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The electron beam diagnostics technique is widely used to determine the parameters of a
rarefied gas and is based on recording the electronic vibrational and rotational spectra of
molecular gases excited by a beam of fast electrons. In particular, for nitrogen the emitted
intensity of the rotational lines can be related through an appropriate model to thegas param-
eters, so that one can determine the population of the rotational levels of the molecules
prior to the electron beam excitation, and when the population has an equilibrium distribution
one can determine the rotational temperature. The most important quantities required for the
correct construction and application of a model of electron beam diagnostics are the transi-
tion probabilities for excitation of molecules by the electron beam from the ground state to
an excited electronic vibrational-rotational state of the molecule.

In molecular nitrogen the technique and the simplest model of electron beam diagnostics
were described in [1]. According to this model nitrogen molecules from the‘Né(Xlzgg,y==mk)

ground state are ionized and excited to the ion state Nj (B? ., v, ¥)by inelastic collisions

with primary beam electrons. The intensities of spontaneous emission of rotational lines
S

Ik, in the Nf (B* 25, v, )N (X* 3)F, v, k") transition (the first negative band system, INS N; )

in theR.branch(k' =k" +1) of the 00band arerelated to the populationsof theNE rotational levels of

the N, (x* +, v, k)molecules, under the assumption that dipole selection rules hold for the
process of excitation by fast electrons of the beam from this state to the ion state
‘N§(32 j,ﬂ,kj » 1.e., it is assumed that the probabilities of rotational tramnsitions during

excitation differ from zero only for Ak = k' — k = +1,
The use of the electron beam diagnostic technique to study the broadening of a free jet

revealed a number of defects of the Muntz model both in its use under equilibrium conditions,
and also in a gas without a Boltzmann distribution of rotational level populations of the
molecule [2-5]. 1In particular, it was observed that the rotational level intensities could

be affected by secondary electrons arising from ionization of the gas by beam electrons

[6, 71. It was shown in [8, 9] that the rotational transition probabilities during excitation

of nitrogen in the E 200 eV state were different for fast electrons of emergy Nj (B>

v' = 0, k') and for slow electrons. Therefore, at least for slow secondary electrons the di-
pole selection rules must break down and there can be rotational transitions in electron beam
excitation of nitrogen with Ak = +1, 43, 5, ... . This suggestion was made first in [6].

In [10] the authors determined the rotational transition probabilities for slow secondary
electrons from the measured intensities of the rotational lines of the INS of N} within the
electron beam [11].

Coe [12] postulated that even for fast beam electrons the dipole excitation model may not
hold and that there could be rotational transitions with Ak = k' — k = +1, +3, #5, .... He

; : - X +
drew this conclusion from measurements of the intensities’' of rotational lines of the 1NS N,
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in a hypersonic nitrogen jet, having shown that in some range of the conditions in the jet the
observed spectra could be explained by postulating a Boltzmann distribution of nitrogen mole-
cules over the rotational levels and that the rotational transitions on electron beam excita-
tion are multiquantum.

Coe's conclusions undoubtedly merit attention, but one can doubt the validity of his
model for the following reasons: The experiments were conducted in a narrow range of the gas
parameters; one cannot be sure that in the conditions of the experiment the nitrogen molecules
had a Boltzmann distribution over the rotational levels, a fact that could distort the pro-
cesses of rotational relaxation and condensation in the jet [11]; and finally, in determining
the probabilities of multiquantum rotational transitions Coe proposed a mechanism for excita-
tion of nitrogen in theNy (B}, o', k') state, based on the possibility of multiple quadrupole

interactions of the electron ejected during ionization with the ion residue, which requires
more careful justification.

In this study we present measurements of the rotational transition probabilities on exci-

tation of (X' }¥, v=0, k) N2 molecules by fast electrons of a beam with energy E ~ 10 keV to the
state Nj(B*2F, v =0,%). We are especially interested in generating an equilibrium Boltzmann

distribution of N, molecules with known temperature, both in a jet of pure nitrogen, and in a
jet of argon where the N, molecules are a small impurity. To evaluate the rotational transi-
tion probabilities we propose a simple model based on the adiabatic approximation, which de-
scribes the experimental data over a wide ramge of the parameters. We also suggest a method
for determining the rotational level populations of molecules under nonequilibrium conditions
from the rotational line intensities, accounting for multiquantum rotational transitions.

Probabilities of Rotational Excitation. The intensities of the rotational lines I of

k!
the R branch of the 00 band of the 1NS Nt are related to the rotational level populations of

nitrogen Ni molecules in the ground state Ng(X“}ﬂ;,v== 0, k) through the probabilities of rota-

tional excitation by an electron beam [13]:

’ i X
Ikl Zﬂ;‘,‘k‘_;——iCN£I= Ek—,c—_}:—ic{gpklk(E)fo(r) -+ D(ngir)§<Pk’h(e)>Nh}‘ (l)

Here Ni, are the rotational level populations in the excited state of the Jﬂ;(Bzzii}v’:=O,k3;

ion; Pk,k(E) are the rotational transition probabilities upon ionization of nitrogen to this

state by fast electrons with energy E > 10 keV; <P (e)> are the probabilities of rotational

k'k
transitions due to secondary electrons, averaged over their distribution functionj; the value

of y(r) is determined by the radial profile of the electron beam, at the center of which x(0)

= 13 D(ng, r) is the rate of excitation of nitrogen in the electronic vibrational state
~N§(32:Si,v@=0) by secondary electrons, referenced to the excitation rate to this state by

primary electrons at the beam center; C is a constant which includes the Frank-Condon factors,
parameters of the beam and of the system for recording the optical emission, and which takes
account of quenching of the fluorescence:

C~ng/(4 + K% yny),

; B . .
where n_ is the gas density at the measurement point; KV is a constant for quenching of

'k.'
s
the Nf (B2 3f, v/, k') ion by nitrogen molecules. If the ion quenching is independent of the

rotational number k', i.e., Kﬁ, k' 3 KE,, we can put C = 1 in Eq. (1) without loss of generality
3

in the measurement of the relative I of the rotational lines.

kl
The experimental data on the intensity Ik' of rotational lines with the aid of Eq. (1)

for known populations NE can be used, in principle, to determine the rotational transition
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'k(E)’ if we have enough experiments with different distributions of NE. How-

(E) is a typical incorrect problem. The result will depend

nrobabilities I
probabil Kk

ever, such a determination of Pk'k
appreciably on the accuracy of the measurements, the number of measured line intensities, and
sc oun. It is more profitable to seek the transition probabilities by using a theoretical
model of some kind containing a parametric dependence of the transition probabilities on the

quantum numbers k and k',

One of the main theoretical methods in the study of rotational transitions is the adia-
batic approximation [l4, 15]. On its basis it has been established that the cross section of

an arbitrary rotational transition in a diatomic molecule for % — I electronic transitions can
be expressed in terms of the cross sections for transitions from the ground rotational state:

' 2
oven(B) = Z @K + Do BY(F § 0
!

where (/1 J2 Ju} is the (3 — j) Wigner symbol.
\mg My My,

Analogous relations hold, of course, also for the probabilities of rotational transitions
’ 2
P (B) = @k + 1) X L@ § b = 3P (B) Gl (2)
1 ) !
and correspondingly for the quantities <Pk'k(e)>' The quantity C%%pz(Zk’+-1(§,g ér is the

sgquare of the corresponding Clebsch—Gordan coefficient.

In the special case considered of ionization of nitrogen to the excited state the sum in
Gg. {2) will only contain terms with odd values of the number 7 =1, 3, 5, ..., i.e., only
rotational transitions are possible with Ak = k' — k = +1, +3, 45, ..., which follows from the
properties of the (3 — j) Wigner symbol, which for m; = mz = my = 0 equals

(h Js .7'3)2“ (17 =10 (=TT i) (=i iy i) X

000 (1 7y T 15+ D)1
! 2 iy . .
X[ (p— i)' (P =)l (P —Jg)! ] 2 =fit Tt
The rotational transition probabilities Pk'k(E) and <Pk'k(e)> satisfy the normalization condi-
tion
\ s E EI\?
N P (By= X Pu(E) Y @K +1) (0 0 0) = 21?,0 (E) = 1.
B! 1 Br=|p—1} 7

If in Eq. {2) we restrict ourselves to only one term with 7 = 1, i.e., Pyo = 1, the transition
nrobabilities reduce automatically to the dipole values

, A0 AN ' '
Pun(B) = @ + (g 0 6) = Chia = (¢ + /2K +3)
for k=% +14, =k/QK —1) for b=k —1.
Thus, the transition probability matrix can be expressed in terms of the unit vector
Py, (E) (L =1, 3, 5...), which simplifies appreciably the task of determining it from experi-
mental datz. For further simplification of the model the transition probabilities Py, were

expressed in terms of the single parameter o, determined by comparison with experiment:

/ I—1
Py (E) = (21 + 1) al/. S @+ fa= E%i-%;;— (1 — o), (3
1=1,3,5,... 3a’) .

For o = 0 Eq. (3) is left with only one dipole term F;o = 1.
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Experimental Determination of the Parameter a. Experimental investigations were conducted
in the vacuum facilities of the Institute of Thermophysies, SO Akad. Nauk SSSR, equipped with
a vacuum pumping system, including cryogenic pumps, electron beam diagnostic and spectral
equipment with which one can record optical and x-ray radiation.

From a fore-chamber gas was expanded through a sonic nozzle of diameter d, from 0.5 to
15 mm into a vacuum volume with a residual pressure Py~ 1072-10"' Pa. The pressure in the

fore-chamber (stagnation pressure po) was varied in the range 10® to 10° Pa.
300°K. An electron gun was used to create an

~ 1-30 mA and with electron energy E ~ 10-15

The stagnation
temperature usually was room temperature, To =

electron beam of diameter d
keV,

b ~ 1 mm, current i

b
From the region of intersection of the electron beam with the jetaxis in the direction
perpendicular to it we selected the INS N} radiation, recorded by a monochromator and a photo-
multiplier. The radiation was captured by the narrow slit of the monochromator, positioned
parallel to the electron beam, so that it recorded mainly from the central region of the beam.
Then the recorded radiation contains appreciably less contribution of secondary electrons from
the halo around the beam [11]. The experimental arrangement was described in detail in [11,
16]. TFirst we consider experlmental data on the intensities Ik' of rotational lines of the R

branch of the 00 bands of 1INS Nz excited by the electron beam, taken with various values of

pod, at a certain point x/d, on the axis of a jet of pure nitrogen.
in Fig. 1 for a value of x/d, = 38 (Tt =6.1°K).

In the expansion of the gas from the fore-chamber into the vacuum the equilibrium distri-
bution of energy over the rotational degrees of freedom in the jet may be disturbed. The
reason for this is insufficient collisions of molecules amongst themselves. A kineticdescrip-
tion of this phenomenon has been attempted in [17, 18]. With an increase &f the number of
collisions in the jet, i.e., with increase of pod,, the deviation from equilibrium conditions
decreases. In principle in the gas we should establish a Boltzmann distribution over the
rotational levels at temperature T, equal to the isentropic value. However, for high enough
values of gas density the condensation process may begin in the flow, leading to the release
of condensation energy to the stream. Therefore, beginning at a certain value of podx, the
populations of the upper rotational levels of N. molecules will grow [19], and therefore the
relative intensities Ik' of the rotational lines will also increase, which is observed on the

A typical result is shown

right hand branches of the curves shown in Fig. 1 (here 1 and 2 correspond to measurements in
the nozzles with d, = 0.54 and 5.12 mm). In addition, with increase of po the gas demsity at
the measurement p01nt increases, and there is a corresponding increase in the possibility of

secondary processes in the excitation of molecules of the test gas, making it difficult to
interpret the results. We note only that the closest to an equilibrium Boltzmann distribution

of thelﬂz(X1:S§m17==O,k) molecules over the rotational levels with isentropic temperature T(x/d,)
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may be the gas states with values of pod, in the region of the minimum of the distribution of

the intensities I, ,/I; in the conditions shown in Fig. 1. A comparison of the measured inten-

kl
sities with the calculated values for the temperature T(x/d*) according to the Muntz dipole
model (broken lines in Fig. 1) shows that either the gas does not reach the equilibrium state
or the dipole model is incorrect. The latter conclusion was reached in [12], but the possi-
bility of equilibrium conditions in the gas was not analyzed.

In order to avoid uncertainty in the gas state in this study we conducted investigations
in sonic jets of argon with a small impurity (~5%) of nitrogen molecules., In this case one
can hope that in the gas mixture conditions will be maintained that are close to equilibrium
with the isentropic temperature of the monatomic gas. The measurements in the Ar—N, mixture

were carried out over a wide range of‘p¢§(103s;p¢heé§105 Pa-mm) and 2/d, (0.5 <C x/d, < 70)
and for the chosen values of x/d* = 1.67 and 0.67 the results are shown in Fig. 2a and b,

where the broken lines are values of the intensities I , computed with the Muntz model. It

k'
can be seen from Fig. 2 that in this case the dipole model does not correctly describe the
radidative intensities.

Attention should be directed to the fact that in the Ar—N, mixture the values of the
relative intensities do not depend on pod,. This means that the Nz molecules are in equilib-

rium with the argon because of the higher rate of rotational relaxation than in pure nitrogen.
In addition, in the chosen experimental conditions there was no condensation which would lead
in pure nitrogen to an increase of gas temperature in the jet at high pod,. The presence of
equilibrium in the Ar—N, jet and the lack of agreement between the measured intensities with
the dipole model theory confirms the conclusion of [12] as to the presence of multiquantum
rotational transitions in excitation of nitrogen in the N, (B2 vj,u’:zO,kﬁ state by an electron

beam.

For the reasons mentioned above, to determine the parameter o we used experimental data
obtained in the Ar—N, mixture for x/d, = 1.67 and the corresponding isentropic temperature

T = 44°K. The best agreement of the rotational line intensities as measured and calculated
from Eq. (1), allowing for Eqs. (2) and (3), is reached with o = 0.28 ig-g%. Here the contri-

bution of secondary electrons is neglected, since D << 1.

The calculated intensities for this value of the parameter o are shown by the solid lines
on Fig, 2, The valueof aobtained, and therefore alsothe values of therotational transitionproba-
bilities, were checked at other values of isentropic temperature, i.e., for other x/d* in the
Ar—N, mixture. The results of this comparison of the measured and calculated intensities are
shown in Fig. 3a as a function of x/d*. For comparison Fig. 3a also shows intensities cal-
culated from the Muntz dipole model,

As has already been mentioned, for the experiments in pure nitrogen one must exercise
care in checking the model. The closest to the equilibrium state of the gas for a given
x/d* are conditions corresponding to the minimum of the intensities in the dependence on
pod,. Under the hypothesis that when the populations are Boltzmann with the isentropic
temperature for the diatomic gas, we calculated the rotational level intensities, and the
results are shown in Fig. 3b, The agreement obtained is quite satisfactory.

Analysis of the Model. Above, to determine the rotational tramsition probabilities for

excitation of nitrogen to the state N; (B2, v, %) by an electron beam we postulated that the
-+ . . . . . .

1NS N radiation was excited only by beam electrons. With a high gas density various secon-

dary processes are possible, also leading to excitation of the INS Ni. However, up to gas

densities of ng.s 10*7 cm™® the INS N radiative intensities, according to the experimental

investigations, are proportional to the electron beam current {11]. The only secondary pro-
cess that is linear with beam current is excitation by secondary electrons. Since the proba-
bilities of rotational excitation for fast primary electrons Pk'k(E) and slow secondary

electrons <P > are different [10, 13], the secondary electrons can lead to a redistribution

k'k
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of the radiative intensities I, , caused by the primary electrons. The amount of this re-

k'
distribution is determined by the parameter D in Eq. (1) and depends appreciably on the gas
density, the region of the recorded radiation, and the geometrical parameters of the beam and
the gas flow.

In the experimental data used in this study, obtained at constant values of Te and x/d*,

the rotational distribution of the molecules is determined only by pair collisions and does
not vary for a given value of pod,. However, the relative intensities of the rotational
lines Ik,/11 obtained for a given pod, but for different values of d,, i.e., for different

gas densities at the measurement point, proved to be practically the same for pod, corre-
sponding to the rotational relaxation region (the left hand branches of the curves of Ik,/li
as a function of pod, in Fig. 1). The agreement of the radiative intensities Ik,/11 for
different gas densities ng but the same values of pod, is evidence that secondary electrons
do not affect the excitation of the rotational lines of the 1NS Nt in the region of the param-
eters investigsted, i.,e., D << 1. '

The adiabatic approximation (2), along with Eq. (3) for PZo(E) as a function of the quan-

tum number 7 and an experimentally determined value of the fitting parameter o ~ 0.28, consti-~
tute a very simple model for the probabilities of multiquantum rotational transitions Pk'k'

Table 1 gives values of P For comparison Table 1 also gives the probabilities for dipole

k'K
transitions and the probabilities determined in [12]. It is interesting that elements of the
matrix of [12] and of the model presented here show rather good agreement for not very large
values of Ak = |k — k| < 5. This is evidence that in pure nitrogen in the region of the

minima of Ik,/11 as a function of pod, the state of the gas is clese to equilibrium, and is
supplementary confirmation of the proposed model.

To illustrate the influence of multiquantum transitions Fig. 4 shows the distributions
at several temperatures of rotational level intemsities Ik,/Il, calculated from Egqs. (2) and

(3) for the case of a Boltzmann distribution of rotational level populations of Ng(Xl}EQ,

v = 0, k) molecules. Figure 4 also shows the experimental results, measured in a hypersonic

jet under conditions close to equilibrium, and also measurements under static conditions at

temperature T, ~ 78°K, It can be seen that from the equilibrium distribution of the Na (X!,
: B

v = 0, k) molecules over the rotational levels Ni arises a non-Boltzmann distribution N, in

the state Ny (B22), v'=0,%) . However, with incresse of the nitrogen temperature T the

distribution of the excited ions Ni, becomes closer to equilibrium with a limit temperature

TB = T + AT(a), where AT(o = 0.28) = 11.6. An analogous result is also obtained for the di-

pole mode, where AT(ax = 0) = 28 (® is the characteristic rotational temperature of Nz). It is
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. . cxer s R . R B . . .
convenient to describe the nonequilibrium distribution Nk' with the aid of population tempera-

B i e
tures T defined as follows:

“kis
3N% €., —¢&
In (I /K'T) =1 LA —
n(w/kh) ey 78 *

where e = k(k + 1)6.

Figure 5 shows the quantity TE, — T as a function of the gas, temperature for the dipole

model with o = 0 and 0.28. The larger the value of o and the lower is the temperature, the
it . B , . . ,
more nonequilibrium will be the N, , distribution. This makes it difficult, especially at low

temperatures, to observe nonequilibrium in the ground state. For a high mean rotational
energy of molecules in the flow, when the population temperatures ]ﬁi;31001°K forall k' > 1,

- R . B . . . .
the large difference in Tk' means that the distribution isnon-Boltzmann in the N, (X!, v, k)
ground state.

In the general case, to determine the populations Ni

from the measured intensities Ik' of rotational lines in the R branch of the 1INS Ni excited
by an electron beam is a complex problem even for the dipole model of excitation. The reason
is that the system of equations (1) has always a larger number of unknowns Nﬁ, than measured

of rotational levels of N, molecules

line intensities Ik" i.e., an appropriate closure method is required. For the Muntz dipole

model various closure methods have been proposed in [16, 20]. Below we suggest a formal
method of forming the system (1) for the adiabatic transition probabilities (2).

We write system (1) in vector form

NE = 3P, CIN%,
ZL fo (&)
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where C; is the matrix of squares of the Clebsch—Gordan coefficients with elements Cli'kl'
For the Cf matrix it is easy to find the inverse matrix S. Elements of the matrix § are de-

fined as follows:

Sijp=Q@i+0E+1, i=012 ..,
Siirrn = (— 1" Ssi1 I1 G + 2m)/( + 2m + 1),
m=1 | .

S;; =0 for j<{i andj = i"} 2n.
Then for Eq. (4) we can write the formal solution

NXZ%{T—-(NHG-ON—@-@-@Jr---}E-NB» )

where I isthe unit matrix, and Q is the matrix with the elements

Oi= D ISl )

1=1,3,3,... 10 m

The vector §NB is the solution of NX for the dipole model, and the operator in thecurved brack-:
ets in Eq. (5) transforms it to the solution for multiquantum transitions. Since the elements
of the matrix Q are proportional to Pso << 1, one can hope that the solution (6) converges
quite rapidly.

N2 are measured

Since the intensities of a finite number of rotational lines kIh:~2T—+1

in the experiment, then to reduce the errors in determining the populatiomns Nﬁ one can use

Eq. (6) to extrapolate the values of Ik' (or Ni') in the appropriate manner to the region of

quantum numbers k' for which no measurements were made. This method will at least give an
idea of the size of the error introduced by means of the transformation method.

Another method of determining the populations N;( is to assign them in some functional

form as a function of the quantum number k, e.g., in the form of a superposition of several
Boltzmann distributions:

NE = DN (T, Zvi=1, (7
& Mg

where N§° (T4) is the Boltzmann distribution with temperature Ti; Yi are the fractions of mole-

cules having the distribution at this temperature. Limiting Eq. (7) to a few terms and
calculating the intensity Ik' with the aid of the transition matrix Pk'k(E) we can use the
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least squares method to determine the fitting parameters Ti and Yi' In fact, this method is

used in [1, 12], where only one term was taken in Eq. (7) with vy, = 1 and Yy < 0 for i > 1.
In conclusion we note that in this work we determined the rotational transition proba—

bilities Pk,k(E) for electron beam excitation of DQ(X?:S v=10, k) molecules to the Nz(B2

v' = 0, k') state. By using the adiabatic approximation we could evaluate the matrix

Pk,k(E) as a function of the quantum numbers k and k' (see Eq. (2)) and reduce its determina-

tion to calculation of the unit vector PZo(E)' The dependence of P70(E) on the electron

energy, as follows from [9, 10], should appear only near the threshold for excitation of the

NF(B*3F, v, k') state, where the probabilities of multiquantum transitions increase. For

example, for electrons near the threshold we have a = 0.5 [10], and from the experiments of
[9] o = 0.42. But for electrons with energy E > 100 eV o ~ 0.28, The dependence of P70 on

the quantum number 7 was chosen in the form of Eq. (3), but later this restriction could be
removed by more careful direct measurement or by using theoretical consideratioms.
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NUMERICAL INVESTIGATION OF THE PROPAGATION OF A PULSE
OF RADIATION WITH X = 10.6 um THROUGH ABSORBING MEDIA

V. A, Levin, V. V. Netesov, and
A, M, Starik UDC 535+524.222+4539,196

The passage of electromagnetic radiation through gaseous media is of special interest
whern. reasonantly absorbing impurities are present in the gas. The interaction of
radiation with such a medium can lead, for example, to a temporal decrease of the gas
temperature or to its strong heating [1-3]. At the same time the index of refraction
in the channel of the light beam is altered, which leads to a deviation of the light
rays from the initial direction. The main characteristics of such thermal self-
action within the framework of linear absorption theory for steady and nonsteady pro-
cesses have been discussed in [4-12]. Nonequilibrium processes in the medium upon
absorption of resonant radiation were not taken into account. The effect of thekinet~
ics of vibrational energy exchange on the state of a medium upon the propagation of
radiation through a mixture of (0, and N, gases was first considered in [2, 13, 14}.
However, the simplest models of vibrational energy exchange were used, and saturation
of the absorbing transition P20 [10°0 » 00°1] in the CO, molecule was not taken into
account. Thus linearized equations of vibrational kinetics were used in {i3], and
only one channel of relaxation of asymmetric vibrations of CO. and excited nitrogen
was considered in [14]. The propagation of a pulse of radiation with A = 10.6 um
through an absorbing medium is investigated and the influence of the saturation effect
and nonlinear processes of vibrational energy exchange on the self-action of light
beams of Gaussian profile is studied in this paper.

1. Theoretical Model. The propagation of electromagnetic radiation in a medium with
dielectric constant € in the quasioptics approximation is described by the following equa-
tion for the complex amplitude A(z, r, t):

y

. i) y d . £ .
2k (L4 Do L)av At (—2——1)A_ 0,
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X 2
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where n is the index of refraction (a subscript "0" refers to the unperturbed medium), o is
the frequency of the wave, ¢ is the speed of light, and kv is the absorption coefficient.

A change in the state of the medium upon absorption will lead to a change in both the
real and imaginary parts of the dielectric constant. Actually, when the temperature of a gas
varies, its density p changes, which is related to the index of refraction by the Gladstcne—
Dale law 8n = (no — 1)8p/po. On the other hand, the absorption of photons of an electro-
magnetic field will result in disruption of the initial distribution of molecules by energy
levels of the internal degrees of freedom, and as a consequence, in a change in the absorpticn
coefficient kv, whose value determines the imaginary part of the dielectric constant. When

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, pp.
14-19, May-June, 1984. Original article submitted May 24, 1983.

340 0021-8944/84/2503-0340808,50 © 1984 Plenum Publishing Corporation



