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in semiconductor lasers

Kinetic electronic processes in semiconductor lasers are considered under the assump-
tion that collisions between electrons play the major role. An analytic solution linearized
near the kinetic-equation threshold is obtained under some very general assumptions re-
garding the form of the collision integral. The electron energy distribution function has
a minimum at the point corresponding to transition to the generated frequency. A result
of this is that above the threshold the electron distribution may vary with increasing
pumping. The solution obtained permits a consistent study of the problem of the appear-
ance and stability of two-mode conditions by taking into account spatial burnout.

The present paper is devoted to kinetic processes of
electrons in a semiconductor laser. It is assumed that
the lasing is the result of direct transitions of the elec-
trons from the conduction band into the valence band.
The semiconductor is assumed to be pure enough for
collisions between electrons to assume the principal role
in the kinetics. It is also assumed that the pumping is
optical. Near-threshold regimes are considered, so that
the kinetic equations can be simplified by linearization
near the threshold distribution function. Under rather
general assumptions concerning the form of the collision
integral, we consider in succession the kinetics of the
electrons in the energy and coordinate spaces.

The obtained electron energy distribution function
has a minimum (a well) at a point corresponding to a
transition at the generated frequency. This result dif-
fers from the assumption made in most papers (see, for
example, 4 ), namely that the distribution function has a
Fermi form. This difference is small, and therefore the
cited papers describe the single-mode regime for the
most part correctly. The difference, however, changes
the qualitative picture and allows the electron distribu-
tion function above threshold to vary with increasing
pumping. A definite peculiarity is introduced into this
process by spatial diffusion of the electrons.

The obtained solution enables us to consider in detail
the onset and stability of the two-mode regime. It turns
out that the stability of the two-mode regime is deter-
mined by the competition between the spatial and energy
diffusions, and depends on a number of parameters of
the semiconductor. These parameters specify the mini-
mum distance between modes in the two-mode regime,
and this distance can be smaller than the width of the
electronic levels.

The results of this paper are in qualitative agree-
ment with the experiments. A detailed comparison is
made difficult, however, by the vagueness of the ex-
perimental situation. It is undoubtedly desirable to ob-
tain a quantitative comparison between the theory and
the experimental data, particularly a direct observation
of the well in the distribution function by determining
the Raman emission spectrum.

Most assumptions made in the present paper are not
fundamental limitations. The procedure developed can
be used in a more general case.

FUNDAMENTAL EQUATIONS

We consider a semiconductor placed in an electromag-
netic field that is a superposition of standing waves

351 Sov. Phys.-JETP, Vol. 37, No. 2, August 1973

1)

where E(t) and ¢, (t) are slowly varying functions of the
time. The state of the electron system of the semicon-
ductor is described by four functions that are mean values
of quadratic combinations of the operators a_ (electron
annihilation in the conduction band) and bp (hole annihila-
tion in the valence band):

E(r,t)= Z‘Eﬂ(t)cos K.¥ sin (@nt + 9 (£)),

n(p) = <@y’ i), Ny’ =<bp_gbp®,

@)

Pq(P):<ap+b:+q>y P’ (P) = <bpiqas?,

The first two quantities are the Fourier Q-components
of the spatial distribution function of the electrons in the
conduction and valence bands, and pq(p) is the Fourier

component of the off-diagonal element of the density ma-
trix. The equations for these functions are
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where ESV stands for the energy of the electrons and
the holes, respectively, A, = eVgy * E, /4w is a quan-
tity proportional to the amplitude of the transition from
the conduction band to the valence band, and the matrix
element v, of this transition depends little on p (for
small p). The left-hand sides of (3) and (4) are the dy-
namic equations of the motion. In the right-hand sides,
the term Qq(p) describes the pumping by the external
source, the term n /TR describes recombination with a
lifetime 7R, and (an At)g; and (8p/6t)gy describes colli-
sions of the electrons with one another and with the
phonons. The equations for nY and p* are similar in
form. q q

To obtain a closed system it is necessary to add to
equations (3) and (4) the abbreviatted equations for the
amplitude E (t):

M+-1—En(t)=—n(jk i ) (5)
at To " "
where
1 c InR
<=7 (=) ©

71 is the refractive index, R is the reflection coefficient,
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and [ is the resonator length. In these equations, j; are
the Fourier components of the current and are expressed
in terms of the matrix pq(p) in the following manner:

vcv(pk(P)+pfk'(P))n- (7)
The subscript s signifies that we take in the current the
part proportional to sin(wjt + ¢p)-

. e
k=——

14

To simplify the subsequent calculations, we assume
full equivalence of the electrons and holes, so that

Er=Es =E, Q =¢Q, nq"(P)zﬁq.o—nqc(P)-

(8)
In the case A7 < 1 considered by us, the collision in-
tegrals describe the processes of electron collisions in
the absence of a field. Then the collision integral in (4)
should lead to damping of p_(p), since this quantity is
equal to zero in the equilibrium state. We express it in
the simplest form that ensures this damping

(30)..-

where vy is of the order of the reciprocal time of the
electron collision[?), The collision integral in (3) has
the usual form, since the function p, as will be shown
below, differs from zero in a narrow energy region near
E;, = w,/2. The deviation of Ej, from wp/2 will be de-
noted by

—vpq(p),

®)

En=Ep—ow./2. (10)

We consider the processes near the generation thres-
hold, expanding all quantities near the threshold values.
At the generation threshold, all A, are equal to zero, the
pump is equal to a certain threshold value Q%p), and the
distribution function of the electrons in this state is
n°(p). This function can be obtained by solving Eq. (3)
with A, = 0 and with Q°(p) in the stationary state:

"ori") + (_‘?”_o) _Hem=o.

ot a1

(We have put q = 0, assuming that the source Q° is homo-
geneous in space.)

The excess of pump over threshold will be denoted
Q(p) = Q%(p) — Q (p). The deviation of the distribution
function from n°(p), due to the excess of the pump over
threshold and to coherent emission, will be described by
the function nq(p):

() — 8q,0n°(p) = nq(p). (12)
Assuming this quantity to be small, the collision integral

of Eq. (3) can be linearized and reduced to a linear in-
tegral operator.

We consider a model in which the kernel of the in-
tegral operator depends only on the energy difference,
i.e.,

(%)ﬁ, ::_["""(PHJK(E-E’)nq(p)dg’%] . 13)

at
This model retains the essential features of the gen-
eral case and admits of a transition to the case of weak
collisions and to the inverse limiting case. Such a model
was considered in the theory of gas lasers and has heen
well justified.[*)

We note certain properties of the collision integral
(13). The main contribution to the relaxation of a small
fraction of electrons is made by the fastest electron-
electron collisions. Therefore the quantity 7 in (13) is
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the time of electron-electron collisions. From the re-
quirement of conservation of the number of particles we

can easily find the zeroth moment of the function K:
[K@Edz=1. (14)

To estimate the first moment, we multiply (13) by £ and
integrate:

), - Ao

+[azay 22 - )ZEK(ﬁ £)n) }
dg'do’
- TJ‘ 4n

(%)

n [dgeK (2).

For the case of pure electron-electron collisions, owing
to the energy conservation in collisions, this integral
should be equal to zero.

Thus, the first moment is determined only by the
electron-phonon collisions and its relative order of mag-
nitude is 7/7.;. The second moment of the function K is
of the order of the square of the energy transferred in
one collision, —A. The value of A is defined by the equa-
tion

A=, [EK (8)dt. (16)

SINGLE-MODE REGIME

The values of the density matrix at the threshold are
determined from Eq. (4), in which it is necessary to
substitute n%(p) for nV>C, The nonzero Fourier compon-
ents, with Egs. (8) and (10) taken into account, are given
by

An exp (i@t + ip,)
iY + l/Z(Eﬂ.p + §ﬂ,Dik " )
Substituting them into the expression (7) for the current

and using (5), we obtain the following expression for the
mode gain coefficients:

(17)

par, (P)= [n®(p)+n(p = k,)—1].

_ metvy’ Zy[Zn (p)—11 1
a’ " The.V B2yt T

(18)

(We neglect the quantity k;, in the argument of the dis-
tribution function, assuming v - to be small in com-
parison with y.) By definition, the gain «'” is equal to
zero for a certain mode n = 1 and is negative for all the
other modes:

a,°=0.

19)

We proceed to consider the stationary regime of
single-mode generation. The deviation of the electron
distribution function from n°(p) is determined by the ex-
cess of the pump over the threshold value Q(p) and by

. the coherent emission. Since the values of A; near

threshold are small, the coherent emission can be taken
into account by merely substituting in (3) the density ma-
trix in the zeroth approximation (17). It is easily seen
then that the three Fourier components no(p) and

ny 2k, (p) of the distribution function differ from zero.
The equation for the first of these functions, taking (13)
into account, is

20 ) - [RGE-Eme’ g 22
:()(p)—xf%

When the analogous equation was solved in[”, it was
proposed that the complete distribution function ne(p)

V. M. Galitskii and V. F. Elesin 352



+n(p)) has a Fermi form and that the excess of the pump
over threshold and the coherent emission influence only
the magnitude of the chemical potential. We make here
no assumptions concerning the explicit form of the func-
tion n%p), and obtain n°(p) as by solving (20). In fact, as
seen from (20), the function no(p) does not depend on the
angles of the vector p, i.e., is only a function of £.
Equation (20) can be easily solved by taking the Fourier
transform with respect to the variable &:

ne (&)= jdg g8t “[ :R +L*—jdnK(n)e“‘“] !
xfoe)- 2= Zg,ﬂzfy(f =11

= Tf;,{o(g)fzx, €,+ ~er @ —11} @1)
o gy T
T::TRI gzng Tl exp (igf — igt’)

x{[jdnK(n)e"”"]_l~1} [Q(g)*—m _1)]

The last integral with respect to g in (21) converges at
small values of g, making it possible to expand the
Fourier component of K. In light of the statements made
above concerning the moments of this function, we obtain

[ [ an e ] Ta 14 g

The integrals in (21) can now be calculated explicitly.
Assuming that the function n°(£) varies little at an energy
on the order of y, and that Q(£) differs from zero near a
certain value £, the function ny(£) takes the form

. s B
51‘1:;[@. epon (-4 e -0 -1,
o=fowa e-a(m)' -T2 3

Each of the components in (22) is a sum of two terms,
the first of which duplicates the form of the source
(sink), and the second is a smooth function that varies
over distances ~@. The quantity @ is the distance, in
energy space, over which the electron can diffuse within
a lifetime 7R:

0~ At/ 1.

Let us consider the term proportional to A3. It con-
stitutes the inhomogeneous solution of (20), governed by
the sink, and thus describes the decrease in the number
of electrons as a result of coherent emission. In the
region near &, = 0, the principal relation is given by

TTr

— A ——[2n°(5, =0)—1].

'r+1:R 1 + 2

Consequently, a dip appears in the distribution of the
electrons®. The ratio of the depth of the dip (well) to the
value of the smooth function in this region is determined
by the parameter s, which plays an important role in the
theory. Its meaning can be easily understood by using the
concept of holes in the electron distribution. Then the
dip (well) describes production of holes at the location
of the sources (sink for electrons). Their number in this
region is determined by their escape through collision
and is consequently proportional to the time 7 between
collisions. The escaping holes diffuse in energy space
over a distance @. The distribution of the diffused holes
is described by the smooth part of the function. The
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lifetime of these holes is TR, and their fraction at the
location of the source is —y/®. Thus, the relative depth
of the well of the order of 7 is equal to TRy/® = 7s.

It is seen from the foregoing reasoning that our cal-
culations assume that the diffusion length @ is small in
comparison with the distance from the generation point
£, = 0 to the bottom of the band €0 = (w — Eg)/2 and from
the location &, of the electron pump source.

In real cases, the inverse inequalities ® > €, and
® > £oare more frequently realized. If only one of them
is satisfied, then the coefficient of the smooth function
is doubled. If both are satisfied, then the quantity @ in
the parameter s (23) is replaced by (eo + £0)/2. This
result can be obtained from an exact solution of the in-
tegral equation for the particular case of an exponential
kernel K.

The spatial Fourier components n jt21(1(13) characterize
the spatial burning out of the excess populations. The
equations for these functions are of the form

d 7/
iavng(p)+ "2 2 [ra@)— [ K& = 2mate)ds’ —4‘; ]
o 24)
q= £2k,.

— a2

L2
o1

2y ofny _

T [2n°(p)— 11,

We proceed from (24) to an equation for the function
na(8)= [ dona(p).

To this end, we divide equation (24) by 7.2 + 7' +iq-V,
which is the coefficient of nq(p), and obtain after inte-
grating with respect to the angles

nq(§)

Vet

_%J'K(g—g’)nq(ﬁ’)dé’=— a @r(p)-1), (25)

§+2

where

1 1 1 4q*vt
=qva/arctng—+ + 9 Vo T
Toff Tt T T 3

(In the integration we have set v equal to the value at
£, = 0 and used the smallness of the electron mean free
path vor in comparison with the wavelength).

Equation (25) is similar in form to (20). Its solution
can therefore be written down immediately:
_ sl
o )

AR Teff[g,2+Y 4 —
(T+‘r,¢) [§.2+ %

X[2r°(¢, =0)— 1]~ —A2———
][2n°<g1=0>—11.

TTeff Y
man (8) = : (

eﬁ’)eeff
(26)

i exp (—|&:1/@efr)
s(1+ 4Dk*xg) "

Here @5g = ©°/(1 + 4Dk*rg), and D = v§7/3 is the
spatial-diffusion coefficient®’.

The function n,gj, has a form similar to (22). The
only difference is that the smooth part of the function is
decreased by a factor (1 + 4Dk2'rR)‘/ %, whereas the "well"
remains unchanged. This result is physically obvious.
As already stated, the well in the distribution results
from emission of electrons that had no time to experi-
ence collisions., Naturally, these electrons have no time
to experience spatial diffusion. As to the second group
of electrons, they diffuse within the lifetime TR Over a
distance (D-rR)l/ %, the ratio of which to the wavelength of
the electromagnetic field does indeed determine the de-
crease in the inhomogeneity of the distribution.

The quantity @ off has a simple physical meaning.
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Since Dk’rp >> 1 in real cases, we have

A1

T 4Dk

As already mentioned, A%/ is the diffusion coefficient in
energy space, and 1/4DK® is the damping time cf the
spatial inhomogeneity of the distribution. Thus, @ is

the length of diffusion within the lifetime of the electrons
in this state.

2
Oefr =

The coefficient of the smooth function in (26) can be
obtained from the same simple considerations as in the
case of (22). It is necessary only to replace the diffusion
length @ by @e¢f, and the lifetime TR by 1/4Dk®. Since
Dk’rgp >> 1, the damping time of the spatial inhomo-
genelty is much shorter than the recombination time 7R,
so that @44 < @. In a real situation, ®g¢s can be either
smaller or larger than €, or £,. In the former case,
expression (26) remains the same. In the latter case it
is necessary to replace the diffusion length @g¢r in the
coefficient of the smooth function in (26) by €o, so that it
takes the form

1/s(1+ 4Dk*x),

i.e., the diffusion smooths out the spatial inhomogeneity
of the distribution much more strongly.

For the sake of simplicity, we use in the subsequent
calculations expressions (22) and (26) for the functions
no(£) and n:t2k1(5)' It should be borne in mind here that

in the case when the diffusion lengths @ and @q¢s exceed
€oand &, it is necessary to make the corresponding
changes in the coefficients s.

With the aid of functions (23) and (26) we obtain from
(4) the first-approximation density matrix p‘” (p) Sub-

stituting it in the expression (7) for the current, we ob-
tain an equation for the field amplitude

T Bt = B +80), @7)
where
N, 2y T Tr _ |&— &l
"= heVQ §,2+y22 ot R[Q(§)+QT§ xp( ) )]
. evw Tr _1&| _mvy
~4nN(0) - exp( == ), NO=T 1)
ne? vc., o RS 4t
B = 20" (&, = 0)— 1] Zuﬂ {—_“y(wm
3y L _ gl 1 gl
X[g,2+yz+ s ( ) )+ 2s(1+4Dker)'/=e"p( @eff)]}
sl (i+ ity +4ka)—"-) (2n° — 1)81N (0).
Aoy \ 2 s 2s (27//)
In the stationary case we obtain
6[ go 3s 1 -1
M=0Q—= —_— LI _——t—_— .
K QEXP( e)[z"@" 2 (H 2 2(1+4Dk’rﬂ)"')]
(28)
(We took into account here the fact that af = 0 for the

mode of interest to us.)

It is convenient to rewrite (28) by using the number

of photons Nph and their lifetime in the resonator 7,:
Npn QN{(0)exp(—£./0) _ I—Ju \
T 1+3s/2+1/2(1 +4Dk*es)" 1+ 3s/2+ 1/2(1+ 4Dk*xs) " 7

29)
where J is the pumping current, i.e., the number of
electrons arriving at the region near £ = 0 per unit time
and per unit volume. Formula (29) dif :rs from the usual
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expression (see, for example (61} in that the denominator
1+3s/2 +1/2(1 + 4DK*rg)* /2 exceeds unity, i.e., the
fraction of the electrons produced by the source above
threshold makes no contribution to the coherent emis-
sion.

This difference is due to the following circumstances.
The gain of the quanta is proportional to the expression

%

Its constancy in the stationary regime imposes only
certain integral requirements on the distribution function
in a region of the order of y near £, = 0. Yet it is pre-
cisely in this region, owing to the presence of the well
due to the energy burnout, that the function undergoes
significant changes. In fact, substituting the stationary
value 1§ in (22), we obtain for the increment of the dis-
tribution function at 1£] <@
2y*
B £+ ]

(2no + 2n5, — 1).

2y
glz +V2

Ty

TRO &0
exp | ——
(G243 ()

no(§) =

3 1
Jolz+ -
e 2 25(1+4Dky)"

-1

3 1
x[1+—;+—2(1 +4Dk21,,)-"’]

We see that the function ny(£) can even reverse sign
under certain conditions (s(1 + 4Dk2-rR) > 1). The
strong dependence of this function in an appreciable reg-
ion causes the electron distribution to vary with increas-
ing pumping current when the gain above threshold is
constant. At the same time, the total number of electrons
is increased, and consequently also the number of re-

" combinations. A similar role is played by the spatially-

inhomogeneous parts of the electron distribution (“:tzk ).
The described effects do not exert a noticeable influence
on the single-mode generation regime, in view of the
smallness of the parameters s and (1 + 4Dk*7,) /%, They
do, however, play an important role in a multimode
regime.

TWO-MODE REGIME

We proceed to consider the two-mode regime. Since
A, and A, are small near threshold, to take the coherent
emission into account it suffices to substitute in (3) the
density matrix in the zeroth approximation:

o (=Y

Anexpli(oat +9,)]
i+ /2 (Enp T Enpea)

X (n°(p) +r°(p+q) —1).

61+ 0 + 6!—1,‘ vo)
(B, ' (30)

In the case of two modes, the following Fourier compon-
ents of the distribution function differ from zero: no(p),
Dok, 5 and ny oo kz(p). The equation for ne(p) coincides

with (20) if one adds to the right-hand side a term that
takes into account the action of the field of the second
mode,

2y

—h s
gty

2[2n°(p)—1].

The equation for ng) coincides exactly with (24), and the
equation for ny +k, take the form
1

3
[a_z +iv(k,

1
+—] Nk, (P)
T

»
L R €= ) ()8 = —hual20 ()~ 1]

T 4n

1

L )reel).

These equations describe the oscillations of the excess

@1)

+

x{expliCon — ot +ito -] (- =
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population due to the joint action of the fields of both
modes.

It is convenient to seek a solution of (31) in the form
Niak, = MAz{A . (p, k) expli(o: — 02)t +i(: — ¢2) ] + C.C.},
and we obtain for the functions A, the equations

[L(m.fw,)+zv(kxd:k e 2

1, ). (32)

—@n—1) ( _ :
y—ii  yTtig

The solution of (32) is obtained by a method analogous
to that used in the solution of (20) and (24). As a result
we get

Ai(E):—ti{(Zn“* 1) (yTizg;+T_1El‘)

s 1 , 1 1 —§
+ e [ (et ) ) - e (- LZEL) Y
T—1. 20. y+ide y— i, 0. /L
(33)
where
Az
0, = *, Te=1.tit.”, o —w0,=Q,
T— Ts
[ (Zkvn—sz )+ . (Zkva+§2
arc —_—
™’ k 1Vt + 1/t & 1/T+1/‘tn)],
(34)
oo b W ) 2k + Q)
T Bkv, (1t 1/1e) (kv — Q)2
1/1+ 1/, Q

’— " __

T ()Rt (/)R

The functions A,(£) are similar to (26). The main dif-
ference is that in addition to the lifetime TR and the
diffusion time 1/4Dk* we deal with a time Q™ equal to
the period of the oscillations. In particular, the quantity
Re @. is the diffusion length of the electron in energy
space within the period of oscillations, and Re 0. < @
by virtue of Qrg > 1. It must also be borne in mind
that in the case when the diffusion lengths @, exceed €o
and £, appropriate changes must be made in the coeffi-
cients of (33).

With the aid of the functions (22), (26), and (33) we
obtain from (4) the density matrix in the first-order ap-
proximation:

2x expli(wd + @) ]

) _
=k, (p) iy

[ne(p)+ nax, (p) + 22 (A1 + A-) ]. (35)
Substituting it in the expressions for the current (7), we
obtain equations that determine the amplitudes of the

field:
OE,/ 0t =E, {a® — A2+ QOy —

0E,/ ot = Ez{az" - ﬁzkzz + 062

enhz},
- enkiz},

(36)

where oy, 6y, and g, are given by formulas (27') and
(27"), while the coefficient @, is equal to
2115 ( 1+ Q*

-1
()
) T+ 4y*

+ Rez [ 1 ——zQ/2Y S(r:)"‘ (Tiii)"’ ]} .

The first two terms in the curly brackets are due to the
zeroth Fourier component of the distribution function,
the first of them being connected with the well and the
second with the smooth part of the function. The expres-
sions under the summation sign stem from the Fourier
components Ny 4k,

2t 1

2.
0, ~ 4n21v(0)ﬂ(zn

T+ §

@7
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The system (36) describes completely the two-mode
regime in a state close to stationary. As is well
known“ the stability of the two-mode regime is de-

termmed by the sign of the determinant

38)

If Det > 0, then a stable two-mode regime is possible
(weak coupling); when Det < 0 (strong coupling), the two-
mode regime is unstable and is consequently never real-
ized. As equilibrium is established, the system goes
over into a state with a single mode.

Det = ﬂxﬁz — 6,:0,,.

An analysis of (38) is in the general case quite cum-
bersome, and we consider therefore the case most fre-
quently encountered in experiment, 1/7p € @ < 1/7. In
this region, the values of @, and 3, are close to each
other and the determinant can be approximately written
in the form®

) e’v.,t 1(2n°—
Det = 23 (B — 8) = 4BV (0) = —WF( 2);  (39)
e C[AtUta) s
F@y=v2(1-u) (|z])™ [ 1+a? ’ (40)

z=Q/4Dk*, u=s(4Dk*)".

At u > 1, the function F(x) is negative for all x, and
consequently the two-mode regime is unstable. I u is
smaller than unity, then the function F(x) has a root

Xo = Xo(u), and in the region of smaller x it is negative.
Thus, Qo = Xo * 4Dk® gives the smallest distance between
the modes of the stable two-mode regime. The value of
X, increases monotonically with increasing parameter u.
When this parameter vanishes, xo has a minimum value
Xo ~ 2.3.

Substituting the expressions s and D, we obtain for
the parameter u:
L (41)
v¥3

The parameters in u are not known with sufficient accur-
acy. If we use approximate values, then u turns out to be
of the order of unity. We note that doping the semicon-
ductor leads apparently to a decrease in the parameter

u and contributes to the stability of the two-mode regime.

The system (36) enables us also to consider the ques-
tion of the jumping of the generation from one mode to
another. Mode jumping occurs when the generation
threshold of the second mode, in which the two-mode
regime is unstable, is reached with increasing pump. By
determining from the first equation of (36) the stationary
value A3 of the generated first mode (at . = 0) and sub-
stituting it into the second equation of (36), we obtain

5162 — 0,6, }
i

(we have taken into account the fact that of is negative).

E 1
a_._E{ |az°|—8ua
iN

o (42)

+Q

The generation threshold of the second mode can be
reached with increasing pump if

det = .8 — a0, > 0. (43)
For smooth distribution functions n°(¢) and for a state
density N(£) we have approximately 6, =~ 6, and the sign
of this determinant coincides with the sign of Det. Thus,
mode jumping is impossible in this approximation.

Allowance for the energy dependences of noand N
leads to the existence of a narrow region > 0 in which
the condition (43) is satisfied and the determinant (38)
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is negative, i.e., a jump to a shorter-wavelength mode
is possible.

The model considered in the present paper has cer-
tain limitations. A detailed comparison with the experi-
mental results calls for a determination of the param-
eters and for concrete calculations.

The authors are grateful to P. G. Eliseev, Yu. M.
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results.
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