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An analysis is made of the possibility of conducting practical experiments in which ozone-active
components of emissior{such as N@, Cl,, and so onare supplied to the stratosphere

using a 203mm self-propelled howitzer. €999 American Institute of Physics.
[S1063-785(10900106-9

Probing of the atmosphere using active methods hassing an existing ballistic device. By using this device, we
been carried out since the forties, when rocket launches werean adapt the experimental setup to the capabilities of mea-
first used for this purpose. In addition to launching rocketssuring systems using minimal emissions, which makes the
carrying measuring apparatus, some launches released dipoisk of ecological consequences far lower than that involved
reflectors and various chemicals. In the sixties artilleryin launching commercial rockets and aviation flights. The
pieces also started to be used for these purpbses. firing precision, characterized by a small spread

In recent years, with the increasing attention being fo-(~50-100 m at 20—25 km altitugies such that we can con-
cused on ecological problems, the use of ballistic systemsider using a combination of a ballistic system to supply the
(artillery systemy has been preferred to launching rocketsactive substances and a small stratosphere balloon to accom-
because firing a ballistic device from the ground burns up anodate the measuring equipment and carry out the measure-
smaller amount of fuelsolid propellank, and the combustion ments directly in the reagent cloud.
products are distributed in a thin layer near the earth and are The ballistic system being considered is a standard self-
not carried to the upper layers of the atmosphere. Moreovepropelled 203 mm caliber “Pion'(Peony howitzer. Figure
since ballistic firing is highly accurate and the trajectories ofl gives the launch altitude as a function of elevation for a
the fired capsules have a small spread, the area required fstandard projectile mass of 110kg. It can be seen that this
the firing range is very much smaller than the area of a rockesystem can supply reagents at altitudes of 22—25 km which
launch site. have the maximum ozone concentrati@h mid latitudes

Although research into the ozone layer has been carried The volume available for filling with reagents was deter-
out for some time and the pace is intensifying, no investigamined taking into account the dynamic pressure in the pro-
tions similar to the active experiments in the atmosphergectile at the instant of firing. For liquid-phase reagents hav-
have yet been undertaken for the ozone layer. The decompirg densities of (1.0-1.9x10°kg/m® and a projectile
sition products of chlorofluorocarbons, emission of nitrousacceleration of 10 000 g, the dynamic pressure at the bottom
oxide, carbon monoxide, and other ozone-active gases byf the projectile is(1000—1500x 10° Pa. Bearing in mind
themselves have an anthropogenic effect on the ozone lay#e strength of the casing, the permissible volume is 20—-301
and the atmosphere as a whole. The ozone layer is alseith a reagent mass of-30-40kg. The phase-transition
strongly affected by the launch of space rockets and spacgressure of most liquidsuch as HO, Cl,, N,O,, and so oh
craft flights? at ambient temperatures betweerb0°C and +50°C is

Research has been carried out since the seventies, begfairly low (no higher than 15 atmso that the capsules can
ning with the work of Johnstofhto determine how the ozone be filled directly before launching and there is no need to
layer is affected by subsonic and supersonic aviation andtore the filled capsules under special conditigthermo-
also by launches of cargo-carrying rockets. Various modelstats.
have been developed to calculate the influence of emissions The capsules can also be filled with compressed gases,
on the ozone layeffor example, Ref. % but these require but the permissible masses of most gases compressed to sev-
data on the reaction rates under turbulent mixing conditionseral hundred atmospheres will be lower than the mass of
For the reactions taking place when fuel combustion prodliquid-phase substances. The most effective method is to fill
ucts are emitted in the stratosphere, it is impossible to reprahe capsules with coarsely dispersed aerosols. In this case,
duce the set of determining factors of stratospheric processéise filling coefficient can be reduced to 0.5-0.6, so that if the
under laboratory conditionésuch as gravitational accelera- standard overall mass of the capsule is 110 kg, 50—70kg of
tion, the real radiation spectrum, and so),owhich makes aerosol can be supplied per shot.
the realistic modeling of the effects of emissions in the  These characteristics show that the experiments being
stratosphere a relevant issue. discussed are technically feasible.

Here we examine the possibility of carrying out practical In order to assess the possibility of recording the emis-
experiments in which ozone-active components of emissionsion, calculations were made of the spatial evolution of the
(such as N@, Cl,, and so ohare supplied to the stratosphere reagent cloud and the distribution of the ozone concentration
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using a model described in Ref. 5. The instantaneous emisfter emission. In this case, the horizontal diameter of the
sion of 30kg NQ and C}, into a stationary atmosphere at cloud increases to 400 m. Spectral devicepecially de-
25km altitude was considered. A spherical region whosgsigned to measure short-lived ozone variations can record
pressure is the same as that of the surrounding atmosphere-i). 159 variations in the total ozone content. If necessary,
initially defined. The reagent cloud then expands anisotropirepeated rounds can be fired every 5-10 min to increase the
cally and at the same time the ozone concentration falls rafeagent mass in a particular cloud or form a chain of clouds

idly. As the cloud expands and the reagent concentratiof}, particular direction. Thus, a combination of this ballistic

decreases,. aﬁer more than_ 100s “slow” reduction of thedewce with terrestrial and balloon apparatus can be used to
ozone begins in the interaction zone. The pattern of the pro- - . )

; o - : study the effect of emissions under real stratospheric condi-
cess is qualitatively similar to that described by AleksandroV,

and Batomonkuevaln our calculations we observed a stagegOns ;Jhsmr? mwfurra;fan:our;ts. of eftmlssc;ons Ifr;d cap also re-
of “fast” ozone reduction in the central part of the cloud for uce the harmiul etfects ot aircrait and rocket engines.

10-40s when N@was emittedFig. 2). After 40's this stage As well as supplying various substances into the atmo-
is replaced by replenishment of the ozone concentratiorsPhere, ballistic systems can also be used to launch diagnos-
which is caused by the NOphotodissociation reaction and fic capsules. This particularly applies to air sample collec-
does not occur when the ozone layer interacts with chlorindors, but more elaborate diagnostic apparatus can also be
emissions. The maximum reduction in the total ozone confired from a ballistic system with a high initial acceleration.
tent on a path running through the center of the cloud is There is no need to use large-diameter capsules to sup-
0.5-0.6% for both these reagents and is observed 5-7 miply small devices and small quantities of materials. In this

0.8 -

FIG. 2. Relative ozone concentratio€) versus vertical coordi-
nate ;) measured from the center of emissith— 55,2 —
20s,3—40s, andd — 60 9.
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TABLE I. can reach stratospheric altitudes. By reducing the capsule

Caliber, Capsule weight, Muzzle velocity, Launch ceiling, weight and also decrgasmg !tS CaIMSchahber.ﬂrmg Sys

mm kg m/s km tem), we can substantially raise the launch ceiling compared
with the data given in the table.

76 6.2 680 7.5

85 9.5 790 9.8

100 15.6 900 12.4

130 33 970 16.1 1C. H. Murphy and G. V. Bull, J. Geophys. Re&(19), 223 (1967).

152 43.6 810 14.4 2Scientific Assessment of Ozone Depletion: 13®dport No. 25, WMO

203 110 960 25 Global Ozone Research and Monitoring Project, Ger@82.

3H. S. Johnston, Scienckr3 679 (1971).
4R. F. Davletkin, G. M. Lokhov, and O. V. Yatsenko, Pis'ma Zh. Tekh. Fiz
19(19), 5 (1993 [Tech. Phys. Lett19, 604 (1993].
case, rounds of less than 203 mm caliber can be used. TabRE. L. Aleksandrov and G. V. Batomonkueva, Izv. Akad. Nauk Fiz. Atmos.
| gives data on the launch ceiling for standard-weight cap-egkeKa”,\?i’%(l)’ 146%9'\?5\'/ Tereb, Meteor. Gidrol. No. 1, 148993
sules at elevations of 80—85° for existing standard systems. = '~ ooV and E. V. Tereb, Meteor. Lidrol. To. & :
It can be seen that only a few of the standard systemgranslated by R. M. Durham
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It is demonstrated that in principle, a global reconstruction technique can be used to reconstruct
a dynamic description from short signdlsss than ten base periods of the oscillatjpns

which means that the reconstruction technique can be employed to estimate metric and dynamic
characteristics of the operating regimes of dynamic systems using short time series.

© 1999 American Institute of Physids$1063-785(19)00206-3

One method of studying various processes and phenona certain basis, limited to a finite number of terms. In the
ena in real life involves constructing and investigating math-simplest casef-; can be defined in terms of-degree poly-
ematical models of them. Such a model is conventionallynomials:
constructed by allowing for all the most important factors

which influence the behavior of the system. The modeling v n n

tas:k is complic_atgd _considerably if ?nform_ation on the quectFj(xi): > Ciiyye...) InH x:(ifi, > le=v,
being studied is limited by a one-dimensional time series of lil2, - 1n=0 k=1 k=1

one of the coordinates of state of the system. In 1987, a )

global reconstruction algorithm was proposed to construct a

mathematical model for this cad@ This algorithm can pro- WhereC;, ., are unknown coefficients which need to
vide a dynamic description in the form of a system of first-be determined. This representation will be used in the
order ordinary differential equations or discrete mappinggpresent study.

and is implemented in two stages. The first stage involves We note that the reconstructed model will be cumber-
determining the embedding space dimension and recorsome and will contain manyusually several tensof the
structing the attractor using the scalar time sergs coefficientsC;, | I, The global reconstruction proce-
=a(iAt), i=1,... N. The second stage involves definiag dure itself, which includes carefully selecting the parameters
priori the general form of the equations and specifying theof the algorithm at all its stages, is very tedious and labori-
evolution operator by the least squares method. This methogus. When this procedure is implemented, the question arises
was later improveti® and new approaches were developedas to what this model actually gives the researcher in the

for modeling using a one-dimensional time sefiés. event of a successful reconstruction. The information of
We assume that the system being studied can be deractical interest in the analyses of time series is that on the
scribed in the form operating characteristics of the dynamic system generating
this time series. Given the implication that in the dynamic
% —F(x), XeR" (1) system under study there is an attractor, these characteristics
dt ' ’ are the spectrum of Lyapunov exponents and the dimension.

These characteristics are usually calculated using standard

whereF is a r:onllnﬁa(; vector fu'rlmtt)llonf and is the state halgorithms(for instance, Refs. 8 and)9provided that the
vector. Several methods are available for reconstructing t fime of the series is sufficiently long that the structure of the

vr?ctorx from al tlme series, of which the following two are attractor being studied can be assessed along the phase tra-
the most popular: jectory. When fundamentally short signals are udess than

_ ten base periods of the oscillatignsis incorrect to use these
t)y=(a(t),a(t+7),....a(t+(n—-1 , 2 . . :
x(O=(ab).alt+r) (t+( )7) @ methods, because over the observation time the phase trajec-
x()=(a(t),dat)/dt, . .. d"La(t)/dt"1). (3 tory does not have time to visit all the regions of the attractor

and/or returns to these regions insufficiently frequetftly.
The global reconstruction problem is solved by selectingHere we consider the possibility of using a global reconstruc-
a priori the form of the vector functiofr in Eq. (1), calcu- tion algorithm to estimate the attractor characteristics in
lating the values ofix;/dt by numerical differentiation of these situations. From this point of view the influence of the
the scalar time series;, and then using the least squaressignal durationthe number of point& for a fixed discreti-

method to specify the evolution operator. zation stepAt) on the result of the modeling acquires fun-
One of the main problems here is selecting the right-damental importance.
hand sides of Eq(1). Since it is impossible to specifg In Ref. 11, by applying a reconstruction algorithm to

priori even an approximate form of the functiofg, j one-dimensional time series obtained by integrating the
=1,...n, these are represented as an expansion in terms efjuations for a Van der Pol oscillator
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1.66 for any N> N, the value oféh'l"2 """ ' will be less than
stz The estimate ofN,,, indicates the minimum

max
length of the time series required to calculate the approxima-
tion coefficients with predefined accuracy.

Note that the behavior of the reconstructed coefficients
(convergence does not depend on how well the priori
selected form of the model can describe the operating regime
1~621000 5000 of the initial system. In the following analysis we shall only

N consider those forms of the right-hand sides for which the
solution of the reconstructed system can describe the initial
oscillation regime fairly accurately. We also note that solv-
ing the problem of reconstructing a system with a periodic
regime seems to us fairly trivial. In addition, studying a sec-
tion of a time series which exhibits only a few oscillations
does not allow one to say whether it corresponds to a chaotic
or a complex periodic regime. Thus, we shall confine our
analysis to the case when the oscillation regime under study
is chaotic.

We shall consider the specific example of asBler sys-
tem. For the given values @ b, andc this system demon-
strates chaotic behavior with an attractor characterized by the
following spectrum of Lyapunov exponents;~0.09, A\,
=0.0, A3~—10.0. We shall take the coordinaxgt) dis-
cretized with the stepat=0.01 as the signal being studied.
We shall solve the modeling problem for this signal for vari-
ous N (Ne [2000-4000). The other parameters were se-
lected as follows:n=4, v=3. Of the three reconstructed

2000 N 4000 phase coordinates two were obtained by a delay method and
FIG. 1. Arbitrarily selected coefficients in the approximations to the non-ON€ was obtained by numerical differentiatiorx¢f). Figure

linearities on the right-hand sides of the equations in the reconstructedc shows the dependence of the arbitrarily selected recon-
model as a function of the numper of pomt_s in the tm_1es sedies Van der structed coefficiean - ._in this range oiN.

Pol oscillator =2, reconstruction using first coordinatet=0.01, delay Bl n ;

method,»=3); b, ¢ — for a Resler system (=4, reconstruction using In order to obtain a clear representation of the results of

first coordinate,At=0.01, two coordinates reconstructed by the delay the modeling for each reconstructed dynamic system for a
méethod, one by numerical differentiatiom=3). Line 1 corresponds to selected number of pOinN, we shall calculate the spectrum
Cap,001~—5.9. . .

of the Lyapunov exponents and the Lyapunov dimension us-
ing the Kaplan—Yorke formul® The corresponding depen-
dence ofA; andD, is plotted in Figs. 2a and 2b.

It can be seen from this figure that there is a sefNof
values for which the attractor of the reconstructed math-
ematical modelwhen the other parameters of the numerical
system are fixedhas dynamic characteristics similar to those
—b+2z(x—¢), of the attractor of the initial system generating the signal
dt being studied. However, there is also a setNofalues for

©6) which periodic oscillationsX;=0) are reconstructed instead
of dynamic chaos. In Fig. 2a the asterisks also indicate points
and also to various other known model systems, we estalyhere the phase trajectory does not belong to the basin of
lished that theN dependence of each approximation coeffi- 5tiraction of the attractor of the reconstructed equattbe
CientCiy i, I separately eXthItS convergence to SoMegq| tions of the model system do not possess the property of
limiting value Cy, | . 1, @s N increases. Two examples pyisson stability
are illustrated in Figs 1a and 1b. In this case, the distribution of the; and D, values

We introduce the relative error in the determination of gptained for varioud\ will have two maxima(Figs. 2c and
theI Cloefficlient caused by the short length of the time seriesq) one corresponding to the known unsuccessful recon-
5JN' tra n:|Cj,I1,I2 ..... |n—C?,|1,| ,.'__,|n|/|C?,|l,|2 ..... |n|- struction, i.e., the reconstruction of the periodic oscillation

", we can de- regime using a chaotic signal. The second maximum corre-

Having defined the permissible erréj;]';)’('z
termine N, using the envelop@UlJ2 I (N) such that sponds tox;~0.08, D, ~2.016. In Fig. 2c the dashed lines

------

dx_ y_ 1-bx? =1.0, b=03 (5
Y g al-bx)y-x, a=10, b=03 (5
and a Resler system

dx_ N dy_ N dz
gi= -t grExray, g

a=0.15, b=0.2, ¢=10.0,
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0.05 1.35 FIG. 2. 3 b — Values of the leading Lyapunov exponent cal-
culated by the method described in Ref. 13 and of the
Lyapunov dimension of the attractors in the mathematical mod-
-0.03 50 N 3000 0~952000 N 2000 els reconstructed for eadN. The lines1 give the attractor
characteristics of the model system reconstructed using a long
05 0.5 signal, i.e., several hundred base periods;<0.08, D,
c 2{y d =2.015), the linex2 give the attractor characteristics of the
initial system(6) — \;=0.09, D, =2.01; ¢ d — distribution
densities of\; andD,_ .
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Results are presented of an experimental determination of the fractal parameters of crushed sand
particles. Results of measurements of the propagation of an acoustic pulse through a mass

of sand having various degrees of dispersion are used to determine the fractional exponent in the
dependence of the propagation velocity on the ultrasound wavelength. A wave equation in
fractional derivatives is proposed to describe the propagation of ultrasonic waves in a dispersed
medium. © 1999 American Institute of Physid$§1063-785(19)00306-7

The structure and properties of dispersed media havthe results of ultrasound investigations were then used to
recently attracted increasing attention among researcherdetermine the fractal nature of a mass of quartz sand.
These media are extremely widespread, occurring both natu- Particles of quartz sand were photographed through a
rally, as in media of geological origin, and in various tech-microscope at 280 magnification for sand having a specific
nological applications. Particular interest is being directedsurface ares between 3 and 35fkg and at 630 magnifi-
toward these media because of the self-organized criticalitgation fors> 100 nfkg. The fractal dimension of the perim-
of the phenomena observed therehenomena of this type eter of the projection of the sand particles on a plane was
are characterized by self-similarity of the processes takingletermined for different scalésThe dependence of the num-
place on different scales. A renormalization group approxiber N, of length elements covering the perimeter on the
mation has been developed to describe these phenomenadoale is a power law:
statistical physics and quantum field theory, and this can be _ «D

. . . N =6 "L, (€N}
applied to calculate important physical paramefeEsom
the point of view of geometric structure, self-similar struc- whereD, is the fractal dimension andl is the scale.
tures, including statistically self-similar ones, are fractals Figure la givesN, as a function ofé using a log—log
and analyses of these structures are based on fractionglot. It can be seen that the experimental points are a good fit
derivatives*® The fractal properties of various dispersed me-to a straight line. Moreover, the lines have the same slope for
dia have been established for many friable materials by meatifferent particles having a specific surface area. For differ-
suring the adsorption of gases by their developed surfacesent specific surface areaB, varies between 1.23 for

In the present study a method of optical analysis was=200nt/kg and 1.16 fors= 35 nf/kg.
used to investigate the fractal nature of particles of crushed The fractal dimensio g of the particle projection area
quartz sand having various degrees of dispersion, and themas calculated by counting the number of squidteover-

ln NL n NS

7 7

6 a 6

5 5
FIG. 1. Logarithm of the number of particlé§ of the perimeter
length elementga) and logarithm of the number of squarblg

1 4 covering the area of the particle projectith) as a function of the
logarithm of the scale5 for quartz sand particles having specific

3 surface areast, 4 — 35,2, 5— 100, and3, 6 — 200 nf/kg.

3
2 2
1 i {
.0 1 2 3 4 )
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inV in a self-similar discontinuous structure is expressed in terms
6.0 » of fractional integrodifferentiatiod.Using a Gauss transfor-
mation for the transition from an integral over surface to an
integral over volume on the right-hand side of Ef) and
converting to differential notation, we obtain
.8
° #u_ , d*u @
a2 axe
5.6 wherec?=k/p, 1<D<2. Note that fractional differentiation
was used earlier to construct a model of filtration in porous
media with a fractal structure.
Mainardi and Tomirotfl used a Laplace transformation
5.4 to obtain a fundamental solution of an equation of the type
-12 -1 -10 -8 -8 -7 (3) in the form
in d
_ _ o u=M(z;8), z=|x|/ct?, B=2-D,
FIG. 2. Logarithm of the ultrasound propagation velocity in quartz sand as
a function of the logarithm of the mean particle diameter. i (— 1)nzn

M(z;8)= > (4)

i T=pn+(1-A)1°
ing the area of the particle projection on the plane for differ- ~ Equation(3) generates a dispersion equatibfi=aw
ent scales of the sides of the squares. Figure 1b gitfkesas  for the propagation of sound in a fractal. The velocity of this
a function of 8 in a log—log plot. The linear nature of the Wavefrontisu~k®~1. Assuming that the fractal object pos-
experimental dependence also shows up clearly hereDgnd Sesses scale self-similarity, a change in the particle scale by a
varies between 1.582 fos=200nt/kg and 1.784 for factor a implies an effective change in the wavelength
s=35nf/kg. An important problem now is to determine the A—A/a. The change in velocity is then given by
structure of the entire mass of sand. In order to identify this™ a~h.
relationship, we measured the velocity of sound in dry quartz ~ Using the data obtained by measuring the velocity for
sand having different degrees of dispersion. The wavelengt#arious degrees of dispersion of the medium plotted in Fig.
of the ultrasound propagating through the medium was a#, we obtained the exponeBt=1.103, which confirms the
least an order of magnitude greater than the partic|e Sizé[&Ctﬁ' nature of the system. This fractional dispersion depen—
which ensured that the medium was studied in the wavélence is well-known for fractal mesh&in our view, the
propagation regime. The measurements were made at a pulduction in the ultrasound propagation velocity with in-
repetition rate of 67 kHz and the thickness of the sample§reasing dispersion of the sand can be attributed to an in-
was 25mm. We measured the time taken for the leadingrease in the effective acoustic propagation path for the
edge of an ultrasound pu|se to cover a known distance in thgound wave thl’OUgh the material. This result reflects the fact
medium and we then calculated the wave propagation velod¢hat the structure of a mass of quartz sand consists of alter-
ity. The pulse shape varied negligibly during propagationnate voids and dense particle formations with numerous con-
through the samples. tacts.

The results of the measurements are plotted in Fig. 2 in  To conclude, we must stress that the assumption fre-
the form of a graph showing the linear dependence of thguently made when modeling dispersed systems, namely,
logarithm of the ultrasound propagation velocity in a mass ofhat the particles are arbitrarily spherical and closely packed,
quartz sand on the logarithm of the mean particle diameteis inconsistent with the real structure of finely dispersed me-
As the dispersion of the sand increases, the ultrasound propéia.
gation velocity decreases, falling below the speed of sound
in air. In order to explain the observed dependence of the'p pak, Tang Chao, and K. Wiensenfeld, Phys. Rev. 158381 (1987).
velocity of sound in the medium on its fractal properties, we *N. N. Bogoliubov and D. V. Shirkovntroduction to the Theory of Quan-

derivatives Nauka, Moscow, 1984, 649 pp.
’ . 3B. Mandelbrot,Les Objects Fracta(Flammarion, 1995 200 pp.
In order to construct a mathematical model of the one-4R. r. Nigmatullin, Teor. Mat. Fiz90, 354 (1992.
dimensional propagation of a longitudinal wave along xhe ZI. P. Guk, Zh. Tekh. Fi£8(4), 7 (1998 [Tech. Phys43, 353(1998.
axis in a dispersed medium, we assume that the stress at the. gepdpir'F'aCta's(P'e”“m Press, New York, 1988; Mir, Moscow, 1991,
bpundary of a_selected volumeis det_ermmEd by the gra- 7S. Tricot, Courbe et Dimension FractaléSpringer-Verlag, Paris, 1993
dient of the displacement of the solid phase. Newton's 349 pp.

second law for the selected volume can then be written as ®R. P. Mdlanov, Pis'ma zh. Tekh. Fi22(23), 40(1996 [Tech. Phys. Lett.
22, 967(1996].

J%u 3Py °F. Mainardi and M. Tomirotti, irProceedings of the International Work-
f p——dV= kf ds. 2 shop on Transforms and Special FunctipBsfia, 1994, pp. 171-183.
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High-efficiency narrow-band free-electron maser using a Bragg cavity with a phase
discontinuity in the ripples
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A. P. Sergeev, and A. S. Sergeev
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Pis’'ma Zh. Tekh. Fiz25, 19—-28(June 12, 1999

A new, highly selective Bragg cavity system having phase discontinuity in the ripples inside the
interaction space was used to develop a free-electron maser based on the LIU-3000
acceleratoffree-electron maser oscillajorThis system operated at 30.7 GHz with a power of
around 50 MW and an efficiency of 35%, which is the highest yet recorded for this class

of system. ©1999 American Institute of PhysidsS1063-785(09)00406-1

1. Bragg cavities in the form of waveguide sections withBragg cavity system, also considered by Kovakvall,
slightly rippled side walls were first proposed as electrody-which consists of a cavity formed by two rippled
namic systems for free-electron masers in Refs. 1-3 andiaveguides, where the ripple has a phase discontinuity of
have been successfully used to fabricate narrow-band oscivhere the two meefFig. 1). This cavity has a natural mode
lators in the millimeter wavelength rande’ These experi- at the exact Bragg resonance frequency whose Q-factor con-
ments used a two-mirror system: the cavity was formed bysiderably exceeds that of the other modes. This circumstance
two Bragg reflectors separated by a section of regular wavesignificantly enhances the selective properties of this cavity
guide in which the interaction with the electron beam mainlycompared with a conventional two-mirror system. The high
took place. In particular, this type of cavity was used in aQ-factor of the dominant cavity mode means that the length
free-electron masetFEM) oscillator developed in joint ex- of the interaction space can be reduced, which is attractive
periments at the Joint Institute of Nuclear Resedfdhbng  for improving the efficiency and lowering the sensitivity to
and the Institute of Applied Physics of the Russian Academyhe initial spread of beam parameters. Here we report theo-
of SciencegNizhnii Novgorod based on the LIU-3000 lin- retical and experimental studies of an FEM oscillator based
ear induction accelerator. In these experiments using a resn this new type of Bragg cavity.
versed guide field, Bogachenkev al® and Ginzburget al® 2. The conditions for the establishment of single-mode,
reported a 35MW output power with 26% efficiency at single-frequency oscillation were first investigated by means
31 GHz, which exceeded the level achieved earlier in similaof a numerical simulation of the process of establishment of
oscillators®>~’ Single-mode, single-frequency oscillation was self-oscillation. A method of couple@oncurrent and coun-
achieved in the range of optimum parameters. A numericalerpropagatingwaves was used to describe the interaction of
simulation indicates that this regime is established at théntra-Bragg structures via a space—time apprdadfigure
nonlinear stage as a result of competition between sever&la gives the time dependence of the electron efficiency for a
longitudinal modes falling within the effective reflection moderate excess of the cavity Q-factor above the threshold.
band of the Bragg reflectors and initially excited by the elec-An analysis of the frequency spectrum shows that the domi-
tron beam. The results of the simulation and the experimentsant cavity mode is excited at the exact Bragg resonance
show that when the phase mismatch vairiies., when the frequency with almost no “parasitic’ modes even under
energy or the translational velocity of the particles varies transient conditions.
various longitudinal cavity modes having similar frequencies  Note that, along with the highest-Q mode, the spectrum
and Q-factors may be excited. This circumstance may bef cavity modes generally also contains additional modes
considered to be a particular disadvantage of this type of‘lateral” relative to the Bragg frequengywhose frequen-
oscillator because, as a result of the almost unavoidable ircies lie outside the opacity band of the Bragg structures.
stability during operation of the accelerator and the poweiThese modes are essentially the modes of the various seg-
sources of the FEM electron-optical system, jumps in thements making up the phase-shift cavity. As the coefficient of
radiation frequency may occur during a single pulse andvave coupling at the Bragg structures increafes, the
from one pulse to another. However, for many applicationgdepth of the ripple increasgghe Q-factors of these modes
of high-power millimeter oscillators, stringent constraintsincrease and ultimately the starting conditions for the excita-
must be imposed on the frequency stability of the radiationtion of these modes are also satisfied. Several cavity modes
For instance, high stability combined with high powers arecan be excited under transient conditions in this cavity. How-
required to power the high-gradient structures in the newever, in the nonlinear regime, when the Q-factor of the
generation of acceleratot®. modes moderately exceeds the lasing threshold, the

This problem may be resolved by using an alternativehighest-Q mode then inhibits the others as a result of nonlin-
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w3 r

a
0 FIG. 1. Schematic of Bragg cavity with a ripple phase discon-
tinuity.

ear competition, and steady-state oscillation is established iating stability of the FEM power supply system can be re-
this mode(Fig. 2b). It is important to note that for optimized duced considerably and are easily attainable in existing ex-
parameters steady-state oscillation in the dominant mode igerimental facilities.
established for any phase mismatches in the self-excitation 3. The FEM electrodynamic system used for the experi-
band. Moreover, the longitudinal field structure in the cavityment comprised a cavity formed by two sections of circular
is more favorable for removing energy from the electronwaveguide 22 mm in diameter, with rippled side walls in the
beam(Fig. 2b compared with a two-mirror cavity, which form of a meander of period=5.4 mm and deptla; be-
enhances the efficiency by a factor of approximately 1.5. tween 0.3 and 0.6 mm. At the point where these structures
An increase in the length of the segments making up thevere joined, the ripple has a phase discontinuityrofThe
cavity causes a further increase in the Q-factors of the laterdéngth of the cavity input segmeht (on the cathode side
modes. By systematically varying the phase mismatch in thisvas varied between 20 and 40 cm and the length of the out-
cavity, it is possible to establish steady-state oscillation input segment, was varied between 10 and 20 cm. The lowest
the dominant highest-Q mode and in lateral modgg. 20.  TE; ; mode of the circular waveguide was selected as the
Nevertheless, the frequencies of the lateral and dominanworking mode. The optimum cavity parameters were calcu-
modes are fairly well separated, their frequency differencdated for the conversion of this working mode of the intra-
being half the width of the opacity band of the Bragg struc-Bragg structure into a feedback modeév,,, which was
tures. This is slightly greater than that for a two-mirror cavity observed near 31@z. Figure 3a and 3b give the calculated
where several longitudinal cavity modes lie within the opac-dependence for cavities of different length and also the re-
ity band. Thus, in a phase-shift cavity an appreciable changsults of cold electrodynamic measurements of the reflection
in the phase mismatch is required to tune the oscillation frontoefficient as a function of frequency for a Bragg cavity with
the dominant to a lateral mode. The constraints on the opeg ripple phase discontinuity. In this method of measurement,
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FIG. 2. Simulation of the process of establishment of self-
oscillation in cavities with a ripple phase discontinuity of
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1.00 put power was obtained in a hot experimetthe calculated
075 17 ‘:l Q-factor of the dominant mode at the exact Bragg resonance
osoJ \! frequency for a known wave coupling coefficient was 1300.

1 4. Experimental investigations of the free-electron maser
0251 |§; [ were carried out using the LIU-3000 linear induction accel-
0.00 S - erator (Joint Institute for Nuclear Research, Dubnahich

295 300 305 310 315 320 delivered an electron beam having a particle energy of
1.00 - Rz,—~ A T ‘e b 0.8 MeV, a current of up to 200 A, and a pulse duration of
ors4 M 200 ns at a pulse repetition rate up to 1 Hz. A working trans-
050 4 : verse velocityB, ~0.2 was imparted to the particles in a

1 : spiral wiggler with a period of 6 cm, having adiabatically
0257 : smooth switching for the first six periods. The wiggler was
0.00 +H—~——————————— positioned inside a solenoid. The amplitude of the transverse

295 300 305 310 315 320 field B,, on the axis was varied between 0 and 0.3 T and the

f, GHz guiding magnetic field, was regulated up to 0.7 T. The
s ] Poer MW) ¢ output current from the accelerator and the oscillator was
40 - recorded using induction and resistive detectors and was
150—-200 A under various operating conditions. The radiation
20 power was measured using calibrated crystal detectors for
. : which the accuracy, including the calibration accuracy, was
¢ T A ~20%. The radiation spectrum was measured using a set of
20.5 300 305 310 315 320 cutoff waveguide filters with a diameter step of 0.1 mm,
60 7 Pouc (MW) d which can determine the frequency in the range 26—40 GHz
] to within 1.5—-2%.
40 . .
] The selected operating regime of the free-electron maser
20 used a reversed magnetic guide figddibsequently denoted

] as negativg!?*3 oriented so that the direction of the cyclo-

0 -4 - —— tron rotation of the electrons was the opposite of their direc-

295 300 305 310 3L5 320 tion of rotation in the field of the spiral wiggler. Advantages

f,GHz of this FEM operating regime are that a high-quality helical

FIG. 3. Reflection coefficienR as a function of frequency for cavities of electron beam is formed’,the sensitivity to the initial Spread
different geometry(solid curve — result of cold electrodynamic measure- Of the beam parameters is low, and consequently a high ef-
ments, dashed curve — calculated values: d=I,=21.6cm and b — ficiency can be achievet!* This is confirmed by the results
I;=26 cm,l,=13 cm (@,=0.6 mm. The hatched areas in Figs. 1c and 1d of previous experimenta| investigations of amp'ﬁ?élls and

indicate the frequency intervals in which the recorded radiation frequency, . 9 f :
fell for free-electron masers with different cavity geometries, and the heightOSCIIIatOfB FEM systems where the maximum eff|C|ency

of the hatched region corresponds to the maximum radiation power: ¢ —Was obtained in this regime.
I,=26cm,l,=13cm; d —I;=39 cm,l,=13 cm (@;=0.6 mm). In the present experiment, circularly polarized radiation

was observed on entry to the free-electron maser, whose

structure corresponded to the excitation of T, , lasing
the natural modes correspond to the minima of the reflectiomode. The microwave pulse lasted 100—-150ns. In agree-
coefficients. Note that when the lengths of the segments amment with the calculations, the maximum radiation power
equal, the incident wave is reflected from them in antiphasewas obtained near 31 GHz. The system was tuned to the
so that in this case the reflection coefficient at the frequenciegptimum oscillation regime by varying the wiggler and sole-
of the natural modes tends to zefBig. 3@. When the noid fields, which altered the particle translational velocity.
lengths of the segments differ substantially, the coefficientIhe cavity parameters were varied by selecting the ripple
of reflection from each segment differ significantly and thedepth, the lengths of the Bragg structuleegments and
total reflection coefficient from this cavity will be fairly close also the length ratio of these segments.

to unity, even at the frequencies of the natural modeg. The maximum radiation power of 486 MW was ob-
3b). This explains the difficulty of making cold measure- tained at 30.7 GHz using a cavity formed by segments 26 and
ments in cavities having this geometry. 13cm long. The working current was 170 A, which corre-

It can be seen from Fig 3a that for a symmetric cavitysponded to a lasing efficiency of around 35%. The wiggler
the width of the opacity band and consequently the coeffiand solenoid fields werB,=—0.21T andB,,=0.12T. The
cient of wave coupling at the Bragg structured.16cm®  results of measurements of the radiation spectrum for these
show good agreement with the calculated results. The meaavity parameters are plotted in Fig. 3c. The hatched region
sured frequency of the highest-Q mode was 30.7 GHz, andorresponds to the frequency range between two neighboring
the small shift from the calculated value may be attributed tdilters (in terms of cutoff frequencigsn which the radiation
the difference between the period of the fabricated structuréequency fell. A comparison with the results of the cold
and the calculated value. For the asymmetric cavity whoseneasurements of the mode spectr(ffigs. 3a and 3bsug-
parameters are given in Fig. 8im which the maximum out- gests that the measured spectrum can be interpreted as
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single-mode single-frequency oscillation. Further confirmadfigurations have been studied. The FEM parameters for
tion that the oscillation is single-mode is provided by thewhich oscillation was observed and the measured efficiencies
absence of any low-frequency modulation of the output sigshow good agreement with the values obtained from a nu-
nal corresponding to the mode beats, which was observeaherical simulation of the excitation process. For optimum
earlier in multifrequency oscillation regimes in free-electroncavity parameters an output power of around 50 MW was
masers with two-mirror Bragg cavitiés-owever, the fairly  obtained at 30.7 GHz with a 35% efficiency, which is the
large difference between the frequencies of the dominant andighest yet recorded for this type of device. The radiation
lateral cavity modegaround 2% allowed the oscillation at spectrum corresponded to the excitation of the highest-Q
these frequencies to be distinguished experimentally usinghode.
the existing set of waveguide filters. In previous experiments  The authors are grateful to N. F. Kovalev, M. I. Petelin,
using two-mirror Bragg cavities, it was difficult to measure and G. G. Denisov for useful discussions.
the radiation spectrum by a similar metHbit should be This work was supported by the Russian Fund for Fun-
noted that in accordance with the results of the simulatiordamental ResearckGrant Nos. 97-02-16643 and 97-02-
(Figs. 2a and 2bfor optimum cavity parameters over the 17379.
entire range of variation of the field3, andB,, (i.e., over
the entire range of phase m|sm@tdsc|”at|0n was observed IN. F. Kovalev, M. I. Petelin, and M. G. Reznikov, Author’s Certificate
in the dominant m_‘?de in the CaVity s_elf-exgita_tion band'_ 2\N/0L7I§?a5tgr’r12an8yl\']llslzcg:$ztblz\lrg :%1%88 G. Denisov, Pis'ma zh. Tekh. Fiz
When the position of the phase discontinuity was shifted 7 1320(1981 [Sov. Tech. Phys. Letf, 565 (1981)].

toward the center of the cavity.e., using segments of equal 3V. L. Bratman, G. G. Denisov, N. S. Ginzburg, and M. I. Petelin, [EEE J.
length, the output power decreased. This is because wheqaus\’/‘tum ;'GV%WO”QJE%% 2822(1883- 4L Zhana. Nudl. Instrum. Method
the Bragg structures are positioned symmetrically, the micro- Pr'lys_a‘;%’s_ 'A'snglyle'(lgg;'. - -t and L. zhang, Rucl. Instrim. Miethods
wave energy fluxes in both directions of the cavity are thesk. mima, T. Akiba, K. Imasaki, N. Ohigashi, Y. Tsunawaki, T. Taguchi,
same' Degrading the symmetry of the cavity by shifting the S. Kuruma, S. Nakai, and C. Yamanaka, Nucl. Instrum. Methods Phys.
phase discontinuity toward the collector can provide almost,Res- A304 93 (199D. .

- . . .. . T. S. Chu, F. Hartemann, B. G. Danly, and R. J. Temkin, Phys. Rev. Lett.
unidirectional coupling out of the radiatiolrompare Figs. 72, 2391(1994).
2a and 2p ’P. zambon, W. J. Witteman, and P. J. M. van der Slot, Nucl. Instrum.

It should be noted that when the length of the input \l\;lerogg ZZ%Se-an?:\f- ﬁ% 83%%3?- A A, Kaming, K. Kaminski

Segment of .the .Ca\{lty was increased to 39 cm, the resul'_[s o?N.. Y-u. Pgskov, V. P S.ar-antsev, S?lN..Se.dykh, A P.- Sérgeev, an(,i A S.
the simulation indicated that lateral modes were excited gergeey, pPisma zh. Tekh. FRA(22), 45 (1995 [Tech. Phys. Lett21,
separately. Results of measurements of the power and fre-925(1995].
guency of the output radiation in the range 29-32 GHz are’N. S. Ginzburg, A. A. Kaminsky, A. K. Kaminsky, N. Yu. Peskov, S. N.

plotted in Fig. 3d. The oscillation frequency was tuned by ?:fgf'fgéé' P. Sergeev, and A. S. Sergeev, IEEE Trans. Plasmagsci.

varying the fieldB, andB,,, i.e., by selecting the optimum 105 '\ sessler,Laser Acceleration of ParticlelP Conf. Proc. p. 154

mismatch for the excitation of each mo@®mpare with Fig. (1982.

20). The fields for which radiation was observed in the Iateralllg- ISD.I‘IGImZbIlIJErIgiEN'I.' Yu. PSISKOV’ AS-;L- ?%@gig\éé& R. M. Robb, and A. D.
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Formation of ArCl (B) molecules in a transverse volume discharge
A. K. Shuaibov, L. L. Shimon, A. I. Dashchenko, Yu. Yu. Neimet, and I. V. Shevera

Uzhgorod State University
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Results of optimizing & =175 nm ArC[B-X) emitter pumped by a transverse volume
discharge are presented. The formation of ABTImolecules was investigated in a plasma formed
by mixtures of rare gases with HCI and,Cholecules. It is shown that the Cmolecule is

the most efficient chlorine carrier and that neon at pressaf&3kPa is the most efficient buffer
gas. © 1999 American Institute of Physids$1063-785(19)00506-9

Electric-discharge lasers and lamps using rare-gas hahe highest-intensity radiation for 175 nm Ar(B—X) and
lides are widely used in microelectronics, photochemistry258 nm C§ . The spectra also showed a broad weak band
medicine, and other fields of science and technofefgy. with a maximum at 199 nm, which we ascribed to the C—A
Emitters using the B—X ArCl transition, which have one of ArCl transition? For the discharges using mixtures of rare
the shortest wavelengths, 175 nm, have currently been littlgases with Gl molecules the 258 nm band was between two
studied. Lasing in ArGB—X) was reported in Ref. 3, but its and three times brighter than that for HCI mixtures.
output characteristics were appreciably inferior to those Figure 1 gives the brightness of Ar@—X) radiation as
of ArF emitters having a similar lasing wavelength a function of the content of HCI molecules in a transverse
A=193nm (Ref. 4. This is mainly because of the small volume discharge using an He/Ar/HCI mixture. The
cross section for stimulated emission\at 175 nm in ArCl.  optimum HCI content, 80 Pa, is considerably lower than
It is therefore preferable to use AB-X) in sources of that for 308nm XeCl and 222nm KrCl emitters
spontaneous vacuum ultraviolet radiation with pulse length§P,,=300—-400 Pa). Replacing HCI with Cinolecules in-
<100-200 ns. Various pulsed sources of vacuum ultraviolecreases the brightness of the Ar@-X) radiation, and the
radiation pumped by a transverse dischafgbave been de- optimum C} content is in the range 300-400 Pa. This dif-
veloped in the vacuum ultravioldétvithin the transmission ference in the efficiency of formation of Ar@) can be
range ofAN =110-190 nm windows 126 nm A% , 146 nm  attributed to the absorption of vacuum ultraviolet radiation
Kry, and 172nm X&. These sources require expen- by HCI molecules. The experiments were carried out using
sive, heavy rare gases. The possibilittes of developingharging voltages o&15kV.
simple, moderate-pressure, vacuum ultraviolet emitters at Figure 2 gives the brightness of the Ar@-X) radia-
N=175nm in ArCl have not been studied. tion as a function of the buffer gas pressure and also shows

Here we report results of optimizing the active medium
of an electric-discharge vacuum ultraviolet emitter using
He(Ne)/Ar/Cl,(HCI) mixtures.

A transverse volume discharge was ignited in a system
of electrodes 18 cm long. The interelectrode gap was 2.2 crr
and the width of the discharge region was between 0.5 anc0 sl
0.7 cm. We used automatic spark preionization similar to that™
used in Ref. 8. The discharge was ignited using an LC circuit
with a 30 nF capacitance and 9.4 nF peaking capacitance. £
TGI1 1000/25 thyratron was used as the switch in the pulseco'6
supply system. The radiation was recorded using a half-
meter vacuum monochromator fabricated using a Seya-
Namioka system. A 1200 lines/mm diffraction grating was
used and the emitter was connected to the monochromato
via a Cab window. The radiation detector was an GH42
photomultiplier with an LiF window. The monochromator
and the section for the photomultiplier were evacuated to
high vacuum. A side window having an aperture of 18 | X
X 1.8 cm was provided in the emitter to pump extended me- ¢ 200
dia with vacuum ultraviolet radiation. A spectroscopic study _ o
of the plasma was made in the range 130-300nm. "0 Seness e S IS0 adaten o o s

The radiation spectra of a transverse volume discharge Iﬁscharge(l) and as a function of the €kontent in an Ar/C{ mixture (2)
mixtures of rare gases with HCI and,Gholecules revealed for [Ar]=5.3 kPa. Curved and2 are each normalized to their maxima.

J, arb. units
10F 2 1

T

400 P, Pa
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J, arb. units
10 B ’
v1"%x0.76
08F
0.6 FIG. 2. Brightness of =175 nm ArCl(B—X) radiation as
a function of the Ng1) and He content2) in Ne(He)/Ar/
HCI=[Ne(He)]/8/0.8 kPa discharges and brightness of
ArCl (B-X) radiation in the following mixtures:
1'—Ne/Ar/Cl,=8/8/0.226 and 1"—Ne/Ar/HCI=48/16/
0.08 kPa.
04}
02}
1 1 1 1 ]
0 20 40 60 80 P, kPa

comparative data on the ArCl brightness for g @lixture ~ active mixture pressures:50kPa He is the most efficient

and for an increased content of Ar atoms in the gas mixturebuffer gas, whereas at higher pressures Ne is the most effi-

At mixture pressuress50kPa, He is the most efficient cient. This discharge is also a sourcercf 258 nm Cf ra-

buffer gas, whereas at higher pressures Ne is best. The opdiation, for which the optimal media are similar to those for

mum argon content in the active mixturessid6 kPa. Using ArCl emitters.

Cl, molecules in a transverse volume discharge in a reduced-

pressure Ne/ArGlmixture can enhance the brightness of the

ArCIl(B—X) radiation more than fourfold compared with a *J. Bendig, J. Inf. Rec. Mate(5, 385 (1987.

similar HCI mixture. The brightness of the= 258 nm CE 2V. Yu. Baranov, V. M. Borisov, and Yu. Yu. StepandRare-Gas Halide
.. . . . Electric-Discharge Excimer Lasef$n Russian, Energoatomizdat, Mos-

radiation band for discharges in tie)/Ar/HCI mixtures cow (1988, 216 pp. ’

also exhibits the same dependence on the buffer gas conteAR. w. waynant, Kvantovayal&ktron. (Moscow 5, 1767(1978 [Sov. J.

as for the ArC{B—-X) band. The brightness of the 4Quantum Electrong, 1002(1978].

A =258 nm C} radiation is an order of magnitude higher for g'u :ﬁtlma’é?éC';‘é?}gtol"ggj(ﬁ‘;'g?' (Moscow 5, 1771 (1978 [Sov. J.

discharges in an Ne/Ar/gimixture compared with a similar st “sayurai, N. Goto, and C. E. Webb, J. Phys. D: Appl. PIg.709

HCI mixture. Investigations of the service life of the (1987.

ArCI(B—X) radiation showed that the brightness of the 5A. A. Kuznetsov, V. S. Skakun, V. F. Tarasenko, and E. A. Fomin, Pis’'ma

. . Zh. Tekh. Fiz19(5), 1 (1993 [Tech. Phys. Lett19, 133(1993].

175nm Arq band for a dlSCharge in a Ne/Ar/HEA8/16/ V. S. Skakun, V. F. Tarasenko, E. A. Fomin, and A. A. Kuznetsov, Zh.

0.08 kPa mixture was reduced by a factor of four aftet 10 Teun. Fiz.64(10), 146 (1994 [Tech. Phys39, 1054(1994].

discharge pulses. 8A. K. Shuaibov, Pis'ma Zh. Tekh. Fi24(1), 85 (1998 [Tech. Phys. Lett.
Thus, optimizing the composition of a 175nm ArCl 934' SSélgsa]-h_ Aol Pl 95 (198

(B—X) electric-discharge emitter showed that Glolecules +H. R. Hutchinson, Appl. Phys21, 95 (1980.

are the best chlorine carriers at pressures of 300—400 Pa. Atanslated by R. M. Durham
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Theory of multiple scattering in a fractal medium
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An analysis is made of multiple scattering of particles whose ranges have a power-law
distribution corresponding to a fractal medium. The small-angle approximation is used to derive
an expression for the angular distribution of particles which have traversed a specific path.

The results of numerical calculations are presented.1999 American Institute of Physics.
[S1063-785(19)00606-0

West and Zosimov and Lyamshéwave reported theo- ® X
retical analyses of the scattering of waves by inhomogeneous W(6,x)= >, a(“>(0)f Q(x—x")g™M(x")dx’. (4
self-similar structuresgfractalg. The need for such calcula- n=0 0
tions has been stimulated by studies of structures such as In the classical theory of multiple scattering, the scatter-
amorphous polymers, colloidal aggregates and aggregatéisg centers are assumed to be distributed independently with
formed in air from microscopic solid-phase particles, porousa constantfor a homogeneous mediyraverage density. In
materials such as porous aerogels, and sdlarthe present this case, the mean free path distribution has the form
paper we consider the multiple scattering of particles in a
fractal medium made up of a random distribution of scatter- Go(X) = 14 €Xp( = pX), ®)
ing centers with power-law long-range correlatiéns. where u is the linear scattering coefficient, which is the re-
In the small-angle approximation the deflection of a par-ciprocal of the mean free path. Sincqu”)(x)
ticle from its initial direction is described by the two- =u(ux)" texp(ux)/(n—1)! and Qu(x)=exp(—ux), the
dimensional vectom (see, for example, Ref.)5Let us as-  angular distribution(2) is described by the generalized Pois-
sume thatr(6) is the angular distribution of a particle being son distributiofi
scattered once by an isolated atofw;(#)dé=1, and then

the distribution of a particle having undergonescattering W o 0,%) = expl — uX) ('“X)na(n)(ﬁ) (6)
events is given by the multiple convolution of these distribu- o n=o n! '
tions:

For x—o the average random number of terms increases as

" wx, and its relative fluctuations decrease agux) 2
o )(0)=f o(0")o"(9—06")de’, (D Since for largen we have
where o(9(9)= 5(6). The angular distribution of particles 1
Mgy~ —— _p2 2
which have traversed the pattis given by o (6) 27n(02) exp — 6°/[2n( )1}, @)
where

W(0.0)= 2 pa(x)a(0), 2
<®2>:J ?a(6)do
wherep,(x) is the probability that over the paththe par-
ticle will undergo exactlyn scattering events. This probabil- is the mean square of the single scattering angle, the angular
ity characterizes the medium and is related to the distributiomlistribution for large depths has the form
density of the mean free patf(x) by

x Wo(0,X)~ ————
pn(X)=fo Q(x—x")qM(x")dx, () ’ 2mux(©?)

, ®

obtained by Ferndi for multiple Coulomb scattering of
I charged particles.
QM) = L q(x")dx The fractal distribution of the random poin{s;} on a
_ N straight line is described by a power dependence of the av-
is the probability that a random range exceedsidq(™(x) erage numbeN(x) of points on the sectiof; ,x; +x], one

is @ multiple convolution of the distributiore(X) describing o4 of which coincides with one of the fractal points:
the distribution of the coordinate of theth collision point.

In this notation, the distribution is given by N(X)~AXY,  X—00, 9

exp{— 6%[2ux(©?)]},

X— 0
where
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wherea<1 is the fractal dimensioffor =1 we have the [(n+1)BI'(1—a)] Y*x=[nBl'(1—a)] Yx
homogeneous Poisson ensemble considered abbwvéehis

case, we have ~[nBr(1-a)]” Yx(na)*
a(x)~aeBx “7t,  x—oo, (10) (14)
and from the theory of stable distributidhs and expanding this as a series, we obtain the asymptotic

expression
q8” () ~[NBI(1-a)] *g()(nBI'(1-a))~¥x),
Pa(¥)~[NBI(1—a)]~Y*x(na) g

n—oo, (ll)
, , , X([NBT(1—a)] Y*x), x—oo. (15)
where g{¥(x) is the one-sided density of the stable law
whose Laplace transforifin the formB) can be written Then, using expressiofY) again and converting in expres-
" sion(2) from summation oven to integration with respect to
§(a)()\)5fo g(®(x)e " Mdx=exp(—\%). (120  the variable

— _ -1l
The densitiegy(*)(x), like the normal density, describe the 7=[nNBI(1=a)] 75,

limiting distribution of a sum of independent random quan-\e arrive at the distribution

tities but unlike the normal density, they belong to distribu-

tions of the type(10) whose mathematical expectation is W(6,x)~(4DxY) " (D(|g|/JADX*¥), x—oo,  (16)
infinite.

Introducing the notation where
o X 2
Q(n)(x):f q(”)(x’)dx’, G(a)(x):J' g(“)(x’)dx’, D= <® >F(1+a) ,
X 0 2B(I'(1—a))?
we write the probability that over the patha particle will and
undergon collisions:
Pn()=Q" ()~ Q™ (x) f(“)(u)=W_lfwdre_uzTaT"g(”)(T), a<l. (17
=G ((nBl(1—a)) Yo%) —G([(n+1) °
— i (a) — — @ -
X BI'(1— )] Yox). (13 For a—1 we obtaing'®(7)— é(7—1) andf%(u) be

comes a Gaussian distribution, but fax<1 we obtain a
Expressing the argument of the subtrahend function in theifferent distribution, which has a logarithmic singularity at
form zero

f @

0.1

FIG. 1. Distributions off “(u) for the exponents = 1/3,
1/2, 2/3, 5/6, and 1.

0.01
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¥ (0)
1

FIG. 2. Angular distributions of multiply scattered particig( 6)

(8) and W () (16) for a=1/2 for a thickness corresponding to an
average of 500 collisions. The mean-square angles of single scat-
tering (©2) are the same. The circles give the results of a Monte
Carlo simulation(10 000 histories The filled circles correspond to

a homogeneous medium having the exponential range distribution
(5) and the open circles corresponds to a fractal medium having the
power-law distribution of ranged.0).

0.01
0.2 1 0

f“(u)~[27rl“(1—a)]‘1|ln ul, u—O0; (18 Both the width and the form of the angular distribution

of particles undergoing multiple scattering in a fractal me-
dium can be used to determine experimentally the fractal
dimensiona of an inhomogeneous structure.

outside this region, however, it is described by the
asymptotic expression

a(Ba—2)12(2-a) This work was supported by the Russian Fund for Fun-
fe(u)~ fu’z(l’“)’(z’“) damental ReseardiGrant No. 98-01-03307
o -
X exp{— (2— a) a0y ey, (19 1B 3 west, J. Opt. Soc. Am. A 1074(1990.

2V. V. Zosimov and L. M. Lyamshev, Usp. Fiz. Na65, 361 (1995.

The results of nu.merIC.aI calcullatllo.ns using ELj7) for sev- 3Fractals in Physics: Proceedings of the Sixth International Symposium on
eral exponentg, including the limiting casex=1, are plot- Fractals in Physicsedited by L. Pietronero and E. Tosaftlorth Holland,
ted in Fig. 1. The mean-square angle of multiple scattering is Amsterdam, 1986; Mir, Moscow, 1988, 672 pp.
. f A
calculated analyt|ca|ly V. V. Uchaikin and G. G. Gusarov, J Math. Ph)’&S(S), 5(1997.
SA. I. Kol'chuzhkin and V. V. Uchakin, Introduction to the Theory of
J— 4 Particle Propagation Through Mattelin Russiar, Atomizdat, Moscow
6%(x) = FratD PX" (20) (1978, 256 pp.
(a+1) 5W. Feller,An Introduction to Probability Theory and its Applicatiqrérd
The angular distribution of multiply scattered particles in a igéx\";‘?g ’:gw York, 196 [Russ. transl., later ed, Vol. 2, Mir, Moscow

fractal medium exhibits a slower increase in width*’? as 7E. Fermi, Phys. Rev63, 485 (1940.

compared withxx*? for a homogeneous medium. The form 8V. M. Zolotarev, One-Dimensional Stable Distributiong\mer. Math.
of the distribution(16) differs from the normal distribution in ~ Soc, Providence, R{1986 [Russian original, Nauka, Mosco983,
having a higher probability concentration at small and large 304 pp.

angles(Fig. 2). Translated by R. M. Durham
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Quantum-dot injection heterolaser with 3.3 W output power

A. R. Kovsh, D. A. Livshits, A. E. Zhukov, A. Yu. Egorov, M. V. Maksimov, V. M. Ustinov,
I. S. Tarasov, N. N. Ledentsov, P. S. Kop’ev, Zh. I. Alferov, and D. Bimberg

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg Institut fu
Festkaperphysik, Technische UniversitBerlin, Hardenbergstr. 36, D-10623 Berlin, Germany
(Submitted March 1, 1999

Pis'ma Zh. Tekh. Fiz25, 41-46(June 12, 1999

Continuous-wave lasing has been achieved via the ground state of composite vertically coupled
INnAlAs/InGaAs quantum dots in an AlGaAs matrix with a room temperature output
power of 3.3 W at both mirrors. €999 American Institute of Physid$1063-785(9)00706-5

Over the last few years structures with self-organizedrapping at states involved in the lasing. Since the trapping
guantum dots have been attracting increasing interest itimes in InGaAs/AlGaAs quantum-dot structures are fairly
semiconductor physicsThe main difference between these long (tens of picosecond® and an array of quantum dots
and quantum-well structures is their delta-function density ohas a finite number of states determined by its surface con-
states, which suggests that the characteristics of semiconducentration, there has long been some skepticism regarding
tor lasers may be drastically improvéd.To date consider- the use of quantum dots for laser applications requiring high
able progress has been achieved in this direction. In variousdiation powers. The quantum-dot concentration can be in-
systems of materials, lasing has been achieved via thereased by using several layers of quantum daiad also
quantum-dot ground state with threshold current densities dby forming these on vicinal surfacésln Ref. 7 we proposed
63 Alcn? (Ref. 4 and 11 A/cnd (Ref. 5 at room tempera- an alternative approach which can enhance the surface con-
ture and at liquid nitrogen temperature, respectively. centration of quantum dots in each layer. The basic idea of

The possibility of achieving high output powers in this approach involves using denser arrays of InAlAs quan-
guantum-dot laser diodes has not yet been adequately stutltm dots as centers for the stimulated formation of InGaAs
ied. In Ref. 6 we reported cw lasing in a structure with anquantum dots directly involved in the lasing. Ultimately an
InGaAs/AlGaAs quantum-dot active region with an outputarray of composite, vertically-coupled quantum dots is
power of 1 W at room temperature. By improving the quan-formed whose surface concentration is defined by the InAlAs
tum dot formation processye succeeded in increasing this quantum dots, whereas the optical transition energy is deter-
value to 1.5W(Ref. 8. Here we report a self-organized mined by the InGaAs quantum dots. This method was used
quantum-dot laser with a maximum output power of 3.3 W.to form the active region in the laser studied here.

One of the main mechanisms limiting the power of semi-  The structure was grown by molecular beam epitaxy on
conductor lasers is spectral hole burniisge Ref. 9 and the an n*-GaAs(100) substrate using a solid ,Asource in a
literature cited thereincaused by the finite rate of carrier Riber 32P system. We selected a standard double-hetero-

Au/
e CrAuv/
Si0, ZnAu

p-Al, Ga, As cladding layer

Al Ga, As (x=0.6-0.15) waveguide

S % e ot FIG. 1. Schematic of laser diodes with active region
C QD active TRElon. 2 formed by composite vertically-coupled InAlAs/

: InGaAs quantum dots in an AlGaAs matrix.

n-Al, Ga, As cladding layer

A 1GaAsQD
O\ InAlAsQD
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33 3.28W and 73%, respectively. Above 2.7 A, the power—
b current characteristic begins to curve as a result of heating of
the laser active region, which leads to a regular long-
I wavelength shift of the lasing maximum.

I=3A The method of increasing the surface concentration of
quantum dots used in the present study can increase the
maximum current flowing through the structure in the lasing
I=15A regime, which is limited by the finite number of quantum
dots and the carrier trapping time in these dots. It can also

1=405mA reduce the population of matrix states for the same level of

- pumping, which can then reduce the parasitic currents and

840 850 860 870 880 890 900 overheating of the structure caused by recombination via
LA wavelength, nm higher states. Both these factors are extremely important for

FIG. 2. Watt—ampere characteristics of cw laser at 1@8)Clasing spectra aCh'eV'ng a hlgh output pOW_er'
at various pump currenig). To sum up, we have achieved an output power of 3.3W

from a quantum-dot laser, which is the highest power re-
corded for quantum-dot lasers, and we have thereby demon-

structure geometry with separate carrier and lightwave constrated that these lasers can be used for applications requiring
finement, and a graded-index waveguide. The structure i@ high output power.

shown schematically in Fig. 1 and the inset shows an image This work was supported by INTAS Program No. 96-
of a cross section through the active region, which was po0467 and by the program BMBF 13 No. 7231.

sitioned at the center of the QuBn thick waveguide layer

and consisted of an array of composite vertically-coupled

guantum dots. The first three layers of quantum dots were

formed by depositing 5.3 ML thick InAlAs layers separated

by 5nm thick Ah,£GaAs spacers and then depositing three!L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
layers of InGaAs quantum dots, separated by the same spacAppl. Phys. Lett47, 1099(1985.

ers. The transition from two-dimensional to three- zY- Arakawa and H. Sakaki, Appl. Phys. Led0, 939 (1982.
dimensional growth of the In-containing layers was observed Mégszadlzg'(l'\gggmom' and Y. Suematsu, IEEE J. Quantum Electron.
directly during the growth process from the appearance of 843 M.,Ustinov, A Yu. Egorov, A. R. Kovsh, A. E. Zhukov, M. V.
shaded reflection high-energy electron diffracti®@HEED) Maksimov, A. F. Tsatsulnikov, N. Yu. Gordeev, S. V. Zaitsev, Yu. M.
pattern. The growth temperature during deposition of the ac- Shernyakov, N. A. Bert, P. S. Kop'ev, Zh. I. Alferov, N. N. Ledentsov,
tive region was 485 °C, whereas the substrate temperaturel. Bohrer, D. Bimberg, A. O. Kosogov, P. Werner, and U. Gosele, J.
during growth of the waveguide and the emitters was 600 °CSSrﬁt-Li't?r:"g\?leﬁi?ﬁki?-A Yu. Eqorov, A, R. Kovsh. . V. Zaitsev
and 700 O.C’ regpectlvely._The entire struciure was grown In N. Yu. Gorde’ev, V. I Kopcr’1atov, N. N. Le;ientsov, A. F Tsatsul’nikO\’/,
an arsenic-enriched environment, standard for molecularg \, Volovik, P. S. Kop'ev, Zh. I. Alferov, S. S. Ruvimov, Z. Liliental-
beam epitaxy. Weber, and D. Bimberg, Electron. Le84, 670 (1998.

This structure was used to fabricate stripe lasers of width®Yu. M. Shernyakov, A. Yu. Egorov, A. E. Zhukov, S. V. ¥sev, A. R.
W=100um using “wide contact” technology. The insula-  Kovsh, I. L. Krestnikov, A. V. Lunev, N. N. Ledentsov, M. V. Maksimov,
tor forming the stripe contact was a Quén thick |ayer of A. V. Sal.<har0v, V.‘M. Ustinov, Chao Chen, P. S. Kop'ev, Zh. I. Alferov,

. . . - . and D. Bimberg, Pis'ma Zh. Tekh. F23(4), 51 (1997 [Tech. Phys. Lett.
SiO, deposited by magnetron sputtering of silicon in an oxy- 23, 149(1997),
gen atmosphere. A contact with the"-GaAs layer was  7a R. Koush, A. E. Zhukov, A. Yu. Egorov, V. M. Ustinov, Yu. M.
made by depositing and brazing ZnAu and CrAu alloys and Shernyakov, M. V. Maksimov, A. F. Tsatsul'nikov, B. V. Volovik, A. V.
also strengthening with gold to achieve better indium wetting Lunev, N. N. Ledentsov, P. S. Kopev, Zh. I. Alferov, and D. Bimberg,
during the subsequent soldering onto the heat sink. A contacg;s'j- '\Tﬂe‘g‘r-];‘r’]')‘/ﬂg\‘:oiﬁi ul1;;‘(()12388[5\‘/’m\'/2‘|’g‘&‘£c§\’r? ggzlii?/gi]h
with the nJ_r-SUb‘_Strate was mz_ide bY dep0_5|t|ng GeAu and Kovsh, A. V. Lunev: N. N. Ledentsc;v, M. V. Maks’imov, A V. Sai(harov,
strengthening with gold. No dielectric coatings were depos- V. M. Ustinov, Zhen Zhao, P. S. Kop'ev, Zh. I. Alferov, and D. Bimberg,
ited on the mirrors. Pis’'ma Zh. Tekh. Fi24(9), 50 (1998 [Tech. Phys. Lett24, 351(1998].

The p-sides of the lasers were indium-soldered to a cop-°N. Kirstaedter, O. Schmidt, N. N. Ledentsov, M. Grundmann, D.
per heat sink and measurements were made under cw condiBimberg, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, M. V. Maximov,
tions at a heat sink temperature of 10°C. Figure 2a shows rPe'icSh' 'ngg‘l’ gg(')("lgggmv’ A. O. Kosogov, U. Gosele, and J. Heyden-
the power—current characteristic of a laser diode with a cavior \akino, J. D. Evans, and G. Mak, Appl. Phys. Lett, 2871(1997.
ity of lengthL=950um. Figure 2b shows the electrolumi- 11q. xie, A. Madhukar, P. Chen, and N. Kobayashi, Phys. Rev. [Z&t.
nescence spectra of this laser at various pump currents. The542(1995.
threshold current Waﬁh: 402 mA, which Corresponds to a 12y, P. Evtikhiev, I. V. Kudryashov, E. Yu. Kotel'nikov, V. E. Tokranov,
current density of 423 Alcha The maximum radiation A. N. Titkov, I. S. Tqrasov, and Zh. I. Alferov, Fiz. Tekh. Poluprovodn
power (P,,) and the differential quantum efficiencyyf) on 32, 1482(1998 [Semiconductors2, 1323(1998].

the linear section of the characteristic for both mirrors weretranslated by R. M. Durham

3.0
25}

20

P, W (per two facets)




TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 6 JUNE 1999

Fabrication of cerium oxide films on sapphire by rf magnetron sputtering
E. K. Hollmann, S. V. Razumov, and A. V. Tumarkin

State Electrotechnical University (LETI), St. Petersburg
(Submitted February 2, 1999
Pis'ma Zh. Tekh. Fiz25, 47-51(June 12, 1999

Results are presented of experiments to fabricate preferent2dd oriented CeQ films
without mechanical stresses on,®% substrates. ©1999 American Institute of Physics.
[S1063-785(109)00806-X

The use of high-temperature superconducting and ferrobuffer layers for fabricating YBCO and STO films on
electric films in microwave instruments and devices imposesapphire? The crystal lattice of cerium dioxide, which exhib-
various constraints on the films themselves and on the sulits cubic symmetry witha=5.420A, is matched with the
strate materials. First, the substrate material should be suibriented ¢-cut) lattice of ALO; and with the lattices of
able for growing epitaxial films and second, the dielectricstrontium titanate and YBCO. In addition, the linear coeffi-
properties of the substrate should satisfy the constraints intcient of thermal expansion of cerium dioxide is similar to the
posed by the microwave applications. thermal coefficients of STO and YBCO.

A promising substrate material for depositing high- The quality of the Ce®@buffer layer, and specifically the
temperature superconducting and ferroelectric fillespe- existence of blocks having only one orientation or blocks
cially STO) for microwave applications is sapphire (8l;) having different orientations to the substrate surface as well
(Ref. 1). However, at the high deposition temperatures re-as the tensile or compressive strain of the lattice in many
quired for epitaxial growth, chemical interaction may takerespects determine the subsequent growth of structurally per-
place between the growing film and the sapphire. The diffifect YBCO and STO films.
culties involved in fabricating films such as YBCO and In the present study we investigated the growth of ce-
strontium titanate on sapphire are compensated by their goailim oxide films onr-oriented sapphire substrates in order to
dielectric properties and high mechanical strength. obtain coatings of this buffer layer preferentially oriented in

The problem of matching the substrate and growing filmthe (200) direction to the substrate surface with minimum
materials from the point of view of crystalline compatibility lattice strains.
and interdiffusion between the substrate elements and the The cerium oxide films were prepared by rf magnetron
film may be solved by using buffer layers. Materials chemi-sputtering of a ceramic CeQarget. The films were depos-
cally and structurally matched with YBCO and STO are usedted in a pure oxygen atmosphere. The preliminary sputtering
as a buffer layer for sapphire. Commonly used compoundsime with the baffle closed was 15-20 min. The working
include PrBaCu;O,, zirconium oxide stabilized with yt- pressure decreased from 60 Pa at the beginning of the depo-
trium, cerium dioxide, and othefs. sition process to 8 Pa after 30 min and then remained con-

Cerium dioxide is currently one of the most promising stant during growth of the film. The total time taken to de-

Yo.u,
0,2

0,1 ,,,,,,,,, AT )

FIG. 1. Stress of Ceffilms versus temprature of substrate
holder.
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FIG. 2. Overall width of(200 peak versus temperature
of substrate holder.

FWHM, deg.
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posit the film was 120 min. The temperature of the substratéotal stress of the film, plotted as a function of the synthesis
heater was varied between 770 and 910 °C during the deptemperature. The results suggest that in our case, the opti-
sition process. After the growth had ended, the films werenum temperature of the substrate holder-i870°C. The

cooled in pure oxygen at atmospheric pressure. films obtained at this temperature exhibit the lowest lattice
The phase composition and structural quality of thestress in the absence of afiyll)-oriented phase inclusions.
CeG; films were investigated by x-ray diffractometry. Figure 2 gives the overall width of th00) peak as a

An analysis of the phase composition of the Gdins  function of the temperature of the substrate holder, which
showed that depending on the synthesis temperature, the filmdicates the structural quality of tH@00 phase. It should
is either preferentially oriented, with th@00 orientation be noted that the synthesis temperature which yields,CeO
relative to the substrate surface, or it contains two phasefiims preferentially oriented in th€200) direction to the sub-
oriented in the(200 and (111) directions. The films of strate surface with the minimum lattice stres¢Egy. 1) is
mixed orientation, containing both th&00 and (111) also optimum from the point of view of crystallite sizes. The
phases, form at lower synthesis temperatures than the filmebsence of any stresses in the films obtained at substrate
having preferentially200-oriented blocks. The analysis was holder temperatures of 870° C suggests that at the opti-
made by comparing the integrated intensities of (@0  mum synthesis temperature the absolute value of(2106)
and(111) peaks normalized to the corresponding intensitiepeak width is clearly only determined by the region of co-
measured for powder samples. herent scattering of the x-rays in the film.

In order to obtain a more accurate estimate of the tem- To conclude, these investigations suggest that the tem-
perature range for synthesis to produce cerium oxide filmgerature of the substrate holder during the film growth pro-
preferentially oriented in th€200) direction and having lat- cess is one of the determining factors for the formation of
tice parameters corresponding to those of the single-crystdligh-quality cerium oxide films. The presence of a minimum
samples, we made a detailed analysis of the x-ray diffractioin the temperature dependence of the x-ray peak indicates
patterns of these samples, which can be used to determirieat there is an optimum temperature for the synthesis of
the tensile or compressive strain of the lattice. The analysi€eQ, films. In our case, the optimum heater temperature is
was made by comparing the interplanar spacings measured870° C. Thus, this growth regime can produce structurally
for the (200 phase of the films with the interplanar spacing perfect CeQ@ buffer layer films, which opens up extensive
for the same phase of a powder sample possibilities for the subsequent fabrication of high-quality
d—d YBCO and STO films on sapphire.

P % 100,

d
P LE. K. Hollmann, O. G. Vendik, and A. G. Zaitsev, Supercond. Sci. Tech-
whereY is the relative stress of the filnd, is the interplanar nol. 7, 609 (1994.
. . . . 2 H
spacing for the samples, add is the interplanar spacing for A G. Zaitsev and G. Ockenfuss, J. Appl. Ph§s, 3069 (1997
F. Vassenden, G. Linker, and J. Geerk, Physich76 566 (1991).
the powder sample.

Figure 1 gives the lattice strain which determines theTranslated by R. M. Durham
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Possibility of nondestructive layer-by-layer analysis of multilayer structures of ultrathin
films using low-energy hydrogen ions

V. A. Kurnaev, N. N. Trifonov, M. N. Drozdov, and N. N. Salashchenko

Moscow Engineering Physics Institute
(Submitted January 14, 1999
Pis’'ma Zh. Tekh. Fiz25, 52—-56(June 12, 1999

The possibility of nondestructive monitoring of the distribution of the composition in multilayer
structures was investigated experimentally by analyzing the energy spectra of scattered
hydrogen ions. ©1999 American Institute of Physid$$1063-785(19)00906-4

Progress in the field of micro- and nanotechnology hagions plotted in Fig. 2 show that the computer code accu-
attached increasing importance to monitoring the parametersitely predicts the position of the peak on the energy scale
of thin and ultrathin layers of different composition. The but not its shape(Note that if the energy dependence of the
most widely used method of studying their composition andorobability of positive ion formation is assumed to have
depth profile is layer-by-layer analysis by various methods osome influence, this gives a difference in the peak energy of
ion beam sputterinigsuch as Auger spectroscopy, secondaryless than 1%
ion mass spectroscopy, scattering spectroscopy, recoil atoms, The position of the peak determined by the most prob-
and others However, in these methods of analysis the deptable energy losaE can also be estimated from the simple
resolution is at most 3nm and the region being analyzed isingle-deflection model usually used to analyze the scattering
effectively destroyed. Rutherford backscattering can be use@f high-energy ion$:
for nondestructive layer-by-layer analysis, although this re- ) _ "
quires expensive equipment and the depth resolution is poor. AE~KL{1/sina+1/sin(¢—a)}E"*+ AE,, (1)
Using light ions with energies of hundreds of kiloelectron-

volts can improve the resolution to 1 n(Ref. 2. Here we ' ) X
P (Ref. 2 inelastic energy losses on the root of the eneigys the

present results of an investigation into the possibility of us-, . X :
. . . . . thickness of the BC layer, andAE is the energy lost in an
ing hydrogen ions having energies of a few kiloelectronvolts. . - €
g hydrog g g lastic collision between a particle and an Mo atom. The

The experimental geometry is shown in Fig. 1. We useugalculations using this simple formula describe the measured

a molecular deuterium ion beam having energies in the rang ependence oAE on the scattering angle with a relative

9-15keV and a current of 50—150 nA, for which the degree
accuracy of at least 0.15.

of energy homogeneity was 0.03 and the angular divergence The error in determining the position of the peak from

0.01rad. The energy spectra of the scattered ions were r ie experimental spectrum can be estimated=at keV
corded using an automatic electrostatic sector analyzer witE:he energy losses are determined with a relative accuracy of

an epfrgy resolution of 0.004 and an aperture ratio of 7"ﬂ).O?, which corresponds to determining the thickness of the
X 10 “sr. The analyzer could be turned through the angle B,C layer to within~0.3 nm.

relative to the direction of the primary beam and the other * 1o position of the peak on the energy scale, like its

experimental conditions were as Ref. 3. The target consisteg|ative amplitude, depends on the anglesind ¢ but the
of ten alternate layers of /& and Mo, 4.3nm and 0.6NM gcattering angley, has a greater influence: @sincreases,
thick, respectively, for which the results of a layer-by-layer the relative peak height above the minimum in the spectrum
Auger analysis were reported in Ref. 5. increases, whereas the most probable energy loss decreases,
Figure 2 shows the high-energy part of the deuteronsatyrating atyy>90°. Any variation of the initial energy
spectrum scattered at an angle of 60° when the target wagithin the range specified above has no significant influence
bombarded by a 12 keV ion beam. It is natural to assume thain the accuracy of determining the peak parameters_ By mea-
the 3.3 keV peak corresponds to particles reflected from theuring the position of the peak for scattering angles50°
first Mo layer beneath the surface of the target. We used th@e can determine the value &L with a high degree of
SCATTER computer codgwhich is qualitatively similar to  accuracy and thereby determine the layer thickness or, by
the well-known TRIM pair collision codéto make a com- measuring this independently, we can find the stopping
parison with the experimental results and to optimize pospower of the material. The fact that the width of the mea-
sible values of the characteristic angles and parameters of thgired peak exceeds the calculated value can be attributed to
probe particle beam. The KrC potential was taken as thearious factors which were neglected in the computer simu-
interaction potential and the inelastic energy losses were calation, i.e., the fluctuations of the ,B layer thickness and
culated from the Owen—Robinson formula using the Bragalso the possible influence of the dissociation of primary
rule for multicomponent targefswWe calculated 10trajec-  molecular ions on the particle energy distribution. Since the
tories to simulate each spectrum. The results of the calculaenergy losses of particles reflected by the molybdenum layer

wherek is the proportionality factor in the dependence of the

1063-7850/99/25(6)/2/$15.00 442 © 1999 American Institute of Physics
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FIG. 1. Schematic of experiment. FIG. 2. High-energy part of the deuteron spectrum reflected by a multilayer

B,C/Mo target bombarded by 12 keV3Dions (60° glancing angle, 60°
scattering angle 1 — experiment,2 — computer simulation for a fC
. . rget,3 — difference between spectiaand2, and4 — computer simula-
and also the width of the peak formed by these particles ar%_?on of a B,C target with a single 0.6 nm thick Mo layer at a depth of

small compared with the initial beam energy, in principle the, 3 1m.
inhomogeneity over the thickness of the firs{Blayer can

be analyzed using the results of Ref. 3, in which Koborov

et al. determined the width of the particle energy distribution

during propagation through a thin free foil as a function of *C. P. Woodruffe and T. A. DelchaModern Techniques of Surface Sci-
various factors including fluctuations in its thickness ence(Cambridge University Press, Cambridge, 1986; Mir, Moscow, 1989,
1 . )

64 pp).
) To conclude, we have shown that low-energy hydroge”ZA. Feurstein, H. Grahmann, S. Kabitzer, and H. Oestznian, Beam
ions can be successfully used for a layer-by-layer analysis of Surface Layer Analysiedited by O. Meyer, G. Linker, and F. Kappeler

multilayer structures of ultrathin films. Estimates of the _(Plenum Press, New York, 19§%. 471.
3N. N. Koborov, A. I. Kuzovlev, V. A. Kurnaev, V. S. Remizovich, and

broadenmg of the MO layer by lon mixing under ion bom- N. N. Trifonov, Nucl. Instrum. Methods Phys. Res.1R9 5 (1977).
bard_ment, made_usmg the same S_CATTE.R.preram and alses s, Andreev, A. D. Akhsakhalyan, M. N. Drozdov, N. I. Polushkin, and
confirmed experimentally using high radiation doses, show N. N. Salashenko, Thin Solid Filn&63 169 (1995.

that the 1e4cm72 dose needed for the measurements bare|y5|\/|. N. Drozdov, S. S. Andreev, D. V. Masterov, N. N. Salashchenko, and
E. A. Shamov, Poverkhnost'l, 57 (1997.

influences the parametgrs of th_e Mo Iay?r' The .Slmp|ICIty of 6W. Eckstein,Computer Simulation of lon-Solid InteractiottSpringer-

the method together with the inexpensive equipment usedyeriag, New York, 1991: Mir, Moscow, 1995, 321 pp.

suggest that this method may be successfully used directly ifv. A. Kurnaev, E. S. Mashkova, and V. A. Molchan@&cattering of Light

production systems fdn situ monitoring of processes. lons by the Surface of Solidén Russiani, Energoatomizdat, Moscow
This work was partially supported by the Russian Fund (1989 192 pp-
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Nature of the “ring effect” in intense field emission
A. V. Batrakov and D. I. Proskurovskit

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted December 14, 1998

Pis'ma Zh. Tekh. Fiz25, 57-63(June 12, 1999

The electron trajectories corresponding to the angular distribution of the emission current are
simulated, allowing for self-heating of the cathode and the influence of space charge on

the emission. It is shown that the nature of the rings is related to the emission from peripheral
regions of the tip(conical sectionand to compression of the current from these regions.

© 1999 American Institute of Physids$1063-785(09)01006-X

Studies of pulsed field emission in a field-emissionThe delay before the current appears in the ring relative to
microscop& have conclusively established that as the cur-the field emission current from the tip apex was ascribed by
rent densities approach critical levels, the emission patterthese authofs® to the inertia in the heating of the conical
undergoes a characteristic change, with the appearance ofpart of the tip. However, these authtrscast some doubt on
bright ring surrounding the normal emission image. The authe accuracy of this explanation of the ring effect because the
thors of Refs. 1-5 showed that this bright ring may becurrent in the ring increases by two or three orders of mag-
caused by thermionic emission from the peripheral region ofiitude during the pulse, whereas the temperature correction
the cathode tip when it is heated by its own emission currentio the field emission current within the range of validity of
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FIG. 2. Current density distribution at the surface of the
anode(a) for distributions of the emission current density

(P . given by curvec (1) and curved (2) in Fig. 1 and electron
ol trajectories calculated for the second cése A — anode
20 and C — cathode.

the Fowler—Nordheim equatibris only a few tens of per- the tip region of the cathode involved in the field emission
cent. Another problem, in the view of these authorsis  becomes substantially broadein addition, the electric field
that careful scrutiny of the emission images can reveal sevat the surface of the field emitter is considerably weaker than
eral (two or three or morgrings, which may indicate that the field calculated by solving the electrostatic problem be-
they are of diffraction origin. cause of the screening influence of the space changhjch

The observation of the ring effect for voltages pulses ofmust also be taken into account in the simulation.
tens of nanosecon@sesulted in a different explanation for The model of the field-emission microscope included a
these ring$:® Zhukov and Egord¥and Zhukovet al® pos-  pointed cathode having a tip radius=0.2um, a conical
tulate that as the apex of the tip is heated rapidly by the fieldection with half-anglé® =12°, and a hemispherical anode
emission current, a very thin layer of “quasiliquid” metal of radius 2 cm. For each angular segment of the cathode we
forms on its surface. Vertically polarized waves propagatecalculated the geometric fiel,, and then using expression
along the interface between this layer and the underlying3) from Ref. 12, we calculated the real field, for this
material. At the periphery of the tip apex, where the liquidsection of the cathode. These valuesEf were used to
layer becomes thinner, the amplitude of the waves increasesalculate the emissivity of the cathode segments using the
causing rings to appear on the emission image. This modélowler—Nordheim equation. Figure la shows the angular
seems rather unconvincing because the presence of liquiistributions of the current density fop=4.5eV. The
metal in a strong electric field~10® V/cm) would inevita-  current—voltage characteristic of the field-emission micro-
bly cause a conical protrusion to develop and subsequentlycope was also calculated by integrating the distributed cur-
explode® over times<10 °s. rent density over the emitter surfa@€g.1b). Curvecin Fig.

In order to understand the nature of the ring effect, wela corresponds to the time when the space charge begins to
made a numerical simulation of the behavior of the electronnfluence the current—voltage profilpoint ¢ in Fig. 1b). As
beam in a field-emission microscope using the SuperSAMhe accelerating voltage increases, the fraction of the current
programt! We first need to know the exact angular distribu- extracted from the periphery of the field emitter tip increases
tion of the field emission current density over the cathodesubstantially. The current—voltage characteristic deviates in-
surface. We note that the ring effect begins to appear wheareasingly from the Fowler—Nordheim characteristic toward
the field emission current density is limited by the spacdower currents. The increase in current with increasing volt-
charge of the emitted electrofis Under these conditions, age is caused by an increase in the current density and by the
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involvement of the periphery in the emission process. temperatures, the condition for the end of the voltage pulse

Hence, two key factors emerge: the field emission curwas taken as the time when the emitter tip reaches 2000 K.
rent is only limited by the hemispherical part of the tip As a result of this simulation, we established that the transi-
(curvesa—c in Fig. 13 and an appreciable fraction of the tion from field emission to thermionic field emission leads to
emission takes place at the periphery of the tip af@exves a sharp rise in the fraction of the current from the periphery
d—g). Examples of the results of simulating the electronin the total curreni{Fig. 3. Since almost the entire current
beam in a field-emission microscope for these scenarios afeom the conical part of the tip is compressed into a ring, the
given in Fig. 2. current density in the ring at the anode also increases con-

After analyzing these results, we can make the followingsiderably faster than the emission current density from the tip
observations. In the absence of any appreciable emissicend the entire current from the tip. The current in the ring
from the conical part of the tip, we observe no bunching ofincreases as a result of an increase in the emission current
the electron trajectories at the periphery of the electron imdensity and as a result of an increase in the emission area.
age on the anodé-ig. 2a, curvel). In cases where the cur- The saturation of the current in the ring observed in Refs.
rent density is limited by the electron space charge wher3—5 can reasonably be attributed to the emitter going over to
appreciable emission is observed from the side surface of the quasisteady-state thermal regime. However, the upper tem-
tip, the trajectories of electrons emitted by the conical part operature constraint on using the Fowler—Nordheim equation
the tip become bunched at the periphery of the emissioprevented us from simulating the heating of the tip for higher
image (Fig. 2b. This is manifested as a high peak on thetemperatures.
angular distribution of the current density at the anode of the  To sum up, this analysis has clearly indicated that the
field-emission microscop@-ig. 2a, curve?). Thus, the emis- appearance of a ring on the field emission image is caused by
sion from the periphery can in fact explain the existence of @he peripheral part of the tip apex taking part in the emission
ring on the emission image. process. More accurate modeling may well be required to

It is also important to specify the role of the thermal explain the appearance of several rings.
correction to the field emission current in the appearance of The authors would like to than I. V. Pegel’ for assistance
the ring effect. For this purpose we made a numerical simuwith the numerical simulation.
lation of the heating of the tip by the field emission current  This work was partially supported by the Russian Fund
for the cathode geometry described above in order to detefer Fundamental Resear¢Rroject No. 97-02-17208nd by
mine the influence of the heating on the angular distributiorthe Siberian Branch of the Russian Academy of Sciences
of the current density at the cathode and the anode undéGrant from Youth Projects Competitive Examination,
conditions close to the experimedté.The value ofEj atthe  1997).
tip apex was taken to bexX710’ V/cm. The real values of the
electric field strength and the emission current density were
calculated allowing for the space charge of the emitted elec-
trons. The heat source in the heat conduction equation wag, o Dyke, J. K. Trolan, E. E. Martin, and J. P. Barbour, Phys. Ray.
assumed to be merely Joule heating. The current density injg431953,
the emitter body was calculated by integrating the emissior?i. L. Sokol'skaya and G. N. FurseRadiotekh. Elektron7, 1474(1962.
current den5|ty over the emitter surface. The Fow|er_3| L. Sokol'skaya and G. N. FurseRadiotekh. Elektron7, 1484 (1962.
Nordheim equation for the extended thermionic field em|s-sg ,:1 Il::ld:sszagf? 'TethTOF't(fBC;ei’;l;ig'g;e'[‘gof'epk&f’ %giﬁ(ﬁ?y%
sion rang@ was used to calculate the field emission current 1013(1965].
density. Since this equation can be applied at relatively Iow®H. Craig Miller, J. Vac. Sci. Technoll7, 691 (1980.
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Membrane oscillations in the channel of a steady-state plasma thruster
A. |. Bugrova, A. S. Lipatov, A. I. Morozov, and V. K. Kharchevnikov

Moscow State Institute of Radio Engineering, Electronics, and Automation
(Submitted February 11, 1999
Pis'ma Zh. Tekh. Fiz25, 64—-68(June 12, 1999

Extremely strong low-frequency oscillations-85 kHz) predicted earlier were observed
experimentally in the channel of a steady-state plasma thruster. These oscillations are mainly
caused by fluctuations of the electron temperature and affect the ion beam divergence.

© 1999 American Institute of Physid$1063-785(09)01106-4

Low-frequency €<1 MHz) oscillations in the channel mum T, (Fig. 19. For a diverging fluxFig. 1b a cross-
of a steady-state plasma thruster possess axial symfrfetry.over zone forms on the axis of the system, characterized by a
Thus, in the presence of oscillations the equipotential®  complex superposition of fluxes which depend strongly on
not the magnetic drift surfack€an either move along the the individual characteristics of the plasma thruster and its
channel(parallel to thez axis) or can change their curvature operating regime.
along the radius. Oscillations of the first type, i.e., longitu- Figure 2 shows distributions of the flux density leaving
dinal OSCi”ationS, are Usua”y considered. In 1995 MOfOZOV[he p|a5ma thruster fm;rl’ Whererl is the radius of the
drew attention to the strong influence of the second type ofnternal insulator, corresponding to Figs. 1a and 1b.
oscillations and called these “membrane” oscillations. If membrane oscillations appear in the system, the dis-
These membrane oscillations strongly influence the divertripution of the flux density will vary with time as shown in
gence of the outgoing plasma jet and the erosion of the outgjg. 2. Then, if we take two pairs of probes, p, andps,
put section of the channel insulatcrEhey are fundamen- | "whose positions are indicated in Fig. 2, it is predicted that
tally attributable to fluctuations of the electron temperaturgy, the presence of membrane oscillations the ion signals at
and the presence of a transverse flux density gradient. Thi§robespl andp, will be in phase and those at probgsand
statement follows from the formula for the electric potential p, will be in antiphase. The signals should also be accom-
_ 1(dP, panied by fluctuations of the electron temperature in the
D(x,t)=D*(¢) - Ef (1) channel of the plasma thruster.

_ _ _ Experiments carried out using the ATON plasma
Here y(r,z) is the magnetic flux function,Pe  thrystef with m=2 mgls andJ ,=250V using probes com-
=Pe(n,#), and the remaining notation is conventional. FOr yjetely confirmed these predictions. The experiment was car-
qlanty we write Eq.(1) for a Maxwellian electron distribu-  iaq out using two planar probes with a collecting surface

tion: areaS=60 mnt separated by a fixed distande=4 cm. The
KTo(t, ) n(x.t) probes were moved paralléilong thez axis) and at right
e ’ 1 .
In . (2 angles(along ther axis) to the plasma flux by means of a
coordinate device. A negative potential relative to ground
Although the change in the curvature of the equipoten=—21V was applied to the probes so that the ion compo-
tials can be attributed to a density perturbation, experimentsent of the probe current could be isolated and we obtained
carried out to measure the ion current and electron temperan oscilloscope trace of thl oscillations on the screen of a
ture fluctuation$ show that theT, fluctuations play a deci- storage oscilloscope. The frequency of the low-frequency os-
sive role. cillations was~ 35 kHz. The experiment showed that as the
Figure 1 shows equipotentials for three valuesTgf probes move along, the signals from the probes are either
optimumT (Fig. 18, maximumTgnyax (Fig. 1b), and mini-  in phase or in antiphaséig. 3a. For largerz, i.e., the fur-

n

D(X,1) =P* (1)~ — o

FIG. 1. Difference between the equipotentials and mag-
netic field lines in the channel of a steady-state plasma
thruster at various electron temperatures: a Fz= T
~g*le (c=1), wheres* is the electron energy for which
the coefficient of secondary emission of the insulator is 1;
b — Te~Temac>e*/e (o=1), and ¢ —To~Temn<e*/e
(o=1). The solid curve gives the magnetic field lines and
the dashed curves give the equipotentials.
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FIG. 2. Distribution of the ion flux density and position of
the probes relative to the edge of the thrusfer; p, —
first pair of probesp;, p, — second pair of probed. —
distribution of ion flux density for time; , 2 — distribution
of ion flux density for timet,.
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FIG. 3. a — Fluctuations of the ion current at two pairs of propesp, andps, p,; b — fluctuations of the ion currertil) and electron temperatu(@).

ther we move from the edge of the thruster, the further ar@scillations exist in a steady-state plasma thruster.

these positions from the symmetry axis of the plasma jet. This work was supported by INTAS Grant No. 96 2276.
Thus, we confirmed that beyond the edge of the thruster

there are regions in each of which the oscillations are phase-

m?‘tChed’ and these are separated by a zone where the OSClIk. I. Morozov, Physical Principles of lon-Plasma Jet Space Engifies
lations are in antiphase.

) ) ) Russian, Atomizdat, Moscow(1978.
Figure 3b shows oscilloscope traces of the ion current?A. I. Morozov, in Proceedings of the 24th International Electric Propul-

fluctuations at a wall probe mounted in the thruster channel,sion ConferenceMoscow, 1995,

. . B. A. Arkhipov, R. Yu. Gnizdor, N. A. Maslennikov, and A. |I. Morozov,
anq fluctuations of the electron temperature .ob'talned by ana Fiz. Plazmy18, 1241(1992 [Sov. J. Plasma Phyg8. 641(1992)],
lyzing the probe current—voltage characteristics. It can be+a | Bugrova and A. I. Morozov, iProceedings of the 23rd International

seen from these traces that the fluctuations of the ion currentConference on Phenomena in lonized GaJesilouse, France, 1997.
. . 5 :

at the wall probes are accompanied by fluctuations of the Aiglé Morozov, Fiz. Plazmy23, 635 (1997 [Plasma Phys. Re23, 587

electron temperature. (1997].

Thus, we have confirmed experimentally that membrangranslated by R. M. Durham
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Micromechanism for anomalous creep of MoSi  , polycrystals
I. A. Ovid’ko

Institute of Problems of Mechanical Engineering, Russian Academy of Sciences, St. Petersburg
(Submitted January 27, 1999
Pis'ma Zh. Tekh. Fiz25, 69—-73(June 12, 1999

A theoretical model is proposed for an anomalous creep effect in Ma®@ycrystals
(characterized by an anomalous dependence of the plastic strain rate on the gjaim siie
model the micromechanism for anomalous creep is represented as the diffusion-
controlled climb of grain-boundary dislocations in grain-boundary planes19€9 American
Institute of Physicg.S1063-785(109)01206-9

Plastic deformation in crystals occurs through the movethrough the dislocation corgsee Fig. 1, a dislocation of
ment of defects whose aggregate characteristics are respdengthd migrates(climbs) over a distance equal to the crys-
sible for the dependence of the strain macrocharacteristics dal lattice parametea whend/a point defects pass through
the structural parameters of the crystRefs. 1 and 2 For  its core. In this situation the dislocation climb rate is given
instance, the dependeneed P of the plastic strain rate on by
the grain sized in polycrystals undergoing high-temperature v=pa(ald) 3)
creep is determined by the behavior characteristics of en- '
sembles of defectgstrain carriers The power is usually where ¢ is the number of point defects which have passed
found to bep=2 (for Nabarro—Herring creep resulting from through the dislocation core per unit time. The valuepd§
the intragranular migration of point defegter p=3 (for  defined in terms of the flu¥ of point defects through the
Coble-Lifshitz creep resulting from the migration of point dislocation corgwhich has the cross secti@?) as follows:
defects along grain boundarjésAn anomalous dependence )
exd™P, p=5 was recently identified experimentally for g=Jda. @
MoSi, polycrystal$~>which cannot be explained in terms of In turn the fluxJ depends on the spatial distribution of
existing physical models of creep. Here we propose a modehe point defect densitieS;(x), wherei is the type of point
which attributes the anomalous dependesigel > to a par-  defect andk is the coordinate along the dislocation line. For
ticular creep micromechanism, that is, dislocation climbingsimplicity we shall confine our analysis to the case where the
in grain boundaries. main contribution to the dislocation climb is made by a flux

In the proposed model, plastic deformation in an MoSi of point defects of the same typéor instance, interstitial
polycrystal undergoing creep is resulting from the climbingatomg, moving from the edges of the dislocati¢fmaving the
of dislocations at grain boundaries, which is controlled bycoordinatesx=0 and x=d) toward its center X=d/2),
the diffusion of point defectévacancies, interstitial atonsn ~ where the spatial distributio®(x) of the point defects is
the grain boundariesee Fig. 1 The fluxes of point defects symmetric relative to the center point of the dislocation
formed under mechanical loading, which are intense at graix=d/2. In this case, to a first approximation, the fliixle-
boundaries and especially at grain-boundary triple-junctionspends onC(x) as follows:
play a particular role her.In fact, each dislocation, or

: . . . . ) C(d/2)—C(0)
strain carrier, migrategclimbs) in the grain-boundary plane J=—D gradC(x)~ aD —————
as a result of fluxes of point defects moving inside the dis- d/2
location core from its edge§oined to triple junctiony to-
ward the center and/or in the opposite directieae Fig. L

In this situation the plastic strain rate is given by

®

whereD is the diffusion coefficient in the core of a disloca-
tion situated in the grain boundary and-const.
The spatial distributionC(x) is determined by elastic
-~ —ob interaction between point defects and triple junctions as
e—=pbu, (1) . .
sources of internal stresses. More accuratilythe sense of
where p is the density of “active” dislocationsh is the the theory of interaction between point defects and sources
Burgers dislocation vector, and is the dislocation climb of internal stressgg in equilibrium C(x) is given by
rate. In this caseh does not depend oah but the density of
active dislocations is C(x)=Co expiU(X)/KT}, ©®

2 whereCy=const,k is the Boltzmann constanit, is the tem-
perature, andJ(x) is the potential of elastic interaction be-
since these dislocations are localized in grain boundaries. tween point defects and a triple junction. Disclinations which
We shall now analyze the dependenceyodn d. Since  act as sources of long-range streésisquently form at
the dislocation climb is controlled by fluxes of point defectsgrain-boundary triple junctions in polycrystals synthesized

pod™?,

1063-7850/99/25(6)/2/$15.00 450 © 1999 American Institute of Physics
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FIG. 1. Dislocation climb controlled by diffusion fluxésolid and dashed
arrows in the plane of a grain boundary bounded by triple juncti@mysin-
drical regions.

——]

from powders at high pressures such as MdBiefs. 3—5.
The interaction potential between wedge dislocations and d
latational point defects takes the fotm
Ux)=—p8In (x/a) (7)
(B=cons}, which taking account of Eqg5) and (6) deter-
mines the following dependence &fon d:
Jocd ™2 (tS)
for polycrystals having disclinations at grain-boundary triple
junctions. Equation$l)—(4) and (8) yield the following de-
pendence
god 5,

©)
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This dependence was observed in experiments to study
creep in MoSj polycrystals in a specific range of structural
parameters and mechanical loading characteristics.

To sum up, a model of plastic deformation resulting
from dislocation climb in grain boundaries of polycrystals
with connecting disclinations efficiently describes the
anomalous dependencexd~®) of the plastic strain rate on
the grain size in MoSicrystals undergoing creep. However,
in order to identify the micromechanism for creep in MpSi
polycrystals(and therefore check the proposed moditlis
important to carry out new experiments to observe the evo
lution of the microstructure in deformable MgSpolycrys-
tals.

The author would like to than Dr. K. Sadananda for use-
ful discussions which stimulated this work.

This work was supported by the Russian Fund for Fun-
damental ResearalGrant No. 98-02-16075the US Office
of Naval Research, and the Volkswagen Foundation.

YAccording to Rabukhifithe diffusion coefficients at grain-boundary triple
junctions are substantially highéirequently several orders of magnitude
highep than those in the grain boundaries themselves.
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4K. Sadananda and C. R. Feng, Mater. Sci. Engl78 199 (1993.
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"B. Ya. Lyubov, Diffusion Processes in Inhomogeneous SolidsRus-
sian], Nauka, Moscow(1981), 296 pp.
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Nutational nuclear quadrupole resonance in metal oxide compounds of copper
A. S. Azheganov, I. V. Zolotarev, and A. S. Kim

Perm State University
(Submitted May 28, 1998; resubmitted February 22, 1999
Pis'ma Zh. Tekh. Fiz25, 74-77(June 12, 1999

A pulsed nuclear quadrupole resonance method that can be used to study compounds with broad
lines, especially metal oxide compounds of copper, is considered for the first tim&99@
American Institute of Physic§S1063-785(19)01306-3

For spin 3/2 nuclei the nuclear quadrupole resonancef the axes of the electric field gradient relative to the direc-
(NQR) spectrum contains only one line, so that measuretion of the rf field. In cases where quadrupole nuclei occupy
ments of its resonant frequency cannot be used to determirseveral sites in the lattice, their nutational NQR frequencies
the two quadrupole interaction parameters separately, i.ecan be distinguished even if the quadrupole parameters
the quadrupole interaction constaq,, and the asymme- eQq,, and » nuclei are the same, provided that the orienta-
try parametery of the electric field gradient. The parameter tions of the electric-field-gradient axes at their sites are dif-
7 is usually measured by applying an external magnetiderent.
field, i.e., the Zeeman effect in nuclear quadrupole  When echo signals are excited by a two-pulse method,
resonance:? The external field splits the doubly degeneratethe echo amplitude depends on three independent time pa-
quadrupole energy levels, giving a complex NQR spectruntametergthe duration of the first pulsg, the duration of the
from which the required parameters can be determinedsecond pulsé,, and the time interval between then), so
However, the various Zeeman-effect techniques can only bthat three methods of observing the modulation effect of the
applied for fairly narrow NQR lines. For metal oxide com- spin echo envelope can be used.
pounds, especially high-temperature superconductors, the We shall examine one of these methods, where the du-

lines of the NQR spectrum are fairly broad-{®® — rations of the first and second pulses are vafieteret,
10°) kHz, which means that the Zeeman effect cannot be=2t,) for a selected intervak. In this variant, the echo
used. amplitude for a polycrystal is given by

The aim of the present study is to develop an optimum
NQR method which can be applied to investigate compounds 27 (7 .
with broad lines, especially metal oxide compounds of cop- E(ty,w1,m)= fo fo Sind( w,Sir(wnt;))dode. 2
per.

Nuclear quadrupole resonance is usually recorded at the
resonant frequencwq of the excited transition. However,
NQR can also be recorded at the nutation frequency of the 4
nuclei, which for NQR is equal to the NQR frequency in a 4,
rotating coordinate systefnMeasuring the nutation fre-
guencyw, can provide information on the parametgrof
the electric field gradient. For nuclear spihs 3/2 the fre- Lo F -
quencyw, is given by ! o

1) 1 ! :
(un=2771/n=71[(p2—1)00520+ Z(Z—Fp2 ‘-2.

05 F o
1/2 2 ’ : : .
i : o g v,

+279cos2p)sirtd| , p= 1+, ) p 4 ©ooby,

where 7 is the asymmetry parameter of the electric field : a  Soo-
gradient,w;=yH; (H; is the amplitude of the rf field and i 0 8%
0 and ¢ are the polar and azimuthal angles of the veéter
in the system of principal axeX, Y, Z of the electric field © 14
gradient. FIG. 1. Amplitude of the spin echo 6fCu nuclei in Y;Ba,Cu;0,_ 5 (Cul

It can be seen from expressioh that the frequencw, position as a function of the pulse duration for an interpulse interval
in a single crystal depends apand also on the orientation 7=22us.

R

7,6 b, s
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It can be seen from expressié?) that the amplitude of the and »=0.8 (Cul). A comparison of the patterns of the
spin echo is modulated at the frequenay. modulation effect reveals that in position C(#ig. 1) the
We used the high-temperature superconductoasymmetry parameter of the electric field gradient is close to
Y,Ba,Cu;0;_4 to carry out experiments witffCu nuclei at 1, whereas in position CuFig. 2) the asymmetry parameter
frequencies of 31.13 MHZCu2) and 22.24 MHz(Cul). The s considerably smallery=0.3.
duration of the first pulsé; was varied between 1.4 and 7.6 To conclude, good qualitative agreement is obtained be-
us in 0.2us steps(the duration of the second pulse was tween the theory and the experiment for nutational NQR,
t,=2t;) and the interpulse interval was=22 us. which can be used to estimate the asymmetry of the electric
Figures 1 and 2 show the observed modulation of thdield gradient for NQR spectra with broad lines.
53Cu echo amplitude in this yttrium ceramic. The NQR line
of %Cu at 31.13MHz has an appreciable width of
~0.2MHz, which becomes comparable with the width of the zﬁ'. Efeg(;hZhn),lsl.Dl’ili\.gge%gg,?’fégg?J:QS "
radio pulse spectrum and then exceeds it as the pulse duray. g. ainbinder and G. B. Furman, Zhk8p. Teor. Fiz.85, 988 (1983
tion increasegin the experiment we introduced a correction [Sov. Phys. JETBS, 575(1983].
to allow for the narrowing of the radio pulse spectjum 4N. E. Ainbinder and A. N. Osipenko, Izv. Vyssh. Uchebn. Zaved. Ra-
These figures also show the calculated dependence of thé! o 26 1617(1983.
echo amplitude on the radio pulse duration ip£ 0.3 (Cu2  Translated by R. M. Durham
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Limitation of the field emission current density by the space charge of the emitted
electrons

A. V. Batrakov, . V. Pegel’, and D. I. Proskurovskil

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted December 14, 1998
Pis’'ma Zh. Tekh. Fiz25, 78—82(June 12, 1999

Rigorous and exact calculations are used to show that in earlier analytic studies of this problem
by Barbouret al. [Phys. Rev92, 45 (1953 ] and Aizenberg Zh. Tekh. Fiz11, 2079

(19541, the influence of the electron space charge was not taken into account very accurately. It
is shown that the real field of action is much weaker than that calculated geometrically.

© 1999 American Institute of PhysidsS1063-785(109)01406-§

It has now been established experimentally beyond anplanar diode and using the Fowler—Nordheim equation for
doubt™ that at field emission current densities the current densityj =AE§exp(—B/EC)], these authorsde-
j=5x10° Alcm? the current is limited by the space charge rived an expression for the real electric field at the cathode:
of the emitted electrons. One manifestation of this effect is
that the current—voltage characteristics calculated using the U 4 m U2 B
coordinates of the Fowler—Nordheim equation depart from a Eczf— 3—\/2: %Aexp{ )
straight line toward lower currents. Quite clearly, the space &o €

Ec

charge primarily influences the electric field intensity at the m —2B
cathode, reducing it. The greater the geometric electric field +3— A2E§d exp{ E ) (D)
Eq (the field determined by solving the electrostatic problem 2g0e ¢

for j=0), the higher the density of the field emission cur-

rent, the stronger the influence of the space charge, and comhere U, is the anode potentiak and m are the electron
sequently, the greater the screening of the emitting surfaceharge and mass, respectively, angis the dielectric con-
and the larger the difference between the real electric field attant. Since for this diode geometry we hdyg=U,/d, ex-

the cathodeE; and the geometric fiel&,. pression(1) relates the real field at the cathoelg to the
The first attempt to analyze this problem analytically geometric fieldE .
was made by Steret al for a planar vacuum diode with Quite clearly, a more accurate approach to analyzing the

infinitely extended electrodes. This problem was then anarole of space charge in a field emission diode should involve
lyzed in greater detail by Dyke’s grodpThe field emission determining the dependence®f on Eq by solving the Pois-
diode was replaced by an equivalent planar diode having ason equation for a spherical vacuum diode. This problem
effective gapd=r, wherer. is the radius of the field emit- was first analyzed analytically byi2enber§ who obtained

ter tip. Solving, as in Ref. 4, the Poisson equation for thisthe following approximate expression:

12x0t E; , V/icm
L ]
1.0x10°[- 1 =
8.0x10" [ ]
- 2 3 ;
6 0x107:—- 2 FIG. 1. Real field at the cathode versus geometric field:
- B 5 E 1 — geometric field,2 — from expression(1) for
N h $=4.5eV,3 — from expression3) for p=4.5eV,4 and
4.0x10° - - 5 — numerical solutions of the Poisson equation ir
C ] =4.5eV and¢$=3.5eV, respectively.
2.0x10" - —j
0.0 NS A W S S A SRR WS ST S U A S S A ST E S MUV Y N S A A S S A
o 1x10® 2x10® 3x10® 4x10®
E 2> V/cm
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TABLE I.
re, um Eg. Vicm E., Vicm i(Eg), Alcn? i (Ref. 8, Alen? i (Ref. 9, Alen?
0.2 5.5<10° 1.03x 10 8.7x 1¢° between 6 10° between 4.5 10°
0.15 7.3x10° 1.11x 10 1.5x10° and and
0.1 1.1x10° 1.25x 108 3.6x10° 2%x10° 6x10°

U i
Ec——a—

_rc

4r,
n_y
rC

\/ m I 2
2eU, @
wherei is the cathode current ang is the anode radius. If
the currenti is given by the Fowler—Nordheim equation,
expression(2) has the form

m -B
2eU, E. /)

Ua rC
Ee= e &o
This expression also relates the real field at the catlde
the geometric fieldEy since for a spherical diode we have
Eqg=Ualrc.
Equationg1) and(3) were solved by an iterative method
(see Fig. 1, curve® and 3).

Aaregl,

4r
In —AE2 exr{ ()

le

under intensive field emission more accurately than expres-
sion (1) and may be used to analyze the processes accompa-
nying intensive field emission. Comparing cur#snd 5,

we note that for a lower work function the screening of the
electric field at the cathode is stronger because of the higher
current density. Nevertheless, for the same geometric field
Ey a lower work function¢ corresponds to a higher field
emission current density.

It is interesting to compare our calculated field emission
current densities with the limiting current densities deter-
mined experimentally using short pulses. A comparison was
made with data from Refs. 8 and(&ingsten cathodes,,
0.1-0.2um, ry,=0.5cm, U,=15KkV, and pulse duration
5ns. The values oE, were calculated numerically for a real

In order to obtain an accurate determination of the elecvacuum-diode geometry using the SuperSAM progtam.

tric field E, at the cathode under conditions where the fieldThe results are summarized in Table I. It is easy to see that
emission current is limited by space charge, we obtained the calculated and experimental current densities are in good
numerical solution of a self-consistent, nonsteady-state prokgreement. However, attention should be directed once again
lem for an electron beam in a spherical diode using a macio the appreciable differenc@ factor between 5 and 10
roparticle method. In the model used, the emission current between the real field at the cathode and the geometric one.
from the cathode was defined by the Fowler—Nordheim  This work was supported by the Russian Fund for Fun-

equation and the electric field at the cathdglewas deter-

damental ResearctProject No. 97-02-17208and by the

mined with allowance for the space charge of the emittedSiberian Branch of the Russian Academy of Scier(@Gmsnt

electrons by solving the Poisson equation

d’U  2du A .

F+FW__ mp(r) 4
with the boundary conditions for the potential

U(re)=0, U(rp=U,. )

In order to compare these results with the results of the cal-

from Youth Projects Competitive Examination, 1997
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Temperature dependence of transport losses in multicored high-temperature
superconducting composites

I. A. Rudnev, A. E. Khodot, A. V. Eremin, and I. I. Akimov

Moscow State Engineering Physics Institute (Technical University), Moscow
(Submitted February 2, 1999
Pis’'ma Zh. Tekh. Fiz25, 83—87(June 12, 1999

Measurements were made of the ac transport losses at tempefBtu7@K in silver-sheathed
(Bi,Pb),Sr,CaCusO, composites wittN=19, 61, and 127 filaments. It was observed

that an increase in temperature causes an increase in the transport losses which depend on the
amplitude of the working transport current. It is shown that the increase in the transport

losses results from a reduction in the critical current of the composites199® American

Institute of Physics.S1063-785(109)01506-3

At present, multicored high-temperature superconductmethod using the LV/cm criterion. ForB=0 andT=77K
ing composites can be regarded as likely current-carryinghe value ofl. for different samples was between 12 and
elements for transformers and electric transmission lined9 A. The critical temperature wds=110.5 K. The experi-
with liquid nitrogen suggested as the working coolant. Inmental apparatus could vary the composite temperature be-
consequence, almost all investigations of the electrical enfween 77 and 95K in 1.5K steps and could sustain this tem-
ergy losses in the field of an alternating transport currenperature for the required time to within 0.5K. At each
(transport loss@shave been carried out &t=77K (Refs.  temperature we measured the dc and ac current—voltage
1-6). However, under the real operating conditions of elec-characteristics.
trotechnical systems using high-temperature superconducting All the samples exhibited qualitatively the same results,
elements, changes in the operating temperature may occ@fd so for the sake of brevity we shall only give typical
either for design reasons or because of emergency situatiorf&irves obtained for aN=61 composite for a transport cur-
It is therefore important to know how the transport lossed©nt frequencyf =330Hz. _
change as the temperature increases and the reasons for the Figure 1 gives the specific power losermalized to the
observed effects. sample lengthper cycle plotted as a function of the ampli-
Here we report results of measurements of the transpoft'de Of the transport curreQ(l) at various temperatures
losses in silver-sheathed multicored (Bi,PB)Ca,Cu;0, It can be seen tha_t if the cyrrent amplltudg is flxed,.a rise in
composite tapes at various temperatures. The investigatiofd® [emperature is associated with an increase in losses.
indicate that an increase in temperature causes an increase P "€OVer. the higher the working amplitude of the current,

the transport losses by lowering the critical currenof the the greater is the r?'a.“"e Increase in the losses.
composites What causes this increase in the transport losses? Calcu-

Tapes of (Bi, Pb)SKCa,Cu0/Ag composite contain- lations qf the transport losses made for differently oriented
: . composites show that the dependence of the losses on the
ing N=19, 61, and 127 filaments were prepared by the . . .
. der in tube” thod d ibed at lenath in_ th normalized amplitude of the transport currght1/1 is ac-
l.fowt er7|r_:_h ute . n:edlo esch ?tha eng éjnt © curately described by the Norris equatiofi3 and (2) ob-
lerature. -1he typical dimensions of € MEAsUred 1apeyineq  for elliptic and rectangular cross sections,
were (0.1-0.2X(3-4HX30mm and the ratio of high- respectively?
temperature superconductor to silver wa20:80. In the ex- '
periments we measured the cophasal component of the first 2

: ; Molc B
harmonic of the voltage at the sample as a function of the o=""|(2-8)=+(1-8)In(1-4)|, (1)
amplitude of the alternating transport current at different fre- ™ 2
guencies. The voltage at each frequency was determined us-
ing a selective amplifier. The inductive component of the wol? )
voltage was compensated by using a transformer loop in the Q= . [(1+A)In(1+B)+(1-B)In(1-B)—B)].
current circuit. The power of the total transport losses was 2
determined as the product of the cophasal current and the
voltage. The frequency of the alternating current was set by & particular, it follows from expressiond) and(2) that for
sinusoidal signal generator and the current was then amplfixed 8 the losses are determined only by the critical current
fied using a low-frequency amplifier and a transformer. TheandQ/I%, i.e., the loss normalized to the square of the criti-
potential outputs were loops between 1.5 times and twice theal current is a general function @f for a given geometry.
width of the tape, positioned in the plane of the taf&he  Figure 2 gives the dependenfg’lﬁ(ﬁ) plotted using the
critical current was measured by the standard four-contagheasured values d and | for different temperatures. It
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can be seen that the cur@flﬁ(ﬁ) is universal, which indi-  lar to the influence of an external static magnetic ffeldbte
cates that the changes in the losses with increasing tempertdrat by their nature, these losses are so-called “losses in the
ture are caused by a drop in the critical curréntof the  saturated zone,” which increase with decreadipg unlike
composites. hysteresis losses.

To sum up, we have demonstrated experimentally that This work was supported by the ANFKS Scientific
the influence of temperature on the transport losses amoun@ouncil, “Superconductivity” subprogram, Project No.
to a reduction in the critical current of the composites, simi-99011.
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Mossbauer spectroscopy of interlayer boundaries in magneto-noncollinear
[*’Fel/Cr],/MgO (100) superlattices

V. V. Ustinov, V. A. Tsurin, L. N. Romashev, and V. V. Ovchinnikov

Institute of Metal Physics, Urals Branch of the Russian Academy of Sciences, Ekaterinburg
(Submitted February 10, 1999
Pis’'ma Zh. Tekh. Fiz25, 88—94(June 12, 1999

Results are presented of e&bauer analyses pt’Fe/Cr];,/MgO (100 superlattices. A combined
approach was used, based on model calculations and a method of reconstructing the density
distribution functionP(H,;) of the hyperfine fields. This procedure allowed us to systematically
subtract the subspectra from the different neighborhood configurations of the re3treant

atom. A detailed structural model was obtained for the Fe—Cr transition region from a “pure” Fe
layer to a “pure” Cr layer. A deflection of the magnetic moment of the Fe atoms from the

plane of the superlattice layers was identified in the interface of the Fe and Cr layers. The specific
magnetic structure of the interface regions with different angular orientations of the

magnetic moments of the Fe atoms relative to the plane of the lflyetween 0 and 90°) is
attributed to the coexistence of strong antiferromagnetic interaction between Fe and Cr

atoms and an incommensurate spin density wave in the Cr layerd99® American Institute of
Physics[S1063-785(09)01606-1

It has been demonstrated theoretically andtion to the spectrum, were used as the initial approximation
experimentally™ that the conditions for the existence of for the model calculations.
noncollinear ordering in magnetic superlattices are in many The results of calculating the distribution function
respects determined by the structure of the interlayer bound?(Hp;) (number of sextets, magnitude of the hyperfine field,
aries(interface$. Of particular interest is the magnetic struc- and the intensity ratio of the various sexjei@re used as the
ture of the interface regions. In particular, in Fe/Cr superlatbasis for a model to unravel the subspectra for the interlayer
tices this structure may be not only an important factor in théooundary. By calculating the Msbauer spectra of superlat-
mechanism for noncollinear ordering of neighboring Fe fer-tices having Fe layers of different thickness we determined
romagnetic layers but may also have a determining influencéhe total intensitied, and I; of the spectraS, and S for
on the formation of a particular magnetic order in the cratoms of the bulk iror(bulk Fe) and the set of Fe atoms in
layers, induced by the neighboring iron layers. Here wethe interlayer boundarginterface F¢ Figure 1 give the rela-
present results of an experimental investigation of the atomitlVe intensity of the spectrum for bulk’pure”) a-Fe in

and magnetic structure of the interfaces in Fe/Cr noncolS@Mples of these superlattices plotted as a function of the

linear magnetic superlattices using the nuclear gamma res&flickness of the Fe layers determined by small-angle x-ray

nance method. diffraction. It can be seen that when the thickness of the Fe
Superlattices of’Fe/Cil;, having iron layers of differ- layers is less than 8 A, no fraction of bulure Fe occurs in

ent thicknessg., up to 95% enriched iA’Fe, were grown on these layers.

single-crystal MgO substrates by molecular beam epitaxy. Asiuml?? tt?]at the valut?? ﬁf and Ifbtr? re ;esfpecnlvely
The superlattice growth conditions and their characteristic§'oPortionat o the average thickness ot the intertace ayers

were given by Ustinowet al® and the results of studying and the thickness, of the layers of purex-Fe, which is
. . . equal totg.—t;, we can write
their magnetic and magnetotransport properties were de-
scribed by Ustinowet al®~2 li=kti;  I,=K(tge—t;). (1)
The Massbauer measurements were made in a transmis- ) ) ) , ,
Having determined the nominal thickness of the iron lay-

sion geometry using &'Co source in a Cr matrix. The ) )
y-radiation beam was directed along the normal to the sur(—erStFe in these superlattices from the x-ray measurements,

face of the film. The experimental spectra were analyzeéfve can use the formulad) to calculate the average thick-

mathematically using a program whose algorithm was deness of the interface layefhaving in mind the average for

scribed by Nikolaev and RusakdwVe used a combined both sides of the Fe layer

approach which included model calculations and a method of tre

reconstructing the distribution functidd(H,) of the hyper- t= N )

fine fields. The parameters obtained from the sstmauer 1+|—_

spectrumS, of a film containing one comparatively thick :

layer of iron, Cr(40 A)/Fe(180 A)/Cr (40 A)/MgO, for which The average thickness of the interface layer thus calcu-

the Fe—Cr interlayer boundaries make a negligible contributated for these samples was between two and three lattice

1063-7850/99/25(6)/3/$15.00 459 © 1999 American Institute of Physics



460 Tech. Phys. Lett. 25 (6), June 1999 Ustinov et al.

80 T T T T T T P(H),G.M.
P o« -Fe ¢ ,
O/O/O :M a
60 - .0 . [
tinterface_SA L yicr b
§ L
; L
HB 40+ . EYR
20 y ] 3Cr
«_/\ ’
ob—sO —— i o .
0 5 10 15 20 25 30 AN e
° [
CiFé ’ [\ [ -

7Cr $6Cr
FIG. 1. Bulk fraction of purea-Fe in layers of Fe/Cr superlattices deter- SCr
mined from calculations of nuclear gamma resonance spectra as a functic

of the thickness of the Fe layers obtained from results of an x-ray analysis

-
-
-

0 100 200 300
H, &0e

constants. This estimate of the interface layer thickness ol=G. 2. Procedure for mathematical treatment of thessbmuer spectrum of

tained using the assumption made above is confirmed by '[hsé':e in superlattices by systematic subtraction of the subsp&ggiafor
data pIotted in Fig 1 different configurations, (see text and corresponding distribution func-

: . . . tions of the hyperfine magnetic fieldP(H,) for a [Cr(13A)
In order to obtain more detailed information on the sire (14 A)},/cr (90 AMgO (100 superiattice.

atomic and magnetic structure of the interlayer boundary in
the superlattices, we carried out a procedure which involved
subtracting the contribution of the bulk-Fe from the ex- tained were then used for a model unraveling of the spectra
perimental spectrum. We analyzed the functi®t{$i,;) for  with “rigid” and “nonrigid” coupling imposed on the vari-
the difference spectra of these superlattices. This analyseble parameters. In this case, we assumed that the line inten-
showed that the nature of the distributi®{H,;) and spe- sities in each subspectrum could vary. The results of the
cifically the number of maxima and the corresponding valuesalculations for an analysis of the spectrum shown in Fig. 2
of the hyperfine fields are almost the same for all theare presented in Table I.
samples. We also found that the structure of the functions Hence, this investigation has enabled us to obtain direct
P(Hy) in terms of the parameters is similar to that deter-information on the transition region between the pure Fe and
mined earliet’~*2from calculations of the Mssbauer spec- Cr layers. An important characteristic which should be noted
tra of solid samples of RE€r; _, alloys. The varioud®(Hyy) here is the departure of the magnetic moments of the Fe
peaks correspond to different nearest neighborhood configiatoms from the plane of the superlattice. Consequently, we
rations of the’’Fe atom with Cr atoms whose number in the are dealing with local effects on the Fe atoms in the inter-
first coordination sphere in;,=0,1,2,3,4.... Thesecond face. These can be attributed to magnetic interactions of Fe
coordination sphere influences the width of the peaks. Iratoms with Cr atoms which also possess a magnetic moment
order to make a more accurate determination of the initiaknd may be ordered either in a normal antiferromagnetic lat-
parameters of the subspectra describing the interlayer boundee or in an incommensurate spin density wave structiire.
ary (the ratios of the lines in each subspectrum, especially foRecent neutron and synchrotron scattering studies of the spin
spectra with small hyperfine fields corresponding to configustructure of thick(greater than 1000)Aepitaxial Cr layers
rations withne=4), we carried out a procedure which in- coated with a 20A thick Fe layer have unambiguously
volved systematically subtracting the model speSya for ~ showrt*!® that strong antiferromagnetic coupling exists be-
the various configurations, as illustrated in Fig. 2. Figure 2dween the Fe and Cr atoms at the Fe—Cr interface, and in-
shows the initial superlattice spectrug (circles and the commensurate spin density waves are also present with the
spectrum S, subtracted from it(solid curve. Figure 2c  Cr magnetic moments perpendicular to the plane of the su-
shows the result of the subtracti@me spectrung;) and the perlattice. It is natural to assume that for these samples the
spectrum subtracted from 8; (solid curve. The procedure presence of Fe atoms in the interface region with the mag-
is then repeated fan,,=2,3 ... 7. Ateach stage the result netic moment oriented normal to the plane of the superlattice
of subtracting the sextet with the required “weight” was may be attributed to the existence of incommensurate spin
monitored from the disappearance of the corresponding peadensity waves in the chromium layers, where the magnetic
on the distribution functioP(H,) (see Figs. 2a-2f). moments of the Cr atoms are perpendicular to the plane of
The parameters of the sextet componesyg, thus ob-  the layers. However, the possibility of such waves existing in
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TABLE |. Results of calculating the parameters of 84bauer spectra using the procedure described in the text
for mathematical treatment of the gamma resonance spectrum of the magneto-noncollinear sup€rléttice

A)PTFe (14 A)1,,/Cr (90 A)/MgO.

Spectrum

S S
Parameter Sicr Scr Sscr Sacr Sscr Secr Srer
Relative
intensity of 373 22+3 10+3 8+3 5+3 7+3 10+3 ~1
subspectra, %
Hyperfine field 33@&3 299+3 258t3 228+3 191+3 1543 1173  58+3
H hf s kOe
Angle of deviation
of magnetic moment 0 10 24-10 23+5 35+5 5710 90+5 90+10
from plane
of film A¢°

superlattices with thin Cr layers remains open to doubt.
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Lasing in the vertical direction in quantum-size InGaN/GaN multilayer heterostructures

A. V. Sakharov, V. V. Lundin, V. A. Semenov, A. S. Usikov, N. N. Ledentsov, A. F.
Tsatsul’nikov, and M. V. Baidakova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted March 3, 1999
Pis’'ma Zh. Tekh. Fiz25, 1-9 (June 26, 1999

Lasing is discovered in the direction perpendicular to the surface in quantum-size InGaN/GaN
multilayer heterostructures grown by vapor-phase epitaxy. At high excitation densities

one of the modes in the luminescence spectrum, which is modulated by modes of the Fedtry—Pe
cavity formed by the GaN/air and GaN/sapphire-substrate interfaces, is sharply amplified

and begins to dominate the spectrum. The dependence of the luminescence intensity on pump
density has a clearly expressed threshold character. The threshold excitation density in

the vertical direction is 5—6 times greater than the stimulated-emission threshold for observation
from an end surface of the structure. The gain coefficient in the active region at the

threshold for surface-emitting lasing is estimated as1®® cm™ . The interaction between the
cavity modes and the gain spectrum is detected in the form of displacéhyenp to 2.6

nm) of modes on the short-wavelength edge of the luminescence spectrum toward higher photon
energies. The characteristic temperaturg) (measured in the range from 16 to 120 K is

480 K. At higher temperaturegy=70 K. © 1999 American Institute of Physics.
[S1063-785(109)01706-1

There has recently been intensive research into struawas degreased in organic solvents. A buffer layer of AlGaN
tures based on group-Ill nitrides in connection with the cre-was deposited at 530 °C. After the buffer layer was annealed
ation of light-emitting diodes and lasers which operate in theat 1010 °C, an epitaxial layer of GaN with a thickness of 2.5
near-ultraviolet, blue, and green regions of the spectrum. Inum was deposited in an ammonia atmosphere at a tempera-
jection lasers with a long service life have already been obture of 1050 °C and a pressure of 200 mbar. Then, the sub-
tained on the basis of InGaN/GaN quantum wélls. strate temperature was lowered to 800 °C, the pressure was

Vertically emitting lasers are known to have several ad+raised to 600 mbar, and a thinr24 nm) layer of InGaN with
vantages over ordinary stripe laséssnall divergence of the a low (7—8% indium content was grown in an argon atmo-
light beam and the possibility of creating an array of lasersphere. Structures grown without such a low-temperature un-
on a single growth substrateHowever, the formation of derlayer exhibited a low luminescence efficiency, which has
highly reflective Bragg mirrors in the GaN/AIGaN system also been noted by other researcHe@uantum wells were
requires the growth of a large number of layérs35 pairg.  formed by varying the substrate temperature from 730 to

It should also be noted that the specific gain coefficien850 °C(12 cycles in the presence of constant fluxes of TMI
of thick (~0.1 um) InGaN layers at high excitation densities and TMG. Such a method for forming a periodic multilayer
is so great that some investigators observed stimulated emistructure permits fairly simple reconciliation of the need to
sion in the vertical direction with optical pumpifg.On the  lower the temperature during the growth of the InGaN layers
other hand, the use of dense quantum-dot arrays in the 1I-Vand the need to raise the temperature to grow the GaN barrier
system is known to permit the realization of lasing in thelayers. In this case variation of the TMI flux is superfluous,
direction perpendicular to the surface even when highly resince the entry of In into InGaN is strongly reduced when the
flective Bragg mirrors are not employ@d. temperature is raised at low layer growth rate€.1 nm/s in

In the present work we investigated the optical properthe present cageThen the substrate temperature was raised
ties of a structure with 12 InGaN/GaN quantum wells. Theto 1050 °C, and a GaN overlayer with a thickness of Om
structure was grown by metalorganic vapor-phase epitaxyas grown. The period of the multilayer structure and the
under conditions conducive to breakup of the solid solutiormean composition with respect to In in the active region
into indium-enriched InGaN nanodomains, which can be rewere determined from x-ray diffractometric data and were
garded as dense quantum-dot arayFhe growth was car- found to equal 12—13 nm and 8%, respectively. We estimate
ried out in a horizontal reactor with inductive heating. Hy- the effective thickness of the InGaN intrusion to be 4-5 nm
drogen(for the growth of Gall or argon(for the growth of  on the basis of the temperature variation profile.

InGaN/GaN served as the carrier gas, trimethylgallium PhotoluminescencéPL) was excited by a pulsed nitro-
(TMG) and trimethylindium(TMI) served as the sources of gen laser(A\=337.1 nm with a pulse power of 1.5 kW.
the group-Ill elements, and ammonia served as the source ¥fhen surface-emitted PL was observed, the beam was fo-
nitrogen. Polished0001) 30" sapphire was employed as the cused into a spot with a diameter of 4@ (the excitation
substrate. Before being inserted into the reactor, the substratkensity was 1 MW/crf). To observe PL from an end sur-

1063-7850/99/25(6)/4/$15.00 462 © 1999 American Institute of Physics
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face, a cavity with a length of 3 mm was cleaved, and theserved due to the variation of the refractive index in the

laser beam was focused into a spot measurik@.8 mm on  active region. The largest shift is observed for the mode with

it by a cylindrical lens(the excitation density was 100 the shortest wavelengtirig. 2), while the long-wavelength

kWi/cn?). The pump density was lowered using neutral fil- modes are scarcely shifted. This effect can be described by

ters. Emission was detected by a cooled photomultiplier opthe Kramers—Kroning relations, and its large val@eés nm

erating in a synchronous detection regime. is caused by the enormous variation of the absorpi@in
Figure 1 presents plots of the dependence of the surfaceoefficient in the active region. An interaction between the

emitted photoluminescence intensity on excitation density atavity modes and the absorptiggain spectrum of the ac-

16 and 150 K(Fig. 13 and the PL spectra at various excita- tive medium was previously noted for surface-emitting lasers

tion densities and a temperature of 150(Kig. 1b. As is  based on InGaAs/GaAs quantum dots.

seen from the figure, at high excitation densities

(600 kWi/cnt, 150 K) one of the modes in the luminescence

spectrum modulated by the modes of the FabryePmicro- - ———r

cavity formed by the GaN/air and GaN/sapphire-substrate 1 v-~
interfaces intensifies sharply and begins to dominate the 3'10'_ 150K ’,,,/v’" ]
spectrum, while the dependence of the luminescence inten- | e o
sity on pump density exhibits a clear-cut threshold character. 1 --7
The pronounced single-mode character of the emission spec- 1 1
trum at high pump densities attests to the presence of feed- 3‘05'_ ]
back in the system, and the character of the far-field > A"
distributiorf indicates passage into a lasing regime. Accord- G; 1 A A &t
ing to our data, surface-emitting lasing has been observed for 2 T A A -A-
the first time in a multilayer structure with quantum-size 2 3'00'_ -7 ]
InGaN/GaN intrusions. -

The gain coefficient of the material of a multilayer struc- 3
ture at the lasing threshold can be estimated from the condi- = 295 ] ]
tion of equality between the losses due to the escape of ra- %‘ ' e 0 -0-0-0 06 -0--
diation (aey) and the effective gain of the systergs(: 8

1 1 v o+t lmode

o gy 0 ® o e |-
where R; and R, are the reflection coefficients of the ® -2mode
GaN/ALO; (2.4% and GaN/air(17% interfaces and. is | - -m-wE -
the cavity length. Inasmuch as the active region occupies D7 I —
only a small part of the total thickness of the structure, the 10 100 1000
gain coefficient of the active region should be no less than o ) 2
2%10° cm L. Excitation Density, kW/cm

When the pump qenSity i_S increased, a blu_e S.hift of the-ig. 2. Dependence of the position of the FabryrePeavity modes on
modes of the Fabry—Pa& cavity (a so-called chirpis ob-  excitation density at 150 K.
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Figure 3 presents plots of the dependence of the photoFhis phenomenon must be taken into account as a parasitic
luminescence intensity from an end surface on excitatioreffect and must be maximally suppressed in designing
density for two different emission ling&ig. 33 and the PL  surface-emitting lasers.
spectra for various excitation densities at 16/g. 3b. The Figure 4 shows the temperature dependence of the
position of lineA (3.002 eVf corresponds to the energy of yhreshold pump density for lasing in the vertical direction. At

the stimulated emission, and the posm'on.of I|Be(?.924 temperatures up to 120 K the threshold pump density varies
eV) corresponds to the spontaneous emission maximum. Th

PL line narrows sharply at pump densities of the order of SOS%le' and the charaqterlstlc temperatur‘éo)( 's 480 K.
kW/cn?, indicating a transition to a stimulated-emission re-SUCh a dependence is ChgraCte_”St'C of lasers based on
gime. At the same time, a sharp increase in the intensity ofit@ntum-dot(QD) structures?” At higher temperatures the
line A is observed, and the growth of the intensity of liae threshold pump density increases. This can be associated
(spontaneous emissipislows. It is noteworthy that stimu- both with the thermal ejection of carriers from the QD’s
lated emission in the direction parallel to the surface begingiccompanied by their leakage into the GaN matrix and non-
at significantly lower excitation densities than does surfaceradiative recombination and with variation of the radiative-
emitting lasing. When stimulated emission appears in theecombination time with temperatute.In the temperature
direction parallel to the surface, the radiative-recombinatiorrange 100-200 K the increase in the threshold excitation

time decreases, preventing further growth of the gain fofyensity is described well by the empirical formula
light emitted in the direction perpendicular to the surface.
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Fluctuational electromagnetic interaction of the tip of a scanning microscope with the
surface of a solid

G. V. Dedkov and A. A. Kyasov

Kabardin-Balkar State University, Nal'’chik
(Submitted December 22, 1998
Pis’'ma Zh. Tekh. Fiz25, 10-16(June 26, 1999

A general formula for the lateral frictional force acting on the tip of a scanning microscope
moving parallel to a surface with a veloci¥y is obtained within fluctuational electromagnetic
theory. The contributions of various polarization mechanisms to this force are analyzed.

The dependences of the lateral forces on the velocity, radius of curvature, and distance of the tip
from the surface, as well as the temperature and the dielectric properties of the tribological
contact are obtained. It is shown for the first time that the lateral forces can change sign and
become accelerating for a definite combination of dielectric functions of the tip and the

surface. ©1999 American Institute of Physids$1063-785(09)01806-9

Experiments performed with atomic-force and other 2%
types of scanning probe microscopes raise several pressing F(z,V)= > f dwf f dk, dk/k exp(—2kz)
guestions concerning the role of the various mechanisms un- TV

derlying the lateral frictional interaction of the sensitive ele- wh
X cotk( =

ment, i.e., the tip, with the sample surface. As was noted in KT

Refs. 1-4, one of these mechanisms is the dyndmiich

{(w+kV)[A"(w)a"(w+Kk V)

depends on the velocity of the jifluctuational electromag- —A"(w+kV)a"(0)]+(0—KkV)
netic interaction, which leads to a decelerating force of the , , ;
form X[A"(w)a"(0—keV) = A"(w
—kyV)a"(w)]}, 2
F=—1gV, (1) where k= \/kX2+ k2, a'(w)=IMm(w), A"(w)=Im(e(w)

—1/e(w)+1), a(w) is the dynamic polarizability of the
atom, ande(w) is the dielectric function of the surface. The

o . integration is carried out over positive frequencies and posi-
where the coefficienyy depends on the shape of the tip andyjye values of the wave-vector projectiokg andk, .
the distance between its apex and the surface, as well as on 1 is not difficult to see that the expansion of the fofeg

the dielectric properties of the system. Form{a corre- it 4 series for small velocitiehe velocities characteristic

sponds to the first nonvanishing term in the expansion in they probe microscopes can be considered sneaihtains only

velocity, which is valid at smalv. odd powers obV. In particular, in the linear approximation,
For typical values of the scanning paramet@srame  afier integration over the wave vectors, fprwe have
advancement frequency equal to 1-10 kHz and a frame size

equal to 10—1000 nmthe velocity of the tip falls in the

range 10°—10"2 m/s, but in a vibratory regime it can reach n(z)= f do { 2l " (w) da*(w)
1-10 m/s. These or even somewhat greater velocities are 8mz> Jo de
possibly characteristic of the experimentally observed " "
“stick-slip” motion of a tip in a stiffer contact. —A"(w) dar (w)} +w{ an(w)w
An analysis of the existing reports devoted to the calcu- do dw?
lation of » for a nonrelativistic spherical atom moving par- .
allel to a surface reveals uncertainty both in the value of the —A"(w) d°a"(w) }cott‘( “’_ﬁ) @)
exponent in the dependence gfon the distance to the dw? 2kT)"

surface and in the value of the numerical coefficient. For

example, any~z~1° dependence was obtained in one of theThe main difference between this formula and the analogous
first studies focusing on this questidmand any~z % de-  expression in Ref. 8 is that the dielectric part, rather than the
pendence was subsequently obtained in Refs. 7 and 8, &anck distribution, is differentiated under the integral sign
well as in our previous studyIn the present work, by not [we note that the hyperbolic cotangent (8), unlike the
confining ourselves to the condition of a zero temperalure Planck distribution, also takes into account the zero-point
used in Ref. 9, we obtained a more general formula for thevibrationg. Therefore,(z) #0 at T=0 [compare this with
lateral force acting on a moving nonrelativistic atom: Egs.(63) and (65) in Ref. 8. In the latter case, after some
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simplifications associated with integration by parts, formula 100
(7) can be brought into the more compact form J(e(0), 1)
20
= dA" () ST T

no= o [ oo g @ N S VA B e =
We note that this formula is distinguished from the expres- 40 ’;"
sion used in Refs. 2 and 3 by an additional coefficient equal !
to 1/2, since the term with the second derivative was not 20 {;’ B L I —
taken into account iri3) in those studies. / . 1

To calculate the decelerating force of an extended body A
(the microscope tipmoving with a velocityV over a surface, 0 4 8 12 1¢ 30
the spectrum of electromagnetic functions for a tip of arbi- e

tr‘_ary She.lp(-?‘ must be Ca_|CU|ated as_, part_ ofa ngoro_us S_O|uu0r|]—‘lG. 1. Dependence of the integthbn the static dielectric constant and the
Since this is a very tedious task, in a first approximation Weejaxation time of a quartz—quartz contact in the case of an orientational
shall employ additive summation of the forces on the basislipole polarizability mechanisrfl — r=3x10"1°s,2 — 7=10" 9).

of the formulas obtained above. The possibility of employing
the additivity approximation is supported by the results of

the calculations of the van der Waals forces in Refs. 10-1Zfficient 4 is clearly proportional to the temperature, if we
in which it was shown that the geometric effects do not exisregard the influence of the latter on the dielectric con-

ceed 20-25% in the worst cagteey are more often consid- giants appearing in the integral. For optical mechanisms of

era.bly smalley, and do not influence the power law of the absorption the temperature dependence of the integrand in
variation of the force with distance from the surface. £6

) vanishes, and we can use the following formula, which is
Assuming that the tip has the shape of a paraboloid ofjmilar to (4):

revolution [with the canonical equation for its surfaze
=(x2+y?)/2R+h, whereR is the radius of curvature arfd
is the distance between the tip apex and the sujfdetus
integrate formula3) over the tip volume after preliminarily
expressing the polarizabilitg(w) of the atom according to
the Clausius—Mossotti formula. As a result, in the linear ap
proximation with respect to the velocity we obtain

- dA"(w)
J(sl(w),s(w))ZZJ’ A" (w) do dw. W)

Let us move on to a numerical estimation of the friction
forces in tribological contacts with different polarizability
‘mechanisms, using known expressions for the dielectric

functions:
3 a) the dielectric function for the orientational mechanism
n(z)= %FJ(M(&)),S(M)- (5  in the Debye approximatiofr is the relaxation time, and
£(0) is the static dielectric constdnt
I—!ere the functional(e,(w),e(w)) is defined by the expres- £(0)—1
sion g(w)=1+ ; (8)

l-iwt’

Iey(w),s(w))= chotl'< ‘*’_ﬁ) Z[Z"(w) dA"(w) b) the di.electric func.tion of ionic crystals near the infra-
0 2kT dw red absorption peakw, is the frequency of the transverse
optical phonong(«) is the high-frequency dielectric con-

A(w) dA"(w) stant, andy is the linewidth
- ()=o) 4 — 22 ©
n elw)=¢e(x»® - :
+ o B(0) TR 1— (wlwg)*+iyol o}
dow? c¢) the dielectric function of conducting crystals in the
dZZ//(w) Drude approximation[w,, is the plasma frequency, and
_An(w)—ZH do, 6) €(0)=1 in the case of metals
dw
- (a)pT)2 i(cupT)2
whereA”(w)=ImM[g(w) — l/e1(w)+2] anck ,(w) is the di- g(w)=e(0)— 1+ > 1t 7o (10
electric constant of the tip. (07)"  07(1+(w7)%)
The temperature dependencel¢(w),e(w)) is strong Concrete numerical calculations of the integdavere

if wh=<2kT and cothk)—x 1, and the main contribution to performed: 1 for a contact between pieces of quartz glass
the integral is associated with the low-frequency portion offformula (6) for various values of(0) and 7; the corre-
the spectrum. Since at room temperatukd20.05 eV, the sponding plots are shown in Fig];12) a ZnS—ZnS contact
corresponding polarization mechanisms include dipolar refformula (7) for wy=0.005 eV,e(0)=5.1, £()=2.93; the
laxation in insulators, infrared absorption in ionic crystals,dependence on the linewidtphis shown in Fig. 2, 3) for a
and low-frequency absorption in conductdis the wave- contact between conducting crystdlmetals and semicon-
length range 20um—0.2 m). In these cases the friction co- ductors; the results of the calculations for various values of
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15109 11 pN, 0.47 nN, and 0.36 pN levels. These values are within
J(v'e,) the experimental possibilities of modern probe microscopy.
12:109 A more intriguing result of the calculatiorisee Table 1L
/ . is the possibility of reversal of the sign of the coefficient
o 10t / ™. i.e., we ultimately obtain an accelerating force on the tip for
/ . a definite combination of dielectric functions of the tribologi-
610 ] cal partners.
!' Thus, the results of the present work attest to the possi-
3-10% bility of experimentally detecting fluctuational electromag-
/ netic forces of different sign with characteristic dependences
0 on the temperature, tip radius, and distance between the tip
03 0.6 09 1215 apex and the surface. Measurements of these forces can pro-
¥/ vide a basis for applications of tribological contacts in the
FIG. 2. Dependence of the integrdlon the relative width of the infrared study of the dlelggtrlc properties of solids _On the nanostruc-
absorption line in a ZnS—-2znS tribological contact. ture level. In addition, they must be taken into account when
neutral beams travel in straight and bent nanotubes, for
example, Ref. 18

[=]
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Analysis of scenarios of the transition to chaos in a discrete two-mode model of a free-
electron laser

A. P. Kuznetsov and A. P. Shirokov
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A discrete two-parameter two-dimensional mapping, which describes the dynamics of two modes
in a free-electron lasgiFEL), is investigated by nonlinear dynamics methods. 1899
American Institute of Physic§S1063-785(19)01906-F

When a free-electron las€fFEL) is employed as a gen- figures periodic regimes are indicated by different shades of
erator of coherent electromagnetic radiation, great imporgray, the numbers label the period of the cycle realized, and
tance is attached to determining the character of the interathe letterss and n denote the cophasal and noncophasal re-
tion of the longitudinal modes, as well as of the variousgimes, respectively. Computer simulation revealslthend
routes to the onset of a multiple-frequency regime. ThisL., lines, which, in terms of the discrete mapping, corre-
problem can be solved using a discrete approximation, ispond to the following sequence of regimes.LAt L there
which the interaction of the electrons with the electromag-is a single stable fixed point at the origin of coordinates of
netic wave is taken into account only at the ends of thehe phase plane, i.e., a&=0,y=0. It becomes unstable at the
interaction space of the FEI2 Presuming that the gain band L=Lg line, and a new fixed point, for whick>0 andy
of the generator contains many nonequidistant longitudina=0, appears. A4 increases further fronk to L., the
modes, we can assume that the amplification of each paraalue ofx increases to a definite value, and at the moment
sitic mode is determined only by the field of the fundamentawhenL =L, a fixed point, for whichx>y>0, appears in a
mode and depends weakly on the other parasitic modes. Ths®ft manner. This corresponds to the birth of a second para-
following discrete mapping, which describes the dynamics ofitic mode.
two modes in an FEL, was obtained within this approxima- It is not difficult, however, to see that such a picture,
tion in Ref. 3: which was predicted in Ref. 3, is observed only on the right-
1 3 hand side of the map of dynamic regimes, i.e., at fairly large

R™ X117 %0= L Jo(Yn) Ja(Xn)], values of the transmission coefficidRtAt small values oR

-1 vy —13 the following occurs: the fixed point with the coordinates

R™Ynea= Y=L o0 Ja(¥n)], @ >0, y=0 undergoes a period-doubling bifurcation, while
wherex, andy, are the reduced amplitudes of the funda-the second mode remains undisturbed, and the birth of a
mental and parasitic modes;is the discrete timeR is the
transmission coefficient, which is equal to the product of the
reflection coefficients of the mirrord; is the normalized
length of the interaction space; adg and J, are Bessel
functions. Within the two-mode model, excitation of the fun-
damental mode in the absence of the competitive mode is
described byl,, and the influence of the competitive mode
on it is described by,

As was shown in Ref. 3, in the parameter plane of the
transmission coefficienR and the normalized length of the
interaction space. there are two linesLg, which corre-
sponds to values of at which excitation of the generator
occurs at a single fundamental mode, déngd, which corre-
sponds to excitation of the parasitic mode. At a small super-
criticality L>L,,, a steady-state regime with the generation
mainly of two longitudinal modes sets in.

The relation(1), however, merits more detailed scrutiny.
From the standpoint of the theory of dynamic systems, itis a

discrete two-parameter two-dimensional mapping. Here we :0
present the results of an investigation of this mapping using 0 02 0.4 0.6 0.8 1
nonlinear dynamics methods. R

A map of the dynamic regimes in the R plane and one
magnified fragment of it are shown in Figs. 1 and 2. In theserIG. 1.

1063-7850/99/25(6)/2/$15.00 469 © 1999 American Institute of Physics
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an invariant curve arises from each of the five points of the
cycle. AsL is increased further, “corners” appear on these
curves, and an intricate attractor, which has a positive
Lyapunov exponent, forms. Finally, after an even larger in-
crease inL, two Lyapunov exponents become positive, at-
testing to the presence of hyperchaos in the system. As we
move over the parameter plane, an invariant curve is ob-
served near the left-hand boundary of the synchronization
tongue with a rotation number of 1/5. This curve loses its
smoothness and breaks up in accordance with the
Afraimovich—Shil'nikov theorem to form a chaotic attractor.
Another region for the existence of a stable fixed point
can be detected on the right-hand side of the map of dynamic
regimes. In this case a regime of cophasal oscillations, in
which x=y, is realized(i.e., in terms of the original system,
the generation of a fundamental mode and a parasitic mode
3 : with equal amplitudes is observedn Fig. 1 this region is
06 066 0.72 0.78 0.84 0.9 labeled 1s. This regime of parameter variation also becomes
R unstable, and period doubling occurs. It is significant that the
2-cycle generator is asymmetric. Then a noncophasal 4-cycle
and an 8-cycle appears, the boundaries of their regions of
stability having a complex form. Thereafter, quasiperiodic,

parasitic mode occurs only whenincreases further. Thus, chaotic, and hyperchaotic regimes appear again.

in the rangeR< 0.5, of the two possible mechanisms for a ~ We note that the regions of hyperchaos occupy a consid-
loss of stability of the single-frequency regime, viz., the am-erable fraction of the parameter plane, so that this regime is
plitude regime(which is caused by modulation of one longi- quite typical for the mappingl).

FIG. 2.

tudinal modé and the frequency regimevhich is caused by Our treatment revealed fine details and interesting fea-
competition between different modesnly the first is real- tures of the complex regimes of a model mapping, which
ized in the two-mode model of an FEL investigated. describes the dynamics of an FEL with a I@velectrody-

Let us next examine the behavior of the mappidy namic system. The results presented here, especially the map
whenL exceeds the critical valuie, . of dynamic regimes, can serve as a useful “guide” for com-

In the regionR<0.5 the birth of two invariant curves puter investigations of the original equations in partial de-
from two points which previously belonged to a cycle of rivatives.
period 2 takes place on the y phase plane as increases. We express our thanks to S. P. Kuznetsov and D. I.
(In terms of the original generator, self-modulation of the Trubetskov for a useful discussion and for taking an interest
modes with incommensurate frequencies under consideratidh this work. _
takes place Then this “2-torus” breaks up through a lose of ~ This work was supported by Russian Fund for Funda-
smoothness to form a chaotic attractor. mental ResearckiRFBR) Grants No. 97-02-16414 and No.
If the dimensionless length of the interaction space is96-15-96921.
increased aR>0.5, we discover a “neutrality line,” toward IN.S. Ginzh 4S. P Kuzhetsov. Relativistic Hiah.F £
. . . “N.o. Inzburg an . P. Kuznetsov, ativistic Aigh-rFrequency elec-
vyh_mh numerous synchromz.atmn tongues extend. The mag tronics [in Russiaf, Gorkit, (198D, No. 2, p. 101.
nified fragment of the map in Fig. 2 shows tongues, whichza p. Kuznetsov and A. P. Shirokov, Izv. Vyssh. Uchebn. Zaved., Ser.
correspond to rotation numbers equal to 1/5, 1/6, and 1/7. As Prikl. Nelinenaya Din.5(6), 76 (1997.
we move along lind” on the parameter plane with increasing 3v. L. B:ratman_and A. V. Savilov, Izv. Vyssh. Uchebn. Zaved., Ser. Prikl.
L, computer simulation of the phase portraits reveals syn- \einenaya Din-2(6), 27(199.
chronization with the formation of a cycle of period 5. Then Translated by P. Shelnitz
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A capacitive gas sensor has been created on the basisrefSa,/SiO, /p-Si heterostructure

with two successive oxide layers. The presence of pojsOH, NHz;, and HO gas

molecules in air leads to a significant increase in the capacitance of the structure at room
temperature. An important feature of the adsorption process is a memory effect, which is confined
to the possibility of maintaining the capacitance value after removal of the active component
from the gas mixture. The possibility of quenching the accumulated useful signal by

electric-field pulses has been realized for the first time as applied to gas sensat8990©

American Institute of Physic§S1063-785(19)02006-9

1. Resistive gas sensors with a working element basetive index of the layer obtained equals 1.488, which is some-
on metal oxides are widely used for detecting hydrogen, oxywhat higher than the value for thermally grown silicon
gen, carbon monoxide, hydrogen sulfide, and other gases dlioxide (1.47). A Fourier-transform IR-spectroscopic inves-
the atmosphere. Their mechanism of action is based on dd¢igation of SiQ layers obtained by the aerosol-gel method
tecting a change in the conductivity of the oxide film undershowed that each layer contains residual charged radicals
the conditions of gas adsorption. Optimization of the paramfalkoxy groups and protond4™)], which can form regions
eters of these sensors, i.e., their gas sensitivity, selectivitygf mobile space charge.
speed, etc., requires the development of new approaches, in- A nanocrystalline Sn® film with a thickness of 0.80
cluding the creation of complex structures, whose electroxm was deposited by the pyrolysis of an aerdsthe struc-
physical characteristics can be influenced by the adsorptioture of the film was investigated using x-ray diffraction
of gases on artificially created interfacesSA family of such  analysis, scanning electron microscopy, atomic-force micros-
structures has already been created, the simplest among thewpy, and Auger electron analysis. It was found that the film
being a diode based on a nonohmic contact with an oxidéas a porous microstructure and consists of grains measuring
film. More complicated MOSmetal-oxide-semiconductor 3-8 nm in diameter, which are assembled in agglomerates
structures with a tunnel contact operate in a regime withwith a mean diameter of the order of QuIn. The resistivity
either measurement of the capacitance or detection of af the films was 10Q-cm. It was established by special
change in the threshold voltage of the structure. The operatneasurements that the gold contact on the nanocrystalline
ing principle of such structures is based on variation of theSnQ, film is ohmic.
actual potential on the interface created by an externally ap- 3. The CVC's of the structure were measured in the
plied bias in response to the formation of a dipolar layer ofsystem by determining the total impedance at a working fre-
adsorbed gas molecules. In practice, this effect leads to disjuency of 1 kHz. Since the structures investigated comprise
placement of the current-voltagéVC) and capacitance- a fairly complex system, a correct representation requires
voltage(CVC) characteristics of the structure along the biasconsideration of an equivalent circuit, which, in the general
(V) axis. Thus, the useful signal recorded when the capaciease, includes the capacitances on the grain boundaries of the
tanceC is measured in an active gas medium at a fixed biamanocrystalline Sn© layer and the capacitances on the
has a fundamental amplitude constraint, which is determine®nQ,/SiO, and SiQ/Si interfaces, as well as the resistances
by the difference AC=C(V<0)-C,in(V>0) for the corresponding to the various conductive channels. It is note-
CVC's under stationary conditions. worthy that the structures have a finite conductivity the

2. The n-SnG,/SiO, /p-Si structures synthesized and order of tens ofuS) in the ac measurements. The factor
investigated in the present work can be regarded as a comesponsible for the finite conductivity may be the presence of
bined variant of the structures described above. A crosseharged radicals and protons in the Si@yer. The CVC's
sectional view of these structures is shown in Fig. 1. Singlepresented in this report can be regarded as plots of a certain
crystal p-type silicon with a resistivityp=10 ()-cm served effective capacitance of the entire structure as a whole. All
as the substrate. A Sjinderlayer with a thickness of 0.035 the measurements were performedrat20 °C.
um was deposited by the aerosol-gel methdthe SiQ Figure 2 shows CVC'’s of the structures investigated,
obtained in such a way has several features which distinguisivhose linear branches correspond to a positive bias applied
it from the thermally oxidized material traditionally em- to the Al/Si contact. Curvé corresponds to the ground state
ployed as the insulating layer in MOS structures. The refracef the structure with a low value @&(V=0)=0.1 nF. In the

1063-7850/99/25(6)/4/$15.00 471 © 1999 American Institute of Physics
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Au contact

Sn02
SiO,

Si substrate

Al contact

FIG. 1. Cross-sectional view of amSnG,/SiO, /p-Si heterostructure.

presence of polar gas molecules, such a® HC,H;OH, or
NHs;, a significant increase in capacitance is observed on th
backward branch of the CVC. Curvés-4 were obtained
after a 10-min exposure of the structure to various gas mix-
tures(2 — 1% G,H5OH in air, 3— 1% H,O in air,4 — 1%
NHs in air). A prolonged exposurémore than 10 hleads to
saturation of the gas sensor signal. Cubvim Fig. 2 corre- L L 1 ! ( ! ! ! !
sponds to the zero-bias saturation le@et 5.8 nF obtained 0 -8 6 -4 2 0 2 4 6 8 10
after holding in air with 1% HO for 24 h at room tempera- v,V

ture. It is important to note that the CVC's of the structures ) ) o
investigated differ qualitatively from 3the data obtained byEghoz/Zs-ioz/LB_/FS"iCi'truC&?Eéﬁ?}'tz?r?g\r/\?ﬁ?eaﬂerc;la;%c_tmeir:]st;cxspos uorfe o
Lundstrom for Pd/Si@/Si structures:® The adsorption of it ires of air and 1% @H:0H (2), 1% H,0 (3), and 1% NH (4) and after
gas molecules m-SnQ/SlOz/p-Sl structures leads to a Sig- a 24-h exposure to a mixture of air and 1%@(5). T=20°C.

nificant increase in the capacitance, while the CVC'’s for the

structures investigated in Ref. 3 are shifted along\texis.

4. The kinetics of the variation of the capacitance inNH; for 2 min. As can be seen from the figure, the capaci-
response to periodic variation of the composition of the gasance increases proportionally to the holding time in the gas
medium at zero bias are shown in Fig. 3. A single cyclemixture containing NH.
includes holding of the structure in airrfd h followed by An important feature of the structures investigated is
replacement of the gas medium by a mixture of air with 1%their ability to maintain the useful signél(t) for a long time

FIG. 3. Kinetics of the variation of the capacitan€eof an
n-SnGy/SiO, /p-Si structure in response to periodic variation of
n the composition of the gas phase. The arrow indicates the time of
supply of a quenching electric-field pulse of reverse polarity with
V=-8V atT=20°C(a). Temporal variation of the concentra-

— tion of NH; in air (b).
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T
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FIG. 4. Kinetics of the variation of the capacitan€eof an
n-SnG,/SiO, /p-Si structure in response to periodic variation of
1 ] the composition of the gas phase. The arrows indicate the times
of supply of a quenching electric-field pulse of reverse polarity
with V=—8 V at T=20 °C (a). Temporal variation of the con-
centration of GHsOH in air (b).
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after the active component has been removed from the ggmlar gas molecules, which determines the CVC's of the
mixture. This property underlies the memory of the systemstructures investigated, is fairly complicated, and additional
for an external disturbance and permits the use of the struexperiments, including some with simpler model objects, are
tures under consideration as sensors which can operate inngdeded to understand it. At the present time, we can only
dosimetric regime. The capacitance level achieved in theasyme that the adsorption of molecules on the interface
NH; atmosphere remains unchanged after holding in air fofanveen the nanocrystalline Sp@nd SiQ layers can be

m_orte than 50t h Similg: plolts (%(t) atlre observedd 1vyrk]1en gas accompanied by polarization of the weakly bonded alkoxy
mixtures containing ethanot and water are used. The gas SenFoups and H ions in the SiQ underlayer. The polarization

sitivity S determined as the ratiG(t)/C(t=0) after a 24-h g . -
exposure to gas mixtures containing 1% NIE,HOH, or prqcess leads to the appearance of an mterngl electric field,
H,O was equal to 44, 33, and 58, respectively. which holds the adsorbed molecules on the mterfac.e even
It should be stressed that the capacitative memory disafter removal of the source of polar molecules, and is thus
covered in then-SnQ,/SiO, /p-Si structures does not have responsible for the capacitive memory effect. The applica-
any analogs. In practice, for all the types of structures emtion of a pulse of an external field leads to the depolarization
ployed as capacitive gas sensors the times for a rise or fall iif SiO,, desorption of the polar molecules, and a return of
the useful signal in response to a change in the compositiothe system to the low-capacitance ground state. This hypoth-
of the gas medium at a fixed temperature are comparable aresis is indirectly confirmed by the fact that attempts to repro-
are of the order of several seconds at room temperature. duce the capacitive memory effect in structures with ther-
5. A return to the ground state of a structure with a lowmally oxidized SiQ, as well as in structures without
capacitance valuécurve 1 in Fig. 2) can be achieved by nanocrystalline Snwere unsuccessful.
supplying an electric-field pulse of reverse polarity with an  nore definite statements can be made regarding the

amplitude of the order of 10-15 V. Successive quenching, osnects of the practical utilization of the structures inves-

pulses do not influence the sensor properties of the Strucwrﬁgated for creating gas sensors of a new type. Among their

as is illustrated in Fig. 4, which shows the variation of the

) . - “main advantages we can mention the possibility of realizin
capacitance of a structure in response to the periodic admis- 9 P ty 9

sion of a gas mixture containing ethanol. The possibility of? dosimetric measurement regir.n.e together with fast qugnch-
guenching the accumulated capacitive signal by an electrit'9 of the accumulated capacmve S|gna}l by, glectnc-ﬁeld
field can be regarded as one of the most important advarPUSes at room temperature in the open air. It is important to
tages of the structures under consideration, since the speed'®gntion the broad possibilities of modifying the parameters
ordinary gas sensors can be increased only by heating tH & sensor by varying its configuratidthe thicknesses of
structure and, as a rule, their range of working temperatureye layers and the area of the upper gold contast well as

is consequently in the range 1660 °C. by doping the nanocrystalline tin dioxide with various impu-

6. The mechanism for the adsorption and desorption ofities.
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The morphological properties of YBCO superconducting films and their relationship to magnetic
and transport phenomena are considered. A geometric probability analysis of the principal
statistical characteristics of normal-phase clusters is performed, and their influence on the dynamics
of trapped magnetic flux under the action of a pulsed transport current is revealed. The
superconducting film is treated as a percolation system. It is found that the critical currents have
a statistical distribution, which is specified by the morphology of the material being

studied. The critical current for passage of the film into the resistive state is found99®

American Institute of Physic§S1063-785(19)02106-F

One of the promising ways to optimize the properties ofwhich fall within the respective class interval is plotted along
superconducting materials is to raise the critical current bythe vertical axis, and the number of the class intervés
creating artificial pinning centefs* If a superconductor plotted along the horizontal axis. The maximum and mini-
contains isolated normal-phase fragments in its bulk, theynum cluster areas are equal$g1,ax=0.3684um2_and Shin

can effectively trap magnetic flux and keep vortices from=0.0021 um?, respectively, the sample me&=0.0741
moving under the effect of the Lorentz force. The purpose ofum?, the sample standard deviatien=0.0696 um?, and

the present work was to study the geometric statistical propthe standard errofi.e., the standard deviation for the mean
erties of normal-phase clusters and their effect on magneticluster arep s= 0s/\/256=0.00435 um?. The significant

flux trapping and on the critical currents in high-super- asymmetry of the distributiony=1.7), as well as the statis-
conductors. tically insignificant (6%) discrepancy between the sample

The object of investigation was a YBCO superconduct-mean and the standard deviation, allow us to conclude that
ing film Containing norma|-phase fragments with an assigne@here is an exponential distribution of areas of the normal-
texture. Thea andb axes are oriented in the substrate plane;phase clusters, whose probability density has the form
the normal-phase inclusions were created during growth of

) i . S
the film at the sites of defects on the boundary with the (5= = exp( _:), (1)
substrate and have a columnar structure directed along the S S
axis. The scale of the inhomogeneities along this axis signifi- .
. . i . 2 . whereSis the area of a normal-phase cluster.

cantly exceeds the film thickness; therefore, the distribution : . .
of the magnetic flux is two-dimensional. The relative cover- _DL_mng th? e_xpe.rlments the sample was cooled_|_n amag-

gn ' : _netic field to liquid-nitrogen temperature, and the critical cur-
age Of. thg f".”.‘ surface by the normal phase IS 19.5%. Thi ents of the film were determined from the change in mag-
value is significantly smalller thari the percolation thieshpl etization under the effect of transport-current pulses. When
for the_ transfer of magne'u_c ﬂux_|n the transvt_erse d|rect|on.[he sample was cooled in a magnetic field directed along the
(50% in the case of two-dimensional percola_?r&)n Atthe  ayis to temperatures below the critical point, the magnetic
same time, the superconducting phase occupies 80.5% of th@y \vas trapped in normal-phase clusters. The passage of
surface, ensuring percolation of the transport current in the rrent in the &,b) plane caused a change in magnetization
plane of the film in the superconducting percolation clusterqe to the depinning of magnetic flux from clusters in which
Such a structure provides for effective pinning and therebyhe pinning force is weaker than the Lorentz force created by
raises the critical current, since the magnetic flux is trappeghe transport current. Since a superconducting percolation
in the finite normal-phase clusters and vortices cannot perzjyster is formed in the film, when magnetic flux is released
etrate them without Crossing the infinite SUperCOﬂdUCthrom pinning centers, the vortices must cross a region occu-
cluster. pied by the superconducting phase.

To analyze the geometric statistical characteristics of  |n the subsequent treatment it must be taken into account
normal-phase clusters which play the role of pinning centersthat highT, superconductors are characterized by a short
an electron photomicrograph of a film containing 256 suchcoherence lengthbecause of which weak links readily form
clusters with a total area of 18.9¥m? was scanned. Figure in these materials. Such structural defects, as grain bound-
1 presents a histogram of a sampling of areas of normalaries, crystallites, and especially twin boundaries, which
phase clusters, where the numibéof clusters having areas would simply serve as scattering centers if the coherence
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whose area does not exceed an assigned val& of

ANM/M | 100
N AM s
030 8¢ o  —1-F(S), where F(S)= . f(S) dS. ()
807 Since, in accordance with the assumptions made,
0.25 4 4 S=B%/12, the exponential distribution of cluster areé
generates an exponential-hyperbolic distribution of critical
20 - I currents:
0.20 - n
o 11} ,Tt?,t=?... AM BZ
0 4 8 12 V—ex _? . (3)
0.15 -

Thus, the entire distribution of critical currents deter-
mined by the geometric statistical properties of the normal-
0.10 fo 4 phase clusters can be scanned in the changes in the trapped

® -1 magnetic flux caused by transport-current pulses of different
o .2 amplitude. The results of such measurements are presented
0.05 - in Fig. 1. Each of the filled circles shows the change in
-3 magnetization of the film when a single current pulse with a
duration of 100 ms is passed through it. Thermomagnetic
0.00 * instability, which is unavoidable when a constant current of

T

0.0 0.5 1.0 1.5 I, A the same amplitude is passed, does not manage to develop
FIG. 1. Effect of a pulsed transport current on trapped magnetic flux during such a short-lived disturbance, and the sample re-
change in magnetizF;tiorZ—emgirical distribution Fuewction c?f the critical  MaINS supgrconductmg up to the maximum values of the
currents;3 — exponential-hyperbolic distribution of the critical currents. PUlse amplitude. The transverse cross-sectional area of the
Herel, is the critical current for passage into the resistive state. The insefilm was 4x 10~ ° cn?. The measurements of the magnetiza-
shows a histogram of a sampling of areas of normal-phase clustésshe  tjon were performed using a Hall sensor with a sensitivity of
?h“em:f;gfeflgftﬁf ;V;Sisiengﬁgsl_ fallin the respective class intervahisnd 5, #V-Gs " at a minimum measurable value of the mag-

netic field equal to 0.02 G.

In order to establish the relationship between the dynam-
length were large, lead to the formation of weak links over aics of the trapped magnetic flux and the geometric morpho-
broad range of spatial scales in high-superconductors. logical properties of the superconducting structure of the
Therefore, around each normal-phase cluster there are diim, we calculated the empirical distribution functids*
ways weak links, along which vortices travel primarily under =F*(S) of the areas of the normal-phase clusters, which
the action of the Lorentz ford&? The larger are the dimen- gives a statistical estimate of the accumulated probability
sions of the cluster, the more such weak sites are found alorfgnction F=F(S) [formula (2)]. The value ofF*(S) for
the perimeter of the superconducting space surrounding #&ach order statistic was calculated as the relative number of
and, therefore, the smaller is the critical current at which theclusters whose areas do not exceed a given val#ecoor-
release of magnetic flux from a given pinning center occursdinate transformation of the forfF* —1—F*,S— g/ \/§}
Thus, each normal-phase cluster has its own value of thgives an empirical distribution function of the normal-phase
critical current. On the basis of these geometric arguments;lusters with respect to their critical currents, which is a sta-
we presume that the critical current is inversely proportionatistical analog of the distribution functio8). The distribu-
to the perimetelP of the normal-phase clusterx1/P. For  tion of critical currents thus obtained is shown in Fig. 1
its part, Poc \/S; therefore | = 1//S. We shall assume that the (unfilled circles. The form factor3=0.649 A um was cal-
concentration of weak links per unit of length of the perim- culated as a result of regression analysis: the data from the
eter is constant for all clusters and that all clusters of equainagnetic measurementéilled circles were approximated
area have the same pinning force. Then for geometricallypy the exponential-hyperbolic distributi@8) using the least-
similar clusters the critical current equdls 8/\/S, where3  squares methotturve 3).
is the form factor. It is important to note that the unfilled circles are also

When a transport current flows, magnetic flux is de-experimental and reflect the morphological properties of the
pinned first from clusters which have a small pinning force, asuperconducting structure of the film.
small critical current, and, accordingly, large dimensions. As can be seen from the figure, cur@eprovides an
Therefore, the change in the magnetizatddrunder the ac- essentially ideal description of the constant magnetization at
tion of a transport current is proportional to the number of allcurrents less than 1 A. In the sample there are no pinning
the normal-phase clusters whose critical current is less thacenters with such small critical currents, and since the pin-
the assigned value. The relative change in magnetization caring force is smaller in larger clusters, the constancy of the
be expressed in terms of the accumulated probability functrapped flux in this range of transport currents is attributed to
tion F=F(S) for the distribution of areas of the normal- the absence of normal-phase clusters having a perimeter
phase clusters, which is a measure of the number of clusterghich exceeds a certain threshold value. The area of the
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largest cluster in the sampling equég,,,=0.3684 un?, This work was carried out with partial financing within
which corresponds to a critical curreh,=8/\/Snax=1.07  the Integration ProgrartGrant No. 679.
A. The unfilled circles on the plot of the empirical distribu-
tion function of critical currents begins at just this valisee
Fig. 1).
Each normal-phase cluster has its own value of the criti-
cal current, which makes its own contribution to the statisti- ‘L. Krusin-Elbaum, G. Blatter, J. R. Thompson, D. K. Petrov, R. Wheeler,
cal distribution. This distribution can be used to find the J- Ullmann, and C. W. Chu, Phys. Rev. Ledt, 3948(1998.

2 - .
. : Ch. Jooss, R. Warthmann, H. Kronttas, T. Haage, H.-U. Habermeier,
critical currentl,, whose continuous passage causes the and 3. Zegenhagen, Phys. Rev. L8R, 632 (1999,

sample to pass Iinto the resistive state. Figure 1 shows how t®M. R. Beasley, irPercolation, Localization and Superconductivity (NATO

determinel. from the x intercept of the tangent passing Advanced Study Institutes Series, Ser. B: Physics, Vol, 209)l. Gold-
through the point of inflection on cun& The coordinates of ~ man and S. A. WolfEds), Plenum Press, New Yor¢984), pp. 115-143.
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the point of inflection arel=g /2/(38) and AM/M QADGa_\ﬁS(;r;Gl\éli;sBeasley, and M. Tinkham, IEEE Trans. Med. Imaging

=exp(=3/2); the current for the transition to the resistive sr_zalien and H. Scher, Phys. Rev.4B4474(1971).
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parameters of superconducting materials, particularly for in- T '

creasing the critical currents. Translated by P. Shelnitz



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 6 JUNE 1999

Influence of the nonideality factor on the formation of a near-surface picosecond laser
plasma

M. A. Yakovlev

N. E. Bauman Moscow State Technical University, Moscow
(Submitted March 2, 1999
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It is shown numerically that the influence of the nonideality factor leads to an increase in the
breakdown time of a dense near-surface gas by a picosecond laser pul48€99©
American Institute of Physic§S1063-785(19)02206-5

The development of high-speed laser technologies with  Al=U_+U;+ U, (1)
extremely rapid transfer of energy to matten the pico- and
subpicosecond time scajebas been drawing increasingly Where
greater attention to the interaction of ultrashort high-power
laser pulses with various types of condensed matter. _ hz‘/w_"eJr e’a, 8ni0i2a(q+) @)
When matter is irradiated by picosecond or shorter m &odo 9miv$
pulses fp=< 10 ! g), the interaction has a pronounced non- ) ) _ )
equilibrium character. In particular, since the characteristid1€r€0e iS the cross section for the elastic scattering of low-
values of the electron-lattice and electron-electron relaxatio§"€rdy €lectrons on a gas atomandm; are, respectively,

times in a metal target irradiated by high-power picosecond® effective masses of an electron and an igrandn, are
pulses arery~10 19 s andr,.~10" 15 s, respectively, the the concentrations of ions and the neutral gasandd, are

- ) . o
lattice is scarcely heated during a pulse, while the electroﬂzlhe polarizability and effective diameter of an atoma(q ™)

H i "o FR—
temperature tracks the temporal variation of the irradiatior> the Fourier transform of the lon-a.tom Interaction;
pulse’ ~myuv7/#; andv is the thermal velocity of the atoms.

The ultrafast ionization of a near-surface dense(géth Thu_s, at hlgh pressures 't. can _be assumed that the de-
. . . . crease in the ionization potential is linearly dependent on the
a breakdown timer;<7,) was numerically simulated in

Ref. 2. It was shown that the decisive role in the breakdownConcentratlon of the neutral gas. . .
In the case of argon under the conditions considered

e e suiacs s e b e ctons o W 1,200 K, 107 m °) th efcsof r prys:.
ron boundary fayet, S values .. cal mechanisms cited on the lowering of the ionization po-
near-surface gas pressyrgand the laser emission intensity

| at which ultrafast ionizat fth the f i ‘ tential are comparableU,, U;~Uj;;), but the role of the
em 8L WHICh Uftratast lonization of the gdthe forma lon ot exchange mechanism begins to increase as the temperature
a picosecond laser plasjntakes place were determined in

of the neutral gas decreases and the extent of ionization in-
the case of argorp,~ 100 at and o~ 10'® W/m?. creases.

It should be noted that a picosecond laser plasma has the |t shouid also be noted that under the conditions of a
characteristic properties of a low-temperature, weakly i0nyjcosecond laser plasma there are additional constraints on
ized plasma. In particular, the nonideality properties of ahe decisive physical factors, i.e., in order for the polarization
dense cold plasma begin to be manifested at the pressurggq exchange mechanisms to be able to influence the elec-
indicated abovkand lead to lowering of the ionization po- trophysical properties of a picosecond laser plasma, their
tential of the atoms as a consequence of the interaction of theharacteristic times o and 7e,c, Must not exceed the pulse
charged particles through the dense neutral gas bWyration Tp~10*12 s.
polarizatio? and exchande mechanisms, which was not Since the polarization interaction is of an electromag-
taken into account in the calculations in Ref. 2. netic nature, it is manifested under essentially any conditions

We also note that there has recently been a lively discus[-Tp()lN(nax ne)—1/3>< s 1~10" 1 s]. On the other hand, the
sion of an exchange mechanism involving an acoustic fieléxchange mechanism can manifest itself only at fairly high
for the attraction of particles of like charge in connectionconcentrations of the neutral gasiy~v :ﬁln;”3< Tp-
with the problem of the formation of ordered structures in aThus, taking into account that the phase velocity of sound in
nonideal dusty plasma® a dense gaw,>vr (Ref. 6, we find that the exchange

This report describes a numerical investigation of themechanism for lowering the ionization potential can operate
effect of the lowering of the ionization potential-1 —Al in  in the case of argon &t,~ 300 K only at a concentration of
a dense near-surface, weakly ionized plasma on the formahe neutral ga$,=10*" m3, i.e., at a pressure of about a
tion of a picosecond laser plasma. According to Refs. 5 anthundred atmospheres or more.

6, the decrease in the ionization potent\dl due to the po- Evaluations of the expressiof2) reveals that the de-
larization and exchange mechanisms is crease in the ionization potential in argon under the condi-

1063-7850/99/25(6)/3/$15.00 478 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (6), June 1999 M. A. Yakovlev 479

1.02 K
/"‘. PRE
0.1" Ve - ./. \\ ./
P y e
0 . . . f L R L A L e L L R
—~ 0981
Xl
g A
\é 0.96]
N
04}
0.94
X
-06 S 0.92
/ X
/ [
0.9} !
-08 ! '.
/ !
!
! 0.88} i
/ !
-1
/ — y2.10 !
" / —_— 0.86] I
ML - — 2.10
I'I :.__52,20
Do e k=1
t, ps 0.841 7
FIG. 1. Ratio of the concentrations of ions on a logarithmic scale as a e
function of time. 0.82 . . , . ,

¢, pd

tions indicated above reaches values-d@.13, i.e., the low-  FiG. 2. Relative breakdown rate of a dense near-surface gas with consider-
ering of the ionization potential can have an appreciabletion of the correction for nonideality.
effect on the formation of a picosecond laser plasma.

To describe the kinetics of the ionization of a gas, we
solved a system of equations, which combines the heafs,|cations: an emission wavelengtk1.06 um; an emis-
conduction equations for the electron temperature, the contis;,, intensityl o~ 3% 10— 3x 106 W/m?; refractive indi-
nuity equations of the electronic and ionic components, andaq of the metal at the specified wavelength= 1.5 andx;
Maxwell's equations for the electric field of an electromag- _ 10.1 (which corresponds to a concentration of conduction
netic wave and the field of uncompensated space charge, floctrons in the metai,,=4x 10?® m~3): a gas concentra-
analogy to Ref. 2. _ tion n,=107"—10?® m 3 (a pressurep=40-400 a}; and

In contrast to Ref. 2, here we take into account the deyp jonization potential = 15.8 eV(which corresponds to ar-
crease in the ionization potentid), which leads to a change gon). In addition, the initial temperatufB,, was varied from
in the form of the heat-conduction equation in the gas3ng g 3000 K, which did not noticeably influence the results

(z>0): obtained, and the dimensions of the calculation region were
3 T, 1 a[ aTe 3m Im=10k; ko * andl,=2\.
SK— ="l Xe 5|~ v Klle™ la) Ve e principal finding is as follows: the lowering of the
2%t T n. 9zl Xe a7 Mk(T Tav Th incipal finding i foll he | i f th
© ionization potential leads to a smoother course of the ioniza-
3 e?|E|%v, tion process.
—|1=Al+ EkTe v+ m (€©)) As the calculations in the time interval from 0.1 to 3 ps
w -+ vg)

showed, all other conditions being equal, a gas which has a
whereM is the mass of a gas atorhis the ionization poten- higher ionization potentialbelow the label “wo” corre-

tial; v, is the frequency of electron collisions in the gas, sponds to such a gas nevertheless ionized more rapidly
which is equal to the sum of the electron-ion and electronthan a gas with a lowered ionization potentir which the
atom collisions; and, is the ionization frequency calculated label “with” is used below (Fig. 1.

from the classical Thompson formulaThe frequency of Here curvey2_ 10 corresponds to an amplitude of the
electron-atom collisions was calculated using the knowrelectromagnetic wav&=2x10° V/m and a concentration
temperature dependence of the transport scattering cross sed-the neutral gas,=10x10?" m~3, and curvey2_20 cor-

tion of electrons on atoms of inert gasésThe following  responds t&E=2x10° V/m andn,=20x 10°’m" 3, respec-
numerical parameters of the problem were chosen for thévely.



480 Tech. Phys. Lett. 25 (6), June 1999 M. A. Yakovlev

To account for this phenomenon, we must compare thenergy range consideréd 1—10 eV) the collision cross sec-
effective rates of development of the ionization process ofion of electrons with atoms increases with temperature, i.e.,
the gas(the breakdown rajewithout (k) and with consid- o,_,,<o,; therefore, the ratid6) can exceed unity. This
eration of the lowering of the ionization potentiak,fy,). explains the paradox of a relative increase in the breakdown
Following Ref. 12, we can estimate the ratio betwégn, time of a gas with lowering of the ionization potenti&lig.

andk,,, under the conditions considered: 2, wherek= Ko /Kyith)-
k I —Al
km-/o%( I ) VV\-IO' 4)
with Puwith

. 1S, I. Anisimov, A. M. Bonch-Bruevich, M. A. El'yashevicht al, Zh.
wherew,,, vyim ando(T), o,_,(T) are, respectively, the  Tekh. Fiz.36, 1273(1966 [Sov. Phys. Tech. Phy&1, 945 (1967)].
frequencies and cross sections of collisions of an electrorfA. V. Iviev, M. A. Yakovlev, and A. N. Bordenyuk, Zh. Tekh. Fig8(8),

with a neutral atom without and with consideration of the ,48(1998 [Tech. Physa3, 921(1998]. .
A. V. lvlev, K. B. Pavlov, and M. A. Yakovlev, Zh. Tekh. Fif4(9), 50

lowering of the ionization potential: (1994 [Tech. Phys39, 888 (1994],
_ _ 4V. E. Fortov and I. T. YakubovNonideal Plasmagin Russia, Ener-
Vwo= Nal Twoa'(T)’ Vwith = Nal' T, 0 ~ai(T). ) goatomizdat, Moscow1994), 368 pp. ¢ ’

5V. A. Alekseev and A. A. Vedenov, Usp. Fiz. Nauk2, 665 (1970.

With consideration of5), the expressiori4) can be written & A. A Viasov and M. A. Yakovlev, Teor. Mat. Fiz34, 198 (1978.

in the form M. Nambu and H. Akama, Phys. Flui@8, 2300(1985.
8M. Nambu, S. Vladimirov, and P. Shilka, Phys. Lett.2Q3 40 (1995.
kwo (I1—=Al) UTWO‘TI(T) © %Yu. P. Raizer,Gas Discharge PhysicgSpringer-Verlag, Berlin—New
~ . York (1991); Nauka, Moscow(1987), 592 pp].
Kuith I vy o-a(T) (1993 1987 prl

10, J. Kieffer, At. Data2, 293(1971).

The lowerina of the ionization potential in the initial 11, A. Zeldovich and Yu. P. RaizerPhysics of Shock Waves and High-
e lowering o € lonizaton potentia ¢ a Temperature Hydrodynamic Phenomepacademic Press, New York

stage leads to a more intense ionization process and, accord¢1966-1967: Nauka, Moscow(1966, 688 ppl.
ingly, to a greater loss of thermal energy from the electrons®N. I. Koroteev and I. L. ShumaPhysics of High-Power Laser Radiation
(vr,,<vt,). In addition, another factor which raises the [in Russiar), Moscow, Nauka1993, 312 pp.

ratio (6) is the fact that, according to Ref. 10, in the electronTranslated by P. Shelnitz
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White-light fiber-optic intermode interferometer
O. I. Kotov, L. B. Liokumovich, S. I. Markov, A. V. Medvedev, and V. M. Nikolaev

St. Petersburg State Technical University, St. Petersburg
(Submitted March 15, 1999
Pis'ma Zh. Tekh. Fiz25, 44-50(June 26, 1999

An interferometric system with a low-coherence light source and two multimode fiber-optic light
guides operating in an intermode interference regime is considered theoretically. It is

shown that the employment of fiber-optic intermode interferometers significantly expands the
range of permissible mismatch between the lengths of the reference and signal
interferometers. Mismatch up to a few centimeters is possible for light-emitting die&E>'s).

The use of multimode light guides and intermode interference facilitates the construction

of systems with fibers of great length and matching to an optical sourcel99® American
Institute of Physicg.S1063-785(09)02306-X

White-light fiber-optic interferometers are used to mea-initial phase, and the distribution function of the transverse
sure vibrations, pressure, temperature, linear movementspordinates of théth mode, and (w) is the spectral func-
etc! They have a number of special features and generallfion of the source field:
employ fibers to supply the light fluxes and convey them " P ,
away. Classical interferometers of the Fabryre®eMichel- (" (0)r(0")=C(0)dw=w’). @
son, and Mach-Zehnder types with small dimensiondHere §(w) is the Dirac delta function, an@(w) is the nor-
(~10 3—10"? m) are employed as the sensitive elements inmalized spectral power density of the optical source:
such systems. .

However, in some cases the use of white-ligkaw- f G(w) dw=1. 3
coherenceinterferometry with extended fiber-optic interfer- 0
ometers (-10°—10° m) is attractive, for example, in signal- ¢ jatter is related, in turn, to the complex coherence func-
ing devices and distributed sensors. It is difficult to use thg;, ¥(7) of the source:
known white-light systems because of the complexity of
equalizing the lengths of the reference and signal interferom-
eters to within~10"® m. Just such equalization of the arms
is employed for absolute measurements. _ )

This paper examines a white-light system, which em-1"€ mode function&; are orthonormalized:
ploys fiber-optic intermode interferometéréit permits the f 1, i=k,

EIE’IE dS: [

y(w)zfowe(w)e*iwfdw. (4)

use of light guides of great length and the determination of . (5)
. ) ) : 0, i#k.

disturbances by measuring the displacement of interference

bands with considerable relaxation of the requirements folThe field at the outlet end surface of the second light guide

equality between the lengths of the reference and signal incan be written in a similar manner:

terferometers.

In the proposed systertfig. 1) two multimode fiber-
optic light guides with identical parameters and lendths
andL, are considered. - ' .

To simplify the mathematical expressions, we assume Next, the coefficient®,, must of defined in terms of the

that the light guides are isotropic and lossless, as well agoefficientsCi. For this purpose we equate the fields at the

regular, i.e., free of mode conversion outlet of the first light guide after the spatial filtéwve as-
Thén.tH'e field for the component étafrequemcm the Sume that it is infinitely thin and at the entrance to the

inlet end surface of the first light guide can be written in thesecond light guidéfor L,=0):

form

N
Ea(XyL2,0)= 2, Dy v(w) exp{=j-Bnla}. (6)

N N
2 DoEn-v(0)= 2, CEils; v(w) exp{~j-BiLa-jei
(7)

whereEi|S1 is the field of theith mode after filtration in an

1) apertures;.
Multiplying through(7) by E} and performing the inte-

whereN is the number of propagating modes, Bi, ¢, gration over the entire transverse cross section, with consid-
andE; are the amplitude factor, the propagation constant, theration of the orthnormality of th&,, we obtain

N
E1<x,y,L1,w>=i§1 GE(XY) - v(w)exp—jBiLi— @i},
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A\

1 <

>

N
Dn:igl ci-exp{—j-BiLi—je¢i} Kin,
where we have introduced the notation

Kin= fSEi |s,Ep ds.

The coefficientK;, can be interpreted as the coupling

8

9

coefficients of théth andnth modes in an “inhomogeneity”

of aperturesS;.

The field at the outlet from the second wavelength can N

be written in the form
N

Eo(X,Y,La,0)= D, Eq(X,y)- v(w)e }Fola~ien
n=1

N

2 ciKiy-e 1 Aitamiei|
=1

X

To find the intensity detected by the photoreceiver, we

must perform some transformations:

|2(L2):foxfszf Ea(x,Y,L2,0)E% ds do,

(10

11

Kotov et al.

FIG. 1. Structural scheme of intermode interferometers
with a low-coherence sourc&:— low-coherence opti-
cal source,2 — reference intermode interferometer,
3— signal intermode interferomete®; , S, — spatial
filters, 4 — photoreceiver.

where 7i(wg) is the group delay time of theh mode at the
central frequency o) per unit of light-guide length.

The last exponential multiplier defines the coherence
function of the light source[(7), and forL #0 it represents a
small, nearly zero quantity. Therefore, only the terms with
exponents containing multipliers of the formL (—L,),
which make a nonzero contribution under the conditign
~L,, remain inl,(L,).

Under these conditions the expression fgrtakes the
form

N
I5(L>) 2

n=11i

2 ds) 2

+2

AL,
N N
> U EE! ds)
7k « S,
X Cickf cos[{Bi(wo) — Bi(wo)}

2
)((Ll—LZ)].e_[Ti(wO)_Tk(wO)]z‘FT(Ll_LZ)z_ (15)

A simpler expression is obtained for the two-mode re-
gime (N=2):

_ ~2L2 2 2 2 2 2
whereS, represents the aperture of the second spatial filterl2(L2) = ClkanEl ds+ CZkZlfSZEl ds+ ClklzLZEz ds
In order to integrate over the frequency, we must specify
the spectrum of the optical sourf#ne functionG(w)] and

the frequency dependence 8f.

+czk§2J Egds+2c1c2k§2( J ElEZdS)
2 S

We assume that the spectrum of the source is Gaussian:

1 (w—wg)?
Glw)=——=e "712
T

I\

wherel is the half-width of the line at the level of the maxi-

mum value.

12

For B;(w) we utilize the expansion in a Taylor series:

1
Bi(w):ﬁi(wo)+(w_wo)v+ Ce

(13

whereV;=(88;/6w) ! is the group velocityof théth mode

at the central frequency.

Integration over the frequency gives integrals of the

form

J“G(w)e—uﬁi—ﬂkn de
0

L2r2

=c0s[ Bi(wo) — Bu(wo)]L-&" 7%

L7i(0o) = m(@o)]?,

14

X cos[{Bi(wg) — Bi(wo)}

2 I? 2

X(Ll_Lz)]e*[Tlszl c7(Li—La)” (16)

Equation(16) was used to calculate the plot bf(L
—L,)/lg shown in Fig. 2 {; is the constant component of
the output intensity The following conditions were imposed
in the calculation:

the modes are identically excited;=c,;

the diaphragmss; and S, close off half of the core of
the light guides, leading to the approximate relations

K11=Kop=K12=Kz1=0.5;

f Eizds=f E,E,ds=0.5;
S12 S1,2

the difference between the propagation constapts (
—pB,) and the difference between the group delays (
—7,) were determined for a two-mode graded-index light
guide using the formul4s
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FIG. 2. Dependence of the output intensity on the difference between the lengths of the light dyigds) a — A=0.85um, A=2X10"2, b —\
=1.3um,A=8%x10"3 ¢ —A=1.55um, A=3x10"3.

determine the number of interference maxima within the cor-
2mn; 3 relation peak.
B1— B2= N The contrast of the interference oscillations reaches a
maximum value of 50% wheh;—L,=0. Problems associ-
ated with insufficient contrast of the signal can be solved
when multielement and differential reception methods are
employed.

n, 3
71— T>=—-+—=A, where A=(n;—n,)/ny.
c 4
The widthT" of the emission line of the optical source
was chosen to correspond to spontaneous emitters of thg< .
) . Weir, K. T. V. Grattan, and A. W. Palmer, Proc. SP#248 307
LED type® I'~8x 10" rad/s. We note thdt ~ 2k T (k is the (1994?” retan, an amet, Froe 8
Boltzmann constant, and is the temperature of the light- 2M. Spajer, B. Carquille, and H. Maillotte, Opt. CommuB(15), 261

emitting diode and does not depend on the working wave- (1986.
Iength )\_5 P. Hlubina, J. Mod. Opt41, 1001(1994.

. . 4Fundamentals of Optical Fiber Communicationd. K. Barnoski(Ed.),
As can be seen from the figure, the half-width of the academic Press, New Yorki976 [Russ. transl., Sov. Radio, Moscow

correlation maximumAL, s depends strongly o (i.e.,on (1980, 232 ppl.
the numerical aperture of the light guidend reaches almost 5J._Gowar, Optical Communication' Systemﬁ’rentice-HalI, Englewood
1 cm for A=3xX10°3. At the same time. variation of the Cliffs, NJ (1984 [Russ. transl., Radio i Svyaz’, Moscdd989, 504 pp].

wavelength\ of the light does not influenc&L g 5, but does  Translated by P. Shelnitz
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Controlling spatiotemporal chaos in a chain of bistable oscillators
B. P. Bezruchko and M. D. Prokhorov

Saratov Branch of the Institute of Radio Engineering and Electronics, Russian Academy of Sciences
(Submitted November 17, 1998
Pis'ma Zh. Tekh. Fiz25, 51-57(June 26, 1999

The processes in coupled oscillators and their control under bistability conditions are considered.
The possibility of stabilizing spatially homogeneous states is demonstrated 999
American Institute of Physic§S1063-785(19)02406-4

1. The processes in spatially distributéahultidimen-  scribes the temporal dynamics of a nonlinear dissipative os-
siona) oscillatory systems are often simulated by oscillatorscillator and the structure of its bifurcation sequences in the
coupled to one another in a chain or an array. Such erregion of the existence of subharmonic oscillations and their
sembles have also been used successfully as models of dsrolution to chaos, as well as reflects such nonlinear phe-
tributed media. A chain of identical dissipative oscillatorsnomena as hysteresis, bistability, and multistabliftyThe
closed in a ring, in which the oscillators are subjected tdform of a steady multistable oscillatory state is specified by
cophasal excitation by a periodic external force, can be usethe initial conditions.
to analyze the possibility of controlling chaos. The elements At certain values of the parameters the system of equa-
of the chain are nonlinear, capable of undergoing regular antions (1) and (2) goes over to a regime of developed spa-
chaotic oscillations, and bistable. The last property meansiotemporal chao$!® The attractors corresponding to such
that two different forms of steady motions can take place astates contain a set of saddle periodic orbits, which can be
fixed values of the parameters. Bistability is typical of non-stabilized by a controlling disturbance acting on the param-
autonomous oscillatory systems at nonlinear resonanceters of the system.
where hysteresis is observed when the parameters are varied. 3. Spatially homogeneous states of the chain were stabi-
The coupling between the elements of the chain is symmetritized for two typical cases: for values of the parameters cor-
and local(the elements interact only with neighbras well  responding to an absence of hysteresis and the associated
as diffusive (dissipative. The problem of controlling spa- bistability in the elements of the chain and for the presence
tiotemporal chaos is considered in its classical form, i.e.pf bistability in a single element. In accordance with the
stabilization of motions in an unstable limit cycle embeddedcontrol procedure usetthe controlling disturbance is im-
in a chaotic attractor by small changes in a controllingposed on the parametérof each of the coupled oscillators.
parametef > The possibility of stabilizing spatially homoge- Thus, the parametek depends both on the moment in time
neous states of an ensemble of bistable elements using and on the number of the elemeantand can be written in the
element-by-element regulation proceduaad the effective- form
ness of this approach in the presence of noise are demon- ~
strated. A=ART=Aot+AL, ©)

2. The following discrete model was investigated underwherer is the constant component ad is the variable

:I:]e.cond_l?c;n thfit the rt]elemltlants in the chain are identical angomponent. Each of the elements in the chain is successively
€Il excitation 1S cophasat: subjected to the control procedure as its dynamic varigBle

X™, = (1= 2K) F(X™) +K[F(X™ D + f(x™ ], (1)  comes into the vicirl?ty of_ the state being_stabiliz_gd.
_ _ _ _ _ The states stabilized in our work are fixed poixtsf the
wherex is a dynamic variablen=0,1,2,. .. is the discrete mapping(2). Then, wherx™ enters a small vicinity ok, we

time, mis the number of the element in the chain, dnid -5 write

the coupling coefficient. The boundary conditions are peri- o o

odic: x}=xM*1, whereM is the number of elements in the XM =x+xT ., xM=x+x", (4)
chain. The basic chain elemeftx]) is a mapping, which

reflects the temporal dynamics of an oscillator. We used th&/h€réXn.; andx,’" are small perturbations. Substitutifg)
multimodal multiparameter mapping and (4) into (1) and linearizing the expression obtained, we

obtain the equation for a fixed point

_ _ 2w
x=Ap+Xxexd —d/N]Jcog —— 5
0 o] ] S{N 1+ BA ©)
whose parameters characterize the amplituéle ¢nd nor-

malized frequencyN) of the external periodic disturbance, and a linearized equation for the perturbatiodfs , , from
the dissipation ¢), and the nonlinearity ). The mapping which we find the valué\]', at which the perturbatior], ;
(2) has both regular and chaotic solutions, qualitatively debecomes equal to zero:

+A, (2

2
Xnt 1= F(Xp) =Xpexd — d/N]COS{m
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FIG. 1. a — Plot of the mapping?) for A=6, d=0.2,
N=0.5, and3=0.2 (the chaotic attractor isindicated by the
thick line); b — spatiotemporal diagram of the establish-
ment of a homogeneous regime of perigat+— regime of
developed spatiotemporal chaos; d—e — controlled transi-
tion to a spatially homogeneous regime of perio¢et d

— intermediate stage of the transition.

A= —exy — d/N][ (1—2K)(x™—x)

(__ 2 2B
x| X sin — —
N(1+ B8x)|N(1+ Bx)?
+cog ————=| | +k| xy' " co§ ——————
N(1+ Bx) N(1+8x5 ")
e 2
+X, 0§ ——————
i{N(Hﬁxnm l)]
_ { 2 )}
—2XCc0§ —— . (6)
N(1+ Bx)

m 120

by a controlling disturbance of the for(6) using the scheme
described above. The magnitude of the controlling distur-
bance decreases with time. We note that the stabilization of
regimes with time and in space takes place only when there
is weak coupling between the elements of the chain. For
example,k=0.005 for the plots in Figs. 1c—1e. This is be-
cause the algorithm used is based on a method of successive
stabilization of the elements in the chain, and the weaker is
the coupling between the elements, the longer will the ele-
ment subjected to the controlling disturbance reside in the
vicinity of the unstable state being stabilized and, conse-
quently, the higher will be the probability of cluster forma-
tion.

Let us now consider the stabilization of spatially homo-
geneous states of period 1 for the second typical case, in
which the parameters of the system are such that bistability

The controlling disturbance acts when two conditionsjs observed in the elements of the chain and two chaotic

are satisfied simultaneously, vizx™—x|<e& and

2T — 2T
ki | x"*tco§ ———————|—xco§ ———
N(1+Bx™ 1) N( 1+ Bx
B 2
+| x"tcog —————
N(1+B8x0 Y

] |
—XCO§ ————— <
N(1+ 8x)

i.e., when both terms i66) are relatively small.

attractors coexist in them. The plot of the mappi@gy cor-
responding to this situation and the forms of the chaotic at-
tractors are presented in Fig. 2a. For the values of the param-
eters chosen the system has three unstable fixed points, two
of which appear in a chaotic attractor. If the initial conditions
in all the elements of the chain are assigned in the basin of
attraction of one chaotic attractor, the situation is similar to
the one considered above for the absence of bistability. Then,
each orbit of period 1 appearing in the attractor is stabilized
in the chain according to the scheme described. If the initial
conditions are such that some of the elements in the chain
undergo oscillations in one chaotic attractor and others do so

4. Let us first examine the controlled transition from ain the other chaotic attractor, a fairly broad window with
regime of spatiotemporal chaos to a spatially homogeneougspect tce and, therefore, a larger value of the controlling
regime for values of the parameters at which the chain eledisturbance are required to stabilize any of the regimes of
ments have a single fixed point of period 1. The plot of theperiod 1. This condition is fundamental, since regardless of
function (2) for such values of the parameters and the chaoti¢he strength of the coupling between the elements the oscil-
attractor which exists for them are shown in Fig. la. Thelations of an individual oscillator can occur in the absence of
single orbit of period 1 appearing in the chaotic attractorthe controlling disturbance in only one of the attractors.
with these values of the parametéFsg. 1) can be stabilized Therefore, stabilization of the fixed point appearing in the
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et The magnitude of the controlling disturbance needed to
al 7 bring the chain into a spatially homogeneous regime in the
4 : 2 bistability region can be reduced significantly, if random
: . noise is allowed to act on the system. Owing to the presence
p 3 of noise, switching between the bistable states becomes pos-
! ; 2 sible, and the oscillations of an individual oscillator can take
oo ! place alternately near each chaotic attractor. By supplying
0 .z", x, Iz % 0 noise to the system and simultaneously applying a control-
. ; ling signal to it, we can try to force the oscillations of all the
6 c 6 elements of the chain to move into the vicinity of only one
5 5 selected chaotic attractor. Thereafter, the noise can be re-
4 4 moved, and stabilization of the spatially homogeneous re-
iz ZE gime of period 1 appearing in that attractor can easily be
1] d T achieved. For the case depicted in Fig. 2b the application of
o : 0] : random noise with a maximum amplitude having an absolute
1 " 120 1 " 120 value A=0.2 to the system led to fourfold decreases in the
7] d 7] absolute values of the controlling signal and the intesvad
2: Z: which control takes place.
4] o] : 5. The approach used can be applied to the stabilization
* 4] * 3] of spatially homogeneous and spatially periodic regimes with
2] 2] different temporal and spatial periods, as well as to the sta-
1 1] bilization of spatial regimes in a two-dimensional array of
o A o . o bistable oscillators.
: This work was performed with support from the Russian
6 € 6] Fund for Fundamental Resear@Brant No. 96-02-16755as
4] 4 well as the Federal Special-Purpose Program “Integration”
* 2] MRS (Grant No. 696.3
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Radial-slit erosion discharge
S. E. Emelin, A. P. Kovshik, E. I. Ryumtsev, and V. S. Semenov

Scientific-Research Institute of Physics and Scientific-Research Institute of Radiophysics, St. Petersburg
State University
(Submitted March 10, 1999

Pis’'ma Zh. Tekh. Fiz25, 58—61(June 26, 1999

A new type of erosion discharge, which is distinguished by the stability of the formation and
ease of observation of its nonequilibrium plasma in the form of radially propagating,
solitary waves, is described. @999 American Institute of Physids§1063-785(09)02506-9

Among the electric discharges in a stream of'ghsre The electrical circuit is similar to the one employed in
are variants which create a highly nonequilibrium plasma irRef. 4 and contains a 10-kV accumulator with a capacitance
some regime8.Such regimes are distinguished by a reducedC=0.8 mF, a current-limiting resistor witR=1-—500 ,
gas temperature, instability of the discharge current, and and a 30-kV igniting pulsed transformer.
tendency for the appearance of propagating forms. The ap- Upon ignition, breakdown occurs between the nearby
pearance of these features is accompanied by an increasedlectrode ends on the surface around the head of the inter-
the role of the metastable states and the sequential ionizatieectrode spacer, and a discharge in the form of an incom-
mechanism. plete disk appears in the radial slit. Then, if the current

The plasma of an electric discharge in a stream of dhrough the discharger and the active resistance exceeds a
dispersed condensed phiaser an erosion capillary certain critical value, which depends on the accumulator
dischargé has a number of structural features, low tem-  Vvoltage, the discharge extends to a shorter distance along the
perature, an elevated electron density, a high electric fieltiadius, the larger is the current. If the critical value of the
intensity, and an increased lifetime after the current is intercurrent is not exceeded, the discharge propagates rapidly
rupted. In Refs. 6 and 7 these features were associated wigdong the radius after a sufficient quantity of vaporized poly-
the metastability of the energy states of a plasma based dner accumulates in the sliFig. 2). As a result, The voltage
degraded polymers and metals and with the effects of theidrop on it gradually rises to the total value, and the current
transport in the metastable material. The features discoveredpcreases to zero with ultimate interruption of the current.
are consistent with the general picture of a dynamic strucWhen the accumulator voltage is increased sufficiently, the
tural transitior? discharge reaches the limiting spacers during propagation

It can be presumed that the nonequilibrium character ofind is fixed on them, and the trailing edge of the current
the plasmacan be enhanced significantly by supplementingPulse is very steep. In the range of currents from a few kilo-
the ionization-wave propagation conditions with the condi-amperes to tens of amperes the characteristic self-cut-out
tions characteristic of an erosion dischafdéhis idea can be Pulse duration is 0.1-1 ms. Interruption of the current is
realized in a radial-slit erosion discharge, which can be creaccompanied by a sound resembling a gunshot. The color of
ated by placing two walls composed of a readily vaporized
dielectric, for example, a polymérnear consumable jack-
knife electrode$.

The design of the slit dischargéFig. 1) used to create a
transverse discharge is an assembly of two parallel(pely
ethyl methacrylatedisks1 with a diameter of 100 mm and a
thickness of 25 mm, which are clamped to one another by
steel pins2 and separated by thin(1 mm) polyethylene
spacers3 and4. The angle between consumable electrdeles
wasincreased in comparison to Ref. 2 to 300°. Steel elec-
trodesb with a diameter of 2 mm were partially insulated by
polyethylene tube8 and were placed in groov&sbelow the
surface of one of the disks To assign the initial form of the
discharge propagation front, the insulating interelectrode
spacetd has a circular head with a diameter-efL0 mm, and
its center coincides with the center of the slit. Ten limiting
spacers3 are positioned in the slit opening with an azimuthal
separati_on of 30°. To improve the stability of the functiqning FIG. 1. Design of a st discharget: — disk, 2 — pins, 3 — limiting
of the discharger at large currents, the errors in the height Qfpacersa — interelectrode spacér— electrodess — insulating tubes7
the slit must be kept smaller than 5%. — grooves

1063-7850/99/25(6)/2/$15.00 487 © 1999 American Institute of Physics
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FIG. 2. Integrated image of a radial-slit erosion discharge.

the luminescence of a static discharge is red to the eye, and an attribute of the nonstationary regime of a radial-slit
the color of a moving discharge is blue. aerosol discharge. It can have numerous scientific and tech-
The existence of a discharge in a thin slit is closely re-nical applications. The formation of a nonequilibrium dense
lated to its interaction with the readily vaporized wall mate-plasma in a transverse discharge, the investigation of its in-
rial, which is present in two principal forms: in the form of a teraction with matter, the creation of shock waves, the devel-
wall surface and in the form of an aerosol produced as apment of a high-power electric commutator, etc. can be
result of vaporization of the wall and degradation of thecited as examples.
polymer by the discharge. In a low-temperature regime the
principal mechanism of energy loss and loading of the dis:—1 ) A 4 o |
; ; ; “Yu. P. Raizer,Gas Discharge Physic2nd ed., Springer, Berlin—New
charge is the depletion of charges as a re_sult of their attach York (1997 [Russ, original, Nauka, MoscoW992, 536 pp.
ment to the wall surface and aerosol particles. The metastazy p. Rrusanovet al, Dokl. Akad. Nauk332, 3061993 [Phys. DokI.38,
bility of the bound states of the charges leads to a decrease irs98 (1993].
their recombination rate. This causes, first, a de|ay and pro_3V. V. Kudinov et al,, Plasma Deposition of Coatings Russiar, Nauka,
longation of the wall vaporization process, so that it takes,M0S¢oW (1990, 408 pp.
. . . . ! . ~~4R. F. Avramenkoet al, zZh. Tekh. Fiz.60(12), 57 (1990 [Sov. Phys.
place mainly behind the moving discharge, creating a region tech, phys3s, 1396(1990].
of increased aerosol density and pressure on the small-radilss. B. Leonov and M. B. Pankov, Khim. Fiz6, 144 (1997.
side. Second, the energy stored in the aerosol which hags. E. Emelinet al, Pis’'ma Zh. Tekh. Fiz23(19),54 (1997 [Tech. Phys.

- - s Lett. 23, 758(1997].
passed throth the d'SCharge facilitates ionization and7S. E. Emelin and A. P. Kovshigt al. in Reports to the 5th Inter. Confer-

thereby promotes propagation toward regions of lower pres- gnce: current Problems in the Electrophysics and Electrohydrodynamics
sure, i.e., toward the large-radius side. of Fluids[in Russian, St. Petersburg;1998, pp. 103—106.

Thus, the combination of the nonequilibrium nature of 8G. E. Skvortsov, Pis'ma Zh. Tekh. Fi25, 81 (1999 [Tech. Phys. Lett.
the plasma, the metastability of its energy states, and the 2> 351999
propagation of the discharge until interruption of the currentrranslated by P. Shelnitz
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Self-reproduction of multimode Hermite—Gaussian beams
S. N. Khonina, V. V. Kotlyar, and V. A. Soifer
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The condition for the self-reproduction of multimode Hermite—Gaussian beams is obtained and
analyzed. Partial self-reproduction planes are also considered. A numerical example is
presented. ©1999 American Institute of Physid$$1063-785(09)02606-3

When several types of coherent light fields propagate irat z=0, w(z) is the radius of the Gaussian beam at any
a homogeneous space, self-reproduction, i.e., repetition Qi(z) is the radius of curvature of the Gaussian beam,
the intensity distribution in a transverse cross section, can bgoz kw?/2 is the Rayleigh parameter of the Gaussian beam,
observed. The repetition or self-reproduction of light fieldsHm(X) is a Hermite polynomialk is the wave number, and
with a transverse periodic structure is called the Talboic  are complex coefficients.
effect’ A general condition which must be satisfied by light The expression for the light intensity in a transverse
fields having longitudinal periodicity was derived by :ross section of an HG beam has the form
Montgomery?

Single-mode light beams are examples of self- w? x2+y?
reproducing beams with a period equal to zero. They includé(X,Y,2)= ——exg —2—;
Bessel mode$,as well as similarity-conserving Hermite— wX(2) @ (2)
Gaussian and Laguerre—Gaussian mdd&be conditions N J2x 2y
for the rotation of modal light beams, which are also ex- X[ E |Cmn|2H§1(_) ﬁ(_)
amples of fields with longitudinal periodicityto within m.n=0 @] e

scalg, were obtained in Refs. 5—8. The condition under N N \/Ex

which the intensity distribution of a multimode Laguerre— > |cmncm,n,||-|m(_)
Gaussian beam will self-reproduce to within scale at several mn m’,n’ ()

distances was obtained in Ref. 9.

In this paper a similar condition is derived for multi- XHm’<ﬁ)Hn(@)Hn’(@) cogb™ 1,
mode Hermite—GaussiafHG) beams. Self-reproduction is w(z) w(z) (z)
demonstrated for concrete modal beams using numerical (4)
simulation.

Let us consider a multimode HG beam propagating inwhere
free space. The complex amplitude of such a beam can be mn _
written in the form P = AMCrmn =AML

N +[(m=m")+(n—=n")]n(2). 5

E(x,y,z)=m;:O Conn¥'mn(X,Y,2), 1) In order for the intensity distributiofd) at the distance

Z, to be repeated to within scale at the distangethe func-
where tions (5) in each term in Eq(4) must satisfy the condition
® ik(x?+y? O (2)=DT" (z)+2m, 1=123,... (6)
W (XY,2)= — ex;{i(er n+1)77(z)——(2R YY) e (22) = Py (22
(2) (@) Substituting the functiort5) into Eq. (6), we obtain an ex-
X2t y? ( ‘/EX)H ( \/Ey) o pression for the distanca:
wi(z)] M@ @) Zl+20tar<2_”')
2\ 112 2 Z :—p )
VA ZO 2 Zq 2al\’
w(2)=w, 1+ R(z)=z l+—2 , 1- —tan —
r4 Z Zp p
ré 2 where
z)=arctan —|, 3 , ,

7(2) Z © p=(m—m’)+(n—n’). (8

z is the longitudinal Cartesian coordinate,andy are the The presence of the parametein formula (7) shows

transverse coordinatesy is the radius of the Gaussian beam that for a pair of modes with the numbersn,f) and

1063-7850/99/25(6)/3/$15.00 489 © 1999 American Institute of Physics



490 Tech. Phys. Lett. 25 (6), June 1999 Khonina et al.

(m’,n’) there can be several distances at which the transtABLE I. Positions of the self-reproduction points.
verse intensity distribution of their sum recorded at a certair

. Value of Self-reproduction pointg
z, will be repeated. [Pl P POINTE po

Let us consider the example of a pair of modes with|pol <4 None
p=20 and find the distances at which the intensity distribuPol =4 Z1py ="
tion recorded forz; =0 is repeated: 4<[pol<8 20 21p,=

1 P ’ |p0|:8 Z1p, =20y Zop, = ®
Fo F0
2.7l 8<|pg|<12 0<2,,, <Z<Zpp <*
Z1p= 720 tar(T , =123, ... (9 [po| =122 0<2p,<20<2Zp,<®, Z3p =

. " . L . . The pattern subsequently repeats with a multiple increase in the number of
In this case we obtain five repetitions with increasing period, seit.reproduction points.

one of which appears at infinity:

220032492y,  250=0.72652p, 2320=1.3764 2, It is interesting that the positions of the repetitions of the
2400=3.07772, Z5p="°. initial (at z;=0) intensity distribution relative ta, can be

. o o ~ predicted as a function of the value|@k| in (13) (see Table
It is understood that all the variations appearing in the intery).

val [0,2,,] will be repeated in the subsequent periods i ine distances; andz, in (7) are assigned, the num-

[21,p,21+1p] with & rate that slows with increasirig bers of the HG modes which must appear in the beam in

Let us next consider methods for choosing the modeyqer for it to have similar transverse intensity distributions
numbers for a self-reproducing beam of the typecontain- 4t these distances will satisfy the condition
ing more than two terms.

If a pair of modes with the numbersn(n) and (m’,n’) 27l Zo(2,—24)
and po=(m-m’)+(n—n’) is chosen, the addition of —=arcta{ ot 2 | p[>4l. (14
modes with the same phase velocities, i.e., with the numbers 2 so
(m”,n") which are such that It follows from Eq. (14) that the distanceg; and z,
cannot be assigned arbitrarily.

Apart from the distances for self-reproduction of the in-
permits the formation of a beam which self-reproduces at théensity distribution atz;, the distances of the “fractional”
same distance$7) as the original pair of modes. This is period(4) can be interesting. Here we can draw an analogy
because the additional modes will give only two values:to “fractional” Talbot period for lattices! The distances for
p’=po andp’=0. Whenp=0, the dependence anin (5) oneqth of the self-reproduction period will be described in
vanishes, as in the case of a stable beam. An example of suéte following manner £,=0):

a multimode beam witlpy,= 20 is provided by the combina- om |
tion of seven modes (0,3)(1,0)+(10,11)4(11,10) zﬂpzzotar<—- —), 1=1,2,3,. ... (15
+(9,12)+ (8,13)+ (0,20). a P

Another degree of freedom for choosing the numbers of  The valueq=2 corresponds to a “half-period.” In this
the additional modes appears, if we consider the followingcase for odd =2s+1 ands=0,1,2,. .. instead of the addi-
repetition condition for(7): tion of the cross terms irf4) we have subtraction: cos(

7 = (11) +al)=—cosf), which can be defined as quasicontrasting. A

Lp—Snpre similar situation is observed at half of the Talbot period for
For example, if a pair of modes with the numbens, ) and lattices! where the shift of the original lattice image appears
(m’,n") and po=(m—m’)+(n—n") is chosen, then for as contrasting.
repetition at the same distances the difference between the Figure 1 presents the results of the numerical simulation
numbers of the additional modes must be for a three-mode (1,1 (5,5)+(9,9) HG beam. All the

_ _ modes appear in the composition of the beam with equal

P=lpola, 4=012..., (12 weights. The following parameters were used: the arrays
and the numbers of the additional modes are found from theneasured 512512 pixels, the region for variation of the
following relation: arguments was,ye[—0.5 mm,0.5 mnh, the wavelength
(13) was A=0.63 um, the radius of Gaussian beam wag

=0.1 mm, and the Rayleigh parameter wag= kw§/2
For example, if a (1,1} (5,5) beam repeats its initidat  =49.63 mm.
z,=0) transverse intensity distribution at the distafsee Using the expressiofil5), we can obtain the following
9] distances for self-reproductiofior =2 and evenl) and
- quasicontrastingfor g=2 and odd) (z;=0):
21,8: ZO tar(z

a (1,1)+(0,2)+(5,5)+(4,6)+(9,9)+(8,10) beam will re-
peat at the same distance:

m’+n"=m+n or m’'+n"=m’'+n’, (10

m’+n"=m+n+|pglq, q=0,1,2,. ...

=27,

2 1 5 1
Z; g= Zptal T =27~49.63, z;g=2ta w5) =,

1 3
2 2
27 = Zptan m=|~20.71, z5,=7 tar( 77—)%120.71.
21,8: 22,16: ZO . 1,8 0 I’( 8) 3,8 0 8
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FIG. 1. Binary phasda) (white — 0, black —r), intensity (b) in the z=0 plane, and intensity distributions in the following planes:20.71 mm(c),
z=33.16 mm(d), z=49.63 mm(e), z=74.27 mm(f), z=120.71 mm(g).

For a quarter-period we have the following distandes  imposed on the mode number of an HG beam in order for

g=4,1=2s+1,s=0,12...): self-reproduction to occur has been obtained in this work.
The condition for partial self-reproduction has also been con-
T 1 m 3 . .
Zig=zptar| = - = |~9.87, Z§g=zytan - - =|~33.16, sidered. A numerical example for a three-mode HG beam
' 2 8 ' 2 8 with two self-reproduction planes has been presented.

T 5 T 7 This work was carried out with support from the Russian
Zg =20 tar(i- §)~74.27, 25 5= 2, tar(i- §)~249.51. Fund for Fundamental Resear¢@rants Nos. 98-01-00894
and 99-01-00430
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distanceszi8= 20.71 mm(c), 23,8: 33.16 mm(d), 25,8: 2 “p. Yariv, Introduction to Ohticél EIectroni(.:San ed., Holt, Rinehart and
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case.

Thus, the conditiofformulas(7) and(8)] which must be  Translated by P. Shelnitz
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Nonlinear zero-range potential model for the scattering of sound intensity by a
Helmholtz resonator

O. S. Pershenko and I. Yu. Popov

St. Petersburg State Institute of Fine Mechanics and Optics (Technical University)
(Submitted October 22, 1998
Pis’'ma Zh. Tekh. Fiz25, 70—-75(June 26, 1999

The scattering of an intense sound wave by a Helmholtz resonator can be described by a
nonlinear(to take into account the hydrodynamic effects in the resonator jhread-range
potential model. The case in which the wave is linear everywhere except in the resonator
throat is considered. A comparison with the results of other models is madd499® American
Institute of Physics.S1063-785(09)02706-9

The problem of the Helmholtz resonator, i.e., a resonator =y £MGNXr ro ko), re QM
with a small orifice, was first posed by Rayleigh at the be- n e in
ginning of this century. Many approaches to the problem Where o (“ig ) 1S from the ,Soboley spaceH (")
have been developed since then. The leading-order terms Qﬂrggxﬂ s g’{ is the Green’s function for the region
the asymptotic expansiofin the small orifice diametes) + ", andky is some negative numbea regular value of
have been obtainetbn a rigorous mathematical basier the operator In addition, the following relation holds:
solving the scattering problefisee, for example, the review iﬂ: e, n— _ g&x (1)
in Ref. 2. Since the problem is complicated, various models inex_ ..ine
have been proposed for solving it. We shall proceed withinVhere é= == Uo’ (o). For the extendedmode) operator
the so-called zero-width-slit model, which is based on operaymjer consideration, the solution of ;[he problem of the scat-
tor extension theoRyand is similar to the zero-range poten- tering of a plane wave has the fofin’
tial method in quantum mechanité The model problem is Po(r,v,K) +beG(r,rg,k), e
considerably simpler than the fundamental problem; never-  #(r,v,k)= b, G"(r.rg.K) FeQn 2
theless, it yields the leading-order terms of the asymptotic " o ’
expansion under consideration. In addition, it permits the us#&here
of the powerful machinery of operator theory. Therefore, F k)= elk(rn) 4 alk(r %)
there should be interest in expanding the area of application olrvk)=e €
of the model, which is the purpose of the present work. Wes the sum of the incident and reflected plane waireghe
note that all the approaches mentioned above were devetbsence of an orifiggkv (kv*) is the wave vector of the
oped for a linear Helmholtz resonator. However, it is knownincident (reflected wave, and
that this resonator is not linear in the case of intense o(Fo, 1K)
sound®® This calls for taking into account the hydrody-  by,=bg=———
namic effects in describing oscillations in the resonator
throat. Several models of such a resonator were proposed in Din,ex=(Gi”’ex(f,ro,k)—Gi”’eYr,fo,ko))|r:ro-
Refs. 9—-11. In this paper we present another model, which
can be called the nonlinear zero-range potential model. AVe note that

Din+ Dex ,

comparison with the results in Ref. 9 will be made. The o 2
. . . |\Pn(r0)|
proposed model is a natural generalization of the correspond- D;,=(\—X\) 2 ,
ing linear model; therefore, we shall first briefly describe the =1 (An=N)(An=ho)
linear variant:? wherexo=k2, \, is an eigenvalue of theoperaterA™, and
Let )" be a closed bounded region®t, and letQ® be V¥ is the corresponding eigenfunction.
a half-plane, so tha@**NQ"=r,. We consider the Laplace It was shown in the preceding studies that the model

operator —A=—(A"®A®) with the Neumann boundary parameterr, can be chosen such that the model solution
condition. We narrow it to a set of smooth functions thatwould give the leading-order term of the asymptote in the slit
vanish at the point,. The closure of the operator obtained width ¢ for the corresponding solution of the “real” prob-
will be symmetric with the defect indice®, 2). Its self-  lem with an orifice of diametes (Ref. 12.

conjugate extensions also provide a model which interests Let us now move on to the nonlinear variant of the
us. Without describing all the possible extensions hee2  model. We note that in the analysis of the scattering of in-
Refs. 5 and 1R we shall consider only the one which is most tense sound by a Helmholtz resonator we have nonlinear
natural from the physical standpoint, whose domain of defieffects only in the resonator throaTherefore, we introduce
nition consists of all the elements of the form only one nonlinearity, viz., the one corresponding to a “non-
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p |

FIG. 1. Dependence of the absorption coefficientkan the
vicinity of the resonance value 2.22144h dimensionless
form). Values of the parametersi— ky=7, a=1, B=1; Il —
ko=7, a=1.3, B=1; ll — ky=7, a=2, B=1. The dashed
———————— curve corresponds to the secafidonphysical”) solution with
the following values of the parametelg;=7, a=1.3, B=1.

0.5

2.223 k

linear” pqint grifice, into the model. The starting point of the (@exta2)Din=—apDex— tho+ B(a2D2,
construction is the same as before, but we construct the ex-

tension itself differently. We choose the nonlinear coupling + 240D ex@ext 15),

_'f , & (i.e., the extended operator will be nonlingan the where o= (T o, ,K). Therefore,

linear case one of the selection rules for the extensions was

the requirement that they be self-conjugate. In the nonlinear —A*A?—4yo( Bo—1)(BDZ,— aDyy)
case this requirement no longer exits. Taking into account &ex™ 2(Bd2,~ aD,)

that the resonator must be linear for sound waves of small ex "

amplitude, we can examine a quadratic nonlinearity, whichis ~ A=28,D ¢— Dex— Di,-

a perturbation of the linear self-conjugate extendibn

in _ 2
0= a0y,

, ®)

Thus, we have two solutions. If

(2B40D ex— Dex— Din)2=44o( Bho—1)(BDZ— aDyy),

in_ _ gex ex) 2

ST ETH (D) ®) they coincide. The corresponding valleis a bifurcation
wherea and g are constants. We obtain the solution for thepoint. The coefficienP (P=|a.,/ ¢o|?) characterizes the ab-
scattering of a plane wave in the form sorption of power. Lekf be the first positive eigenvalue of

e ex —A;, (which corresponds to the first resonant frequency
W(r, v K)= '//O(r,’v’k)jLae"G (r.ro.k), rEQ, ' (4 When the minus sign is chosen (&), we haveP=1 at the
ainG"(r,ro,k), reQ", resonance frequency. In addition, as the nonlinearity is di-
where (1, »,k) is the same as in the linear case. Takingr_ninished, thi_s solu_tion te_nds to _the solution obtained in the
into account(3), we find linear case, i.e., this choice of sign corresponds to the com-
5 mon physical situation. The other solution gives
Qjn=Aext Agy P=1(a?y?) at resonance. Generally speaking, it is a non-

FIG. 2. Dependence of the absorption coefficientkom the
vicinity of the resonance value 2.2214i4 dimensionless form
Values of the parameters: — ko=3, a=1.3, B=1; Il —
ko=6, =13, B=1; Il —ky=7, a=1.3, B=1.

0.5 L
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Investigation of mechanical stresses in strained solids on models of conducting
polymer composites
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A method for measuring mechanical stresses in the bulk of machine parts, which simplifies the
known methods and does not require significant destruction of the test sample, is proposed.
© 1999 American Institute of PhysidsS1063-785(09)02806-3

The evaluation of the stressed state of structural eleeut. Therefore, the photoelasticity method is classified as a
ments and machine parts reduces mainly to the determinatiaestructive testing method, which lowers the value of this
of strains upon loading Theoretical calculations are usually method to a definite extent.
performed using methods based on the resistance of materi- For the purpose of simplifying the procedure for measur-
als and the theory of elasticity. However, in practice, espeing mechanical stresses in the bulk of machine parts of vari-
cially in the case of machine parts of complex design, diffi-ous design and improving the correctness of the measure-
culties of a mathematical character arise when the externdnents, we propose a method for measuring mechanical
loading scheme is fairly complex, and the solution is eitherstresses in the bulk of model solids essentially without sig-
excessively cumbersome or totally impossible due to a lackificant destruction of the test sample. The method is based
of a series of experimental data. In these cases, the theorefil the dependence of the resistivity of a conducting polymer
cal methods have been successfully supplemented by expefomposite on applied mechanical load.
mental methods, which permit faster and more accurate Let us examine the proposed method in greater detail. It
achievement of the goal than do analytical methods, as welP knowr that the resistivity of a polymer composite consist-
as testing of the accuracy and correctness of the approximat@d of @ polymer binder and a conducting filler is limited by
calculation methods. Among the experimental calculatiorfhe mean dls.tan.ce between-fllle_r partlclles, i.e., the res!stlv!ty
methods, the photoelasticity or polarization-optical method i¥f @ COmMPposite increases with increasing values of this dis-
most often employe@This method is based on the ability of tance and decreases with decreasing values. According to

certain transparent materials to alter their optical propertiegXperlmental data, in a region of elastic strains the logarithm

as a result of their deformation upon loading. Despite theof the resistivity of a material increases linearly in response

. . . . o . 0 a tensile strain and decreases in response to a compressive
perfection and universality of this method, it is characterlzeaI P P

. ) . . . strain* Such a dependence is stipulated by the conduction
by some inaccuracies. They are associated chiefly with the . . . " L
: : : mechanism of conducting compositel practice, situations
special features of the mechanical properties of polymer ma- L ST ) .
requently arise in which individual portions of machine

terials. For example, in accordance with the photoelasticit ) . )
thod. to study the st d state in the bulk of the t ?arts are subjected to nonuniform loaditigr example, the
method, 1o study the stressed state In the bulk of the Wangeg o, of gear drives Loading anisotropy causes strain an-

paTe”‘ polymeric S_O“d sgrvmg as the model object, the mai’sotropy and, accordingly, stresses in the bulk of the sample.
terial must be cut into thin plates after removal of the load

‘Also, if the sample is made from a conducting composite,

interference patterns in the form of bands of isoclines andnep, in the case under discussion the microstructure at indi-

isochromes are obtained from each of them by passingiq, ) sites will depend on the local strain, and, accordingly,
monochromatic light through them, and a far from simplegg resistivity at individual sites will, in turn, reflect their

analysis is performed, in which equations with many paramsyressed state. Thus, the distribution of the stresses in the
eters must be solved. It is assumed here that the strains angly|k of a sample can be obtained by measuring local resis-
accordingly, the stresses in the sample remain unchanggfities.

after removal of the load. This assumption is supported by  The method just described of estimating the distribution
the fact that a stress is “frozen” in a material loaded atof the stresses in the bulk of a sample of a solid underlies the
elevated temperaturebelow the melting pointand then experimental procedure.

cooled under the load to room temperature. However, it  The material needed, i.e., a conducting polymer compos-
should be taken into account that errors in the estimation ote based on a polymer binder with high physicomechanical
the magnitude and distribution of the mechanical stressesharacteristics and a conducting fillearbon black, graph-
clearly arise because the test sample is sawed into thin platege, metal powdens is first obtained using a technology
The mechanical stresses appearing when the material 8hich ensures that the samples have the required mechanical
sawed are superimposed on the stresses being investigatathd conducting properties. Greater attention is focused on
The resultant error will be greater, the thinner are the platesbtaining a material with a highly uniform distribution of the
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FIG. 1. Model sample of a conducting polymer composite
with a grid drawn on it, as well as holds) and probe
electrodegb).

d{

filler particles in the polymer matrix. The shape and dimen-between holes at distances no less than 4.5 mm from the
sions of the model sample are chosen in accordance with thedge of the sample. Measurements are performed both before
problem posed. In our experiment we used a sample in thand after the load is applied. The local resistivity of each
form of a parallelepiped measuring 880X30 (mm). A  elementary cube must be measured before the load is ap-
square grid is drawn on two adjacent planes of the parallelplied, because the preparation of a conducting composite
epiped, as shown in Fig. 1a. As the density of the grid pointsvith exceptionally high electrical uniformityfor example,

is increased, the possibility of increasing the accuracy of thevith respect to the resistivilyis essentially impossiblé.e.,
measurement of the distribution of stresses in the bulk upothe original values of the resistivity of these cubes differ
loading increases, if the grid is drawn between neighboringrom one another by a certain amoyraind the changes in
grid points. resistivity in response to small strains can lie within the

The next step in preparing the sample is to drill thin spread of the original values of the resistivity of the elemen-
(1-1.5 mm holes in the sample perpendicular to one of thetary cubes. However, things are simplified by the fact that
faces of the parallelepiped with the grid between grid pointghe plots of the logarithm of the resistivifg;; versuse;j
(Fig. 1a. Metal (stee) probe electrodes are inserted throughrecorded for any elementary cube are linear, have the same
the holes to measure the resistivity between neighboringlope relative to the rectangular coordinate a¥gg. 2), and
holes at a definite depth in the sample. The probes are coatede satisfactorily described by the equation
with an insulating lacquer except at their er#sg. 1b. A | Roo=| Roe e
contact loop made from a thin (0-2.3 mm bronze wire is nrijk = InTijk ijk
soldered to one end of the probe, and a current lead is soWwhereR; is the initial value of the resistivity of the respec-
dered to the other end. tive elementary cube.

An experiment to measure local stresses is carried outin ~ We shall utilize the familiar dependence of the mechani-
the following manner: probe electrodes are inserted intaal stresses of a solid on elastic stréifooke’s law, which,
neighboring holes to the same depth. The flexible loops oiin our case, takes the form
the electrode tips with a diameter slightly larger than the = _ @
holes ensure reliable contact with the body of the sample at '/ Eijk s
the depth selected. The other ends of the electrodes are conhereE is the relaxational Young’s modulus of the test ma-
nected to a sensitive tensometare used an ISD-3 static terial.
strain metex. In the present case the role of the strain sensor By combining Eqs(1) and (2) we obtain formula(3),
(strain resistoris performed by the resistance of an elemen-which can be used to calculate the local stresses:
tary cube with an edge equal to the side of an elementary _ 0
square in the grid. The local resistivitiBgy are measured as 7ijie= EINCRi/Riji)- ®
the probes are displaced by equal distances into the interior The application of the proposed method for calculating
of the sample, and in order to avoid the edge effect, thdocal stresses by measuring the local resistivities of a model
measurements of the local resistivity should be performeds illustrated below in the example of elastic deformation of
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In Rijk [Q-cm] TABLE I. Values of local stresse§n MPa) for layerk=4 for the coordi-
2536 [ nates 4,0,4 of the pointdE=3 mm) of application of the loadF=1 kgf).

j 011 026 034 092 09 034 025 0.08
0.13 027 042 056 053 039 025 0.10
012 018 038 035 032 036 017 0.08
010 015 016 024 021 016 015 0.07

2532 F 006 012 014 015 013 014 011 0.04
A 002 006 009 008 006 007 004 001
001 002 004 004 003 003 002 001
000 000 001 002 002 002 001 0.00
J As expected, in accordance with the data in the table, the
2528 F largest mechanical stresses in the model appear in regions

near the point of application of the load and gradually de-
crease with increasing distance from that point in the radial
L . . directions. The character of the distribution of the local
0 0.05 0.1 0.15 ¢ % stresses in the loaded model agrees well with the data ob-
o ~ tained by other method<’

FIG. 2. ‘Dependence of the resistivity _of elemente_ary cubes on strain for a It should be noted that the present method enables us to
composite based on polycarbonate with a graphite f{B& wt. %9. The . . .
hatched area shows the dispersion of this dependence due to the variabili%IUdy the kinetics of the variation O_f'local stress'es "f‘ﬁer un-
of the original resistivity values of the individual elementary cubes. loading, as well as under the conditions of loading in a dy-
namic regime.

a sample in the form of a parallelepiped obtained from a'G. Ya. Pochtovik and A. B. ZlochevskiMethods and Means for Testing
: : : Structural Element$in Russian, Vysshaya Shkola, Moscoy973.
compo.sne mat.enal based (.)n pqucarbonate .and graphlte. 2A. J. Durelli and W. F. Rileyntroduction to Photomechanic®rentice-

' This matgnal was obtained in t_he following manner. A Hall, Englewood Cliffs, NX1969 [Russ. transl., Mir, MoscoW1970].
mixture of Diflon polycarbonate with GM-G graphit&0 3V. E. Gul' and L. Z. Shenfil',Conducting Polymer Compositgs Rus-
wt. %) was heated in a mold under a pressure of 10 MPa atzlgag], r\}fh,lAmly?’ Mé)SéovMV(1?84-h_ hvill. Kauch. Rezina, No. 9, (87

o : : zh. N. Aneli and G. M. Topchishvili, Kauch. Rezina, No. 9, .
250 OC for 1_0 min and then cooled without pressure to 5J. N. Aneli, L. M. Khananasvili, and G. E. ZaikoStructuring and Con-
200 °C and finally to room temperature under a pressure of gyctivity of Polymer CompositesNova Science Publishers, New York
100 MPa(Refs. 5 and B (1998.

The numerical values of the local stresses calculateaﬁDZh- R. Aneli, D. I. Gventsadze, |I. G. Mamasakhlisov, and I. P. Kaverkin,
from formula (3) in the case of a parallelepiped measuring 'St Massy. No. 3, 311983.
80X 50% 30 (mm) under a 0.1-MPa load are listed in Table I. Translated by P. Shelnitz
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Pis'ma Zh. Tekh. Fiz25, 83—88(June 26, 1999

The principles for designing electrode systems for sources of ion beams of large cross section on
the basis of a glow discharge are considered, and a system with combined magnetic and
electrostatic confinement of the fast electrons in a wide-aperture hollow cathode and the generation
of an ion-emitting plasma in the anode cavity is proposed. It is shown that the system

investigated generates a plasma with a nearly homogeneous distribution of the ion emission
current density at low gas pressures and can be effectively used to obtain ion beams over a broad
range of energies. €1999 American Institute of PhysidsS1063-785(19)02906-7

The employment of a glow discharge in sources of broadtavity, because electrons enter it through a narrow near-axial
ion beam&? provides for increased reliability and simple op- opening. The diameter of the exit aperture of a hollow cath-
eration of the sources, as well as a considerable increase ade can be increased without destroying the stability of the
the duration of the generation of beams of chemically activalischarge, if there is magnetic confinement of the fast elec-
gases, in comparison to hot-cathode systériihie main  trons along with electrostatic confinement in the hollow cath-
problems arising in such applications of glow discharges inode. The efficiency of such a combined technique of electron
clude the need to reduce the admission of gas to the level @onfinement, which is often employed in cylindrical magne-
hot-cathode ion sources in order to maintain the breakdowtron sputtering systenfsis attributed to the fact that the ap-
strength of the accelerating gap, as well as to lower the preglication of a longitudinal magnetic field sharply reduces the
sure in the working chamber in order to optimize the ion-velocity of the fast particles starting from the cylindrical
treatment conditions. A solution to this problem has beercathode surface toward the exit aperture. As a result, the
achieved using a hollow-cathode glow discharge of specifi¢esidence time of the fast electrons in the cavity increases,
design®* However, the radial distribution of the plasma den-and they manage to effect a number of ionization acts in it
sity in such systems is inhomogeneous, making it difficult tosufficient for sustaining the discharge.
obtain a beam of large cross section. In addition, the achieve- The electrode system used in the experiment is shown in
ment of a high current density in low-energy ion beams isFig. 1. The dimensions of hollow cathode 1 were varied
hampered by the negative influence of the near-cathodduring the experiments, and the diameter of its exit aperture
layer, which is characterized by a considerafip to 1 kV) d had values of 1, 5, and 8 cm. The diameters of hollow
potential drop and a large thickness, comparable to the dian&node 2 and the cathode were equal to 13 cm, and their
eter of the openings in the emitter. lengths were equal to 6-8 cm. Emitter 3 had a cathodic or

A significant improvement in the character of the distri- floating potential. The flux of gag@rgon admitted into the
bution and the formation of a homogeneous plasma in a con-
siderable portion of the cathode cavity can be ensured when
weak magnetic fields are appliddSources of broad high-
energy(tens of kiloelectron volfsion beams with a hollow
cathode in a magnetic field have been developed and effec- | -1
tively employed, but the formation of a high-current low-
energy beam requires a decrease in the potential difference
A between the emitterand the plasfrfawhich hampers

ignition of the discharge. A decreasednrp can be achieved 2
in another plasma-emission systénin which the ion- —L__E_—J_‘/4
emitting plasma is created in an anode cavity communicating /

with the cathode cavity through a small aperture. However,
in such a system the radial distribution of the plasma density
is highly inhomogeneous, making it difficult to form a broad
beam. For this reason, a study of the possibility of obtaining |~
a dense homogeneous plasma in hollow-anode systems is of
great interest.

An inhomogeneous distribution appears in the anode&IG. 1. Electrode system of a glow-discharge plasma-emission system.

1063-7850/99/25(6)/3/$15.00 498 © 1999 American Institute of Physics
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1.2 —

FIG. 2. Radial profiles of the ion emission current density
for discharge currents equal to 0(8), 0.6 (2), and 0.4 A
(). The magnetic induction waB=10"2 T.

i mA/cm2

cathode cavity was 10 citmin, and the pressure in the Figure 2 shows the profiles obtained using a cathode with
vacuum chamber did not exceed Pa. The magnetic field d=8 cm for various values of the discharge current with a
(B=0-30 mT) was induced by two coils 4. The discharge floating potential on electrode 3. A& is increased, the ion
current was varied in the range 0.1-1 A. emission current densityincreases, and the discharge igni-

The results of the experiments show that the character dfon voltageU decreasesFig. 3) with a resultant significant
the radial distribution of the plasma density varies signifi-decrease in the cost of an ion in the beam. The character of
cantly asd is increased. Whed=1 cm, the radial profile of the distribution does not vary significantly, whereas in other
the saturation ion current density from the plasma in theplasma-emission systems an increas® igenerally leads to
plane of electrode 3 has a sharp maximum on the axis of tha drastic increase in the inhomogeneity of the plasma, and in
system, and when the aperture diameter is increased, a playstems of the inverted magnetron type it leads to a decrease
teau, whose width is close t) appears on the distribution. in the emission current.

900 —
1
800 —
41 2
> 8 . o
~700 — = FIG. 3. Dependence of the discharge ignition voltéhe?)
= = and the ion emission current dens(8; 49on magnetic field
= induction with cathodi¢2, 3) and floating(1, 4) potentials
1 3 on the emitter. The discharge current was 0.7 A.
600 —
4
500 -
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In the experiments with an inhomogeneous magnetic  The results obtained in the present work make it possible
field (in this case a different current was passed through théo obtain ion beams of large cross section over a broad range
coils) it was found that the ignition voltage is influenced of energies and provide for significant improvement in the
predominantly by the field in the cathode region and that theparameters of glow-discharge sources of gas ions.
efficiency and character of the distribution of the ion emis-  This work was carried out within an NIS-IPP project
sion current is influenced by the field strength in the anodeaccording to contracts Nos. 774233 and 857153 with the
region of the discharge, creating a possibility for independenBrookhaven National Laboratory, U.S.A.
optimization of the conditions for sustaining the discharge
and ion emission from the plasma.

When electrode8 was under a cathodic potential, igni-
tion of the discharge was facilitated significantly, and the
cutoff pressure and ignition voltage of the discharge de-IN. V. Gavrilov, G. A. Mesyats, and G. V. Radkovslt al, Surf. Coat.
creased(Fig. 3. The emission current density was 1.5—2 _Technol.96, 81 (1997. _
times hlgher than with a floating pOtentiaI, but the CharacterZA.' B. Vizir', E. M. Oks, P. M. Shchanin, and G. Yu. Yushkov, Zh. Tekh.

. e ) Fiz. 67(6), 27 (1997 [Tech. Phys42, 611(1997].
of its radial distribution remained unchanged. However, thesy; r" kaufman, J. J. Cuomo, and J. M. E. Harper, J. Vac. Sci. Technol.
results of the calculations and experiments show that the 21, 725(1982.
cathode layer hinders achievement of the optimal form of the“i-1 f-lggtel', Zh. Tekh. Fiz54, 241 (1984 [Sov. Phys. Tech. Phyg09,
ngSSIOn plasma_ surface when a low-energy beanh_((e\/) °N. V(. Gaé\ll)r]i.lov, G. A. Mesyats, S. P. Nikuliet al, J. Vac. Sci. Technol.
is generated. This leads to considerable losses of ions on the, 14 1050(1996.
screen electrode and calls for an increase in the field intensitys. P. Nikulin, inProceedings of the 17th ISDEI\Berkeley, CA(1996),
in the accelerating gap. Therefore, it is preferable to use sys:Vol- 2, pp. 659-661.

: : : : : V. V. Bersenev, N. V. Gavrilov, and G. V. Radkovskin Abstracts of
tems with a cathodic potential on the emitter, which have a Reports to the 4th All-Russian Conference on Modifying the Properties of

h?gher energy efficiency, in sources of ions of higher ener- siyctural Materials by Beams of Charged Particlés Russiaf, Tomsk
gies(tens of kiloelectron vol{s As for sources of low-energy (1996, pp. 66-68.

ion beams, as has already been noted above, here it is bett%}- A._Thornton and A. S. Penfol@ylindrical Magnetron SputteringAca-
to use systems with a floating potential on the emitter, for 9MC Press. New York1978, 113 pp.
which A ¢ is small. Translated by P. Shelnitz
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A new algorithm for simulating the mechanical behavior of a composite material of stochastic
structure is proposed. The use of a model material, which is composed according to the
parameters of the shape, size, and orientation distributions of the components in the real composite,
as a standard medium is proposed. A procedure is proposed for determining the bounds of

the interval of microvolume sizes in the model material which ensure that it is locally
representative. The possibility of preliminarily estimating these bounds from the parameters

of the distributions of geometric characteristics of the microvolumes, which does not require the
solution of a sequence of inverse problems, is demonstratedl999 American Institute

of Physics[S1063-785(19)03006-3

One of the basic techniques in the mechanics of composrariances? of the volume ratio between the components on
ites is utilization of the concept of an effective medium. TheL/B for a random sampling of fragments is presented in Fig.
properties of the effective medium are specified as the proptb. It is seen that there is a characteristic range of microvol-
erties of a standard material, which is most often either aime sizes I ,<L/B<L,), which corresponds to the region
reduced homogeneoysmaterial or a material with a regular of the abrupt change in the characterd{L/B). The elastic
structure! In the former case there is no possibility for ob- properties are characterized by the following values of the
taining information on the distribution of microstresses, andLame constants\;/\,,=6 and u;/u,= 6.6 (the subscripts
in the latter case it is impossible to take into account thanm andi label the matrix and the inclusionsThe calculation
concentration inhomogeneity and the chaotic character of thecheme is shown in Fig. 1c. The conditions of ideal mechani-
reinforcement, which are characteristic of many real composeal contact are satisfied on the interfaces between the com-
ites. ponents. The loading conditions simulate the case of uniaxial

The use of a model material composed of a matrix ranimacroscopic stretching.
domly filled by discrete inclusions as a standard material is  Figures 2a and 2b present the results of the application
proposed. A geometric model of the structure is constructedf the proposed scheme for determining elastic properties to
using Neumann’s method from the parameters of the shapéyo randomly selected points in the model material in cases
size, and orientation distributions of the inclusions. This per-of stretching in mutually orthogonal directions. The relative
mits direct simulation of the features of the structure and, asizeL/B of each fragment of the structure was varied in the
a consequence, the mechanical response of real compositeange 1.5..7.5. The volume ratio between the components
The macroscopic properties of the model material are as€ was also determined for each fragment. A correlation is
sumed to be effective and are determined by the methods abserved between the changes in the level of variations of
stochastic mechanics from the distributions of localthe volume ratio of the components in the material and the
properties® The local mechanical properties are determinedevels of variation of the local effective elastic properties as
by the response of microvolumes of the model material tadhe sizeL/B of the model fragment is varied. The results
external loading. The problem of selecting the sizes of thespresented show that there are considerable differences be-
microvolumes which ensure that they are representative itween the mechanical responses of microvolumes corre-
the local sense is considered. A three-phase model of sponding to different points in the model structure, which do
composité is used to determine the parameters of the menot vanish as the size of the fragments increases. This sup-
chanical response of a microvolume in a uniform field ofports the claim in Ref. 1 that a faithful estimation of the
external disturbances. effective mechanical properties of a material requires the use

The problem posed is solved in a planar formulation byof information on the distribution functions of its local prop-
finite element analysis as applied to estimating the elastierties.
properties of a fiber-filled composite when it is loaded trans-  The dependence of the statistical parameters of the dis-
versely to the direction of the fibers. Figure 1a presents thé&ributions of the elastic properties and the volume ratios of
model structure of such a material and its characteristics. Thi#e components in microvolumes of the model composite on
relative characteristic size of the fragment of the structure otheir sizes in a randomly formed sampling was investigated.
the model material investigated 3 B=50, and the volume Figures 2c and 2d present plots of the distribution densities
fraction of the inclusions equals 0.46. The dependence of thefthe relative elastic moduk/E,, andG/G,, for samplings

1063-7850/99/25(6)/3/$15.00 501 © 1999 American Institute of Physics
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/2 < o< +1/2 FIG. 1. Parameters of the structure of a model material and

OOO calculation schemea — structure of the model material; b —

nn O ﬂ({)( B= max{b} dependence of the variane€ of the volume ratio between
the components of the model material on the size of the frag-
q ments ¢ — calculation scheme for determining the effective
parameters of a microvolume of the model matefial—
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of microvolumes of various size€(andG are the effective mate the distribution of the effective elastic moduli of the
Young's modulus and shear modulus of a microvolume, andnicrovolumes. The size of the samplings form@#<300)

E,, andG,, are the corresponding moduli of the majriA ~ makes it possible to reliably estimate the parameters of the
three-parameter Weibull distribution was used to approxidistributions for an assigned significance level.
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The plots of the distribution densities of the relative elas-posite. There is a maximum microvolume sizg at which
tic moduli in Figs. 2c and 2d, like the data in Figs. 2a and 2bjocality of the estimates of the properties is lost. Microvol-
attest to the existence of a strong dependenceof the result afnes whose size falls in the interval{,L;) can be re-
the numerical estimation of the mechanical properties of aarded as locally representative. The results of the averaging
microvolume on its size. The plots presented allow us tof the mechanical responses of microvolumes of the sizes
state that the results obtained for different values of the relaindicated determine the local effective parameters of state of
tive size of the microvolumes become similarldaB=3.0.  the composite material.
This bound of the similarity region of the plots of the distri- 3. A preliminary estimate of the bounds of the interval of
bution density of the relative elastic moduli/B=3.0) falls  microvolume sizes in a composite which ensure that it is
in the same size intervalg,L;) as does the region of the locally representative can be obtained from the results of an

abrupt change in the character ®f(L/B) (Fig. 1b). analysis of the dependence of the variance of the volume
The results obtained allow us to draw the following con-ratio between the components on a characteristic geometric
clusions. parameter of the structurd(B).

1. The use of a model material with a stochastic structure
as a standard permits estimation of the mechanical response. E. Pobedrya, Mekh. Kompozit. Mater., No. 6, 72996 .
Of mu|ticomponent materia's W|th Consideration of the Char- 2v. A Lomakin, Statistical Problems in the Mechanics of Deformable
L Solids[in Russian, Nauka, Moscow(1970, 139 pp.
_acterlstu? _feat_ures of th_e real StrUCt_ur_G’ as well as the IocaLR. M. ChristenseniMechanics of Composite Materialg/iley, New York
irregularities in the loading and straining parameters caused 1979 [Russ. transl., Mir, Moscow1982, 334 ppl.
by them? 4Yu. G. Korotkikh and 1. A. Volkov, inApplied Strength and Plasticity
2. There |S a mlnlmum mlcrovolume SIZ|EO In the Problems: An Interinstitute CO"eCtiOr[in RuSSiaI}, NizhegorodSHi
. . . Universitet im. N. I. Lobachevskogd 997, Vol. 56, pp. 43—49.
model structure, which permits allowance for the influence ~ " o> et M obachevskogd 897, Vol. 56, pp
of its elements on the local mechanical response of the confranslated by P. Shelnitz
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