',fag—[l—(—l)]zze | A(q)DJ'm=1(1q) |20 dQ .

Using Eq. (I.37) one finds the total cross section which we also split into electric and magnetic parts:

dotot= 2294 2 100
of'=5" | Al |’[1-F'(q)]QdQ ,

Z%* 1 1
d tot — A 2
Tmag="5— | Alq)] Hm12+m22

The total cross sections (4) and (5) do not include the ra-
diation and pair-creation processes which are of higher or-
der in the coupling constant and, consequently, can be
neglected here.

For numerical calculations we have used the photon
propagator A(q ) in the Thomas-Fermi-Molier form?

A(q)—4172 (6)
l—]q Bl
with
mebi 1,3
Bi==1 2%
i

TABLE I. The cross sections (in cm?) of 4,,

K(v,q=0)+

(4)
o 2K(v,q) Qdo . (5)
r
and
b1=6.0, by=1.2, b3;=0.3,
a;=0.10, a,=0.55, a3=0.35,

where m, is the electron mass. Let us recall that
g*=~—q* (Ref. 1).

Substituting in Egs. (1)-(5) the photon propagator (6)
and the formulas of the atomic form factors given in Ap-
pendix and Ref. 5, the cross sections (1)-(5) have been
numerically integrated from O to «. The results for the
atoms A,,, A,x, and A g are given in Tables I, II, and
111

atom interaction with atoms of C, Al, Cu, Ag, and

Pb.
T C Al Cu Ag Pb
1S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
28 Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
2P Electric 1.5x 1072 6.6x 10722 3.0x10~% 7.3x 10~ 2.1x10°%°
Magnetic 5.9x10~% 2.2x107%# 8.5x 1072 1.8 103 45%x1023
3S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
2P Electric 2.6x 1072 1.1x 1072 5.1x107% 1.3x 10~ 3.6x 10~
Magnetic 1.3 102 5.1x10"% 1.9 10~% 4.2x 1072 1.0x 102
Total Electric 3.1x107% 1.3x 1072 6.1x 10~ 1.5x 10~ 4.4x10°%°
Magnetic 2.5x 1072 9.6 10~ 3.6x10°3 7.9x 1073 1.9%x 102
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TABLE II. The cross sections (in cm?) of 4, atom interaction with atoms of C, Al, Cu, Ag, and

Pb.
KK C Al Cu Ag Pb
1S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
28 Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
2P Electric 1.5x 1072 7.0x 102 3.4x107% 8.6 10~% 2.5x 102!
Magnetic 7.8 10726 3.4x10°% 1.6 102 4.0x 10 1.1x10-%
3S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
3P Electric 2.6x102 1.2x10°% 5.7x107%3 1.5x 102 43x1022
Magnetic 1.7x1072¢ 7.8 1072 3.6xX107% 8.9%107% 2.5x 1072
Total Electric 3.0x10723 1.4% 1072 6.7x 10722 1.7x 102! 5.1x 1072
Magnetic 3.3x10°% 1.5 10~ 6.8 1072 1.7%x 1072 4.8x 1072

III. THE ATOMS OF SPIN-0
AND SPIN-% COMPONENTS
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is integrated from Q=0 to Q =100/a where a is the Bohr

atom radius.

In the case of the interaction of the spin-0-1 atom the
excitation cross section reads

do"=dol{+dofy+doln

where except for the previously discussed electric and
magnetic cross sections given by formulas (2) and (3) there
is the cross section related to the spin-flip process (I1.35)
which is

2 4 3
Ze | MA@ F"m=%¢q) |22 dg . 7)

dO’nl- —
spin 8 m22

The spin-flip processes contribute to the total cross section
as

2,4
tot Ze

dUspin = Py

3
1A 22 do . (8)
mj

As quoted in paper I the integrated cross section (8) is

logarithmically divergent at high momentum transfer.
The results of numerical calculations for 4., and A4,

atoms are given in Tables IV and V. The cross section (8)

IV. THE ATOMS OF SPIN-1 PARTICLES

In this section we discuss the spin-i-1 atoms.

Our

2
discussion is split into two parts. The atoms initially in
a para state (the atom spin equals zero) are considered in
Sec. IV A while the atoms in ortho state (the spin equals

unity) in Sec. IV B.

A. Para atoms

If the atomic spin is conserved in the interaction pro-
cess the excitation cross section is described by formulas
(1)=(3). The cross section of the atomic excitation associ-
ated with the para-ortho transition found from Eq. (1.36)
reads
ul _ ZZe4 '
para-ortho — 8

do Alg)|?

x | 2= F"m =0(nq)
m

1

2

+ _I_Fnlm =0(€q) Q}dQ , 9)
m;

TABLE III. The cross sections (in cm?) of 4,5 atom interaction with atoms of C, Al, Cu, Ag, and

Pb.
7K C Al Cu Ag Pb
1S Electric 3.4x 10~ 1.6 10~% 8.0x10~% 2.1x10~% 6.4% 1022
Magnetic 0.0 0.0 0.0 0.0 0.0
28 Electric 7.4 1072 3.5x 10~ 1.7% 1072 4.5%x107% 1.4 10~
Magnetic 0.0 0.0 0.0 0.0 0.0
2P Electric 6.6x 1072 2.9% 10722 1.3 102! 3.3x10°% 9.3 1072
Magnetic 3.1x10°% 1.3x 10~ 5.3x10"% 1.2x 1072 3.1x10°%
3S Electric 1.5x10°% 7.1x10~% 3.5x 107 9.2 102 2.8x10°%
Magnetic 0.0 0.0 0.0 0.0 0.0
3P Electric 1.1x10~% 5.0x10~% 2.3 10722 5.7x10"2 1.6 102!
Magnetic 7.1 10~2 29%10°% 1.2x 102 2.8 1072 7.0x 1072
Total Electric 1.4 10722 6.2 10722 2.9%x10°2! 7.3 102! 2.1x 102
Magnetic 1.3 10724 5.5x 102 2.3x 1072 52x1073 1.3x 10722
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TABLE IV. The cross sections (in cm?) of 4., atom interaction with atoms of C, Al, Cu, Ag, and Pb.

emr C Al Cu Ag Pb

1S Electric 9.9x10~% 3.6x10°1"° 1.3x 107 1® 2.8% 1018 6.7x 10718
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 1.1x10-2* 3.1x107%# 8.8 10~ 1.6x 1072 3.1x107%

28 Electric 4.2x1072! 1.2x 1072 3.4x10°% 6.1x10~% 1.2x10°"
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 7.3x10-% 2.3x10°% 7.1x107% 1.4x 102 2.8 10~

2P Electric 1.5x10-2° 3.9%x10~% 9.8x10~2° 1.6x10~" 29x107"

Magnetic 6.1x107% 1.4 1072 3.0x10°%# 4.6x 102 7.6x 10~

Spin 1.3x10-2% 3.6x10~% 1.0x 102 1.8 1072 3.5x107%#

3S Electric 1.0x10~2! 3.0x10~% 8.6x10~% 1.6 10~%0 3.0x10~%
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 2.0x1072¢ 6.3x1072¢ 2.0x 1073 3.8%x10°% 7.8%x107%

3P Electric 3.8 1072 9.9%x 102! 2.5%102° 4.3x10~% 7.7x10~%

Magnetic 1.6 1072 3.5x10°% 7.8%x 1072 1.2x 1072 2.1x10~%

Spin 3.6 1072 1.1x10°% 3.0x10~% 5.5x 1072 1.1x 10~

Total Electric 3.0x10°"° 1.0x 1018 3.5x10°18 7.2 10718 1.7x107Y

Magnetic 6.7x 1072 1.9x 1072 5.5%x10723 1.0x 102 22x10~%

Spin 5.9x 1072 2.6x 1072 1.2x10~% 2.9% 1072 8.2x 10~

where the summation over final-state spin projections has
been performed.

The para-ortho transitions give the following contribu-
tion to the total cross section [Eq. (I.39)]:

Z%*

da'g;tra-orthoz 87 i A(q) i 2
1 1 2
X s+ + F'%q) (Q%dQ,
m my mym;

(10)

which is divergent at high momentum transfer if integrat-
ed over Q.

The results of numerical calculations for 4., A4.,, and
A,, atoms are presented in Tables VI, VII, and VIIL

B. Ortho atoms

In the case of the atomic excitation with the spin (not
spin projection) conserved, one has to add to the previous-
ly derived cross sections (1)—(3) the cross section related
to the changes of the atomic spin projection [Eq. (I.36)]:

2,4
127

dol,= | Alg)|?

2
1 - 1
_Fnlm =0 nlm =0 3
X ) (nq)— 2F (8q)| Q°dQ ,

(11)

where the summation over final-state spin projections and
averaging over initial spin projections have been per-

The cross section (10) is integrated up to 100/a.

formed.

TABLE V. The cross sections (in cm?) of A, atom interaction with atoms of C, Al, Cu, Ag, and Pb.

7% C Al Cu Ag Pb

1S Electric 7.4%107% 3.5x10°% 1.7%x 102 4.5%107% 1.4% 102
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 1.7x10-%7 7.2x 1077 3.3x10°% 8.2 10726 2.3%x10°%

28 Electric 1.7x10-% 8.1x10°% 4.0x10~% 1.0x 1023 3.1x10°23
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 1.3x107% 6.1x10°% 3.1x10°% 8.0x 1028 2.4x 107

2P Electric 1.9 10~ 8.3x 102 3.7x10~% 9.2 102! 2.6x10-%°

Magnetic 7.1x107% 2.6 10" 9.6 102 2.1x1072% 4.9x%10~%

Spin 5.2x 1077 24x1072%8 1.2x 1077 3.1x10~% 9.5x10°%

3S Electric 3.6 1072 1.7x10-% 8.4x 10~ 2.2 10~ 6.6 107
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 3.2x 1073 1.5x10-% 7.5x10-% 2.0x 1072 6.0x 1028

3P Electric 3.3x10°2% 1.4x 1072 6.5x102 1.6 102! 4.6x 1072

Magnetic 1.6 10~% 5.9%10~% 2.2x 10~ 4.7x10~% 1.1x10-%

Spin 1.2x10~2° 5.7x10~% 2.8x 1072 7.4x10~% 2.2x10°%

Total Electric 4.0x107% 1.7x10~% 7.9% 10~2! 2.0x10°% 5.6x10-%

Magnetic 3.0x 1072 1.1x10-2% 4.1x10~% 8.9x10°3 2.1x 1072

Spin 3.5x10~% 1.6 1026 7.5x10~% 1.9 10~ 57x10~%
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TABLE VI. The cross sections (in cm?) of positronium interaction with atoms of C, Al, Cu, Ag,
and Pb.

ee C Al Cu Ag Pb
1S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 4.4x10"2% 1.2x10-% 3.5x10°% 6.4x10~% 1.2x 1022
28 Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 29%x10°% 9.2x10~% 2.8x 10~ 5.4x10~% 1.1x10~%
2P Electric 6.1x107%° 1.5x 107" 3.8x 10" 6.3x10°" 1.1x10°!8
Magnetic 6.1x10% 1.3x1072%* 2.9% 10724 4.6 10" 7.6 102
Spin 3.4x10°% 9.6 102 2.7x10~%# 4.9%x10~2%* 9.2 102
Para-ortho 0.0 0.0 0.0 0.0 0.0
3S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 7.9% 1026 2.5%10°% 7.9%x10~% 1.5x10~% 3.1x 10~
3P Electric 1.5x10~2° 3.9% 102 9.9%x10~% 1.7x 107" 3.0x10°%
Magnetic 1.6 102 3.5%x10°% 7.8x10~% 1.2 1072 2.0x 10724
Spin 9.6 1072 2.8%x10°% 8.1x10~% 1.5x 10~ 2.8 1072
Para-ortho 0.0 0.0 0.0 0.0 0.0
Total Electric 4.6x10°" 1.5x 10718 4.7x10"18 9.5% 10~ '® 2.1x 10"
Magnetic 5.0x 10~ 1.3x10°% 3.7x10°% 6.7x10°% 1.4x10~22
Spin 6.2%x102% 2.6x10~2 1.2x10°2 2.9%x10°2! 7.9%10~2!
Para-ortho 9.6 1072 4.0x10~2 1.8 1072 43x107% 1.2x10~%

TABLE VII. The cross sections (in cm?) of A., atom interaction with atoms of C, Al, Cu, Ag, and
Pb.

ep C Al Cu Ag Pb

1S Electric 9.9%10~%° 3.6 1071 1.3x 1018 2.8 1078 6.7 1078
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 7.1x107% 2.0x 1072 5.7x 10 1.0x 1072 2.0x10°2%

Para-ortho 1.1x 10~ 32x10~%# 9.0 10~ 1.6x10~% 32x10°3

28 Electric 4.2x1072 1.2x 1072 3.4x10°2 6.1x10"2° 1.2x 107"
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 4.9%1072% 1.5%x107% 4.7%107% 9.1x10°% 1.9 10~%

Para-ortho 7.3 1072 2.3%x107% 7.1x10"% 1.4x 10~ 2.8%x 1072

2P Electric 1.6 x10~%° 4.0x10~% 9.9 1020 1.7 10~1° 2.9%10°"°

Magnetic 6.1x10°% 1.4x10~% 3.0x 102 4.6x10™%* 7.6 1072

Spin 8.4x 10726 24x107% 6.8 102 1.2x 107 2.3%x107%

Para-ortho 1.3x10°% 3.6 1072 1.0x 10~ 1.8x10~% 3.5x 1072

3s Electric 1.0x 102! 3.0x 102 8.6 102! 1.6 1072 3.0x10~%°
Magnetic 0.0 0.0 0.0 0.0 0.0

Spin 1.3 1072 4.2x107% 1.3x 107 2.5x107% 52%x10~%

Para-ortho 2.0 1072¢ 6.3 10726 20x10°% 3.8 102 7.8%x 1072

3P Electric 3.8 102! 1.0x10~20 2.6 10720 4.3x10~% 7.8 1072

Magnetic 1.6x10~% 3.5% 1072 7.8 102 1.2x 1072 2.1x10-2

Spin 2.4x%1072 7.1x 10726 2.0x 102 3.7x107% 7.1x 1072

Para-ortho 3.6x1072 1.1x10~2 3.0x10°% 5.5x107% 1.1x 102

Total Electric 3.0x 107" 1.0x 1018 3.5x 10718 7.2% 10 1% 1.7x10~"

Magnetic 6.7x10~% 1.9x10~% 5.5x10°2 1.0x 1022 2.2 10722

Spin 4.0x10~% 1.7 10722 7.8 10-22 1.9 10~ 5.4% 102!

Para-ortho 59x10~% 2.6 10722 1.2x1072! 2.9% 102! 8.2 10~%!
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TABLE VIII. The cross sections (in cm?) of A, atom interaction with atoms of C, Al, Cu, Ag,

and Pb.
ny C Al Cu Ag Pb
1S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 6.7x 107 2.9% 10728 1.3x10°% 3.3x10°% 9.3x 102
28 Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 5.2x10"% 2.5%x10°% 1.2x10~% 3.2x107% 9.7x10~%
2P Electric 2.4x 1072 1.0x 102! 4.6x 102! 1.1x10°2 3.2x107%
Magnetic 8.2x107% 2.9% 102 1.1x10°% 2.3x107% 53x10~%
Spin 1.4 10728 6.5x102 3.2x107% 8.4x10~% 2.5x 1072
Para-ortho 0.0 0.0 0.0 0.0 0.0
3S Electric 0.0 0.0 0.0 0.0 0.0
Magnetic 0.0 0.0 0.0 0.0 0.0
Spin 0.0 0.0 0.0 0.0 0.0
Para-ortho 1.3x10°2° 6.0x10~% 3.0x10°% 7.9 10~% 2.4%x10°%
3P Electric 42x1072 1.8 102 8.1x10~2 2.0x 1072 5.7x10~%
Magnetic 1.8x 102 6.6x10~% 2.4x10% 5.1x107%# 1.2x10-%
Spin 3.3x107% 1.5x 1072 7.6x 1028 2.0x 1077 6.0x 107
Para-ortho 0.0 0.0 0.0 0.0 0.0
Total Electric 50x10~2 2.1x 1072 9.8 102! 2.4x 10720 6.9% 102
Magnetic 3.5x107%# 1.3x1072% 4.5x1072 9.7x10-2% 23x107%
Spin 1.9 10~ 8.7x10~% 431072 1.1x10~% 34x107%
Para-ortho 1.4x10°2¢ 5.8 1072 2.8x10°% 7.0x10~% 2.0x 102

The cross section (11) gives the contribution to the total
cross section:

Z%*
dolg, =55 | ag)|?
1 1 2 100 3
X + — F™(q) dQ . (12)
mil  m  mm, q) (Q°dQ

The cross section (12) integrated over Q is logarithmically
divergent.

The cross section of the atomic excitation associated
with the ortho-para transition is

(13)

where the cross section do]’;f,,a_ortho is given by Eq. (9).
The respective total cross section is identically expressed
thrOUgh do;)?ra-ortho'

The results of numerical calculations for A4,,, Aoy
and A4,, atoms are presented in Tables VI, VII, and
VIII. The cross section (12) is integrated up to
@ =100/a. The cross sections of ortho-para transitions
which are not included in the tables can be found from
relation (13).

V. DISCUSSION OF THE NUMERICAL RESULTS

Some of the cross sections presented in Tables I-VIII
have been calculated previously. Dulian and Kotzinian?
have given the electric parts of excitation and total cross
sections.* They have also studied the transitions from
ortho to para positronium. Pak and Tarasov® have calcu-
lated the positronium total cross section taking into ac-

nl 1 nl
dUortho-para = Td O para-ortho »

count the electric contribution only. Finally, most of elec-
tric cross sections presented here have been given in Ref.
5.

The cross sections from Tables I-VIII coincide with
those calculated earlier except the elastic cross sections of
Aen from Ref. 3. These cross sections are, in our opinion,
underestimated in Ref. 3 by a factor of about 1.4—1.8.
One should also remember that the cross sections given in
Ref. 3 should be averaged over initial states and summa-
rized over orbital momentum and spin projections to
compare them to our results from Tables IV and VI.

Small discrepancies between the cross sections present-
ed here and in Ref. 5 are due to numerical uncertainties.
The values given here are of higher precision.

Let us now discuss the contents of Tables I-VIII.
One observes that except para-ortho transitions the elec-
tric parts give dominant contributions to the cross sec-
tions. The cross sections related to the spin-flip of the
atomic components are smaller than the respective elec-
tric cross sections by about 5 orders of magnitude. This
result can be easily understood. The differential cross
section of spin transition differs from the respective elec-
tric one by a factor Q2/m? (for equal-mass-component
atoms), which, for characteristic momentum transfer
equal to the inverse Bohr radius, is e*/4~=~1.3x 105,

The magnetic cross sections are smaller than the
respective electric ones by 5 orders of magnitude for the
atoms of small reduced mass such as positronium and by
2 orders for the atoms of heavier reduced mass such as
pionium, A4,,, or kaonium, A4,g. It occurs due to the
increase of electric current related to the motion of atom
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components when the Bohr radius decreases.

The cross-section increase with the target charge Z can
be well parametrized as Z“ and this parametrization can
be used to find the cross sections for the target elements
which are not calculated in our paper. For example, the
total cross sections of positronium and kaonium read

o=3.4%1072° Z14 (cm?)
and
o¥%=~9.0x10~%Z1% (cm?) .

As seen the exponent a increases with the elementary-
atom reduced mass, and for kaonium it is close to its
maximum value, 2. It reflects the fact that only small
impact-parameter collisions give a significant contribution
to the cross section if the elementary-atom Bohr radius is
much smaller than the screening length of the target
atom. Then the electron screening is of no importance
and the Z dependence of the cross section is as that one of
Coulomb field.

Because the electric cross sections are identical to those
found in nonrelativistic calculations® (with v2=1), further
remarks on the cross sections can be found in Ref. 5.

VI. CONCLUSIONS

The calculations of elementary-atom interaction with
matter presented here do not solve the problem complete-
ly.

From the pure theoretical point of view our approach
with its nonrelativistic description of the elementary
atom is not very elegant. On the other hand, this
description leads to certain difficulties in studying the
spin-flip processes (divergences of the integrated cross
sections).

There are also important points which are beyond the
scope of our paper. First let us note that an atom of
matter has been treated as structureless in our considera-
tions. Therefore the excitations of the atom have not been
taken into account. In fact the cross sections of the (in-
coherent) processes associated with the matter atom exci-
tation are much smaller than the cross sections of process-
es without excitations (coherent processes) for sufficiently
heavy atoms of matter because the coherent cross sections
are roughly proportional to Z? while the incoherent ones
are proportional to Z. The incoherent interactions have
been studied by Pak and Tarasov,®’ and they have shown
that the ratio of positronium total incoherent to coherent
cross sections is 0.93 for Z =6 and decreases to 0.14 for
Z =60. They have also demonstrated that the ratio is
just Z ! for the elementary atoms of Bohr radius, much
less than the hydrogen-atom Bohr radius.

The elementary-atom ionization cross sections have not
been given by us due to the difficulties in calculating the
respective form factors which have to be found by means
of the so-called exact Coulomb wave functions of the con-
tinuous spectrum. Let us note that one cannot use the
plane wave to describe the ionized atom because in this
case the integration over the plane-wave momentum is
equivalent to the summation over a complete set of wave
functions, and the resulting cross sections equals the total,
not ionization, cross section. This point has not been
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realized by the authors of Ref. 3 (see Ref. 4).

Pak and Tarasov’ have calculated the ionization cross
section of positronium using the approximate formula for
the summation of the cross sections of excitations to the
discrete spectrum states. The cross section of interest has
been found as the difference of the total cross section and
the summarized excitation one.

The probability of particle interaction in the target of a
thickness / can be usually found from the formula

W(l)=1—exp(—po') , (14)

where p is the density of atoms in the target. Therefore
the knowledge of the total cross section is sufficient to
determine the probability W. Formula (14) is valid under
the assumption that the particle collisions with atoms of
the target are independent from one another. Nemenov
has observed® that for the ultrarelativistic positronia, as
those registered in the experiment,® the characteristic time
of positronium internal motion (or order of the inverse
binding energy) can be much longer than the time interval
between successive collisions in the target. Therefore the
collisions are not independent from one another, and the
probability of the positronium destruction is significantly
smaller than the one predicted by formula (14). The
phenomenon, which is analogous to the famous Landau-
Pomeranchuk effect,'® has been called the positronium su-
perpenetrability. Lyuboshitz and Podgoretsky!! have
shown that for the targets, thick when compared to the
mean free path, the probability for observing the posi-
tronium in the bound state does not exponentially de-
crease with the target thickness but it is proportional to
1~1. Further analysis of the positronium penetrability of
thick and thin targets has been recently performed by Pak
and Tarasov'? and the results will be compared with ex-
periment in the near future.!3

After the brief review of the points which have not been
studied by us let us recapitulate our considerations.

The cross sections of relativistic elementary atoms in-
teracting with atoms of matter have been derived in the
Born approximation. The problem has been considered
in the reference frame where the elementary atom is ini-
tially at rest and the atom of matter is a fast particle.
Because the characteristic momentum transfer to the
atom is of order of the inverse Bohr radius of the atom,
the initial and final atom states have been treated nonre-
lativistically. Each cross section has been split, due to
certain approximations, into electric, magnetic, and, if
any, spin parts. It has been possible because the respec-
tive amplitudes do not interfere. Although the cross sec-
tions integrated over momentum transfer are, of course,
Lorentz invariant the above quoted parts of them are
not. Therefore our terminology relates to the particular
choice of the reference frame. The electric part corre-
sponds to the interaction of electric charges of atomic
components with the electric field of the projectile. The
electric parts of cross sections found in relativistic and
nonrelativistic’ approaches are exactly the same. The
magnetic parts reflect the interaction of the current gen-
erated by the atomic component motion with the projec-
tile magnetic field. The spin cross sections relate to the
spin-flip processes. In the case of the atom composed of
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two spin-4 particles the inverse of the atomic component
spin projection leads to the change of the atomic spin
projection without or with the change of the atomic to-
tal spin. In the latter case one deals with the para-ortho
or ortho-para transitions. The magnetic and spin parts
of cross sections, which automatically arise in the rela-
tivistic approach, are absent in the nonrelativistic one.
However the numerical calculations presented in Tables
I-VIII explicitly show that these relativistic corrections
are negligible when compared to the electric part back-

ground.
The only qualitatively new relativistic effects are the

para-ortho and ortho-para transitions which can be of
practical importance due to the difference of the para and
ortho states of elementary atoms. For example, the life-
time of ortho-positronium is greater by 3 orders of magni-
tude than that of para-positronium.'4

We conclude our study as follows. Most of the results
presented here are of pure theoretical rather than practical
significance. We have elucidated in detail the problem of
the elementary-atom interaction with atom of matter. In
particular the role of relativistic effects has been deter-
mined. We have explicitly proved the correctness of the
calculations from Refs. 3, 6, 11, and 12, where only the
electric part of the interaction has been taken into ac-
count.
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APPENDIX

In this appendix we discuss the form factors D"™(q)
and Kgo(v,q) defined as

Dnlm(q)=ifd3reiq'r¢:1m(r)v¢1oo(r) ,
Ki00(v,q)= fdz'reiq'r | v-Véioo(r) |2,

(A1)
(A2)
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where ¢,;,, and ¢y are the hydrogenlike atom wave
functions. The quantization axis of the atomic orbital
momentum is chosen along the vector q which defines
the z axis of the coordinate system. Substituting the ex-
plicit expression of the atomic ground-state wave func-
tion in Eq. (A1) one finds

! sin© cos¢
D”””(q):Wfd%e“r“’(ﬁ:,m(r) sinOsiné | ,
cos©
where the expressions in the column relate to the x, y,
and z components of D™ vector denoted as D™, Dy"l'",
and D™, In this appendix we use the so-called atomic
units where the atom Bohr radius equals unity. _
Because the ¢ dependence of the function ¢, is e”?

one easily performs the integration over ¢. Then one
finds that

DM™(q)£0 for m==+1,
DJ'™(q)#0 for m=+1,
D'm(q)£0 for m =0 .

(A3)

Otherwise the components of D"™(q) equal zero. One

also trivially derives the relations
Dnlm =l(q):Dnlm = —l(q)
D);zlm :l(q): _Dynlm :—l(q) ,
Dyim==q)=+iD}'m=*!(q) .

(A4)

In Table IX we give the formulas of the x and z com-
ponents of some form factors D"™. The components
which are not given in the table can be found from rela-
tions (A4).

Substituting the explicit expression of ¢190 in Eq. (A2)
we get

TABLE IX. D"™(q) form factors.

n=1 n=2 n=3
1=0 X 0 0
23Q 2ll/2Q 2333/2
m=0 : @0 gy 2P Ty P Y@ 30N
=1 x 0
29/23 2 22 213/23 7 22(93 3in2
m =0 : [EET E Qipaigry X YO0
—i2* —i2%3
=1 Tt _Tle 5332092
* (3742707 @300y 0 TV
m=1 z 0 0
1=2 x 0
215/233/2Q
m =0 _ 23_32 2
z (24+32Q2)4( Q )
=2 Not found
m=1 z 0
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KIOO(v,q):(vx2+vy2)A +U22

8
—_A ,
(4+07%)? }
where Q= | q| and

arctan(Q /2)— 20 ] .

Q 4+Q

One also finds
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Kloo(v,q=0)=%(vxz—f—uyz)—k%vzz .

For vlq and v?’=1, Kg(v,q)= 4.

To make the formulas given in the appendix of correct
dimension one has to replace Q by aQ where a is the
Bohr atom radius. Additionally the form factors D™
should be divided by a while K, by a2.
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