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A treatment is given of the kinetic equations for impurity semiconductors, which describe 
transitions from the impurity levels to the conduction band. On the assumption that the dis
tribution function of the free electrons (or holes) has the form of an equilibrium distribution 
function with a certain effective temperature that can be determined from the equations, ex
plicit expressions are given for the energy and kinetic C!oefficients for cases in which the life
time of the electrons in the conduction band is determined by photorecombination and triple
collision recombination processes. Nonradiative transitions other than those occurring in 
triple recombination are included by a phenomenological method. In this case the kinetic and 
energy coefficients can be expressed in terms of the lifetime of the electrons against such 
transitions in the equilibrium state. The equations obtained make it possible to determine 
the electron temperature and the number of electrons in the conduction band in various non
equilibrium processes. 

1. THE KINETIC EQUATIONS FOR THE FREE 
ELECTRONS, INCLUDING EFFECTS OF RE
COMBINATION AND IONIZATION 

THE kinetic equations for the distribution function 
n of electrons or holes, including effects of their 
possible heating up, have the form [cf. e.g., Eqs. 

(3.1) ff. in reference 1] 

aiil - afio e - v -
(i[ + vr:;m0 + eEv 7h +me [Hxn1 ] + 7:n1 = 0. (1.2) 
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Here 

(1.3) 

= 1/ 3 eE·n1v- (2mv;wjl) [n0 (I - flo)/kT + an0jaz] 

is the energy flux density in the energy space. The 
notations are as follows: no is the part of the dis
tribution function that is symmetric in the momenta 
(the average number of electrons in a given energy 
level); v • ii1 /v is the part added to the symmetric 
part of the distribution function - together these 
two parts give the total function n; E is the en
ergy, v :;: o€/op is the speed, m the effective 
mass, e the charge of an electron (or hole), Vs 
the velocity of sound, and T the lattice tempera
ture. The reciprocal of the mean free path L in 
which the electron loses its momentum is given by 

ljL = 1/lez + IJlei + 1/le-. (1.4) 

where l :;: lel is the mean free path against loss 
of momentum by scattering by phonons, lei by 
scattering by impurities, and lee by electrons 
and holes. E and H are the external electric 
and magnetic fields, c the speed of light, and 
Ne the doubled (because of spin degeneracy) 
density of electron (or hole) levels. The ex
pression ~ee describes the interaction between 
the electrons in the conduction band. The term 
cp (E) in Eq. (1.1), which was not included in ref
erence 1, describes the change of the average 
number of electrons (or holes) with the energy 
E on account of transitions between the conduc
tion band, the valence band, and the impurity 
levels. We neglect the analogous term in Eq. (1.2). 
Together with the normalization condition 

(1.5) 

the system of equations completely determines the 
distribution function 

(1.6) 

We shall choose the concrete form of cp (E) 
for impurity semiconductors for conditions such 
that transitions from one band to another, and also 
between a band and local levels far removed from 
it can be neglected. Thus for semiconductors with 
electron conductivity we include only transitions 
between donor levels and the conduction band, and 
for semiconductors with hole conductivity only 
transitions between acceptor levels and the valence 
band. The construction of the scheme for semi
conductors with hole conductivity does not differ 
at all in principle from the treatment of electronic 
semiconductors. Therefore for definiteness we 
shall speak hereafter about an electronic semi-

conductor in which in addition to the donors there 
are Na acceptors. In the ground state the ac
ceptors will be filled up with electrons which have 
gone to them from the donor levels. We shall de
note by Nd the number of donor levels that are 
filled in the ground state. Thus we arrive at a 
Neiburov scheme of a semiconductor with Nd 
donors and Na acceptors, located at the distance 
Eo below the bottom of the conduction band. 

Ejection of electrons from the donor levels into 
the conduction band cannot be accomplished by the 
phonons, because their maximum energy is con
siderably smaller than Eo· Thermal fluctuations, 
under the action of which impurity electrons get 
ionized, can occur in the form of photons of black
body radiation. The dispersion formula for this 
excitation branch is given by the equation w2 :;: 

w~ + v vK2, where v v is the speed of light of fre
quency v in the medium, K is the wave vector 
of the photon, and w0 :;: ( 4rne2 /m )1/ 2 is the Debye 
frequency determined by the total number n of 
free electrons. For semiconductors in which n 
is small compared with the value in metals, the 
quantity w0 can be neglected for frequencies 
that can produce transitions ( w .<: Eo/h). In addi
tion to the processes of ionization by black-body 
radiation, ionization can be produced by fast elec
trons with energies larger than E0• The inverse 
processes are those of photorecombination, accom
panied by the emission of a photon, and of triple
collision recombination, i.e., recombination with 
an empty impurity by one of two electrons collid
ing with it simultaneously. For a number of semi
conductors in which the numbers of free electrons 
are small, and for which it is known that in equi
librium one can neglect processes of ionization by 
collision and of radiationless triple-collision re
combination, radiative recombination alone cannot 
explain the short lifetimes of electrcns in the free 
state that are observed experimentally. The 
source and character of the perturbations that 
cause the n0nradiative transitions in these semi
conductors have not been ascertained as yet. We 
shall for the time being leave this class of semi
conductors to one side, so that we confine our
selves to the consideration of semiconductors in 
which the lifetime of the free electrons in the 
equilibrium state is fixed either by radiative re
combination or by nonradiative triple recombina
tion. 

Let Z (E) - Z' (E) denote the increase of the 
number of free electrons with the energy E per 
unit volume and unit time owing to processes of 
photoionization and photorecombination, and Z ( E) 
- Z' ( E) that owing to processes of ionization by 
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collision and triple recombination. Then 

tp(8) =- Z + T -Z + Z'. (1.7) 

We confine ourselves to the consideration of 
semiconductors of relatively small conductivity, 
in which the number of electrons is so small 
( n < 6 x 1014T3/ 2) that they obey classical statis
tics. Then for the photoprocesses we have 

Z (8) =(Nd- n) ><vvvllfv drv I dre. (1.8) 

l'(z)=(N.+n)><ev(l + Nv)n, (1.9) 

where n is the average number of free electrons 
in the level in question, n is the total number of 
free electrons, dr e = Ne (E) dE is the number of 
electronic levels with the energy E, drv is the 
number of photon levels, Kv is the cross-section 
for photoionization by a photon of frequency given 
by hv = Eo + E, and Ke is the cross-section for 
photorecombination. The cross-sections Kv and 
Ke are connected by the relation 

(1.10) 

In Eq. (1.9) the factor ( 1 + Nv ), where Nv is 
the average number of photons with the frequency 
v, includes the effects of both spontaneous and 
stimulated emission. 

Taking account of the effects of dispersion, we 
have for the number of photon levels 

dr" = SrrK2 dK = 8";'2 C3 dd!In l:v dv, 
c n v 

where the photon wave vector K = tv/c, and {; 
is the index of refraction. The speed of a photon 
in material with the index of refraction t is 

Vv = dvl dK = (c I C) dIn v /dIn Cv. 

The quantity v vdr v itself has the simple form 

(1.11) 

just as if there were no dependence of {; on v. 
For frequencies hv ~ Eo in the majority of semi
conductors the relation Ed ~ t 2 between the index 
of refraction and the dielectric constant holds with 
good accuracy. 

To describe the processes of ionization by col
lision and triple recombination we introduce the 
cross-section S1•2 ( E1o E2) for the process in 
which an electron with energy E1 produces ioni
zation by collision with the ejected electron going 
into an energy interval at E2 and the original 
electron left still in the conduction band ( the in
dices 1, 2 on S mean that at the start of the proc
ess there was one electron in the conduction band, 
and at the end there are two). The cross-section 
S2•1 ( E1o E2) describes the inverse process, in 
which one of the two electrons recombines (namely 
the first one ) while they are both interacting with 
the impurity. The change of the number of elec
trons with energy E owing to ionization processes 
S1•2 consists of three parts: (1) the electron ion
ized from the impurity goes into the interval dE, 
(2) the electron producing the ionization goes into 
the interval dE, and (3) an electron that itself has 
the energy E produces ionization and leaves the 
interval dE. Corresponding to these three proc
esses we have: 

!v' { r ( n(o,) sl.2 (o,, o) ) d 
Z(8)=( d-n)n ~ V z1)-n- N_co) Ne(s1 s1 

t+tJ 

(1.12) 

In a similar way we find for the decrease of the number of electrons with the energy E owing to the 
inverse processes s2•1: 

Z'(s)=(Na+n)n2 {Cv(s)n(•)v(s1)ii(o,)S2'1 (s, s1)Ne(s1)ds1 +rv(s) n(o) v(s1 )
1n(ot) S 2'1 (s, s)Ne(s1)ds1 ) n n J n n 

0 0 

(1.13) 

00 - -

\' ( ) n (o- o,- €o) ( n(€,) S2 1 } 
- JV s-s1 -80 n V 8 1)-n- '(s1 , s-s1 -s0)d81 . 

0 

Furthermore, as follows from the principle of detailed balance, or from the equation Z = Z', for equi
librium [ cf. Eq. (2.1)] we have the following relation between the cross-sections of the direct and inverse 
processes 

The cross-section q (E) for ionization by col
lision is defined in terms of S1•2 in the following 
way: 

&-Eo 

q (s) = ~ 51.2 (s, s1) ds1 , 

0 

(1.14) 

(1.15) 
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and the concrete expression for S1•2, for example 
as given by the classical Thomson formula, is 

sl,2 (s, cr) = 7te4 I 8 (sr + Eo)· 

As will be seen from what follows, it is neces
sary to take into account all three possibilities for 
ionization and recombination. Usually only the 
first term is used in calculating the ionization. 
This would, however, lead to an incorrect result 
in calculating the change of the total energy of the 
free electrons. 

Equations (1.1) to (1.3), with the cp (E) deter
mined by Eq. (1. 7) and the equations following it; 
describe the change of the distribution function n 
of the electrons in various sorts of processes, on 
condition that the distribution Nz; of the photons 
at eac~point of coordinate space is a known func
tion. Nz; is determined by the equation of diffusion 
of radiation and the appropriate boundary condi
tions. This equation clearly has the form 

iJNv (~, <p) 
· at +vvY'Nv(&,cp)+(Nd-n)xvVvNv(&,cp) (1.16) 

-(Na+n)xev(-~+Nv(&,cp))n~: =0, 

where Nv ( J, cp) is the number of photons of fre
quency v in the direction J, cp, so that 
JNv ( J, cp) sin J dJdcp = Nz;. 

Using Eqs. (1.12) to (1.14), and also (in the in
termediate steps ) the concrete expression for s1 •2, 

we calculate the integral of Eq. (1) times NedE. 
As the result we get the equation of conservation 
of charge in the form 

an ~ ~ 
Tt -(Nd-n) ~+(N a +n) nV- (Na.- n) n~ (1.17) 

+ (N d- n) n2W + div j/e=O, 

where the ionization and recombination coefficients 
are 

00 

~ = ~ x]VvVv dl\; (1.18) 
Vo=eofh 

~' = + ~xev:(l + Nv) ndl'e = -~- ~ Xv (1 + Nv) nvv dl'v; 
0 v, (1.19) 

1 ~ e-eo 

~ = n-~ v(s)n(s)Ne(s) ds ~ S1' 2 (s, s1)ds1 , (1.20) 
~ 0 

and the electric current density is 

00 

e • -
j = -3\ vn 1Ne ds. (1.22) 

0 

By integrating the product of Eq. (1) times 
ENe (E) dE we can obtain the equation of conser
vation of energy. Here the integration of the ex
pressions (1.12) and (1.13) for Z and Z' gives 
a ne,.g;ative <Luantity, unlike the case of integration 
of Z and Z'. This corresponds to the physics 
of the situation: when recombination occurs the 
electronic system receives the liberated binding 
energy of the electron and impurity. On perfor
ming the integration we get the equation of con
servation of energy 

8se/8t + div We- E·j + Qez + Qep + Qei = 0. (1.23) 

Here the average energy of the n electrons is 

Ee = ne = ~ snNeds; 

the electronic thermal flux is 

(1.24) 

We=+~ svn1Neds; (1.25) 

the energy transferred from the electrons to the 
lattice on account of emission of phonons is 

Qez = ~ SNeds, (1.26) 

where S is to be taken from Eq. (1.3); the energy 
lost by the electrons in interaction with the photons 
is 

Qep = (Na + n) n(~'- s~')- (Nd- n) (y- s~) (1.27) 

and that lost in processes of ionization by collision 
and of recombination is 

Qei =-Eo (N a +n) n2W +so (Nd- n) n~, (1.28) 

where the quantities 

00 

y = ~ xvlV'vhvvvdfv. (1.29) 
v, 

00 

7 = ~ ~ Xv (1 + Nv) nh'IVvdrv (1.30) 
v, 

differ from 7J and 71' by the factor hv in the in
tegrands. 

The first term in Qep is the energy lost by the 
electrons in the conduction band in photorecombina
tion; the second term in Qep is the energy re
ceived by the electrons in the absorption of radia
tion. Here ( Na + n) ny' is the radiated energy, 
and ( Nd- n) y is the absorbed energy. The terms 
Eo/1' and Eo/3 allow for the change of the binding 
energy. 

The conservation equations (1.17) and (1.23) are 
not a complete system unless supplemented by the 
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equation of conservation of energy for the photons, 
which is obtained by integrating the product of 
Eq. (1.16) by hv sin J dJ d<P : 

8ep/8t + 'V·Wp + (Nd- n) y- (Na + n) ny' = 0, (1.31) 

where the energy of the photons producing ioniza
tion is 

00 

Ep = ~ hvNvdrv. (1.32) .. 
the radiative energy flux is 

Wp = ~VvY'Nv(-&, cp)sin%d%dcpdrv (1.33) 

and the last two terms in Eq. (1.31) represent the 
energy going into ionization. 

The energy transferred by the electrons to the 
lattice either goes to increase the lattice energy, 
or else is carried away owing to the thermal con
ductivity of the lattice, which is described by the 
equation 

8sz/8t + div Wt- Qel = 0, (1.34) 

where E z is the average lattice energy and W z. is 
the thermal flux transferred by the phonons. 

We shall not write out the differential equation 
corresponding to (1.34) for the distribution function 
of the phonons since, owing to the strong interac
tion between phonons at temperatures above the 
Debye temperature, the equilibrium distribution 
for the temperature T, determined from Eq. (1.34) 
and the boundary conditions, is not upset by the 
action of the external field and illumination. Thus 
the problem is the following one. For concrete 
physical conditions we have to determine the dis
tribution functions of the electrons and photons, 
Eqs. (1.1), (1.2), and (1.16), and, knowing these 
distribution functions, we must use the conserva
tion equations (1.17) and (1.23) and the transport 
equations (1.22) and (1.25) to describe the various 
nonequilibrium processes. 

It is convenient, particularly for thin specimens, 
to separate the radiation into an internal part, 
which will be denoted by Nv as before and an ex-
ternal part Next ' 

Then, introducing the notations 
co 

~ext = ~ xvAI;xtv,dr" (1.35) 
v, 

00 

Yext = ~ x, J.J;xt hvv, dr,, (1.36) 
v, 

we have instead of Eqs. (2.16) and (2.22) 

on (" ) ~ -a{- lvd- n (~ + ~exJ+ (N. + n) nW- (Nd-n) n~ 

+ (N. + n) n2W + divl_ = 0, e 
{1.37) 

a. Tt + div We-E· j + Qel + Qep + Qei = Q::;_ (1.38) 

where the energy received by the electrons as a 
result of the irradiation is 

(1.39) 

Here we do not necessarily mean by f3ext ir
radiation by light; it may also be any other agency 
that produces ionization of the electrons, for ex
ample an electron beam, etc. 

2. THE CONSERVATION EQUATIONS FOR AN 
EQUILIBRIUM DISTRIBUTION FUNCTION OF 
THE ELECTRONS WITH AN EFFECTIVE 
TEMPERATURE 

In the presence of external fields and irradiation 
of the semiconductor the distribution functions of 
the electrons and photons will be of a nonequilib
rium nature. Owing to the slowness of transfer 
of energy from the electrons to the lattice, as 
compared with the transfer of momentum, in 
strong electric fields the electron gas gets heated 
up.* The energy distribution of the electrons of 
this heated gas will be mainly determined by the 
interaction with the phonons, since the character
istic times for exchange of energy between elec
trons and photons are considerably longer than 
the time for exchange of energy with the phonons. 

The first manifestation of the nonequilibrium 
nature of the electron distribution is a shift of the 
maximum of the distribution function toward higher 
energies. The nonequilibrium distribution function 
can be approximated by an equilibrium function 
with a certain effective electron temperature, 
which is determined from the equations. The 
kinetic coefficients found by means of this func
tion differ very little from the coefficients found 
from the exact distribution function. Moreover, 
such an approximation facilitates the calculations 
and makes the meanings of the effects clearer. 
Therefore we shall assume that the distribution 
function of the electrons is an equilibrium function 
with the temperature Te. 

*Generally speaking, the electron gas will get heated up in 
a field also in the case in which the energy is transferred to 
the lattice in the same time as the momentum (as, for example, 
in ionic semiconductors, in which the mean free path l s against 
energy transfer and the free path lp against momentum transfer 
are of the same order). And this heating up will also manifest 
itself in effects for which it is of importance. For this case, 
however, the very method of solving the kinetic equation is, 
strictly speaking, not valid for arbitrary fields, because in suf
ficiently strong fields (for which the heating up is appreciable) 
the asymmetrical part of the distribution function becomes com
parable with the symmetrical part. 
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The energy distribution of the photons is de
termined on one hand by the electron distribution, 
and on the other hand by the penetration of the ex
ternal irradiation into the interior of the specimen. 
It is clear that far inside a massive specimen the 
distribution function Nv of the photons will corre
spond to the electron distribution; i.e., if the elec
trons have the temperature Te, then Nv is the 
equilibrium function with this same temperature. 

In a thin specimen, where the additional radia
tion that appears because of the recombination of 
the heated-up electrons gets out of the specimen 
without being absorbed, the photon distribution is 
the equilibrium distribution with the temperature 
T. Just this case, which is the least favorable one 
for the increase of the total number of free elec
trons under the action of a field, is the one we 
shall now consider. Corresponding to the above 
statements, our assumptions are 

n = · n e-•/hTe, Neff (Te) = 2 (2mnkTe/h2 )'1', (2.1) 
Neff (Te) 

Nv = [ehv(hT -1]-1. (2.2) 

In the calculation of the quantities {3, Eqs. 
(1.18)to(1.21), we assume that the density of the 
electron levels is the same as for free electrons 
with the effective mass m, and that the cross
section q ( E ) for ionization by collision is given 
by the Thomson formula 

q (s) = ('rre~/s 2 ) (s/s0 -1), 

where e1 is the effective charge of the impurity. 
Then, substituting Eqs. (2.1) and (2.2) into 

Eqs. (1.18) to (1.21), we get for the case kT/ Eo « 1, 
kTe/E0 « 1: 

[3 = Be-•oi~T' (2.3) 

W = (B/Nerr (T)) (T/Te)'1', (2.4) 

~ = B (Te/T)'J,e-•JhTe • (2.5) 

W = (B/N eff (T)) T /Teo (2.6) 
where 

B = 8rrxes~sdkT feW, (2.7) 

4 2 v . B = (4rre1/s0) kT / 2rrm. (2.8) 

Here K~ is the absorption coefficient of light of 
frequency v0 by a single atom, and Ed is the 
dielectric constant ( Ed ~ {;2 ) • To first approxi
mation with respect to kT/€0, kTe/Eo the expres
sions (1.29), (1.30) for :Y give· 

so that according to Eq. (1.27) the energy Qep 
transferred to the photons is zero. In the next 
approximation we get 

(2.9) 

(2.10) 

(2.11) 

The concrete form of the expression (1.39) for 
the energy received by the electrons in ionization 
by an external source depends on the spectral com
position of the irradiation. For monochromatic 
light of frequency Vext = Eext/h, or for a mono
chromatic electron beam with energy Eext = e V ext 

Qext = (N d- n)(Eext -Eo) ~ext. 

where for light 

and for an electron beam 

(2.12) 

(2.13) 

(2.14) 

Here llqu and nel are the numbers of quanta and 
electrons of energy Eext incident per unit time on 
one square centimeter of surface; I is the inten
sity of the incident light. 

The total energies incident and radiated by the 
specimen in the form of photons are obviously 
given by the expressions: 

Q'ext = (Nd- n) sext.~ext. 

Q:p = (Na + n) mo~'. 

(2.15) 

(2.16) 

To evaluate the quantity B by Eq. (2. 7) we must 
know the experimental values of the absorption co
efficient and the index of refraction of the light 
(or the value of the dielectric constant) for the 
frequency v0• On the other hand, these quantities 
can be evaluated by means of the hydrogen -like 
model of the impurity, if one knows the depth Eo 
of the local level, the effective mass of the elec
tron, and the resonance absorption cross -section 
of hydrogen. 

If we regard the impurity as a Coulomb center 
placed in a medium of dielectric constant Ed, then 
the depth Eo of the impurity level and the "radius" 
r 0 of the impurity are determined from the rela
tions 

(2.17) 

where ER is the Rydberg energy, rH is the Bohr 
radius, and me and m are the true and effective 
masses of the electron. The actual depth of the 
impurity level does not, however, correspond to 
the dielectric constant Ed in the way shown in 
Eq. (2.17) for all semiconductors. Therefore in 
estimating the impurity radius r 0 it is better to 
use the expression 

(2.18) 

which is obtained by eliminating Ed from Eq. (2.17). 
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The photoionization cross-section Kv is pro
portional both to r5 and to the electromagnetic 
interaction constant in the medium, i.e., Kv0 "' 

eUhvv = e2/hcE~2 , where e 1 = eE1A2 is the effec
tive charge. Eliminating Ed, we get* 

(2.19) 

In just the same way, eliminating the effective 
charge e 1 from the expression (2.8) for B, we 
get: 

(2.20) 

If we introduce the maximum value of the colli
sion ionization for hydrogen, which according to 
the Thomson formula is reached at energy 2ER 
and is given by qM_ax = e4/4Eh,,...., 10-16 cm-2, 
(which agrees with the experimental value), then 
we get the following expressions for B and B: 

B = (87txHkTsd s~/cW) (sR/s0)'1• (me/m)"', (2.21) 

B = 16q~ax (sR/s 0 )"VkT/2o.me (me/m)'1•. (2.22) 

If for example, we set Eo = 0.15 ev, m = me 
and use the data for hydrogen, ER = 13.6, qM_ax == 
10-16 em - 2, KH = 6.3 x 10-18 cm2, we find that for 
T = 300° we have B ::::l 4 x 10-9, B ::::l 5 x 105• The 
value Eo = 0.15 ev corresponds to a dielectric con
stant Ed= ( ER/Eo)t/2 "' 9.5. 

The characteristic times for photoelectric and 
triple-collision recombination - lifetime of the 
electron in the free state - are connected with 
the quantities B and B in the following way: 

? = 1 /(Na + n0)~ =Neff (T)/(Na + no)B, (2.23) 

"' = 1 / (Na + n0 ) n0W =Neff (T) / (Na +no) n0B, (2.24) 

where n0 is the equilibrium number of free elec
trons. 

For the distribution function (2.1) the expres
sion (1.25) for the energy transferred to the lattice 
by the electrons takes the form 

Te- T ( Te )'/, 
Qez = An--T-. T , (2.25) 

where we have used the notation 

A=_([.)"' 2m:;~- ev~e ~:-ds. (2.26) 
0 

If we assume that l does not depend on the energy, 
which is correct for atomic semiconductors, then 

A = (16mv;;t)(kT j2o.m)'1•. (2.27) 

For example, with m =me, Vs "' 105 em/sec, 

*The same result is also obtained on the basis of the 
Kramers formula for the photoionization cross-section of hy
drogen. 

T = 300°, and l,...., 10-6 em, we have the numeri
cal value A,...., 5 x 10-4• 

Let us now assume that there exists a type of 
nonradiative recombination in which the energy is 
in some way transferred directly to the lattice. 
This means that there are in the lattice excitations 
other than the photons of blackbody radiation that 
are capable of ionizing the impurity. Of whatever 
type these excitations may be - boson or fermion 
- for kT/ Eo « 1 the probabilities of ioni?.ation 
through the action of these excitations and of re
combination with appearance of excitation will be 
of the forms (2.3) and (2.4), but with an unknown 
coefficient B, which we denote by Bb. The value 
of Bb can be estimated if we know the experimen
tal value of the lifetime for radiationless recom
bination, by the relation (2.23): 

"~=Neff (T)/(Na + 1Z0) Bb. (2.28) 

The next question is that of the rate at which 
equilibrium is established for the excitations that 
produce the nonradiative transitions, i.e., the 
question of the rate at which the transfer of the 
excitation energy by the phonons occurs. If the 
time for transport of the excitation energy by 
the phonons is smaller than the time for recom
bination with production of these excitations, then 
the temperature of the excitations will be the same 
as the lattice temperature. This natural assump
tion corresponds to the most favorable case for 
the increase of the number of free electrons under 
the action of the external factors. Then, just as 
for the interaction with the photons that get away 
without being absorbed, we have 

~b=Bbe-o,/kr, ~~=(Bb/Neff (T))(T/TeY 1•. (2.29) 

In Eq. (1.37) one adds the term - ( Nd- n) f1b + 
( Na + n) nf1b· The energy Qel transferred in unit 
time from the electrons to the lattice, which we 
have to put into Eq. (1.38) instead of the expres
sion (2.25), is given, in analogy with Eq. (2.11), by 

_ Te- T ( Te )'/, 
Qez- An--T- T (2.30) 

+ (Na + n) nkTe~~- (Nd- n) kT~b· 

In the equation (1.34) for the transfer of energy by 
phonons, however, we must use instead of this 
value the total energy received by the lattice 

, Te- T ( Te )''' , 
Qez= An-r-·\r +(N.+n)nso~b-(Nd-n)s0~b 

(2.31) 

[cf. Eqs. (1.31) and (2.16)]. 
Thus the conservation equations for the elec

trons have the form: 
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iJn j ~ 
at+ div--e-(Nd- n)(~ + ~b+ n~ +~ext) 

+ (N a+ n) n ([3' + ~~ + nW) = 0, (2.32) 

iJee . • Te- T ( Te )'Ia ---at+ divWe-E·J +An--T- T 

- (Nd- n) [kT~ + kT~b- nBo~ + (sext- E0) ~extl (2.33) 

+ (Na + n) n [kT,W + kT,~~- n0Wl = 0. 

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

termine Te and the non-equilibrium values of n 
for various processes. 

1 V. P. Shabanskii, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 31, 657 (1956), Soviet Phys. JETP 4, 
497 (1957). 

Translated by W. H. Furry 
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Production of electron or J.L -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. 

l. An investigation of the cross sections of the 
radiation processes involving production of elec
trons and J.L 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 (ti = c = 1 ): 

where q is the momentum transferred by the 
electromagnetic field to the nucleon ( q2 = q2 - q~; 
q = qv'Yv ), M is the nucleon mass, and a ( q2 ) and 
b ( q2 ) are real functions. When q2 goes to zero, 
a ( q2 ) goes to 1 or 0 for protons and neutrons re
spectively, and b ( q2 ) goes to the anomalous mag
netic moment J.Lo (in nuclear magnetons ) . Sub
stantial deviations from these limiting values of 
a ( q2 ) and b ( q2 ) are expected when q ~ J.L, where 
J.L is the mass of the pion. We shall therefore be 
interested in recoils q;::, J.L, i.e., as will be seen 
later on, in sufficiently large angles. Furthermore, 
to determine the form factor b ( q2 ) it is necessary 

to consider large recoils, since b ( q2 ) 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 r J.L 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. 
lb 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 


