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The angular and energy distribution of electron-positron pairs and of scattered y quanta in
the reaction y + (Ze) — (Ze)' + v’ + e, + e_ is investigated taking into account the polari-
zation of all the particles. The degree of polarization is determined both for the pairs and

for the scattered y-quanta.

IT is well known that quantum mechanical proc-
esses of high order occur at very high energies of
the primary particles. Since particles of high
energy can approach one another very ‘‘closely,”’
the investigation of high order processes can give
us some information both on the structure of ele-
mentary particles, and also on the applicability of
electrodynamics at small distances. From this
point of view the theoretical investigation of high-
energy processes is of some interest. One such
process is the scattering of y quanta by the
Coulomb field of a nucleus accompanied by the
creation of eleectron-positron pairs.

Consider a y-quantum of energy &, = chk, and
of momentum p,, = hik scattered by the Coulomb
field of a nucleus (Ze) and creating an electron-
positron pair of energies E_ = chK_, E, = chK,
and of momenta p_ = hk_, p, = hk, (where K,
= (k2 + k3)V?, k)= myc/h). We denote the energy
and the momentum of the scattered y-quantum by
sy, = chk’ and Py’ = hk’.

The theoretical analysis of this process without
taking the polarization of the particles into ac-
count has been carried out earlier by a number of
authors [¥J, In the paper by DeTollis et al (1] only
two particular cases are investigated, but appar-
ently the final results are incorrect (cf., below).
In the paper by Nelipa [ it is shown that the
evaluation of the square of the matrix element can
be reduced to the evaluation of seven traces, but
nothing definite can be said on the basis of these
results about the energy or the angular depend-
ence of the cross section for the process.

The effective differential cross section for the
process of the scattering of y quanta by the field
of nucleus accompanied by the creation of elec-
tron-positron pairs can be represented in the
first Born approximation of the following form:

wh k_kidK dK_

do = 4 (2r) 4 a?r3Z? KR

| M ?dQ.dQ_dQ_. (1)
Here

M =0b"(,s,1) (4 + ieB + p,aC

+ i0,D) b (— k,y s, — 1)

is the matrix element for the transition (cf. (3] ),
b(k, s, 1) is the spinor amplitude, q = k — Kk’

— k_ — k, is the recoil momentum of the nucleus
(we neglect the kinetic energy of recoil of the
nucleus), dQ-Y/, dQ_, dQ, are the solid angles
into which the scattered y quantum, the electron
and the positron are respectively emitted, oj, pj
are the Dirac matrices, A, B, C, and D are cer-
tain functions of the energies and the momenta of
the particles.

It is well known that at high energies the spin
of fermions is oriented in the direction of their
momentum. In the case under consideration we
can restrict ourselves without loss of generality
to taking into account only the longitudinal polari-
zation of the electron and the positron (here it is
done in accordance with the method proposed by
Sokolov % ). Then the square of the matrix ele-
ment can be written in the following form:

| M=% 0o+ Wh+s,s_ (fa+ Whs) + s, (fa + Vs)

+s_ (e + VU1 (2)
where s_, s, and [, I’ define the component of
the spin of the electron, the positron and the two
photons (1’—of the scattered photon) along their
direction of motion: s_ =1 (s, = 1) corresponds
to the spin of the electron (or of the positron)
being directed parallel to its momentum, s_
= —1(s, =-1) corresponds to the spin of the
electron (or of the positron) being directed op-
positely to its momentum, while for 7 =1 the
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photon is right circularly polarized (the photon
spin is directed along the momentum), and for

1= -1 the photon is left circularly polarized (the
photon spin is directed oppositely to its momen-
tum); fj(i=0, 1...,7) are functions of the ener-
gies and of the angles. The expressions for these
functions are in the general case very awkward,
and it is not possible to reproduce them here
completely. Therefore, we shall give their values
only in the special cases considered below.

It is well known that at high energies scattering
occurs principally into a very small solid angle.
Therefore, it is sensible to investigate the follow-
ing two particular cases which have been investi-
gated prior to our work (),

1. The scattered photon is moving in the direc-
tion of motion of the primary photon, while the
pair is emitted at an angle 6, i.e., k¥ Il k',

k, = k_, kk; = kkcos 6. In this case the functions
fj(i=10,1,...,7) are simplified considerably:

fo=rfi=00—Bcosp)® [(1 —B)* + (3 + B Byls
fa=fs=0—Ppcosp)*[2(1 —P)(2+p*—Pp)y
—(@2 +p*+pY 2 — (1 —p)"lL,
fi=0, i=4,5,6,7, p=ve=FkK, y=1—coso.
(3)

On expressing the energies of the particles in
units of mocz, we obtain for the effective cross
section in the case under consideration

do/dK_dK ,dQ,dQ_dQ,
= (2m)* o222 (1 + W) w'PNfo + s_sfo)lngt.

Moreover, the square of the recoil momentum
of the nucleus is equal to

¢® = 4K2 [2 (1 — B cosp) + B2 — 11,

It follows from expression (4) that both the
incident and the scattered vy quanta must have the
same polarization, i.e., either both must be right
circularly polarized (/= 1' = 1) or both must be
left circularly polarized (I =1'= -1). But if
I’ = —1, the effective cross section for the process
vanishes.

For zero scattering angle fy = —f, = 1 and
|\ ME=5(+ W) (1 — s,). (5)

But in the case of ultrarelativistic electrons
and positrons (S8 — 1), when the pair is emitted
at a large angle (1 —cos 6§ > 1—8), | M |?
takes on the following form

M3 = (1 + 1) (1 —s,5) (1 —p coso)™™

From (5) and (6) it can be seen that a pair of

(6)
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any energy emitted at zero angle, or an ultrarela-
tivistic pair emitted at large angles, will always
be in a singlet state, i.e., in these limiting cases
the spins of the electron and of the positron will
turn out to be antiparallel (s, = —s_ = £1). But
in all other cases the pair can also be in the
triplet state (s, =s_==*1).

Figure 1 shows the angular dependence of the
cross section for the process (4) for values of the
energy &, = 2&ys = 4E =2 X 103m(,c2 for Z = 1.

cm?

FIG. 1. The angular de-
pendence of the cross sec-
tion for the process (4):
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curve 1 characterizes

the angular distribution of
the pairs in the triplet state
(s_s; = 1), curve 2—in the
singlet state (s_s, = -1)
and curve 3 —in the case of
unpolarized patticles for

€ =26, =4E =2x 10° x

Y
mc?

Curves 1 and 2 refer to cases when the pair is
respectively in the triplet (s_s, = 1) or in the
singlet state (s_s, = —1); curve 3 characterizes
the effective cross section averaged over the
polarizations of the incident quanta and summed
over the polarizations of the remaining particles.
From this it can be seen that for given values of
the energies of the particles the singlet state will
always predominate over the triplet state.

We also note that the effective cross section is
very sensitive to the angle of emission of the pair
and falls off sharply as the angle increases. It
has the greatest value for zero angle (curves 2, 3)
with exception of the triplet state (curve 1). At
particle energies chosen above for the largest
value of do (6 = 0) we obtain from (4)

1 ds B cm?

7,2 e, = S 2

The curves in Fig. 2 characterize the energy
dependence of the cross section for the process
involving unpolarized particles for a fixed value
of the energy of the incident y-quanta &€, =2
x 10° (in units of mocz) and of the angle 6 equal
to 2 and 10°. Along the x axis we have plotted the
ratio of the energies of the scattered and the in-
cident y quanta 8?,/«‘:y =1- (E_+ E+)/€.),:
From these curves it follows that as the fraction
of the energy carried by the scattered y quantum
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increases (as the fraction of the energy charac-
terizing the pair diminishes) the effective cross
section increases. Here there is a certain
analogy with the processes of the Compton effect
and of the creation of a pair by a y quantum in
the field of a nucleus, where the corresponding
effective cross sections attain their maximal
values respectively as &:y'/t:y — 1 and (E4
- moc2 )/8.), — 0. Therefore, we can say that the
process under investigation involving the creation
of an electron-positron pair of low energy (i.e.,
E,/€y « 1) is more probable.

On defining the degree of longitudinal polariza-
tion of the electron in the usual manner, we ob-
tain for it from (4) the following expression:

P=$+f2/f0. (7)

Since the process of creation of a pair of rela-
tively low energy is more probable, it is sensible
to investigate the angular dependence of the
degree of longitudinal polarization of electrons
for various values of their velocities.

In Fig. 3 curves 1—5 characterize the angular
dependence of the degree of longitudinal polariza-
tion of the electrons for the following values of
the velocity B respectively: 0.01; 0.1; 0.4; 0.9; 0.99
(the curves are drawn for s, = 1, therefore (7)
can also characterize the degree of polarization
of the pair).

For slow electrons (curve 1) the degree of
longitudinal polarization increases monotonically
from -1 to +1 as the angle 6 increases from 0
to 90°, passing through zero at 6 = 45°. As the
speed increases (curves 2—5) the monotonic

FIG. 3. Angular dependence of
the degree of longitudinal polariza-
tion of pairs for different values of
—-—— the electron velocity: 1 —f = 0.01;
2-8=0.1;3-8=04;4-8=0.9
and 5— = 0.99.
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nature of the curves is destroyed, and P has a
maximum at values of § equal to 75; 45; 15 and
2°, i.e., a displacement of the maxima towards
smaller angles is observed. For very high ve-
locities (B ~ 1) an increase in the angle at first
leads in the region of small angles (6 ~1°) to a
sharp rise from —1 to +1, and then to a smooth
variation in the degree of longitudinal polariza-
tion down to —1. Consequently, in the case of
nonrelativistic velocities for small and medium
angles (6 = 40°) the pair will generally be in the
singlet state, while for large angles (6 > 40°) it
will generally be in the triplet state. As the
velocity of the electron is increased up to 8= 0.5
the range of angles for which the singlet state
predominates is compressed (6 = 0 — 20°), while
the range of angles for which the triplet state
predominates is expanded (6 = 20 — 90°). For
very fast electrons the opposite behavior is ob-
served, i.e., the pair is generally formed in the
singlet state, and only in the narrow range of
angles (6 =1 — 15°) will the triplet state pre-
dominate. Such a strong dependence of the spin
correlations of the electron-positron pair on the
angle 6 and on the velocity of the particles is
evidently associated with the pair acquiring
orbital angular momentum if it is emitted at an
angle 6 = 0.

As has been stated already, the process of the
scattering of y quanta accompanied by the crea-
tion of a pair without taking the polarization of the
particles into account has been investigated
previously [ for the given special case. However,
the final expression for the effective cross sec-
tion quoted in the article cited (formula (4) from
DJ) differs from the corresponding expression
obtained by us (formula (4) of the present paper)
not only by its awkward structure, but also by the
nature of its dependence on the energies of the
particles. For the effective cross section at
€y = 28y = 4E = 2 x 10°mc? and 6 = 0° too high
a value is obtained in [ equal to do (6 = 0°)
~ 1071172 cm¥sr®, while for the same parameters
we have obtained do (6 = 0°) ~ 5 x 10"22Z%cm¥sr3.
If the result of the paper of DeTollis et al.]
were valid, then this process would have been
found experimentally long ago. Moreover, in the
paper quoted [J the cross section for the process
is inversely proportional to the energy of the
scattered y quantum which for Eyr — 0 leads to
a (nonlogarithmic) divergence éf the type do
~ 1/87' — o, and this, apparently, can not occur.
In our case the dependence of the effective cross
section on the energy of the scattered photon 2V
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is of the opposite character, i.e., for 87; — 0 we
have do ~ €y — 0. It seems to us that such a
behavior of the cross section can be understood
physically.

2. We now go on to the second special case
when the pair is emitted at zero angle, while the
Y-quantum is scattered through an angle 0, i.e.,
Kk lk,, k, =k_, kK’ = kk’cos 6.

For this case (2) can be conveniently written
as follows:

IMP = (40)™" {1 —ss,) [, + (1 + 1) @] + 55,
X lpg + (1 + 1) @, + (s, + 5) (lps + U'pe}s (8)
p=801—P)y 1201 —B)n*+y(C—2)(2P*(C—2)
+ @1 =87 —B(C—2)*y",
9, = 2 {16n° + 80’ [n* (20 — 20* — p)
+ (1 =P (E—2%
+ ny? [8n° (p — 28 — 2B) + 4nd (8 — p) + Mp?
—4(1—P)(L—2*%(2r + 28 + 3n)]
+ %® [— % + 40n? (p — 8)
+ 8 (L —2) (1m —1+p?)
+4(1—8)(C— 20T+ 2ni — 3np)]
— ¥ (C— 2?2y [(1 — B (v + 4B) + 2nB7]},
P =801 —BY)(—2*2—y 4,
9 =8(1—p)(C—2%y {4n® — 2ny (3n + 2y + 2B)
+ 22 [n (n + 25 — 3B) + 7Tl — v (C + m) #°},
e =4(1—0)(C -2y [—4n (v +B) + 2(2m + Bn
+ i+ 28y — (v + 1 + 28) 71,
Pe=4(1—PB)(E—22y [—4dm(y +B)
+22ny + B+ 1Dy — @+ m) ¥l

Q=32 +By*[n + +C—D(r+P [,
¢* =2K* 2+ 1 (L —2) 9],
TI=1—B, T.=§_231 6=§_2+B1

p=2(B—B—C"+20),

{=%/K=¢[E, B=k/K, y=1—cosb. (9)

The functions fj are in the present cases ex-
pressed in terms of ¢ in the following manner:

fo = @3 + @4 — @ — Py,
fs = fr = s

fo=014+ @ f1 =0

fa = @ — Pay (10)

fa=Tfoe = @5
As should be expected, for 6 = 0° (i.e., y=0)
we obtain from (8) expression (5). After averaging
(8) over the initial spin states, and summing over
the final spin states of the particles we obtain for

the effective cross section
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1 o = -4 2272 %B (@11 @)
25 ., GK,dK_dQ dQ.dQ, = 8(2n)*a®rZ .

(11)
Here the energies of all the particles are ex-
pressed in units of m,c?. The angular dependence
of the cross section for the process (11) is shown
in Fig. 4 for €= 285/ =2x10%, Z=1.
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FIG. 4. Angular distribution of
scattered y-quanta (cross section (11)
for €, = 2€,7=2x10° mc’.
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It is well known that the degree of polarization
of one particle depends on the polarizations of all
the other particles. Therefore, for the sake of
simplicity, in determining the degree of circular
polarization of the scattered y quanta we shall
sum the cross section over the spins of the elec-
trons and the positrons, while in determining the
degree of longitudinal polarization of the electrons
we shall sum the cross section over the polariza-
tions of the photons. Then for the degree of
polarization of the scattered vy quanta and of the
electrons we obtain the following expressions:

Py= lpylf,, P= s, (@s + @4 — fo)lfo. (12)
Figure 5 gives the angular dependence of the
degree of circular polarization of the scattered
quanta for particle energies €, = 28, r=4E =2
x 103, Here we have assumed, that the incident
v-quanta are right circularly polarized (I =1).
As can be seen from Fig. 5, as 6 increases from
0 to 5° Py falls off sharply from +1 to +0.8. But
as 0 increases further up to 140° the value of
P, remains practically constant. This means
that the scattered y-quanta will also generally be
right circularly polarized. Only for very large
angles 6 =~ 180° will the scattered photons change
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FIG. 5. Angular dependence of 26
the degree of circular polarization 7
of scattered y-quanta for €., = 2€,’ = ”’02
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their direction of polarization, and become left
circularly polarized (I’ = —-1).

Figure 6 shows the dependence of the degree
of longitudinal polarization of the electrons on the
angle 0 for €, =2&,/=4E=2x10% s, =1.
From this it can be seen that for very small
angles 6(0 — 2°) the pair is produced in the
singlet state, while for angles 6 > 2° it is pro-
duced in the triplet state.
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of longitudinal polarization of pairs

0; __ .. on the scattering angle for €, = 4E =
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It should be noted that the expression for the
effective cross section for the case under investi-
gation obtained by DeTollis et al.[! differs con-
siderably from formula (11) obtained by us (cf.,
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formula (5) in [1]5_ The effective cross section in
the paper cited () has (in comparison with (11))
a very awkward form (therefore the authors have
presented it in tabular form; it is inversely pro-
portional to &y and for 6 = 0° it takes on the ex-
cessively high value of ~10~1!! cm?sr®. More-
over, there is another discrepancy between our
results and the results of the paper by DeTollis
et al.[; in our case the maximum power of
cos 6 in expression (11) for do is equal to four,
while in their case it is equal to six.

In conclusion the authors express their grati-
tude to Professor A. A. Sokolov and B. K. Keri-
mov for discussions.

1DeTollis, Lasinio and Liotta, Nuovo cimento
18, 545 (1960).

2N. F. Nelipa, DAN SSSR 148, 68 (1963), Soviet
Phys. Doklady 8, 31 (1963).

3A. A. Sokolov, Vvedenie v kvantovuyu elek-
trodinamiku (Introduction to Quantum Electrody-
namics), Gostekhizdat, 1958.

Translated by G. Volkoff
107



