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£ HISH-SPEEDRD CPTICAL SHUTTER FOR FOFMING A
LASER EMISSION PULSE

by
V. &, Gribkov, GV, Eklizkov,

S.1. Fedotoev and A.S, Snikancy
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histaper reporvts ¢n Stuaies on the spatial unie
forrity end wiro characteristics cof the Kerr cell, It
£221y2es the optimal conctiuction and electrical parameters
of a Kerr cell designed to form light pulses with mipinmcl
rise *t.rc, The snulyais shows it is possitle ¢~ tuild o

shulier guving ¢ series of light pulses of ~ 1072520 duracion.
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oy e2il with waleh a light moncpulie of U,uensec duration
ik te cbra-rad is ceceribe,  Ruby iaser sipht o such duvie
ti0) was use¢ In &~ fewipn 1ur emven—frure shacdov ~hotogrephy
.

of sighespeed rrocesses, Yoo ssven=irame phelogrreph of a

abe n esve taussé bty tiug axpacsion of 2 Iaser eimrk is shown,

flevtrowcy. Ler) shuittars of th. Xexrr cell Tvype Ere widely used in (-

witceined lacers a2 contr-lilry the resanacor o, since tney heve better high-

P

.8 shu~ters, High-speed Karr

crils hepse Lesn used to svoachruiae several lacers, to form colacident 1light
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raphy, self-iuminance photography and intc¢ferometry) to study an object
moving with a velocity of ~ 107 to 108 cem/Bec, the spatial resolution ie limited

;| basically by the expecsure time, Thus, for example, fn recording a shcck wave

) passing through a rarefied gas with a velocity v ~ 3°107 cm/sec {1] and an

exposure time 1 ~ 1,510°9 sec, the liriting resolution is d ~ vt .. 0.45 mm.
Therefore, in order to study cbjects with a resolution of ~ 0,1 to 0,CL mm
one rust have a light pulse vith a duration on the order of 1010 to I1n=llg=s,
In principle, pulses of such duration can be ottained with a mode-locked laser.
Hovever, the emission from such a laser consists of a series of spikes with a
time iaterval tetween spikes cn the order of ~ 1 nscc, and in order to use it
&3 a light source for optical research, we must be able to isolete a single pulse
from the pulse train with the aid of a Kerr cell [2].

The present work was initiated Tor the purpoese of developing a highe

speed Kerr cell with minimal parasitic parameters,

ANALYSIS OF KERR CELL OPERATION
The essence of the Kerr effect consists in the fact that certain isctropic
materials, when plac=d in an electricsl rield, acquire the prcperties of uniaxisl
crystals, The variation in refractive index according tc the electrical field

is given by the expressions [u]:

ny, - ny = AKE {Kerr law) (1)

n, =n = 2(n; = u) {ilavelock law) (2)
where 0 i3 the refractiive index of a substance in the abrence of a field, ny
&ra £ are the ireices of refraction for the directions parallel and perp-
envirular to the field, K is the Kerr constant, and E is the voltuge of the
tiectrical fielo.

The trensxiesion 0F a Kevr cell is expressed by the formula [S]:
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vhere I end lp are the Inteanpities of iight peassing tarough and incident upon

the shutinr, (¢ is the »hase: Aliference tetwzen the tvo rappoiients of the

Alght polasyvisstiun vactor perallel ail perpendicular to the Tield 1u 2he Kerr
cell, and 1 i3 the length o7 the viata.

OT &ll the meterials which have doinble verfreeiion in an eleciricsl field,
nitrobentens ue8s the lergest Korr conctsat, For 2 = C,.55u under neraal coo~
ditions, tue Ki2rr constant i& eqval to K = 2,2~10”5cm'3V"l(sic).” In tbe raage
of vomgl ulspersicn, the dependence ¢f the Kerpr corstant on the light vave~
lupgib is giTen by Lhe relatiooship {() K~ %.

Nivrcveazece is trernrpu-ent petwaen LOD and 1100 myu. Figure ) shows the
suesrgtion coefiicimrnt ol nitrchenz-zz s B funation <) the Xlght savelenguo 171

The dielectilic constant of nitrobenene At Yrequennies up to 16Y Bz e
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Fig, L. Nitrotesuene absor tion cuvve, Light waveieng:h in ~u is plotted
along the &uxcissa, ani sbiception alcag the ordinete.

* Translato:s's Nove: Acccrding to the AIF Huudbeok (2nd Ed., 1963,
page 6=187), the Kerr constant ¢ nitribenzanc is astually 3.06x.6" o /V2,
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35.T, which is caused by the presence of & ccnstant dipole moment in its
mclecules, The conductivity of pure nitrobenzene is on the order of
3'10‘110hm'1cm“1. The electrical breakdown limit depends on the frequency
and lies within the limits of S*th to 210 V'em, but with very short light
pulsee of ~ 10~% sec may ve significar.ly nigher,

Iz using & Kerr cell in the superhigh frequency range, the problem of the
Kerr=nfTect relaxation time arises. Measurements of the relaxstion time of
piteovesrenr ou the ving of the Bayleigh scattering line [8] showed that the
nein relsxetiom precesyas in nitrobenzene are: {(a) the rotational diffusion of
asisoircpis molewnieg, and {(b) Tluctuations in density, which lead in turn to
fluctustioas of the ooticel peraiitivity, Their chavacteristic times are,
vespectively, Ty o v 1128 ane Tr.a, ~ 5.10-11gec,

Wher using o Xery o2ll wivh & voltege rise time & 1 nsec for pulse
poduletior o0 Light, & number of difficulties sonnected with its electrical
parametary ave econunteled, In the majority of cases, as & result of the high
permittivity of witrobsnseny (& . 34}, thie capacitance of the Kerr cell is
JudZe hizh and 1L may LE cann.verer as & purely cepacitive load on its power
eupply genarevor.  1n thig Tase, The minisam awration of the electrical pulse

Zrevt 8% the plates ia daeterwiael by She time constant oCy, where p is the

intertsl reoirlexcs of the paneranoy produsirg the pulses snd Ckg is the capacitance

of tha Keve cell,

The cuapacitange Jg J2 ramposed of ine capacitance of the " ates and the
cmsuitine2 3 the deuwdal O = O, 4 0, Lhe latter can be reduced 1o values
Ui oee ln practie:, Toe cepacitence of the plates is determined by thelr
geuneisy - For ihe rroduction of & homopeneous field, the width of the plates
must Ye grearey thin the alstance Letween thems in order to keep the deviation

-

in tre 1izld vuliage over au apevturs of Aizmeter ¢ (equal to the distance




belveen _.e plates) Irwa enceeding 1%, the width of the plates would have to

ve Z 24, For a phase difference ¢y betveen components of the light polariza-

wion vecror, ve may write the expression for the cepacitence of the plutes, i
#
ut‘ng reiationsnip (1), in the form E
€8 €1 ¢b
C B e— g == —L50 __ 4
P 4nd 2n (2g)2gg 2’ W)

Wb dnpbul -

wvhere ¢ is the permittivity and K is the Kerr constant of nitrobenzene, & is the
area of the plates and E is the voltage of the electrical fleld, When 8¢ = 2w,

» = 6943% and E = 5¢102 cgs esu, the values for the capacitance of the plates and
the total capacitance =zre Cp = 1 cm and Cx ~ 2 cm, and the time constant of the
Lerr cell for p = £,3.10-11 cgs esu (75 ohms) amounts to gCyg ~ 1,6+10~10gec,

In order to form light pulses with minimum amplitude rise time, it is
necesgary t¢ obtein the moximum rete of change of the phase difference between
componente of the polarization vector at the ocutput of the Kerr cell., To estimate
what {8 possible, let us assume the driving electrical field has the form cf an
instantaneocusly activated vocltage Uy at the moment of time t = O, It is clear
that the form of the voltage on the plates of the Kerr cell is

U = Uy(1 — e H/P0xy (5)
Using Eq. (3) for the phase difference ard its derivative, we can write the
expressions:
U(z) -t/pCk
bo(t) = 27Ky —= (1 — e )

ra
u (6

&b(t) = M Q- e-t/pcl() e-t/pcl( .
d DCK

From the last expression we can obtain a value for the maximum rate of change

in the phase difference:
K1 1)

- e———
=

max ] ZpCK

«5 -
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This value is reached at the moment of time
t = pCK1n2.
Disregarding the capacitance of the leads, when Cx = C,; = ﬁ# ve have

. 2 KES
6p = ZTKEQ (8)

max pe€

Thus, for K = 2,2¢105; E = 103; and o = 1.1°20"11 (p = 10 chms), wve obtain
= . 12 -1
6¥mux 1.1*10*“gec™™,

If the voltage amplitude U_ is large enough that the phase difference

0
betveen components of the polarization vector significently exceeds 27, then
a bean of light passing through & Kerr cell placed beiveen two crossed
polarizere appears to be modulated according to a law determined by Eq. (3),
froam which it i evident that the light will consist of a series of spikes,
and the length of the entire serlees will equal the duration of the voltage
rise front in the Kerr cell,

Let us determine the duraticn r of the tirst splie after t = 0, Fram
(3) 1t follcws that I = O for Kilp?=N, where N ir an integer and the voltage

is Eg ® Uy/¢, Using Eq. (5], we mey write

RiES (1— & T/)Y o
wvhence, for N >> 1, we obiuin
_ pat/t (9)
2ﬂK1/230 :

From the lest expression it fcllowe that when K = 2.2'10‘5; E= 103;
o= 1,1020710 (5 = 10 ohms); t = 1 cm; and ¢ = 3€, the duration of the first
spike i3 1 = 1,3°10%11gec.

It should be noted that these estimates were made without consideration of
the finite time required for the light to pass through thLe Kerr cell, which may

have some effect cn the duration of the spike,




CONSTRUCTION OF THE KERR CELL
A Kerr csll is usually made in the form of . flat condenser, placed in
a glass cuvetts with nitrobeuzene, Cerimin difficulties are encounteied in
reducing the stray capacitance when the construction is designed for highe
speed operation, gsiace the necessary high voltauge insulation requires lengthen-
ing the electrical leads from the condenser plates. In cur case, the cuvette

containing the nitrobenzene was made of metal and served as one of the eiectrodes.

to
modulator t Fig, 2. Cverall view cf high-spced

Kerr cell: 1 - cell casing; 2 =
cell cavity, filled with nitro-
tenzene; 3 - plates; L - optical
windows; 5 - electrode; € = teflon
iasulator; 7 ~ cavity filled with

cil under 5 atm pressure; 8 -
; ' textolite collar; 9 - holder for
S arm b Glan prism, ettached directly to
i/ . the Kerr cell casing.
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Figure 2 shcws an overall view of the Kerr cell, The lover plate is
atiechel directly to the casing, while the upper one is attached to tle in=
sulator, through which the high-voltage electrode passes., The high-volitage
lead and the external part of the insulator are filled with pure transformer
oil, The capacitance of the Kerr cell leads in this construction is C,, ~2n¥
with an inductance of L ~ 3 nll, Since the insulator also serves ac a gasket
to separaste the oil from the nitrobenzene, extreme care must be used in its
manufacliure, because the slightest penetration of one liquid into the other
makee the Kerr cell completely unsuiteble for operation, Just as much care rust
also be exerciged in finishing the metal surfaces which will come into direct

contact with the teflcn., The criterion for good assembly of a Kerr cell is

the complete absence of any odor of nitrobenzene. In the Kerr cell used in the
resonator, the plates hsve dimensions of 20 x 4O mmc, while in the cells used

for pulse sharpening the plates have dimensions of 12 x 1i2 mre, The dimensicns of
the inner cavity cf the metal casing were chosen such that, on the one hanc, the
distance of all points on the h.gh-voitage electrcde from the casing wculd be ss
large as possible, to increase the capacitance of the casing electrode; ard on

the other hand, as small as possible in crdéer to decrease the inductance ¢f

the leads, According to cur estimates, this distance must be cn the order cf
1.5 d. All current-carrying surfaces were silvered and carefully polished.
Although the presence of thesilver also increases the ccnductivity of the
nitrobenzene, when using a Kerr cell to control veltage pulses of ~ 10" Tsec

in duration, studies on the space-tire parameters ol the Kerr cell shov no
irregularities in the ocpticel properties of nritrctenzene caused by the passare
of a current through the Kerr cell.
SPATIAL WIIFCRMITY CF THL KERR CELU

A study of the spatial uniformity cf the light field, which is determipred

-8 -
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by the uniformity of the electricel field batween the plates, wvas performed by

a shadowgreph method with crossed polarizers., A diagrsm of the experiment is ahown
in Fig. 3. The light beam was produced by a Q-switched ruby laser, in which the
resonstor wae switched by anothor Kerr cell; the energy was 0.5 J and the pulse

duration was 40 nsec, The amplitude of the controlling electricel pulse in the

to modulator

Fig. 3. Plan of exveriment for shsadow-method investigation of the spatial

uniformity of the inter-electronic space of & Kerr cell at the mcment

an electrical pulse is fed to iil: 1 - Qeswitched rub* laser; 2 = collie

mator; 3 « Kerr cell; b - Clan prisms; 5 - objective, 6 - photographic plate.
Kerr cell to be studied was chusen sucu Lnet the phase difference of the vecter
components of the polarization of light passing through the cell would change
by 2n during the voltage rise front cn the cell plates, The moment the voltage
vas fed to the Kerr cell ccinclded with the rmaximum intensity of the ruby leser
beem, The characteristic shadowgraph is shown in Fig., 4, The lesst derkening
is observed in the middle part, between the plates, and is determined by the
miinimal exposure time, equal tc the veitage pulse front dureticn v= 1.5 nsec.
The significant derkening at the edges and near the surface of the plates {s
caused by incamplete closure of the shutter for a cheage in the phase difference
bty an amount lese than 2r in the first case, and, in the second case, by an

amcunt greater then 2m, due to an increase in the fleld voltage es a result of

the localization of impurity particles near the surface of the plates,

-9 =
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Fig, 4, Shadovgraph showing the transmission of e Kerr cell, vieved in beam
cross section (polarizev and amaliyzer crossed),

In order to eliminate the question of whether schlieren distortions
occur in nitrobenzene under the influence of a varying electrical field,
shadov photography of the cell was performed by the Tdpler method, using a single
optical knife with two different positions of its edge == parallel and perpendicular
to the dirsction of the electricel field. Figure 5 shows the characteristic
schliersn photograpbs, from which it may be seen that durin; the time the
I electrical pulse is applied to the Kerr cell (~ 10~Tgec), no significant

echlieren inhamogeneitier appear,

Fig. 5a

-10 =
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Fig. 5. Characteristic schlieren photogrephs of the inter-slectrode space of & :
Kerr cell at the moment of feeding it the electrical pulse, Exposure .
time of the frame is ~ 30 neec: (u) ~ Edge of the optical knife placed
orthogonai to the vector of the electricel field voltage within the Kerr cellj
{b) - Edge of the optical knife rotated ty $0°,

INVESTIGATION OF THE TIME PARAMETERS OF THE KERR CELL
The operating tine of the Kerr cell was determined by the duration of
the light pulse formed by it, as shown in the diagram of Fig., 6, Ia the

chopping cell 2, we used plates with dimensions of 12 x 12 zn, and the dis-

tance between them weas chosen such thet the phase difference betveen polariza-

tion vector componente at the front of the electrical pulse amounted to 27,

In order to eliminates the effect of the noneuniform electrical field near the

surface oI the plater, the luser beaz was focused in the space between the

plates by a lens vith a focal length of f = 200 m (sic). The beam diameter

within the Kerr cell was significantly less than the distance between the

plates. The form of the light pulse at the output of the sharpener (consist-

ing of the crossed polarizers 3 and the Kerr cell 2) was recorded on an I2-7

high-speed oscillograph with the aid of the cosxiel photodiode 9. With an

electrical voltage amplitude of Uy ® 25 kv, a front duratica of 0.5 nsec and a

distance betveen plates of 4 mm, the duration of the light pulse et the output

-1l -
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Fig. 6. Flan of spparatus for forming a laser emiesion puise with the aid of
& high=speed Kerr ahutter: 1 - Kerr cell used for Qeswitching the ruty
laser; 2 - highespeed Kerr cell; 3 -~ Glan prismsy 4 - diaphragm; 5 =
generator for highevoltage nancsecond pulses, used to drive the Kerr

cells; 6 - lenses; T - ruby crystal; 8 ~ mirror of optical rescnator;
9 = coexial photodiode (FEK=-15).

amcunted to ~ 1,5 nsec, The characteristic oscillogram of the pulsge is
shown in Fig. T.

Using the same Kerr cell, measurements were made of the value of éim.x.
The lay-out of the experiment was practically identical tc thet shown in Fig,

6, except that the distance betveen the plates vas 2 mm, corresponding to an

-12 -
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Fig. Tv

Fig. 7. (a) Oscillogram of light pulse at output of Kerr shutter fcr a change
in the phase difference §¢ by 2n; (b) Determination of the form of the
electrical pulse rise front from the form of the light signal.
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electrical field voltage in the cell of ~ L0O cgs esu, The total change in

“he phase difference at the front of the electrical pulse therefore amcunted
to 9wy thus, at the output of the sharpener the light was chopped into & series
of r-ur spikes., The characteristic oscillogram of this type o. light pulse

is shovn in Fig. 8, The value of ¢ .. vas determined frem the relationship

6; s 2n/1, vhere 1 iz the duration of the first spike on the base, and amounted
to 24109 gec™l, The calculated velue of 6$max for the givern geometry of the

plates is equal to 6$max4~ 34309 sec‘l.

Fig. 8. Characteristic oscillogrem of & series of light pulses obtained by
mesns of ¢ Kerr shutter, for a change of 9n in the phase difference be-
tueen components of the light polarization vecter.

The technique of pulse modulation of light by the front of an electricel
pulse, for all its relative simplicity, nevertheless possesses e number of
serious shortcamings., These are, first, the difficulty in obtaining a minimal
transtission on the flat part of the contrclling pulse, and second, the need
for establishing a high degre: ~f uniformity in the electrical field in the

Kerr cell; this imposes a limitation on the value of the capacitance CK and ,

consequently, on the limiting duration of the light pulse. In this respect the

- 14 -




methodl of modulating with a short electrical pulse appears to be significaatiy

more adveantageous,

to oscillograph :

Fig. 9. Plen of apparatus for modulaticn of light with an ultrashort elece-
trical pulse:

1 - generator for highevoltage nanosecond pulses, with the following

arameters:
P Upax ® 50 kV; 1y = 2'10'7aec; Tp R 2.3+10"9ec;

2 = nanosecond pulse sharpener, vwhich shortens the duration of the
pulse front to & value of Ty 0.4+20-9sec;

3 - differentiating element used to form a pulse with & half-intensity
duration of 0,5+10~9sec;

L = capacitive divider;

5 = Kerr shutter;

€6 = Q-switched ruby laser;

T = coaxial photodiode (FEK-15).

Modulation of this type was achieved by the technigue illustrated in
Fig., 9. The formation of a short electrical pulse was made in the folloving
manner, The leading front of e pulse from a high-voltage square-pulse generator
(1), with a duration of t¢~ 2 nsec, vas shortened by a sharpener (2) to a
value of 14 ~ O,4 nsec, The pulss was then differentiated by means of &
comxinl differentiating section (3), forming at its output s pcsitive pulse vith a
duration approximately equal to the duration of the leading fromt with an

expoacnutial drop. The form of the pulse at the output vas recorded with the aid

- l5 -
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¢f a vapezitive divider (U}, The characteristic oscillogrem is shown in

Fig. 10a.

ﬂn&‘ec

Fig. 10. {a) Characteristic oscillogram of electrical pulse after differsntiating
section; (b) characteristic oscillogram of light pulse at output cof Kerr
shutter vhen electricul pulse shown in Fig, 10 (a) is fed to plates of the
cell,

In order tc transmit thiz sort of pulse to the plates of the Kerr cell
without any significent distortions, the capacitance of the differentiating
section Cy must be greater than the capacitance of the cell and, at the same tine,
must satisfy the condition 20Cg < h010“1°sec, vhere p is the wave impedance of
the cable, For o = 75 ohms, Cy ~ 2 nF and, consequently, the capacitance of the
Kerr cell must be on the crder of C $ 2 nF,

In the Kerr cell (5) wve used 3 x 4 mx plates set ~ L.5 mm apart. The




A s ;

totel capacitance of the cell was therefore C, ~ L oF, and the capacitance of
the differentiating section C4q vas ~ 2 nF, With such a ratio of cepacitances,
the pulse in the Kerr cell was integrated and its amplitude at the plates
wes approximately 4 kV, The maximrun phase difference was thus ~ n/6, which
corresponds to & shutter transmissiom of ~ 25%.

An oscillogram of the light pulse is shown in Fig. 10b. The duration

between its half-intenslily points is 0.5 nsec. It should be noted, however,
that this value represenis the upper limit, since the duretion of the recorded

pulse is sbout at the limit of resolution of the coaxial photodiode,

APPLICATION OF THE KERR CELL TO HICH-SPEFD PHOTOGRAFHY

Lt V0 PR e S

The highespeed Kerr cell may be used as an cptical shutter to obtain e
series of short (up to 10~10gec) pulses, A shutter of this type, in combina-
tion with linear image scanning in multistege imege converter tubes, makes it
possible to obtein & multieframe photogrephy of veakly luminous objects with
an exposure equal to the duration of the pulse., When a laser is Q-switched
by & Kerr cell which is fed with & sesquence of electrical pulses, the emission
from this laser represents a series of regular nanosecond pulses with a time
interval between them on the order of tens of microseconds, Such a laser may
be used for stroboscopic photography of periodic processes (9], and may alsc
be combined with a high-speed photorecording camera of the "rotating mirror"
type for recording repideaction processes (10],

As another application of the Kerr cell, ve may mention its use for

shortening a laser pulse to be used for photographing plasma plumes obtained

Lol

at the foous of another laser. In Ref, (1], this was used to obtain five-
frame shadow interferometric end schlieren phctogrephs with an exposure of
3 nsec and a delay between frames of L0 nsec.

In the present work, an improvement in the construction of a Kerr cell

- 17 -
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Fig. 11. Highespeed seven-frame shadcwgraph of shock wave in air at pressure
of p = 0,4 mm Hg, formed by expansion of lasar "spark”, Exposure of
ecach frame vas 1.5-10‘9sec; interval between frames vas 36.10-9sec,

The arrow indicates direction of the neodymiwas laser beam,
permitted a shortening of the exposure time., Figure 1l shows the seven-frame

shadovgraph of a shock wave in the light of a ruby laser. The interval between

- 18 -
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frames was 36.6 nsec., The duration of the pulse from the ruby laser after
sharpening, measured betwveen the half-intensity points, is ~ 1,5 nsec, and

at helf-pover, ~ 2 nsec, which ensures an exposure time per frame of ~ 2 nsec,
The shock wave was formed by the expansicn of a spark created when the beam
of a Q=switched neodymiuw laser was focused on the surface of a carton fiber
placed in & vacuum chamber, The regridual air pressure wvas ~ 0,4 ms Hg, The
radiant energy of the nrsodymiuvan laner wes ~ 1,5 J, and the duration of i*s8
pulse at the halfeintenaiti)y polnt wvas ~ 15 nsee. The Lean was focused bty

a lens wiin a local length of f 2 1C0 mm, so that the diameter cf the focused
spot wvas ~ 3*10“2cm, ené tue radistion flux density was--1C-1l w/em~1,

The tirgt {rame ci the rhclegraph corresvonds 10 the acment vhen the
amplitude of the necdymium iaser striking the target ia at its maxlmum. In
this frame, ve 3ae 8 pon-transparent reglon nzar the surfece ¢f tne target,
with a characterisiic dimension of ~ 0,2 cm, After the end of the pilse, the
plasme vogineg to expand adlabstlcally, forming theredy & shoeckx wave in the
residual~gas atroaphsrre. The shock weve with its sharp froat is claearly
visible in the second and sll following fremes, The initial veloclty of the shock
wvave, a8 determined frum the protograph, is ~ 6°1O6cm/ucc The shock vave hss
a distinctly pronounced spharical shape, A significant decelsration i3 cbaerved
as it expands, so that eafter ~ 150 nsec, which corresponds to the seveath
frame, the velocity is ~ 3+106cm/sec,

In addition to solving optical provlems, the high-speed Kerr cell may fiau
application in studying the parameters of highe-voltage elecirical pulses on a
load, in determining the time resoluiion of meszusing cirenite for short light
signals, and so forth. We have used & Kerr cell to determine, rrom the form of
the light signal passing across the cell through crossed polarizers, the form of

the electrical rise front on the plates of the Kerr cell, Calculations were
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made with the aid of Eq. (3), and the result is ehown in Fig. 7b, in the
form of the curves 6¢ = 6¢(t) and U w» U(t), The duration of the electrical
pulse front To,a Yo determined from Fig. Lt to be 2.3 nesec. The calculated
value of Tp,a 18 2,1 nsec,

In couclusicon, the authcrs express their deep appreciation to Academician

N.G. Besov for his constant attention to their work, and to O.N. Krokhin for

discussing the results,
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