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The influence of an external, pulse-periodic, energy supply source on the aerodynamic
characteristics of a hemisphere positioned downstream is simulated99® American Institute
of Physics[S1063-785(17)00105-5

1. INTRODUCTION (e+p)v/r—pq
It has been established theoretichligat when an exter- _ pvlr
nal, continuous source of heat release is located in a super- "~ puv/r

sonic stream of gas under steady-state flow conditions, the
aerodynamic drag of bodies positioned in the wake of the
source may be reduced substantially. The practical aspect of Here,e= p/(y— 1)+ p[(u?+0v?)/2] is the specific en-
producing a heat spot in a supersonic stream by stabilizingrgy per unit volumep is the densityu andv are the ve-
an optical discharge, was considered in Ref. 2. It was showtocity components along the andr axes, respectively. The
that the most promising method of achieving a stable supplgnergy supphg will be defined as:
of laser energy to a supersonic stream, involves using dis- %
continuous radiation, comprising short, high-power pulses at  q—y(x,r) >, }5 t— E)
a high repetition frequency. It was observed experimeritally =1 f f
that the reduction in the drag of bodies depends strongly Oy here 5 is the Dirac delta functiont is the pulse repetition
the pulse repetition frequency, at constant average '”p‘ﬂequency, and\ is the average mass density of the energy
power. In the present paper, we report some results of the%‘upply, which we write in the form:
retical modeling of the influence of a pulsed source of heat

pm)3’21 F{ r2+(x—x0)2)

pv?lr

release on the supersonic flow around bodies. _
W=W,

—| =ex
-/ R L?
The presence of a pulsed source term ingmay give
2. FORMULATION OF THE PROBLEM rise to discontinuities of the parameters at times

) ) . t=t,=nf"1, and thus we need to use particular analytic so-

We consider the steady-state, axisymmetric flow of &ions in the neighborhoods of singularity points when con-

ugnform supersonic stream of ideal gas around a hemispheig,cting a numerical algorithm for the solution of system
x“+r°=R? x=<0. Here and subsequently, we adopt the no-y) |ntegrating the vector equatid) overt on the intervals
tation:x andr are cylindrical coordinates® is the radius of ¢ o [t —¢ t + 5] and going to the limit as —0, we easily

the sphere{u.. .0} is the velocity of the unperturbed stream, opain the following simple rule for passage through the sin-
P=, p-, andy are the pressure, density, and adiabatic expogyarity pointst=t, (the splicing conditions of the solution

_ 1/2 —-1/2 ;
nent, andM..=u..p:(yp-) "~ is the Mach number, where he gensity and velocity components remain continuous with

M. >1. We assume that at zero time 0, a pulsed source respect tat but the pressure undergoes a jump
of energy supply with the mass heat-release density
g(x,r,t) begins to act in the incoming stream ahead of the
sphere. Everywhere in the region of motion, we use the
model of an ideal gas with constant sources of external heat
influx* and we write the system of time-dependent axisym-

metric Euler equations in the form of the conservation laws>: METHOD OF SOLUTION

1
P(th+0)=p(ty=0)+ (y=1)p(tn)z WX,1). )

The calculations were performed using an explicit TVD
Qi Ex+E+H=0, &y method in the Chakravarthy finite-volume formulatfon,
which can provide good resolution near strong discontinui-
ties (shock waves and contact surfaced/e used a trans-
formed coordinate system=x(¢, %), r=r(&,n) which pro-

where the vector of the dependent varialifigsthe flux vec-
tors E andF, and the source terrdl are expressed as fol-

lows: vides a large cluster of mesh points near the body and in
e (e+p)u (e+p)v regions of high flow gradientg&here were 84 .mesh points
along ¢ and 56 alongy). In terms of the variableg and
0= P  E= ;;u F= pv , 7, the system(1) may also be written in the conservative
pu pu+p puv form: Qi+Eg+F,+H=0, where Q=0Q/J,
pU puu pv2+p E=(x:E+x,F)/J, F=(x,E+r,F)/J andJ is the Jacobian
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of the transformatiord(x,r)/d(&, n). Relating the indice$ posed at the exit boundary, and the condition of impenetra-
and k to the directions¢ and z, we obtain the numerical bility was imposed at the surface of the body. The maximum
approximation number of pulse®N>1 was selected to ensure stabilization

. . . . . . of the average flow characteristics on the intervals
Q)+ (Ejruat Bj-120) T (Fjura2t Fiu-1d FHjW=0 o 1 — Tt t, <ty, andT=10f 1.

whereE andF is the numerical approximation of the fluxes

across the faces the particular cell, &pds a term compris-

ing an approximation of the vector of the dependent vari-4. RESULTS

ablesQ, taken over the value at the center of the cell and

averaged over the entire volume. The half-integer indices Results are presented for the cade=3 andy=7%,

denote the faces of the cell and the integer values denote the F2+ (X—Xg)2 N ¢
. . i : . _ 0 n

cell itself or its center. Omitting the details of the numerical ~ q= 7y~ %AW, exp — ) > Ss(t—ty),

approximation of the flux vector® andF, note that we used n=1 M

a modified version of the methbdorresponding to a third- xq=—3.5, L=0.5, Wy=20, N=10*f "%, andt,=nf"1 for

order difference scheme for smooth solutions, which ensuregarious frequencies in the range 16< f <10

that there are no parasitic oscillations near surfaces of dis- All the quantities are cast in dimensionless form. The

continuity, where the order of the approximation is reducedprincipal scales of length, density, and velocity are taken as
The numerical solution procedure included determiningR, p.., andc..=(yp../p.)Y2 The pressure is normalized to

the steady-state flow of a uniform supersonic stream aroung..c2 , the external energy supply densitydd R™*, and the

the frontal section of a sphere using the method of iterationtime toc_ !R.

The distribution of the parameters thus obtained was then At pulse repetition frequencies less thiaa f,~0.5, the

taken as the initial conditions fdr=0. The numerical solu- thermal wake behind the source exhibits a well-defined,

tion was then constructed within the time layersdiscrete structure of diverging waves. Fbrf,~5.0, the

th—1<t<t, 1=n=<N, and the transition from one layer to wake is almost continuous. Figure 1 shows the pressure

another was made by means of the splicing conditi®s po(t)=p(—1,0t—f 1) at the critical point on a sphere,

specified above. Throughout the entire time, the parametemshich includes a transition section from the initial steady-

of the unperturbed stream were maintained at the entrancstate flow to a quasiperiodic state in the presence of a heat

boundary of the calculation region, soft conditions were im-source, pulsed with the frequenéyf, or f=f,.

L
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FIG. 2. Mach number contours for flow of a supersonic gas
stream around a sphere: a — no energy supplied and b — at a
pulse repetition frequencl=2 (t=11.2).

Figure 2 shows the rearrangement of the flow around a 1 (t,
sphere under the influence of a pulsed heat source. The bow G(f)=f (—f
shock shows considerably increased separation, and recircu- O
lation zones are formed in the shock layer, in good agree-
ment with the results of Ref. 1, which were obtained for

1t
pth)dV, C(f)=—J C,dt,
T T te =T

* —

steady-state heat release conditions. whereG is the average power supplied in the tifie- 10/f
The following formulas were used to determine the av-in the heat spoV/,, : r2+ (x—xg)?<L?, andC, is the instan-
erages taneous drag coefficient of the hemisphere:

PRI Y SR

FIG. 3. Drag coefficienC/C, versus pulse repetition
frequencyf for Wy=20.
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4 1 , These results agree qualitatively with the experimental
Cx(t)ZW fo(ypc—l)rdr, Pc=p(—V1-r4r,t). data®

) ) 1P. Yu. Georgievskiand V. A. Levin, Pis’'ma Zh. Tekh. Fiz14, 684
Figure 3 shows the influence of the heat source fre- (1988 [Sov. Tech. Phys. Lettl4, 303(1988)].

quencyf on the average drag coefficient of the hemisphere’P. Kk Tret’yakt(Jv, (Z) P. Grachev, A. I. Ivanchenla al, Dokl. Akad.
_ : o ; Nauk 336, 466 (1994).
for Wo const as cc_)mpared with flow ,Condltlons Wlthpm 3p. K. Tret'yakov, A. F. Garanin, G. N. Grachex al., Dokl. Akad. Nauk
any energy _suppIyCo—CX(O). An appreciable reduction in 351 No. 3, (1996.
the loading is observed even fb=1 (up to 65% of the flow  “G. G. Cherny, Gasdynamic§in Russiai, Nauka, Moscow(1988.
regime Wlth no energy supplyA Saturation effect iS Ob_ 5s. v. Guvernyuk and K. G. Savinov, Izv. Ross. Akad. Nauk Ser. Mekh.

. hidk. Gaz. No. 2, 1641996.
served Whereby the drag shows very little decrease above éé R. Chakravarthy and S. Osher, “A new class of high-accuracy TVD

certain pulse repetition frequency: a miNIMUM  gschemes for hyperbolic conservation laws,” AIAA Paper 85-0363
C(f,)~0.58C, is reached at=f,~2 and is then followed (1988.

by a SIOW Increase ”ﬁ:(f) for f> f* . It may therefore be 78. R. Chakravarthy, “The Versatility and I’ellablllty of Euler solvers based
concluded that a pulsed heat supply is more effective than a°" Mh-accuracy TVD formulations,” AIAA Paper 86-02¢8986.
steady-state supply. Translated by R. M. Durham
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A possible method to measure accurately the refractive index of a transparent liquid
Kh. V. Nerkararyan, N. L. Markaryan, and E. Dzh. Ogannisyan

Erevan State University
(Submitted December 15, 1996
Pis'ma Zh. Tekh. Fiz23, 9-13(May 12, 1997

An analysis is made of some characteristics of the propagation of a light wave through a
semiconductor-gap-semiconductor structure, where the thickness of the gap between the parallel
planes of the crystals is of the order of a micron. It is shown that a combination of

multiple reflection and interference processes produces an exponential dependence of the
transmitted radiation intensity on the refractive index of the material filling the gap. This
circumstance can be used to set up a simple method for accurate determination of the

refractive index of a transparent liquid. @97 American Institute of Physics.
[S1063-785(M®7)00205-X]

Methods of megguring the refractive indices of. various Ey=E§)a)[expi(y1+iyz)x+exp(—i(yl+i72)x)]
media can be classified into several groups according to the _ _
phenomena used. Information on the refractive index may be Xexpi[(B+ipy)z—wt], |x[<d/2; )
obtained by determining the angle of refraction of a light E —g® ; :
= expi(x,ti x|—d/2
beam, the intensity and polarization of reflected radiation, or y=Bolexpilxatixz) (X )]
the path difference between interfering bednfs. xexpi[(Bi1+iBy)z—wt], |x|=d/2. 2
_In the presen_t Paper we propose a new_mgthod _Of M4 then follows from the wave equation that
suring the refractive index of a transparent liquid, which in-
volves determining the intensity of radiation emerging from  n3(2@/\o)2=yi— v3+ Bi— B3, Yy1v2+B1B>=0,

a quasiwaveguide structure. Here, a combination of multiple (©)]
reflection and interference processes produces an exponential

d g os P PO nf(2mINg)2=Xi— X5+ Bi— B3  Xix2tB1B2=0.
ependence of the output intensity on the refractive index (4)

and thereby creates favorable conditions for accurate mea- ] ] ) ) .
surement of the refractive index. Here,d is the thickness of the gap,is the velocity of light,

Crystals exhibiting cleavage properties may be used t(_z;md)\o is the wavelength in vacuum. Joining the fields at the

fabricate a structure consisting of two crystals separated by |gtirfaces d?\y /(aj\<s;andard %rtoge(il# re, in the “m't,lng .case
distance of less than or of the order of a micron. In this caser,'l Nz andio M1, WE obtain Ihe wave parameters

the parallel facing surfaces of the crystals are cleavage Ao 27N, )\g
planes. The electronic properties of this type of crystal-gap-¥1~ 5> 72~ "~ W X1=)\—0, X2= "~ TZ{OP
crystal structure were identified and investigated in Refs. (5)
5-7 for the case of a plane capacitor with semiconductor

plates. In Ref. 8, we discussed the feasibility of using this _ 2m _ )\g

structure to fabricate a planar optical waveguide with mov- P~ )\—Onz, B2~ 2n;n,d%" ©

able boundaries, capable of efficiently modulating the phase
of the wave. Waveguide propagation of the radiation througl?nd

t_he grystal—gap-crystgl s.trlucture is obtlain(_ad when the rEfr""cébly less than the wave vector. Quasiwaveguide propagation
tive index of the liquid filling the gap is higher than that of ¢ 6 TE mode takes place because in this particular case,
the crystal. The other limiting case, when the refractive indeXy,o aitenuation constas, is considerably smaller than all
qf_the crystal |s_con3|derably hlghe_r than that of_the liquidihe wave-vector componentsy{, x;, and B;). A simple
filling the gap, is also of decided interest. In this case, &nalysis shows that transverse magnetic modes cannot propa-
quasiwaveguide propagation regime is established where thgyte through the structure in the quasiwaveguide regime be-
intensity losses of radiation propagating through the structurgzyse TM modes are rapidly attenuated.
are low over distances of the order of the Wavelength. This We now discuss the feas|b|||ty of app|y|ng these formu-
situation is analyzed theoretically and experimentally in thelas for the case where the crystal-gap—crystal structure is
present study. formed by a GaAs crystal, and helium—neon laser radiation
We consider some characteristics of the propagation gfropagates through the gap. In this case, the wave vector
transverse electriCTE) modes through a structure under con- y, (x;<<81, x2, B2) is an order of magnitude greater than
ditions where the refractive index of the crystals;X is the absorption coefficient and our formulas can be applied
higher than that rf,) of the material filling the gap. The with a fairly high degree of accuracy to the gap and its im-
y-component of the electric field of a wave with the fre- mediate vicinity. Absorption begins to play an important role
guencyw may be expressed in the following form: when the radiation propagating through the crystal is some

We neglect the imaginary part of the crystal refractive
eX, assuming that the absorption coefficient is consider-
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P(ny) constant but, as a result of the higher refractive index, its
z-component ;) increases, causing an increase in the angle

= 18 T T L T Ll
i of incidence. In consequence, the coefficient of reflection
" | from the interfaces also increases and the wave power is
more effectively concentrated in the gap.
Simple estimates reveal that the radiation leaving the
14 . structure can easily be recorded even for fairly high values of
the parametex (a/n,~10) and relatively low input powers
12 . (Po~1 mW). Under these conditions, a small change in the
refractive index of the material filling the gap may substan-
10 J tially change the output radiation power. This factor may
play an important role in measurements of the refractive in-
8 | dex. Measurements were made of the output power from a
crystal-gap-crystal structure, fabricated using a GaAs crystal
with [=0.35 mm, on which focused helium—neon laser ra-
6 1 diation was incident. Three structures with gaps of different
thickness(with different @) were investigated. The output
4 . power was measured for the case of a vacuum gap-()
and also when the gap was filled with alcohol, € 1.36)
2 : and tolueneif,=1.5). Figure 1 shows the experimental val-
1.2 1.3 1.4 1.5 1.6 1.7 n, ues of P(n,)/P(n,=1) and the corresponding theoretical

curves. It is important to note that compared with the
FIG. 1. Results of experimental investigations for three different structured/acuum gap, the output radiation power increases sharply
indicated by the symbols. Curves 2, and3, obtained using formul&?),  when the gap is filled with liquid. The satisfactory agreement
correspond to the cases=6.87, «=5.84, anda=4.86, respectively. between the experimental and theoretical results suggests

that this process may serve as the basis for a new, fairly

simple method of measuring the refractive index of a trans-

distance from the gap. Thus, only the radiation componen@arent liquid.
concentrated within the gap leaves the structure. As a result,

the output radiation power may be given by the foIIowing LA. A. Shishlovski, Applied Physical Optickin Russian, Moscow(1961).
formula: 2B. V. loffe, Refractometric Methods in Chemisfip Russian, Leningrad
(1983.
2
a 0 37T. Ding and E. Garmire, Appl. OpR2, 3177(1983.
P(ny)=SPyexp — |, a=2Bz/In;=——13 iR (7)  4R. Th. Kersten, Opt. Commun3, 327 (1977.

2 1 5V. M. Arutyunyan and Kh. V. Nerkararyan, Pis'ma zh. Tekh. Fig(21),

Here,P, is the radiation power incident on the structurés 44 (1993 [Tech. Phys. Lettl9, 684(1993].

. V. M. Arutyunyan and Kh. V. Nerkararyan, Fiz. Tverd. Te(&t. Peters-
the length of the structure, and the param&aés less than burg 36, 1513(1994 [Phys. Solid Stat, 827 (1994

unity and indicates the radiation insertion losses. 7VI. M. Aroutionian and Kh. V. Nerkararian, Sensors Actuat@-25,
It follows from formula(7) that, as the refractive index  353(1995.

of the material filling the gap increases, the losses decrease’!- M- Arutyunyan and Kh. V. Nerkararyan, Pis'ma Zh. Tekh. F24(16),

and the output radiation power increases. This is because in>2 [Tech- Phys. Lett21, 656 (1995

this case, thex-component of the wave vectoty{) remains  Translated by R. M. Durham
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Application of a nuclear quadrupole resonance method to measure stress in a matrix-
tracer system in composites

N. E. Ainbinder, A. S. Azheganov, V. P. Begishev, and N. K. Shestakova

Perm State University
(Submitted December 16, 1996
Pis’'ma Zh. Tekh. Fiz23, 14—-18(April 12, 1997

A gquantitative correlation has been established between the shift of the nuclear quadrupole
resonance frequency of the tracer and the stress in a matrix-tracer system in composites.
Measurements are made of tfi€u resonance frequencies in samples of epoxy resin

containing cuprous oxide powder. The stresses in the resin and their dependences on temperature
and external pressure are determined. 1897 American Institute of Physics.
[S1063-785(17)00305-4

Test samples containing powder of a crystalline subp,. between 0 and 49.03 MPa. A linear dependence; afin
stance as a tracer may be used to study the mechanical intéhe pressure applied to the sample was observed. A shift of
action between composite binders and fillers having differenthe resonance frequency;(p.,To) of the cuprous oxide
thermal and elastic properties. The tracer crystals shouldrystals was detected in the sample compressed to a pressure
contain quadrupole nuclei at which nuclear quadrupole resope, relative to the frequencyy(p=0,T,) of the free crystals
nance signals may be observed. In experiments carried oat the same temperature:
with epoxy resins, shifts of the tracer resonance frequency
have been observed and measured during hardening of the A7i(Pe)="7i(Pe,To) = ¥o(P=0,To). @

resin and during compression, tension, and heating of thel_he values oA ;(p,) for a sample withC;=0.34 are plot-
sample$? In the present paper, we show that there is %ed in Fig. 1 e e

correlation between the shift of the nuclear quadrupole reso- A clear dependence of the frequency shifts on the tracer

nance freque'ncy of the powder t.racer and the magnitude 0goncentratior(:i was observed experimentally. The slope of
the stresses in the polymer matrix.

For our investigations we usedELO epoxy resin, hard- the curvesAvi(pe) and Ax(T) decreases monotonically

d with bolvethvl | ) q taini with increasing concentration.
ened with polyethylene polyamine and containing cuprous g frequency shifA v; is caused by the pressupe of

oxide {CL;0) tracer powder, having a concentratiah be- the polymer on the surface of the tracer particles. Since the

Eﬁizznob?cg:sned tr?é?;i Fr);?rtsstatl)sy r:/;\l/tcjan;ec.:uct;?cprs?fusc&):fzr:,éaggnal is observed experimentally from the entire volume of
y e sample and the average signal frequency shift is re-

have as isotropic bodies u_nder thermal expansion and un orded, we find the pressupe averaged over all the tracer
form hydrostatic compression. The resonance frequency Avstals:
63Cu in CuO at 293 K is 26 012 kHz and decreases mono-~ > o>
tonically with increasing tempgraturg. The pressure depen- pi=Avi(pe,T)/(dvldp)t, 2)
dence of the frequency(p) is linear in the pressure range
up to hundreds of megapascals. The samples were testedhere @v/dp);=0.369t0.002 kHz/MPa is the pressure co-
under the isotropic action of hydrostatic compression ancfficient of the®3Cu nuclear quadrupole resonance frequency
uniform heatingcooling. The experimental method and ap- in Cu,0 (Ref. 3, determined under hydrostatic compression
paratus were described in detail in Ref. 3. of the crystal. In Fig. 1, a pressure axis, calculated according
To investigate the temperature dependence of théo Eq.(2), is juxtaposed with the frequency axis.
nuclear quadrupole resonance frequency shift of the tracer, We now calculate the stresses in the polymer matrix. As
samples of tracer-containing polymer and a control sampl@ mechanical model of a tracer-containing polymer, we as-
(pure cuprous oxide powdewere heated in an oil bath. The sume a homogeneous, isotropic, linearly elastic medium with
bath was heated to 423 K and then slowly cooled. Measurdsotropic, linearly elastic, spherical inclusions distributed
ments were made of the frequency differerce, = v;,— v, uniformly in its bulk. Similar models were analyzed in Refs.
for Cu,O in the polymery;, and control samples;,, in the 4 and 5. We assume that this medium undergoes hydrostatic
temperature range 393-293 K at 10 K intervals. An exampleompression at the pressysg without any temperature gra-
of the Av;(T) curves obtained is shown in Fig. 1. In the dient in the medium. Since the model and the external influ-
range of 293-373 K, which corresponds to the vitrified stateences are isotropic, the tracer particles should undergo uni-
of the resin, Av;(T) increases linearly with decreasing tem- form hydrostatic compression at the presspre which is
perature. numerically equal to the component of the stress tensor in
The samples were subjected to hydrostatic compressiotie polymer matrix, normal to the surface.
in a high-pressure chamber filled with oil and thermo-  We take the polymer state at the glass-transition tem-
statically controlled af,=293 K. The frequencies; of the  peratureTy as the initial unstressed state. In spherical coor-
83Cu nuclei in the tracer were measured at external pressuresnates with origin at the center of a spherical tracer particle,
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FIG. 1. Nuclear quadrupole resonance frequency shift and internal
stresso versus temperatur€ (a) and external pressure, (b) for a sample
with a tracer concentratioB; =34 wt.%. The solid curve gives the calcula-

0 A L [

Pe , MPa

tions.

8 &
=

£
49

where a=(1/N)(dV/dT), is the bulk coefficient of thermal
expansion,y=— (1NV)(dV/dp)t is the bulk modulusu is

the shear modulus of the polymer material,and y; are the
corresponding coefficients of the tracer material, and
Tire)= —Pe IS the stress at the external surface of the
sample.

Curves ofo,,(T) and o, (pe), calculated according to
formula (3), for a=1.8x10 % K1, y=0.224 GPa?, and
u=127 GPa (Ref. 7, «;=0.06x10% K! and
xi=0.0198 GPa' (Ref. 8 are given by the solid curves in
Fig. 1 for T;=363 K and a tracer concentrati@)=0.34.

It was found that the values of the presspfeobtained
from the frequency shifts agreed numerically with the values
of the radial component of the stress in the polymer matrix,
calculated using the mechanical model of a tracer-containing
polymer. Similar agreement between the numerical values of
p; ando,, was also obtained for other samples with a lower
tracer concentration.

To sum up, we draw the following conclusions:

1) Nuclear quadrupole resonance can be used for experi-
mental measurements of the stresses induced in the matrix-
tracer system in composites;

2) This relatively simple isotropic model is suitable for
predicting the magnitude of the stresses induced by incorpo-
rating powder tracers in a polymer.
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Flexoelectric response of a liquid crystal layer with a temperature-induced
orientational transition

M. V. Khazimullin, A. P. Krekhov, Yu. A. Lebedev, and O. A. Scaldin

Institute of Physics of Molecules and Crystals, Ufa Scientific Center, Russian Academy of Sciences
(Submitted October 28, 1996
Pis’'ma Zh. Tekh. Fiz23, 19-23(May 12, 1997

It has been confirmed that the flexoelectric polarization model can provide an adequate
interpretation of the temperature behavior of the electrical response of homeotropically oriented
samples oh-methoxybenzylidena-butylaniline nematic liquid crystals at twice the

excitation frequency. The temperature dependence of samples with different director orientations
has been investigated experimentally. 1©97 American Institute of Physics.
[S1063-785(07)00405-9

It is known that the periodic deformation of a thin layer (T.), it tends to the fixed vaIuéJ*z‘f. Observation of the
of nematic liquid crystal gives rise to an electrical signaloptical polarization revealed that at the temperature corre-
induced by the formation of a macroscopic polarization,sponding toU5;, all the samples became uniformly homeo-
which may be related to the existence of a surface layer dfropic, i.e., a temperature-induced tilt—homeotropic orienta-
molecules with uncompensated dipole moméatsface po- tional transition occurred in all the cells.
larization), distortion of the director field(flexoelectric Let us consider a thin layer of nematic liquid crystal
polarization, and so fortht It was demonstrated in Ref. 1 oriented at the anglé to the surface of the substrates. Let us
that for homeotropically oriented samples of assume that the lower substrate undergoes mechanical defor-
n-methoxybenzylidene-butylaniline (MBBA), a flexoelec- mation at the frequencf, whereupon the director will oscil-
tric polarization model can provide an adequate interpretalate around the anglé induced by the substrate, following
tion of experimental data on the temperature behavior of théhe relation6y= 6, cos(2rft), where 6, is the amplitude of
electrical response at twice the excitation frequencythe oscillations which, for fixed amplitude and frequency of
U,¢(T). However, samples with different director orienta- the mechanical excitation, depends on the viscous properties
tions must be investigated to provide definite confirmationof the nematic and the tilt angk It can be shown that when
that the flexoelectric effect makes the dominant contributiorthe amplitudes of the mechanical oscillations are small
to U,;. A method of depositing silicon monoxide on sub- (a/d<1), the potential difference on the substrates, induced
strates confining a nematic liquid-crystal layer is frequentlyby the flexoelectric polarizatiohwill be given by
used to fabricate such layers. The temperature dependence of i2o— 20
the angle of tilt of the director on these substrates may be y.,.=2z7e (s S_I 8, COS6) 62

2f 270>

described using an orientational transition model proposed (g Sifo+e, coso)
earlier’ In the present paper, we investigate the temperaturgherez |, =, are the components of the dielectric tensor and
dependence of the electrical response on substrates with @a-e,;+e,; is the sum of the flexoelectric coefficients. The
orientational transition, and we show that the behavior ofemperature behavior of the substrate-induced steady-state

U,¢(T) for obliquely oriented layers is also consistent with tilt angle of the director for these cells is described?by:
the flexoelectric polarization model.

Layers of MBBA of thicknessl=40 um, with different coLo— Si(S—Sin) 020 @
initial director orientation@t room temperatujewere stud- S(S—Sin) .

ied experimentally. The substrates were of glass with a CONyhereS is the scalar order parameter, 8¢ and$, are the
ducting coating, on which silicon monoxide was deposited "Values ofS corresponding to the temperatures of the transi-

vacuum at an oblique angle',.the director orientation deDenChon to homeotropy and of the measurement of the initial tilt
ing on the angle of deposition. The crystal layer was de'angle ©)
).

formed t_)y periodic oscillations of the lower, thinner, sub- The mechanical oscillations of the substrate cause an
strate (thicknessh~100-200 um) at frequencyf=1 kHz  yicummetric oscillatory flow of nematic liquid crystal, and

and small amplitudeg~0.1 um), so that the director osCil- ¢, small.amplitude director oscillations, we can use the
lations were damped near the upper substrate. The eleCt”C@J(pressioﬁ"

response of the cell was recorded by a tuned voltmeter at

twice the excitation frequency. Details of the experimentala _ Any(\ coS6—sirf6)(1+\)

technique are described in Ref. 3. 07 (1-N\?)(1 COSO+ 7, SiPO)+ (51— 12)(\ cOSH—sirt6)?’
Experimental temperature dependences of the second 3)

harmonicU,¢(T) for cells with different initial tilt angles of

the director are plotted in Fig. 1. At low temperatures, thewhere  n;=(azt+ as+ ag)l2, 7=(—ar+ as+ as)/2,

absolute value ob,; increases with increasing steady-stateA = a3/ a5 («; are the Leslie viscosity coefficientsThe di-

angle, but near the point of transition to an isotropic liquidmensionless coefficierA, which is determined by the cell

@
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FIG. 1. Temperature behavior of the second harmbhi€T) for cells with (Flg' :!" solid curvg which shows gOOd agreement with the
different initial tilt anglesd, : 1 — 81.5°,2 —68°,3 — 50°, and4 — 10°.  €xperimental data.
To conclude, this model of flexoelectric polarization and
temperature-induced orientational transitions can be used to
by considering oscillations of a thin circular membrane. InOf the second harmonic of the electrical response in MBBA
our case, for a membrane thicknebs-100 um, radius ON Substrates with an orientational transition. The model can
R=5 mm, oscillation frequencyf=1 kHz, and the de- @IS0 be used to determine the temperature dependence of the
formation amplitude at the centea=0.1 um, we have Sum of the flexoelectric coefficients;+es;.
A=2.4x10"2,
Using published data on the temperature dependences of
g|, & A (Ref. 5 s Mo (Ref. 6, and S (Ref. 7, and 1G. Barbero, A. N. Chuvyrov, A. P. Krekhaat al, J. Appl. Phys69, 6343
] 1 . ] ] . ] . ]

= . . (199).
substituting the experimental values B%¢(T) into Eq. (1) 2A. P. Krekhov, M. V. Khazimullin, and Yu. A. Lebedev, Kristallografiya

with allowance for Eqs(2) and(3), we obtain the tempera- 40, 137(1995 [Crystallogr. Rep40, 124 (1995)].
ture dependence of the sum of the flexoelectric coefficients’O- A Skaldin, A. P. Krekhov, and A. N. Chuvyrov, Kristallografiga,

e=e,,+ ey (Fig. 2. The value ofe~10" 11 C/m obtained at ~ ,2°L(1989 [Sov. J. Crystaliogrs, 572 (1989

. . 4A. P. Krekhov and L. Kramer, Phys. Rev.38, 4925(1996.
room temperature is of the same order of magnitude as they. kelker and R. HatzHandbook of Liquid Crystal§Verlag Chemie,

data obtained by other researchetssing the approximation ~ Weinheim, 198§ p. 917.
e(T)=aS(T)+BSA(T)+yS¥(T) (Fig. 2, solid curve, éch. Gahwiller, Mol. Cryst. Liquid Cryst20, 301(1973.
a=—1.1573 10" 1 C/m B=9.2530< 10~ 11¢/m and ’S. Jen, N. A. Clark, P. I. Pershan al, Phys. Rev. Lett31, 1552(1973.

y=—8.0362x 10 1 C/m) yields a theoretical dependence Translated by R. M. Durham
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Photoresonant ionization of gaseous media by excimer laser radiation
B. A. Knyazev, P. I. Mel'nikov, G. Blyum, A. A. Doroshkin, and A. N. Matveenko

Novosibirsk State University, G. I. Budker Institute of Nuclear Physics, State Scientific Center, Novosibirsk
(Submitted December 24, 1996
Pis'ma Zh. Tekh. Fiz23, 24-32(May 12, 1997

An identification is made of twenty five elements whose resonance lines overlap the emission
lines of high-power pulsed ultraviolet gas lasers or lie in the immediate vicinity of them,

so that the mechanism laser ionization based on resonance satytaBORS) can be used to

ionize the vapor of these elements. Resonance transitions of atoms and ions excited by

the same lasefby krypton fluoride and xenon fluoride lasers, respectivalg observed for

tantalum and uranium. It ishas been suggested that these elements may be used as “catalysts” for
“catalytic” resonance ionizatiofCATRION) of dense multicomponent gas mixtures.

Experiments have been carried out to study the krypton fluoride laser irradiation of expanding
vapor clouds of different elemental composition, created by the evaporation of targets

with a ruby laser. Photographs obtained with an image converter, measurements of the refractive
index gradient from the deflection of the laser beam, as well as probe and spectroscopic
measurements indicate that the clouds undergo photoresonant ionization if they contain tantalum
vapor but that the laser radiation has no influence otherwise19@7 American Institute

of Physics[S1063-785(17)00505-3

The ionization of dense metal vapor in a high-intensitybe seen that these elements include some very commonly
resonant laser radiation field was observed in Ref. 1. Thesed ones and also some of particular interest for many ap-
mechanism for this multistage process was explained iplications(such as uranium and arseniSince the emission
Refs. 2 and 3. The process begins with the heating of seedtavelengths of these lasers lie in the ultraviolet, this variant
electrons by superelastic collisions with atoms excited toof the photoresonant ionization technique may be called ul-
saturation of the resonance level and/or by resonant stimuraviolet LIBORS.
lated bremsstrahlung absorption of photons. The electron- An important advantage of ultraviolet LIBORS is that
atom collisions result in filling of the upper excited levels. the resonance excited atoms undergo direct one-photon ion-
The process concludes with the rapid impact ionization ofzation by the exciting laser radiatiaim the visible, this is
the gas by the heated electrons. The laser pulse length, tloaly possible for a few elementsThis mechanism is not as
radiation power density, and the gas density must obviouslgffective as LIBORS itself, but may significantly reduce the
be sufficient to transfer the process to the “explosive” requirements for the initial number of seed electrons in the
phase. This type of photoresonant ionization, which has beegas and may speed up the ionization process. A second factor
termed Laser lonization Based on Resonance Satur@dtlen is the large spectral width of excimer laser radiation, close to
BORS), has recently been widely used to excite steady-staté nm, which is difficult to narrow and tun@vithin the fluo-
vapor of group-l and group-Il metals with narrow-band ra-rescence band shown in Fig) without substantial energy
diation from tunable dye lasers. More recently, LIBORS hadosses that are unacceptable for practical applications. How-
been used to create a lithium plasma at the anode of thever, there is probably no need for narrowing of the spectrum
PBFA-II high-power pulsed ion acceleratbr. because the width of a resonance atomic transition in the

The advantage of photoresonant ionization is that it iscase described may be of the order of 1 nm as a result of
entirely noncontact, and the ion temperature is substantiallpressure broadenifigr dynamic field broadeningSubstan-
lower than that observed when plasmas are generated hial resonance broadening was observed, for instance, in
other methods. However, the scope for the practical impleRefs. 4 and 5. This means that atoms whose transitions lie in
mentation of the classical LIBORS technique is rather lim-the immediate vicinity of the lasing spectrum may also un-
ited because the operating life and reliability of flashlamp-dergo photoresonant ionization. These factors make it sig-
pumped dye lasers are poor, and the resonance transitionsmficantly easier to achieve ultraviolet LIBORS with excimer
very many elements lie in the ultravioléor even in the lasers and ensure a highly efficient process.
vacuum ultraviolet where no high-power sources of tunable In view of the appreciable difficulties involved in mak-
radiation are available. Fortunately, more than twenty eleing calculations, and the lack of much data for complex
ments have resonance transitions which lie close to, or coimatomic systems, experimental investigations are a better
cide with, the emission bands of high-power pulsed gas lamethod of determining the optimum gas and radiation pa-
sers. For instance, such matches have already beeameters to maximize the ionization efficiency. Assuming
established for A(Ref. 5 and Fe(Ref. 6. The position of that the atomic transitions are saturated, we can initially say
these transitions relative to the emission spectra of nitrogethat the optimum spectral power densky, of the laser
and excimer lasers is shown in Fig. 1, and their atomic charradiation should be roughly the same order of magnitude as
acteristics are summarized in a table given in Ref. 7. It carthe saturation intensity of the transition,
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high population of the resonance level in the laser radiation
] field. This factor may result in the complete loss of atoms

ArF JML that absorb the laser radiation and in termination of the pro-
19szpa pb“':th . rc'ra‘ll?a}‘ycl. B cess before the medium has been completely ionfizEidw-
NS (,/\(ﬁ—"’f"’f/‘ﬁ/f/’%/* ever, there are two elements, uranium and tantalum, for
KeF /;.7\‘::\‘ which the resonance transitions of the atom and the singly
YT AR S = charged ion are excited by the same excimer |@€eF and
er Rﬁn;li Ilr KrF, respectively. When these elements are u_se(_j as the cata-
A lyst, even after they have been completely ionized, the gas
XeBr..-- /\ DRI will continue to be ionized by heating of electrons in colli-
281' ii]zvco 283 sions with resonantly excited catalyst ions, which are diffi-
“T‘.Q \Tn:\\.tf cult to ionize because of their higher ionization potential.
XeC1-~-"’;AM,;“‘~~~~- Experiments in which single-component tantalum and
307 308 309 ] molybdenum targets were evaporated in vacuum by a fo-
Ug'lll U"}J cused KrF laser beam, showed that the threshold power den-
XeF _JM\\-' F\L“* sity at which Langmuir probes record significant ionization
351 e T3 B of the expanding vapor is 1.6 times lower for tantalum com-
TiTi pared with molybdenum, even though in accordance with the
; ! thermodynamic and atomic characteristics of these elements
1\‘2 - A - A,nm with no allowance made for resonance effects, this threshold

power density should be higher for tantalum. Resonance ef-
fects were observed earlier in Ref. 5, when aluminum was
. : : exposed to XeCl laser radiation. The use of a single laser
resonance lines of atoms and some ions. Dashed curves — luminescence . L .
spectra of corresponding excimer molecules. pulse both for evaporation and for ionization obviously pre-
vents the process from being optimized, as was demonstrated
in Ref. 10. Thus, in subsequent experiments, the vapor cloud
was created independently by evaporating a target with ruby
= laser radiation(0.2 J, 25 ng and was then irradiated by a
s Ao Az A°[nm] [cn?-nm|’ KrF laser(0.2 J, 150 nswith a controllable delay.
whereA,,, are the Einstein coefficients, the subscripts 1 and A planar target of specific elemental composition was
2 denote the ground and resonance levels, respectivelge  placed in a vacuum chamber. The ruby laser beam was inci-
the intermediate levelgf they exis, and¢ denotes the ex- dent normally on the target and a broad KrF laser beam
pression in parenthesis. The value Bf depends very irradiated the cloud from the side, at an angle between 50°
weakly on the wavelength and for a KrF laser is 150 kw/and 0°. The expanding gdplasma cloud was investigated
cn?nm, which is quite feasible for ordinary lasers. with the aid of three Langmuir probes, a Faraday cup, a
The superior reliability of excimer lasers, combined with Secondary-emission detector, a two-section photodiode mea-
their long operating life and their capacity to operate at fre-suring the deflection of an HeNe laser beam in the cldad,
quencies of the order of 100 Hz, suggests that ultraviolePIM-104V image converter, and two monochromators, one
LIBORS may be a convenient means of creatingcald” with a photomultiplier to monitor the intensity and the other,
plasma of the elements shown in Fig. 1 for various applicawith an LI-602 dissector, to measure the spectral line width.
tions, such as ion sources. Moreover, ultraviolet LIBORSThe spatial distribution of the ruby and HeNe laser intensity
may be used to generate a plasma of almost any elementaas measured with a linear CCD array. In the experiments
composition provided that, depending on the particular conwe used single-componefifa, Ti, Mo, Pb, Fe, Sn, Cu, and
ditions, the plasma contains a certain amount of a suitabl&li) and two-componen{TaTi, Ta—B, and Fe—Btargets.
element to absorb the laser radiation and serve as a catalyBihe latter were fabricated by pressing from powders either
for the ionization processes. This method, which may beexplosively (TaTi) or at high temperature. Results are pre-
called “catalytic resonance ionizationlCATRION), may  sented below only for targets containing tantalum and tita-
be suitable for ion sources with subsequent separation of th&um.
accelerated ions. It may also be used to generate the anode After evaporation of the target by ruby laser radiation, a
plasma in pulsed light-ion accelerators for thermonuclear fucloud of vapor containing a total numbed, of up to
sion, where a small percentage of significantly heavier impu3:x 10 particles expands into vacuum at characteristic ve-
rities is permissible. locities of 0.1-1 cmijus. The initial degree of ionization of
Special investigations of the processes in multicompothe cloud depends on the power density of the incident ra-
nent media in a resonant radiation field are required to optidiation, and at the optimum power densitgorresponds to
mize the conditions for CATRION, although one factor the evaporation temperature of the target material. Since the
which may prove critical for the implementation of this density of the cloud needed to achieve the LIBORS mecha-
method can be immediately identified. This is the high prob-ism in a time of around 0.lus may be estimated as
ability for electron-induced ionization of the catalyst atoms10*— 10 cm™3, the delay of the ionizing KrF laser pulse
compared with other atoms in the mixture, because of theshould not exceed a few microseconds. Frame-mode photo-

FIG. 1. Emission spectra of excimer and nitrogen lagso$id curveg and
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FIG. 2. Frame photograpliwith simultaneous vertical
sweeping of the imageof gas cloud evaporated by a ruby
laser pulse from a tantalum target in vacu(ttre light strip
shows the position of the targefThe expanding cloud is
irradiated by a broad KrF laser beam whose triggering time
can be seen from the bright spdtehind” the target.

10us

graphs in the visible range obtained with the image conis provided by the experimentally observed change direction,
verter, as well as the signals from the Langmuir probes andnd simultaneous increase in the angle, of deflection of the
the spectroscopic diagnostics, confirm that additional ionizaHeNe laser bearfRef. 14, Fig. % propagating at a distance
tion occurs in the part of the cloud adjacent to the target foof 1 mm from the surface of the target, at the instant when
the tantalum and tantalum-titanium targets, and is entirelthe cloud is irradiated by the KrF laser. Thigositive” de-
absent in the titanium cloud. flection (by electrongis between two and three times greater

Figure 2 shows photographs of the luminescence fronthan that predicted from the polarizability ratio between a
the cloud, obtained with the image converter operated in ground-state tantalum atof-7 A3, Ref. 15 and an electron
mixed, framing—streak-camera mode. The cloud was image¢— 28 A%, Ref. 15, which may well be caused by the incor-
onto the photocathode of the image converter and its elegoration of dissolved gases in the tantalum, which then ap-
tronic image at the exit was swept parallel to the targepears in the cloud. The deflection returns to its forrmaga-
(downward in the figureduring exposure by applying a lin- tive” value 100 ns after the end of the pulse, probably as a
early rising voltage to the deflector plates. Initially, after ir- result of rapid three-particle recombination at the estimated
radiation of the target by the ruby laser, we observe an exeloud density of~ 10 cm™3.
panding weakly ionized cloud of vapor emitting in the According to estimates, which are not given here be-
continuum, as shown by the spectroscopic diagnostics. Thisause of a lack of space, direct photoionization of resonantly
emission is caused by the high temperature of the clofid excited atoms cannot produce any significant ionization of
the order of the evaporation temperature of the majesiadl  the cloud, whereas all the experimental observations support
decays in a time of the order of a microsecond as a result ahe radiative collisional mechanism for the ionization pro-
a drop in the temperature and density of the cloud. If thecesses.
intensity of the ruby laser radiation is not too high, the cloud  The authors would like to thank I. M. Bushuev and Art.
exhibits negligible ionization, as is shown by the Langmuirlvanov for assistance with the experiment.
probe signals. The work was carried out using the CATRION system

Irradiation of a cloud containing no catalyst eleméRit  (Reg. No. 06-0% with the financial support of the Russian
targe} with a KrF laser does not change the observed patterMinistry of Science, Grant 95-0-5.2-185, thBussian Uni-
(Ref. 11, Fig. 5. However, if the cloud contains tantalum versities” Program of the State Committee for Higher Edu-
(Ta and TaTi targejs provided that the delay of the KrF cation of the Russian Federation, and also the Forschung-
laser pulse does not exceedus, we observe a repeated, szentrum, Karlsruhe.
rapidly decaying flash of vapor luminescence, which initially
contains mte_nse’_contmu_um emission and ther_]’ at the deca% principle, this process may be used to develop a laser negative-ion
stage, contains line emission of atoms and ions. The 0b-source by creating conditions for the attachment of electrons to specially
served emission cannot be scattered laser radiation which hagdded electronegative atoms during decay of the plasma.
not been transmitted by the glass optics, and is attributed to
additional ionization of the cloud by heated electrons. Thisit g Lycatorto and T. J. Mclirath, Phys. Rev. Le#.280 (1976.
supposition is supported by the appearance of a second peak®. M. Measures and P. G. Cardinal, Phys Rev23\ 804 (1981).
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Simulation of iron fracture caused by a blast wave
A. V. Chizhov, V. O. Chistyakov, and A. A. Schmidt

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 9, 1996
Pis'ma Zh. Tekh. Fiz23, 33-39(May 12, 1997

A numerical simulation is made of the fracture of iron caused by a blast wave. The numerical
method is described and results of calculations using a one-dimensional formulation of

three qualitatively different explosion regimes are presented 1987 American Institute of
Physics[S1063-785(07)00605-9

1. An analysis is made of a planar layer of metal, at one au  ap
of whose free surfaces explosion energy is released over a PEJF X
certain time interval, which determines the pressure on the
surface. A shock compression wave and rarefaction waves 1 9p gu
propagate in the metal. The compression wave interacts with ; it + x
the other free boundary of the metal, forming secondary rar-
efaction waves propagating inside the sample. Depending on p=p(p).
the parameters of the explosion, either the secondary rarefac-
tion waves near the free surface, or interaction between thidere we havex=x(¢,t), where¢ is the Lagrangian coordi-
primary and secondary rarefaction waves inside the metahate; 0<<L, whereL is the initial thickness of the sample.
induce tensile stresses exceeding the strength threshold, i.e., Equation of stateWe used the equation of state written

01

1)

they cause the metal to fracture. in the Mie—Gruneisen form:

Over a wide range of explosion powers, the state of iron ) 1 4
is described by the isothermal equation of staféis equa- 3 p\ 3 p\3
tion of state has the following characteristics: at a pressure of P= ( P_o) ex;{ b( 1- P_o) - K(P_o) ,

the order of 1.%X 10° bar ana—¢ phase transition is initi-
ated, and the tensile strength is reached at tensile stresseswdfere, for the first phase p&8418 kg/ni):

the order of 3000 Mbar. A=9.974x 10" bar, K=10.164x 10° bar, and b,;=7.098,
These characteristics are responsible for rarefactioand for the second phase p*8810 kg/ni):
shock waves in the iron. A=9.439< 10° bar, K=10.740<10° bar, and b;=7.784.

2. Mathematical modeling of the wave interaction in aThe phase transition condition is assumed to be:
metal involves solving a system of equations for the flow ofp=1.3x 10° bar for 8418 kg/m< p<8810 kg/mi. The frac-
a compressible fluid. In the Lagrangian formulation, thesdure condition is assumed to bep=3000 bar for
equations have the form p<T7846 kg/nt. The curvep(p) is plotted in Fig. 1.
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FIG. 1. Equation of state for iron.
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FIG. 2. Density:pma,=0.1x 10° bar, E=800 J/n?.
FIG. 3. Density:pma,=0.5x 10° bar, E=9300 J/m.
Boundary conditionsThe release of energy is simulated . Atpoa
by setting a linear time dependence for the pressure at the =1+ 2a %(In Pt
"left” boundary of the metal:
t Ax=maxXj+1—X;,Xi—Xj_1), OXx=Ax—aAt.
ple=o=(pw—po)| 1— Ar) TPo. for t<Aty. The limited derivativesu, and (Inp), are expressed in
" terms of the variables™=u-+a In p andr =u—a In p:

Here,At,, is the duration of the explosion apg, determines
the maximum pressure of the explosive on the surface of the prohx 2 27
metal. These quantities define the energy transferred per unit o2 e 2 X

surface area of the metal: Here, a=+dp/dp is the velocity of sound and
(L. [ pu? o=I" (a?/p)dp. The subscripts indicate numerical deriva-
EW:j 74‘8 0
x(0t)

tives. The time derivatives are constructed following a two-
where the internal energy is determined from the equation 0

T Ax
ry =limiter

dx, for t=At,,,

layer scheme, and the spatial derivatives are constructed us-
g the Galerkin finite-element method. We use a limiter

state expressed in the Van—Leer form.
_ [*p(p) The proposed scheme is quasimonotonic for
&= oo P2 p- (a+|n|)At/Ax<1.

4. The simulation revealed that there are three qualita-
The boundary conditions on the free surfaces are tively different regimes of interaction between a plane blast
wave and a planar layer of iron, caused by the presence of a
a— ¢ transition.

3. The construction of the numerical scheme is described The first case Corresponds to a blast wave of small am-
in detail in Ref. 2. For a nearly conservative formulation of pjitude when no phase transition takes place. In this case, the
the equationgl), the numerical scheme at points written  pjast wave inside the metal has the form characteristic of a
as normal gas, i.e., the compression shock is followed by a

AX rarefaction wave(no rarefaction shocks are formedrhe
by— Al blast wave is reflected from the “right” free boundary as a
strong but smooth rarefaction wave. The free boundary is
_ X AX , ——— accelerated, and the tensile stresses near the boundary exceed
+5alu)x— 5 5-a%((n P)x)xx}=0, the tensile strength of the metal, thus causing fracture. The
fracture region on the—t density diagranm(Fig. 2), can be
X identified as the region where the density is below the critical
Ux— Ta(ln P)xx limit for continuity.
In the second casfFig. 3), the amplitude of the blast

p|§:0=p0 for t?AtW, p|§:|_=p0 for t=0.

u+0

(Inp)+06

I ﬁ a(m) _ ﬁ ﬂ (u_) ~0 wave is such that a phase transition takes place at the fronts
2 e o2 e of the compression shock wave and the rarefaction wave. For
X —U short transition times, applicable to a wide range of param-
vt eters, the compression wave splits into two compression
where shocks connected by a phase transition zone at constant pres-
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interacts with the incident rarefaction shock on a certain line
in the metal(at the pointx=0.075 m,t=23 us on the dia-
gram), causing fracture of the metal. This pattern of interac-
tion between a blast wave and a layer of iron agrees with the
experimental dat.

In the third caséFig. 4), the amplitude of the blast wave
is so great than the compression wavefront does not split and
is reflected from the free surface as a smooth, but strong,
rarefaction wave, causing fracture of the metal near the free
surface. The reflected rarefaction wave interacts with the
continuous section of the incident rarefaction wave, forming
a rarefaction shock wave. This rarefaction shock wave inter-
acts with the rarefaction shock wave of the incident wave on
a certain line in the metafat a certain pointx=0.07 m,

0.0% t=21 us), causing another fracture in the metal, as in the
second case.
FIG. 4. Density:ppa=1.2x 10° bar, E=36000 J/r. 5. To sum up, we have proposed an algorithm to simu-

late fracture of a metal and have obtained three qualitatively
different wave propagation and interaction regimes in a

sure. The rarefaction wave comprises a region of continuS@MPIe that undergoes a phase transition. ,
ously decreasing density, a region of constant density, a rar- 1 1S Work has been partially supported by the Russian
efaction shock wave, and another region, where the densifyund for Fundamental Resear(@rant No. 95-01-0052)a
falls smoothly to its initial value. The first compression

thock, corresponding _to thephase, is reflected as a re_lrefac— 1L V. Altshuler, Usp. Fiz. Naukg5, 197 (1965 [Sov. Phys. Usps, 52
tion wave from the right-hand boundary, accelerating the (1965].

free surface, beyond which the pressure is restored to it$A. V. Chizhov and A. A. SchmidtProceedings of the Ninth International
unperturbed level. The rarefaction wave interacts with the Conference on Finite Elements in Fluidétaly, 1995, Vol. 2, pp.
second compression shock, corresponding to dhghase, 1019-1028.

and acquires the form of a shock. This rarefaction shocKranslated by R. M. Durham
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Mechanism for electrochemical synthesis of diamond-like carbon
V. P. Novikov and V. P. Dymont

Institute of Solid-State Physics and Semiconductors, Belarus Academy of Sciences
(Submitted November 28, 1996
Pis'ma Zh. Tekh. Fiz23, 40—-45(May 12, 1997

Some unusual features of the low-temperature electrochemical synthesis of diamond-like carbon
are described. It is shown that the electrochemical synthesis of carbon is catalyzed by

transition metals, and the formation of a film on the electrode is preceded by the formation of a
colloidal solution and a carbon gel. @997 American Institute of Physics.
[S1063-785(07)00705-2

In Refs. 1 and 2 we demonstrated the possibility of ob-of 100—900°, the size and shape of these formations re-
taining diamond-like carbon films from a liquid electrolyte mained constant. However, at temperatures above 950 °C,
by an electrochemical method. The process has various uthe thickness of these fibers and leaves began to decrease
usual features, such as the electrolytic growth of highfurther and their length increase@ig. 1). The annealed
resistivity films, as well as the strong influence of the anodesamples did not dissolve in acids or in organic solvents.
material on the synthesis process and the properties of thEheir resistivity was higher than 1#Q-cm.
films. This behavior may be explained if we assume that the  Auger spectroscopic data indicate that the amount of car-
carbon synthesis is catalyzed by metal ions, and that thbon in the annealed fiber samples was 95-99.9 wt .%. The
carbon particles are nucleated in the anode region, and théatal amount of nickel, nitrogen, and oxygen wasb%.
move toward the electrode by electrophoresis. Layer-by-layer ion etching revealed that the composition of

The aim of the present paper is to check out these aghe film does not vary with thickness. The Raman scattering
sumptions, and also to study in greater detail the propertiespectrum, shown in Fig. 2, allows us to classify this sub-
of electrochemically synthesized carbon. stance as diamond-like carbon.

The carbon was synthesized by the method described in
Ref. 1. The electrolyte consisted of a solution of acetylene in
liquid ammonia. The parameters of the deposition process
varied in the following ranges: solution temperature between
—33 and—-70 °C, voltage 2-5 V, and cycle duration 5-10 h.

We tested two electrode materials — nickel and graphite
— to determine the influence of the electrode material on the
carbon synthesis process.

After electrolysis had been completed, the electrolyte
was poured into a flat dish, and evaporated to observe the
colloidal particles.

Fabric was stretched over the surface of the anode to
observe the gel, which was retained in the cells of the fabric
by capillary forces.

By carrying out experiments using this procedure, we
established that with a nickel electrode, a layer of colorless,
transparent, gel-like substance was formed on the surface of
the solid, glassy film and after the electrolyte had evaporated,
a transparent, gel-like film was left at the bottom of the dish.
When the graphite anode was used for the electrolysis, no
films were synthesized and no deposit was formed. However,
the addition of soluble nickel saland also the salts of some
other transition metals, such as Co and feethe electrolyte
initiated the electrochemical synthesis of carbon with the
graphite anode. These experiments demonstrate that transi-
tion metal ions play an important role in the electrochemical
synthesis of carbon.

The gel-like substance, collected from the surface of the
electrode and from the bulk of the electrolyte, exhibited un-FIG. 1. Electron microscope images of diamond-like carbon obtained from
usual behavior: when heated betweer20 and +100 °C a gel: a_b — Sgrface microrelief of sgmples annealed at 950 °C/2 h; ¢ —

. . ! “}ransmlssmn” image of sample obtalnet_j by drying the gel at 50 °C,_and d
this substance spontaneously transformed into a collection ot sample annealed at 900 °C/2 h. The insets show the corresponding elec-
thin, colorless, transparent fibers and leaves. At temperatur@sn diffraction patterns.
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whose positions matched forbidden peaks in diamond. A
similar effect is observed in diamond films and is attributed
to distortion of the crystal lattic® However, such an inter-
pretation is unconvincing in our case, because the intensity
of the “forbidden” peaks is comparable with that of the
allowed ones. We put forward the hypothesis that this sub-
stance is a hew modification of carbon.

We propose a mechanism for the electrochemical syn-
thesis of carbon, which takes into account the catalytic action
of transition metals on this process as well as the known
R property of transition-metal ions to form complexes with
acetylené. We postulate that the ions entering the electrolyte
take part in the following reactions:

1) coordination of acetylene molecules by the formation
of a m-complex;

I C 2) dehydrogenation of oligomers and the formation of
molecule-radicals. These molecule-radicals are then poly-
merize to form a diamond-like substance.

The overall process may be expressed by the following
equations:

S

dN/dE
DWW Bt NN 0
T

b NH3 electrode-8e

CH™ + Me™?= Me(C,H),? = 8C+Me'?+4H".

The capacity of ammonia to stabilize free radiégisob-

.\H ably plays an important role in the synthesis mechanism,
allowing the synthesis process to take place, not only at the

electrode surface but also in the bulk of the electrolyte, to

form a colloidal solution of carbon. The carbon particles

move toward the anode by electrophoresis, where they be-

come concentrated, forming a layer of gel near the anode,

and then a solid film.

These experiments have demonstrated that the electro-
chemical synthesis of carbon is catalyzed by transition-metal
ions, and that the formation of a film on the electrode is
preceded by the formation of a colloidal solution and a gel.
After drying or annealing, this substance possesses proper-
ties characteristic of diamond: transparency, high electrical
resistivity, and thermal stability, but its structure differs from

chemical method was investigated by transmission electroff'@t Of diamond, as does its capacity for spontaneous forma-

diffraction. Samples obtained from the gel at room tempera:['on of flbe.rs and leaves. This behavior suggests that this

ture contained amorphous and crystalline components. TheHPstance is a new form of carbon.

samples annealed at 900 °C exhibited a polycrystalline struc- 10 conclude, we note that because the observed sub-
ture with a crystallite size of 0.&m (Fig. 1). The interplanar Stance may be obtained as a gel and because of its capacity
spacingsd, calculated from the diffraction patterns, agreed" SPontaneous formation of leaves and fibers, it may be a

with similar data calculated for diamorigee Table). How- ~ convenient component in the technology of composites.

ever, the diffraction pattern of this substance revealed peaks

| | 1
1200 1400 cm-1 1600

FIG. 2. Spectra of sample obtained by drying the gel at 50£&- Auger
spectrumb — Raman spectrum

The structure of the carbon obtained by this electro

TABLE |. Interplanar spacings of electrolytic carbon and diamond.

V. P. Novikov and V. P. Dymont, Dokl. Akad. Nauk Belard6(1), C7 60
(1996.
2V. P. Novikov and V. P. Dymont, Pis'ma Zh. Tekh. F22(7), 39 (1996

Electrolytic carbon Diamonda=0.357 nm (ASTM data

Intensity d, nm d, nm h?+k?+12 [Tech. Phys. Lett22, 283(1996)].

3 X
Strong 036 0.357 1 (El.g(;éSpenser, P. H. Schmidt, D. C. Jetyal, Appl. Phys. Lett29, 118
Weak 0.24 0.251 2 4A. N. Nesmeyanov and N. A. Nesmeyandrinciples of Organic Chem-
Very strong 0.21 0.206 3 istry, Vol. Il [in Russiaf, Khimiya, Moscow(1970, p. 474.
Weak 0.18 0.178 4 H. Remy, Treatise on Inorganic ChemistfiRuss. transl., Mir, Moscow,
Strong 0.13 0.126 8 1974, p. 716.
Weak 0.11 0.107 12
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Formation of a honeycomb domain structure in magnetic films
M. V. Logunov and N. V. Moiseev

N. P. Ogarev Mordovian State University, Saransk
(Submitted November 4, 1996
Pis'ma Zh. Tekh. Fiz23, 46-51(May 12, 1997

An analysis is made of the possible formation of a honeycomb domain structure directly from a
labyrinth structure in uniaxial magnetic films exposed to a series of uniform magnetic field
pulses. It is shown that the scenario for the formation of a honeycomb structure depends on the
pulse parameters and on the magnitude of the static magnetizing magnetic field@97©

American Institute of Physic§S1063-785(17)00805-7

Processes involving the dynamic self-organization of theeycomb structuréFig. 19. Ultimately, the entire observable
magnetic moment in thin magnetic films have recently at-area of the sample exhibits a honeycomb structbig. 10).
tracted major interest. In addition to the thoroughly studiedEach cell is bounded by six others and some cells have five,
stripe and magnetic bubble domain structureéisg and spi-  seven, or eight neighbors.
ral domains, and various modifications of magnetic bubble  We note the following main features of the formation of
patterns have been observed and stufiidh honeycomb  the honeycomb structure: the process is observed in a narrow
domain structure is usually formed from a disordetathy-  range of pulsed magnetic field$,, which depends on the
rinth) structure in several stagé8a pattern is nucleated, for pulse lengtht, and the bias fleld-ib For fixed H, and
example, by a pulsed magnetic field, the pattern evolves intél,, the process may be characterized by the numbéf of
an ordered hexagonal structure under the action of @ulses needed to form the simplest elements of the honey-
smoothly decreasing ac field, and a honeycomb structure isomb structure — clusters of four cellBig. 29. Clusters of
finally formed by applying a static magnetic field in the op- two or three cells are unstable. The formation of the honey-
posite direction to the magnetization in the magnetic bubbleomb structure does not depend on the repetition frequency
domains. of the magnetic field pulses, only on their numig€ig. 2b).

In the present paper, we consider the possible formation After saturation has been reach@eg. 2b, the honey-
of a honeycomb domain structure directly from a labyrinthcomb structure occupies the entire observable area of the
structure in uniaxial magnetic films exposed to a series obample, around 1 mm in diameter. Subsequgnpulses do
uniform magnetic field pulses. The scenario for formation ofnot change its density. The honeycomb structure is more
the honeycomb structure depends on the pulse parametestable than the labyrinth structure and the actioigfdoes
and on the static magnetic field magnetizing the film. not cause major rearrangement or displacement of the struc-

The domain structure was studied by high-speedure over the sample. Only local rearrangements may occur,
photography, utilizing the Faraday effect. The magnetic involving the nucleation or collapse of individual ceftaese
field pulses were generated by an electromagnet, formed byare usually cells having a number of neighbors other than
ten-turn Helmholz coil with a diameter of 2.5 mm, and asix), which lead to disordering of the structure and the for-
current pulse generator. The samples were single-crystal iromation of hexagonal cells.
garnet films with the easy axis perpendicular to the plane of ~The formation process depends very strongly on the
the film. Results are presented for a sample having the comnagnetic field pulse lengtt,. For givenH, andHy,, there
position (Bi, Yb);(Fe,Gas0;, (Ref. § with the parameters: is @ minimum oft, below which the process is not observed.
thickness h=9.5 um, equilibrium stripe-domain period Fort,>t,, the range of fields capable of sustaining a hon-
P,=11.9 um, saturation magnetization =127 G, and e€ycomb structure is increased. In our experiments, the

uniaxial anisotropy fieldH,= 720 Oe. threshold ist,=0.4 us and the results plotted in Figs. 1 and
A static magnetic bias fielth,, was applied to the film in 2 are given for a pulse length=2 us. _
the initial state along the easy axis. The field changes the The honeycomb structure is formed by breakup of stripe

size and shape of the labyrinth domains, but the structurgomains under the action of the, field pulses, followed by
remains disorderedFig. 13. The application of small- ordering as a result of the magnetostatic interaction of the
amplitude magnetic field pulsés, in the direction opposite domains in the bias field, . It can be seen from Fig. 2a that
to Hy, has a similar effect. The response of the domain structhere is an optimum ratio of the fleIst andH, most con-
ture to the pulsed action changes fundamentally above thducive to the formation of a honeycomb domain structure.
thresholdH, and the pulse lengtt),: the labyrinth structure  The left-hand boundary of the region i, where the struc-
undergoes rearrangement and domain clusters are formedre is formed(Fig. 23, exists because the magnetic field
with a new topolog — a honeycomb domain structuteig. Hq=H,—Hy, acting on the domain structure is sufficient to
1b). The cells of the honeycomb structure are mainly formedmagnetize the sample to saturation during a field pulse, and
at the branching” points of stripe domains. When a series ofafter the end of the pulse, a characteristiorhb” structure is
pulses is applied, the cluster fields migrate over the area dbrmed as a result of demagnetizatibhAt the right-hand
the film and join together to form large sections with a hon-boundary, the driving fieltH4 (minimum) coincides with the
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FIG. 1. Domain structures in the magnetic film in a bias field
H,=36 Oe beforga) and after the application af pulses of the
field H,=108 Oe, whera, (10°) is 5 (b), 25 (c), and 200(d).

c

static field H,, for deformation instability of an isolated experiments? The probabilistic nature of the formation of a
stripe domain, calculated in Ref. 10, and the stripe domaifioneycomb structure in the present case, and the fact that
contraction field in magnetic bubble domaittsThe opti-  this structure is observed in driving fieldts;, comparable
mum fieldH for the formation of a honeycomb structure is with the critical field of linear domain boundary dynamics
3-5 Oe less thahl . for this samplé but smaller than the static field for break-

However, according to Ref. 11, a stripe domain withdown of a stripe domain, indicate that the process is strongly
fixed ends can only be broken down fdiy—47Mg influenced by the structure of the dynamic domain bound-
(Hg>H¢), which was confirmed by quasistatic aries.

10400
n
1400
100
10
1 - T T T ¥ T T T
20 40 60 8o FIG. 2. a — Number of magnetic field pulsesieeded
H to form the first cluster of four cells in a labyrinth struc-
a b Oe . ) . ~ ;
ture as a function of the bias field,, for H,=116 Oe;

b — density of honeycomb structuk&, as a function of
the number of magnetic field pulses H,=108 Oe,
H,=36 Oe.

300 = 4Q0
b n 10
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Influence of sulfide treatment of profiled-interface Au—GaAs Schottky diodes
on the polariton peak of the photoresponse

M. L. Dmitruk, O. I. Maeva, S. V. Mamykin, and O. B. Yastrubchak

Institute of Semiconductor Physics, Academy of Sciences of Ukraine, Kiev
(Submitted December 23, 1996
Pis’'ma Zh. Tekh. Fiz23, 52-57(May 12, 1997

We discuss the feasibility of controlling the photosensitivity of metal/thin intrinsic-oxide/
semiconductor surface-barrier structures under conditions of excitation of surface polaritons. These
structures may be used as polarization-sensitive photodetectord99® American Institute

of Physics[S1063-785M®7)00905-]

It has been establishtfithat the excitation of surface the exit. All the measurements were made using three types
polaritons at the external surface of the metal electrode iof preformed GaAs—Au structures) initial structures, 2
profiled-interface Schottky diodes may cause a resonant ersulfided structures after deposition of Au, ands&uctures
hancement of the photoresponse of the structure in the fun-
damental absorption region of the semiconductor. The spec-
tral position of the polariton peak is determined by the
dispersion relation for the surface polaritons in a three-layer
air/thin metal oxide/semiconductor system, slightly per-
turbed by the nonplanarity of the interface. Under conditions 4
of plasma polariton resonance, the intensity of the electro-
magnetic field at the metal surface increases substantially, !
which is responsible for the parameters of the surface polari- 107
tons being highly sensitive to the optical properties of the

Ll

adjacent media and is used to control the resonance 6
parameters. <10
Sulfide passivation of the surface and metal- =~

semiconductor interfaces has been used to reduce the surfac 107
recombination velocity by reducing the density of surface
electronic states and improving the characteristics of surface-

LELE AL, e S 411 S e

ing. The grating deptth was determined by measuring the

intensity of the first diffraction order is-polarized light and

was 0.190um. An Ohmic contact was formed on the back of < 10"
the wafer by alloying with indium. The Schottky diodes were  =*
prepared by vacuum evaporation of a gold film through a

mask with~1 mm apertures. Sulfide passivation of the sur- 10”7
face was accomplished by immersing the surface-barrier
structures in a 2N aqueous solution of JSa9H,0 for 20 s

at room temperature under diffuse illumination. The samples 108
were washed with distilled water and dried. The parameters

of the Schottky barriers were determined from measurements

of the current—voltage and rf capacitance-voltage character-

istics, and from their photoemission. The spectral character-

istics of the photocurrent were measured in the O’ FIG. 1. Forward(a) and reverséb) current—voltage characteristics of Au—

wavelength range by using a DMR-4 monochromator, With %aAs surface-barrier structures befdd@ and after(2) sulfide treatment,
DKSSh-100 flashlamp at the entrance and a Glan prism aind after deposition of gol¢B).

barrier structures utilizing 111-V semiconductot§. 108k £
In the present paper, we examine the feasibility of con- /74
trolling the spectral, polarization, and angular characteristics oy
of the photoresponse of nonpassivated profiled-interface 10 00 01 02 03 04 05 06
GaAs—Au Schottky diodes by means of sulfide treatment. ) ' ) ) U,V )
A diffraction grating with the perioch=0.826 um was 4
created by holographic exposure of a photoresist to an Ar 10 E b
laser (\=0.488 um) on an n-GaAs wafer (o=1x 10 -
cm %). The sinusoidal profile was then transferred from the 1
photoresist to the semiconductor substrate by chemical etch- 10 E

LR RRLLLL

T

< T

u,v

355 Tech. Phys. Lett. 23 (5), May 1997 1063-7850/97/050355-03%10.00 © 1997 American Institute of Physics 355



TABLE I. Influence of sulfide treatment on the parameters of surface-barrier structures.

n by, V Vi,V g, V
Type of N (current—voltage  (current—voltage (capacitance—voltage (photo-
treatment diode characteristics  characteristics characteristics emission
GaAs—Au 1 3.79 0.645 1.945 0.99
2 2.22 0.765 1.747 1.02
3 1.7 0.724 1.602 1.016
4 2.0 0.74 1.516 1.18
5 1.98 0.72 1.487 0.989
GaAs—-AuS) 1 3.97 0.65 2.06 0.82
4 213 0.763 1.516 -
5 2.22 0.72 1.487 0.98
GaAs—AuS)—-Au 2 1.95 0.765 1.73 1.014
3 1.69 0.755 0.99 0.99

formed by repeatedcontrol) deposition of Au on sulfided
Au electrodes.

Figures la and 1b give current—voltage characteristics
before(curvel) and after(curve2) sulfiding, typical of sev-
eral similar surface-barrier structures fabricated on the same
GaAs wafer. The dark current on the forward current—
voltage characteristics is considerably lower for the sulfided
surface-barrier structures, whereas sulfiding has a weaker in-
fluence on the reverse current—voltage characteristics. The
ideality factor (1) of the forward current—voltage character-
istics and the barrier height are given in Table | for the three
methods of determination.

It can be seen that the ideality factorand the barrier
height in the contact depend weakly on the sulfide treatment.
The low values of®g, obtained from the current—voltage
characteristics for the initial GaAs—Au contact before sulfid-
ing, can be attributed to the influence of the interface rélief.
The decrease in the forward currents can be explained by the .
suppression of edge effects over the perimeter of the metal 0.75 0.80 0.85 0.90
electrod& and by a reduction in the surface recombination A, pm
velocity caused by the sulfide passivation.

Figures 2a and 2b show how sulfidation of the gate elec-
trodes influences the photocurrent of GaAs—Au surface-
barrier structures under conditions of excitation of surface
polaritons. The photocurrent spectra ppolarized light
clearly show a polariton peak, which is not observed for
s-polarized light and whose position shifts as a function of
the angle of incidence of the light on the grating. Cudv&

Fig. 2b demonstrates the change in the angular dependence
of the sensitivity caused by sulfiding the preformed diodes.
The observed shift of the peak on the angular dependence is
caused by a change in the frequency of the surface polaritons
propagating along the air—metal interface. Sulfide treatment
not only shifts the resonance toward large wave vectors but i0 15 20 25 30

also influences the distribution of the surface polaritons at @ , deg

the air—metal interface. This leads to changes in the condi-

tions for r_e_em!SSIOn of surface polaritons into a volume IIghtFIG. 2. a — Photocurrent spectra of Au—GaAs surface-barrier structures
wave, which slightly reduces the photocurrent. Weak absorpgith a diffraction grating at the interface, measured with normally incident
tion of light by the sulfide film also has a similar effect. The p-(1, 2, 3) and s-(1', 2', 3') polarized light before(1, 1') and after
polarization sensitivitythe photocurrent ratid, /I at reso- Eﬁiclz(’r])essli'fildffz tfeaggennr:{ ;“d Zfée;r;epsaIEdAieﬂ?;:tE’Q Zﬁggégﬂ?me
nance change_s_ very littldor decreases _negllglbl,ybecause photocurr.er;t of Au—GaA:s surface-ba‘rrier struc%ures wit$1 a diffraction grat-
all three conditions: JLlreduced recombination over the pe- ing for p-polarized light f =0.6 um) before(1) and after(2) sulfide treat-
rimeter of the field electrode,) Zabsorption of light, and)3  ment, and after repeated deposition of ().

Iph’ arb. units
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changes in the intermediate layer at the metal-22°) and the change in its width and peak are attributed to a
semiconductor interface induced by surface diffusion of Schange in its imaginary part.

ions, have the same influence on the photosensitivity for both

polarizations(Fig. 2a. Subsequent depositiofincrease in

the thickness of the gold layeregularly broadens a_nd shifts 1S. R. J. Brueck, V. Diadiuk, T. Jones, and W. Lenth, Appl. Phys. Uéit.
the photoresponse peak on the angular dependéige2b, 915(1985.

curve3). The slight heating120 °C, 30 min of the surface- 2L.' V. Belyakov, D. N Goryachev, O. M. Sreseli, and I. D. Yaroshéfski
barrier structures caused by the repeated deposition of Au,zgg’} Zh. Tekh. Fiz11, 1162(1989 [Sov. Tech. Phys. Letfl1, 481
rgduce; the 'deal'm (the _OXIde becomes thickerthe bar- 3N. L. Dmitruk, V. G. Litovchenko, and V. L. StrizhevskiSurface Polari-
rier height tends to its initial value, and the forward currents tons in Semiconductofén Russiaf, Naukova Dumka, Kiey1989.

even slightly exceed their initial valug&ig. 1a, curve3). *3. N. wilde, M. C. Petty, S. Houghtoet al, Abstracts of Papers pre-
Thus, the photoresponse characteristics under conditions O@igtﬁiilgt fgg;t; ,El‘”o"ea” Conference on Organised FlBEOFE,
excitation of surface polaritons are mainly controlled by the s\ s carpenter, M. R. Melloch, M. S. Lundstrom, and S. P. Tobin, Appl.
air—metal interface, as is indicated by experiments involving Phys. Lett52, 2157(1988.

the repeated depos|t|on Of gold 6E V. Basyuk, N. D. Dmltryuk, and O. |. Maeva, Fiz. Tekh. Poluprovodn.

. . . 27, 415(1993 [Semiconductor®7, 232(1993].
The reSL_"tS of this investigation suggest that ed_ge e_ffeCtSO. Yu. Vorkovskaya, T. Ya. Gorbach, N. L. Dmitryuk, and O. N. Mish-
over thg perimeter of the metal electrode, surface dlffu3|on_ Of chuk, Fiz. Tekh. Poluprovodi23, 2113(1989 [Sov. Phys. Semicon@3,
sulfide ions, and passivation of the Au electrode all contrib- 1309(1989].
ute to the change in the resonance and the photorespons?é- H. Rhoderick, Metal-Semiconductor Contact$Clarendon Press,
3 . : ford, 1978 [Russ. l., Radio i "M 198@. 210.
caused by sulfiding. The results of ellipsometric measure- OX/0'd: 1978 [Russ. transl., Radio i Svyaz', Moscow, 198p. 210

ments indicate that the resonance skiifom ®=20.8° to  Translated by R. M. Durham
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Some features of the hydrodynamic characteristics of a high-voltage electric discharge
in a liquid with a two-pulse power deposition law

A. |. Vovchenko, V. G. Kovalev, and V. A. Pozdeev

Institute of Pulse Processes and Technologies, National Academy of Sciences of Ukraine, Nikolaev
(Submitted November 28, 1996
Pis’'ma Zh. Tekh. Fiz23, 58—61(May 12, 1997

An analysis is made of the external hydrodynamic problem of an underwater electric discharge
with a two-pulse power deposition law in the channel. As a result of an analytic solution

of the problem, it is shown that the pressure function at the channel wall is a series of pulses of
decaying amplitude, while the pressure function for a fixed point in the wave field is a

series of increasing pulses. ®97 American Institute of PhysidsS1063-785(17)01005-1

For an electric discharge in a liquid, the power deposi-where ¢ is the velocity potential of the induced motion of
tion law usually has the form of a single pulse, and in thethe mediumy is the radial coordinates, is the unperturbed
active stage of the process the radius of the plasma channelvglocity of sound,p, is the unperturbed density of the me-
described by a smooth increasing function of time, and thelium,v andp are the velocity and pressure of the medium,
pressure in the channel has the form of a single pllseias andv, andp, are the corresponding parameters of the chan-
demonstrated theoretically in Refs. 2—4 that the power depaael. In addition, the velocity potential should satisfy zero
sition law can be varied fairly widely by parametric variation initial conditions and the radiation condition. Note that, be-
of the discharge circuit characteristics, and pressure pulses ofuse of the small pulse amplitude, in E4). we can assume
complex shape can thus be obtained. In Ref. 5, a power
deposition law in the form of two pulses of increasing am-  Ry(t)=Rp+vqt,
plitude was achieved experimentally by switching off part of

the effective resistance in the discharge circuit at a specific  Vp(t) =vo+v1-COSwo(t—1;), %)
time. We shall show that in this case, the behavior of the ) S . i
pressure functions exhibits particular features. wheret; is the kink in the curve {=iT,, i=0,1,2), and

We consider the external hydrodynamic problem of deV1= Ri®o. )
termining the pressure field in a compressible, ideal liquid ~Sinceé an accurate solution of the wave equatigh
during the expansion of a cylindrical plasma channel. The?0S€S major mathematical difficulties, we use an approxima-
law governing the variation of the channel radius with timetion
is described by a linearly increasing function with super- S(r 1) = F(10)/r V2 ®)
posed pulsations of small amplitude and kinks at points cor- ’ ’

responding to the kinks on the power deposition curve in th?/vhere 0 is the wave argumentt®=t—(r —Ro)/c,). We

channel solve the problenil)—(6) by a nonlinear time transformation
7 . .
Ry (t)=Ry+vot+Ry-|sin wot, (1) method; which gives
whereR is the channel radius at tinte=0, v is the rate of D=0 — cexd — @ft dr
linear increase in the radiu; is the pulsation amplitude, P P 2Ry(1) 2 JoRy(7)
and wy is the angular frequency, which is related to the pe-
riod of the pulsations bwy= 7/T,. Since the maximum rate « ftv (nl1- i ﬂa .ex @j’ dry dr
of expansion of the channel does not exceed 300 m/s, we use o " Co dr 2 JoRy(m) | '

the linear wave equation to describe the dynamics of the
liquid. However, the channel radius varies some tens of
times, so that the kinematic boundary condition should be s&}hqre
at the instantaneous position of the moving channekq. (5)
boundarny In accordance with this reasoning, the mathemati-

@)

Pp=Pp/(poc?) and v,=v,/c,. With allowance for
, expression(7) becomes

cal formulation of the problem is given by L 3M2 1-M, vot| ~(L+12Mo)
S
02¢+ 19¢ 1 az¢_o , P 1+2M, 3M, Ro
v a g @ (1-My)c
+ M| coswg(t—t;)— of 1+ 1/2Mg)
d¢ i 2R, 1+—)
=__. = —ppp— R
V=l PET o 3 0
t 5| Mo
U|r:Rp(t):Up(t)i p|r:Rp(t)pp(t)i (4) XLCOS‘)O(T_ti) 1+R_0 dr|, ®)
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whereMy=vq/cqo andM=v,/cq. In Eq. (8) the first term  rameters of the pressure function for the channel ¥&ll A
gives the contribution made by the linear increase in thgoint analysis of expressiori8) and(10) yields the following
channel radius and is a decreasing function of time, whicktonclusions:

reaches a constant value, the second terms has discontinui- - the pressure function for a cavity wall witkd ;>M ,
ties, and the third terms exhibits kinks at poimtst;. An  consists of a series of pulses of decaying amplitude;

additional analysis of the pressure function for the channel - the pressure function for a fixed point in the wave field
wall (8) indicates that this is a series of pulses of decayingconsists of a series of pulses of increasing amplitude;
amplitude. - the pulsation period of the pressure curve for the chan-

We can easily show that in general, the correlation benel wall is equal to the pulsation periofy, of the power
tween the pressure function for the channel wall and theleposition curve, while the pulsation period of the pressure
pressure function for a fixed point in the wave field is givencurve for a fixed point in the field i$,=Ty/(1+My), i.e.,
by the pulses undergo compression.

_ Rp(t) - RO)

Pp(t) = ©)

Co

r 1/2 .
Ra0) P
e . . . 1K. A. Naugol'nikh and N. A. R, Electric Discharges in Watefin Rus-
For the specific kinematics of the channel described by EQ. sjarj, Nauka, Moscow(1971).

(5), the correlation9) has the form 2A. V. lvanov, A. 1. Vovchenko, and O. A. Bogachenko, Tekh. Elektrodi-

12 12 nam. No. 6, 151981).
Ro vo(1+Mg) 3V. V. Ivanov, Elektron. Obrab. Mater. No. 3, 302982.
p('[) = T |1+ R 'pp((l+ Mo)t)- 4A. 1. Vovchenko, Tekh. Elektrodinam. No. 1, 12983.
0 (10) 5A. 1. Vovchenko, V. A. Pozdeev, and I. V. Shtompel’, Tekh. Elektrodi-
nam. No. 3, 161985.
i ; i i V. A. Pozdeev, Akust. Zh41, 164 (1999 [Acoust. Rep41, (1995)].
Expression(10) gives the correlation between the amplitudes v A Posdeey Prikl. Mat. Mekh. No. & 1088597 '
and periods for the pressure function at a fixed point in the ozdeev, i, Mat. exh. No- ©,

wave field with the coordinate and the corresponding pa- Translated by R. M. Durham
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Influence of local pressure on the current—voltage characteristic of Au—Si (Ni)-Sb
structures

0. O. Mamatkarimov

Ulugbek State University, Tashkent
(Submitted December 12, 1996
Pis’'ma Zh. Tekh. Fiz23, 62—64(May 12, 1997

Results of an investigation of the influence of local pressure on the current—voltage characteristic
of Au—SKNi)—Sb structures are presented for the first time. It is shown that nickel impurities

in the silicon increase the total strain sensitivitySi(Ni) structures. ©1997 American Institute

of Physics[S1063-785(07)01105-1

It was shown in Refs. 1 and 2 that semiconductors com-  Schottky-barrier structures were prepared by evaporation
pensated with deep-level impurities are distinguished fronof gold and antimony on the opposite large faces of the
other materials by a high strain sensitivity, which is in- samples.
creased as the degree of compensation is increased. We developed a special apparatus, shown schematically

The present paper is therefore devoted to studying thén Fig. 1, to study the strain properties of the structure. A
strain properties of Schottky-barrier structures, fabricated usmetal needl®, with a tip radiusR=40 xm is moved down-
ing initial silicon and nickel-compensated silicon. ward by means of springk3. When the needle has covered

Samples oh-Si(Ni) were prepared by high-temperature the distancelx, the springsl2 are also compressed by the
(T=1050-1100 °C¢diffusion from a layer of metallic nickel amount Ax and the sample is exposed to the force
deposited on the surface. The samples werxe8%0.3 mm  F=kAX, or the pressur®=TIIF3 where
rectangular parallelepipeds with th&11] crystallographic

orientation along a short edge. After diffusion;Si(Ni) - 1 q D—§ 1—02_ 1-o%
samples with the initial resistivitp=80 ()-cm retained their - Tr(RD)273 and D= yl y y )

type of conduction, and at diffusion temperatures

Tp=1100°C and Tp=1130 °C, their resistivity became o ando; are the Poisson ratios aryd andy are Young's

p=5x10> Q-cm andp=3Xx10° Q-cm, respectively. moduli for the semiconductor and the needle material, re-
spectively. The pistodl and the guide cylinder ensure that
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FIG. 2. Current—voltage characteristics of Schottky-barrier structures with
- - - T=2300 K. Curvesl'—4" correspond to the forward branches of the current—
/ // voltage characteristics of AYn-Si)—Sb structures and curvés4 give the
current-voltage characteristics of Ano-S(Ni)—Sb structures.1,1’ —
P=0; 2,2 — P=0.6x10°Pa; 3,3 — P=1x10fPa, and4,4 —
FIG. 1. Apparatus for application of local pressure. P=1.6x10° Pa.

360 Tech. Phys. Lett. 23 (5), May 1997 1063-7850/97/050360-02%$10.00 © 1997 American Institute of Physics 360



the sample is positioned perpendicular to the needle. Outputs It may be concluded from the experimental results that
A and B are used to record the current—voltage characterighe nickel impurities in the silicon increase the total strain
tics of the Schottky-barrier structures. sensitivity ofn-Si(Ni) structures.

Figure 2 gives -current—voltage characteristics of
Schottky-barrier structures fabricated using initial silicon and 1o apduraimov, S. Z. Ztabidinov, O. O. Mamatkarimov, and I. G. Tur-
nickel-compensated silicon. The figure shows that the for- sunov, Uzbek. Fiz. Zh. No. 4, 68992.
ward current of then-Si(Ni) structures varies more strongly 2A. Abduraimov, S. Z. Zmabidinoy, O. O. Mamatkarimov, Fiz. Tekh.
as a function of local pressure compared with the forward FOlUProvedn27, 1216(1993 [Semiconductor€7, 671 (1993
current of the initial-silicon structures. Translated by R. M. Durham
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Maximum input energy to gas-discharge active media
A. Yu. Sonin

Institute of General Physics, Russian Academy of Sciences, Moscow
(Submitted December 27, 1996
Pis'ma Zh. Tekh. Fiz23, 65-67(May 12, 1997

Fundamental relations are obtained to determine the conditions for utilization of a gas discharge
as an active medium to develop lasers with the maximum efficiencyl19@7 American
Institute of Physicg.S1063-785(07)01205-6

The problem of efficient conversion of pump energy into E\[a—7\"1 [ng
laser radiation energy is extremely relevant for the develop- WZGHK(N) (T) ln(n_)’ 3
ment of high-efficiency compact laser systehibhe most 0
widely used method of pumping large volumes of active me-

dium is the electric discharge. &: (ﬁ_“’> ( @ 77) e( E) In(&) ' (4)
Let us consider the problem of depositing the discharge N ® N N/ "\ ng
energy in the active medium. The input energy per particle
can be written as: Thus, these expressions determine the maximum dis-
charge parameters. For a given type of laser, the input energy
W P, enwEr fw can only be varied for a given parameEN by varying the
N N N ¢ (1) electron concentration,, and it can be seen from Eq)

and(4) that the initial electron concentration and the particle

whereW and P are the energy and power of the dischargedensity play an important role. It follows from E() that
pulse, 7 is the time needed for transfer of the discharge enn/N depends only orE/N and this is confirmed by the
ergy to a given lasing transitio\ is the particle density, results of Ref. 4. The paramet&/N should be determined
.o and ¢ are the photon energy and the quantum efficiencyfrom the equations for a discharge-excited laser active me-
of the active mediume, n,, andw, are the electron charge, dium. These equations must be solved jointly with E@$.
concentration, and drift velocity, arll is the electric field and(4). In addition, the discharge parameters must be such

strength. that the discharge energy is converted into the population
In self-sustained volume discharges, an upper limit ignversion with the maximum efficiency.
imposed onr — the discharge formation time; (Refs. 2 For a self-limiting active medium, the rate equations for

and 3, since this is the minimum lifetime of a discharge with the inversionAN give?
given parametersl andE/N in the entire discharge volume:
AN=K(ow)nN7,, (5

_ k
mi=la=m)We] lln<n_o)’ @ whereK, is a function determined by the values gf and
7t, (ow) is the rate constant for excitation of the upper

wheren, is the initial electron concentration, ardand »  active level, andr,= 7o/1+(N/Ng) is the lifetime of this
are the coefficients of ionization and attachment. level, which is determined by the radiative lifetimg and

According to Refs. 2 and 3, the following processes onlythe characteristic densityy. Under optimum conditions, we
take place duringr;: transfer of energy from the supply find 7,=7; and K,=max=const. The condition for maxi-
source to the electrons, pumping of the lasing transition bynum inversion efficiency per electron is:
these electrons, ionization of the gas, and redistribution of
energy among electrons in the entire volume. Sinceel€c- J AN J
tron collisions take place in this time afIN= const in the é'_N( ) = &_N(<O-W>N7-p):0' (6)
entire discharge volume, we can talk of mean-statistical pa-
rameters. Note that the value BfN determines both; and
the average electron energy, which, in the optimum case
should be close to the energy of a given upper laser leve
After the time 7;, the structure of the discharge undergoes
rearrangement, the electric field becomes nonuniform over
the length of the discharge volume, and in this case, relations J In(ow) _T_ ﬂ @)
(1) and (2) must be analyzed for different parts of the dis-  J IN(E/N) 75 7N’
charge volume.

Then, replacingr in Eq. (1) with 7; from Eq. (2), we The first equality in this system determines the particular
obtain the maximum input energy and electron concentraeptima for various field strengthE and densitiesN, and
tion: both equalities give the absolute maximum. Using graphs of

N
With allowance for the dependence gf on the density

f the gas mixture components and the equatjfy 71, we
hen obtain:
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|n<oW>=f(E/N), N=f(E/N), and szf(N), we can find 1v. P. Gorkovski, N. V. Karlov, I. O. Kovalevet al, Kvantovaya Elek-
the optimum val fE/N dN hich d qi tron. (Moscow 11, 1867 (1984 [Sov. J. Quantum Electroril4, 1253
ptimum values ofE/N), and Ng, Which would give (1984)].

TE=Tp and, at this point, the derivative In{ow)d In(E/N) 2H. RaetherElectron Avalanches and Breakdown in GagBatterworths,
. . London, 1964 [Russ. transl., Mir, Moscow, 1968
would be equal to fD/TO)' This value of E/N)Opt’ substi- 3V. V. Korobkin and A. Yu. Sonin, Pis'ma zh. Tekh. FiA9(21), 49

tuted into Eqs(3) and (4), would determine the maximum (1993 [Tech. Phys. Lett23, 686(1993].
; ; . ; _“L. J. Denes and J. J. Lowke, Appl. Phys. L&8, 130(1973.
Input energy. Thus, optimum conditions exist for the conver 5A. Yu. Sonin, Abstracts of Papers presented at Second Conf., NUTSs,

sion of discharge electron energy into stimulated emission Patrice Lumumba Friendship of Nations University, Moscow, 1589
energy utilizing self-terminating transitions, and these condi- Russiai p. 103.
tions also determine the maximum input energy. Translated by R. M. Durham
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Superluminescence in an AlGaAsSb/InGaAsSb/AlGaAsSb double heterostructure

K. D. Moiseev, M. P. Mikhailova, O. V. Andreichuk, B. E. Samorukov,
and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 5, 1997
Pis'ma Zh. Tekh. Fiz23, 68—-74(May 12, 1997

Intense electroluminescence is observed for the first time in a AlGaA$36MAKASy goSh o4/
AlGaAsSb double heterostructure in the-3 pwm wavelength range at=77 K. The

structure was grown on a GaSh substrate by liquid-phase epitaxy. The photon energy at the
maximum of the narrow emission band with a half-width of 9—-10 eWis- 387 meV which is 60

meV greater than the band gap of the narrow-gap InGaAsSb solid solijpn326 me\j.

This behavior is attributed to the population inversion characteristics of the active region when an
external bias is applied €997 American Institute of Physids$51063-785(07)01305-(

The development of middle-infrare(8—4 um) lasers indicate that the coefficient of thermal expansion for solid
utilizing IlI-V compounds has recently attracted growing solutions enriched in GaSb is almost twice that for solid
interest: = This interest has been stimulated by the extensivesolutions enriched in InAs. Second, the unlimited solubility
scope for using these devices for diode laser spectroscomyf GaSb in indium-enriched melts makes it impossible to
and ecological monitoring These applications require lasers correct and refine the equilibrium phase diagrams by the
operating at room temperature. So far, the maximum operatethod of source saturation to select@a)AsSb solid solu-
ing temperature of infrared lasers fabricated using InAs solidions with a high InAs content, having the same lattice period
solutions by various methoddiquid-phase and molecular as the GaSbh.
beam epitaxy and growth from metalorganic compojyinds  The narrow-gap quaternary  solid solution
and emitting in the 3—4m wavelength range, has not ex- Ing (Ga 1ASy 55k 21 Was chosen because it is easier to grow
ceeded 180-200 K with pulsed pumping and 110 K with cwon a GaSb substrate, compared with solid solutions contain-
pumping’?“The main factors limiting the operation of long- ing no gallium(such as InAg¢Shy ;). By using a method of
wavelength lasers at room temperature are nonradiative Awcalculating the phase diagrams proposed in Ref. 7, we suc-
ger recombination and carrier leakage across the heteceeded in overcoming these difficulties and obtained layers
oboundary as a result of poor electron and hole confinementf In, ,GaAs; ,Sh, solid solution, for which the lattice
Thus, attempts have been made to increase the barrier heighismatch did not exceed 2810 2 at T=300 K in the com-
in the conduction band at the heteroboundary with the activ@osition range 0.0&x<0.1, y=x+0.12. The lattice mis-
medium by using confining layers of wide-gap AIAsSb solid match of the confining Al;/Ga&, s6ASg 025k 97 layers and the
solutions, grown by molecular beam epitdxy. GaSb substrate was aroundAa/a~(4-8)x10"4

In the present paper, we report for the first time the(T=300 K). The thicknesses of the epitaxial layers were
observation of electroluminescence in the 3gsh wave- 0.8—1.2um for the In) Ga 1ASy goShy o1 Solid solution and
length range in an AlGaAsSb{gGa 1ASyeSkhoy/ 2.5 um for the Al 3/Ga 66ASo.050 97 SOlid solutions. The
AlGaAsSb double heterostructure grown by liquid-phase epearrier concentrations in the confining layers were of the
itaxy. order n,p~5x10%%cm™3 and in the undoped

The double heterostructure was grown on an-IngGa, ASy goShy o1 layer, the electron concentration was
p-GaSki100) substrate. The active layer was a narrow-gapl X 10'’ cm 2 at T=77 K. The structure is shown schemati-
INg oGay 1ASy oSk o1 SOlid solution with a high indium ars- cally in Fig. 1. The band gap of the narrow-gap solid solu-
enide content, and the coating layers were formed by #&on, according to the photoluminescence data, was
Al 368 66A\Sp 035k o7 SOlId solution, which provides good Ey=326 meV (T=77 K).
electron confinement for the carriers because of a large offset  Stripe laser structures with a stripe width of 60—
in the conduction band with a narrow-gap InGaAsSb layer inand a cavity lengthL=300-500um were prepared by a
the active region4E.~1.0 eV). It should be noted that this standard photolithographic technique. Ohmic contacts to the
structure was grown by liquid-phase epitaxy for the firstp andn layers were prepared by deposition from Au/Zn and
time. Up till now, the growth of narrow-gap solid solutions Au/Te alloys, respectively, followed by brazing in a hydro-
on wide-gap layers with high Al and Ga contents by liquid- gen atmosphere. The electroluminescence was investigated
phase epitaxy has presented considerable difficulty becaus¢ T=77 K using an MDR-4, 300 lines/mm, grating mono-
of the complexity of matching the two materials. Epitaxial chromator by a synchronous detection technique. The signal
layers formed by a double heterostructure, consisting of solidvas recorded with a detector using a liquid-nitrogen-cooled
solutions whose compositions have the same lattice period ds8Sb photoresistor. The measurements were made in the
the GaSb substrate and are enriched in InAs and AISb, hayeulsed mode with pulse length=2.5 us and repetition fre-
abruptly differing physical constants. This particularly ap-quencyf=10 Hz.
plies to the coefficients of thermal expansion. Our estimates The p-AlGaAsSbh-InGaAsShih-AlGaAsSb structures
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FIG. 1. Layer diagram op-AlGaAsSbh-InGaAsShp-AlGaAsSb double

heterostructure isoperiodic with the GaSb substrate. FIG. 3. Schematic of energy band diagram of a forward-biased

p-AlGaAsSbh-InGaAsSbhp-AlGaAsSb double heterostructure B& 77 K.

exhibited intense luminescence in the 3t wavelength

range(Fig. 2). The electroluminescence spectra consisted ofonfining layers Eg=1.214 eV atT=77 K). It should be

a sing|e narrow band with a photon enelfgy': 387 meV at particularly stressed that the electroluminescence of these
the emission maximum. The width of the emission peak afamples was only observed for long pump current pulses
half height wasAhy=9-10 meV. The profile of the ob- (7=2.5 mg and did not occur with shorter pulses.

served emission band was asymmetric and had a sharp edge TO explain these experimental results, we consider the
on the high photon energy side. The electroluminescence irftnergy band diagram of this double heterostructure under the
tensity in these double heterostructures was comparable wigPplication of a forward bias, shown schematically in Fig. 3.

the intensity at the lasing threshold of an ordinary diode laselt can be seen that a potential barrier for the electrons exists
utilizing indium arsenide solid solutions, emitting in the at the heteroboundary between theactive layer and the

same wavelength range. p-coating layer. A high potential barrier for the electrons

We note some features of the experimentally observe@Iso exists between the active layer and thype coating
emission. This emission occurred when a forward bias wafyer as a result of the large conduction band offset for the
applied to the sample above a certain threshold0.8 V.  Alo34Ga 66AS0.035kh.97 and Iy §Gay 1ASp oSk 21 Solid solu-

The maximum of the emission band was 60 MeV greatetions. This offset increases the switching voltage and the
than the band gap of the narrow-gap, §6a,As,Shy,  Series resistance of the entire structure because of the forma-
solid solution Eg=326 meV atT=77 K), but was much tion of ann-n heteroboundary. A space-charge depletion

smaller than the band gap of the wide-gap ABGaAs, o:Sb  region is formed on the wide-gap semiconductor side, while
ann™ accumulation layer is formed on the narrow-gap side.

However, the high built-in potential at the-n heterobound-
ary confines the holes in the active layer of the double het-
erostructure.

When the bias voltage is increased by injection of carri-
ers from thep and n emitter regions of thg-AlGaAsSh/
n-InGaAsShh-AlGaAsSb double heterostructure, an effi-
cient population inversion is created in the active region. In
this case, the quasi-Fermi levels for the electrons and holes
are located in the conduction band and in the valence band of
the narrow-gap layer. This energy band diagram explains
why the observed photon energy at the maximum of the
emission band is greater than the band gap of the InGaAsSb
solid solution.

In our case, an increase in the pump current density
across the sample did not lead to further narrowing of the
emission band and the establishment of coherence. In our
00 [T T T T T T T T view, this is attributable to the inadequate optical confine-

020 025 030 035 040 045 050 ment in the structure. By using additional wide-gap confining

Photon energy, eV Iaygrs, such as GaSb or GalnAsSbh, it may be possible to
achieve better wave confinement and obtain coherent long-

FIG. 2. Electroluminescence spectrum of a forward-biasetiGaAssb/ ~ Wavelength emiSSion_in thiS_ St_rUCture-
n-InGaAsShp-AlGaAsSh double heterostructure Bt 77 K. To sum up, an isoperiodip-AlGaAsSbh-InGaAsSb/

1.0 —

0.5 —

Emission intensity, arb units
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Analytic relations between the parameters of a high-voltage discharge channel plasma
in a liquid and a plasma jet in an evacuated chamber

V. A. Pozdeev

Institute of Pulse Processes and Technologies, National Academy of Sciences of Ukraine, Nikolaev
(Submitted December 31, 1996
Pis’'ma Zh. Tekh. Fiz23, 75-78(May 12, 1997

Analytic relations are derived between the parameters of a high-voltage electric discharge plasma
in a liquid and the parameters of a plasma jet in an evacuated chamber. These relations can

be used to calculate the plasma temperature and pressure in the axial zone of the discharge channel
by using the experimentally measured temperature of the plasma jet and its geometric
characteristics. ©1997 American Institute of Physids$S1063-785(07)01405-5

One of the fundamental problems in the physics of awhereu is the axial rate of plasma flow from the aperture on
high-voltage electric-discharge plasma in a liquid involvesthe chamber side.
determining the distribution of the plasma parameters over Assuming that the temperature of the plasmarljetand
the channel radius. It may be considered that heating of ththe rate of plasma flow through the aperture are known, we
surface layer of the channel plasma has been fairly well studise expressionél)—(3) to derive the required relations be-
ied experimentally and the results obtained by various retween the parameters of the channel plasma and the jet
searchers show good agreement. The temperature of the iplasma
ternal region of the discharge channel was first estimated y
experimentally by an original method in Ref. 1 and the ex-  P1 y—1 u?\y1
perimental results were discussed in Ref. 2. The experimen- p, 2y RT, :
tal method essentially involves measuring the temperature of o1
a plasma jet emitted through an aperture in a planar electrode E ( 7;1 U_) (5)
positioned along the axis of the channel. It was established T, 2y RT,

experimentally that the temperature of the jet is higher tha'?t was shown in Refs. 1 and 2 that the temperature of the jet

that at the channel surface. However, the authors of Refs. lasma may be directly measured experimentally. We find
and 2 did not estimate the difference between the temper he plasma flow rate as follows from the condition that the

lasma flow rate through the aperture is equal to the change

4

ture of the channel plasma and the temperature of the j

plasma. In Ref. 3, the present author analyzed a mathemail; ,jasma mass in the volume of the jet, assuming constant

cal model of a method for diagnostics of the plasma temperadensity

ture in the inner region of a discharge channel, which was

proposed in Ref. 1. B 1dv
As in Ref. 3, we make the following assumptions to Y~ f dt’

derive analytic relations between the parameters of the chan- . .

nel plasmay and the jet parametersl.D We assume that tﬁ/&heref IS the area of the aperturé:éwyg), Yo |s_the aper-

plasma is an ideal gas from the gasdynamic and thermod)}yre rad|u§, and/ is the yolume of the pIa;ma et Con5|d.-

namic viewpoints. Throughout the measurements, we as'n9 the jet tp be a solid of revolgnon with .the generatrix

sume that the parameters of the channel plagpnassure y(x), we obtain the volume of the jet as the integral

p1, densityp,, and temperaturd,) and the parameters of -

the jet plasma(density p,, pressurep,, and temperature V=27rf0y (x)dx, @)

T,) are constant or slowly varying quantities. These assump-

tions allow us to use the following well-known thermody- Wherel is the instantaneous length of the jet ands the

(6)

namic re|ation§ axial coordinate.
We use the following specific expression for the function
pi=pRT,, i=1,2; @ yx)
X 1/2 X
p21Ps=(palpa)” @ yo=al1-3) 1=}, ®

whereR is the gas constant andis the effective adiabatic . N
. wherea andb are constants determined from the conditions:
exponent of the plasma. Assuming that the flow of plasma

through the aperture into the evacuated chamber is steady- dy ,
state, we use the following well-known gasdynamic reldtion ~ Yix=0=Yo0, gy O:yo- ©)
X=
y . . .
&: ( . y—1 ﬂu2>ﬁ . Using the conditiong9), formula(8) then yields
P1 2y py ’ a=2yol +2yo, b=2ygl+yo. (10)
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Substituting the expression for the genera8ixinto expres- For y=1.25 we obtain the following quantitative values

sion (7), using formula(10), we obtain from the relationg15): T,/T,=0.89, andp,/p;=0.56.
To sum up, the proposed mathematical model of plasma
22 8 2 )
V=—| 1+ — B+ — B?]l, (11) flow through an aperture into an evacuated chamber can be
15 11 11 used to determine the plasma pressure and temperature in the

where 8=y/(I/yo. Now, in accordance with formulés) and axial region of the discharge channel, using the measured jet
using Eq.(11), we obtain the following expression for the temperature and geometric characteristics in the general case

plasma flow rate and using only the measured temperature for critical flow.
dl These analytic relations are simple and convenient for prac-
u=1.461+1.463+0.54652)—. (1  tical application. _ _
dt The results presented here emphasize the difference be-

tween the plasma temperature in the axial region of the chan-
nel and the plasma in the surface layer, for which values
were quoted in Refs. 1 and 2.

For a highly elongated jetd— D), expression12) yields
the estimated flow rate

dl
u=146 5. (13
L. L. Pasechnik, P. L. Starchik, O. A. Fedorovich, and L. Yu. Pofihe

For critical plasma flow, the flow rate becomes equal to the Electric Discharge and Its Application in Industfin Russiar}, Naukova

; Dumka, Kiev(1980, pp. 12-13.
VelOCIty of Sound 2V. M. Adamyan, G. A. Guly, N. L. Pushek, P. D. Starchik, I. M.

2y 12 Tkachenko, and I. S. Shvets, Teplofiz. Vys. Terhf. 230(1980.
u=c=|——RT, . (14) 3V. A. Pozdeev,Theoretical Principles of Hydrodynamics in the Experi-
y+1 mental Diagnostics of Plasma Pressure in a High-Voltage Electric Dis-

. charge Channel in a Liquifin Russian, Educational Equipment, Institute
The relations for the parameters of the channel plasma andof Pulse Processes and Technologies, National Academy of Sciences of

the jet plasmd4) can then be simplified to give Ukraine, Nikolaev(1996.
y 4l. P. Ginzburg,Aerodynamicgin Russiai, Vysshaya Shkola, Moscow
P, | 2 T, |2 (15 Translated by R. M. Durham

368 Tech. Phys. Lett. 23 (5), May 1997 V. A. Pozdeev 368



Carrier transport in a diode base with locally nonuniform recombination properties
A. M. lvanov, N. B. Strokan, and V. B. Shuman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 5, 1997
Pis'ma Zh. Tekh. Fiz23, 79-86(May 12, 1997

Nonuniformity of the recombination properties in the form of a layer of radiation defects is
created in the base of @" —n diode. The change in the effective hole lifetime, measured by an
injection-extraction method, is investigated and attributed to recombination in this layer.

© 1997 American Institute of Physid$1063-785(07)01505-X

We consider a reverse-biaspd —n diode, where trans- tration of 1.2<10" c¢cm 3, and a 1.7um thick diffused
port of the charge of nonequilibrium holes, injected by vari-p*-layer, with a boron surface concentration ef10?°
ous methods, is observed in the diode base. These injectiamm 3. The initial lifetime in the diodes was,=20 us. All
methods include preliminary passage of a forward current othe experiments were carried out at room temperature. The
pulsed ionization by nuclear particles. We investigate howdiodes were exposed to low-dose irradiation, the dose being
the charge flows across the plane of fhe-n junction when  monitored by thep™ —n structure itself, for which the diode
the uniformity of the recombination properties is locally im- was used in detector mode. The behavior of the lifetime
paired. In our experiments, the nonuniformity is representedneasured by this metho@ee formula(1)) was observed.
geometrically by a layer of a certain thicknegs Forward current densities 300 mA/cn? were used for
1. The process of forward-to-reverse switching of thisthe measurements.
type of diode has been investigated in detail in the literature  As is the normal procedure in this type of experiment,
(see, for example, Ref)1A description of the reverse cur- the value 1#=1/7e.5 /7o is analyzed, whererq,s and
rent profile with a characteristic “shoulder(see the insetin 7, are the measured and initial lifetimes, respectively. Under
Fig. 1) was obtained, and the duratidnof this shoulder was electron andy-irradiation, 14 is proportional to the dose
related to the lifetimer by ®. However, the observed behavior exhibited strong nonlin-
U2 earity and then reached saturati@ig. 1). An analysis of the
erf(T/ 7)™ =ltor /(I tor+ I ev) @ 1/ measurements indicates that ferparticle doses in the
wherel, and |, are the forward and reverse currents, re-range ®=(5x 10°~10'° cm™?, the behavior of H(®) is
spectively. The relatiofil) obtained back in the 1960s forms nearly quadratic.
the basis of the now classical method of determining the  To explain this behavior of / it is logical to make the
lifetime 7 in p* —n structures. following assumption. Under conditions of nonuniform de-
Since the value of (7) determines the response time for fect injection, the effective lifetime rather than the actual
recovery of the resistance of the reverse branch of the diod&alue of 7 in the base is determined from the duration of the
measures were taken to reduce the lifetimd~undamental shoulder in the reverse current section. Note that forrfila
research in this directidri involved uniformly reducing the ~corresponds to the case of a base much longer than the dif-
lifetime 7 in the diode base by introducing deep levels, par-fusion lengthLp= (D 7)*2, where the hole diffusion coeffi-
ticularly with penetratings- and y-radiation. An alternative cient in silicon isD=11.6 cnf/s. For initial values of
to uniformly reducingr involves irradiation by short-range 77=20 us, we have.5~150 um and so formuldl) is valid.
particles — protons ana-particles. For example, forx5  As defects are injected in the base to a dept?b um, a
MeV natural-decayw particles, all the primary defects may layer with reducedr begins to be formed. Each particle
be considered to be concentrated in a narrow layer at the erateates a damage zone in the form of a cone which expands
of the particle range. This result is obtained by mathematicaloward the end of the range. Its base area is of the order of
modeling of the stopping of an-particle for primary vacan- 108 cn?, so that defects induced by separate particles begin
cies and interstitial atonfs® to overlap at doses=10° cm™2. It may be assumed that in
During the subsequent migration of defects and the forour dose rangeb=2x10° cm 2, the defects form a layer
mation of complexes with impurities, the initial distribution with the average densityl =k®/ 5, wherek is the number
changes negligibly. This was established by direct determief Frenkel pairs pew-particle which have not recombined in
nation of the defect profile by deep level transient spectrosthe track and have formed a deep center in the layer and
copy (DLTS).>® Accordingly, when the diodes are irradiated the width of the layer. Assuminkg=2 (Ref. 7) and 5=5 um
by a collimated beam, the introduced recombination centeréRef. 5, we have M=1x10" cm 3 for a dose of
are distributed in a narrow layeé, comparable with the par- 2.5x10° cm™ 2.
ticle range, i.e., they have an extremely nonuniform distribu- A layer with these characteristics does not satisfy the
tion over the volume of the base. conditions of the initial model because a sink for holes is
In our experiments we used 5.25 Ma¥ particles with  created near thp™ —n junction, at a distanc&/>L . In the
the rangeR=25.7 um. The irradiated diodes were made of limit, the § layer may be considered to be a plane with a
Si, having a 35Qum thick n-base with a phosphorus concen- surface recombination velocity— . This reduces the situ-
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ation to the case of a “thin” diode with a recombination type band gap, studied in the hole injection regime, we can only
of rear contact. A solution of this problem may be found inclearly identify an interstitial-carbon—interstitial-oxygen,
Ref. 8. An approximate formula relating the shoulder dura-Ci—O,, center(H2=E,+0.4 eV,0,=3x 10" cn?).
tion and the layer deptkV was put forward in Ref. 1: The observed levels are typical ofSi. Note the negli-
_ 2 gible presence of the H1 centerE(+0.33 eV,
T=IN[OBL+lor/lre) IW/(2.5 D). @ 0,=9%10 cn? (Ref. 9), which is assigned to single
For our measurements, this implies thatrf(®d) interstitial carbon and is characteristic of pure Si. This be-
should reach saturation. This will correspond to the timehavior may be attributed to binding of; Gnd Q during
taken for  to decrease to the level, described formally as
S=« in the § layer.

Saturation was in fact clearly observed in the dose range

®~2x10'° cm 2 (Fig. 1). For this case, the lifetime in 10 b = E|1 A ' fa ]
the layer may be estimated as (Vy,oM) ™. Assuming that s .

the thermal velocity isVy,=3%10" cm/s and the trapping 0.8 - e .
cross section isr=3x10"1% cn?, we obtainr~1.4x10"’ 06 L " ]
s. This difference of two orders of magnitude from the initial R as E4 ]
value (which remains unchanged in the main, undamaged 04 - a = E2 2 i
part of the baseis sufficient for an intense hole sink in the : E3 # %
damaged layer. This is confirmed by a quantitative estimate 02} : f " -.n' - =
Substituting the shoulder duratidn=0.2 us into expression 00 r~ L'. ..-..-' -._ -

I 1 "

(2), we obtainW=22.3 um, which agrees well with the po-
sition of the layer centeR— §/2=25.7—2.5=23.2 um.
2. We needed to determine whether the strong depen

1.0 e ———————

LTS, arb. units

dence 1#(®) was related to the characteristics of the defect = 45 [ L b ]
spectrum, such as the concentration and capture cross sectiiy - -‘_

of the formed centers. For this purpose, we made DLTS 06 - :. N
measurements, and Fig. 2 shows the DLTS spectrum of i 04 al 5 ]
sample irradiated with arx-particle dose of 1.410° o2 L : . ]
cm 2. In the upper half of the band gap we can identify four i = = \ ]
levels from the general complexity. First, we can identify an 00 '.-ﬂ“ka -' -
E1-A-center E.—0.18 eV,o,=2x 10 ¥ cn?). This is fol- o2k H1 - ]
lowed by the E2 level E.—0.22 eV, o,=2Xx 1016 cn?), - q\b' H2 ;
which is assigned to a doubly negatively charged divacancy Rl M 1 . ! . ]
state. Then we can identify the E3 peak.{(-0.29 eV, 50 100 150 200 250

0,=2x10"1 cn?), assigned to an interstitial carbon-

phosphorus pair, and finally, the E4 peak.{-0.4 eV,
— — 16 ; }

0n,=2x10 sz)’ for which at least two centers are re FIG. 2. DLTS spectra of a sample exposed to arparticle dose

sponsib!e: an E'Cgnte@acancy'phOSphormsand a diva- ®=1.4x10" a — without injection b — with injection of minority carri-
cancy(singly negative charged statén the lower half of the ers.
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room-temperature irradiation, when @igrates rapidly. A ers. These electrons will undergo trapping, which should be
second factor may be the high concentration of oxygen in thenanifested mainly as spectral line broadening. Its width is
samplet’ extremely sensitive to incomplete charge transfer because it
On the whole, the system of defect levels may be deis determined by the product of the trapping and its volume
scribed as similar to that observed previously whe®i was  inhomogeneity factot®
irradiated by« particles®'! The recovery behavior of the Figure 3 gives the full width at half maximuFWHM)
lifetime under isochronous annealififpr 1 h) showed that as a function of the length of the field region. The track
the greatest increase in the lifetime occurred at 350 °Clength of thea particles wasgR=21 um. As long as the track
which, according to Refs. 9 and 12, corresponds to the pras only partially within the field region, the line is broad,
dominant annealing of defects forming the damaged layer. because of the contribution of diffusion transport for the part
3. We have already noted that a defect configuration irof the track extending into the base. With increasihghe
the form of a layer is obtained from modeling the kinematicsline becomes narrower and the lowest values are observed
of the a-particle stopping and from DLTS experiments to for d=R. Then, when the’ layer moves into the working
study the profile of the forming centet§.We confirm this  zone, the line width is approximately doubled.
defect configuration independently for our samples by means These results indicate that nonuniformity of the recom-
of an experiment to study charge transfer from singlebination properties in the layer geometry substantially influ-
a-particles. In this case, thp™—n structure is used as a ences both diffusion and drift transport of carriers. In this
detector, i.e., it is reverse-biased. By varying the bias, it iase, when the carrier lifetime is determined by the injection-
possible to control the magnitude of the field region of theextraction procedure, the incorporation of even a small quan-
p*-n diode — the “working zone” of the detector. tity of defects compared with the dopant reduces the accu-
The monochromatic particles inject a pulse of chargeracy of the basic formula.
calibrated electron-hole pairs, which is recorded by a stan- The authors would like to thank participants at the Labo-
dard apparatus for nuclear spectrometry. The final characteratory Seminar on “Nonequilibrium Processes in Semicon-
istic is the spectral profile of the detector signal amplitudesductors” at the A. F. loffe Physicotechnical Institute for use-
We select the energy of tha particles so that their ful discussions.
rangeR is inside the layer with a short lifetiméosition
W, see inset in Fig. 3 We select two different relations
between the working zorgtandW. In the first case, the field
region does not readW, i.e.,d;<W. In the second case, the Lyu.N. Nosov,Physical Principles of the Pulsed Semiconductor Difide
damaged layer contains the working zone, dattW. ﬁ“?‘%@;ﬁj&’% moggml?\?as, pbsg”ﬁ-n A E. Kiv. Yo, L Norov. and
fiel dV\I’/:gelr(;r?erev,rr;[:lje()rilye((::g?r?esrsen'}'?]rLljgg Etzee(?l?jle nfl:?nrgetrhgf V 1. Shakho'\}tsongdiatioh Methods in éolid-Staté Electron|ds R’us-
: , sian|, Radio i Svyaz’, Moscow1990, p. 263.
electrons will be injected into the™-contact on account of  3v.v. Emtsev and T. V. Mashovetimpurities and Point Defects in Semi-

Maxwellian relaxation. Ultimately, the defects in tiadayer conductorgin Russiar, Radio i Svyaz', Moscow1981), p. 248.
do not influence the signal 4lon Implantation Science and Technologygited by J. F. ZieglefAca-

. demic Press, New York, 1984
When d>W, electrons from thex-particle track must s s Berman, A. M. Ivanov, and N. B. Strokan, Pis'ma Zh. Tekh. Fiz.

drift across thes layer as a packet of nonequilibrium carri-  1920), 24 (1993 [Tech. Phys. Lett19, 647 (1993].
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Polarization switching time for semiconductor laser radiation
G. S. Sokolovskil, A. G. Deryagin, and V. |. Kuchinskit

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 11, 1996
Pis'ma Zh. Tekh. Fiz23, 87-95(May 12, 1997

Expressions are derived for the polarization switching time for semiconductor laser radiation.
These expressions can be used to assess the influence of the laser diode parameters on

the polarization switching time of the output radiation. The results of an analysis of these
expressions show that the main parameters influencing the polarization switching of the output
radiation from a semiconductor laser are the nonlinear gains19@7 American Institute

of Physics[S1063-785(17)01605-4

Switching, coexistence, and bistability of the TM/TE po- de 1
larizations in the radiation from strained-layer semiconductor |Gy = gy~ 971e(N—N7e) (1~ eeeSte—eemStm) Sre
lasers have been observed in Refs. 1-3 and 5-7. In Ref. 3, N
particular emphasis was placed in the selective role of the . . . _ N
cavity. Later, a quantum-mechanical model was proposed in Grm(N=Nrw) (1= emeSre™ enmSmm) St ’
Ref. 4 to describe intraband transitions in strained semicon- | 4s
ductor layers, and it was showthat the polarization of the ar =01e(N—N1g)(1—egeSte— €emSrm) St
laser radiation depends on the position of the lasing line on < )
the gain profile. A phenomenological model was developed +,8E— iE
in Refs. 6 and 7 to explain polarization switching and polar- T T
ization bistability. dSy

Semiconductor lasers with polarization switching and bi- TR Orm(N—Nmw)(1—epeStE— EMMSTM) STIM
stability may be extremely useful for optical processing and
data transfer systems, for example, in systems with polariza- N  Smu
tion multiplexing® This poses the question as to how rapidly \ +'87 o

the polarization can be reversed. Unfortunately, so far, this
problem clearly has not received sufficient attention in theyhereN is the carrier concentratiosygy is the density of
literature. TE/TM-polarized photons, grgrv IS the linear gain
We have set out to obtain explicit expressions for thefor TE/TM-polarized light, rrgry is the lifetime of
polarization switching time of semiconductor laser radiationTg/TM-polarized photons, Ntz is the transparency
and to assess the influence of the laser diode parameters ggncentration for TE/TM-polarized lighty is the carrier
this switching time. lifetime, ¢;; are the nonlinear gaing3 is the coefficient
The Lyapunov methdd— analysis of the stability of of spontaneous emissiony is the elementary charge,
solutions of systems of differential equations — was appliedhnd v is the volume of the active medium. The
to a system of rate equations to obtain an analytic expressiogtapility of system (2) was analyzed using the
for the polarization switching time of semiconductor laserconstant carrier ~ approximation dN/dt=0.  This
radiation. According to Lyapunov, the state of a system iscondition allows us to perform the very convenient transfor-
stable(unstable if a small deviation from this state at time mation
t=0, remains smallincreasep over time 0<t<o. Since

this deviation is small, the system of differential equations [ dS; | Se St N
. . : L E E M TE
may be linearized. The time dependence of a small deviation a9t gTEr(—V - —)
from the equilibrium position may be expressed as follows: av. e T 7T
Sre
X (1~ eeeSre~€emStm)Sre— —
S(t)=2, A Vet (1) { e )
T dSm_ (L1 Sre_ S Nmw
) . dt 9T qQV T Tim T
whereP; are the eigenvalues ang are the eigenvectors of s,
the linearized system. The equilibrium position of the system % (1— _ _ 2™
is stable(unstablg if the real parts of all — one or more — \ (1= weSre e Sm) St ™
of the eigenvalue®; are negativepositive. It is important
to note that the eigenvalu&; are the characteristic times for The “trivial” solutions S;g=0, Sy # 0 (TM-polarized
transition of the system from one equilibrium position to radiation) andS;g # 0, Sy,=0 (TE-polarized radiationare
another. of particular interest for investigation purposes. Having lin-
The system of rate equations has the form earized the modified system of rate equati@)s we obtain
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FIG. 1. a — Time dependence of pump current, b —

stability coefficientgprg and pry versus pump current,

’ ¢ — results of numerical modeling of polarization

E switching process, ahd — calculated power-current

. . . ) A . characteristic. The dashed curves refer to a laser

0 1 2 3 4 0 20 40 60 with  the  parameters &ye=1.5x10"cn?,
t.ns Pre: Prap ns™ ey =2.0x10"* cn?®, and 7= 1.55 ps, and the solid
T " . . curves refer to a laser with the parameters
eye=4.5X10"Ycn?®, &yy=6.0<10"Ycm?, and
= 1.61 ps. The other laser parameters are the same:
gre=1.45x10 ¢ cn/s, grm=1.40x 10 % cnr’/s,
me=2.0ps, N=45x10"cm 3, Niy=3.29
X107 em™3, 7=3ns, egy=2.0x10"cn?, and
ege=1.0x10 Y cnr.

I, mA

its eigenvalues, which, in accordance with form@3, are for both lasers, whereas when the current is increased above
also called coefficients of stabilitynstability): a certain levelly,, the TE polarization predominatéEig.

1d). Here, I, is the polarization switching current, i.e., the
1 Stwme  Nremm ; ; _
_—— pump current corresponding to unpolarized laser output ra
Qv Trwre T diation. Its exact value can be calculated if we assume in

1 formula (3) that SE=Sy=S,,z and dS;gdt
(4  =dSpy,/dt=0:

Prerm=9remm

X (1—eemmeSTMITE) —

TTEMM
wheresrgmy is the density of TE/TM-polarized photons in | 1 N i+ 1 N Nre
the absence of the other polarization: W greTre(1— ££Sew) 7TE  Tm Ssw P
i1 1 Nrgrm
== — —— =B-B?-C, 6
Sremm 2( BRI TTE/TM( qVv r Ssw (6)
1/ 1 1 1 1
1 1 I N |2 B:_(_+_+ . )
- Z % + TTETM q_\/ - T 2 EE €M gTE’TTES EAN gTM TTMSMAN
_ o | Nreme ! ) (5) c= 1 {1+( o1 )AN ,
€ EE/MM\ qVv T ITEMMTTTEMM EEEM \ greTte 9TMTTM™

It can be seen from Ed4) that three combinations of
stability coefficientsPgmy are possible: both coefficients
are positive — the “trl_wal” solunons. are unstable, e, TE AN=N7e—Npy .
and TM modes coexist; both coefficients are negative —
bistable state, and lastly, the stability coefficients have dif-The time taken for a change in the pump current to induce
ferent signs — in this case, the laser emits radiation of thapolarization reversalswitching of the laser output radiation
polarization for which the eigenvalue is negative. We shallis defined as the reciprocal of the stability coefficieft of
examine these three cases in greater detail. the system, calculated for the “new” pump current. In other

When one of the stability coefficients is negative and thewords, in this particular case polarization switching takes
other positive, the latter is inversely proportional to the po-place in a time, the reciprocal of the system eigenvétie-
larization reversal time of the laser output radiation. For ex-bility coefficieny, which is positive for the new pump cur-
ample, switching the laser pump current from the vdlye rent(Figs. 1b and 1 The parameters of the lasdrédashed
corresponding to TM-polarized output radiation,ltocorre-  curveg and2 (solid curve$ are selected so that the polariza-
sponding to the TE polarizatiofFig. 13, results in switch- tion switching times are the same. It can be seen from Figs.
ing of the output radiation with the characteristic time 1b and 1c that under the same conditions, the polarization
1/Ptm(15) (Fig. 1b. Figure 1c shows the results of a numeri- switching for laserl, whose stability coefficients are-5
cal simulation of the polarization switching process of thetimes greater than those of las2r is approximately five
output radiation from two InGaAsP/InR & 1.55um) lasers, times faster. Thus, the results of the numerical modeling
whose parameters are given in the caption. It can be seen thdig. 19 show good agreement with those obtained from the
at low pump currents, TM-polarized radiation predominatesanalytic expressiong-ig. 1b).

€e=¢€get €em, Em—&mmtewmE,
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-, . FIG. 3. a — Densities of TE- and TM-polarized photons versus pum
FIG. 2. a — Densities of TE- and TM-polarized photons versus pumpCurrent for a laser with the paran?eterngE=pl.45>< 10‘6cm3/sp P

current for a laser with the parametergyrg=1.45x10 %cm’/s, . .

o= 1.40< 1076 cm/s, 7re=2.0 ps TEM: 1.55 p?TNETE:4.5>< 107 cm-e, 9= L4OCLO 2 oM, 7=2.0 pS, 7y = 1.55 psNre— 4.5 10 em 7,

N 3 20 10 S 3 s e ox10-Y e Nry=3.29x 10" cm 3, =3 ns, egg=1.0x 10" cn?,
™= ' ’ BE ! eme=1.0X10"Ycn?, eyy=2.0x10 Y cn?, and egy=2.0x10 7 cnv;

eye=1.5X10"cn?, eyy=2.0<10"Y cn?®, and egy=2.0x10" " cnv’; al o ) ‘ )
b — Coefficients of stability of TE- and TM-polarized modes versus pumpb stability of TE- and TM-polarized modes versus pump current.

current.
both stability coefficients are negati€ig. 3b there exist

, , two values of the pump current for which laser output radia-
~The results of our analysis of expressio@ and (5)  {jon undergoes polarization switchingFig. 33, and the
indicate that when the polarization switching currédtis  qitching is observed when the laser “leaves” the bistable
constant, the polarization switching time only depends on thgate  The power-current characteristic of the laser in this
nonlinear gaing:;; and does not depend on the linear param+ange exhibits hysteresis whose width can be determined
eters of the laser diode. from the expression@).

We shall now examine cases where the stability coeffi- 15 qum up, we have proposed expressions for the polar-
cients have the same sign. When both the eigenvalues a[gyiion switching time for semiconductor laser radiation.
positive, the trivial states are unstable, modes of both polarryase expressions have been used to assess the influence of
izations coexist, and the concentrations of TE- and TM+he |aser diode parameters on the polarization switching time
polarized photons cease to be described by the expressiogs ihe output radiation. The results of an analysis of these
(5. As the pump current of the laser diode varies smoothlygyyressions have demonstrated that the main parameters in-
(Fig. 28 in this range(Fig. 2b), we observe smooth polar- f,encing the polarization switching process of semiconduc-
ization switching of the laser output radiatiohig. 2a. tor laser output radiation are the nonlinear gains.

In the range of laser diode parameters where both stabil-  Tha authors would like to thank E. L. Portinéor his
ity coefficients are negative, a minor contradiction can be.,ntinuous attention and interest in this work.
identified: both trivial states are stable, although the exis-  The work was supported financially by the Russian Fund
tence of one precludes the existence of the otbee above ¢, Fundamental Researd¢Rroject Code 96-02-17864a
This is the region of bistability, where the polarization of the
laser output radiation is determined by the state of the SYSteMy Ahmedov. N. P. Bezhan. N. A. Bert. S. G. Konnikov. V. 1. Kuchin-
before its entry into this region. As the pump current of the gy v. A, Mishurnyi, and E. L. Portny Pisma zh. Tekh. Fiz6, 705
laser diode varies smooth({fig. 39 in a certain range where (1980 [Sov. Tech. Phys. LetB, 304 (1980].
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Photopleochroism of oxide— p-InSe diode structures
V. N. Katerinchuk and M. Z. Kovalyuk

Branch of the Institute of Problems in Materials Science, Ukrainian National Academy of Sciences,
Chernovtsy
(Submitted November 26, 1996

Pis'ma Zh. Tekh. Fiz23, 1-3(May 26, 1997

A layered InSe crystal is used to fabricate a polarimetric photodetector. The heterostructure is
formed in the plane perpendicular to the cleavage plane of the layers by thermal oxidation

of the crystal substrate. The coefficient of photopleochroism of the opideSe photodiode for
0.6328 nm light is 90%. ©1997 American Institute of Physids§1063-78517)01705-9

The development of high-efficiency polarimetric photo-
detectors involves searching for new anisotropic semicon-
ductors, and the possibility of using these to fabricate high-
quality barrier structures.in this context, the use of IlI-VI
semiconductors with a layered crystal structure deserves
attention? In particular, a high coefficient of photopleochro-
ism, 93%, was achieved in Ref. 2 for am*-In,0O;—
p-GaSe heterostructure.

With the aim of developing a similar polarimetric detec-
tor exhibiting spectral sensitivity, we investigated another
[lI-VI layered compound — indium monoselenide — a
semiconductor with a band gap of 1.2 eV and well-defined
anisotropic mechanical and electrophysical propetties.
However, this soft material is not amenable to conventional
mechanical treatment. Thus, the surface plane of the sample

LV , arb. units

required to fabricate the detector was prepared by detaching 0 T ?‘*-?

blocks of specially grown block single crystals. Because of

the random arrangement of the blocks, the samples can be 0 30 60 80

cleaved along the cleavage planes of the layers with a natu- ¥, deg

ral, almost perpendicular, end plane, which then serves as the

base for forming the barrier. FIG. 1. Experimental geometry and angular dependence of the photocurrent

The oxide-p-InSe heterostructure was prepared by theog‘loxfe*’Eﬂ'”?;hter:erof”t“?“;felsd eXptose‘: - lpor']?riz'“;j@radia@“r
method described in Ref. 4. The photosensitive area of thg &2 =II¢ (£ 1S Ihe electric fierd vewror of the ight wanepen circles
. — experiment, dashed curve — calculations.
diodes measured 8—10 mMnthe current—voltage character-

istics showed rectifying characteristics, and the saturatioRqefficient of photopleochroism at 632.8 rftmelium—neon

photovoltage was 0.2 V. laser radiatiopy determined according to the formtla
The experimental geometry and the angular dependence S
of the photocurrent for polarized light incident on the end ~ P=(ipx—ia)/(ip+ia) 2

surface of the crystal are given in Fig. 1. Hegeis the angle a5 90%.

tric field vector of the light wave. Besides the experimentalye ysed as the basis for fabricating photodetectors for polar-
curve (open circley Fig. 1 also gives the theoretical curve jzed radiation.
(dashed curvecalculated with the expressibn

. 2 . i 1yu. V. Rud’, lvz. Vyssh. Uchebn. Zaved. Radiofi29, 68 (1986.

lo=Ip CO pFiasin o, (1) 2V. A. Manasson, Z. D. Kovalyuk, S. I. Drapak, and V. N. Katerinchuk,

Whergia and i,b are.the photocurren.ts for two mutually p.er- 3§I.e\clfr?\|r:3.v|£télli€’.fe\sf(é.giglzarev, Z. S. Medvedeegtal, Handbook of
pendicular orientations of the electric field vector of the light physicochemical Properties of SemiconducfansRussiafl, Nauka, Mos-
wave relative to the crystallographic axis of indium se- cow (1973.

lenide. It can be seen that the photoheterostructure possesseé N- Katerinchuk and M. Z. Kovalyuk, Pisma Zh. Tekh. Fi(12), 70
well-defined sensitivity to the polarization of the incident (1992 [Sov- Tech. Phys. Lett8, 3841992,

radiation. The ratioi,/i, was of the order of 20 and the Translated by R. M. Durham
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Influence of laser radiation on the electrodiffusion of molecular ions in a porous
glass rod

I. K. Meshkovskil and O. V. Klim

St. Petersburg State Institute of Precision Mechanics and Optics (Technical University)
(Submitted January 24, 1997
Pis’'ma Zh. Tekh. Fiz23, 4-8 (May 26, 1997

The influence of laser radiation on the electrodiffusion of dye ions in porous glass has been
investigated. It is shown that when the molecular ions are exposed to intense photoexcitation, the
rate of electrodiffusion in the porous glass is reduced substantially. The influence of

temperature on the electrodiffusion process is studied.1997 American Institute of Physics.
[S1063-785(07)01805-3

The first studies of the influence of laser radiation on the  Figure 2b shows the motion of the coloration front as a
diffusion of molecules through a porous glass membFane function of time for a rhodamine G solution at 20 °C with no
showed that photoexcitation of the electronic and vibrationalaser irradiation(curve 1) and with laser irradiation at a
subsystems of gas-phase molecules reduced the mobility gower density of~5 W/cn? (curve 2).
those molecules in porous membranes.

In view of the considerable potential for using these
methods in the photoseparation of elements and substancgfscssion OF RESULTS
in solutions® our aim in the present study was to examine the
influence of laser radiation on the electrodiffusion flux of It can be seen from the data plotted in Fig. 1a that the
molecular ions of various laser dyes dissolved in ethanol, agate of electromigration increases with temperature. The re-
they migrate electrically through a porous glass rod. sults plotted in Fig. 2b show that laser irradiation of the
molecules substantially reduces the rate of electrodiffusion.
For comparison, Fig. 2c gives results of similar experiments
for thionine molecular ions. The absorption band of a
rhodamine G solution in ethanoh {,,,=530 nm coincides

For the experiments we preparetk4x 15 mm parallel-  With the emission spectrum of an argon laser. Thionine has
epipeds of DV-1M porous gladsyhich are used as the bases an absorption band maximum around 590 nm and is not very
of solid-state active elements for tunable dye lasefs. efficiently excited by argon laser radiation. These data indi-

The experiments were carried out on a batch of twelvecate that laser radiation only influences electromigration
samples. Ethanol solutions of rhodamine G and thionine at #hen the molecules undergo intense photexcitation.
concentration of X 10~ 4 mol/liter were used as the dye so- These results demonstrate that when molecules are ex-
lution. posed to exciting radiation, their mobility in a porous matrix

The apparatus is shown schematically in Fig. 1. A po-is reduced. This effect may be utilized for separation of iso-
rous parallelepiped was preheated at 150 °C to remove anytopes, atoms, and molecules, and electromigration may be
moisture and then soaked in pure ethanol. One end was thétsed to enhance the efficiency of the separation process by
attached to a lid with a holde2, to which a cathode was several orders of magnitude.
connected, and was placed in a cgléo that the other end
was in contact with the dye solution. The anode was inserted
directly into the solution. An image of the parallelepiped was
formed on a scree® by means of a projection system
and5.

When an electric potential is applied, the molecular ions
are attracted by the field and move from the anode toward
the cathode. This is observed as propagation of a coloration
front on a millimeter scale on the screen. Facilities were
provided for irradiation of the porous glass rod by LG-
106M-1 argon laser radiation perpendicular to the axis of the
projection system. The laser beam was defocused by &8lens
so that the entire zone of propagation of the dye was irradi-
ated. 7

Figure 2a shows the motion of the coloration front as a

function of time for a rhodamine G solution when the tem-FIG. 1. Schematic diagram of apparatds— porous rod.2 — lid and

perature iS_ the porous roq i_s 20 °@urve 1) and 60°C  pgider,3 — cell containing dye solutior4 — light source,5 — projection
(curve 2) with no laser irradiation of the sample. lens,6 — screen,7 — argon laser, an8 — defocusing lens.

EXPERIMENT
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FIG. 2. Displacement of coloration front versus time caused by electromigration of the dye with a voltage of 300 V applied to the elactroftgsan
ethanol solution of rhodamine G without laser irradiatiér— at 20 °C and2 — at 60 °C; b — for an ethanol solution of rhodamine G at 202~ without
laser irradiation2 — with laser irradiationc — for an ethanol solution of thionine at 20 °C:— without laser irradiation an@ — with laser irradiation.

IN. V. Karlov, I. K. Meshkovski, R. P. Petrov, Yu. N. Petrov, and A. M.  °1. K. Meshkovski, A Dye Laser Active Elemerinventor’s Certificate No.

Prokhorov, JETP Lett30, 42 (1979. 725536(1979 [Russian.

2V. A. Kravchenko, EN. Lotkova, I. K. MeshkovsKj and Yu. N. Petrov, 6G. N. Dul'nev, V. I. Zemski, B. B. Krynetski, I. K. Meshkovski, A. M.
Pis’'ma Zh. Tekh. Fiz.7, 1197 (1981 [Sov. Tech. Phys. Lett7, 512 Prokhorov, and O. M. Stel'makh, Izv. Akad. Nauk SSSR Ser. #82237
(1981)]. 1979.

3Laser Applications in Spectroscopy and Photochem[triRussian, Mir, 7E3, V?Al’tshuler, E. G. Dul'neva, and A. V. Erofeev, Zh. Tekh. FB5,
Moscow, 1983. 1622(1985 [Sov. Phys. Tech. Phy80, 941(1985].

4l. K. Meshkovski, G. M. Belotserkovski T. G. Plachenov, and O. S.
Molchanova, Zh. Prikl. Khim. No. 7, 145¢1L968. Translated by R. M. Durham
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Conversion of phase modulation of light into intensity modulation by means
of an external fiber-optic interferometer

O. |. Kotov, L. B. Liokumovich, V. M. Nikolaev, V. Yu. Petrun’kin, and Zekhraui Buabid

St. Petersburg State Technical University
(Submitted January 24, 1997
Pis’'ma Zh. Tekh. Fiz23, 9-16(May 26, 1997

A new method of detecting phase modulation, based on using an “external” optical waveguide
interferometer, is considered. This “detection” is weakly dependent on the length, position,

and external conditions of the propagation channel for the phase-modulated light and, in many
cases may prove more efficient than conventional methods of constructing phase-

modulated fiber-optic systems. @997 American Institute of Physid$1063-78517)01905-8

In optical systems with phase modulation, the phasether known methods, and especially can dramatically re-
modulation of the light must be converted into intensity duce the influence of the external conditions of the propaga-
modulation for the information signal to be recorded by ation channel on the detection of the useful signal.
photodetector. This problem arises in data acquisition and We consider a fiber-optic system containing a source of
transmission systems, measuring systems, and so ‘fotth. coherent optical radiation, an optical waveguide with an at-
Phase modulation is converted into intensity modulation bytached phase modulatdor another phase-modulating de-
means of Fabry—Perot, Mach—Zehnder, or other interferencéce), a fiber interferometer, and a photodetectbig. 1).
systems:® The optical (fiber-optid channel in which the When a harmonic signal is fed to the modulator, we obtain
phase-modulated light undergoes modulation and propagategtical radiation with harmonic modulation of the phasat
is usually incorporated directly in the interference systemthe fiber exit:

The action of an external medium on the signal propagation i
channel causes the optical length to drift. This is the well- Y=ot oy sin(y). @

known problem of compensating for the slow temperature  por simplicity, we shall assume that single-mode lossless
drift of the interferometer operating point in interferometric jsotropic fibers are used and that the interferometer is a two-
detectors and phase-modulated data acquisition and trangaam type. This last condition is satisfied for double-arm
mission lines™ When the channel is fairly long, it becomes jnterferometers or low-Q multipass interferometers. Assum-
difficult to compensate for the drift of the operating point of ing these conditions, one can show that when radiation with

the interference system during recording and processing Ghe phase1) is fed into the interferometer, the variable in-
the output signal. Special optical detection techniques Whidﬂensity component at the exit will be

reduce the signal “fading” are complex and not very
effective®-10 | _(t)=1oA-cog§28y-sin(QLn/2c)
In many cases, the action on the fiber-optic sensing ele-
ment is narrow-band and quasiharmonic. Under these condi- xcog Q{t—}+ L], )
tions, an interferometer external to the propagation channg{hereA is a coefficient determined by the interference con-
of the phase-mod_ulatgd Ilght may be _use_d to convert_ th?rast,A=(1/2)(I ma—lmin) (macH lmin)s 1o iS the intensity at
phase modulation into intensity modulation in extended fibene channel exit.=|l,—1,| is the path difference of the rays
syste_ms. Characteristic features of this type of detection arg, the interferometerlq andl, are the ray paths in the inter-
considered in the present paper. ferometey, 7= (I, +1,)n/2c, and 8 is the light propagation
An external interferometer may be used to convert fresgnstant in the fiber.
quency and phase modulation into. intensity modulation,  Formula (2) expresses the conversion of the phase
since frequency and phase modulation belong to the samgqoqulation into intensity modulation in this fiber-optic sys-
type of angular modulation and are connected by an integgm,. Physically, the phase shift associated witmay be

grodifferential relation. The first of these conversions isgtiriputed to a general delay of the signal as it propagates
widely used, for instance, in laser frequency stabilizationy,rough the interferometer.

systems! The conversion of phase modulation into intensity Introducing the notation

modulation by an external interferometer has been less well

studied, and is not used because of its poor efficiency with  ¢q=pL,

ordinary mirror interferometers. As shown below, a fiber-

optic interferometer with a large difference between the  6¢=26¢ sin({lLn/2c), ()
beam paths can be used for efficient conversion of phase
modulation into intensity modulation and for recording infor-
mation in phase-modulated optical systems. This method Oéxpressior(Z) may be written as

constructing extended measuring and transmitting phase sys-

tems can overcome many of the shortcomings inherent in  |1_=1,A-cog ¢+ ¢-cogOt—¢)]. 4

¢=Qr,
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According to formula(3), the maximum efficiency for that the useful signal spectrum is concentrated near the ex-
conversion of phase modulation into intensity modulationtremum of this frequency characteristic, the signal will be
(6e=26¢) is achieved at frequencies for which recorded almost without distortion.

(QLn/c)=kr, wherek is odd. If (ALn/c)=kr, for even The apparatus used to demonstrate this method of detect-
k we find 6¢=0, no information is recorded, and in particu- ing the phase modulation of optical signals is shown sche-
lar, the interferometer signal is not influenced by phase flucmatically in Fig. 1. The light source is an LGN-208B He—Ne
tuations in the transmitting fiber at frequencies close to zerdaser(A\=0.63 um). An optical fiber having the core diameter

The structure of the signdl) is similar to that of the d=10 um and length 100 m was used as the transmission
signals obtained in ordinary interferometer systems, wherehannel for the signal phase modulation. To simplify the
the fiber propagation channel for the phase-modulated lightptical system we used a single-fiber Fabry—Perot receiving
is incorporated in the interference system converting thénterferometer =50 xm) 10 m long, with dielectric mirrors
phase modulation into intensity modulation. However, with(intensity reflection coefficienR=60%) deposited on the
an external interferometer some differences are observeehds. This Q factor ensured enhanced interference contrast,
compared with conventional systems, for instance:

No influence of slow thermal drift of the light phase is
observed in the transmission channel;

An “external” interferometer used to convert phase 020 — Sp/dy
modulation into intensity modulation, can always be com-
pact and isolated from perturbations; .

The parameters of an “external” system for detection of
the useful signal do not depend on the length or configura- 0.1 —
tion of the propagation channel for the phase-modulated op-
tical signal. ®

The modulating signall) can be discriminated by any
method of processing the signal4) used in fiber
interferometry>>~’ For example, the interferometer operat-
ing point can be stabilized at the center of the linear section,
as in the experiments described subsequently. Then 0.08 | ¢
¢o=m/2, and fordp<<7 we obtain at the exit )

0.12 —

I_=10A-cod o+ S¢-cogOt—¢)]
~loA- 5¢-cog Qt— )], 6)

and the photodetector directly records the information signal.
When a complicated nonharmonic information signal is  0.00 T T T I Y 1

fed to the modulator, it will be discriminated at the exit 0 100 200 300

through  the  frequency  characteristic 8¢/ S5y) £, kHz

=2 sin(lLn/2c), as can be seen from expressig@s and

(3). If the interferometer parameters are selected s@IG. 2.
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Ug» nal interferometer. This stabilization was provided by addi-

arb. a tional modulation of the interferometer signal and minimiz-
units ing the second harmonic of this signal at the exit by means of
05 a feedback loop with amplification. The results presented

below were obtained for an auxiliary signal frequency
. v - fo=230 kHz and an information signd} =500 kHz.
0 ! 2 3 4 5 t,ms Figure 3a shows the typical time drift of a 500 kHz
output signalwith the interferometer stabilizing loop open
arb. “\—-»—-W_\\_'\_’___\/ The fading of the signal is mainly caused by fluctuations of
the interferometer temperature. Figure 3b shows the behavior
as of the 500 kHz signal after closing the stabilizing loop. Fig-
ure 3c gives oscilloscope traces demonstrating the transmis-
. . . sion of the low-frequency signdb,=1 kHz on a 500 kHz
0 2 3 4 5 t,ms subcarrierlby amplitude modulation of the subcarpier
To conclude, it should be noted that the proposed
X ¢ method of constructing extended phase-modulated measur-
mu ”,;u ] ing and transmission systems has the following advantages:
It eliminates fading of the useful signal induced by drift
of the external conditions of the propagation channel for the
phase modulatiofinherent in other methods of constructing
l l l , l l I , u,zi” 0] these systems
No optical power is lost to stopping dowgwhich is
required in multimode systems with mode interference
The length and configuration of the signal propagation
channel does not influence the requirements for coherence of
the light source, the interferometer parameters, or the meth-
but at the same time the interferometer was similar to a twoods of recording the useful signal.
beam type. Piezoceramic cylindrical fiber phase modulators
at the transmitting fiber and the interf_erpmeter were used thu. V. Gulyaev, M. Ya. Mesh, and V. V. Proklowlodulation Effects in
modulate the phase of the optical radiatiand for compen- Fiber-Optic Waveguides and Their Applicatiofi® Russiad, Radio i
sation. This configuration could only be used to investigate Svyaz’, Moscow(1991).
the range where(¥Ln/2c) <, i.e., the linear range of the 2D. E. N. Davies and S. A. Kingsley, Electron. LetD, 21 (1974.

P P 3N. N. Evtikheev, E A. Zasovin, and D. I. Mirovitski Itogi Nauki i
frequency characteristi@), and thus to detect the derivative Tekhn. Ser. Svyaz8, 24 (1991,

of the modulating signal. 4M. Born and E. Wolf, Principles of Optics 4th ed (Pergamon Press,
Figure 2 gives the experimental frequency dependence Oxford, 1969 [Russ. transl., Nauka, Moscow, 1973

of (5<p/ 5@ The theoretical curve for a low-Q Fabry—Perot SM. M. Butusov, S. L. Galkiret al, Fiber Optics and Instrument Manu-
. . _ . . facture[in Russiarn, Mashinostroenie, Leningra@d 987).
interferometer withL =20 m (Fig. 2, solid curvg has the 6S. K. Sheem, T. G. Giallorenzi, and K. Koo, Appl. Oftl, 689 (1982.
form 7J. Dakin and B. Kalshdiber-Optic Sensors: Principles and Components
[Russ. transl., Mir, Moscow, 1992
8
oY _ : . _7 P. R. Ball and B. Culshaw, Electron. Lett6, 259 (1980.
Sy 2-sin(2mf-Ln/2c)~2m- 107" f (6) 9B. Culshaw, P. R. Ball, J. C. Pond, and A. A. Sadler, Electron. Pdver
148(198).
and shows good agreement with the experimental curve. EP. R. Ball, B. Culshaw, and S. A. Kinglsey, Proc. SPIE2, 216 (1980.
This apparatus was used to implement a simple interfer- V- A. Ivgnov and.V. E Prlval'ovAppll'catlon's of Lasers to High-Precision
ometer stabilization system to demonstrate the transmission'v'eCh"’“"C"’1| Devicegin Russian), Politekhnika, St. Petersbulg993.

of signals by phase modulation and detection with an exterfranslated by R. M. Durham
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Alternation of nonequilibrium and sequences of structural transitions
G. E. Skvortsov

St. Petersburg State University
(Submitted January 20, 1997
Pis'ma Zh. Tekh. Fiz23, 17-21(May 26, 1997

An analysis is made of the law of alternating nonequilibrium, dictating an oscillatory change in
the degree of nonequilibrium for a wide range of influence. With increasing influence,

intervals of decreasing degree of nonequilibrium at their onset correspond to structural transitions
and accompanying anomalous states. This law can be used to identify a wide variety of new
nonequilibrium effects. ©1997 American Institute of PhysidS1063-785(07)02005-3

Alternation of nonequilibrium together with structural The three hypostases of alternating nonequilibrium are
conditionality, the qualitative boundary, and abnormality, manifested even more clearly for a sequence of structural
form a set of fundamental relations that can be used to ddransitions of nonequilibrium origin. Examples include: a se-
scribe the qualitative behavior of a wide range of systemsjuence of structural transition$/AT,) caused by an in-
exposed to different types of influences. Sequences of strucrease in the temperature difference at the interfaces of lig-
tural transitions and in particular, energy conversion andiids: Benard regimes, three boiling criséRef. 6, p. 158 a
conversion cycles, as well as an abundance of accompanyirggquence of structural transitions (): formation of stria-
nonequilibrium effects, are directly associated with this relations and Gunn domains, and the sequemg®/ ( ): subsonic
tionship. to supersonic transition, anomalous relaxation regimes in

1. The law of alternating nonequilibrium may be ex- gases.*®In this last case, alternation of nonequilibrium is
pressed as follows: when a system is exposed to a uniformigbserved particularly clearly for GO
increasing influence, the measured deviation from equilib- 2. The degree of nonequilibrium is defined by the set of
rium varies in an alternating fashion, a natural increase beinguantitie§
replaced by a decrease, a decrease giving way to an increase,

and so on, until the system is destroyed. csv=|—4 Eg—|& gl
Moreover, the pointgor interval§ of variation in the Vo' TR T | ges T
behavior of the degree of nonequilibrium correspond to
structural transitions and thus with increasing influence a se- _ T'_f
quence of structural transitions takes place, with regimes of mo|"
considerably lower nonequilibrium between them.
Wni:Ti|at In an|, Hni:)\ilax In an|,... (1)

For fairly extended, highly nonequilibrium systems, spa-
tial and temporal sequences of structural transitions are Okﬂsing the notation from Ref. 2
served, with intervals of weak nonequilibrium between them. According to the law of-alt.ernating nonequilibrium, the

. Any system consists of a h!erarchy Of, subsystems, an%lues ofGS decrease in the supercritical neighborhood of
since the degree of nonequilibrium has different values foy,o g \ctural transitions, and then increase as far as the
the system and its subsystems, the law of alternating NONstrctural transition regime, and so on

equilibrium may be considered as a repeated “exchange of 4 st quantity — the local Mach number fof=uv.

nonequilibrium” between the system and its subsystems. (whereu. is the velocity of sound— indicates a subsonic to

~ We shall demonstrate these three hypostases of alternalysersonic transition, which varies discontinuously from
ing noneqwhbrym using examples of typical sequences oy~ 1 anead of the shock wave <1 in the perturbed
structural transitions. gas. The jump and the inverse transitr< 1—M>1 dem-

The most numerous quasiequilibrium sequence of struCgpsirate the relation for steady-state flow in a planar channel

tural transitions induced by uniform heating comprise i variable widthl (x) in the form of a nozzle:
guantum-type transitions foTf <6, (Ref. 4, domain—

diffusion transitions, melting, liquid-structural transitions, | du

evaporation, dissociation, and plasma formation. A more de- Hy= ud  MZ—1° M=M(). @)
tailed analysis of first-order transitions, such as melting and

evaporation, reveals that they are three-stage processes, and The second, energy-related quantify2) may be ana-
also reveals the existence of a nonuniform, nonsteady-statlyzed for a gas—liquid transition using the van der Waals
transient structuréfluctong. These pre-transition, transition, equation of state, as in Ref. 9. In this case, a decrease in
and post-transition stages may each be considered to {@dv/E.,,) is observed in the metastable region and it is
second-order transitions. Then, in these second-order strualso possible for a rarefaction wave to propadate.

tural transitions, three stages can be isolated by corner The flux quantity(1.3) may be analyzed using experi-
points® and these should be assigned to third-order structurahental data on the heat flg A T) for boiling crises(Ref. 6,
transitions. p. 158.
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In general, as in the examples, the dependence of theimilar. Moreover, it may be stated that the “direct(
determining quantity(g) on the action factog has a typi-  structural transitions do not usually coincide with the “re-
cal N-shaped form, where the corner poiftsally roundedl  verse” (—) transitions when these take place at nonzero
correspond to structural transitions, the first and second asates. Their differences and the scope for controlling the cor-
cending sections correspond to regimes with slowly varyingesponding regimes make it possible to obtain energy con-
structuresS; andS,, and the descending section correspondsrersion cycles considerably more efficient than the quasi-
to an anomalous regime with a transient metastable structurequilibrium (Carno} cycles. The plasma—ion electrolysis of
A general sequence of structural transitions is schematicallwater is one such proce¥s.
composed ofN-shaped elements by means of a continuation 5. We indicate some applications of the law of alternat-
of the first element. ing nonequilibrium and the barrier-resonance model of struc-

A suitable characteristic describing the properties andural transitions.
state of a system is the set of susceptibilities 5.1. The existence of intervals of weak nonequilibrium
Kom=3dJn/dgm: constant positive values correspond tounder a strong influence allows quasiclassical theory to be
weakly nonequilibrium regimes, jumps correspond to struc-applied and thereby substantially enlarges its range of valid-
tural transitions, and zero and negative values correspond ity. This circumstance has initiated the development of effi-
metastable states. In the last case, the system clearly absorisent technologies utilizing “quasiequilibrium windows,” as
a considerable fraction of the “supply of’ for rearrange- has been achieved for a dye laSkr.
ment of the structure froms; to s,. 5.2. The generality of the barrier mechanism means that

3. A fairly general schematic model of the law of alter- under suitable conditions the sequence of structural transi-
nating equilibrium may be given by the “barrier resonance” tions for one material and one specific influence may be used
model, which is based on the following natural assumptionsas the basis to predict the existence and form of the sequence

The system under study possesses a hierarchical dypf structural transitions for other materials and other influ-
namic structure and is described by a sequence of sets of finces. For instance, the quasiquantum sequence of structural
guantities: transitions T,) (Ref. 4 can be related to a sequence of
structural transitions ) of abrupt deformation? The
barrier criteriod? is used as the basis to predict anomalous
es<€g11, Mg>Mgyq, Ng<ng,q(s=0,1,2...), relaxation regimes for numerous monatomic, diatomic, and

3 triatomic gases.

denoting, respectively, the characteristic dimension, time, in- _2-3- The resonance mechanism of structural transitions

teraction(coupling energy, mass, and number density of thelndicates that resonance pulse technologies may be used. In
structure-kinetic elements of thelevel (s=0 refers to the particular, this mechanism was used as the basis to achieve

entire system laser cutting of biopolymers without carbonization.

The initial structure model uséd had two levels.

The_ h|erarghy of the str_ucture is observed unde_r a8 UNiig £ svortsov, Pis'ma zh, Tekh. Fid6(17), 15 (1990 [Sov. Tech.
formly increasing external influence as a systematic over- phys. Lett.16, 1647(1990].
coming of energy barriers — coupling of substructures as far’G. E. Skvortsov, Pis'ma Zh. Tekh. Fi23(6), 85(1997 [Tech. Phys. Lett.
as level s in accordance with the criterion 23 647(1997]. .

K . . G. E. Skvortsov, Pis'ma zZh. Tekh. Fi23(7), 23(1997 [Tech. Phys. Lett.
e=e;+...+e&s, Wheree is the energy acting on the main 55 246 (1997)].
structure-kinetic element. Quasiequilibrium phase transitions'systems of Singular Temperature Points of SdlidsRussiaf, Nauka,
take place as a barrier process. 5MOSCOW(1986.
; ; [N A. P. Smirnov,ibid, pp. 210-239.

\N.hen an external |n'fluencew(k) IS perqulc In space 6S. S. KutateladzeAnalysis of Similarity and Physical Modefé Rus-
and time, a correspondlng's.tructural transition tak'es. place gjar, Nauka, Leningrad1986.
resonantly when the equalitiests,k\=27 are satisfied 7G. E. Skvortsov, Pis'ma zh. Tekh. Fig, 744 (1983 [Sov. Tech. Phys.
for fairly large amplitude. An example may be the transition Lett9, 350(1983]- J ehenk . d

PP ; : G. I. Mishin, A. P. Bedin, N. I. Yushchenkova, G. E. Skvortsov, and A. P.

of a molecular gas to a liquid near the triple point when /% tr ) cigt’ 53151081 [Sov. Phys. Tech. Phyat, 1363
exposed to radiation at a frequency in resonance with the 1ogy)),
first electronic excitation energy and, with increasing radia-°Ya. B. Zel'dovich, zZh. Ksp. Teor. Fiz.16, 363 (1946.

tion intensity, the transition of the liquid to the solid state Lyu. A. Beklemegiev,Abstrach of Papers presented at the International
(With special properties Conference on New Ideas in Natural Scign&. Petersburg, 1996n

. A . Russian, p. 3.
4. The law of alternating equilibrium, formulated with 11 A vestnicheva and A. Yu. Ivanov, zh. Tekh. F&4(1), 201 (1994

the condition of increasing influence, may be supplementecljz[Tech. Phys39, 114 (1994)]. _

by including the conditions of decreaégith natural refine- L. N. Zagoruko, A. N. Osetski, and V. P. Soldatov, Fiz. Met. Metalloved
) : . 43, 1079(1977).

ments. Of course, the combined formulation does not imply

that the sequences oft() and (—) structural transitions are Translated by R. M. Durham
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p-GaSe—n-Ga,S; heterojunctions
M. Z. Kovalyuk, V. I. Vitkovskaya, and M. V. Tovarnitskil

Branch of the Institute of Problems in Materials Science, National Academy of Sciences of Ukraine,
Chernovtsy

(Submitted December 2, 1996

Pis'ma Zh. Tekh. Fiz23, 22—-24(May 26, 1997

Epitaxial layers oin-GaS; have been grown op-GaSe single crystals annealed in sulfur vapor.
The possibility of fabricatingp-GaSe-A-GaS; heterojunctions is demonstrated. 197
American Institute of Physic§S1063-785(17)02105-§

Photosensitive structures have been fabricated usingium by sulfur.
lI-VI layered single crystal§GaSe, InSe, and Gal&2In It has been established that the thickness of theSga
the present paper we develop a new methafdfabricating ~ film may vary fairly widely and that the rate of formation of
these structures using GaSe single crystals grown by thihe film is 0.35um/h. The GaS; layers were invariably
Bridgman method. The crystals exhibited good laminatiomn-type, the majority carrier concentration was=5x 10'®
and a specular surface and did not require additional treatm 2 and their mobility wasu,=25 cnf/V-s at room tem-
ment. The majority carrier concentration wgs=10"°  perature.
cm 2 and the mobility wasu,=40 cnt/V-s at room tem- This GaS; film obtained on a single-crystal GaSe semi-
perature. Samples of GaSe of specific dimensions wereonductor can be used to fabricated5aSe-A-GaS; het-
placed in a quartz ampoule containing sulfur and wereerostructure. According to Ref. 5, the band gap of%&ds
evacuated to 1C° Torr. The samples were annealed in the Ey=2.7 eV, so that G&5; can be used as the “window” of
sulfur vapor at temperatures of 400-500 °C for 10 h. Aftera p-GaSe-n-GaS; heterostructure.
this procedure, the base regions of the GaSe were a dark An investigation of the current-voltage characteristics

yellow color. showed that the forward currents are? 1nes greater than
The samples were then subjected to x-ray diffractionthe reverse currents.
analysis using an IRIS-0 system with Cy, IiKadiation, which Figure 2 shows the spectral characteristic of this struc-

revealed that a single-crystal &3 film with lattice param-  ture. The low-energy photoresponse threshold is attributed to
etersa=6.22+0.03 A andc=17.74+0.05 A had formed on the absorption edge of GaSe while the short-wavelength cut-
the surface of the GaSe crystals. off corresponds to the band gap of Sa

The x-ray diffraction patterns of the GaSe single crystals
anne.alled in sulfur vapor Qiffer depending on the treatment,, . Giulio, G. Micocci, A. Rizzo, and A. Tepore, J. Appl. Phys4
conditions. As the annealing temperature is increased fromsgzg(1983.
400 to 500 °C, the x-ray diffraction patterns reveal additional 2v. L. Bakumenko and V. F. Chishko, Fiz. Tekh. Poluprovodf, 2000
reflections in the form of Debye rings, as well as the main 389N77)K[;g‘r’i-n E:gi-aizmcc’zniiéﬁ}é1gi7$7,)r31-a 2h Tekh. FU12), 70
refle_ctlons of the GaSe phase. Figure 1 shows an x-ray dif- (1'99'2 [Sov. Tech. Phys.. Letls, 33’4(1’992]' ' ' ’
fraction pattern from a Ga$8) sample annealed at 500° for 4m. v. Tovarinitski, V. K. Luk'yanyuk, Z. D. Kovalyuk, V. I. Vitk-
10 h. Intense Debye rings of the £€8 phase can be clearly  ovskaya, and S. Ya. Golub, Pis'ma Zh. Tekh. Fig, 2104(1988 [Sov.

identified together with the single-crystal reflections of the Tech- Phys. Lettl4, 914(1988]. .
V. |. Gavrilenko, A. M. Grekhov, D. V. Korbutyak, and G. G. Lito-

r_nain GaSe phase. The 5% crystal lattice is oriented rela- vchenko, Optical Properties of Semiconductof;n Russian, Naukova
tive to the substrate lik€00L Ga,S;/|{001 GaSe. Dumka, Kiev(1987.

Annealing of gallium selenide single crystals in sulfur
vapor is accompanied by heterovalent substitution of selefranslated by R. M. Durham
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FIG. 1. Oscillating-crystal x-ray photograph of a G&Sesample; anneal- FIG. 2. Spectral characteristic of the quantum efficiency of-&a,S;—
ing temperature 500 °C and annealing time 100 h. p-GaSe heterostructuf@ — 295 K and2 — 80 K).
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Mechanism of electrode erosion in pulsed discharges in water with a pulse energy
of ~1J

V. L. Goryachev, A. A. Ufimtsev, and A. M. Khodakovskil

Institute of Problems in Electrophysics, Russian Academy of Sciences, St. Petersburg
(Submitted July 18, 1996
Pis’'ma Zh. Tekh. Fiz23, 25—-29(May 26, 1997

It has been shown that electrode erosion in pulsed discharges in water is governed by a thermal
cavitation effect. Blowing gas through the water modifies the cavitation effect, simplifies
breakdown, and allows solid electrodes to be used.19®7 American Institute of Physics.
[S1063-785(0®7)02205-2

An electric discharge in liquids is widely used in various 1. For the same materials and with the same pulse length
types of technologies involving pulsed mechanical treatmentand repetition frequency, the erosion of the pdwire) elec-
Recently, the properties of an electric discharge in watetrodes was an order of magnitude greater. For example, the
have been used to purify itThe commercial application of specific erosion &) of the copper electrodes was
this property is largely hindered by the lack of an electric-~4x 107 kg/s for a point electrode ang2.5x 10" 8 kg/s
discharge chamber design with a long electrode operatinfpr a solid electrode. For steel the specific erosion was
life. The operating life of the electrodes is limited by erosion,~1.5x 10~/ kg/s for a point electrode and 3.6x 10" 8 for a
and this particularly applies to a point electro@daode ini- solid electrode.
tiating a discharge in a point—plane configuration. 2. An increase in the pulse lengthr)(increases the

In the present paper we report results of an investigatiospecific erosion, the dependence being almost lineae
into the mechanism of electrode erosion in pulse-periodicTable ).
discharges in water at low pulse energiesl(J). The appa- 3. For point electrodes, the erosion depends on the me-
ratus and method of measuring the main discharge paranchanical properties of the material, whereas for solid elec-
eters were described in Ref. 1. The discharge pulse lengtinodes, it is almost independent of these properties.
varied between 20 and 2Q@s and the pulse repetition fre- We now discuss these results.
guency was-50-100. The peak current was25—-30 A and Erosion of the electrode surface in a pulsed discharge in
the voltage drop across the discharge gap wd®¥00 V. water, as in arc spots on cold electrodes, is mainly caused by
Two types of electrodes were used: 1 mm diameter wireurrent heating. The average spot diameter is determined ex-
electrodes, projecting into the water to a distance of 1.5—perimentally by a signature methderosion tracks A char-

mm from the insulating wall, and 10 mm diameter rod elec-acteristic feature of a discharge in water, as compared with a
trodes, projecting to 10 mm. gas discharge, is the formation of a microbubble at the sur-

It is well knowr?3that a point anode considerably facili- face of a point electrode, which then cavitates. There is a
tates the pulsed breakdown of a liquid by reducing the breakspecific probability that this process may take place at the
down voltage. This is because current is concentrated nealectrode surface. When bubbles are created artificially,
the electrode, causing local overheating of the liquid near thereakdown may be initiated by these bubBlasd cavitation
anode surface, which leads to the formation of an initialthen has a negligible influence on the erosion. In qualitative
breakdown stage in the form of a gas microbubble. Whererms, this explains why, under the same conditi@srent
solid rod electrodes are used, this process is initiated bgnd voltage, size of arc spotshe erosion of point electrodes
blowing gas through a 1.3 mm diameter hole. is an order of magnitude greater than that of solid electrodes

The degree of erosion of the wire electrodes was detemwith gas blowing. This conclusion is also supported by pho-
mined from the reduction in the height of the protruding parttographs of the electrode surface. The craters on the surface
of the electrode with time, while that of the solid rods wasof the point electrodes are deeper and traces of liquid metal
determined by weighing. To improve the accuracy of thespraying can also be identified. This is not observed for the
measurements, the electrode operating time was at least 180lid electrodes.

h. The materials used for the point electrodes were copper, Two mathematical models were analyzed to obtain
steel, brass, molybdenum, and tungsten, and for the solid roguantitative estimates of the observed behavior.

electrodes, copper, steel, and alloys containing tungsten and The first model describes thermal erosion from the sur-
molybdenum. The surface state of the electrodes after operéace of an arc spdtThe erosion from the surface of the spot
tion was examined under an electron microscope. The suwas determined by numerically solving the nonsteady-state
face was photographed at magnifications of 15, 200, 35Cheat conduction equation, with allowance for phase transi-
and 500. Qualitative conclusions on the nature of the damagtons for a given energy flux density. The energy flux density
to the electrode surface could be drawn from these photowas inferred from experimental oscilloscope traces of the
graphs. voltage and current. The spot radius was determined by the

The main results were as follows: signature method. The erosion was calculated as the integral
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TABLE I. TABLE Il. Erosion per pulse.

Material a, kgls T, US Erosion, kg, Erosion, kg,
Material experiment calculated
Copper 41077 20
1.4x10°6 200 Copper x10 1 5.5x10 12
Steel 151077 20 Steel 2x10° 5x10° 12
1x10°8 200 Tungsten x10 1 9.4x 10 %2

from the calculations that at the prebreakdown stage, where

of the flux density of the vaporizing atoms over the time ofthe electrical conductivity inside the bubble is almost zero,
action of the pulse. The flux density of the vaporizing atomsthe field outside the bubble is attenuated while that inside the

is given by: bubble is intensified:E=3Eye/(1+2¢e)~1.5,, where
B . e=¢gyleg, ande, andey are the relative permittivities of
I =Poym/(27kT)KTQ™*(1—exp( —Q/(kT))), water and the gas in the bubble, respectively, Bpds the

whereP, is the saturation vapor pressune,s the mass of a external field strength.
metal atoms, an@ is the heat of evaporation per atom. This ~ Thus when bubbles are present in the water, there is a
formula is similar to that given in Ref. 5. high probability of breakdown and streamer generation in the
The main results may be summarized as follows: gas bubble. This implies that there is almost no cavitation
— During the action of the pulse, the region effect on the electrode surface, and the erosion for a solid
N()\T/(pcp))m is heated over its depth, wheie is the  electrode with gas blowing is substantially less than that for
thermal conductivity of the materiah is the density of the @ point electrode without gas blowing.
material,C,, is the specific heat, andlis the pulse duration; To sum up, the main conclusions are as follows:
— During the same time, the surface temperature for all 1. Erosion of electrodes in pulsed discharges in water is
the materialgcopper, steel, and tungsteraches the boiling determined by two effects: thermal and cavitation.

point. For copper and steel this time~s3 us, and for tung- 2. The cavitation effect may be suppressed substantially
sten it is~10 us; by blowing gas through an aperture in the electrode.
— After the boiling point has been reached, the erosion 3. Gas blowing allows solid electrodes to be used, since
increases linearly with time. breakdown is initiated by the gas bubbles at the same or even
Some results of calculations of the erosion are presentel@wer breakdown voltages.
in Table II.

Considering that the results of the calculations depend in
many respects on defining the spot dimensions and the neatV. L. Goryachev, F. G. Rutberg, and V. N. Fedyukovich, Teplofiz. Vys.
electrode breakdown voltage, the agreement with the experiy €7P- NO: 51999, in press . o
. . . V. V. Krivitskii, Dynamics of Electrical Explosions in Liquidé Rus-
ment may be regarded.as satlgfactory — th'IS. particularly gjar, Naukova Dumka, Kiev1986.
applies to the comparative erosion characteristic of coppefs. M. Korobénikov and E V. Yanshin,Bubble Model of Discharge Ig-
and tungsten. nition in a Liquid with Pulsed Voltage. Electrical Discharge in Liquids

f A iotpi. and Its Industrial ApplicationPart I[in Russian, Nikolaev (1988.
The influence of gas bubbles on the electric field distri 4V. L. Goryachev and A. N. Khodakovski‘Model of electrode erosion in

bution in the liquid was considered using the following a plasmotron,”Proceedings of the Conference on the Physics of Low-
model. A spherical cavitygas bubblgis located in an infi- Temperature Plasma®etrozavodsk, 1995, Part[lh Russiad, p. 186—

nite, poorly conducting mediurfwatep. The external elec- 5\1/85'3“ ami Uso. Fiz. NauKL64 665 (166
tric field is uniform. The dielectric and conducting properties ¥ M- Smimov, Usp. Fiz. Nauk164 665 (1994.
of the medium and the bubble generally differ. It follows Translated by R. M. Durham
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Characteristics of the formation of a resistive zone in spatially bounded multiple-wire
superconducting current-carrying elements

A. N. Balev and V. R. Romanovskil

“Kurchatov Institute” Russian Science Center, Moscow
(Submitted December 26, 1996
Pis’'ma Zh. Tekh. Fiz. Pis’'ma Zh. Tekh. Fi23, 30—-36(May 26, 1997

An analysis is made of possible mechanisms for the propagation of a normally conducting zone
in a superconducting multiple-wire current-carrying element spatially bounded in one

direction. It is shown that irreversible growth of the resistive zone is characterized by the formation
of a flattened front propagating in the spatially unbounded direction1987 American

Institute of Physicg.S1063-78507)02305-7

The formation of a local region of normal conduction in T, 0<x<xo, k=kj, i=1.2,...
a superconducting magnet system may lead to an irreversible
transition to the normal state. The accompanying electrical
voltage developed inside the winding and the temperature To, Osxsl, k#k
rise may be very substantial, and may even destroy the mag-
net. Thus, protective measures to ensure accident-free oper- JT,
ating conditions are required to eliminate unfavorable effects W(O’t)zo’ Tel,)=To.
in a superconducting magnet system.

The model of a continuous medium, specifically the Herek=1, ... ,N is the wire number in the composite,
model of an expanding. ellipsoid, is widgly used for theoreF—Ck is the volume specific heat of theh element\, is its
ical analyses of transient processes in a superconductingermal conductivity in the longitudinal directio, is the
magnet systeni.® According to this model, the axes of the ¢ross-sectional areq, is the contact perimeter between two
ellipsoid are formed by the velocity vectors of the normal adjacent wiresR, is the thermal contact resistandeis the
zone propagating from turn to turn and from layer to layer.transport current in each wir&, is the coolant temperature,
This approach can be applied without modification to ther s the temperature of a thermal perturbation with the ini-
case where the growth of the heat-generating zone is limitely| extentx,, p(T,) is the effective electrical resistivity of
in some spatial dimension because of the finite dimensions gf,e composite, assuming a region of current division between

a real winding However, these approximations neglect thesections in the superconducting and normal states in the
influence of edge effects on the formation of the resistivgn wire?3

zone once this reaches the external boundary. In the present
paper we therefore analyze possible mechanisms for thﬁ(Tk)=Po(Tk)
propagation of a normally conducting zone in a supercon-

Tk(X,O): TOI X0$X$|, k: ki

ducting multiple-wire current-carrying element having 1, T >Tep
bounded spatial dimensions in one particular direction. T—Te
We shall determine the change in temperatiigein a AT TesTk=Tcs
rectilinear uncooled composite & thin superconducting cs ¢ ’
wires in contact along a given perimeter, by solving a system |
gad P Y gasy 0, Tk<TC:TCB_(TCB_TO)E

of quasiconjugate equations

where pq is the electrical resistivity of the matrix, ang ,

2
Cka_Tk: i( k&_Tk) + I_ZP(Tk) Tc, and Tqg are the critical parameters of the supercon-
gt ox x| S ductor.
p The problem as formulated describes the symmetric
i(Tl—Tz). k=1 propagation of heat relative to the origin in a multiple-wire
SiRy current-carrying element consisting of superconducting com-
Pr—1 P posite wires. Heat propagates as a result of a fairly powerful
~ SkRk_l(Tk_Tk’lH_SkRk(Tk_Tk“)’ thermal perturbation T;>Tc), inducing the instantaneous
- transition of a local section of the current-carrying element to
k=2,N—-1 the normal state. Then the thermal interaction between the
Pn wires is described by a model assuming a steady-state linear
| S\Rw (Tn—Tn-1), k=N temperature distribution in the contact zone, which is correct

for thin insulation? This system of equations was solved by
a finite-difference methotl.For the calculations the initial
with the initial/boundary conditions parameters were assumed t& be
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FIG. 1. Boundary of the resistive zone as a function of time

Ti(X,,t)=Tcg for a current-carrying element bounded in the transverse

direction:1 —t=0.01s,2—1t=0.02s53—t=0.0354—1t=0.04s5—
t=0.05s,6 —t=0.1 s, and7 — t=0.18 s.

tiated in an outer wire of the composite. In the first case, we
analyzed a “long” current-carrying element with relatively
few wires (=400 cm ,N=11) while in the second case, we
considered a “short” current-carrying element with a rela-
tively large number of wiresl& 50 cm,N=51). This elimi-
nated any influence of the transverse edge effect on the for-
mation of normal sections in the current-carrying element.
The thermal resistance between the wires was varied.

These results clearly demonstrate the qualitative features
of the edge effects in the formation of the boundary separat-
ing the superconducting and normal zones of the current-
carrying element. Their distinguishing feature is that, after
the boundary has reached the corresponding edge section of
the current-carrying element, it flattens out and begins to
propagate in the unbounded direction. When the heat-
generating zone is bounded by a small number of wires, the
boundary flattens out faster, the better the conditions of heat
exchange between the wires. If the longitudinal dimension of
the current-carrying element is bounded, as in the turns of a
superconducting magnet system, a corresponding change in
the formation and propagation of the resistive sections will
be particularly noticeable in a current-carrying element with
elevated thermal resistance between the elements.

These characteristics should be taken into account when
calculating the total resistance of the resistive zone, on
whose value depends the accurate determination of the cur-
rent decay in a circuit consisting of resistive-inductive sec-
tions of current-carrying element. In the first case, after a
common heat-generating zone has been formed over the en-

C(T) L} tire cross section of the current-carrying element, the longi-
cneK tudinal growth can be accurately approximated by a model of
104T25—197T,  4.2K<T<10K
=10 %{ 366T%+ 180T, 10 KST<40K
25.57402-035InT - 40 K< T<300 K N
51
11
po(T)[Q-cm]=2.93x10 8 o ﬂ\‘\\
0.968+0.0076, 4.2K<T<20 K s
1.71x10°T233nT-141 50 K<T<35K 417
X
8.8x10 *T?2+0.12, 35K<T=<100K 2 «
0.37T—14.8, T>100 K
31+ 7 N
A(T)=2.45x10"8 T W }
“ ' p(T)" [em-K — F=1em’ KW
214
I=500A, X,=1cm, k=1, p=0.01cm, 6 -—=R4=10 cm’ K/W
S
S=1.13x10 2 cn?,
14— — — = — == ——zm - - — = = = X e
To=42K, T;=10K, Tcg=95K, T.=6.2317K. T T T T TSty - ST S
These parameters describe the thermophysical and ele [~ _ _ . —= - ,‘. - <, : -
trophysical properties of a current-carrying element made uj 1}-— - i — = ™~

of niobium titanium superconductors in a copper matrix.

Figures 1 and 2 give the results of numerical analyse: Xp, cm

simulating the formation and propagation of a heat-
S

generating zone in multiple-wire current-carrying element
bounded either in the transverdgg. 1) or in the longitudi-

nal (Fig. 2) directions, assuming that the normal zone is ini-
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FIG. 2. Influence of longitudinal spatial limitation on the formation of the
resistive zone:l — t=0.01 5,2 — t=0.02 5,3 — t=0.03 5,4 —
t=0.04s5—1t=0.05s56—t=0.065,7—t=0.158—1t=0.1259 —
t=0.14 5,10 — t=0.15 s, andl1 — t=0.16 s.
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a heat-generating rod with a continuously growing resistiveof normal conductivity will merge together to form a con-
zone. It should be borne in mind that, as can be seen frortinuous nucleus.
Fig. 1, the propagation velocity of this zone depends notonly  To conclude, this investigation has shown that irrevers-
on the conditions of heat exchange between the wires buble growth of the resistive zone in a multiple-wire supercon-
may even increase with decreasing thermal resistance. Thiiicting current-carrying element, bounded in any one spatial
factor is neglected in the model of a propagating ellipsoiddimension, is characterized by the formation of a flattened
since this is basea priori on the velocity of irreversible front propagating in the unbounded direction.
propagation of the normal zone, calculated for a single Wire. This work was supported by the Russian Fund for Fun-

For longitudinally bounded current-carrying elements,damental Researdfifroject No. 96-02-16122a
the growth of the resistive zone after it has reached the end
section will depend on two characteristic times: the tipe
o and the ek taken 10 heal he wire to above.critoal 12 % Sk Adv. Cioge.Eng 5351950

k V. A. Al'tov, V. B. Zenkevich, M. G. Kremlev, and V. V. Syche&ta-

temperature. Taking as the simplest estimajesl/v, and bilization of Superconducting Magnet Systefits Russiad, Energo-
te~ CkSRe/Pic. Wherev,= (Aol ¢/ CS{(Tcp—To)) 2 is  atomizdat, Moscow1984.

3 ; . N
ot : ; M. N. Wilson, Superconducting Magnet©xford University Press, Lon-
the characteristic propagation velocity of the normal zone don, 1983 [Russ. transl. Mir, Moscow, 1985

alpng a single filamerttfor t,<t, the heat-generating zone 4y g Zarubin,Engineering Methods of Solving Heat Conduction Prob-
will obviously also have a planar front. In real superconduct- lems[in Russiad, Energoatomizdat, Mosco¢d983.

ing windings, this estimate will correspond by a large margin °V- M-fP:8k0n0\é, '\\//I I PEoleEhaey, ;nd LA NChukdclhlz'l\,l/lmencallggmula-
to the given mechanism for formation of the resistive zone, o7 °f Heat and Mass Exchangia Russian, Nauka, Moscow1984).

B . I. G. Kozhevnikov and L. A. Novitskji Thermophysical Properties of
since the temperatures of the end sections of the turns, aswaterials at Low Temperaturefin Russiafl, Mashinostroenie, Moscow
sumed to be equal to the coolant temperature in this model, (1982. )

. . . . . 7 H
will not only exceed this value but will also increase steadily \1/65(-1';3213”0"5‘“ Izv. Akad. Nauk. SSSR Semiérg. Transport, No. 1,
because of the continuous multiturn nature of the current- '

carrying elements. As a result, continuously forming sectiongranslated by R. M. Durham
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Evolution of rf instability in a steady-state plasma accelerator
V. . Brukhtii and K. P. Kirdyashev

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino
(Submitted September 5, 1996
Pis'ma Zh. Tekh. Fiz23, 37-41(May 26, 1997

For the first time experimental data are obtained which indicate a stable relation between the
microwave radiation intensity of a steady-state plasma accelerator and the rate of bulk

erosion of the accelerating channel walls. The frequency range of the electromagnetic radiation
corresponds to the excitation of a specific beam instability of the plasma flux at the edge

of the accelerating channel, caused, in the opinion of the authors, by electron emission from the
eroded part of the dielectric walls. @997 American Institute of Physics.

[S1063-785(17)02405-1

The requirement for prolonged operation of plasma acradial and longitudinal directions at the external and internal
celerators under bench test conditions and for experiments wvalls of the channgl The parameteAV,, /A 1., describes
space has focused particular attention on the stability of theithe integrated effects of the change in structure and damage
electrophysical parameters and on the permissible levels @b the walls, so that this value can be compared with the
fluctuations and electromagnetic fields, which restrict the opspectral density of the electromagnetic radiation from the
erating reliability of these accelerators and their electromagregion of plasma flux adjacent to the external wall, with
netic compatibility with spacecraft systems. Recording theevolving electron instability.
characteristics of wave processes is also of interest in its own  The results of the measurements were used to determine
right for diagnostic purposes and for optimizing operatingthe spectral and energy parameters of the excited electromag-
conditions. The results of tedtsindicate that non-steady- netic fields and the characteristics of the radiation envelope
state wave processes occur in plasma accelerators, causedfdan time intervals of 1-5 ms, during which their statistical
our opinion, by changes in the emission properties of theproperties are revealed. Electromagnetic radiation pulses of
eroded surface of the accelerating channel walls. The praandom intensity and repetition period are observed depend-
posed mechanism for these non-steady-state wave processeg on the test duration and the state of the accelerating chan-
is based on the results of prolonged testing and on a connenel walls (Fig. 1). The characteristic instability time scales,
tion between the parameters of the fields of the excitedletermined from the correlation functions of the electromag-
plasma beam instability and the rate of erosion. netic radiation envelopes at various frequencies, are 80—100

We report results of 2000-h tests on a steady-states, regardless of the test duration and the frequency of the
plasma accelerator operated under conditions of constant disxcited fields. A pulsed instability component is typically
charge current and voltage, magnetic field, and pressure inbserved at a specific stage in the tests corresponding to a
the vacuum chamber of the test rig. The tests were carriettansition from ion sputtering of the dielectric walls to
out on an experimental prototype of the T-100 plasmaanomalous erosiohAt the initial stage of the tests the exci-
engin€ in the nominal 1.35 kW regime. Measurements weretation of electromagnetic noise is a quasiequilibrium process.
made of the intensities of the spectral components of thé pulsed component is then observed with an intensity maxi-
fields in the 1.05—-7.15 GHz and 13.3 GHz frequency rangemum at frequencies of 1.0-1.5 GHz, corresponding to elec-
using a radio receiver installation and a procedure developenion plasma oscillations of the outer region of the plasma
in Ref. 4. The envelope of the rf signal at the exit from theflux. When the walls exhibit an advanced erosion structure,
measuring detectors and the oscillations in the discharge cithe spectrum of excited oscillations is increased to 2—3 GHz
cuit and in the cathode—compensator plasma were also rend instability propagates inside the accelerating channel. In
corded in the 10 kHz—1 MHz frequency range. Periods othis case, the flux density of the radiation pulses increases at
continuous testing for 100—300 h were alternated with cali-given time intervals, and may overlap in time, leading to an
bration measurements made with a standard radiation sourdacrease in the total intensity of the excited electromagnetic
which allowed us to take into account the influence of sputfield.
tering of the structural material of the plasma accelerator on  Significantly, a stable relation is obtained between the
the radio receiving antennas mounted in the vacuum chanelectromagnetic radiation intensity in the 1-2 GHz fre-
ber. Observations were made of changes in the structure ofuency range and the rate of bulk erosion of the walls of the
the exit section of the accelerating channel, caused by er@ccelerating channéFig. 2). The maximum radiation inten-
sion of the dielectric walls, and the erosion rate was estisity is observed after test times of 700—1200 h, when the
mated for various stages of the testing. The erosion rate wasalls have a clearly defined erosion structure. It follows from
characterized by the values AV, /A 1, determined from the wear behavior established in Ref. 7 for an insulator, that
the change in volumAV, of the eroded part of the walls for for the walls of the accelerator channel the change in the
a test period of duratiomrg (allowing for the cross- depth of the erosion region is described by:
sectional configuration and the depth of this region in theh(t)=«pBt/(1+Bt), where «=13-15 mm/h and
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FIG. 2. Time dependences of the electromagnetic radiation intensity of the
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FIG. 1. Examples of the rf signal envelope at the output of the measuring . . .
detectors at the maximum of the electromagnetic radiation spectrum at varchannel walls and to predict the operating life of plasma

ous stages of testing. accelerators.
The authors would like to thank Yu. |. Balkdr®r use-
ful discussions of the results, and also M. V. Yasiiski L.
a=1.02—1.06 1! are the experimentally determined param-Zarembo, and O. ESvetlitskaya for assisting in the experi-
eters of the wear model. On examining the bulk effects, itments and in the analysis of the results.

can be shown that the parametey,, /A 75 has the highest . _ _ , _
values for test periods with the maximum radiation intensity. V: - Brukhtii, K. P. Kirdyashev, V. L. Zarembo, and O. Bvetlitskaya,
On the basis of these results, the mechanism of theth' Tekh, Fiz.662), 68 (1999 [Tech. Physal, 149(1996])
: ) ! . V. |. Brukhty, K. P. Kirdyashev, and O. E. Svetlitskay@ummaries of
plasma-surface interaction can be considered to be a Se-abstracts of Papers presented at 24th International Conference on Elec-

guence of damage events on the walls of the acceleratingtric Propulsion Moscow, 1995, pp. 116-117.
channel, accompanied by the emission of electrons, and byV: |- Baranov, A. I Vasin, Yu. S. Nazarenko, V. A. Petroseval,
P y yPis’ma Zh. Tekh. Fiz20(5), 72(1994) [Tech. Phys. Lett20, 210(1994].

the generation of Ic_)cal sources of quctuathns m_th.e plgsmaaK' P. KirdyashevRadio-Frequency Wave Processes in Plasma-Dynamic
flux and the formation of an electromagnetic radiation field. Systemgin Russiai, Energoatomizdat, Moscod982), p. 142.

The duration of the emission process caused by the anoma-J. P. Bugeat, Yu. A. Ermakov, V. L. Zarembo, and K. P. Kirdyashev,
lous erosion is determined by the relaxation of nonequilib- Abstracts of Papers presented at the Second German-Russian Conference
. . ._on Electric Propulsion Engines and Their Technical ApplicatioM®s-

rium excited states at newly formed cleavages and cracks ingoy, 1993, p. 38.

the erosion structure and, according to the experimental refB. A. Arkhipov, R. Yu. Gnizdor, N. A. Maslennikov, and A. I. Morozov,

sults, does not exceed 1 ms. The electric fields required for Fiz- Plazmyl§, 1241(1992 [Sov. J. Plasma Phyd8, 641(1992].
the evolution of beam instability are determined by the nega- /| Baranov, A. I Vasin, and V. A. Petrosov, Bpace Rocket Engineer-
. . . . . ing [in Russian, publ. by Scientific Research Institute of Thermal Pro-
tive sections of the charge mosaic of the dielectric walls, cesses, Moscow No.(831) (1991, pp. 54—70.
where the electrons are accelerated to 300—100(Re¥. 8. 8M. 1. Molotskii, Abstracts of Papers presented at First All-Union Scien-
We note that the spectral and energy characteristics oftific Conference on Exoelectronic Emission and Its Applicati@erd-
. : lovsk, 1979[in Russian, pp. 125-128.
the wave processes in the wall region of the plasma flux may

be used to estimate the rate of erosion of the acceleratinganslated by R. M. Durham
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Formation of dense electron beams in a gun with a plasma anode based on a reflecting
discharge

G. E. Ozur, D. I. Proskurovskii, D. S. Nazarov, and K. V. Karlik

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted July 23, 1996
Pis’'ma Zh. Tekh. Fiz23, 42—-46(May 26, 1997

A method of obtaining low-energy, high-current electron beams in a gun with a plasma anode
based on a reflecting discharge is proposed and implemented for the first timE9®
American Institute of Physic§S1063-785(17)02505-9

Sources of low-energy(10—40 keV, high-current plasma is formed by means of a pulsed negatRenning
(>10 kA) electron beams developed so'fahave been ac- discharge, reminiscent of a glow discharge. The electron gun
tively used to modify surface layers of materidls.The is shown schematically in Fig. 1. The beam collector and the
electron gun in these sources incorporates an explosivexplosive-emission cathode of the electron gun form the
emission cathode and a plasma anode consisting of parallehthodes of the Penning discharge. The anode is a hollow
arc sources, distributed in a circle around an opening in theylinder having an inner diameter of 9.4 cm and a length of
anode. The arc is excited by high-voltage pulse breakdowil cm. GagN, and A was admitted continuously by means
over the surface of a dielectric. The anode plasma generated an SNA-2 leak valve and the gas pressure was monitored
by the arc sources usually fills the accelerating ¢dipde  with a PMI-2 ion gauge. The discharge was supplied by a
and the beam drift space in a few microseconds. An accele®.5uF capacitor, charged to 4-5 kV, via a controllable air
ating voltage pulse of up to 40 kV is then applied to thespark gap. The discharge current was limited by a ballast
cathode, exciting explosive electron emission with the forresistor R;= 96—330(2) and was monitored by the use of a
mation of a dense cathode plasma. The accelerating voltagdunt (~1.5Q). The discharge voltage was recorded by a
is concentrated in the double layer between the cathode andsistive divider. The accelerating voltage pulse was formed,
anode plasmas, in which the electron beam is formed. Thas in Refs. 1 and 2, by discharging a storage capacitor
beam passes through the opening in the anode and is tran&&=3uwF) across a controllable spark gap to the diode. The
ported in the plasma to a collector. Prefilling the diode anddiode and beam currents were recorded with Rogowski loops
the drift space with plasma rapidly increases the electric fieldnd the voltage across the diode was measured with a resis-
strength at the cathodgrior to the excitation of explosive tive divider R;, R,. The beam energy was measured with a
emission and the electron beam perveance compared with aalorimeter consisting of a copper absorber and a KMT-8
vacuum diodé:? The system is placed in a guiding magnetic thermistor. The external magnetic field wa®.24 T.
field to prevent pinching of the beam. Beams with currents  We first studied some of the discharge characteristics.
up to 40 kA, durations up to s, and diameters up to 8 cm Figure 2 shows typical oscilloscope traces of the discharge
have been obtained with these sources. current and the voltage across the discharge(gapnd also

However, the use of a vacuum-arc erosion plasma hagives the delay time before ignition of the discharge as a
various shortcomings. The erosion produgtapor, plasma, function of the gas pressu(b). These curves were then used
microparticle$ may contaminate the surface layer of the ma-to synchronize the time of application of the accelerating
terial being treated and microparticles may even cause spakoltage to the cathode with the discharge burning. The sta-
lation. The stability of the parameters of an erosion plasma isistical spread of the delay times before ignition of the dis-
inferior to that of a gas-discharge plasma because of the tramharge did not exceett 5% for pressures of-4x 10 2 Pa.
sient nature of the electrode erosion in the arc. In additionAssuming that the degree of ionization of the gas in the
since the arc is initiated over the surface of a dielectric, thalischarge is~50% (Ref. 6, we find that at a pressure of
stability of the resultant plasma parameters depends strongBx 10”2 Pa the plasma concentration reaches’ tén 3.
on the state of the surfagéor example, on the quantity and The results of calculatioAsvere used to estimate the
composition of material deposited on the surface as a resuéilectric field strength at the catholig before the excitation
of electron-beam erosion of the collegtoAs a result, the of explosive emission. At an accelerating voltage of 10 kV,
instability of the beam energy density at the collector may behe fieldE. is ~80 kV/cm. Nevertheless, despite this quite
as high as 30%. If a long plasma channel is required, addimoderate value oE., the emission properties of cathodes
tional plasma sources must be provided in the drift spacenade of graphite or a bundle of copper wires proved satis-
which lowers the reliability and makes the design of the elecfactory, judging by the signatures on stainless steel foil.
tron gun more complex. Finally, the energy used in generat- Figure 3 shows typical oscilloscope traces of the voltage
ing the anode plasma is fairly high, since the total current iracross the diode, the current in the diode, and the beam cur-
the arc sources is usually comparable to the current in theent at the collector. It can be seen that the current at the
diode? although only the ion component of the current from collector is considerably smaller than that in the diode. We
the anode plasma is used to form the beam. attribute this to current leakage caused by ignition of a para-

We have developed an electron gun in which the anodsitic volume discharge near the cathode holder and break-
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down over the diode insulator. This shortcoming may be

eliminated by changing to a pulsed method of gas supplyriG. 3. Oscilloscope traces of voltage across diage beam current,,,
For a stored energy of 1.3 kJ, a beam energy 6f200 J  and total current,. Working gas — argon, pressure8x 1072 Pa, and
has now been achieved, which-is15% of the stored energy. capacitor charging voltage — 30 kV.

The track left by the beam on stainless steel foil was a uni-

formly molten surface, with a diameter of 8 cm. .
To sum up, we have proposed and implemented a

method of obtaining low-energy, high-current electron
beams in a gun with a plasma anode based on a reflecting
discharge. The use of argon as the working gas can improve
the purity of the surface treatment of materials.
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Near-wall electron instability of a plasma flux
K. P. Kirdyashev

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino
(Submitted August 16, 1996
Pis'ma Zh. Tekh. Fiz23, 47-52(May 26, 1997

Experimental data are obtained which indicate some characteristic features of the plasma-surface
interaction leading to the emission of electrons from the walls of the accelerating channel

and the evolution of a specific beam instability of the plasma flux.1997 American Institute

of Physics[S1063-785(07)02605-0

Studies of the stability of the electron-component dy-frequency of electron collisions. For a standard noise source,
namics in plasma systems with closed electron drift are oélectron collisions with neutral particles predominate, and
particular importance for assessing the contribution of thdor a given gas pressure and electron temperature in the
excited oscillations to the plasma transverse conductivitysource the value oAf is ~1-2 GHz. This measuring tech-
and the efficiency of the electron interaction with the wallsnique is based on comparing the intensities of the signals
of the accelerating channkf. The observed excitation of rf recorded during calibration and the measurements and allow-
oscillation$~° indicates the buildup of plasma electron insta-ing for the nonuniform frequency characteristic of the rf part
bility in a range of frequencies and perturbation scales wheref the measuring system.
the drift approximation cannot be applied to describe the The rf instability spectrum of the plasma flux is concen-
dynamics of the plasma electron component. The instabilityrated at frequencies of 1-5 GHz, which corresponds to the
spectrum corresponds to the excitation of electron plasmaxcitation of electron oscillations in the outer, near-wall re-
oscillations, which cannot be explained in terms of existinggion of the accelerating channel with an electron concentra-
concepts of the processes taking place in the acceleratirtipn of 101°-2x 10** cm™2 (according to the probe measure-
region of the plasma flux. ments, the electron density in the central part of the annular

The present paper discusses the results of experimentatoss section of the flux is-10'? cm™2 at a temperature of
investigations of rf wave processes in bench tests of thd0-12 eVj. The frequency dependence of the energy flux
SPD-70 stationary plasma enginend an interpretation is intensity of the plasma waves, plotted in Fig. 1, was com-
advanced based on scenarios for interaction between thmared with the thermal level
plasma flux and the dielectric walls of the accelerating chan- _ 12 73 )
nel. The fields of the plasma waves were recorded by a probe 0= WoUTee /(1= &)~4x10" T [WI(m"- MHz)],
technique, whereby inductive coupling was incorporated in §heree =1— wse/wz, wpe is the plasma electron frequency,
two-way rf probe such that the recording part of the probeangy -, is the thermal velocity of the plasma electrons. This
was dc-decoupled from the measuring device. The use of gomparison revealed that the spectrum of rf fields in a
floating-potential probe minimized the distortion of the re-pjasma flux of nonuniform cross section and length con-
corded fields in the plasma and eliminated electrical breakgained a region of excitation of oscillations of epithermal
downs via the measuring circuits in the region of the plasmajectrons, caused by the buildup of instability.
flux with a distributed electric field. The spatial resolution of  The intensity distribution of the plasma wave fields at
measuring the plasma wave fields was set by the dimensioRftterent frequencies in the plasma flux cross section indi-
of the recording part of the probe-(L mm), appropriate to  cates that the instability is predominantly localized near the
the possible perturbation scales of the rf electric field in theyyter wall of the accelerating chanr(®ig. 2), whose surface
plasma. The frequency characteristic of the probe was highlgxhibited the greatest anomalous erosion of the dielettric.
nonuniform because of the inductive coupling in the rf meaq ess defined plasma instability is observed near the inner
suring channel and the influence of shunting capacitorSyal| of the channel. The lengthwise intensity distribution
which cause the probe to exhibit resonance properties in th@om the edge of the accelerating channel shows a drop in
3-5 GHz frequency range. In order to eliminate the influencgntensity to values corresponding to the thermal level. This
of the frequency properties of the probe on the spectra of thgehavior may be explained by a mechanism of collisional
recorded fields in the plasma flux, the spectral measuremen{gmping of the plasma waves leaving the region of localized
of the intensity of the plasma wave fields were made in gnstapility.
standard soue — a gas-discharge plasma with a thermal  Experiments involving prolonged testing of a steady-
noise level determined by the relation for the spectral energytate plasma engif@ave demonstrated that the plasma elec-
density? tron instability is excited at a specific operating stage of the

_ 243 plasma facility, where the dielectric walls of the accelerating

Wo=KTe/(12m°d:AT), channel have acquired an advanced eroded struttlihe
whereT, is the electron temperaturd, is the electron De- instability is of a transient nature, with the spikes in the
bye length, and\f is the spectral width of the plasma oscil- envelope of rf oscillations having durations of 100-200
lations, which is approximately determined by the effectiveus, substantially longer than the characteristic times of the
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FIG. 2. Intensity distribution of rf fields at various frequencies over the
Frequency, GHz plasma cross section beyond the accelerator é&tgrving the configuration
of the outer and inner dielectric walls of the accelerating channel
FIG. 1. Spectrum of rf field intensity in the outer near-wall region of the
plasma flux(the dashed line gives the frequency dependence of the thermal
level of the plasma oscillation intensity at an electron temperature of 10 eV

dielectric walls. They have also opened up the prospect of
wave perturbations such as ionization waves, contour andiagnostics of erosive processes by means of remote mea-
drift oscillations, excited in the accelerating channel. A neg-surements, which will allow us to predict the operating life
ligible correlation coefficient is observed for the emissionof facilities and to select structural materials that are stable
spikes at different frequencies, which may be explained if theinder prolonged exposure to plasmas.
electromagnetic field is formed by independent radiation  The author would like to thank A. I. Bugrova and A. I.
sources from plasma regions of different electron concentraMorozov for taking part in discussions of the results, and
tion. also Yu. A. Ermakov and V. L. Zarembo for assistance with
These experimental results suggest that emission of elethe experiments.
trons from the walls of the accelerating channel plays a key
role in the evolution of this specific plasma beam instability.
The mechanism of electron emission and acceleration impor-
tant for this instability is consistent with the concept of the ; ) )
flicker and mosaic prooerty of the Debve potential ium A. |. Bugrova, A. I. Morozov, and V. K. Kharchevnikov, Fiz. Plazrhig,
! _. property or t ye pote UMD, 1469(1990 [Sov. J. Plasma Phy&6, 849 (1990].
under conditions where magnetized electrons interact withA. I. Morozov, Physical Principles of Space Electric-Propulsion Engines
the walls of the accelerating chandélThe connection be- ,Lin Russiaf}, Atomizdat, Moscow(1997, p. 328. . _
tween the observed beam instability and anomalous erosion: P- KirdyashevRadio-Frequency Wave Processes in Plasma-Dynamic
. f th | . h | I h Systemsin Russiarl, Energoatomizdat, Moscowl982), p. 142.
reg|mes_ of the acce e_r_atl_ng-c annel wa S S_UQQeStS t Qt &y _|. Brukhtii, K. P. Kirdyashev, V. L. Zarembo, and O. Bvetlitskaya,
mechanism of nonequilibrium electron emission may be in- zh. Tekh. Fiz.66(2), 68 (1996 [Tech. Phys41, 149 (1996)].
volved, caused by damage to the surface and recombinatioy. P. Bugeat, Yu. A. Ermakov, V. L. Zarembo, and K. P. Kirdyashev,
of defects in the structure of the dielectric. The duration of APstracts of Papers presented at Second German-Russian Conference on
.. . . . __Electric Propulsion Engines and Their Technical Applicatiol®scow,
the electron emission is determined by the surface relaxation;ggs p. 3.
of the local cleavages and cracks formed during the anomaéBs. A. Arkhipov, R. Yu. Gnizdor, N. A. Maslennikov, and A. I. Morozov,
lous erosion of the channel walls. The intensity variation of7':'2-I P'bl'ﬂlmtylk% 1Aztﬁ(19t92 f[SPOV~ J. P'asmatpgy?;f‘;:_ﬁ“tl A(ﬁ98%]- i
H : H : . . . . . . Molotskii, stracts or Papers presented at FIrs -union scien-
the rf OSCII_lat!On spikes is consistent Wlth.th,e time b_ehaVIC_)r tific Conference on Exoelectronic Emission and Its Applicati®@serd-
of the emission current from a nonequilibrium excited di- |oysk, 1979[in Russiad, pp. 125—128.
electric surfacgq(t) = t~ 2 (Ref. . 8v. S. Vaitsenya, S. K. Guzhova, and V. I. TitovAction of Low-
To conclude, these results have extended our under-;emperatéfe P'afma, Z”‘t?' E'Ethﬂgg”EticzF;idia“O” on Matefials
standing of the mechanisms of plasma—surface interaction ussiaf), Energoatomizdat, Moscowt 91, p. 224.

under conditions of plasma acceleration in a channel witlTranslated by R. M. Durham
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Negative displacement of bounded flexural wave beams in thin plates
N. S. Shevyakhov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Ul'yanovsk Branch
(Submitted November 19, 1996
Pis'ma Zh. Tekh. Fiz23, 53-56(May 26, 1997

The example of flexural waves in a thin plate is used to show that under certain conditions a
beam may undergo negative displacement in purely mechanical systemE99©
American Institute of Physic§S1063-785(17)02705-5

An anomalous — negative — displacement of a beam of 9*U a*U 9*U 52U
shear waves reflected by the free boundary of a piezoelectric B| Gz T2 702502+ 5oz | +ph 5z =0, @
crystal was predicted in Ref. 1. A similar effect was analyzed ) o o ) _
theoretically, first in Ref. 2 and then in Ref. 3, for the reflec-WhereD is the cylindrical rigidity,h is the thicknessy is the
tion of a bounded beam of shear waves by a magnetizeee”Sity’U is the deviation of the plate from the equilibrium

iron-garnet—vacuum interface. For the case considered jgosition, and is the time. For oblique incidence of a plane

Ref. 1, it was shown in Ref. 4 that during reflection the beammonochromahc flexural wave of amplitude, and fre-

undergoes a negative displacement, i.e., in the direction O%ljencyw at .the.edge o.f the plate=0, the solution of Eq.
. . o ) for x<0 is given by:
posite to the wave propagation along the longitudinal coor-
dinate, because a negative energy flux directed along thd=Uq exp[i(kyy—wt)]
boundary and localized near it is formed in the crystal for : .
each monochromatic component of the beam. This energy X Lexpliko) + R exp(—ikx) + A expax)]. @
flux consists of the fields of bulk waves superimposed on thédlere,R is the coefficient of reflection of the flexural wave,
fields of accompanying electric oscillations near the boundA is the amplitude coefficient of the nonuniform flexural
ary. For the case of flexural waves in a thin plate, it is showrvibrations, decaying inside the plate with the coefficient
below that this negative displacement of a beam during red= vk*+ks, k= k*=kj, k, is the projection of the wave
flection is by no means typical only of crystals having aVvector of the flexural waves on the edge of the plate, and
complex range of conjugate physical propertipgzoelec- K= @(ph/D)"*is the wave number of the flexural wave.
tric effect! magnetoelastic interactié) and is quite fea- A rigidly fixed plate edge has the boundary conditions
sible under certain conditions in purely mechanical system¥/x=0="0. U/dx|—o=0, which, after substituting formula
(the author cautiously predicts that negative displacement df) Into them, yield the expression

a beam is a general wave phenomenon which may be ob- R=expi¢), ¢=2 arctariqg/k,). 3)
served, not only in acoustics, but also in other fields of L , . N
physics. The Ionglt.udmal d|§placemerm of a h|ghly QIrectlonaI,
From the most general viewpoint, the results of Refs. 1cross-sect|onally uniform, bounded beam is givefi by
and 4 suggest that it is meaningful to make a specific search de(ky)
for the effect of negative beam displacement in materials in - dky [, g @
y

which the usual bulk propagation of waves is accompanied
by vibrations of some physical nature near the boundary. Thghus, expressing the phase shiftof a flexural wave re-
second necessarfput not necessarily sufficientondition  flected by the edge of the plate as a functiorkgf in accor-
for negative beam displacement is that the reflecting bounddance with Eq(3), and substituting it into Eq4), we obtain
ary should be nonrefracting or nontransparent for the bulk

ol in thi ; : ; 2tané
waves. Typical in this respect are thin plates in which, asa 5 _ _ ) (5)
specific manifestation of geometric dispersion, the lowest an- ky1+sir? 6

tisymmetric mo@ — a flexural wave — is accompanied by . I .
lled i f f | vibrati t th As we hypothesized, the longitudinal displacement of
so-called nonuniform(surfacg flexural vibrations at the the flexural wave beam for any angles of incidercef the

edges of the plate. These vibrations are an analog of thSeam as in Ref. 1, is negativ&<0. Formula(5) also

accompanying surface electrior magnetostatfc® vibrations shows that, except for a region of small angles of grazing
in crystals. To satisfy the second condition we can choos§,cidencea = m/2— 9, where the geometric analysis used to
between a rigidly fixed or free plate edgeontransparent gerive formula(4) generally ceases to hold, the displacement
boundary and the line of hinged support of an unboundedp s still small, even though it is usually several times
plate (nonrefracting boundayy greater than the negative beam displacement obtained for
We assume that a thin plate occupies the half-pbeyie  reflection by the free metallized boundary of a piezoelectric
x<0, in the coordinate systeryzand, neglecting shear and with high electromechanical couplifg-owever, our hopes
rotational inertia as usudlwe describe it by the equation  of observing the effect are pinned on the fact that, according
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to the diffraction theory of the reflection of bounded bedms, latter greater kinematic freedom on the line of reflection. We
the displacementA has a maximum for grazing angles add that the negative near-boundary energy flux along the
a~(wk) 2 kw>1, where|A .~ (w/k)? and w is the line of reflection in the plate is mainly formed by the super-
beam width. Thus, if the conditiof ,.,d>102/k is satis-  position of this dynamic field of near-boundary flexural vi-
fied and there are no stringent constraints imposed on thierations on the kinemati@n the variabledJ, dU/dx) field
length of the platdunlike in crystal$, the chances of suc- of the incident and reflected flexural wave.

cessfully observing negative beam displacement are quite

good. 1. M. Lyamshev and N. S. Shevyakhov, Akust. Zt, 951 (1975 [Sov.

. .. . . Phys. Acoust21, 581 (1975].
The present _Case Of. a pIate with a r'g|d|y fixed edge 1S2) v, Barabanshchikov, L. M. Lyamshev, and N. S. Shevyakidstracts
clearly the most interesting. For an unbounded plate hinged of Papers presented at the Ninth All-Union Conference on Acouistics
along the line of reflectionx=0, negative beam displace- 3AK|N, l\foscow, 1(19707[in Russialin,kFI’arth(;| pp. li7_31§gri 213(1987

o ; V. V. Filippov and O. V. Yan, Dokl. Akad. Nauk B , 213(1 .
ment does occur but it is h.alf that predlcted by form(Ba 4T. N. Marysheva and N. S. Shevyakhov, Akust. 28, 413(1986 [Sov.
For a free plate edge the displacement of a bounded beam obpys. acoust32, 251 (1986].
flexural waves, estimated according to form(#a is within 5S. P. Timoshenko and S. Woinowsky-Krieg&theory of Plates and
the zone of app”cation of this formu(mr fa|r|y |arge graz_ Shells 2nd ed.(McGraw-Hill, New York, 1959 [RUSS. transl., Fizmatgiz,
. . . Moscow, 1963
mg_angl_ess _and 1S everywhere pQS|t|vgk>0. Thege obser 6L. M. Brekhovskikh, Waves in Layered MedigAcademic Press, New
Yaﬂons indicate that the Qynamlc .Va”ab%”ax (_bend‘ York, 1960 [Russ. original, USSR Academy of Sciences Press, Moscow,
ing moment and 93U/ dx3 (intersecting forceof the field of 1957.
. . .7 H H

near-boundary flexural vibrations play a reduced role in Ci-ggsGOd'”' Zh. Tekh. Fiz55, 17 (1989 [Sov. Phys. Tech. Phy80, 9
forming the negative near-boundary energy flux along the !

line of reflection of the flexural waves in the plate, giving the Translated by R. M. Durham
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Prospects for detection of ultrahigh-energy cosmic rays on the surface of the moon
A. D. Filonenko

East Ukrainian State University, Lugansk
(Submitted August 16, 1996
Pis'ma Zh. Tekh. Fiz23, 57-62(May 26, 1997

A theoretical foundation is laid for the development of a radio detector for cosmic rays with
energiesE= 10?1 eV. The detection system envisages a radio detector on the Earth or a system of
radio antennas on artificial lunar satellites, which would record the radio emission pulse
produced by a shower in the lunar soil. ®97 American Institute of Physics.
[S1063-785(17)02805-X

One line of research in the physics of cosmic rays in-grazing angles on a narrow annular zone on the visible side
volves studying particles in the energy rangg=10"°eV.  of the moon. This factor reduces the working area of the
At the present time, only the existence of these particles ifunar surface by at least one or two orders of magnitude.
beyond doubt. The lack of information on this energy range  However, this is clearly not the most important factor. A
is attributable to the lack of detectors, for reasons which havenore serious obstacle for the implementation of this project
been discussed in greater detail, as in Ref. 1, for instance.is the multiple scattering of electrons in the shower. It was

The EAS-1000 and EAS-5000 superproje@tith work- ~ shown in Ref. 7 that this scattering reduces the intensity of
ing areas of 1®and 5x 10° km?, respectively are designed the Gerenkov radiation in a broad atmospheric shower by
to detect particles in the energy range?a. ! eV. Areas two or three orders of magnitude. The electrons in an
approximately 3—4 orders of magnitude greater are requiredlectron-photon avalanche in a condensed medium undergo
for the neighboring range of #8-1(72 eV, and especially for €even greater scatteririgpproximately a radian péfunit), so
the 16°-10% eV range. If we are to attempt to solve this that it is impossible to talk of directional radiatimyhich is
problem using the method of radio detection described irone of the main distinguishing properties ofi€nkov radia-
Ref. 1, the number of receiving antennas in this detectotion. In addition, the condition of coherent detection changes
must be increased by several orders of magnitude, makinggdically. As a result of scattering, thee@nkov radiation
the installation considerably more complex. The problem igront will be severely smeared, which will reduce the cutoff
that if the number of antennas is inadequate for such enofffequency of the coherent detection range by several orders
mous areas> 10’ km?) there will be no direct line-of-sight of magnitude and thus cause a drop in the radiation
between the radiation souréextensive air showgrand the  intensity” .
receiving point because of the finite curvature of the Earth’s ~ The minor role of @renkov radiation in the general

surface. The intensity of the diffracted beam may be severdnechanism of emission of extensive air showers is con-
orders of magnitude lower. firmed by the results of almost twenty years of experimental

Since the working wavelength under atmospheric condiresearch on this radiation mechanism. This research is re-
tions for highly oblique showersso that the extensive air Viewed in Ref. 8 which summarizes discussions
shower passes through all its phases of evolution withoupetween groups of researchers in Moscow, Haverah Park,
being absorbed in the spiwill be greater than 10 km, ac- and Bologna. In their opinion, the consensus is that the
cording to Refs. 2 and 3, the detector is affected by stronglominant mechanism for the generation of radio emission in
atmospheric noise from the equatorial thunderstorm belt€xtensive air showers in the meter wavelength range is geo-
This factor(as already discussed in Ref.i& another impor- Magnetic charge separation.
tant disadvantage of the method. Estimates of the electric field strength generated by the

These circumstances, combined with various Other5§topping of5-electrons in a show&f show that this radia-
have motivated a search for unconventional methods of délon mechanism can be successfully used to detect ultrahigh-
tecting ultrahigh-energy cosmic rays. The idea of using th&nergy cosmic rays using a radio telescope. When such a
surface of the moon as the working area of a u|trahighparticle reaches the surface of the moon, an electron-photon
energy particle detector was first proposed in Ref. 4 and thefhower develops in the soil. Since the soil is a good insula-
developed in more detail in Ref. 5. According to this con-tOr radio emission in the meter range reaches the surface
cept, the excess negative charge of an electron-photofﬁom a depth of several meters with almost no absorption.
shower in the lunar soil should stimulate cohereate®kov Let us estimate the strength of the electric field gener-
radiation in the radio frequency range, as in the Earth’<ated by this lunar shower on the Earth. For this case, expres-
atmospheré. However, various obstacles seriously impedeSion (9) from Ref. 2 may be reduced to the forfas before
the implementation of these ideas. One of these obstacld&1Zo<1):

(see Ref. bis that the @renkov radiation is always directed _ ; 2 .

forward, i.e., in the direction of the particle motion, so that E(v)=quNozo sin fdmeec™fo,  Vim-Hz. @
the Gerenkov radiation is only directed toward the Earth forFor lunar soil with a density of 2 g/cinthe active path
the small fraction of these particles which are incident aength z, of the shower is 2.5 m. We also take
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q=1.6x10"1° C, Ry=0.4x10° m is the distance from the in the lunar soil from the magnitude and polarity of the
moon, and No=10" (for the initial particle energy received signal at each dipole.
Wo=10" eV). To ensure that the coherence condition  Thus, the anisotropy of the cosmic rays can be measured
Kizo= (/) (1-cosf)zp<l is satisfied, we assume for these ranges and the number of particles in the shower
w<0.4x10° SO v=50 mHz. Then we obtain ¢4, pe determined uniquely using the known amplitude of
E(v)=5X%X10**V/(m-Hz) or 5 uV/(m-MHz). the signals

Let ~us compare the useful signal power It has been established that the order-of-magnitude area

Ps= EﬁA v?e,CA at the matched load of an antenna with the ired for the mini table f f ts i
effective areaA to the powers of the signals induced by r%(guwe Oar O%mmlmum a7ccep; aple requency O_ Events 1S
cosmic sources of radio emission — by a celestial spherd® 5%10°, 10°, and 5<10° km’, for particles having en-

P,=kTxAv and by brighter point sources in the wavelength€rgies of 16°, 10+, 10%% and 16° eV, respectively. These
range,Pp=F ,AvA, whereF , is the spectral energy flufor ~ estimates were obtained assuming that the characteristic of
comparison, from the most powerful point source, Cassiothe energy spectrum retains its valye=2.5. For observa-
peiaA, at =50 m-Hz, the flux isF,=10"2' W/(m? Hz)  tions over these areas the altitude of the satellite above the
(Ref. 9), K=1.4x10 22 J/K, Av=5x10° Hz is the band- surface of the moon should be approximately 10, 70, 500,
width of the radio receiving system, aiig = 10" is the noise  and 1500 km, respectively, for these ranges. Then, the direc-
temperature of the antenna or, in other words, the meafion to the source will not exceed deviations of more than
equivalent temperature of the celestial spherevat50  go° from the maximum of the angular distribution of the
m- Hz. Substituting the appropriate values into these formu'satellite antennas. The corresponding field strengthsor

: — — — 10
lss'_owfx {g_dlzi/r:/at JSLA:(%O& 1%]2_’12?/3_2X10 W, each of these ranges, according to EJ), will be
= , andra=o. : 2510712 40x107%2 50x10°2 and 12510 %2

This result shows that an antenna with an afeao v/im-H iively. We find th 5. /P .
greater than 100 fcan efficiently record cosmic rays with m-Hz, respectively. We fin € ralig,s/, assuming

the energy Wo=10" eV. Since Wy~No~E,, for that the effective antenna area for a half-wave dipole is

W,=10% eV we require a telescope of arde=10" m?, A=\%47. Even for the most unfavorable case
which is quite commensurate with those currently available(E,=25X10"*? V/im-Hz), substitution givesPs/P,=60,

In this case, the rati®,/P,=n, as before, is approxi- i.€., the ratio remains fairly high. This favorable scenario is
mately n=300. For particles withNVy=10? eV, n will be  enhanced by the fact that in this method of detectios,
3% 10", and the signal amplitude will be increased tenfold if directly at the surface of the moprradio noise of artificial
the mean square amplitude of the galactic noise remains cowrigin is almost completely absent because of the very great
stant. Quite obviously a master signal is not required for thigjistance from the Earth.
type of detector. It is quite sufficient to have a signal ana- 1o sum up, these estimates have convincingly demon-
lyzer (for amplitude, shape, and duratieand adequate pro-  girated that the radio detection method is extremely promis-
tection from industrial noise, which can almost always being, but only for very high energiesW,> 1% eV). Al-

achieved. though some of the parameters of the radio detector cannot

What kind of information can be obtained with this type . . .
. . . O(I:ompete with those of conventional methods of detection, as
of radio detector? If mutually perpendicular dipoles are use

in the antennas, under favorable conditions, where the eled et N0 alternatives are available for superhigh energies.
tron concentrationF of the ionosphere is appreciably re-

duced(which reduces the depolarization of the signal caused

by the Earth’s magnetic field we can reasonably expect

some information on the anisotropy of cosmic rays with
Wo"‘ 1023 eV 1p. 1. Golubnichi and A. D. Filonenko, Pis'ma Zh. Tekh. Fi20(23), 59

. L . . (1994 [Tech. Phys. Lett20, 960 (1994].
Despite the prospects for achieving this being not Pal~2p | Golubnichi, A. D. Filonenko, and V. I. Yakovlev, Izv. Ross. Akad.

ticularly good, there is a definite possibility of determining Nk ser. Fiz5812), 115(1994.

whether particles in this energy range actually do exist. AS3p. |, Golubnichi and A. D. Filonenko, Pis'ma Zh. Tekh. Fi20(12), 57
yet, this question cannot be answered for sure. It is sufficient (1994 [Tech. Phys. Lett20, 499 (1994)].

to recall the hypothesis of the relict cutoff of the spectrum at“G. A. Askar'yan, Zh. &sp. Teor. Fiz41, 616 (1961 [Sov. Phys. JETP
10°-10° eV (Ref. 10. However, if the existence of such 5;4’§4ééliiﬁlman§kandl M. Zheleznykh, JETP Let&0, 259 (1989
high-energy particlesi.e., 162._1023 eV) can be demon- " Aslgar’yan, Zh. Ksp. Teor. Fiz.48,y98’8(1963 [Sov. Phys. JETP
strated experimentally with this type of radio detector tele- 21, 658(1965].

scope, a more detailed study of cosmic rays, not only in this,’a p_ Filonenko, Izv. Ross. Akad. Nauk Ser. Fiin press.

but also in lower energy ranges, will be an entirely realistic 8v. g. Atrashkevich, O. V. Vedeneev, H. R. Allan, J. K. Jones, N. Man-
proposition with this method of radio detection. Two or three dolesi, G. Morigi, and G. G. C. Palumbo, Yad. F28, 712(1978 [Sov.
artificial lunar satellites, each accommodating three mutuallng- Nucl. Phys28, 366 (1978]. o _
perpendicular dipoles with receiving installations, may be :;”r:it;‘;‘;‘: ‘Ezozzé’xcl"’;?‘;“a”t'“%d'ted by 1. K. Kikoin[in Russiar,
used. It is knqwn that this type of an_tenna system can ”%G_ T Zatsépin and V. A, Kuzmin, JETP Lett, 78 (1968.

only locate uniquely the source of a signal, but also the ori-

entation of its antenné.e., the direction of the shower axis Translated by R. M. Durham
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Dynamics of the anode plasma in the magnetically insulated diode of the COBRA ion
accelerator by modified laser deflectometry

B. A. Knyazev, J. B. Greenly, D. A. Hammer, E. G. Krastelev, and M. E. Cuneo

Laboratory of Plasma Studies, Cornell University, Ithaca, NY; Novosibirsk State University;
Sandia National Laboratories, Albuquerque, NM

(Submitted July 22, 1996

Pis'ma Zh. Tekh. Fiz23, 63-68(May 26, 1997

A new type of optical system for measurements of laser beam deflection has been developed and
implemented experimentally. The refractive index gradient in the anode plasma of a

megavolt magnetically insulated diode in a high-power ion accelerator has been measured with
submicron resolution. The refractive index distribution in the layer was measured during

the pulse and the average electron density in the layer was determineti99® American

Institute of Physicg.S1063-785(07)02905-4

The characteristics of the anode plasma have a key inf,, is the focal length of the lens, arV/V, is the relative
fluence on the composition and parameters of ion beams gemalue of the measured signal. This system of three telescopes
erated in megavolt magnetically insulated diodes. Nevertheis extremely flexible and can easily be adapted to any experi-
less, these characteristics have not yet been sufficiently wethental configurations. The location of mirraé; and M,
studied because of the obvious difficulties involved in theseand the positioning of mirroM ; and lens_,; on a common
measurements. A fairly simple method of studying the spabench is designed so that only the position of the diode must
tial distribution of the density and composition of the anodebe finely adjusted when movingaraxially) the beam rela-
plasma involves recording the deflecti@nd sometimes the tive to the anode. To achieve 10% signal linearity, the
deformation of a laser beam as it passes through a layeoptical system should also satisfy the condition
parallel to the surface of the anot@lthough independent ki k,ks<2r/((2k+ 7)w o) (Ref. 5. Under our experimental
data are frequently required for a reliable interpretation ofconditions, the minimum detected angless than 0.1 mrad
the results. For brevity, we shall call this method, which hasvas determined by the electrical noise level.
been widely used to study objects of very diverse natsee A typical oscilloscope trace of the signal from the pho-
Refs. 2 and B “deflector diagnostics.” todiode is shown in Fig. 2. The positive peak corresponds to

We have developed a system of deflector diagnosticthe deflection of the beam from the anode which should be
(Fig. 1) with improved spatial resolution and two recording observed when the plasma sheath expands away from the
systems to study the anode sheath in the diode of the neanode. The maximum deflection is observed at the end of an
COBRA ion acceleratct.The optical system must have a 80 ns voltage pulse~800 kV) across the diode. The subse-
fairly long focus because of the need to reassemble the anodgient negative peak may be attributed to an influx of des-
chamber after each shot and because the detectors are pamibed gas, although a different interpretation is also possible.
tioned some distance awdgputside the radiation zoheln A series of curvesp(z;t) was constructed from the oscillo-
accordance with the properties of Gaussian beamsgder scope traces obtained for different distances between the
these conditions the laser radiation can only be focused to lbeam and the anode, and by integrating these curveszover
spot of small diameter @=2«, f,1/k; (2 is the diver- (Fig. 3, we find the refractive index distribution(z) near
gence of the laser bearif the beam has been pre-expandedthe anode:
by an input telescopic system. With an angular magnification

of the telescopek,;,=6 and a focal length of the lens 1 [z

f,;=120 cm, we obtained a spatial resolution of 0.3 mm  7(2)~1=7 w‘P(Z)dZ' )
over a working lengthra=95 mm, taking into account the

shape of the caustiGee inset to Fig. )1 It can be seen that at the maximum voltage on the anode

After passing through the anode layer, the beam wagt~ 40 ng, the thickness of the anode sheath is less than 0.5
collimated by a lend.», and split by a bgam splitter. The “mm and a lower estimate of the electron density averaged
reflected beam was passed through a third telescope, whigjyer the beam path at a distance of 0.35 mm from the anode

matched the beam size to the diameter of the photodiodgay pe given as 8 10'5 cm™3 (here we used the expression
(2r=14 mm, and was then recorded by a photodiode which,,(;y 1 — K;n;, whereK,=—17.95<10"2 cm™%atom

measured the angle of deflectiprof the laser beam centroid for the electrons andKy = +0.419< 1023 cm™~3/atom for

(a<fy) (Ref. 5: the protond). Assuming that at timé=300 ns the signal is
determined only by neutral hydrogen, then at the same dis-
_ kikemw o AV (1) tance we havei,~1x 10 cm 2.

The volume of recorded information is enlarged consid-
erably by recording the transverse spatial frequency distribu-
wherew| ¢ is the beam radius on entry to the first telescopetion of the beam after passage through the layer, which can

(p_ L
2 2f22 VL
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FIG. 3. Refractive index; versusz for three instants of time, reconstructed
from a series of twelve oscilloscope traces obtained for different distances
between the beam and the anode.

FIG. 1. Diagram of deflector diagnostics with 20 mW He—Ne laser. Tele- 5 >
scopic lens systemd:;;, Ly, (k;=6); Ly, L,y (achromakt (k,=0.8); dP(0,2) 2P.A, o p[ 2(afn'“-2) ]
= Xpp——————= 5,

L1, L3y (k3=0.45).PD — quadrant photodiode with differential amplifier, dz ()
M;—M,4 — mirrors, BS — 50% beam splitterfF — Fourier plane of lens
L2z, Ls and Ls — achromatic lensesSC — Hamamatsu C2830 streak where P, is the laser powery=(1+k?a?7’?w?*/4)"? and

camera, andA — annular aluminum anode of a_cceleratgr. Inset — pmpa'wb=2f/kw. In other words, in such a case, the beam is
gation of laser beam along anode through working zone; the plasma genera— . . . .
tion zone (shown gray consists of grooves filled with epoxy res{not eflected but remains G_-au_53|an with the W'm- _The ex-
shown in the figure a=95 mm,b=195 mm. cess observed by us indicates that the variationn(f)

within the beam is a higher-order function.

In principle, (z) can be calculated for our geometry by

be performed in this system at the same time as measurir‘%flv'ng an ill-posed inverse problem. However, it is more

the deflection with the photodiodghis last method is obvi- omising to determingy(z) in one pulse by using a broad

ously much more sensitiyeln our experiments, the intensity beam(covering the gntwg W_'dth Of_ the.an'ode' layend si- )
distribution of the laser radiation in the Fourier plafibe multaneously recording its intensity distribution at the exit

rear focal plane of the lenis,;) was imaged onto the entry from the layer(front chal plang and in the rear fogal plane
slit of a streak camera by lenses and L and was time- of the lensL,,. In this case, the phase distribution of the

swept(Fig. 2, lower diagram It can be seen that the spatial beam leaving the layeand consequentlyy_(z)) may be re-
frequency spectrum correlates well with the oscilloscope_conSt_rUCted’ at least f(_)r some types of d|str|_b_ut|o_n, by some
trace. The intensity distribution of the downward deflected!teration prqceduré.Tms requires some modification of the
beam is slightly asymmetric. If the expansion of the refrac-YStem to smultgneously project both these planes onto the
tive index as a power series could be confined to the term O§treak camera slit. . . .
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Autocompensation of an ion beam in an accelerator with an anode sheath
A. A. Bizyukov, A. E. Kashaba, K. N. Sereda, A. F. Tseluiko, and N. N. Yunakov

Kharkov State University
(Submitted November 19, 1996
Pis'ma Zh. Tekh. Fiz23, 69-73(May 26, 1997

Experiments to study the autocompensation of an ion beam are described. It is shown that in
accelerators with an anode sheath and isolated collector, autocompensation occurs as a
result of the excitation of an auxiliary non-self-sustained gas dischargel9%7 American
Institute of Physicg.S1063-785(17)03005-X

At low gas pressures the efficient action of an ion beanthe collector potentig) which produces a strong longitudinal
on a dielectric surface is impeded by the surface charge gemlectric field near the external electromagnetic trap. In order
erated by the beam which leads to stopping of the impingindo eliminate penetration of the electric field from the source,
ions. The deleterious effect of surface charge is usuallghe exit slit was also covered with a grounded metal grid.
eliminated by charge neutralization of the ion beam, usingrhe crossed longitudinal electric field and transverse mag-
auxiliary sources to inject electrons or negative ions into thenetic field result in the excitation of an auxiliary charge,
ion beam' In the present paper we investigate the currenwhich is observed as an intense glow outside the exit slit of
autocompensation of an ion beam in an accelerator with athe source. When the beam collector is grounded, the plasma
anode sheathby means of an auxiliary magnetron gas potential differs little from the ground potentignd thus
dischargéformed at the exit slit outside the ion source, with that of the cathodésso that conditions for the generation of
an isolated beam collector. The auxiliary discharge was exan auxiliary discharge are not created and this is observed
cited by means of the characteristic geometric and desigaxternally as the disappearance of the intense glow outside
features of this type of ion source, which has found wide-the source. Thus, an essential condition for the appearance of
spread application in plasma process systems. an external discharge is that the beam collector have a suffi-

Experiments to study beam autocompensation were cafient positive potentiaV/. relative to ground.
ried out using a standard “Radikal” anode-source ion  Figure 2a shows the potenti#l; as a function of the
sourcé with a cylindrical beam 10 cm in diameter. The di- discharge voltagé/y for various pressures in the ion beam
electric surface was simulated by a dc-decoupled metal beatfansport space. At low pressurgs<(10~“ Torr, curvel),
collector at the floating potential measured with an electrothe collector potential increases proportionately with the ac-
static voltmeter. The range of operating voltages of thecelerating voltageVy and inversely as the pressupe(V.
source wad/,=1-5 kV, which corresponded to a maximum *1/p). The main drop in the potential (Fig. 1, curvel) and
of the energy distribution function of the ion beam, the intense glow are localized in weak magnetic fields. This
Wiimax=(0.3-0.4eV, . The working pressure in the beam potential distribution and behavior of the parameters is typi-
transport space was maintained betweex 18 ° and cal of a high-voltage discharge with an anode sheath in
610”4 Torr. The experiment is described schematically incrossed fields. At pressures above B0~ Torr (Fig. 2a,
Fig. 1. A characteristic feature of ion sources with an anodé&urve2), the collector potential stabilizes at 200-300 V and
sheath is the presence of an external arched magnetic field
near the annular exit slit of the source, formed by the mag-
netically conducting cathoded1 andC2. The topology of H, kOe
the magnetic fieldH and the spatial distribution of its trans- 10+
verse intensity component in the direction of beam propaga-
tion are also shown in Fig. 1. The electromagnetic electron 08}
trap, formed by the arched magnetic field and cathdtigs
and C2, is similar to the electromagnetic trap of a planar (6 }
magnetrorf. Depending on the positive potential bias of the
external secondary plasma relative to ground, we can expec 04
not only confinement of electrons in the external magnetic
trap but also the generation of additional charged particles, 02 r
i.e., the excitation of an auxiliary discharge, similar to the \
discharge in a planar gas magnetron outside the ion source. @ -1 0 1 2 3 4 14 15

Figure 1 also shows the spatial distribution of the sec- Z, cm
ondary plasma potential in the direction of propagation of the
ion beam for an isolated collector at the floating potentiaIF'G- 1 Spatial qlistribution of the magnetic field strengthand plasma
(curvesl and 2) and for a grounded collectdcurve 3). It E’tin:t'ililig—ct_le?,l,atgd_coge:zoxric)_ﬂ*g;oour:dgd—COI;I)e:thc;\*/‘? :Tirlr(veinld
can be seen that in the former case the plasma potential ha$;210-4 Torr: A — anode,C1, C2 — cathodes of ion sourced —
large positive bias relative to the cathodesmost equal to  grounded metal grid, Col — ion beam collector.
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depends comparatively weakly on the discharge voltage anbelow AW, from the isolated collector. The residual potential
pressure. Under these conditions, the main drop in potentiaf the collector is automatically established at a level for
(Fig. 1, curve2) and the intense glow are concentrated inwhich the corresponding type of discharge generates an elec-
strong magnetic fields. These potential distributions and detron current equal to the ion beam currént.
pendences of the parameters are characteristic of a magne- To sum up, we have shown that in accelerators with an
tron gas discharge. anode sheath and an isolated collector, the ion beam under-

Figure 2b also gives the potential of the isolated iongoes autocompensation as a result of the excitation of an
collector as a function of the magnetic field in the slit of theauxiliary non-self-sustained gas discharge outside the ion
source. It can be seen that for the high-voltage external dissource, which provides the neutralizing electron current at
charge(low pressure range, curv® and for the external the surface. At low pressures, a high-voltage discharge with
magnetron discharggressures above>310 * Torr, curve  an anode sheath is formed in crossed electric and magnetic
2), there exists a specific optimum magnetic field characterfields with a relatively low rate of charged particle genera-
istic for the given type of discharge, which is determined bytion whereas at high pressure, this changes to a high-
the design of the source. efficiency magnetron discharge, providing almost complete

It should be noted that the energy used in exciting thecurrent compensation for the ion beam.
auxiliary discharge is drawn from the ion beam energy by
the formation. of the residual potenti] at the col_lector .and IM. D. Gabovich,Physics and Engineering of Plasma lon Sourés
by the beam ion energy logsW, =q;V., whereq; is the ion Russiaf, Atomizdat, Moscow(1972.
charge. Figure 2b gives the ion energy distribution function2s. D. Grishin, V. S. Erofeev, and A. V. Zharinov, iftasma Accelerators
at the exit from the ion sourdeurves) for a grounded beam edited by L. A. Artsimovich[in Russiand, Mashinostroenie, Moscow
collector. It |s typically founql that under magnetron dis- 32(1373' ,\‘jlé?ste\/’ Vak. Tekh. Tekhnc2(3/4), 53 (1992.
charge conditions, the beam ions are only slowed compara#g. s. panilin, Application of Low-Temperature Plasmas for Deposition of
tively slightly (AW,= 150—-300 eV<W, 50, Whereas in a  Thin Films[in Russiaf, Energoatomizdat, Moscow1989, pp. 63—120.
discharge with an anode sheath, considerable ion energ?A l. Morpzov, Physical Principles of Space Electric-Propulsion Engines

. [in Russian, Atomizdat, Moscow(1978.

losses AW;= 800-1200 eV=W,,,,) are accompanied by
reflection of a significant fraction of the beam ions of energyTranslated by R. M. Durham
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Characteristics of microwave beam breakdown in nitrogen and oxygen

G. M. Batanov, I. A. Kossyl, N. I. Malykh, A. A. Matveev, A. V. Sapozhnikov,
and V. P. Silakov

Institute of General Physics, Russian Academy of Sciences, Moscow
(Submitted December 4, 1996
Pis'ma Zh. Tekh. Fiz23, 74-80(May 26, 1997

The time evolution of the electron density in microwave discharges in nitrogen and oxygen has
been investigated. It is shown that the kinetic processes of electron detachment from

negative ions or associative ionization of electronically excited gas molecules play a significant
role in the interaction between above-threshold microwave radiation and a discharge plasma.

© 1997 American Institute of Physids$1063-785(07)03105-4

In recent studies of microwave discharges in moleculator of the interferomete(Fig. 1) show that the evolution of
gases, the role of a wide range of elementary processes in thige spatially averaged electron density differs under the
dynamics of the discharge evolution has just started to bdischarge conditions in nitrogen and oxygen. The nitrogen
considered. So far, the greatest attention has been focused discharge typically exhibits a rapid rise in electron density at
the role of electron detachment from negative oxygen ionshe leading edge of the microwave pulse, followed by a
during decay of the plasma2 It was shown in Ref. 1 for slower rate of increase. The functiam(t) then passes
instance, that plasma decay in air is slowed with increasinghrough a maximum, and decays slowly until the action of
input energy. In Ref. 2, detachment processes were used tbe microwave pulse on the plasma has ceased. The electron
explain an increase in electron density in a non-self-density then decays exponentially after the pulse. For an
sustained discharge. In Ref. 3, detachment was attributed taxygen discharge the initial increaseripis slower than that
reactions with atomic and excited oxygen. Associative ion4n nitrogen, and a more pronounced fall is observed after 1-2
ization processes may also play an important role in the disgs (during the action of the electromagnetic radiajionhe
charge dynamics. It was shown in Refs. 4—7 that associativgreatest difference between the nitrogen and oxygen dis-
ionization not only sustains a “long-lived” plasma, as was charges is that the first electron density peak in oxygen is
observed in Ref. 8, but also causes an explosive increase followed by a second and a third, both occurring after the
the electron density in a microwave field, which changes thenicrowave pulse has been switched ¢ffig. 1f). For the
electrodynamics of the discharge. A rapid increase in elechigh, above-threshold, electric field typical of these measure-
tron density may also be brought about by attachment proments E,=6 kV/cm), breakdown of the gas occurs at the
cesses when negative ions accumulate in discharges contaleading edge of the microwave pulse. This is indicated by the
ing oxygen or water vapor impuritiésIn this context, it is peak on the leading edge of the signal from a microwave
interesting to study the time evolution of the electron densitydetector positioned on the beam axis at the rear wall of the
in nitrogen and oxygen discharges in wide-aperture microchamber, characterizing the radiation intensity after passage
wave beams. At pressures around 10-20 Torr the dischardgbrough the dischargé-igs. 1b and 1k and also by the steep
in these gases resembles a breakdown ws&e Refs. 9 and leading edges of the signals from a photomultip(i€igs. 1d
10) and for weakly converging beams, the role of ionization-and 1g, which was installed to record the discharge lumi-
field instabilities, leading to stratification of the plasma and anescence from the focal region. An increase in the electron
critical or above-critical increase in the electron density, isdensity during breakdown over the entire length of the caus-
suppressed. It is therefore logical to predict that the role ofic leads to attenuation of the field in the focal region because
elementary kinetic processes will be manifested more clearlpf the absorption and refraction of the waves. This evidently
in these discharges. has some bearing on the fact that the maximum average elec-

The experiments were carried out using 8 mm radiatiortron density is limited to~2x 10*2 cm™2. For the observed
from a 500 kW gyrotron. A slightly elliptic Gaussian beam breakdown waves the maximum values of the function
of coherent electromagnetic waves was focused by a polyag(t) typically showed no dependence on the electric field
styrene lens into an evacuated chamber, and had the charatrength. A threefold reduction in the radiation power caused
teristic radiusar=1.8 cm and the characteristic caustic no change in the average electron density in the first peak.
lengthl=kaZ=25 cm in the focal plane. The working gas The effect described can be interpreted quite easily by a
pressurg10-20 Torj and the microwave pulse length were purely electrodynamic model of an above-threshold
varied during the measurements. discharge. However, the electron density peak observed in

The electron density was determined with an interferom-oxygen in the post-discharge period suggests that kinetic
eter according to the phase shift of 2 mm diagnostic radiatioprocesses play an important role in the dynamics of a micro-
passed through the plasma. The width of the diagnostic beamave plasma. In fact, the rise m, may be associated with a
was 1 cm and its axis was shifted by 5 cm relative to thesharp falloff in the rate of the high-threshold reactions of
center of the caustic, in the direction of the lens. dissociative attachment of electrons to oxygen atdies,

Oscilloscope traces of the signals from the phase deteaith degradation of the main channel for production of nega-
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FIG. 2. Results of calculating the parameters of an oxygen discharge for the
conditions:p=10 Torr, To=300 K, the gas heating is assumed to be isoch-
oric; Eq(t)/[0,]V2 = (6.9-3x10°t)107 5 V-cm~2, and microwave pulse
length 6 us.

field strength in the discharge zofeaused by the absorption
and refraction of electromagnetic wayese associated with
spikes in the average electron density in the oxygen plasma.

Similar results were also obtained for discharges in wa-
ter vapor, mixtures with nitrogen and oxygen, and in air.

FIG. 1. Oscilloscope traces showing the microwave radiation power signals  Eor an above-threshold wave discharge in nitrogen only
on the beam axis at the end of the cham{agm, ¢, the phase shift signals ’

from the interferometefc, f), and the photomultiplier signalsl, g): a — no one b”ght plas_ma luminescence peak 1S obse_l(\%eé Fig.
discharge; b’ ,Cd — nitrogen’ 10 Torr; e, f, g — oxygen, 10 Torr. 1d) at the Iead|ng edge Of the electromagnetlc pulse. The

electron density reaches its maximum 1-L§ after this

luminescence peak, i.e., after the field has decayed. We at-
tive ions in molecular oxygen in the discharge zpa@d tribute this increase in electron densifwith decreasing
with a transition to conditions where detachment of electronplasma luminescengdo associative ionization of electroni-
from O™ particles, caused by their interaction with oxygen cally excited nitrogen moleculgsee Refs. 4-8
atoms and electronically excited molecules, predominates A consequence of the space-time variation of the plasma
over three-particle attachment of electrons tg, @, and electron density in the discharge should be a spatial redistri-
O3 particles. The proposed mechanism to explain the eledsution of the microwave field, which should then influence
tron density peak in the post-discharge period was supporteithe space-time dynamics of the charge component of the ion-
by numerical calculations. The calculations were performedzed gas. In our case, this redistribution of the field is re-
for close to experimental conditions, using a kineticcorded as a displacement of the focus of the microwave
schemé&! supplemented by the vibrational kinetic processesbeam in the direction of propagation of the radiatighis
of oxygen molecules. The rate constants of the reactions ireffect was observed and studied in detail by I. A. Kdssy
volving electrons were determined by a numerical solutioret al.in 1992. An increase in the electric field in the region
of the Boltzmann transport equation for the electron energypeyond the focus leads to the formation of “transfocal”
distribution function. The results of one set of calculationsplasmoids in nitrogen and in oxygen. Interestingly, the larg-
are plotted in Fig. 2. It can be seen that the presence of aast displacement of the focus of a microwave beam is iden-
electron density spike during and after the electromagnetitified just when the average electron density in the focal
pulse was substantiated, not only qualitatively but also quanplane of the unperturbed microwave beam reaches its maxi-
titatively, using this branching kinetic scheme for a freely mum. This can be seen by comparing the oscilloscope traces
localized nonequilibrium discharge in molecular oxygen.  of the signals from the interferometéfigs. 1c and Ifand

It is important to note that the results of the calculationsthe detector(Figs. 1b and 1e Ultimately, we find that the

convince us of the universalityffor this series of experi- kinetic processes of electron detachment from negative ions
mentsg of this mechanism for the observed electron densityor associative ionization of electronically excited gas mol-
peaks during and after the microwave pulse. This statememcules play a significant role in the interaction of the above-
becomes clear if we analyze the oscilloscope traces of th#areshold microwave radiation and the discharge plasma.
discharge radiation and the electron density. These traces To conclude, the propagation of a breakdown wave gen-
reveal that drops in the intensity of the optical signal fromerated by a focused microwave beam in oxygen is accompa-
the discharge, i.e., a decrease in the amplitude of the electried by spikes of electron density. The appearance of these
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Dynamic chaos in acoustoelectronic systems
V. A. V'yun
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The experimental observation and study of dynamic chaos in acoustoelectronic systems is
reported. For these investigations we selected an object, well-known in physical acoustics and
acoustoelectronics, in which these new nonlinear properties are observed. This work

provides further scope for experimental modeling of stochastic self-excited oscillation$99®
American Institute of Physic§S1063-785(17)03205-9

Nonlinear dynamic systems have recently formed the A piezoelectric-semiconductor layered structure was se-
subject of intensive study in physics and other sciences. Orlected because of its nonlinear acoustoelectronic properties.
interesting result of this research has been the observation @ obtain optimum nonlinear acoustoelectronic interaction
stochastic self-oscillationgsor dynamic chaos and strange of the surface acoustic waves, bearing in mind the calcula-
attractor$.>~® This phenomenon in various systems is still tions made in Ref. 8, we used arSi semiconductor with a
attracting the attention of researchers. resistivity of 4 K)-cm, whose surface had been etched and

In the present paper we report room-temperature experbxidized in air at room temperature. With this semiconduc-
mental investigations of piezoelectric-semiconductyz- tor, the transverse acoustoelectric effect acted as a trap, and
LiNbOs/n-Si) layered structures with external feedback. Aits voltage relaxed with various characteristic relaxation
layered structure and its proposed circuit diagram are showtimes when the surface acoustic waves were switched on and
in Fig. 1. Electrodes are deposited on the opposite sides afff (it was noted in Refs. 9-11 that this property of the
piezoelectric and semiconductor wafers, separated by an diransverse acoustoelectric effect is a necessary condition for
gap of 0.1um, to record the voltage of induced by the trans-the onset of relaxation-type self-oscillations of the voltage
verse acoustoelectric effetthis effect occurs as a result of induced by the transverse acoustic effect
nonlinear acoustoelectronic interaction between semiconduc- Stochastic self-oscillations of the transverse acoustoelec-
tor charge carriers and the electric fields accompanying &ic voltage were observed in the kilohertz frequency range
surface acoustic wave propagating in the piezoel&tric  with increasing pump voltag¥, after the system had under-
surface acoustic wave is excited in the piezoelectric by amone the following bifurcations. For values @f, below 0.9
interdigital transducef.The voltage induced by the trans- V, no self-oscillations occurred in the system. At a certain
verse acoustoelectric effect is amplified by a low-frequencythreshold Vo= —0.9 V, regular self-oscillations were ob-
amplifier and then fed to an amplitude modulator, whichserved. These oscillations were initially quasiharmonic, they
modulates the pump signdl, from an rf oscillator. The then became highly nonlinear, and at another threshold
amplitude-modulated rf signal from the modulator is then fedvy=2.1 V, they changed from regular to stochass a
to the transducer, exciting amplitude-modulated surfaceesult of the feedback in the system, the onset of self-
acoustic waves at the same frequency. In this externalscillation was naturally accompanied by self-modulation of
feedback system the percent modulation is regulated by thiéhe surface acoustic waves
amplifier gain and depends on the voltagginduced by the We recorded the phase portraits and spectral depen-
transverse acoustoelectric effect at its effte transducer dences to study the self-oscillations observed in the system
incorporated twelve pairs of electrodes, the frequency of thehown in Fig. 1. The phase portrait was observed on the
pump signal was 105 MHz, and the amplifier gain was 40screen of an oscilloscope when the voltageand its time
dB). derivative dV,/dt were applied to its plates. The spectral

To oscilloscope x—y

)
To spectrum va.
analyzer < “* 3
i
vt) FIG. 1. Diagram of experimentt — rf oscillator,2 —
1 > 2 amplitude modulator, an8l— low-frequency amplifier.
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place via intermittenc& which is one scenario for the tran-
sition to dynamic chaos.

To sum up, stochastic self-oscillations may also occur in
acoustoelectronic systems, in addition to the known radio-

Va, dB physical, electronic, semiconductor, and other systésee
0 [ Refs. 1-5, 13, and }4Unlike the simplest phenomenologi-
cal model of self-oscillations of the voltage induced by the
-20¢ transverse acoustoelectric efféct!there is clearly a need to

take into account several different types of surface states of

-40} the semiconductor with different charge relaxation times in

order to explain these results. The phase space of these sys-
-60 4 b 4 4 4 + tem will then have dimensions greater than two, which is a

Va. dB 0 2 4 dvg 6 f, kHz necessary condition for the onset of stochastic

’ 0 dt self-oscillations:™®
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0 2 4
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FIG. 2. Phase portraitscale 2 V/division and Frequency dependences of [Russ. transl., Mir, Moscow, 1988
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Waveguide properties of optical structures fabricated by oxidation of porous silicon
A. V. Tomov, V. V. Filippov, and V. P. Bondarenko

Institute of Applied Optics, Belarus Academy of Sciences, Mogilev;
Institute of Physics, Belarus Academy of Sciences, Minsk
(Submitted January 28, 1997

Pis'ma Zh. Tekh. Fiz23, 86—89(May 26, 1997

Results of an investigation of the optical properties of channel waveguides fabricated by
oxidation of porous silicon are described. The waveguide parameters are estimated and the
existence of optical anisotropy is established. The effective refractive index of the

dominant quasi-TM waveguide mode is measured. The results suggest that a buffer layer exists
between the waveguide and the silicon substrate. It is hypothesized that a second refractive
index peak exists within this layer. @997 American Institute of Physics.
[S1063-785(0®7)03305-3

Porous silicon has been attracting interest because of ithe porous silicon from projecting along the waveguide
potential for fabricating basic components for optoelectronboundaries. The prism method allowed us to achieve some
ics devices. This is because intense visible photoluminesdegree of selectivity in the excitation of the waveguide
cence and electroluminescence have been observed in poromedes and to measure their effective refractive indices
silicon? It has also been shown that porous silicon is a promn’gl. The mode spectrum was analyzed using the pattern of
ising material for developing efficient photodetectbmnd ~ m-lines in the beam reflected from the base of the prism. In
the possibility of waveguide propagation of light in oxidized addition, a microscope was used to monitor the mode propa-
porous silicon has been demonstratealthough the wave- gation losses in the waveguide by measuring the radiation
guide properties of these structures have not been studied.intensity from the end. It was observed that more than fifty

In the present paper we report the first results of a studynodes are excited in the waveguide, and these may be di-
of the optical properties of channel waveguides fabricated byided into two groups with sharply differing levels of propa-
oxidation of porous silicor.The initial samples were boron- gation losses. The effective refractive index boundary be-
doped silicon wafers having a resistivity of 0.00:cm. The  tween the groups is near,~1.4460 for quasi-TE modes.
working side of the wafers was oriented in t(00 plane  The first group contains the modes lowest in terms of the
and was polished to class 14. The silicon wafers were treateiidex p, which propagate with low losses of less than 1
in boiling ammonium peroxide solution, washed with deion-dB/cm (Ref. 3. The second group contains the highest-order
ized water, and dried using a centrifuge in a nitrogen atmomodes in terms of, which were only identified in the re-
sphere. A 0.22um thick layer of silicon nitride was then flected beam. This confirms that the waveguide structure in-
deposited on the working surface of the wafers. Windowscorporates a buffer layer, separating the waveguide from the
comprising stripes 1Qxm wide and around 1.5 cm long, silicon substrate, which has a high complex refractive index
were formed in the nitride film by standard techniques of(nsj=3.86—ix0.028). Then, modes having the effective re-
contact photolithography and plasma-chemical etching. Aftefractive index n;1> n. are guided and weakly attenuated,
removal of the photoresist and chemical cleaning, the waferahereas modes With;1< n. are leaky. A visual assessment
were subjected to anodic treatment in an aqueous solution @f the light intensity distribution pattern at the end of the
hydrofluoric acid(24% by volumé. A galvanostatic regime excited waveguide indicated that the buffer layer thickness
with an anode current density of 10-20 mAfcwas used may reach 6um. The maximum refractive index,,, of the
for the anodization. As a result of the anodic treatment, thevaveguide was estimated using measurementg,gfor the
sections of the silicon unprotected by the silicon nitride maskdominant, quasi-TE mode. It is knowthat for a multimode
were converted to porous silicon to a thickness of around 1#aveguide, these values are similar, i€pg~ng,. In our
um. After removing the masking layer of silicon nitride, the case nj,=1.4575, which corresponds to the refractive index
wafers underwent three-stage thermal oxidaficFhis re-  of quartz glass. The refractive index increment in the wave-
sulted in the formation of a 0.4am thick SiQ, film on the  guide isAn=n,—nN.~115X10 *.
surface and the porous silicon was oxidized to its total depth.  On the basis of the waveguide fabrication technology, it
Increasing the volume led to the formation of a monolithicmay be assumed that mechanical stresses are induced in the
oxide channel, 3%um wide and 13um thick, in the porous structure, thus producing optical anisotropy. There is also the
silicon. possibility that crystalline modifications of SjGre formed

This channel possesses waveguide properties. The wavduring the thermal oxidation of the porous silicon. Measure-
guide effect was observed when the structure was excitethents of the effective refractive index of the dominant
with helium—neon laser radiation via the end and via a prisnguasi-TM mode 5,=1.4582) confirmed this assumption.
coupling devicé. In this case, the surface of the wafer incor- The anisotropy was also studied using a polarizing micro-
porating the waveguide, was prepolished to prevent any oxscope with a Senarmont compensator for plane-parallel
ide expelled from the waveguide channel during oxidation ofsamples of cross sections of the waveguide channel
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150 um thick. The maximum birefringence was observed in(with @ modified $-O-Sibond angl¢ are not involved in
the central part of the cross section and we®x 10 *. This  the formation of these waveguides.

is lower by at least a factor of 2 than the birefringence of

y-tridymite — an optically anisotropic phase of Si@ith

the lowest birefringence of all known crystalline modifica- 's. s. Iyer, R. T. Collins, and L. T. Colling,ight Emission from Silicon

tions of silicon diOXideG. Proc. MRS Symposium, Boston, MA, 1992, pp. 256—257.

: -2J. P. Zheng, K. L. Jiao, W. P. Shen, W. A. Anderson, and H. S. Kwok,
To conclude, we have estimated the parameters of opti Appl. Phys. Lett6L 459 (1992,

cal channel waveguides fabricated by oxidation of poroussy. p. gondarenko, A. M. Dorofeev, and N. M. Kozuchic, Microelectron.
silicon and have established that they possess optical anisoteng. 28, 447(1995.

opy. The resulssuggest tat there 1 3 bufer layer seprat | Do 1 % anuan o SR RS,
ing the waveguide from the S|I|con_ substrate. An anaIyS|s. of Oxford, 199”'[Russ_ tre?nsl., Mir, M%SCOW’ 1030 :
the mode spectrum of the waveguide structure and the thicksthe oxide Handbogkedited by V. V. SamsonoyPlenum Press, New
ness of this layer suggest that a second refractive index peakvork, 1973 [Russ. original, Metallurgiya, Moscow, 1959

may exist within this layer. The results also lead to the con-'L: M. Landa and I. N. Nikolaeva, Dokl. Akad. Nauk SSS4, 1407
clusion that various high-refracting polymorphic phases of (1979.

silicon dioxide such as stishovite or the metamict phaseTranslated by R. M. Durham
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Polarization-induced curvature of a laser damage channel
G. M. Mikheev

Institute of Applied Mechanics, Ural Branch of the Russian Academy of Sciences, I1zhevsk
(Submitted May 29, 1996
Pis'ma Zh. Tekh. Fiz23, 90-94(May 26, 1997

Significant curvature of a laser damage channel in a metal has been observed and a correlation is
reported between this effect and the polarization of the radiation19@7 American
Institute of Physicg.S1063-785(07)03405-9

It has been established that at sufficiently high powerstion of the geometric axis of the beafRig. 109. According
laser radiation can pass through a material because the mi@ the above reasoning, the efficiency of this retroreflection
terial is removed from the molten zone by evaporation andlepends on the polarization. If the radiation is polarized in
hydrodynamic effect$.A narrow damage channel is formed the plane of incidence, the reflection coefficient is low and
in the material along the axis of the laser beam even if thehe absorption high. Thus the shape of the longitudinal cross
angle of incidence of the beam on the surface is nonzero. Isection of the crater will not change. If the radiation is po-
some cases however, some deviation of the axial line of th&arized in the plane perpendicular to the plane of incidence,
channel(cratey from the normal to the surface has beenthe reflection efficiency is high and the absorption low. As a
observed for a normally incident be&m.This has usually result, the retroreflected rays will interact with the opposite
been attributed to error in the coaxial alignment of the laser
beam and the optical systéhhe influence of polarization

has not been considered.
In the present paper it is demonstrated that the damage
channel formed in a metal by a laser beam incident normally
on the surface may exhibit significant curvature and the aim
is to establish an interrelation between this effect and the “

polarization of the radiation.

The influence of polarization on the speed and quality of
laser cutting was discussed in Ref. 4. As the material is
moved relative to the laser beam a cut is made, whose nor-
mal to the surface forms an angiewith the incident beam
(see Fig. 1a The reflectivity of a surface being treated with
a plane-polarized beam depends on the optical properties of I
the material, the angle of incidence of the beam, and the
angle between the plane of polarization and the plane of
incidence. Let us tak®;, andRs to be the reflection coeffi-
cients of thep-component of the polarization, lying in the
plane of incidence of the beam, and of te&omponent,
perpendicular to the plane of incidence, respectively. In ac- 5
cordance with Ref. 4, at the=10.6 um wavelength for iron |
at room temperature, the rat;/R, tends to unity asy !

]
|
l
{

tends to zero and increases substantiallyvadeparts from
zero. Thus, when the cutting plane and the plane of polariza-
tion of the beam coincide, the absorbed poveard therefore
the cutting efficiencywill be substantially higher than when
these planes are perpendicular. The polarization of the laser
radiation has a similar appreciable influence on the formation
of the damage channel. We shall consider a very simple
model. We assume that the distribution of the radiation in-
tensity| in the beam cross section is asymmetric and has a
clearly defined maximum for<<O (Fig. 1b. When such a
beam is incident normally to the surface of the material, the-g. 1. piagram showing laser beam cutting of a métat arrow indicates
crater formed at the initial stage of interaction between thahe direction of motion of the beam relative to the sam, example of
radiation and the material will have a longitudinal cross secan asymmetric distribut?on of the laser radiatiqn intensiglong the bean_’l
tion determined by the functioh(x) (Fig. 10. At the next 3!ameter(a'°”g theX axis) (b), and corresponding shape of crater longitu-

. . L ._dinal cross section which may be observed at the initial stage of interaction
stage of the interaction in time, the beam rays correspondingith the material(c), where1 is the base metal and is the metal zone
to the lower-intensity zone will be retroreflected in the direc-which will be removed by the retroreflected rays.
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FIG. 2. Experimental shape of longitudinal cross sec-

tion of laser damage chann@) (1 — molten part of

channel,2 — base metal; the arrow shows the initial
- X direction of the beam; magnificatiorn 37) and spatial

configuration of the sample relative to ter Z Carte-

sian coordinate systefiv), where profile2 corresponds

to a symmetric distribution of the radiation relative to

the axis of the laser beam and profil€3) corresponds

to an asymmetric distribution with the highest beam

power concentrated in the regioh<0 (X>0).

wall of the crater and thereby cause the damage channel twrater surface varies between 86° and 60°, and the values of
curve in the direction of maximum intensitfrig. 19. The = Ry(«) and Ry(e) for aluminum, calculated using well-
real interaction pattern is obviously far more complex. known formulas, decrease according to different laws.
For the experiments we used linearly polarized pulsedVhen « decreases from 90°Rs decreases monotonically
YAG:Nd3* laser radiation, with a pulse length of 4 ms and afrom 1, with Ry («=80°)=0.97 and Ry(«=0°)=0.83,
maximum pulse energy of 10 J. The radiation was focuseavhereasR,(a) has a minimum of 0.58 forr=80° and then
by a lens of 0.1 m focal length onto the surface of samples oincreases to 0.83 for=0°. Thus, the difference between
aluminum alloy 1420 in the form of rectangular parallelepi-Rs and R, is greatest near=280° and remains large for
peds, which were placed in a vacuum chamber at a pressure=86°, whereR;=0.99, R,=0.68. The experiments have
of 20 Pa. The beam was directed along the normal to thehown that the maximum deflection of the beam from its
surface of the metal, which coincided with tHeaxis in the initial position is observed in the plane perpendicular to the
XY Z Cartesian coordinatgfig. 2b). The radiation intensity plane of polarization of the light. In th¥Z plane of curva-
distribution in the beam cross section was varied by meantire, its direction depends on the asymmetry of the radiation
of special masks placed in the light path before the focusingntensity distribution along th& axis. The curvature is ob-
lens. This type of laser was chosen because, unlikgl@gr served in the direction away from the geometric axis of the
radiation, the polarization of YAG:NU radiation is easily beam, where the highest radiation power is concentrated.
controlled by half-wave and quarter-wave plates. It should b&he plane of curvature is determined only by the directions
noted that, on account of its comparatively low thermal con-of polarization and propagation, and cannot be changed by
ductivity (83 W/m-K at 573 K), the lithium- and varying the power distribution in the beam cross section or
magnesium-doped alloy 1420 is superior to other types oby spatial reorientation of the sample.
aluminum alloys because it is more susceptible to laser dam-
age, at Iower.pulse powers. The laser irradiation was CarrieqR. V. Arutyunyan, V. Yu. Baranov, L. A. Bol'shoet al., Action of Laser
out in a rarefied atmosphere to prevent the plasma formed byragiation on Materialgin Russia, Nauka, Moscow(1989.
combustion of the material from having any influence on the2J. F. ReadyEffects of High-Power Laser Radiatiofhcademic Press,
laser damage efficiency. New York, 1973 [Russ. transl., Mir, Moscow, 1974

Figure 2a shows a typical profile of the longitudinal 3(81'9';8 Kushnir, B. R. Kiyak, and M. G. Matsko, Ukr. Fiz. Zb7, 1796
cross section of a laser damage channel intéeplane. The 4NN, Rykalin, A. A. Uglov, 1. V. Zuev, and A. N Kokoraiandbook of
radiation was polarized in th¥ Z plane(Fig. 2b. It can be Laser and Electron Beam Processing of Materififs Russiai, Mashi-
seen that the radiation propagation channel is significantly,nostroenie, Moscow198y. _

curved. The deflection of the beam from its initial direction '~ A Kizel’ Refraction of Lightin Russian, Nauka, Moscow(1973.

reaches 30°. The angle of incidence of the radiation on th&ranslated by R. M. Durham
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