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B+ divd — (Ng— n) B + Bot 78 + Bex)
+ WVatn)n@ +Bo+np)=0
(T> a
— (Ng— n) [kTB + ETBp— neoB + (Sext — o) Bext 1 (2.33)
+ (Na+n)n [kT.B + ET.po— nB’] = 0.

By solving this system of two equations together
with the transport equations one can uniquely de-

(2.32)
T,—T

0Oe,
at + divW,—E-j+ An
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termine T and the non-equilibrium values of n
for various processes.

1v. P. Shabanskii, J. Exptl. Theoret. Phys.
(U.S.8.R.) 81, 657 (1956), Soviet Phys. JETP 4,
497 (1957).

Translated by W. H. Furry
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PHOTOPRODUCTION OF ELECTRON AND u- MESON PAIRS ON NUCLEONS

I. T. DIATLOV
Submitted to JETP editor February 8, 1958

J. Exptl. Theoret. Phys. (U.S.S.R.) 35, 154-158 (July, 1958)

Production of electron or u-meson pairs on nucleons by high-energy gamma-quanta is exam-

ined.

It is shown under what conditions the cross sections for these processes can be expressed

in terms of the electromagnetic form factors of the free nucleon.

].. An investigation of the cross sections of the
radiation processes involving production of elec-
trons and p mesons from nucleons at large angles,
makes it possible to judge the electromagnetic
properties of the nucleon (form factors )1 or, if
these are known from other experiments, to deter-
mine the limits of validity of modern quantum elec-
trodynamics.

It was indicated in reference 2 that the electro-
magnetic form factor of the free nucleon can be
written in the form (h=c=1):

T, (@) = a(g?) v + i 50 2M 2(Yuq )

where q is the momentum transferred by the
electromagnetic field to the nucleon (= q2 - q(z,;

4 =qpyy), M is the nucleon mass, and a(qz) and
b(qz) are real functions. When q2 goes to zero,
a(qz) goes to 1 or 0 for protons and neutrons re-
spectively, and b(q?) goes to the anomalous mag-
netic moment g, (in nuclear magnetons). Sub-
stantial deviations from these limiting values of
a(q®) and b(q®) are expected when q R u, where
u is the mass of the pion. We shall therefore be
interested in recoils q 2 u, i.e., as will be seen
later on, in sufficiently large angles. Furthermore,
to determine the form factor b(qz) it is necessary

to consider large recoils, since b(qz) enters into
the formula together with the factor q(M)(1).

2. We consider the production of electron or
muon pairs on nucleons by gamma quanta. Graphs
corresponding to this process are divided into two
groups. In the first group (1a) only one photon
line goes to the nucleon line. Along this photon
line the nucleon acquires a recoil momentum
q=k - p+ —p- (p+ and p_ are the momenta of
the pair components and k is the momentum of
the incident quantum ). These are graphs having
the electromagnetic vertex part of the free nucleon,
and can be expressed in terms of functions a and
b of formula (1) by inserting 1"” from formula (1)
when writing the matrix elements corresponding
to graphs (1a). In the second group, two photon
lines go to the nucleon portion of the graph ( Figs.
1b and 1c indicate the general form of such a graph
and two simplest graphs for a nucleon interacting
only with the electromagnetic field). It is impos-
sible to account for the meson interactions for
these by introducing simple form factors of type
1).

As to the matrix elements of such graphs, it
can be assumed that they are of the same order
of magnitude (or less) as the matrix elements
of the simplest graphs (1c), corresponding to the
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process that takes place on a point nucleon inter-
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acting only with the electromagnetic field. The
interaction with meson fields leads to a smearing
of the electromagnetic charge of the nucleon which,
apparently, reduces the matrix elements compared
with the corresponding ones for the point nucleon.
These considerations can be confirmed by direct
examination of several very simple meson graphs.
Consequently, under these conditions, when it is
possible to neglect graphs 1c compared with 1a,
the cross section of the process can be expressed
in terms of the quantities a(q?) and b( qz) and -
this takes care of the influence of the meson fields.

The matrix elements corresponding to graphs
la and 1c are:

- 77 — Yy i(—pith—m e e i(p.—Bh—m Y,
Mo = — 8 20)0 (P TLU (P (p) {r —<CRE A= e g 2 L0 Bom Tudy ), (2)
o + i+ —M e e i(P—h—M
Me = —& @)U (Po) fr MR350 o= + o= LB M Ly ey - F A (3)
pk=p-w—zw;  Py=Pi4+q Gq=p,+p;
P; and P, are the momenta of the initial and final qp Pk G 1
nucleons, m is the mass of the light particles, and Ep bk = ©)

e= euYu where ey is the polarization vector of
the gamma quantum.
In order of magnitude

es (2m)t e-p TP\ 1.
Mo~ =2 pk(l Ep )q*’
e@ntep/ dap)1 @
M~ ST TR B

p is the momentum of any one of the light particles
(we assume that their momenta are of the same
order), P is the momentum of the nucleon, and

E is its energy.

From the Weizsiker?® analysis of radiation
processes it is clear that the principal contribu-
tion to the total cross section will be made at large
energies by Mg, since the principal contribution
to the double cross section is introduced by the
angles 4 < m/p, and at such angles My > Mj,.
We are interested, however, in large Q (q 2 u >
m), which corresponds to large angles (¢=u/p).
It is therefore necessary to examine the ratio of
My to Mg at such angles.

From (4) we see that M, consists of two terms
whose ratio is proportional to ~|q|/E. Neglect-
ing the terms ~|q|/E means considering only
small recoils |q| < M, neglecting the energies
transferred to the nucleon, and neglecting the term
containing b(qz) in the expression (1). In order
to be able to discard graphs 1lc without making
such approximations, it is necessary to satisfy
the condition

Recoils |q| = g mean that the momenta of the
light particles should be greater than u (w,
|p+l, |p-| >p >m). Then, when ¢ < 1 (it will
be shown below that only this case is of impor-
tance), we have

prk~ - [m? 4 (091, qp~p(E—M)+0(p*9?),

g ~0(p*?), qi~2m?+ 0 (p*9?), (6)

Pk~ Mo + 0 (p*92).

From the energy-conservation law (the nucleon
was at rest before collision) we have

E— M= 0(p*9*/M). (7

Insertion of (6) and (7) into (5) gives the condi-
tions under which it is possible to consider only
graphs la

R M/p, p>M. (8)

The first of conditions (8) imposes limitations on
the energies acquired by the recoil nucleon during
the process. It follows from (7) and (8) that the
recoil energies are considerably smaller than the
- energies of the light particles (€ = p): E <« p.
If the second condition of (8) is not satisfied
(p £ M), then Mgy >» M, as before, but the terms
with |q|/E in M, are of the same order as in
M, and consequently all these, including those
containing b (q?), should be discarded. We then
obtain for the quanta with energy w S M and
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angles #2 <« M/w ~ 1 the ordinary Bethe-Heitler
formula multiplied by a%(q?) (q*=q* for |q| «
M, and the recoil energy of the nucleon is neg-
lected).

3. If conditions (8) are satisfied we obtain, by
inserting expression (1) in lieu of I‘ﬂ into Eq. (3),
the probability of pair production on a nucleon at
rest.

= (2r)7| M, |? (27)° d%p,d%p 3 (M4 0—z,—<_

—[M*+(0—p,—p)*I'").
Integrating (9) over the absolute value of the mo-
mentum p_ and then averaging over the polariza-
tion of the gamma-quantum and summing over the
spins of the pair components, we obtain (a = 1137 ):

©)

do = o

+P-dp+
(2")2 2 Zap dO do—_q{az (qZ) [fB-H+ 4AM? fl] (10)

+2a(q%) 0 (¢) g [ +0°(0") 73 — 1}

where

AME I:fa-H'i'Wfl

16 p P2 (p49.)?
[m® 4+ (p49,)]

16 p% P2 (p-9-)?
[mF (P57

fe-n=

6P (0 + AP (849)
M+ (87 [ + (p—9)7]

[(p+9)% + (p-9_)%] psp-

— 2 N
SO T F G 7 T (58 (1
[=—8[(p,9,)* + (p_9)1/ [m* + (p,9,)°] [m* + (p_9)°]:
=8m?(p, — p)* [ [m® + (p,9,)*] [m* + (p_9.)°];
¢*= (¥ +p¥)=2M(—p,—p.); (12)
44 and ¢_ are the angles between w and p; and

p- respectively (w+d#+=0). The modulus of p_
should be expressed in terms of the remaining
variables from the conservation laws. fg_y is
the usual angular distribution of pairs at relativistic
energies (Bethe-Heitler). The remaining terms
of (10) represent either corrections to account for
the recoil or pair production due to the magnetic
moment. All these tend to zero as M — ». For-
mulas (10) and (11) are correct for all angles &2
<« M/p, i.e., ¢ < Mp. Consequently, there exists
a sufficiently broad region in which these formulas
are of definite interest from the point of view of
investigating the limits of validity of quantum
electrodynamics and a study of the nucleon form
factors

WP Mp, p/pP<¥M/p. (13)

If small q ~ u are considered it is possible to
neglect recoil in (10). We then obtain the usual
Bethe-Heitler formula for the angular distribution
at higher energies, multiplied by a?(q?):

T. DIATLOV

do = a%(q?) dog_n. (14)

For lower energies, p S M, formula (14), as al-
ready indicated, remains valid in the angle inter-
val ¢4 <« 1.

However, if we do not neglect recoil, then for-
mula (10) holds for angles 4 ~ u/p, and the terms
with f; can be neglected for angles 4 > u/p in
production of a pair of muons, and for all angles
(13) in production of a pair of electrons, since then

|1/ Fa—ul ~ 2m*/ (p9)* <1

(I£fy]1/|fg-gl < 1 also for |py —p_| <py). In
all the above cases formula (10) becomes

do = -2 P+P-"”+ do,do_-q* {a2 (¢®) fa-n

o (15)

+2a(g%) b(¢") o | + 62 (6) s (Fa—n— 1} .

By determining the angular distribution at various
energies it is possible, in principle, using formulas
(10) to (15), to obtain the values of the form factors?
or, if these are known, to check how substantially
the electromagnetic interaction varies at high en-
ergies.

4. If we integrate the 0 -function in (9) over the
angle between the projections of the vectors p4
and p_ on a plane perpendicular to the direction
w (p+#+ and p_+4.), and then integrate over the
angles 4; and 4_ to a certain dp5%x (dpax <
M/p) at constant p, and p_, i.e., at constant
q®(12), we obtain the energy distribution of the
pair particles that travel in the cone ¢, S dpax.

The integration should be over the region
bounded by inequalities

[¢? —x*—y? | < y<A,

X = p+ o Y= p_3_; A+ = p+9max; A= p_smax-
Integration over region (16) can be performed rig-
orously only if |p, —p_| = Vq¥/8, or approxi-
mately if A2 > q* (py = p- in the formulas that
follow).

For the case AZ > q¢® we get

2xy; x <A, (16)

s dp.dp_ 2
ds = p:)sp . M 02 (9% [(I)B—H+ IME CD]
+22()b(g) 7o (¢%) 73 [ Pa-nt o O — @]}
17
2
2 —_ - .
(I)B‘H_(p++p)y ¢ Ligm 2L 2p:P- [I_Iquz_miL],
P+, m?
® =-—2w2[21n mx _____L} ;
m F V@& F 4gm? (18)
_ (pe—p) m?
0= pr- O VT dgpee L

V¢ Fagm® — g2l m2
VT i @+ )+ ¢ (gt B
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For q® « M? (q®< p?) we neglect all the terms
in (17) except for the first one, containing ®p.y.
For g » m? it is possible to neglect &, entirely,
the remaining functions assume the simple form

Pp_u= (P2 +p2)q°L |V ¢* + 4¢°m* —2p,p_;

® = — 462 1n (p,max / M).

(19)

We leave L in its previous form, in view of
the large coefficients in the terms with m?,

Formula (17) can still be integrated over
dp, for p; + p_=const =~ w (q2 = const) and
2Mdp_ = —dqg?®. Then, for g2 > m?:

— 34% [ 2/ 0 ____‘ﬁ____ _i

do = — o3 5 {a (q)[ L 2]
,9 -

——3abz4—22[lnm max —IJ

2m

(20)

g L @d 13
+ b24_/l42[1/q4+ GqPm? +61n 2m -2—]} )
Analogous results can also be obtained for
bremsstrahlung. For this purpose it is necessary
to replace in the matrix elements (2)

p+1 5+—'>—‘P1, —¢€1,, P 3-'—>P2, g, W, O—>—0, —O
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and in formulas (9) to take d®p,d’w/(27)% instead
of the statistical factor d°p,d®p_/(2m)8. The re-
sults can be obtained from formulas (10) to (15)
by substituting

p+/:;ip+ do,do_ —> .gj_ ﬂo")l dop,do.;

8‘+-"'a'; ‘3‘_‘—’&_8'% Pp—™>—P1

(¥ is the angle between p, and py).

In conclusion, the author expresses sincere
gratitude to I. M. Shmushkevich for suggesting
the topic and for valuable advice.
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A discussion is given of the correlation of the polarization of internal-conversion electrons
with the direction of emission of the electrons in the preceding p-decay. If one neglects the
Coulomb field of the nucleus, then in the case of a magnetic multipole the polarization is lon-
gitudinal and does not depend on the energy. In the case of an electric multipole both longi-
tudinal and transverse polarizations occur, with dependence on the energy.

].- Owing to the nonconservation of parity in B-
decay the daughter nucleus is polarized in the di-
rection of the emitted pB-decay electron (the par-
ent nucleus is supposed unpolarized, and the direc-
tion of emission of the neutrino is not observed).
Therefore if an internal-conversion process occurs
after the pB-decay, the conversion electrons must

possess a preferred polarization.* This effect can
be used both in studying B -decay and also in study-
ing the properties of nuclear levels, since (as will
be shown below) the character of the polarization

*Qur attention was called to the existence of such an
effect by A. I. Alikhanov and V. A. Liubimov.



