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Limitation of a giant amplification surge by photoinduced space charge accompanying
an increase in the concentration of recombination centers in intrinsic threshold
photoresistors with extracting contacts
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An analysis is made of the dependenceGobn V under conditions of a giant surge of the
photoelectric gairG as the concentration of recombination impuritié$ncreases, wher¥ is the

applied voltage ané is the value ofG at the maximum point of the functio®(N). It is

shown that as a result of the space charge induced by the optical radiation the fubEdpn
exhibits strongly nonmonotonic behavior. The optimum voltegg applied to the sample

is determined for whictG(V) reaches the maximurtfimax. This nonmonotonic dependence ®f
onV does not correlate with heating of carriers or the lattice or by injection of charge from
the contacts. ©1999 American Institute of Physids$$1063-785(09)00103-2

In papers at an international symposiuftSA) we re-  example, in threshold photoresistoid. We also assumed
ported that by increasing the concentratrof recombina-  that the spin degeneracy factor of the acceptor state is 1/2
tion impurities, saturation of the photoelectric g&nwith (Refs. 19-22 In the present paper we use the same model.
increasing electric fieldv can be avoided® in intrinsic An increase in the lifetimes,, and 7, with increasingN
threshold photoresistors with impurity recombination ofis caused by weakly nonequilibrium filling of a recombina-
photocarrier§ 12 and extracting contact@t these contacts tion level, as a result of which the lifetimes are determined
the concentrations of nonequilibrium electrakis and holes  not only by capture of nonequilibrium carriers at equilibrium
Ap are zer6™9. We then put forward a better argued justi- traps but also by thermal ejection of electrons and holes from
fication for this possibility:3 nonequilibrium centers, converting them from a bound to a

This suppression of the saturation®{V) is based on a free state, and by the capture of equilibrium carriers at non-
giant surgé® in the value ofG=1,,/(qWg (Ref. 10 asN  equilibrium traps. For this reason the lifetimes of nonequi-
increases(Fig. 13, wherel, and g are the photocurrent librium carriers may be either longer or shorter than their
densities and the rates of carrier photogeneratiuris the  times of capture at equilibrium traps and may be highly non-
distance between the contacis§0 andx=W, inset to Fig. monotonic functions of the concentration of recombination
1a), and q is the electron charge. This effect occurs firstcentersN (Refs. 15-1Y (Fig. 1¢9. Note that r,(N) and
because the lifetimes of the nonequilibrium electrepgnd  7,(N) may also be highly nonmonotonic functions for two-
holes 7, increase rapidly as the concentratidrincreases in  level recombination impurities, as was shown in Refs. 23 and
a certain rang€~’ (Fig. 10, if 24, and also in the presence of auxiliaghonon carrier
trapping centers.

Another factor causing a gain surge is that when the
conditions(1) are satisfied, the ambipolar mobilify van-
ishes for a certain value df which, to lowest order in the

B 3 _4B
§1=0—B<1, §2=E<1,

1 <1 B 1\/_<1 0 small parametergl), is the same adl=Np for which the
£a= JA fa=Ve<l. functions 7,(N) and 7,(N) reach the maximum values,
- _ ; 6,17
Here and 7, (Refs. 13-1¥ (Figs. 1b and 1t wheré
N W / /
A:2_D, 324&, az—p, (2 p :ﬂ T :w_ 3)
N N Wh n 2WnND ' P 2WpND(A+ B)

wherew, andw, are the probabilities of electron and hole

capture by a deep level ang and p, are their equilibrium  Under these conditiong. vanishes in am-type material*
concentrations when the energies of the Fermi level and thkut not for an intrinsic carrier concentration (Refs. 3,68,
recombination level are the same. In Refs. 13—-17 we used 21, and 25%. Physically this is because of the positive sign
model consisting of shallow, completely ionized donors hav-of the photoperturbation bound at a deep charge impurity
ing the concentratioMNp together with neutral and minus- (N_-N¢ <0, whereN is the concentration of recombination
one charged deep acceptt¥$?! where the semiconductor centers of charge minus-one amdf is its equilibrium
parameters deviate slightly from the equilibrium val@Es  value.
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FIG. 1. Photoelectric gaiG=1,,/qgWin GaAs(solid curvg and Si(dot-
dash curvg(a), the ambipolar mobilityw in units of the hole mobilityu,, 3 ) )
(b), and the electrom, (1) and hole lifetimes, (2) in secondgc) plotted as 10 10 10 1w

functions of the concentration of recombination cenférper cubic centi- ) ) )

meter at room temperature. The following parameters are assumed: intrinsfdG. 2. Dependences in GaAsolid curves and Si(dot-dash curvesat

concentration of free carriers;=1.79<1P° cm 3, electron mobility = T=300K: a — G as a function of the applied voltage in volts at

1n=28500 cnt/V s, p=400 cnt/V s, dielectric constani=13.1(in GaAs W=10"1cm, whereG is the value of the photoelectric ga@at the maxi-
from  Ref.  26;  m=145¢10%m°  u,=1500cmV'S,  mum point of the functiorG(N) (Fig. 18; b — Gy as a function of the

Fp=450 eV -5, 6=11.9(in S'. from Ref. 26; the ratio O,f the probability distanceW in cm between the current contacts, whég,,is the maximum
of hole capture to the probability of electron capturedis w, Iw,= 10,

w,=10%cnPs (Refs. 9 and 21 n,/n=10°, Np=10%cm?, of G fo.r a given.value 9W (Fig. 23; c - optimum vol.tag%/Op in volts as
W=10"1, cm, andE,= 10 V/icm. The inset shows the photoresistor circuit. @ function of W in centimeters, which gives the maximuBr= G,y for a
given value ofW (Fig. 2b. The semiconductor parameters are the same as in
Fig. 1.
The result of Ref. 13 was obtained in the quasilinear
approximation normally used for moderate fields when

divAE is neglected in the Poisson equafigh’™*#18-22 and u, are the mobilities of the electrons and holes,

_ 4mq . Leg=(L3+L2)¥2 s the effective ambipolar diffusion length
divAE+ ——(An+N_—N-—-Ap)=0 @ of the carrier¥ whenG=G, where
whereAE is the deviation of the electric field from its value ., A/6+BJyA+B DD,
Eo in the absence of illumination, caused by the absorption ° (A+B)D,+BD, W,Np’ ©
of radiation, anc is the dielectric constant. However, even
for moderate fields E,=1-10V/cm the quasilinear ap- <, €& 2A+(B+1)0VA+B tnttpEd

LT - = )
proximation is by no means always permissible, as was ~E 8rq wpNpnVA+B  (A+B)untBpup
shown in Ref. 14. The possible inaccuracy of this approxi-_

mation was also noted in Ref. 13. L, is the normalcalculated using the quasilinear approxima-
Using Refs. 13—-17 we can derive the following expres-tion) ambipolar diffusion length of the carriers whén=G,
sion:; andD, andD,, are the diffusion coefficients of the electrons
and holes. It follows from expressig®) that as the photo-

G=

] (Mn;n"—/‘p;p)%- (5) resistor voltage/=WE, increasesG iAnitiaIIy increases and
then dropdqFig. 28. This behavior ofG(V) is caused by an
This determines the value @ at the maximum of the de- increase in_4 asV increases and leads to an increased loss
pendencé&s(N) for uniform photogeneratiofFig. 189 allow-  of photocarriers because of their more rapid diffusion influx
ing for the term diAE in the Poisson equatio@). Hereu,,  to current contacts, at whicAn=Ap=0. An increase in

L w
1—2=MtanH ——
w 2L ot
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Lei= VDew(Ep) 7 with increasingV is caused by an in-

crease in the effective ambipolar diffusion coefficién of
the carriers as the fiell, increaseS*[ D is the coeffi-
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Influence of traps on avalanche triggering during breakdown of gallium phosphide
p—n junctions

S. V. Bulyarskil, Yu. N. Serezhkin, and V. K. lonychev

Moscow State University, Saransk Ulyanovsk State University, Ulyanovsk
(Submitted November 5, 1998
Pis’'ma Zh. Tekh. Fiz25, 9—-13(March 12, 1999

Deep centers are found to strongly influence the statistical delay of microplasma breakdown in
gallium phosphide red LEDs. It is postulated that this effect is caused by Shockley

electrons triggering an avalanche or by subthreshold mechanisms of impact ionization. It is
shown that the statistical delay in the microplasma breakdown can be used to determine the
parameters of the deep centers if the charge state of the deep centers is varied by reducing

the p—n junction voltage. ©1999 American Institute of Physid$§1063-785(19)00203-7

As we know, the avalanche breakdown of rpah junc-  19V. The capacitance—voltage characteristics, particularly at
tions exhibits microplasma behavior and microplasmas posow voltages, revealed an approximately linear dependence
sess a statistical breakdown detayarious authors* have C53=f(U) with a concentration gradient of around 2.5
studied the influence of deep centers on the breakdown delay 1022cm=4. Capacitance methods revealed no deep centers.

of microplasmas. In these studies a change in the charge state afier the diode voltage had been reducedtg, a volt-

of the deep centers was caused by the flow of avalanchggeU was applied, a few percent higher than the micro-

current. Thus, both electrons and holes are trapped in thelasma breakdown voltage. After a timg a microplasma

microplasma channels. In this case, the charge state of tHe red and lanch ‘b o f Then th
deep centers changed over the entire microplasma channéF,ar €d-and an avalanche current began to flow. then the
including the region of maximum electric field. Conse- Voltage again dropped t,. In order to eliminate the af-

quently, the Frenkel—Poole effect and tunneling could havdereffects of the avalanche current, including thermal effects,
some influence during the emission of trapped carriers. Althe diode was held &), for 1-5s depending on the tem-
these factors made it very difficult to interpret the experi-perature.
mental data. Figure 1 shows distribution functions of the duration of
In the present study the deep centers were filled by parthe microplasma breakdown delay. The curves are plotted for
tially reducing the bias voltage across then junction. In. 1000 pulses. Curvé gives the distribution function with no
this case, the deep centers are only filled by majority carriergqgitional filling of deep centers. As might be expected in
(electrons from ther-base or holes from the-bas¢. More-  he (assical caskthis is an exponential distribution. Curve
over, the filling can only occur in that part of the SPACe-5 shows the distribution function with filling of deep centers

ﬁ)r:;\rge region where the electric field strength is reIaUverand curves is the difference. It is assumed that the contri-

Breakdown delay was investigated using Commerciapution of all other avalanche triggering mechanisms is elimi-

AL102 gallium phosphide red LEDs. The breakdown voltagenated- In most cases, the difference curve is accurately ap-
of the first microplasmaJ,, at room temperature was 18— Proximated by
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FIG. 2. Average breakdown delay time as a function of

. . . . filling voltage: ( 74) — average delay time with filling of
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ty field is increased do not explain the observed temperature
Inf=A exp{ -1 (1) dependence of the effect. The high concentration of deep

centers in the microplasma channel is also problematical,
In some cases, it may be approximated by the sum of tW@ecause in this case a relaxation breakdown delay should be
exponential functions. Curv8 agrees with the theoretical gpserved
dlStrlbUtlor? if the avalanche is triggered by remission of We assume that in ga|||um phosph|de the electron en-
majority carriers from traps. In this case,is the average ergy distribution function in strong electric fields is spheri-
confinement time for trapped carriers at a trap and cally symmetrical, whereas in silicon it is elongated in the

e e;l or 7= e‘;l’ @2 direction of the electric field, which can be attributed to the

different mechanisms responsible for the carriers acquiring
wheree, ande, are the coefficients of thermal emission of the threshold ionization energy in these materials. In gallium
electrons and holes, respectivelyelfande, are represented phosphide however, there are a few electrons which can
as Arrhenius curves their temperature is accurately describegoid collisions with phonons before impact ionization
by a linear dependence. For instance, in the temperaturg&hockley electronsand we can postulate that these mainly
range 290-330K the influence of a single deep level withyigger the avalanche. The influence of subthreshold mecha-
the activation energy 0.350.01 eV is observed. The influ- nisms such as tunnel-impact ionization must also be taken
ence of six levels is only observed at 100-400 K. Since camto account. In these cases, the probability of an avalanche
pacitance methods reveal no deep levels in these diodes, Wging triggered cannot be calculated using the normal values
can postulate that these deep centers are mainly situated #f the ionization coefficients. However, these investigations
microplasma channels. open up new possibilities for studying impact ionization pro-

The calculations show that for normal values of the CO-cesses in semiconductors.

efficients of impact ionization of electrons and holes, the  This work was supported by the Russian Fund for Fun-

parameterA in Eq. (1) only differs appreciably from zero gamental Researdi@rant No. 98-02-03334
when the triggering carriers start from deep regions of the
space-charge zone. However, this requires the filling voltage
Un to be several tens of volts lower than the m|Cr0p|_aS.mall. V. Grekhov and Yu. N. Serezhkimvalanche Breakdown of a-m
breakdown voltagé.It was unexpectedly found that this is  Junction in Semiconductorfin Russia, Energiya, Leningrad(1980
not the case with these gallium phosphide diodes. Figure ZZéSZKPP- 4 3. Nishi 3. Phys. Soc. JAnL453(19683
H H H . Kimura an . NIshizawa, J. YyS. S0C. .
gives the average breakdoyvn delay time as a function of thegG. Ferenczi, Solid-State Electrot?, 903 (1974,
filling voltage. The delay time begins to decrease even forsk | Nutall and M. W. Nield, Solid-State Electrons, 13 (1975.
low values ofUy —U,,. In the case shown this difference is °s. V. Bulyarski, V. K. lonychev, and Yu. N. Serezhkin, Proceedings of
only 2-3V at 382K. As the temperature decreases, the the International Conference on “Centers with Deep Levels in Semicon-

width of the plateau decreases andTat 250K it almost glijcst;;sﬁags ??T;gonducnng Structures Tyanavsk, Russia, 195n

disappears. This behavior is typical of all the deep levelssa s kyuregyan and Yu. N. Serezhkin, Fiz. Tekh. Poluprovd.689

observed. Note that measurements in silicon diodes with (1981 [Sov. Phys. Semicond5, 392 (1981)].

Uy=32V gave a 12V plateau at 177 K. "A. S. Kyuregyan, Fiz. Tekh. Poluprovoda0, 690 (1976 [Sov. Phys.
The usual assumptions that the threshold ionization en- Semicond10, 4101976

ergy is reduced in the microplasma region or the electricrranslated by R. M. Durham
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Estimate of the amplitude of a doubled period in the solutions of a system of Ro “ssler
equations

V. A. Dvinskikh

N. G. ChernyshevskState University, Saratov
(Submitted September 16, 1998
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A description is given of a method of calculating the parameters of periodic components in
discrete data which can also be used to calculate the levels of constant and variable components.
The amplitude of a doubled period is estimated by isolating the fundamental oscillation
component and subtracting its spectrum. 1899 American Institute of Physics.
[S1063-785(1900303-1

Anishchenkd examined a procedure for constructing bi- tion. The bounded interval of observation leads to distortion
furcation lines of the repetition period of cycles of one of theof the calculated spectrum because of the interpenetration of
Rossler model systems its components. Various windows having a broader smooth
lobe compared with a rectangular window are used to reduce
the level of the side lobes, which lowers the frequency selec-
with the parameter@=b=0.2. Then foru=2.5 a stable tivity. Parametric methodshaving a higher selectivity have
limit cycle exists with the period,, but for u~2.83 this  recently come into use, although at a negligible noise level.
cycle undergoes a period doubling bifurcation. When these methods are used, the constant component must

This system of equations is solved by a fourth-orderbe preliminarily eliminated from the data. In addition to
Runge—Kutta method with a step of 0.1 fag=2.5, y,  Mmaking the treatment process more complicated, this may
=2z,=0 for =2.83. Figure 1 gives the dependencexain  also lead to additional error in calculations of the level of
the number of readings in the solution and clearly showshe variable components.
period doubling in addition to the fundamental oscillation. We shall analyze the series of readinggn); n

The aim of the present paper is to estimate the amplitude=1,2,. . . ;N containingP periodic components. Their num-
of the doubled period when there is a bounded solution inber and frequencies are unknown, but we can indicate the
terval. predicted frequency range. We shall divide this ihtonter-

It is knowr? that the classical method of calculating the
parameters of the spectral components of digital signals

X=—y—2z, y=x+ey, z=b+xz—puz (1)

based on using a discrete Fourier transform has poor resoli |
x
6r 0.75}
4 -ﬂ E
3 0.50F
2H
! 0.25}
0 >
-1t ) <
:i ! 0 025 050 075 1 125
U U b L Sfo
~4r b b L L FIG. 2. Frequency dependences of the spectra in relative form: solid curve
-5k — initial spectrum, dashed curve — difference between the initial spectrum

and the spectrum calculated from the action of the isolated fundamental
FIG. 1. Dependence of a series of oscillations on the number of readingsoscillation.
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vals in each of which we approximate the signal by the trigo-  We then determine the dependence of the absolute value
nometric polynomid!

Yi(m=G;+Ssinthjn)+C;coghn), - j=12.....L>P, whereZ1 andZ2 are levels of the spectral components of
whereh;=2m/N; is the calculation step for the boundary of the action of the fundamental oscillation. We then make the
thejth interval, withN; the number of data points per period systematic subtraction
of this boundary. Unlike a Fourier transformation, this step _
can have fractional values which can reveal fine details of the  W1i=Si—21j, W2;=C;j=22;, j=1.2...L
spectrum. and calculate the dependence of the absolute value

The method of least squares is used to calculate the val- 5 >
ues of the coefficients;, C;, j=1,2,...,L. For a fre- MR;=yWI1j+W2j, j=12...L.
quency step of 0.0025 the dependence of the absolute Va|uﬁgure 2(dashed Curvbgives the dependence of the differ-

M =JS+C2 j=12...L ence between the spectra from which the level of the doubled

j ] i e period can easily be calculated. The fact that this dependence

is plotted in relative form in Fig. Zsolid curvg which  exhibits some nonuniformity is attributable to the finite fre-
clearly shows the strong influence of the side lobes of theuency step and the influence of rounding errors.
fundamental oscillation.

Approximating expressions which can reduce the influ- 1y, s AnishchenkoComplex Oscillations in Simple SystefirsRussiad,
ence of the side lobes near a high-intensity oscillation are Nauka, Moscow(1990, 312 pp.

given in Ref. 5. In this particular case, it is best to isolate the”S: L- Marple,Digital Spectral Analysis with Application@rentice-Hal,
fundamental oscillation Englewood Cliffs, N.J., 1987; Mir, Moscow, 1990, 535 pp.

3R. W. Hamming,Digital Filters (Prentice-Hall, Englewood Cliffs, N.J,

— : : : 1977; Nedra, Moscow, 1987, 221 pp.
Q=G+ Scsin(byd) + Cy codbyd), 4. A. Dvinskikh, Zh. Tekh. Fiz.62(12), 168 (1992 [Sov. Phys. Tech.

whereG,, S, andC, are coefficientsb, is the frequency S\F;hf-g? 12¢Sé1%9adlt h. Elektrond?. 1129(1992
.. . . . . A, n . I .

factor, andi is a variable which varies in the same range as Vinskikh, Radiotexh. Elektrons,

the initial process. Translated by R. M. Durham

MK;=yZ17+Z27, j=12...L
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Investigation of the action of ultrahigh pressures on carbon nanotubes
A. M. Germanskii, G. A. Dyuzhev, D. V. Novikov, V. M. Oichenko, and Yu. P. Udalov

St. Petersburg State Technological Institute (Technical University)

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
A. M. Bonch-Bruevich State University of Telecommunications, St. Petersburg
(Submitted September 3, 1998

Pis’'ma Zh. Tekh. Fiz25, 18—21(March 12, 1999

An investigation is made of the possibility of obtaining technical-grade diamonds in ultrahigh-
pressure apparatus by using the cathode deposits formed during fullerene production in

an arc discharge as raw material. It is shown that carbon nanostructures present in the cathode
deposit increase the number of diamond crystallization centers compared with standard
graphite. ©1999 American Institute of Physid$S1063-785(09)00403-§

One of the potentially useful practical applications of tron microscopy indicate that the nanostructures formed a
fullerenes is the production of technical-grade diamonds. Weonsiderable part of the ground powder.
know that the addition of fullerenes to a standard graphite  The powder was treated in an ultrahigh-pressure appara-
mixture used to synthesize diamonds at ultrahigh pressurdss with temperature 1400 °C, pressure 5 GPa, and treatment
enhances the diamond yield and shifts the particle size digime 30s.
tribution curve towards ultradisperse. The initial powders and products obtained at high tem-
Carbon nanotubes, which were observed experimenhtallyperatures and ultrahigh pressures were analyzed using a Su-
in 1991, immediately attracted increased interest among regger SEM scanning electron microscop&sahi, an BMV-
searchers because of their unique electfiaatl mechanical 100L transmission electron microscope, and a DRON-04

properties:* x-ray diffractometer using CK, radiation at 40kV and
The aim of the present paper is to study the prospects fa20 mA.
using nanotubes to produce artificial diamonds. Several typical nanostructures contained in the initial

The main method of producing nanotubes of practicalpowder are shown in Fig. 1.
value is by evaporation of graphite in an arc discharge. Figure 2 shows x-ray diffraction patterns of samples of
Nanotubes and other nanostructures form a constituent padifferent carbon materials. i
of a so-called cathode deposir cathode “fungus’j which Curve 1-1 was obtained for 6-15 electrode graphite
“grows” on the cathode during the discharge burning pro-and contains a set of reflexes from tf@02), (101), and
cess. These structures are formed from atomized cafmin (004 planes typical of the hexagonal and orthorhombic
high cathode surface temperatufabove 4000 Kunder in-  forms of the graphite structure.
tensive bombardment by ions impinging on the cathode from  Curve 2—-2 was obtained for the initial powder of the
the plasma and accelerated at the cathode potential drop. cathode deposit. It can be seen that the principal reflexes
For our study we used cathode deposits obtained froncharacteristic of the graphite crystal structure remain. The
commercial fullerene production systems of the “Fullereneobserved broadening of the reflexes suggests that the regions
Technologies” CompanySt. Petersbung The discharge pa- of coherent scattering are smatialculations using the half-
rameters were as follows: current 180 A, helium pressuravidth of the lines give 3.2 nm
90 Torr, and electrode gap 5mm. The deposits were ground Curve3-3 gives an x-ray diffraction pattern of the cath-
in a ball mill to give a powder with particle size less than ode deposit powder after treatment in an ultrahigh-pressure
100um. The results of an x-ray structural analysis and elecapparatus, which shows that no structural changes occurred

FIG. 1. Electron photomicrographs of various nanostructures
in cathode deposifa — polyhedral structure$ — nanotube
accumulation, ath c — nanotube with outgrowth.

1063-7850/99/25(3)/2/$15.00 174 © 1999 American Institute of Physics
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FIG. 2. X-ray diffraction patterns of samples of various car-
bon materials1-1 — EG-15 electrode graphit@—-2 — ini-

tial powder of graphite deposi8—3 — cathode deposit after
treatment at 1400 K and 5 GPa for 30s;4 — cathode de-

3 posit after treatment in regim8-3 in the presence of a
manganese—nickel catalyst, afid-5 — EG-15 graphite

2 mixed with manganese—nickel catalyst after treatment in re-
2 gime 3-3.
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in the sample. This suggests that the nanostructures posseast with a manganese—nickel melt effectively interact to
high mechanical and thermal strength, which agrees with thérm carbides of these metals. In this case, the activity of the
results reported by Treaat al® and Yakobsoret al* nanostructures has the effect of increasing the number of
In industrial technology, artificial diamonds are usually diamond crystallization centers compared with standard
produced using graphite powder mixed with a manganesegraphite, which reduces the sizes of the diamond crystallites.
nickel alloy as a catalyst. Curvke-4 gives the result of treat-
ing powdered.cathode deppsit mixed yvith a commercialls_ ljima, Nature(Londor) 354 56 (1991,
manganese—nickel catalyst in an ultrahigh-pressure apparay s presselhaus, G. Dresselhaus, and P. C. Ekisgence of
tus. The(111) diamond reflex can be clearly distinguished. Fullerenes and Carbon Nanotubécademic Press, New York, 1995
The quantity of diamonds formed is around 20 wt.% and the36M7-8M-1;éTfeaCy' T. N. Ebbesen, and J. M. Gibson, Natluendon 381,
maximum size of th_e crystallites is 20—pn. . “B. I.(Yakgbson, C. J. Brabec, and J. Bernholc, Phys. Rev. 612511
In parallel experiments the cathode deposit was replaced 199g.
by EG-15 graphite(curve 5-5). In this case the size of the °R. Pallaser, L. S. K. Pang, L. Prochazka, D. Rigby, and M. A. Wilson, J.
diamond crystals was 150-2@0n and the total diamond ~ Am- Chem. Soc115 11634(1993.
content in the sinter was around 20% by mass. G. Dyuzhev, Mol. Mater7, 61 (1996.
These results suggest that carbon nanostructures in comranslated by R. M. Durham
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Determination of the parameters of deep levels using the differential coefficients
of the current—voltage characteristics
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Deep levels were determined in GaP light-emitting diodes using the differential coefficients of
the current—voltage characteristics. The parameters determined by different methods

showed agreement. The measurement conditions are such that the measurements can be made
using wafers, which makes the proposed methods extremely promisind.999

American Institute of Physic§S1063-785(19)00503-(

The classical work carried out by Sah, Noyce, and s
Shockley provided the impetus for studying recombination ~ J,= >,
processes in the space charge region. Later theoretical stud- =1 2NV CnmCpm€?™ = + CrN1mT CpmP1m
ies refined the form of the current—voltage characteristics. 2kT
Experimental studies were generally confined to confirming XX,
the current transport mechanism in a particular range of for- q(Va=U)

ward bias. Only in Refs. 2—-4 did we develop methods ofyyhereq is the electron chargay is the width of the space
analyzing the current—voltage characteristics based on sepgnarge regions is the number of deep levels); =N,
rating overall recombination processes into individual com-yx exp(—Eyn/KT), p1m=N,exp(E,/kT), ¢, andc, are the
ponents and then calculating the parameters of the deep le¥pefficients of electron and hole capture by a particular cen-
els involved in the recombination. Here we use newier averaged over all state, is the concentration of deep
differential techniques of determining the activation energyevels, E, is the position of the deep level in the band gap,
of deep levels. _ o  Epn=E.—E,, Ep=E—E,, andVy is the diffusion poten-
Differential techniques can reveal characteristics which;|.
are barely detectable on the overall characteristics. In par-  Formula(2) differs slightly from the expressions given
ticular, the parameters of deep levels can be calculated using Ref. 1. This difference was analyzed in detail in Ref. 6 and
the current-voltage characteristics under forward bias. Herge shall not discuss it here. The limits of validity of expres-
we investigate the properties of nitrogen-doped GaP diodegion (3) were established in Refs. 2—5.
emitting in the green as an example of thls t'echnlque. . It follows from formula(2) that the differential gradient
At low levels of injection, the recombination currents in of the current—voltage characteristjé, contains the param-
the space charge region of tpe-n junction of a wide-gap eters of the deep levelsheir thermal activation energies
semiconductor usually exceed the diffusion currents. Th&hich can be determined. From the maxildg,, of the de-
current—voltage characteristic is typically described by thependence of the derivatives} with respect to the forward

qWCnmemniz(eqU/kT_ 1)Ntm

)

expression bias voltage we find
J=A(U)exp(qU/BKT), 1)
E,—qU
o m:m +5. (4
where 8 has values between 1 andfr diffusion currents 2

B=1). The physical processes of recombination in the spac

charge region of @—n junction were described in detail in T )
Refs. 1-8. The coefficient of proportionalis{U) depends the banq gap and,p; <Cpny, 5._.(kT/2).|n(C“NC/CPN”)' This
\éalue, like the capture coefficients, is generally unknown.

on the deep level parameters. The extrema of the derivativH the rai £ th ; fficient be det
of the gradient of the current—voltage characterisfi} are owever, the ratios ot the caplure coetticien's can be deter
: mined by measuring the temperature dependence of the for-
given by 3 .
ward current® Assuming that Cn/cy,=100, then at
_1 T=2300K the systematic error i8~0.04 eV for GaP. Figure
— q_Jf ’9_‘]f 1 (curvesl and 2) gives the experimental dependences of
. 2
kT | U (dB/dU) measured for green light-emitting diodes. The
measurements were made using a pc-controlled system. The
The recombination current]() in the space-charge re- forward bias voltage was varied with a step of 0.01 V. In this
gion of the p—n junction, with the participation of several case, several experimental points can be obtained at the
deep doubly-charged levels®is peaks of the derivative. Repeated measurements showed

s\/e shall assume that the deep level lies above the middle of

1063-7850/99/25(3)/3/$15.00 176 © 1999 American Institute of Physics
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i 7 0.40 IRnp| 2KT 1
Y= 5 5

U | g Ry

The reduced recombination velociy,, is calculated
4 0.30 from the experimental data and is given by the following

0.80

formula?
0.40 ]
J q(Vg—U)
1 0.20 =
Rnp s qu L 2kT ®)
0.00 - AWST &R 21T
The relationship between this quantity and the deep level
1919 parameters is given By
-0.40 [ 0
1 q
CnCpniN; exp(m +1
400.00 | dB/dU, a.u. e Rnp: qU (7)
\ 2n;ycpcpex KT +Nn1Cy+P1Cp
N 5 - The voltage at which the coefficief) has a minimum
200.00 F . (see Fig. 1, curve8 and4) can be used to determine the
activation energy of the deep levels using formidla In this
5 4o case, certain conditions obtained in Ref. 4 must be satisfied.
For deep levels formed during the fabrication of commercial
0.00 \ ! semiconductor devices these conditions are satisfied. The
t t ! t ID 11“ EU, \% function (4) has minima at the pointd,,. The amplitude of
Ey . EZ. El3 lb“ 2 — 5 7 each minimum will differ, depending on the contribution of
1.00 1.20 1.40 1.60 1.80 the specific deep level to the total recombination current. It

can be seen from Fig. (curves3 and4) that the main con-
FIG. 1. Differential coefficients of current—voltage characteristic. The num-tribution to the recombination process is made by |EEQ|S
ber of the extremum corresponds to the level nunibee Table)l L .
' xtremu sponds vel nun( ) Es, Eq andE;. The activation energies of these levels are
given in Table I.

good reproducibility. Light-emitting diodes in the same se- The results of determining the activation energies using
ries showed the same results. Thus. these experimentﬁle differential parameters are compared in Table | with the
curves can be considered to be reliable. The curves are plgtaPacitance spectroscopy data and the method of separating
ted on different scales, since different centers do not maki® recombination velocity into components which was de-
equal contributions to the recombination process. It can b&Cfibed in Refs. 2—4. The results of independent experiments
seen from curvel that E; makes the largest contribution to Show good agreement, suggesting that the deep level param-
the recombination, while thg level and the other recom- eters obtained using differential techniques are reliable. The

bination levels make a considerably smaller contributionMéasurements are made at constant temperature, usually
The activation energies determined using form(@# are ~ "0OM temperature. The measurement conditions are such that

shown in Table 1. measurements can be made directly using wafers before
A disadvantage of this method is the need to calculatdhese are separated and assembled. These undoubted advan-

the second derivative of the experimental data which neced29es make the techniques described here extremely promis-

sitates using special numerical techniques. Thus, it is mor&9-
convenient to use another differential coefficient for which
we only need to calculate the first derivative:
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A theoretical analysis is made of the formation of the transverse field profile in a free electron
laser with an oversize planar-geometry Bragg cavity driven by a ribbon electron beam. It

is shown that cw spatially coherent lasing may be achieved with an oversize parameter of the order
of 50 with the excitation of supermodes comprising a set of “cold” waveguide modes.

© 1999 American Institute of Physidss1063-785(019)00603-3

A free-electron laser(FEL) with a planar one- achieved via this effect. The wave beams undergo a mutual
dimensional Bragg cavity and a ribbon relativistic electrontransformation inside the Bragg mirrors, which is described
beam was developed in the course of experimental investby the coupled-wave approximation for weak corrugation.
gations using the U-2 acceleratonstitute of Nuclear Phys- As a result, having selected the Bragg frequemy;
ics, Siberian Branch of the Russian Academy of Scient&s = zc/d (whered is the corrugation perigdas the carrier

The highest output power yet recorded in the 4 mm rangefrequency, we have for the amplitudes of the wave beams
200 MW, with a stored energy of up to 200J per microwave

pulse was achieved in this oscillator. The width of the ribbon . Jd 49 . _

relativistic electron beam with a particle energy of 1 MeV 'ﬁAﬂL 77 TBar 57 Artia(Z)A_=),

and total current of 4kA was 8—12cm. The transverse di-

mension(width) of the cavityl, was 20 cm, i.e., the oversize 5P J L0 .

parametet, /\ for this oscillator was of the order of 50. In IﬁA—_(E_Bgr &—T)A—+IQ(Z)A+=0- 2

this context, the transverse mode composition of the radia-

tion and thus its spatial coherence is a very important topicThe excitation factorJ= (1/7) f2"e "?d6, on the right-

requiring further theoretical and experimental investigation. hand side of Eq(2) may be determined by solving the aver-
Here we report a theoretical analysis and numericahged equations for the electron motion

simulation of the formation of the transverse structure of the

emitted radiation. We assume that the cavity consists of two (iJrB—li

parallel plategFig. 1) and the end sections of the plates are gz " "l gz

corrugated so that these sections form Bragg mirmors Ofyg ¢4 10ing dimensionless notation was used for H@s.

lengthl, ,. Between the mirrors there is a regular section of } = = A

cavity of lengthl,, and we assume that the cavity is closed®"d @) Z_iw(;/c' X_X“_’\/i/c’ 7=1Co,

by metal plates at the ends. A= A.exul ymcwCs K“fﬂﬁl\ is the electron—wave
In order to investigate the space—time dynamics of &#0UPling parameter,u~y~“ is the inertial bunching

FEL oscillator with this type of cavity, the field therein can parametef, y is the relativistic mass factor of the electrons,

be represented as a set of two counterpropagating quasiopf} IS the particle translational velocityiy, is the group ve-
cal wave beams: locity of the phase-matched wave,

E=Eq(y)[ A, et ih24 4_giottinz), (1) . ( ely N2ux?

Here Eq(y) is a function which defines the field distri- mc® 87yS
bution between the plate@long they axis), which is the s the gain parametdPierce parametgrl , is the beam cur-
same as one of the natural modes of the planar waveguidgsnt sis the wave norm, and(2) is the coefficient of wave
and Ai(x,z,t) are f_unctlons which determine the evolution coupling at Bragg structuré(a= a,, inside the mirrors and
of the field profile in the X,z) plane. We assume that the ,_q in the regular part of the cavity
wave beamA ., copropagating with the particles is amplified For an initially unmodulated electron beam we have for

by the electron flux. With allowance for the diffraction of the ¢ boundary conditions on entry to the interaction space at
fields, the evolution of the wave beams in the transverse _

direction (along the x axis) is described by parabolic

2
6=ReA.e'?). 3

1/3

equations’ Allowance for diffraction spreading is fundamen- L ) 9 19 L
tally important for this FEL system because the relative in_H(Z—O)— toe[0;2m), 9z A Jr 0(2=0)=—A,
fluence of the various parts of the electron flux is only 4)

1063-7850/99/25(3)/3/$15.00 179 © 1999 American Institute of Physics



180 Tech. Phys. Lett. 25 (3), March 1999 Ginzburg et al.

Y
x
z

7 ;
z
I
V) FIG. 1. Schematic of free electron laser with two-mirror
71 _ Bragg cavity(1) and ribbon electron bear®).
Iy l To ; I
where A=(Z— h(;))UH_Qb)/EC is the initial mismatch The results of simulating the evolution of the transverse
between the electrons and the wave, &hgis the bounce profile of the radiation field for various normalized cavity
frequency of the electron oscillations. widths and electron fluxes are given in Figs. 2 and 3. In these

As the boundary conditions for the partial wave fields,calculations we assumed that the electron flux occupies half
we have the absence of any external electromagnetic energdlye cavity width. The cavity width was varied with the cur-
fluxes incident on the system: rent density per unit length kept constant and was given by

A.(Z=0)=0, A (Z=L,)=0, 5) f[he di-mensionlessl parametey, . Fo.r the oscillatqr system

- investigated experimentally the gain parameteGis0.003.
L,=(l;+1s+15)wCl/c, and also the constraint that the elec- All the other geometric dimensions of the systems are close

tric field at the metal side walls of the cavity is zero: to the experimental conditiorts’ The simulation shows that
A.(X=0)=0, A.(X=L,)=0. 6) when the width_ of the system is fairly sma!]]x_sS (Fig. 23,
the output profile and spectrum of the radiation correspond to
This last constraint allows us to expand the fields as Fouriefhe excitation of a dominant mode with one transverse varia-
series, tion of the field. As the transverse dimensions of the cavity
o0 increase but the longitudinal dimensions and the wave cou-
AL(X,Z,7)= 2 ap(Z,7)sin(2amX/Ly), pling parameter remain constant, the radiation spectrum be-

comes more complicated. In addition to the dominant mode,
and to consider each term in the series as the mode of this spectrum also contains a fairly significant component
rectangular waveguide with a corresponding number ofaused by the excitation of other modes with a large number
variations of the field over the transverse index. of variations along the transverse coordinate. Nevertheless,

| 4,(x, L,

+
|, |
1 a
0 FIG. 2. Evolution of the spatial distribution of the am-
x 0 2 4 6 8 10 plitude of the output signal, (x,L,,7)| and the mode
composition of the radiatioa, in the cw lasing regime
| A, (x,L,,7)| for L,=5, A=1 (a) and L,=10, A=0.8 (b) (L,
=1.4,Ly=2.4,L,=0.8, anda=0.5).
+
lay, |
1 b
m
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| A, (x,L;,7) ]

FIG. 3. As Fig. 2 forL,=15 and various mismatches:
a—A=08b—A=15 andc—A=2.

in a certain range of parameters the spectrum and output Summarizing the results of this analysis, we can con-
profile of the radiation exhibit steady-state behaviigs 2,  clude that it is fundamentally possible to obtain cw spatially
3a, and 3h In this range of parameters we can talk of thecoherent lasing for the oversize paramejéi ~50 obtained
excitation of a supermode, i.e., a mode composed of severahder the experimental conditions, which can be achieved by
cold waveguide modes. Since the phases of the modes aoptimizing the wave coupling coefficient at the Bragg grat-
intercorrelated, this radiation can be regarded as spatialling and selecting the mismatch. The output radiation will
coherent. We also note that if the mismatch paramé&tés  take the form of a supermode, which may be represented as
fixed, a completely fixed phase distributign=arg(A.) is  a set of cold cavity modes with fixed amplitudes and phases.
established over the cavity exit aperture. In this connection, it is relevant to carry out detailed experi-
The transverse radiation profile was varied by varyingmental investigations of the radiation profile of the FEL os-
the mismatch parameter, i.e., by varying the average particleillator mentioned at the beginning. This should allow us to
energy in the electron beam. For example,f6£ 0.8, as can make a comparison with the results of the simulation and
be seen from Fig. 3a, most of the energy is concentrated in @etermine the degree of spatial coherence of the radiation.
mode with a single longitudinal variation of the field and the
radiation output profile is single-humped. However, increas-
ing this parameted to 1.5 has the result that the profile M. A. Agafonov, A. V. Arzhannikov, N. S. Ginzburg, N. Yu. Peskov,
becomes more complicated, for example three-hunfpéag S. L. Sinitsky, and .A. V. Tarasov, il_ﬁroceedings of the 11th Internatioqal
3b). In this case, the radiation spectrum clearly reveals the fggéer\?glcel on ZHl'%h Power Particle Beamrague, Czech Republic,
m=5 mode for which the drift angle is more favorable for 2y “a’ Age.lfohg\-/, A. V. Arzhannikov, N. S. Ginzburg, V. G. Ivanenko,
this A. Note also that there is a range of mismatches in which P. v. Kalinin, S. A. Kuznetsov, N. Yu. Peskov, and S. L. Sinitsky, IEEE
periodic self-modulation of the output radiation profile oc- 3Lfags-;|nazsbfﬂf Sf\IEG'Yi31P(£k93 A D. R Phebs. G. R M. Robb. and
cu_rred for a given m!ectlon current ar_wd system_ geometry " " Sergeev?]EIéE Trans. Plasma S, 770 (1896. B '
(Fig. 39. An increase in the wave coupling coefficient at the 4y | pratman, G. G. Denisov, N. S. Ginzburg, and M. I. Petelin, IEEE J.
Bragg gratings also gave rise to self-modulation. For ex- Quantum ElectronQE-19, 282(1983.
ample, for the coupling coefficient= 1.3 self-modulation 5N. F. Koval_ev_, I. M. Orlova, and M. I. Petelin, Izv. Vyssh. Uchebn.
was observed when the dimensionless width of the system?Z2'ed- Radiofiz11, 783(1968.
wasL,=10. Translated by R. M. Durham
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Influence of charged particles on the fullerene formation process
D. V. Afanas’ev, G. A. Dyuzhev, and V. |. Karataev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 27, 1998
Pis'ma Zh. Tekh. Fiz25, 35—-40(March 12, 1999

The influence of charged particles on the process of fullerene formation is determined.
Systematic experiments are used to show that the presence of carbon ions in the fullerene
formation zone substantially increases the fullerene content in the sootl999 American
Institute of Physics[S1063-785(019)00703-X

In many respects, the reasons for the highly efficientheated by an “internal” arc discharge with a current
formation of fullerenes in an arc discharge remain unclear,| =240 A at a voltage of-24 V. Thus, in all cases the rate of
and thus some systematic experiments are needed to obtaiaporization of the carbon was approximately the same.
the information that will stimulate new ideas about this prob-  The first experiments were carried out with the distance
lem. The aim of the experiments described in the preserttetween the containedl and the collector5 equal to
paper was to identify the influence of charged particles in th&l~7 mm. Under these conditions the mass spectrometric
fullerene formation process. Many authors hold the view thatlata for the experiments indicate that the content of all types
this influence is insignificant and consider an arc dischargef fullerenes in the soot was less than $010 2%. This
merely as an efficient source of carbon vapor. Accordinglyresult agrees with the results report ed in Refs. 4 and 5,
direct experiments to determine the influence of charged pamwhere it was demonstrated experimentally that in both an arc
ticles on the fullerene formation process seem to us to beischarge and in a gas burner the fullerene formation zone is
highly relevant. separated from the carbon vapor source by a quite specific

It has long been knowfrthat direct heating of a graphite distance.
rod to temperatures at which appreciable vaporization occurs Thus, in the subsequent experiments the distance be-
is extremely difficult because of combustion of the rod. Fortween the container and the collector was set at 20 mm to
our experiments, rf heating of graphite in a helium atmo-obtain the following results.
sphere is also unsuitable because of the possible formation of In the first type of experiments, the graphite vaporized
an rf discharge. Thus, we prepared a special apparatus shownarely thermally, as we have noted. The area of the heat spot

schematically in Fig. 1. on the bottom of the container which appeared at an internal
A long graphite containet with a thermal bridge was  arc current of 240 A, was-0.5 cnt and the erosion rate was
screwed into a water-cooled current inBetA movable 6mm  ~5x 10 © g/s which corresponded to a graphite surface tem-

diameter graphite rod was positioned inside the container peraturelT ~3000 K. Under these conditions, a run of several
on the axis. An arc discharge was struck between thedrod minutes sufficed to obtain soot of adequate mass for analysis
and the bottom of the containgywith the latter acting as the without the bottom of the graphite container burning
anode. The arc heated part of this bottom surface to temperéarough.
tures at which a considerable amount of graphite vaporized Figure 2a shows a mass spectrum of this soot sample.
from its outer surface. The vaporized material was collected’he presence of fullereneggcan be reliably identified from
at a water-cooled collectds. A water-cooled bafflé6 was the spectrum, but it is difficult to determine the absolute
provided to completely eliminate any carbon vapor from thevalues of the fullerene content in the soot by means of
inner cavity of the containet from reaching the collectds. mass-spectrometric techniques. All we can safely say is that
The device was placed in a vacuum chamber which wag~0.1%.
evacuated before the discharge and then filled with helium at Keeping the heating of the graphite container constant,
70 Torr. The soot collected from the collectowas analyzed we struck a low-currentlE 10 mA) discharge between the
using a high-resolution, time-of-flight mass spectrom@ter. bottom of the containefcathodé and the soot collectdian-
Three types of experiments were carried out: ode. In this case, the discharge current was provided by
1. No potential difference was applied between the conthermal emission from the heated cathode. Thus, the dis-
tainer 1 and the collectors, i.e., the graphite underwent charge voltage wad~60 V. No changes in the mass spectra
purely thermal vaporization in unionized helium. were identified compared with pure thermal vaporization.
2. A low-current discharge was struck between the conThe spectra clearly show aggpeak and the content is
tainer and the collector, with the collectdias the anode and «~0.1%. This result would seem to indicate that the pres-

the bottom of the container as the cathode. ence of charged particles in the bulk has no influence on the
3. A low-current discharge was struck between the confullerene formation process, but this is not the case.
tainer and the collector with the containkrs the anode. In the third series of experiments the polarity of the elec-

In all these experiments the bottom of the container wasrodes was reversed so that the anode was now the bottom of
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le @50 | This substantial difference between the experimental re-
‘_g_ sults can be explained if we recall the characteristics of the
/'_Lssn water potential distribution in low-current discharges. If carbon va-
5 024 porizes from the cathode, some of the vaporized carbon at-
1 rovssiIssErEs oms (in low-current discharges the degree of ionization is

7 usually~10 °-10 ") are ionized near the cathode by elec-
2 / trons emitted from the cathode and accelerated by the cath-
oY

ode potential drop. Most of the carbon ions formed in the
b cathode layer are returned to the cathode by the electric field

Z

~ and recombine at the surface. In addition, carbon ions
W 1 formed in the discharge column as a result of volume ioniza-

tion also diffuse to the cathode under the action of the elec-
_@— water tric field. Thus, in the anode region of the plasma where the
i m— water fullerenes are mainly formed, the concentration of carbon
ions is low and they do not have any significant influence on
the fullerene formation process.

The situation is different when carbon vaporizes from
the anode. A positive anode potential drop is usually estab-
lished in a glow discharge, which accelerates the electron
flux from the plasma to the anode. In helium with a copper
FIG. 1. Schematic of apparatus: — graphite container2 — thermal  cathode the normal cathode dropds=177V (Ref. 6. The
bridge,3 — water-cooled current inle4 — graphite rod5 — water-cooled experimental voItage between the electrodes Migs 230 V.
soot collector, and — water-cooled baffle.

Since the potential drop across the plasma of a positive col-
umn is usually low, in our case the positive anode drop is
the container from which the carbon vaporized. For this case|early fairly large,U,~50V. The carbon atoms vaporized

the low-current discharge {- 10 mA) is a classical glow dis-  from the anode are ionized by the electron flux accelerated at
charge(voltage between electrodés=230V) complicated  yhe anode drop. The product ions are delayed by the electric

by the vaporization of carbon from the anode. A mass SP€Gield of the anode layer, and all enter the plasma where the
trometric analysis of the soot showed that the intensity of the 2lectric field forces them to diffuse to the soot collector.

Ceo peak increased substantiallyig. 2b and the content of
60 P yig. 20 Thus, in this case the concentration of ions in the fullerene

fullerenes in the soot reached~ 2-3%. X ) )
formation zone should be substantially higher.
These experiments have therefore demonstrated fairly
a.u.*r convincingly that if the fullerene formation zone contains a
6t sufficient quantity of charged particles, the fullerene forma-
tion efficiency is enhanced substantially.
Note that in all these experiments the carbon vapor con-

movement

mend NSNS

5 centration was lowerosion rate~10°g/s). In an arc dis-
charge the carbon concentration is several orders of magni-
alt tude higher (the rate of anode erosion under optimum

conditions for fullerene formation is usualty 103 g/s) but

in an arc the plasma concentration is substantially higher
3f than in a glow discharge. Thus, in our view, the presence of
charged particles must be taken into account when studying
the various mechanisms for fullerene formation in an arc

2| plasma.
We also note that in an arc discharge the fullerene for-
1t mation process was found to depend markedly on whether
h A M the carbon vapor originated from the cathode<(0) or from
the anode &~ 8%) (Ref. 7).
L724 M/ 6 720 T on M7e The authors thank A. A. Bogdanov for assistance with
the experiments and discussions on the reasons for these re-
a b sults.

FIG. 2. Tvoical 1 of soot o thermal , This work was carried out as part of the Russian
. <. lypical mass spectra of soot sampgs— pure thermal vaporiza- . ™ . “ .
tion of graphite b — vaporization of graphite from anode of glow dis- Scientific-Technical Program “Fullerenes and Atomic Clus-

charge. ters,” Project No. 98056.
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Topological birefringence and combined Rytov—Magnus effect
A. V. Volyar, V. Z. Zhilaltis, T. A. Fadeeva, and V. G. Shvedov

Simferopol State University
(Submitted July 3, 1998
Pis'ma Zh. Tekh. Fiz25, 41-46(March 12, 1999

It is shown that the symmetry properties of the locally isotropic inhomogeneous medium of an
optical fiber cause circular and linear topological birefringence. The circular birefringence

dnc in graded-index fibers is-(\/p)? (where\ is the wavelength and is the core radius while

the linear birefringence isn_~ (\/p)3. This topological birefringence is characterized not

only by the polarization basi@s in crystals for exampléout also by the magnitude and sign of
the topological charge of the guided vortex. This topological birefringence forms the basis

of the instability of the fiberlV vortex and is observed experimentally as the combined
Rytov—Magnus effect. ©1999 American Institute of PhysidsS1063-785(09)00803-4

The birefringent properties of a locally isotropic layered polarization corrections t@ for the TE and TM modes are

medigm, i.e., shape birefripgen?:eare caused by a differ- e same 6B = 6Bry). However, this result was obtained
ence in the boundary conditions for the normal and tangen;ssyming that in a weakly guiding fibeA {-0) spin—orbit

tial components of the TE and TM modes. In the guiding; - ; ~
interaction changes the propagation constan8tes+ 68,
medium of stepped multimode optical fibers, shape birefrin- g propag B+ oB

gence is observed as a difference in the polarization correctzlJt the fields of the natural modes remain unchangeds

tions 8 to the propagation constanfs of the azimuthally (Whe_reE _is the field of the natural modes in the scalar ap-
symmetric, linearly polarized TE and TM modelowever, pm)i;\rl]:aaggnin%d%(a(z?;ctzr)i.c field of the natural fiber made
for optical fibers with a smootligraded refractive index . P )

) . . - . in powers ofA:
profile n(r), in particular for parabolic fibers, the polariza-

tion correctionséBe and 83 are the same in the first ap- e=ey_o+ AP+ A%+ (1
proximation of perturbation theo®/This gives the impres-
sion that no shape birefringence occurs in graded-inde . : o : ;
fibers. Nevertheless, Liberman and Zel'doviarsed WKB )t;e“r/rgr? g; expressioril), the polarization correctios is
methods to analyze the propagation of rays in a locally iso-
tropic, smoothly varying medium and showed that the linear
birefringence is of the ordeén, ~(\/a)? (wherea is the
characteristic scale of the variationsvhereas the circular 2)
birefringence is given byncs~ \/a. In what follows we wall - -

assume that during the propagation process linear birefriivhere A™'=(2V)/(p\24)[ [(e*-ete €)dS S is the
gence transforms right circular polarization with the helicity grea of the fiber cross secﬁon, amds the waveguide pa-

o,=+1 into left circular polarization withr,=—1. Circu- 5 eter. The value ofB is of orderA. For an axisymmetric

lar birefringence does not change the circular poIarizatior}nedium @flao=0) the correction field?) is determined
state @,=const), but the propagation velocities of the o the equations:

o,=+1 ando,= —1 waves are different. This discrepancy
between the results forces us to conclude thaeither the
approximation used in Ref. 2 is inadequate to describe line IRt ﬁaR_
birefringence(shape birefringenger 2) the processes in op-
tical fibers are not described using WKB methods. The aim ~ ~ 4pV
of the present paper is to study linear and circular birefrin- = 23gf dre; + 2d3e,+ W(sﬂer :
gence processes in few-mode fibers. ( )
We shall first analyze the propagation of guided vor-
tices, TE and TM modes in optical fibers with a graded re-
fractive index profilenZ(R)zngo(l—ZAf(R)), whereA is
the profile heightf(R) is the profile functionR=r/p, p is > 4
. . L ~ oV
the core radius, and,, is the refractive index of the core. In = S drfd, e+ —=—=dpe,.
Ref. 4 we showed that the polarization correctig to the R (V24)3

propagation const?rﬁ is the average of the spin—orbit in- The solution of these equations for the fields¥ vortices
teraction operatol. For parabolic fibers f(R)=R?) the and for the TE and TM modes is given in Table I. It can be

We can show that if we confine ourselves to the first two

5B8= 5B+ 2A2Af f [eVVf:Ver +eV*Vf:VeldsS,
S

1 . 1
2_\y2 2
RZ+U Vf+R2(9(P

1.1 1
24 Z g = U224
Ort miR— 5 TUP- V2t =02

()
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TABLE |. Corrections to the electric fields and propagation constants for It can be seen from Table | that the zeroth polarization
CV vortices, and TM and TE modes of an optical fiber. . ~ . . . .
correctionsp for circularly polarizedCV vortices is almost

k=+11=1 two orders of magnitude higher than the first polarization
o==*1 k=—1l=1 x=-1l=1 correction. However, the correction only changes the phase
re=—1>1 of the CV vortex, while the topological charge and the po-
CVol ™ TE larization remain constant. In addition, the polarization cor-
~ 1o e - rections 3 for homogeneousal,o> and inhomogeneous
& e Fa 0 |ol,— o> vortices differ. Consequently, these vortices are
_ o ~ subjected to circular birefringence. From Table | we find that
e, i Fielottae 0 F1 the topological circular birefringence 6fV vortices is given
by
e %Fl(l)eio(HK)w F 0
eV 0 0 0 Sne— aglA (E) 2. ®
87Ny \ P
(124)?
SB(f=R?) () 7y 0 0

For parabolic fibers with the parameters given above we

(2 (D)

spW(f=R?) —«(+1)(1+3x) Y v find §n,_w2._7>< 1_0‘6. Thus_, in parabolic fibers the circ_ular
P P and linear birefringence differs by two orders of magnitude.
For the profilef = R?:F| = R'exp(- VR¥/2), On the basis of the experimental results reported in Ref.
FiY=R"2exp(-VR/2). 5 from the beat length of thi/ vortex field we find that the

linear topological birefringence in stepped fibers is
on ~1.4x10°°, i.e., the linear birefringence and circular
birefringence in stepped fibers are of the same order of mag-
seen that for parabolic fibers the polarization correctiondlitude.
85BN for the TE and TM modes are differensg{2=0). Note that when the circularly polarized gPmode is
This means that the fields of the TE and TM modes in para€xcited in stepped fibers, conversion of the orbital and spin
bolic fibers are phase mismatched. When the fiber is excite@ngular momenta is observeavyhich shows up experimen-
by circularly polarized light, the TE and TM modes combine tally as a systematic replacement of the Rytov—Vladimirski
to form a topologically inhomogeneol¥ vortex® The field ~ €ffect by the Magnus optical effe¢the combined Rytov—
of the IV vortex contains the partial vorticés-1,—1> and ~ Magnus effedt In this case, the linear and circular birefrin-
|—1,+1>, which cannot exist independently. In a parabolicgénce mechanism acts simultaneously. Thus, the combined
fiber thelV vortex is structurally stable in théB approxi- RYtov—Magnus effect is based on the topological birefrin-
mation. In a stepped fiber tH&/ vortex is structurally un- 9€nce of light in optical fibers. ,
stable, and during the propagation process beats occur be- Topological birefringence has already been observed in
tween thel +1,—1> and|—1,+1> partial vortices. essentially multimode fibershaving an order of magnitude
The results given in Table | imply that in a parabolic of 108, and appearing experimentally as angular splitting of
fiber (V=3.6 andp=3.5um) the signs of the topological the wave caustics. In the field of a linearly polarized LP
charge and the helicity in B/ vortex are transformed over Mode in a few-mode fiber topological bwefnngeﬁwmanl.—
the distanceA~67 m. This change in the state of the fest in the creation and annihilation of circularly polarized

b - L e
vortex field is equivalent to the action of the effective linearC  a@ndC" disclinations.
topological birefringence of the TE and TM modes:

_NT_AP(&)?

T 432
4 ng, \ P

(4)

ne
IM. Born and E. Wolf, Principles of Optics 4th ed. (Pergamon Press,
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Dielectric properties of single crystals of lead barium scandoniobate solid solutions
I. P. Raevskil, V. V. Eremkin, V. G. Smotrakov, E. S. Gagarina, and M. A. Malitskaya

Research Institute of Physics, Rostov State University, Rostov-on-Don
(Submitted September 2, 1998
Pis'ma Zh. Tekh. Fiz25, 47-52(March 12, 1999

It has been established that the concentration dependence of the tempEgatirmaximum
permittivity ¢ corresponding to the ferroelectric phase transition in crystals of

Pb, _,BaSg sNby 05 solid solutions does not saturate in the rangexg<0.6, unlike in the

ceramic. However, the broadening of the maximuneaé similar in both crystals and ceramics.
The frequency dependence Bf, is described by the Vogel-Fulcher law, which can relate

the strong broadening of the phase transition in solid solutions to the appearance of properties
typical of dipole glasses. €999 American Institute of Physid$1063-785(19)00903-9

The ferroelectric solid solution ceramics of lead barium  As in ceramics, an increase in the Ba content decreases
scandoniobate Rb,Ba Sg Nby 05 (PBSN have recently the temperatureT,,, corresponding to maximung(T) in
attracted increasing attention both as a potentially usefuPBSN crystals, increases its degree of broadening, and re-
base for developing electrooptic and capacitor matérfals duces the maximunz,, (Figs. 1 and 2 The e,(x) and
and as a model for studying the broadening of phasd,(x) dependence for the crystals and the ceramic is fairly
transitions>* However, available data on tfie-x phase dia-  similar. The saturation of ,(x) observed in the ceramic for
gram and the nature of the phase transition broadening ik>0.4 is evidently attributable to the nonequilibrium of the
these solid solutions are incomplete and very contradictory.

In particular, no clear explanation has been given for the

abrupt suppression of _the concent_ra_ltipn dependence of the T,K;0,K:10% loge,

temperatureT,, of maximum permittivity e observed for 500 -
x>0.3-0.4, which corresponds to the ferroelectric phase

transition. The extremely strong broadening of the maxima

of £(T) observed for compositions with a high Ba content is

also unexplained. One possible reason for this may be the

presence of a concentration gradient of the components in 400 1
the ceramic grairfsas a result of the difficulty of fabricating
ceramics of equilibrium PBSN solid solutions because of the
substantial difference in the reactivities of PS¢y 505
(PSN and BaSggNbys0; (BSN). In order to achieve an
equilibrium state, the temperature and firing time of the ce- 300
ramic must be increased, which increases the probability of
vacancy formation in the lead. The aim of the present paper
is to study the dielectric properties of single crystals of
PBSN solid solutions and compare these with the properties
of ceramics fabricated by hot pressing at high temperatures
for which departure from euilibrium of the composition, and
lead defects are considerably less likely to have any influ-
ence than in ceramics prepared by the usual firing process.

Transparent yellow crystals of PbBaSg sNby O 100
with 0=x=<0.58 (from data obtained using a Camebax-
Micro scanning microscope microanalygef predominantly
isometric shape and measuring 1-2 mm were grown by mass
crystallization. The method of growing and analyzing the
crystals was similar to that described in Ref. 5. An x-ray 0 T T '
structural analysis showed that the reduced parameter of the : X
rhombohedrally distorted perovskite crystal cell increases
approximately Iinearly with increasingx. Unlike the FI_G_. 1 Concentrat_ion dependgnc_e of the temperakyref maximum per-
ceramic? the x-ray diffraction patterns showed no line mittivity & (1), maximum permittivitye (2), the phase broadening param-

. . . L L. etero (3), and the difference betweéh, at 1 kHz and the Vogel—Fulcher
broadening compared with PSN, which indirectly indicatesiemperaturer, (4) for Pb, ,Ba,Sc, Nb, 05 solid solutions. Solid curves
that these solid solutions are in equilibrium. — crystals and dashed curves — ceranifcsm data given in Ref. 2

200
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The values ofT,, for the crystals increased as the fre-
quencyf of the measuring field increased. The dependence of
0.8 - T, onfis accurately described by the Vogel—-Fulcher law:
0.6
% f=foexd —E/K(Tpn—To)l, )
gm
0.4 -
a wheref, is the frequency of attempts to overcome the po-
0.2 tential barrierk, k is the Boltzmann constant, afng, is the
Vogel-Fulcher temperature, which is interpreted as the tem-
0 - y T ' perature for “static freezing” of the electric dipoles or a
50 150 250 350 450 transition to the dipole glass stdt®.In PBSN crystals we
T.K find fo = (0.5-1)x 10" Hz, which is similar to the values
observed in other ferroelectric relax§ra® For pure PSN the
0.09 - 6 5 4 Zr values ofT, are close toT,, (Refs. 9 and 1Dbut asx in-
creases, the differenc€,— T, increases, reaching-60 K
0.08 - for x~0.4 and then remaining approximately constant. Note

that approximately the same differentg— T, is observed
in crystals of the classical ferroelectric relaxor
0.07 - PbMgy/sNb,/50; (Ref. 8.
Thus, the saturation of the dependefiggx) observed
in ceramics of PBSN solid solutions far>0.4 is evidently
0.06 1 caused by the presence of concentration inhomogeneities.
However, the strong broadening of the phase transition ob-
served both in the ceramic and in the crystals is probably
0.05 o ' i caused by the appearance of properties typical of dipole
50 150 250 350 - ) S
T..K glassegfrustration in the crystal lattice of the ferroelectric in
which nonferroelectric material is dissolfed). This expla-

FIG. 2. Temperature dependenceadt, (¢r is the maximum ofe) for  nation is also supported by the results of studying the ther-

crystals of Ph_,BaSqsNbysO; solid solutions, measured at 1kHz: mal conductivity of PBSN ceramics
1—x=0,2— x=0.04,3 — x=0.06,4 — x=0.17,5 — x=0.48, and . . ) .
6 — x=058 b — dependence of (fg—Infy* on T, for This work was partially supported by the Russian Fund

Pb;_,Ba,Sg sNbo {05 Crystals, illustrating the Vogel—Fulcher law. The no- for Fundamental Research, Project No. 96-02-17463.
tation is the same as in Fig. 2a.

1U(Inf,-Inf)

ceramic samples. The curves«fT) for some crystals with
a high Ba content reveal_sma“ addiﬁonal anomalies abovey ya, Dambekalne, K. Ya. Borman, A. R. Sternbargal, Izv. Ross.
the temperature of the principal maximum. These may well Akad. Nauk, Ser. Fiz57(3), 78 (1993.

. . - 2 H
be caused by the formation of a thin surface layer containing '(-1 :égm”'“v T. Ayazbaev, N. V. Zmevaet al, Neorg. Mater32, 1528
a larger quantity of PSN compar.ed with the _bU|k at the _m'_ 3M. Fahland, G. Mattausch, and E. Hegenbarth, Ferroelect&g 9
stant when the mother flux combines. The existence of simi- (1995.
lar layers was noted previously for crystals of other solid “C. Malibert, B. Dkhil, J. M. Kiatet al, J. Phys.: Condens. Matty 7485

solutions: Ssgg?émk'n V. Smotrakov, E. Gagariret al, J. Korean Phys. So&2
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Some new possibilities for using waves from cylindrical emitters

I. A. Kolmakov
(Submitted April 17, 1998
Pis’'ma Zh. Tekh. Fiz25, 53-56(March 12, 1999

An analysis is made of a new principle for flow rate measurements based on using cylindrical
emitters, which has significant advantages over known methods. The advantages of using
these emitters in waveguide technology are discussed19@9 American Institute of Physics.
[S1063-785(10901003-4

The present paper examines two aspects of using cylinchannel wall and being reflected from it, again travels toward
drical acoustic waves: in flow metering and in waveguidethe Z axis. At the instant of reflection from the longitudinal
information transmission technology, where the scope ofxis, two plane waves again form, traveling in opposite di-
these fields of applied acoustics can be expanded consideections, and so on. Thus, as a result of a single external
ably. pulse, a series of cylindrical reverberatiGiamped waves

In order to determine the flow rate accurately, it is nec-forms in the medium inside the channel accompanied by the
essary to know the flow velocity simultaneously at all pointssame number of plane waves traveling in the same direction.
in the radial cross section of a chanrigipe) containing the If the medium in the channel is stationary, the end plane of
medium being measured, and equally importantly the initiathe cylindrical wavea;Oa; is also stationary. If the medium
information on the flow must be measured with a high de-moves with the velocityJ, the end plane&,0Oa; will move
gree of accuracy. Satisfying the first condition can eliminateat the same velocity.
the fundamental procedural error inherent in all known meth-  In Fig. 1 the trajectories of the cylindrical waves in the
ods of measuring the flow rate. The importance of the second;Oa; plane are shown arbitrarily fad =0 by the lineOay;
condition requires no explanation. for U#0 they are shown by the lines 1, 1a,, a2, ...,

Below we analyze a new principle for measuring flow yhere the pointO corresponds to the timg=0, 1 corre-
ra_te§ using waves generated by a cyhr_1dnca| emitter, whlcréponds tot;, and so on, ie.t;=Re(c+U)"L, t,=t,
eliminates the first error and also satisfies the second condir 2Ro(c+U)"L, ..., whereR, is the channel radius ara

tion, since the measured quantity is the frequency, which can

be measured extremely accurately. For conciseness this ndf, the velocity of sound in the medium. Thus, a detecior
measurement principle is demonstrated for a specific floVill record the signal frequency Doppler-modified by the

meter, shown schematically in Fig. 1 together with the wavd!oW Of the medium, that is, the source of information-
field formed in the medium inside the channel. carrying signals, i.e., the region with the cylindrical waves

A short exciting pulse is supplied from an electric signalWhich generates plane waves alahgnoves with the flow at
generatorG to a cylindrical wave emitteR, causing the the velocity U relative to the S|g_nal detectok. The fre-
emission of a cylindrical wave. As the wave propagates, th&Uency recorded by the detector is
wavefront section near the end becomes curved and forms a
cone near th& longitudinal axis. This conical wavefront is p=——|1+ B
responsible for the formation of a longitudinal component of 2Ry c
the momentunfor depending on the wave amplitude, of the
motion of the medium as an entitywhich excites plane @and the volumetric flow rate through the channel with allow-
waves traveling from the region with the cylindrical waves ance for Eq(1) is given by
along theZ axis. After being reflected from thg axis, a

C

: @

diverging cylindrical wave forms, which after reaching the Q=mR3(2v—vg), vo=CR;". 2
&
r
R A
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The mass flow Q,,=Q p can also be measured at the cases. As we kno®? the use of normal waves as informa-
same time as the volumetric flow rate. In this case, the fretion carriers is impeded by the existence of sets of critical
guencyv is used to determine and the amplitude of the frequencies in waveguides. Plane waves excited by cylindri-
acoustic pressure’ at the transducgmwhich acts alternately cal emitters are not normal, and so critical frequencies do not
as emitter and detector of the cylindrical wayésused to  exist for these wave@s was also confirmed experimentally
determinep’ asc=(P p~1)¥2 The most important advan- Thus, by using cylindrical emitters it is possible to transmit
tage of using cylindrical waves is that for each single propainformation in any frequency range. The motion of the me-
gation of a cylindrical wave from the channel wall to the dium in the waveguide creates an additional channel for fre-
longitudinal axis the velocities are automatically integratedquency control. Moreover, some experiments can be carried
at all points in the radial cross section of the flow channelout exclusively using cylindrical emitters, for example, in
since at any point in the cross section the wave deflection isases where counterpropagating plane waves interact when
exactly equal to the instantaneous value of the flow velocitytrains of primary waves occupy the entire inner region of the
at this point. Consequently, the time of arrival of the cylin- channel between the emitters.
drical wave on the axis will correspond to the exact value of
the flow Ve'ocityu (ﬂOW rate and the frequency recorded by L. D. Landau and E. M. Lifs_hi_tsFIuid Mechanics 2nd ed.(Pergamon
the detector will therefore determine the exact value of the PSS Oxford, 1987Russ. original, later ed., Nauka, Moscow 1988, 733
flow rate. The feasibility of this principle of flow rate mea- 2y . isakovich, General Acousticfin Russiaf, Nauka, Moscow1973,
surements has been confirmed experimentally. 495 pp.

Another efficient application of cylindrical transducers is °M-: B. Vinogradova, O. V. Rudenko, and A. P. Sukhorukdéave Theory
in information transmission technology using acoustic L Russiah Nauka, Moscow1979, 387 pp.
waveguides. We shall briefly discuss the advantages in theSeanslated by R. M. Durham
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Flexural vibrations of semiconductor wafers in the presence of a pulsed thermal
excitation source

A. M. Orlov, A. A. Skvortsov, A. V. Pirogov, and V. A. Frolov

Ulyanovsk State University
(Submitted April 16, 1998
Pis’'ma Zh. Tekh. Fiz25, 57—-63(March 12, 1999

An analysis is made of the action of current pulses on a metal film lying on a semiconductor
wafer. It is shown that the passage of current pulses of amplitLid® x 10'° A/m?

and duration 50—20fs across aluminum tracks excites sound. Experimental dependences of the
energy of the flexural vibrations as a function of the duration and amplitude of the pulsed

action were obtained. It was observed for the first time that the melting of a metal-semiconductor
contact is accompanied by an abrupt increase in the energy of the flexural vibrations of the
wafer. © 1999 American Institute of PhysidsS§1063-785(19)01103-9

The operation of semiconductor devices and integratea residual pressure of*410™“4Pa and substrate temperature
circuits is usually associated with increased thermal and me373 K.
chanical loads which reach critical valdésat elevated cur- The flexural vibrations were detected by a piezocrystal
rent densities. Any abrupt changes in the current loads giveansducer mounted at the edge of the wafer near the main
rise to thermal shocks which excite various types of mebase cut. The transducer was a TsTS-19 piezoceramic wafer
chanical vibrations. However, the influence of contact heatof thicknessd=300um and diameter 13 mm, whose natural
ing and degradation processes on the spectrum and energyfoéquencies {j=4 MHz) were higher than the spectral com-
the vibrations has been very little studied, and as deviceposition of the signal response. This allowed the frequency
become more highly integrated further attention must becharacteristic of the medium to be determined using the elec-
given to this issue. Thus, in the present paper we analyze theical responsdJ(t) from the transducer, which was fed to
spectra and energy of the flexural vibrations of silicon wafersan S9-8 storage oscilloscope connected to a computer to
when metallized layers of special test structures are subjectedcord and store the data. The signal was frequency-filtered
to current heating. using a standard fast Fourier transform algorithm in order to

Acoustic signals were excited by impacting a 3—10gexpand it into its elementary components. This allowed us to
steel ball against the surface of the wafer and passing recinalyze the behavior of isolated harmonics and of the energy
angular current pulses of varying amplitude=(1-7 W of the flexural vibrations of the wafer, which are related
X 10*° A/lem? and durationr=50—200us through aluminum  by*
tracks deposited on the surface of a silicon waf€he sub-
strates wer¢l11]-oriented, phosphorus-doped silicon wafers
of resistivity 30Q2-m. Aluminum films 3.2um thick were W= m 2 A22 1)
deposited by electron-beam evaporation at a rate of 2 nm/s at 4 4

U,my

U,mV a

Ml :

0 5 10 15 20 25 0 5 10 15 20 25

FIG. 1. Spectra of flexural vibrations of a wafer exposed to mechaftagand thermalb) action.
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TABLE I. Comparison between theoretical and experimental values of the natural vibration frequencies of a
wafer with a clamped edge exposed to mechanical and thermal influences.

Calculated
valuef, 981 1836 2356 3216 3904 4189 5543 7138 7836 9695 16098

Mechanical
action
fo, Hz 1270 2051 2393 3076 3809 4321 5786 6960 7935 9741 16750

Thermal
action
fn, Hz 1270 2051 2344 3174 3857 4297 5859 6980 7788-— —

wherem is the mass of the wafer, anra, andA,, are all the We shall analyze some characteristic features of this pro-

natural frequencies and amplitudes of the wafer vibrations.cess for this particular system. If the power density of the
The numerical values ab, for a wafer with a clamped heat sources is given by

edge can easily be calculated using the equétion

o QUx.y,z.t)=pd(x.y)exp( — u2) (1), )
m?h E '

mn=2wfn:—2ﬂﬁ —21 , (20 when a silicon wafer is heated by current pulses of duration
b 3p(1-07) 7, the inequalityr> 7, 7, is satisfied,® and the components

if we know the half-thicknesh, radiusb, densityp, Young's ~ Of the stress tensargg have the form
modulusk, Poisson ratiar, and the roots of the correspond- _(4/n2—3)aa2J

ing characteri_stic equatiof,, . _ URR_f(M(G)f’(t_ R/C))

An analysis of the parameters of the recorded signal un-
de.r mechanical action revealed a_d|rect prop_ortlo_nal relation- +7,K(0)F"(t—RIC)). ()
ship betweenU(t) and the velocity of the vibrations(t)
(Ref. 5. Thus, in our case the energy of the flexural vibra-  In Egs.(3) and (4) J(x,y) is the power released at the
tions is proportional th~Enuﬁ, whereU,, are the ampli- contact in watts per square meter per secqnds the ab-
tudes of the harmonics of the experimental spectrum. sorption coefficient in reciprocal meteffgt) is a function of

For comparison Fig. 1 shows spectra of the signals undeime which determines the pulse shape,js the distance
mechanical@ and thermalcurren} impact(b) for a wafer  between the sound source and the observation ppiistthe
with a clamped edge. It can be seen that signals are excited titermal diffusivity of the semiconducto€, andC; are the
frequencies between 0.5 and 20 kHz which corresponds tpropagation velocities of the longitudinal and transverse
the flexural vibration modes. A comparison between the exwaves,n=C,/C;, 7,=a/C_, andr,= x/C_ are the char-
perimental spectrum and the natural frequencies of the flexacteristic delay times of the acoustic waves, ani the
ural vibrations calculated using E(R) shows good agree- contact area.
ment over the entire spectral rangsee Table ). This It is easy to see that the shape of the acoustic pulse
indicates that even negligible current pulses applied to thelepends on the envelope of the current pulse and on the
metallization layers lead to the excitation of flexural vibra- power of the radiation pulse. Thus, the switchon and
tions in the wafer. In this case, the generation of sound iswitchoff times of the current pulse when the rates of change
caused by the rate of expansion of the heated sections of thie the temperature of the heated volume are greatest, should
medium and is of a thermal natufe. be determining factors for the onset of vibrations. Moreover,

U, 103V

10 4

FIG. 2. Amplitude of the harmonicsa — 11.25kHz, b —
5 _]\“‘ 7.788 kH2 as a function of the duratiom of a current pulse of
amplitudej =3x 10 A/m?.

0 +rrrrrrreerrrrr TRy

200 250 300 350 400
T, MS
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W, a.u.

FIG. 3. Energy of flexural vibrations as a function of the
current pulse duration for constarjt=3x 10'° A/m?
(dashed curveand as function of the pulse amplitude for
a constant duratiom=110us (solid curve.

3 + 8
200 240 280 320 360 400
7, ps

the interaction between the wave packets at the instants @romotes an abrupt increase in the energy of the flexural
heating and cooling for various should have a substantial vibrations as a result of a stepwise change in the electrical
influence on the amplitude of the harmonic componentsesistivity of the metallized Al layer during fusidf. The

forming the signal. higher the current density, ~ 1/(7,)%2° the earlier the met-
A detailed analysis of the spectra under the action ofallized layer begins to be damaged.
current pulses in the ranger=170-420us confirms this. This work was financed by a grant from the State Com-

Moreover, the dependence is periodic with a characteristimittee for Higher Education “Degradation processes in
time T;=1/f; (Fig. 2). Extreme values of the amplitude of multilayer thin-film silicon structures.”

the fixed harmonicf; are observed for durations,=(k

+1)/(2f;), wherek=1,3,5,... correspond to minima and !A.s. Oates, J. Appl. Phyg0, 5369(1991).

k=2,4,6,... correspond to maxima. Thus, as a result of azH. J. Frost, Mater. Charact. Mater. Charact. No. 4, 2E#94).

change in the contribution of the corresponding harmonics, A. M. erov, B. M. Kostishko, and A. A. Skvortsov, Poverkhnost': Rent-
he d d he fl | vibrati Id gen. Sinkhrotron. Nigron. Issl., No 1, 801997).

the epen ence 9f t e flexura V'_ ration energy‘“' |qu 4V. 1. Lependin,Acousticg[in Russiai, Nauka, Moscow(1978, 342 pp.

be oscillatory. This is clearly confirmed by the experimental 5v. |. Domarskas and R.-I. Yu. KazhiBjezoelectric Transducers for Con-
curveW(r) (dashed curve in Fig.)3n the range of durations trol and Measuremerfin Russiar, Mintis, Vilnius (1975, 255 pp.

_ _ ; P ; ®Handbook of Physical Quantitie®dited by I. S. Grigorev and E. Z.
A7=250-38Qus. A general increase W with increasingr Meilikhov [in Russian, Energoatomizdat, Moscowi991), 1232 pp.

is clearly caused by changes in the power density of the heat; . Lyamshev, Radiation Acoustic§in Russiad, Nauka, Moscow
sourceQ. (1989, 240 pp.
An increase inQ as far as critical values must affect the 8A. S. Okhotin, A. S. Pushkarskiand V. V. GorbachevThermophysical

vibration energy. In fact, whep=6x 10'°°A/m? is reached i’;‘;psg'es of Semiconductofén Russiaf, Atomizdat, Moscow(1972,

Fhe curve ofW(j) (solid curve in Fig. _$Sh0\.NS an abrupt  sa M. Orlov, B. M. Kostishko, and A. A. Skvortsov, Neorg. Mate1,
increase in the energy. Independent investigations of the 668 (1993.

degradation process of aluminum-—silicon contictow  '°D- R. Vilson, Structure of Liquid Metals and Alloysn Russiaf, Metal-
that at current densitigs=| . (r is fixed the aluminum film ~ Ur9%y& Moscow(1872, 246 pp.

fuses and contact melting occurs in an Al—Si systefmis  Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999

Self-developing, glycerin-containing, thick-layer bichromated gelatin as a medium
for recording volume holograms

Yu. N. Denisyuk, N. M. Ganzherli, I. A. Maurer, and S. A. Pisarevskaya

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 16, 1998
Pis’'ma Zh. Tekh. Fiz25, 64—69(March 12, 1999

The synthesis of layers of glycerin-containing, self-developing bichromated gelatin between 100
and 500Qum thick is described and the holographic characteristics of this light-sensitive

material are discussed. Experimental data obtained by measuring the diffraction efficiency of
holograms of two plane waves recorded using a symmetric system for layers of different
thickness and various ammonium bichromate concentrations showed that the optimum layers for
hologram recording are around 20én thick and have an ammonium bichromate

concentration of 2—2.5% by weight of dry gelatin. The sensitivity of these layers is 5-19 J/cm

© 1999 American Institute of Physids$1063-785(109)01203-3

Thick volume holograms, i.e., holograms recorded inefficiency versus the exposure time by reading out holo-
light-sensitive layers on the order of a few millimeters thick, grams at 0.44.m directly during the recording process.
have many properties which can be widely used in the de- Figure 1 gives results of measurements of the hologram
velopment of optical elements for modern optical informa-diffraction efficiency when holograms are read out by
tion processors, in optical memory systems with multiplexhelium—cadmium laser radiation during the exposure time
recording of information, and so on. Here we report resultdor various concentrations of ammonium bichromate and lay-
of experiments to study a thick-layer, self-developing light-€rs of order 20.m thick. Similar behavior was obtained for
sensitive material using glycerin-containing bichromatedayers between 100 and 5@@n thick. Figure 2 gives the
gelatin! maximum attainable diffraction efficiency of holograms of
A type of self-developing layer of bichromated gelatin tWO plane waves plotted as a function of the ammonium
with glycerin added up to 95% by weight of dry gelatin, bichromate concentration for layers of different thickness
having a thickness on the order of 5—Af after drying has When the holograms are read out by Ou# helium—
been described in the literatuf&@he glycerin in these layers
acts as a plasticizer and is also used to maintain a certain
guantity of water molecules which can develop a latent im-?, %
age because hydrogen bonds are present. 40 |
. . . . 2
We prepared and investigated self-developing, glycerin-
containing layers of bichromated gelatin having a layer
thickness of between 100 and 5@én after drying. The
preparation process was similar to the well-known technol- 30
ogy for fabricating layers of bichromated gelafi melted 3
solution of 6% gelatin was poured onto a glass substrate a 4
40°C; to this we added up to 95% glycerin and 0.5—-4% of 20 |
ammonium bichromate by weight of dry gelatin. After gel-
ling in a refrigerator for 24 h, the layers were then left for a
few days at room temperature, their thickness decreasing b
a factor of five or six. 10 1
The main holographic characteristics of the layers were
determined by recording holograms of two plane waves
formed from helium—cadmium laser radiation. The interfer-
ing beams propagated symmetrically relative to the normal ) ” " "
to the surface of the layers, intersecting at an angle of 14° 10 20 30 40
The power density of the radiation in the plane of the holo- E , _]/sz
gram was on the order of 10 mW/émThe reconstructed
wave formed in the first few seconds of recording the holoFIG. 1. Diffraction efficiencys of holograms of two plane waves as a
gram. By periodically covering one of the interfering beamsfgnction of the exposurE to helium—_cadmium I_aser rqdiation for Iayel_'s of
. . . . bichromated gelatin around 2@0n thick containing various concentrations
and measuring the intensity of the light reconstructed by the; znmonium bichromatéercent by weight of dry gelatinl — 1.25,2 —
hologram, we were able to measure the hologram diffractior.5,3 — 3.0, and4 — 4.0.

1063-7850/99/25(3)/2/$15.00 194 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (3), March 1999 Denisyuk et al. 195

i) 0,
2> % D5 % 1
60 -
2
30
2 404
20 1
4
3 20+
10
| S Y T T —
1 2 3 4 s
C, %
1 2 3 4
° FIG. 3. Maximum attainable hologram diffraction efficiengyas a function
L', /o of ammonium bichromate concentrati@using helium—neofcurvel) and

helium—cadmium readout radiatigourve 2) for layers 30Qum thick.
FIG. 2. Maximum attainable diffraction efficiency as a function of the
ammonium bichromate concentrati@for layers of varying thicknesén

microns: 1 — 150,2 — 200,3 — 300, and4 — 400. 2% for angles of 20, 30, and 40°, respectively, between the
interfering beams. Assuming that a diffraction efficiency of

cadmium laser radiation. The highest diffraction efficienciesL? iS Sufficient, the resolution of the self-developing thick-
were obtained for layers of order 2@0n thick. The maxi- @yer bichromated gelatin may be taken to be 120(_Tr‘hm .
mum diffraction efficiency is close to 40% for an average " &ddition to having the property that a latent image is
exposure of 30 J/cfn From this we can estimate the sensi- Self-developing because the dried layer of gelation retains
tivity of this thick-layer, glycerin-containing bichromated SCMe water molecules in complexes with glycerin, the pro-
gelatin to be approximately 5J/@mwhich is close to the posed thick-layer light-sensitive material can also store_re-
sensitivity of thick-layer reoxane materidland the gel-ike ~corded holograms of two plane waves for an almost unlim-
bichromated gelatin proposed by us eafi&®pplying the |t§d t|r_ne W|.th.out any S|gn|f|cant _Qeterloratlpn in the
Kogelnik coupled wave theowe can use the experimental d|ffra_ct|on efﬁqency. This Ilght—gensmve material is inex-
data on the hologram diffraction efficiency and the transmisP€nsive and fairly simple to fabricate.

sivity and thickness of the layers to estimate the change in 1S Work was supported by the Russian Fund for Fun-
the refractive index in layers of bichromated gelatin exposedl@mental ResearckGrant No. 97-02-18285and by the

to the action of helium—cadmium laser radiation. The largesERDF fund(Grant No. RE2-16p

changes in the refractive index for these layers were 0.0001—

0.0004. 1Yu. N. Denisyuk, N. M. Ganzherli, I. A. Maurer, and S. A. Pisarevskaya,

: _ o Pis'ma zZh. Tekh. Fiz23(7), 62 (1997 [Tech. Phys. Lett23, 279(1997)].
Helium-neon laser radiation was also used to read OUEV. P. Sherstyuk, A. H. Malov, S. M. Maloletov, and V. V. Kalinkin, Proc.

holograms at the Bra}gg angle duri_ng the holpgram recording sp|g 1238 2101(1989.
process. Figure 3 gives the maximum attainable hologran®T. A. Shankoff, Appl. Opt7, 2101(1968.
diffraction efficiency as a function of the ammonium bichro- “Yu. N. Denisyuk, N. A. Savostyanenko, and E. I. Vasil'eva, Opt. Spek-

. . . trosk. 65, 244 (1988 [Opt. Spectroscs5, 146 (1988)].
mate concentration for samples of order ’ thick using 5Yu. N. Denisyuk, N. M. Ganzherli, and I. A. Maurer, Pis'ma Zh. Tekh.

helium—-neon(curvel) and helium—cadmiun®) readout ra- Fiz. 21(17), 51 (1995 [Tech. Phys. Lett21, 703 (1995].

diation. 5Yu. N. Denisyuk, N. M. Ganzherli, and I. A. Maurer, Opt. Spekir@g.
Increasing the angle of intersection of the interfering 7|~°j|41K (199|7)_&Ogt-usgei“f(ﬁh& ;20(219%%731-969
beams during the hologram recording process reduces the " 09"« B€l SYSt TECh- 5 :

maximum attainable diffraction efficiency to 20%, 6%, and Translated by R. M. Durham
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Multielement hypersonic piezotransducers with slowly varying parameters for
acoustooptic devices

I. S. Nefedov and V. V. Petrov

Saratov State University
(Submitted April 10, 1997; resubmitted November 13, 1998
Pis’'ma Zh. Tekh. Fiz25, 70—-75(March 12, 1999

The frequency bands of acoustooptic devices can be extended appreciably by using multielement
transducers in the form of multielement chains with variable parameters such as the grating

step, phase shift per cell, piezolayer thickness, cell impedance, and electrode length of a single
element. When the optimum law of variation of the parameters along the transducer length

has been found, the law of variation of the angle of inclination of the acoustic wavefront can be
accurately matched with the law of variation of the Bragg condition with frequency, which

can increase the working frequency band of an acoustooptic démiparticular, a deflectomwhile
maintaining a high diffraction efficiency. In the present paper a relationship obtained earlier

to determine the frequency dependence of the structure step, which ensures accurate self-tuning to
the Bragg angle, and also a solution of the dispersion equation obtained for one variant of a
multielement structure are used to analyze the frequency dependence of the length of isolated
electrodes, which determines the inductance of the element, and also the impedance of

isolated cells contained in the multielement structure. 1899 American Institute of Physics.
[S1063-785(19)01303-9

In an earlier study Petrdyroposed a method of increas- varies negligibly over a certain section of the transducer
ing the frequency band of Bragg acoustooptic cells by usindgengthL, so that in this section the system can be regarded as
multielement transducers with variable parameters includingeriodic. This approach allows us to use methods developed
the grating pitcH, electrode lengthd, which determines the in the widely used theory of retarding systems in vacuum
inductance of the elements, phase shift per gglicell im-  electronic devices with extended interactfon.
pedanceZ, and also the thickness of the piezoelectric layer.  Figure 1 gives a schematic top view of the multielement
The expression derived by Petfdo calculate the frequency piezotransducer showing the variable parameters analyzed in
dependence of the structure pitchvhich ensures exact self- e present study. A metal underlaykra piezoelectric film
tuning of the acoustic beam to the Bragg angle, is given by> and a metal overlayer in the form of a comb struct8re
with varying parameters are successively deposited at the
end of a lithium niobate crystal. The thickness of the piezo-
electric film varies(increasesfrom the high-frequency edge
of the structure(input to which a microwave signal is ap-
plied) toward its low-frequency edge, so that there is a cer-

| = @nV/I27tsin®y + (—1)'arcsin\of12ngV)}, (1)

where ¢ .= o+ 27m, m is the number of the spatial har-
monic of the acoustic fieldy is the velocity of sound in the

crystal, ®q; is the angle of incidence of the optical beam . . . :
Y oi 9 P tain range of transducer length (a moving window in

relative to the transducer plane, aind an index correspond- ) . ) = o
which the electroacoustic conversion efficiency is highest

ing to one of the two possible directions of incidence of the d which | " q leriaths th ¥
optical beam relative to the acoustic wavefront. The depen,"fm which moves along t € transducer leng t € work-
ing frequency varies within the pass band. This window at

dence(1) removes the constraint on the length of the multi- : k
element transducer imposed by the need to create a givé??Ch frequency corresponds to the region of the multielement

beam divergence in a particular frequency band to COmperﬁtructure which gives exact tgning of the acoustic wavefront
sate for the mismatch between the frequency variation of thét the Bragg angle. The sections of overlap between the un-
Bragg angle and the angle of inclination of the acousticderlayer and the comb electrodes comprise plane-parallel ca-
wavefront when periodic structures are used. Consequentipacitors filled with piezoelectric and form isolated transducer
a high diffraction efficiency can be achieved over a broadelements which excite acoustic vibrations, while the comb
band of acoustooptic interaction frequencies. electrodes of lengtii form inductances. Thus, this electro-
For a given frequency dependence of the phase shift pgfynamic structure may be represented as a multielement fil-
cell go(f) we used the dispersion equation obtained withter chain or a retarding system.
allowance for expressiofil) to analyze the behavior of the The problem of calculating the characteristics of this
impedanceZ in the frequency band and the electrode lengthtype of system can be solved in two stages. In the first stage,
H of each cell in the multielement structure. a strict electrodynamic formulation and the Fourier—Galerkin
A multielement microstripe transducer with variable pa-method are used to calculate the parameters of a periodic
rameters is analyzed assuming that the pitch of the systestripe line formed by an array of ideally conducting ribbons,

1063-7850/99/25(3)/2/$15.00 196 © 1999 American Institute of Physics
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FIG. 1. Multielement electrodynamic structure with variable optimized pa-
rametersX — cut, L — light, HF — microwave signal. 8.0 9.0 10.0 GHz

FIG. 2. Frequency dependence of the impedadfgephase shift per ce(R),
structure stefg3), and electrode lengtt¥).

regular along the axis and periodic along theaxis, located
at the interface of the magnetodielectrics.
In the second stage the calculated parameters of the pe- i L
riodic stripe line (quasi-T wave propagation constant with slowly varying parameters. The variation of the phase

y(w,0) and impedanc&(w,¢0)) and the conditions at the shift with frequency (0.5 ¢o/7=0.1) was defined in the
ends of the pins are used to calculate the behavior of thff€duency range between 7.5 and 11 GHz, and then formula

retarding system using the method of multiconductor Ifes. (1) Was used to calculate the structure step for which the

The relationship between the potentials and the currentSr99 condition is satisfied at a given frequency and for a
in the planez=0 andz=H at the ends of pins attached to a given phase shift. For each step we used a numerical tech-

busbar ¢=H) may be written using the transfer matrix of a nigque to determine the pin length for which the dispersion

section of the stripe lindoop) and the input conductande ~ €auation(3) was satisfied. ,
of a pin in the periodic stripe line in the plaze=H: Figure 2 gives the frequency dependence of the given
phase shift per cell,/7 and also the dependence of the
[Ul(H)}

cosysH (jZg)sinysH structure step, electrode lengthd, and grating impedancg

1,(H) (j/1Zg)sinyH cosyH calculated for the frequency range 7.5-10.5 GHz. The calcu-
lations were made for a zinc oxide piezotransducer located

o 10 {Uz(H) @ O anX-cut lithium niobate crystal. The angle of incidence of
Y 1| I,(H) | the optical beam was zero relative to the transducer plane

(for the indexi =2, see Ref. 1 However, the variations of
the phase shift per cell, which barely influence the shape of
the curvesl(f) and H(f), may be used to tune the input
impedance of the multielement structure to achieve electrical
atching between the transducer and the waveguiding line.
his calculation example demonstrates the possibility of fab-
ricating a wide-band 4 f=3 GHz acoustooptic Bragg cell

in the 3 cm radiowave range using a multielement transducer
with variable parameters. In order to make a more compre-
hensive analysis of the proposed method, it is also interesting
) to estimate the diffraction efficiency and the possibility of

whereys andZ, are the wave number and the wave imped-
ance of the loop.

Using the Flocquet condition, we obtain from E@) a
system of linear algebraic equations. The condition that it
determinant is zero is the equation for the wave dispersion iq.
this periodic structure:

o

X

cosysH (jZg)sinysH
(jlZg)sinysH cosyH
1 0 . 10
e71¢0_
Y 1 0 1
The input impedanc&(H)=Y ! in the planez=H of a

section of the periodic stripe line with wave impedarZ;e
and wave numbey, loaded to the resistang, is given by

=0. ©) achieving the most planar frequency characteristic by cor-
recting the frequency dependence of the structure step.

Zyt+jZotanyoH @ 1V, V. Petrov, Pis'ma Zh. Tekh. Fi22(22), 11 (1996 [Tech. Phys. Lett.

0Zo+jZ g tanyoH’ ,22 909 (1996]. . . . o
R. A. Silin and V. P. Sazonowetarding System(sn Russiani, Radio i

whereZ )= -] (1/oC) andC is the capacitance of the pi- Svyaz’, Moscow(1966.

ezoelement. 3Yu. V. Gulyaev, A. I. Zhbanov, Yu. F. Zakharchenko al., Radiotekh.
Using the algorithms described above we calculated the E'8KTon- No- 12, 20491694,

electrodynamic characteristics of a quasiperiodic structur@ranslated by R. M. Durham

L=<



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999

Size distribution of copper nanoclusters in amorphous carbon
D. V. Kulikov, Yu. V. Trushin, V. S. Kharlamov, and V. I. lvanov-Omskii

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 16, 1998
Pis'ma Zh. Tekh. Fiz25, 76—79(March 12, 1999

A theoretical analysis is made of the formation of copper nanoclusters in a growing amorphous
carbon film. The calculated size distributions of the copper clusters are compared with the
experimental data. A numerical estimate is made of various kinetic parameters of copper in
amorphous carbon. €999 American Institute of PhysidsS1063-785(19)01403-3

Interest in the physics of conducting clusters has been dR(t) a?
stimulated by their possible application in nano- and micro-  —5 = 5 - agDC(1), 2
electronics. Modifying the properties of hydrogenated amor-
phous carbon §-C:H) by incorporating metal nanoclusters
(such as coppeiis of considerable interest because it is pos-

. ) . . If(R,1) J dR(t)
sible to vary useful properties of the material. The incorpo- =W(R)— —[f(R't)—}
ration of metal nanoclusters also provides additional scope at IR dt
for studying the structure of the amorphous matrix it3&If. aDC2(1)

In the present paper we propose a model for the evolu- =" >a
tion of copper nanoclusters during the growthee®:H films R=2a
by magnetron cosputtering of graphite and copp@his 3)
model is used to construct the size distribution function of
these clusters which, as will be shown subsequently, agreegereC(t) is the surface concentration of coppgis the rate
satisfactorily with the experimental resutt$ A comparison  at which copper is generated at the surface of the growing
between the model parameters and the experiment can givefiim, D is the coefficient of surface diffusion of copper,
numerical estimate of the activation energy for the surface
migration of copper.

The fundamental assumptions of the model are as fol- D=Dgexp —&™kT), 4
lows:

1. From numerical estimates, we assume that during the™ is the activation energy for surface migration of the cop-
film growth process, copper and carbon atoms reach the super, f(R,t) is the size distribution function of the copper
face of the film with a low energy insufficient to penetrate clusters, i.e., the number of clusters of a particular size per
inside the sample. unit volume,V andR are the volumgmore accurately, the

2. Copper atoms can only diffuse over the surface of thearea, since the clusters are assumed to be plamarradius
film, since the diffusion of copper in the bulk of the sample of the copper clusters is the lattice parameter of the cop-
is negligible. Thus, all the diffusion processes take place durper, | (R) is the growth rate of the copper clustev¥(R) is
ing the growth of one or two monolayers of the film. the rate of formation of clusters of sif anda and«a, are

3. Diffusing copper atoms can form bi-interstitial sites geometric parameters for attachment of the copper atoms to
and combine with existing copper clusters, thereby increaselusters.
ing their size. Thus, copper clusters of various sizes exist in  The system of equatior{¢)—(3) was solved by computer
the film. using the MGEAR prografnfor parameters consistent with

Subject to these assumptions, we can apply the theory afose obtained experimentafly. The unknowns™, «, and
diffusion processes in irradiated soli@see Ref. 3, for ex- «, were varied during the calculations. As a result, we ob-
ample to write a system of equations which takes these protained the size distribution function of the copper clusters for
cesses into account: samples with different copper content8% and 9%, see
Refs. 1 and 2 which are plotted in Fig. 1 together with the
experimental results. It can be seen that the calculated and

d a?
T f(R,t)Ea’qDC(t) .

&(t)zg—aDcz(t)—anc(t)J f(Rt)RAR (1)  experimental data show satisfactory agreement. The theoret-
ot 0 ical curves were obtained for the following parameter values:
for the sample containing 3% copper e4=2m, a=2m
dV(t) d(wR3(t)) , , X 0.15nm, ance™=0.75 eV, for the sample cn?ntalmng 9%
ar - at =a’l(R)=a“aDR(1)C(t), copper — aq=6m, a=67-r><0.15.nm, andeM=0.75¢eV.
Thus, the geometry of the formation of the copper clusters
or varies as the copper content in the film varies, which agrees
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with the data obtained in Ref. 2, where a fractal dimensiorFund for Fundamental Research No. 97-02-18110 and the
was observed for the surface of copper clusters containinyINTTs (Project No. 467.
more than 4% copper.

_TO S_Um_ up,_ CompUt_er mOde”ng has been use_d to Obtainv. I. lvanov-Omskii, S. G. Yastrebov, A. A. Suvorova, A. A. Sitnikova,
a size distribution function of copper clusters which agrees and A. V. Tolmachev, J. Chem. Vapor Def).188 (1997.
satisfactorily with the experimental results. This indicates 2V. 1. Ivanov-Omskii, inDiamond Based Composites and Related Materi-

. Is, edited by M. Prelagt al, NATO ASI Series, Partnership sub-series
that the proposed model adequately describes the growth 0@, High Technology, Vol. 38Kluwer, Dordrecht, 1997 pp. 171—187.
metal clusters during the formation of an amorphous carboreyy, v. Trushin, Theory of Radiation Processes in Metal Solid Solutions

film by magnetron cosputtering of graphite and copper. The (Nova Science Publishers, New York, 1996, 405) pp.

ivati i i 4D. V. Kulikov, R. A. Suris, and Yu. V. Trushin, Supercond. Sci. Technol.
activation energy for the surface migration of copper atoms 6. 303(1995, , » SUp
is estimated numerically. ’ '

This work was supported by grants from the Russiantranslated by R. M. Durham
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Atomic force/tunneling microscope and its application to the study of dielectric
breakdown of a diamond film on silicon

A. V. Ermakov and V. K. Adamchuk

Physics Research Institute, St. Petersburg State University, Petrodvorets
(Submitted August 12, 1997; resubmitted October 12, 1998
Pis’'ma Zh. Tekh. Fiz25, 80—86(March 12, 1999

A simple design is proposed for an atomic force microscope where the force of interaction
between the tip and the surface of the sample is recorded directly using the piezoceramic of an
XY Zmanipulator. The force signal is used as a feedback signal to keep the gap between

the tip and the surface constant, and its electrical conductivity is recorded at the same time. Results
of modifying the electrical conductivity of a thin diamond film after electrical breakdown

are presented. €999 American Institute of PhysidsS1063-785(09)01503-7

The scanning tunneling microscog®TM)! and the also record the tunnel current during scanning when operated
atomic force microscopéAFM)? have now been recognized as an AFM. The force created between the tip and the surface
as highly efficient tools for studying surface defects on thds recorded by the same piezomanipulator which trackZthe
atomic scale, although each has its own strictly specificY, and X coordinates. In the practical design of this device,
sphere of application. the tip is attached directly to the piezomanipulator and the

Tunneling microscopes having a spatial resolution of or-weak interaction forces between the tip and the surface are
der 1 A in the plane of the sample and of order 0.05 A alongecorded using the electrical signal generated in the piezoma-
the normal to the surface exhibit extremely high sensitivitynipulator as a result of the action of the force.
to point defects on the surfadé.However, the operating Figure 1 shows a block diagram of the device. In the
principle of the scanning tunneling microscope is based oFM mode the device operates as follows. An alternating
the electrical conductivity of the surface, and the presence ofoltage generator supplies the fundamental mechanical reso-
insulating sections on the surface makes the use of this dexance frequency of the piezomanipulator to a piezoceramic
vice completely impossible. plate with the sample attached, which causes weak oscilla-

Force microscopes operate on both conducting and ditions of the sample along thé axis. The oscillations of the
electric surfaces but are only sensitive to defects substaripp—sample gap give rise to an oscillating interaction force
tially larger than point defects, such as steps and multiatomibetween the tip and the surface, where the smaller the gap
vacancies:® between the sample and the tip, the stronger the interaction

Recently, many different designs of STM and AFM haveforce and the oscillation amplitude of this force. Since the tip
been developed for specific applications in physics, chemisis rigidly attached to the piezomanipulator, the oscillations of
try, and engineering. Here we propose a principle for a dethe tip—sample interaction force induce mechanical vibra-
vice which can be operated as an AFM or an STM and cations at the resonance frequency and an electrical signal in

> -1
5

FIG. 1. Block diagram of devicel — base,2 — pi-

Us ezomanipulator3 — piezoceramic plate4 — low-noise
selective amplifier5 — unit for controlling displacement

6 Uy along Z, 6 — alternating voltage generator,— com-
puter,8 — tunnel current9 — tunnel current amplifier,

Ux 10— pulse generato 1 — breakdown, and2 — scan-

7 ning tunneling microscope.
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Block diagram of control unit Z
@ FIG. 2. Block diagram of control unit: FWD — full-wave
detector, LPF — low-pass filtet)s — sample voltage
FWD source, “-” — subtraction system, and HI — high-
Input >~ = f—> LPF @ » Output voltage integrator.

the piezomanipulator. This electrical signal is then isolated This device was used to modify thin diamond film by
by a transformer and fed to a unit which controls the dis-dielectric breakdown and to study the resulting surface struc-
placement of the tip along the axis. ture. For this experiment we used 0.2 mm thick silicon wa-

Depending on the incoming signal, the control unit gen-fers with a 200 A diamond film deposited on the surface.
erates a low-frequency voltadé, and supplies this to the Over the entire scanned area the initial film exhibited no
piezomanipulator. This voltage controls the tip—sample gagonductivity.
so that the amplitude of the alternating voltage oscillations is  Dielectric breakdown was achieved by connecting the
kept constant as the tip scans along the surface. In this cassample to a pulse generator and grounding the tip. We used a
the signalU, maps the surface topography. Since the signatungsten tip fabricated by electrochemical etching. The ra-
generated by the piezoceramic at its resonant frequency @ius of the tip determined using an electron microscope was
measured in théJ, signal circuit, frequencies close to the ~0.3um. The gap between the sample and the tip corre-
resonant frequency must be eliminated from the signal.  sponded to a force of 10 8 N. By exposing the sample to
For this purpose, in addition to the usual components of &lectrical pulses of varying amplitude and duration and then
typical AFM/STM feedback loofgsubtraction of a constant monitoring the conductivity of the diamond film in a particu-
level, an integrator, and a high-voltage amplifi¢he control lar section, we established that the threshold breakdown volt-
unit (Fig. 2 contains an eighth-order low-pass filter with a age is 60V, which corresponds to a field ok30° V/icm.
cutoff frequency of 2kHz and also uses a full-wave ampli-The pulse duration was varied between 0.1 ang.40
tude detector which can suppress the resonant-frequency out- It was established by using an electron microscope that
put signal by several orders of magnitude. In order to distinthe tip shape changes negligibly during breakdown and can
guish the resonant-frequency signal from the background dbfe used subsequently for scanning the sample.
the low-frequency signdl ;, the pass band of the low-noise Figure 3a shows an image obtained by scanning a sec-
selective amplifier was limited by a sixth-order bandpass filtion with dielectric breakdowns at four sites in the atomic
ter in the range 20—30 kHz. force mode. The lighter sections of the image are higher. The

The movement of the tip along théandY coordinates figure shows that humps-100 A high with maximum di-
is programmed by computer. When the device is operating imensions of~800A in the X-Y plane appeared at the
the AFM mode, the tunnel current can be recorded at théreakdown sites.
same time as scanning. This is accomplished by applying a
voltageV to the sample from a source. As the tip passes over
the electrically conducting sections, a tunnel current is gen- a0k
erated which is fed to a computer and used to produce an
image. It should be noted that this image will differ from that
obtained using a conventional STM design, since the feed-
back uses the force signal rather than the tunnel current sig-
nal. This allows the surfacévia the force signaland the
nonuniformities of the electrical conductivity to be recorded
simultaneously. If the tunnel current signal is fed to the
Z-displacement control unit so that the gap between the tip
and the sample keeps the tunnel current constant, the device a
will operate as an STM.

The 2 mm thick piezoceramic plate to which the sample
is attached is made of PKR-6 piezoceramic and has a piezo-
electric modulus of 2.5A/V. The piezomanipulator is a
cross-shaped rod 90 mm long made of PKR-7M piezocer-
amic. The fundamental longitudinal resonance frequency is
25 kHz. The specifications of PKR-7M piezoceramic indicate
that its sensitivity to a force at the resonant frequency is
2VIN. The electrical noise voltage reduced to the trans-
former input is less than 5nV, which corresponds to force
oscillations of 2.5 10" ° N. The maximum scanning field is
200X 200um. FIG. 3. Result of local dielectric breakdown of diamond film.
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Figure 3b shows the distribution of the tunnel current  This work was carried out under the Russian State Pro-
measured at the same time as scanning the profile shown gram “Promising Technologies and Devices in Micro- and
Fig. 3a. It can be seen from Fig. 3b that an electrically coniNanoelectronics”(Project No. 039.04.223/57/2-3/1-9&nd
ducting phase appeared at the breakdown sites, with thihe Federal Target Program “State Support for the Integra-
lighter parts of the image corresponding to higher conductiviion of Higher Education and Fundamental Scien¢Broject
ity. The size of the conducting sections is substantially largeNo. 32642.
than the size of the humps formed at the breakdown sites.

This section of the sample was scanned repeatedly over 12

days. The images obtained showed good reproducibility,"G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Phys. Rev. &t57
which suggests that these structures are stable and the sc 5. Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. 581930 (1986.
ning process does not destroy the surface of the sample. sg_ginnig, H. Rohrer, Ch. Gerber, and E. Weibel, Phys. Rev. Bt120

The proposed design is considerably simpler than the (1982.
conventional AFM design, since it obviates the need to use aJ- R- Hahn, H. Kang, S. Song, and I. C. Jean, Phys. Re§3R1725
miprospring a,nd device_s for measuring its qeﬂeCtion' In ad_5é.ggiﬁnig, Ch. Gerber, E. Stoll, T. R. Albrecht, and C. F. Quate, Euro-
dition, attaching the tip directly to the piezomanipulator phys. Lett.3, 1281(1987.
eliminates any unstable behavior of the tip at the spring for®0. Nickolayev and V. F. Petrenko, J. Vac. Sci. Technol1B 2443
certain distances between the tip and the safrgriel can be  (1994- _ _

. . . D. Sarid and V. Elings, J. Vac. Sci. Technol. 98431 (1991).
used to set any required tip—sample gap, which means that
the tunnel current can be recorded simultaneously. Translated by R. M. Durham
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Rotation of the wavefront of an optical vortex in free space
A. V. Volyar, V. G. Shvedov, and T. A. Fadeeva

Simferopol State University
(Submitted November 11, 1998
Pis'ma Zh. Tekh. Fiz25, 87—-94(March 12, 1999

It is shown experimentally and theoretically that when an optical vortex propagates in free space,
its wavefront rotates through an angle numerically equal to the Gouy phase. It is found that

both the energy maximum of the optical vortex light flux and the amplitude zero of the perturbed
optical vortex field propagate along the ray surface. It is shown that the ray surface, which

is a consequence of the relativistic constraints on the beam group velocity, forms an unparted
hyperboloid of revolution and has various propertiesthe circulation of the Poynting

vector on the surface does not depend on the longitudinal coordindiehe evolution of the

light flux and a pure screw dislocation takes place along straight lines of this surjace; 3

the Poynting vector on the ray surface is always perpendicular to the wavefront surfad®990
American Institute of Physic§S1063-785(19)01603-]

As they propagate, the fields of Laguerre—Gauss angbr which e changes abruptly in the beam cross section. This
Hermite—Gauss beams may be rotated relative to the diregerm characterizes the departure of the Poynting vector from
tion of propagation. This surprising property of laser beamshe wave normal direction.
does not alter their structural stabifi/and is caused by the In the first approximation of perturbation theBithe op-
presence of a nonzero azimuthal component of the Poyntingcal vortex field may be given as
vector. However, the physical and technical treatment of the
rotational capacity of beams comes up against some major
problems. For instance, Alleet al® and Padgett and Allén

&=y, e,=ide, e,=ilkV.e,

— 1/25
showed that the optical energy flux in Laguerre—Gauss he=(20/1o)™"2x &,
bear_n; and e.specifally.in optical vortice_s pr_opagates al_ong h,=— (i/K)(s0/ o) YAV X &)2, 3)
curvilinear trajectories in free space, which is generally in-
consistent with the variational principtdn addition, the tra- = (1/A) exp{— (r¥p?A) }(x+ixy/pA)!!, A=1+iz/zg,

jectories of phase singularitigand pure screw dislocations Zr=Kp?/2, r?=x?+y?, p is the radius of the beam constric-

in particula) in perturbed optical vortices have not beention in the cross section=0, |I| is the topological charge,

identified. k=1 is its sign, andr==*1 is the helicity of the beam
The aim of the present paper is to make a theoretical angolarization =+ 1 indicates right circular andt= —1 left

experimental study of the rotation of the wavefront of opticalCircular polarization

vortices in free space and to study the local flow trajectories ~ Substituting expressiof8) into expressior(2) we find

along which energy and pure screw dislocations of the wave-

front propagate in perturbed beams. P,= KL|¢|2,
1. We shall assume that a laser beam propagates in free R(2)
space with electric and magnetic fields given by K( dg2 «ll
. P R +_|‘7/’|2 ) P2~K|l/’|2: (4)
E=e(x,y,z)expli[ ot —kJ(x,y,2)]}, k dr r
_ whereR(2) = (z4/2)|A|?, k=2m/\g, K=E3(go/uo)*? and
H=h(x.y. z)expfi[wt—kJ(x,y.2)]}. (1) Ey is the ampli?ude of the electric field. ’
We define the Poynting vecfoof this field as The componen®,, in expression4) indicates that en-
ergy circulates in the beam cross section. However, this by
P=1/2Rdexh*} no means implies that the optical energy flux in free space
_ 2 ) . . propagates along a curvilinear trajectory.
=12e0/ o) *Ref[€]*V.T—1(ik)(ex V X&)} In fact, the evolution of the Poynting vecté in free
=P,+ SP. (2)  space is described by the equation of contindi§=0, and

thus the vectoP is determined correct to within the vector
Expression2) was obtained using the steady-state MaxwellV X A. This indeterminacy can be eliminated by the Ehren-
equations, from which the value bfwas isolated. The first fest optical theoreMwhich stipulates that only those vectors
term in Eqg.(2) characterizes the Poynting vecty, perpen- P corresponding to the maximum energy flux are physically
dicular to the wavefront surfacg=const. The second term meaningful. From expressiaf3) we find that the maximum
SPin Eq. (2) is only nonzero for elliptically polarized fields, energy flux occurs on the radim%zxﬁpL yzm:
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a b

FIG. 1. Ray(a) and wave(b) surfaces of an optical vortex field wifh|=1 and«+1. The spiral curve on the ray surfa@ is the line of constant phase
& = const. The local flow lines on the surfa@ are always perpendicular to the wave surféme(For clarity we have changed the scale of the wave suyface

x§1+ yfn=(92/2)|/\(2)|2||- (5) pone_nt qf the Poyn_ting vector, which is resp(_)nsible for the
polarization properties of the laser beam, vanishes. Thus, on
the ray surfacé5) the Poynting vector is parallel to the wave
We can show that the surfa¢B) has many remarkable 1, ma) vector. As a result, it is found that the observed angle

features. First, o.n this surface the circulation of the Ii.nearof rotation¢ of the local current liné7) is numerically equal
energy flux density?, =rP does not depend on the longitu- ;, he Gouy phase.

dinal coordinatez;

Expression(5) is the equation for a hyperboloid of one sheet.

If we visualize some point in the plane of the constric-
tion z=0 at the wavefront, relate this point to the direction
3£LPLd|—:J’ J curl P_-dS=1(«|l]), (6)  of the vectorP, , and follow its evolution along the axis,

S we observe that the wavefront is rotated through the aagle
where S is the area enclosed by the contdur(Fig. 13. determined by Eq(7). Its instantaneous angular rotation ve-
Using the equationslr/(rP,)=d¢/(P,) and (5), we find  locity is given by
that the energy flux lind is given by

o= (k)arctanz/zg). 7 Q=2 (22 +ZR)Vpp, (8)

Expression(7) is the equation for the straight lines of local
flow on the surfacg5), and the energy flux in the optical
vortex propagates along these straight trajectdaesecond
property of the surfacé€5)]. On the surface of the unparted
hyperboloid there are two families of straight lines whose
orientation relative to the axis is definetf by the angle Qax= (vol m) (M p)?, €)
azimuthalg and polar angled. One family of lines differs
from the other by the sign of the angfe These two families wherewy is the light frequency.
of local flow lines are separated physically by a change inthe 2. In order to observe this wavefront rotation experimen-
sign of the topological charge in expression7). tally, we need to have a physically discernible marker on the
Figure 1a shows this ray surface for an optical vortexwave surface. This marker can be a pure screw dislocation of
with |I|=1 andx=+1 and Fig. 1b shows its wave surface. the wavefront displaced along the radius by the distahte
It is interesting to note that the angle in expression(7) order to achieve such a displacement, a smooth Gaussian
does not depend on the helicity of the polarizatinpres may  beam of amplitude, must be superposed on an optical vor-
appear at first glance from E€R), nor on the magnitude of tex having a field amplitude,, such that the constriction
the topological chargf|. This follows from the third prop- radii of the optical vortex and the Gaussian beam are the
erty of the ray surface: on the surfa¢® we find dy/dr same py=py). The wavefront dislocation then has the ra-
=0 and thus the first term in expressi@) for the P, com-  dial coordinaté

whereV, is the phase velocity of the optical vortex. The
angular velocity reaches a maximum near the beam waist
(z=0):
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=-2 mm z=-1mm =0 mm z=2mm a
FIG. 2. Results of computer calculatiofisie a and
photographs of the intensity distribution in the cross
section of an optical vortex with|=1 andx=+1
near the waist of the beam after &% 50 mm lens at
a suitable lengtlz from the plane of the constriction
(line b). Photographs showing the transformation of a
topological dipole into an annular edge dislocation
near the focus of a 20 microscope objectivdine c).

c
z=0mm z=2mm
2,2, 52 chargex changed the direction of rotation of the field inten-
2 2. o e,\“Z°+zy !
ri=x5i+yi=p? — , (10)  sity zero.
d=XdTYd e 2 :
0 7R The rotation of the wavefront shows up most clearly for

while the azimuthal coordinate is given by Eq.(7). How- & beam with a double pure screw dislocatiapological

ever, this implies that the zero intensity of the optical vortexdipole)™ propagating through the plane of the constriction.

field (pure screw dislocatiorpropagates along a straight line In this case, the dislocation with positive topological charge

lying on the surface of the hyperboloid0). The intensity I>0 tends to rotate clockwise about tkeaxis, while the

maximum will clearly have the same radial coordinéte), dislocation with negativé<0 tends to rotate counterclock-

but the azimuthal coordinate is given Be= 7+ @min- wise. Thus, the topological dipole as a whole does not rotate

From this it follows that the maximum and minimum of the in the regionsz>0 and z<0. However, the topological

vortex intensity propagate along straight lines on the ray surcharges undergo polarity reversal near the plane of the con-

face and form a coupled system with its center of gra\,itystriction (z=0). Thus, the dipole state is indeterminate and

lying on the beam axis. this results in the formation of an annular edge dislocation.
Basistiy et al” made an experimental investigation of This process is illustrated by a photograph of the field after

the rotation of two coupled dislocations with topological Passing through a 20microscope objectivéFig. 20.

charge of the same sign. Since it is extremely difficult to 70 conclude, we note that the Poynting vector character-

obtain an analytic expression for this dislocation dumbbell/Z€S the group velocity of the beam, which cannot exceed the

we focused our attention on the evolution of an isolated pervelocity of light in vacuum. In our case, the group velocity

turbed dislocation. In order to determine experimentally thedescribes the propagation of the intensity maximum of the

motion of a perturbed pure screw dislocation, we directe@Ptical vortex. This means that concepts of a ray surface

circularly polarized laser radiation onto the hologram of anfollow directly from relativistic constraints.

optical vorteX with |I|=1, shifted relative to the center of

the beam, and focused this usingfan50 mm spherical lens.

We examined an image of the field of the optical vortex near

the focal plane under a horizontal microscope. The position;E- Abramochkin and V. Volostnikov, Opt. Commub02, 336 (1993.

of the screw dislocation was recorded in various cross secs™ Abramochkn é‘gﬁe:/s-b\é?;;mgo‘g %pt-sgggjnwmzi 0201990

tions of the beam. Figure 2 shows photographs of the beampy, s ‘rey. a5, 81851992, ’ o ’

in various cross sectiorsand the results of computer calcu- “Mm. J. Padgett and L. Allen, Opt. Commuh21, 36 (1995.

lations. We found that a change in the direction of circulation °L. D. Landau and E. M. LifshitsThe Classical Theory of Fieldsith

; At ; _ English ed.(Pergamon Press, Oxford, 197HRuss. original, later ed.,
of the circular polarization from right f=+1) to left Nauka, Moscow, 1988, 512 p.

(Q': - 1.) does not change the propaga_tion of the pure SCreW . Born and E. Wolf, Principles of Optics 4th ed. (Pergamon Press,
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Chaotic oscillations in a system of coupled triggers
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A circuit consisting of two triggers coupled by a capacitance is studied. The equations of motion
are presented with a cubic approximation for the nonlinear terms. It is shown by numerical
analysis that chaotic oscillations can be excited. A mechanism for the transition of the oscillations
to chaos is described. @999 American Institute of Physid$$1063-785(19)01703-4

Triggers and their ensembles are widely used in varioudhe functiongy,(x;) describe the nonlinear characteristics of
radio-engineering systems, including computers. As thehe active components. Using a cubic approximation, they
speed of operation increases, the working frequen@ies can be represented by the relation
computers, the clock speethust be increased, which pro-
duces complicated effects due to the influence of, for ex-
ample, parasitic capacitances. The latter inevitably appear agherev; and u; are constants.
ultrahigh frequencies are approached. For this reason, it is of From the systen{2) it is easy to obtain equations de-
interest to study the operation of a circuit consisting ofscribing the processes in an individual trigger. Setting
coupled triggers, specifically when they are coupled capaciy, =0 we obtain for the triggeT,
tively. :
In the present letter the interaction of two classical trig- ~ X1=2Z1—91(X1),
gers coupled by capacitances is studied. It is shown that cha- -
otic oscillations are possible in such a circuit. This is of 2= =Bt 2y), 3)
interest in its own right, since the investigation of the chaotic  The equationg1)—(3) were solved by the fourth-order
behavior of various systems is now a pressing protﬂé?m. Runge—Kutta method with a time step of 0.1.

The circuit consisting of coupled triggers is shown in Numerical analysis of Eqg1) and (2) showed that the
Fig. 1. The first triggeiT, contains a capacitdC,, a resistor system of coupled triggers is auto-oscillatory and exhibits
R;, an inductorL,, and a nonlinear active elemegt{ ar-  chaotic dynamics. The computational results illustrating this
ranged in the classical WéyThe component€,, Ry, Lo, are presented in Fig. 2. They were obtained for the case of
andg, determine the completely analogous arrangment ofdentical triggers §,=8,=1.8, d=x=1, v,=v,=0.25,
the second triggeT,. The triggers are coupled by the capaci- and u,;= u,=0.1) with =10, y,=100, andy,=40. The
tors Cy;,Cqp, andCpy. initial conditions were assumed to bg(0)=y(0)=y;(0)

The equations describing the operation of the circuit in=z(0)=0.1. Figure 2a shows an image of the attractor of
Fig. 1 can be represented in terms of dimensionless quantihe oscillatory process, (t) (in the coordinatesx;, y)), and

9i(X) = = viXi+ mix; )

ties in the form Fig. 2b shows the motion of an image point in the phase
. spacexq ,Xs.
x=y+y1=x;=01(Xa), The attractor of the autostochastic procesé) attests
. to the existence of two basingegionsll * of attraction
Xa= 0y +Y2= X~ Ga(X2) ], (which we termP,; and P,), where the system undergoes
. chaotic oscillations and randomly switches from one basin of
y=a{X;—(Y+Y1) +Z1+ [ X, (Y+Y2) + 2,1}, attraction to anothe(fig. 2a. The existence of two basins of

- -1 attraction is consistent with the existence of two stable states
yi=Da=(y+y)+zly - in a trigger. In accordance with Eq&) and (3) with the

2=~ B.(y+y), (1) initial conditii)ns xl(O):O._l and zl(O)ZQ (once again,

v1=0.25, u1=0.1, andB,=1.8), the stationary value of

wherei =1,2. The variableg,, X, y, y;, andy, determine,  x,(t) is 1.58, and for the initial conditions(0)=—0.1 and
respectively, the oscillatory processes on the capacitorg(0)=0 it becomes negative for the same absolute quantity
C:,C,,Cy,Co1, andCy,, and the variableg; andz, char-  x,(t)=—1.58). The basin®, and P,, where chaotic auto-
acterize the variation of the current flowing through the in-oscillations of the coupled system of triggers occur, are lo-
ductances ; andL,. An overdot denotes differentiation with cated precisely in the neighborhoods of these stable states.
respect to the dimensionless timhewhich is related to the The oscillatory process,(t) is also chaotic with oscil-
real timet* by t=t*(R;C;) 1. The constant coefficients in lations switching between the two basins of attraction, but
Egs. (1) are a=C,/Cy, ﬂlzclRf/Ll, ,82=01R§/L2, the structure of the attractor of this process is different from
x=R,/R,, 6=xC,/C,, y,=Cy/Cq, and y,=C,,/C,. that presented in Fig. 2a. The presence of four “clumps” of
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T1
FIG. 1. Circuit consisting of two triggers coupled by ca-
g, pacitors.
chaotic motion of the image point in the phase spacex, The foregoing analysis shows that the mechanism by

attests to thigFig. 2b. The clumps near the limit set;  which the oscillations in the circuit of Fig. 1 become chaotic
=X, correspond to time intervals when the chaotic oscilla-involves impulsive excitation of an oscillatory process in the
tions x;(t) andx,(t) occur simultaneously in one basin of loop formed by the inductors of the triggers and the capaci-
attraction(first or secong] while the two other regions where tive coupling components. The presence of these compo-
trajectories clumgnear the limit sek,; = —x,) correspond to  nents gives rise to two autostochastic systems with a com-
time intervals where the oscillatory processes occur in difmon oscillatory loop. Each partial system is similar to a
ferent basins of attraction. Chua circuit, if in the latter the resonant system is made

It should be noted that foe=0 Egs.(1) and(2) describe  more complicated in a corresponding manner. The shock
a generator, similar to the well-known Chua cirétitt with  waves in the loop, which are maintained by the presence of
a more complicated oscillatory loop. The system of equathe nonlinear components, grow in one of the basins of at-
tions obtained in this case with the parameter values fofraction (near one stable state of the triggensitil the other
which Fig. 2a was calculatefvith the exception of the fact staple state of the triggeshe other basin of attractionis
that x=0) also possesses chaotic dynamics and permitgeached. The waves “break” randomly in agreement with
switching to Eqs(3). In the well-known dimensionless Chua the chaotic change in the initial conditions of the impulsively
equation$*°~°such a switch is impossible, since in the latter gycited oscillations in the loop. The differences in the cou-
equations the dimensionless time is introduced by a relatioB”ng parameters and, in consequence, in the conditions for
that does not contain the capacitance appearing in the trigge{yitching of the triggers make the interacting oscillations
cireutt. more complicated.

The circuit studied above can be used as a simple source
of chaotic oscillations with more highly entangled motions
than those observed in an ordinary Chua circuit, whose study
and practical applications are still the sibject of many
investigations:2-°

This work was supported by the Russian Fund for Fun-
damental ReseardiGrant 98-02-16722
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The possibility of forming soliton-like pulses during ion implantation
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The nonlinear response of a material under a high-energy process acting on groups of atoms or
individual atoms of a free surface is studied. The dissipation of the energy transferred by
soliton-like pulses at structural defects, such as regions with high vacancy density, grain
boundaries, and the free surface, is investigated. A method of describing the “long-

range action” during ion implantation in metallic materials is proposed.1999 American

Institute of Physics.S1063-785(109)01803-0

To understand the physical nature of the processes in  The present letter is devoted to a molecular-dynamics
materials subjected to high-energy processes it is necessarywestigation of the characteristic features of the dissipation
to study in detail the nonlinear response of a material. Thef the energy transferred by solitary pulses on structural de-
development of new materials that work successfully undefects, such as a free surface, grain boundaries, and regions
extreme conditionghigh pressures and temperatures, impactwith high vacancy density. The possibility of generating soli-
loads, irradiation, and so dprmakes this problem of great tary pulses when a free surface is irradiated by high-energy
interest from both the scientific and applied standpoints.  particles or beams is also studied.

A method that has been used successfully for a long time  Three-dimensional Ni and Al crystallites, containing
to study the nonlinear response of materials at the microabout 10000 atoms, were the objects of investigation. In the
scopic level is molecular dynamics. Early treatments basegresent work we studied solitary pulses passing through a
on this approach showed that an external high-energy perturegion with low atomic density and grain boundaries were
bation acting on a material can produce soliton-like pulses irinvestigated on the basis of a pair interaction potential. The
it.1~*In a defect-free material these excitations can propagatteraction of a soliton-like pulse with a free surface was
over large distances with virtually no change in shape andtudied using a multiparticle potential based on a model elec-
amplitude®8 tron density functionaf:*°

v, arb. units
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FIG. 1. Position of a soliton-like pulse — at thestart of the

0.00005; sample b — near a grain boundaryc — after passage
through a grain boundary.
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FIG. 2. Stages of formation of a soliton-like pulse.

N, arb. units

NI, arb. units

The analysis of the passage of solitary waves through & accompanied by a small compression of the atomic layers.
region with low atomic density in Al showed that the larger After the pulse is reflected from the free surface, the pulse
the deviation of the atomic density in the defect region fromamplitude decreases and energy is pumped into the region of
the equilibrium value, the higher the fraction of the pulsethe material near the surface.
energy dissipated in this region is. Thus, for a soliton-like =~ The simulation results showed that a high-energy pro-
pulse passing through local regions of a material that containess acting on a group of atoms or on individual atoms of a
25 and 50 vacancies the amplitude of the pulse decreased fiee surface can generate soliton-like pulses. Effects of this
10 and 20%, respectively. A similar picture was also ob-kind can occur when a material is irradiated by powerful
served for a pulse passing through grain boundaries of alectron beams and radiation or by ion bombardment. Figure
special type(for example,27-type boundarigs Figure 1 2 shows the characteristic stages of the formation of a
shows a compression-initiated soliton-like pulse in an Alsoliton-like pulse as a result of energy transfer to an atom of
sample at various times. The grain boundary was located dhe free surface. Specifically, each atom was assigned a ve-
the center of the experimental sample perpendicular to thiecity of about 2000 m/s directed into the material. We note
propagation direction of the pulse. It is evident from Fig. 1that for ion implantation much high€by one or two orders
that a large fraction of the pulse ener@pproximately 20%  of magnitude velocities can be imparted to the atoms in the
is dissipated in the grain-boundary region. irradiated surface. The instant at which momentum is tran-

Investigations of the interaction of a solitary pulse with aferred to a surface atom is illustrated in the first stégig.
free surface showed that in this case energy is pumped int2a). In the second stage energy is transferred to the nearest
layers near the surface of the material. According to the comreighbors and a pulse with a hemispherical front is formed
putational results, when a pulse interacts with a free Ni sur{Fig. 2b. The atoms at the center of the front have high
face the pulse amplitude can increase by a factor of 1.5—2elocities, i.e., an initial hump is formed. As the pulse propa-
depending on the orientation of the free surface. This effectjates into the material, the pulse front transforms from hemi-
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spherical to planar and the crest of the front is leveled offsystem of the crystal, including dislocation structure. In the
(Fig. 29. A similar picture is also observed when a pertuba-process the dislocation density in the near-surface layers of
tion acts on a group of several neighboring atoms in the fre¢he irradiated material will also increase.
surface. This mechanism of the change in the defect subsystem

These results are of particular interest for understandingf a crystal is probably best observed in single-crystal and
the processes occurring during ion implantation in metallidarge-grain materials, since in these cases pulses propagate
materials. The structural rearrangements in the near-surfacever large distances with much smaller energy losses. There-
layers of ion-implanted metals agree quite well with existingfore the long-range action effects will be manifested in the
theoretical calculations of the interaction of ions with a ma-near-surface layers, which are at least an order of magnitude
terial. At the same time the important “long-range action” thickner than the doped surface lay&ft?1°
phenomenorithe formation of a defect structure in the ma-
terial at distances much greater than the thickness of the
surface layer doped during ion implantatién'3 has still not 1y, Toda, Springer series in Solid State Scienceésl. 20, Theory of Non-
been adequately studied on a theoretical level. The difficul- linear Lattices (Springer-Verlag, New York, 1981; Russian translation,
ties of the experimental study of this problem are due to the,Mir, Moscow, 1984. _ _

. - . . “R. K. Bullough and P. K. Caudrdyeds], Solitons(Springer-Verlag, New

short 'Flme scale_s of the processes being studied and th_e hlgh(ork’ 1980; Russian translation. Mir. Moscow, 1983
energies of the ion fluxes as well as to the strongly nonlinear, wadati, J. Phys. Soc. Jp88, 673—-680(1975.

processes occurring when ion beams strike the surface laye®. Kh. Sabirov, Fiz. Tverd. TeléLeningrad 32(7), 1992 (1990 [Sov.
of a material* Phys. Solid Stat@2, 1161(1990].
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Anomalous character of the decay kinetics of the photoluminescence of carbonized
porous silicon
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The time dependence of the decay of the photoluminescence of porous silicon subjected to high-
temperature carbonizatigd000-1200 °C and simultaneously doped with B, P, Ga, or Al

atoms is investigated. The boron-doped samples show an anomalously long decay time for the
blue-green(2.4 eV) photoluminescence band. In addition, in this case oscillations with a

period of 50 ms are observed in the photoluminescence decay curv&99@ American Institute

of Physics[S1063-785(19)01903-5

Since 1990 a large number of research groups througtrated with carbon(15%, near the surfageand contain no
out the world have been actively studying mechanisms fopxygen. The PL of modified PS samples was blue-green with
the efficient photoluminescen¢BL) of porous silicon(PS.  two sharp spectral maxima near 1.9 and 2.5eV.

However, even though PS-based light-emitting diodes,  The excitation of photoluminescence in the process of
photocellsz, gas sensorsand other devices already exist, it recording the decay kinetics of the luminescence was accom-
is still not possible to talk realistically about applying PS in plished using ultraviolet radiation from an ILA-800 nitrogen
microelectronics. The high instability of the optical proper- vapor laser X =337 nm) with pulse repetition frequency 10
ties of porous silicon obtained by chemical and electro-Hz, pulse duration 7.5 ns, and pulse power 500 kW. The PL
chemical etching is the main reason why the devices liste@s measured “in reflection.” The radiation was collected
above remain in the laboratory. In recent years increasin§y @ System of quartz lenses onto the input slit of an
attention has been devoted to the investigation of method¥!DR-23 monochromator and then recorded in the photon-
for modifying PS and subsequently altering its degradatiorFOU”t'”g regime. The resolution of the apparatus according

properties, photoluminescence spectra, and relaxation spel@ the PL relaxation times was 1/0s. _
tra. Of the most important results in this direction we call _ Analysis of the decay kinetics of the PL of carbonized
attention to the work concerning the rapid thermal PS showed that the temporal decay of the photoluminescence

oxidation? prolonged low-temperature vacuum anneaﬁng, for :I" Ga-, or ﬁ'do?:)esd samplesdlls zln;)llar tqd?t?t olbserved
and laser modification of the initial single-crystal silicon In the cases where was moditied by oxigationlaser
wafer® annealind. However, the samples carbonized with simulta-

We report in the present letter the results from studyinieous doping with boron atoms possessed an anomalously

the kinetics of the decay of PL from porous silicon subjecte ong PL decay time n the_ blue-green regian=500 nm.
S o L . he decay of the red line in the PL spectrytine character-
to rapid high-temperature carbonization to stabilize the light- .~ .
. : ~ jstic times are hundreds of nanoseconds for freshly prepared
emission properties The PS samples were produced using

hosoh doped sl ; 400 orientafi | PS and hundreds of microseconds for modified*BS
phosphorus-doped silicon wafers with00) orientation an which in all previously known cases was slower, is now

resistivity p=2.4(-cm. The porous silicon was produ.ced by faster than in the short-wavelength part of the spectrum.
the standard technology in a process of electrochemical etch- Figures 1a and 1b show the time dependence of the PL

ing in the electrolyte HF:gH;OH=1:1. The electrozgcemical intensity at a wavelength of 500 nm for boron-doped porous
etch time was 40 min for a current density 20 mAfcm silicon SEC. carbonized for 2 min at 1200 °C. It is obvious

Freshly prepared samples of PS were placed in a reactofat the decay of the PL is not exponential and is very slow,
where carbonization was performed at temperatures 100055c0nds. This anomalously high value is 7 orders of magni-
1200 °C for 2—4 min in carbon tetrachloride g&Cly) with  tde longer than the decay time of the photoluminescence of
hydrogen as the carrier gauring the carbonization pro- the initial PS and 4 to 5 orders of magnitude longer than the
cess a near-surface region of various samples was dopgd] decay time of oxidized PS. The prolonged afterglow of
from solid-phase sources with B, Al, or Ga atoms to densitithe sections exposed to UV radiation is even noticeable vi-
5x 10" cm™* or from the gaseous compound@®; with P syally. Another substantial feature observed in the boron-
atoms to density 3 10'® cm™3. The procedure described is doped samples is the nonmonotonic character of the decay:
used to produce 10-15 nm buffer layers in 3C—SiC/Si hetoscillations with a period of 50 ms are present in the spec-
eroepitaxial structures. Such buffer layers formed on &rum (Fig. 1b. In addition, these oscillations are observed in
single-crystal substrate do not contain a silicon-carbidelifferent sections of the sample, and their period does not
phase, but Auger spectroscopy shows that they are supersatthange with time when the samples are stored in air.

1063-7850/99/25(3)/3/$15.00 212 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (3), March 1999 Kostishko et al. 213

{, arb. units
360 T I T I T I T I T
e
a

320 |- -

280
FIG. 2. Diagram illustrating resonant charge transfer in a system of isolated
attachment centers.

240

333 ms for 100 repetitionsThe increase in the decay rate of
the blue-green PL line with increasing number of repetitions
410 T I . . ] ; T T of the laser pulses attests to the existence of the photostim-

Y\ b ulated fatigue of carbonized PS.

i The slow decay of the photoluminescence could be due

+ to several factors. First, it could be due to the formation of a
400 -\% large number of attachment centers during the carbonization

B

I
| +

- process. In this case the fact that the effect is observed only
in boron-doped samples signifies that the attachment centers
\ are associated with a state of the impurity atoms in quantum
390 . wires. Another possible mechanism is due to the appearance,
%, during doping, of go—n junction whose electric field sepa-
oy rates the mobile carriers generated in the process of laser

**w“%\* - irradiation. Then the lifetime of the charge carriers which
380 — N have accumulated in quantum-size regions will increase sub-
W S, stantially, since carrier transport through nanometer sections
L of the quantum wires in “lightning” or *“coral-like”
S N T T L structure¥’ is impeded, and relaxation is now determined

100 200 300 400 500 mainly by tunneling processes.

The existence of oscillation$ig. 1b can be explained,
in our opinion, by resonant charge transfer between localized
FIG. 1. Time-dependence of the blue-gre@®20 nm photoluminescence gttachment center€CS) separated by tunneling-transparent
'c;r;‘;eo; Fx}[ﬁuﬁofgfoenocn?goﬂzzc\j/g?;;ng'zv"’grl;g?afefg‘iI:g“g?geg”i'ypotential barriers. This situation is illustrated in Fig. 2. The
averaging over 100 laser pulses. band gap of the initial S|ng|e-CryStal SIlICOE&: 1.12 e\)} IS
shown between the highest occupied orbital stat®MO)
and the lowest unoccupied orbital stét&)MO) in PS. Judg-

A plot constructed using a logarithmic scale made it posiNd from the presence of two peaks in the PL spectrum two
sible to describe the experimentally observed time deperlyP€S Of luminescence centers are present in the system, one

dence of the PL by a sum of two exponentials with characassociated with radiative transitions in porous siliddr®
teristic timesr; and 7,: eV) and the other with radiative transitions in 3C-SiC

nanocrystallites(2.4 e\).” The upper and lower levels of

I=Agt+ Ay exp(—t/7) + Az exp(—t/7y). (1) these transitions are shown in Fig. 2 by the symiisB,

The decay timer; for the fast exponential changes neg- and A;,A,, respectively. The attachment centers separated
ligibly with increasing number of laser pulses irradiating theby a potential barrier of widtl$ are designated as ¢Sand
sample(13.4 ms for 50 repetitions and 15.7 ms for 100 rep-CS;;. Then the interaction in a system consisting of two
etitiong. The decay timer, for the slow component de- localized levels can be written in the Anderson—Newns
creases by almost a factor of857 ms for 50 repetitions and modet!

t, ms
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_ after the laser radiation is switched off. The experimentally
| 7812t = Bsdua(t) +Voan(t), observed effects can be explained by the formation of a large
@) number of attachment centers and a built-in field gi-an
junction in the process of carbonization and doping. The ex-
i&aﬂ(t)zvoalz(t)JrE2a21(t), istence and periqd of the oscillatiqns can be explained by
resonance tunneling between localized CSs and by the mag-
whereE,; andE, are, respectively, the energy levels of €S nitude of the interaction potential. The anomalously long de-
and CS,, Vg is the interaction potential of these statag,  cay time of the PL of carbonized PS, together with its stable
anda,, are the coefficients of the wave functions optical propertied, can facilitate control of the long-lived
nonequilibrium states and give rise to a population inversion
V=21V i1zt 8Oy, ® ina p?articular material. ’ PP
and ¢, and ¢,; are the wave functions of the discrete at-  This work was financed by “Russian universities—
tachment levels. The electron tunneling probability in thisfundamental studies” and “Radiotekhnika” State Commit-
system and hence the probability of finding an electron in theee on Schools of Higher Education grants, and by the Rus-

level CS,, from which thermalization to the radiative cen- sian Fund for Fundamental Reseaféf7-02-16710
tersA occurs, can be described by the equation
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Determination of the relaxation time of a gas—liquid mixture
V. G. Kovalev, M. B. Rigina, and V. N. Tsurkin
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The relaxation time of a gas-liquid mixture is estimated. A new widely applicable Rayleigh-type
equation for the dynamics of an interphase boundary in the field of a square pressure wave

is integrated for various values of the initial bubble radius and wave loading. It is shown that the
model of an equilibrium medium can be used to describe electric-explosion processes in

real gas-liquid mixtures. @1999 American Institute of Physids$$1063-785(109)02003-(

Dynamical processes in two-component gas-liquid mix- 13

tures can be described in an equilibrium model provided that Ri=Ro
the characteristic time of these processes is much longer than
the relaxation time of the components of the relevant mix-  The expression$l)—(3) make it possible to determine
ture. For time-dependent signals with a short rise time théhe characteristic time of the second stage (Ro/3a%)
relevant time is the interval between the instantaneous<[Po/(Po+6P)]¥("), the relative change in the bubble
change in pressure and the establishment of the correspon@dius 6R=(R,—R;)/R;, and the average velocity of the
ing equilibrium density, which for bubble liquids is com- bubble wallv=6RR /7. The computational results for vari-
pletely determined by the pulsations of the gas bubbles. ous values of the bubble radil and excess pressu

Let us consider the process by which a single bubblere presented in Table I.
establishes a new equilibrium radius in a liquid loaded by a ~ The quantitysR, which depends only on the pressure, is
wave with a step profile. We shall conventionally divide this quite large for high pressures. For this reason it may be nec-
process into two stages. In the first stage adiabatic compregssary to take account of the compression process when in-
sion of the bubble occurs, damped oscillations arise, an¥estigating, for example, the expansion of a cavity in a liquid
finally an equilibrium adiabatic radius and a corresponding¥ith the natural gas saturation. The rates of compression in
density are established. Only mechanical equilibrium is atimost cases are low, but for small bubbles and high pressures
tained, the gas temperature in the bubble remaining highe¥ynamic effects apparently cannot be neglected. Moreover, if
than the temperature of the surrounding medium. Howevetthe characteristic time of the second stage is comparable to
thermodynamic equilibrium is established at the secondhe relaxation time of the medium, then the process cannot
stage, where the radius decreases to the isothermal value ab@ divided into two stages; compression and heat transfer
very slow rate, so that acoustic and viscous effects can bwill occur simultaneously. However, this does not compli-
neglected. cate the mathematical model of the pulsations, since the pro-

To describe the first stage of the process correctly let u§ess can be described by similar equations of polytropic
estimate the basic characteristics of the second stage: W@mpression of a bubble with a polytropic exponent falling
shall use similarity methodgo determine the characteristic between the adiabatic and isothermal val(tes determina-
time 7 for establishment of thermal equilibrium, writing the tion of its value is a separate problem

heat-conduction equation for the case of spherical symmetry Let us now consider the first stage, adiabatic or poly-
in the form tropic pulsations. The expression obtained in Ref. 2 for the

damping rate in the linear approximation,

/

wherea is the thermal diffusivity. where 7 is the dynamic viscosity coefficienp, is the den-

The characteristic equilibrium adiabatic bubble radiusSity of the liquid, c, is the unperturbed sound speed in the
R, in the second stage is related to the initial radRgsand ~ llquid, and Py is the gas pressure in a bubble, can be sim-

Po

Pyt oP @)

L S S )

4n  37Po
, or T : 1 - 79
(R?)  (R% a’r 3a’ @ A -

poR3  PoCoRo

2

L ” (4)

PoCoRo

the excess applied pressuse by plified as
P \¥¥ p=21 4 2P 5)
Ra=Rol B 7 5p) 2) poR5  2PoCoRo

and then used to analyze the nonlinear process, since even
wherePy is the hydrostatic pressurg,is the adiabatic index, for the minimum valueRy,=1um for water 45/(poCoRg)
and the final isothermal radiug; is given by =0.003.
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TABLE I. TABLE II.
) 5P-10°%, Pa Regime parameters i  R/Ri_; t,us B, ust B, us?
Determined
parameters Ro,um 1 10 50 100 Ro=50 um 1 0.27 1.58 0.037
P=1MPa 2 030 45 0.032
7. pS 50 30 13 6.4 4.6 3 033 7.3 0.032 0.0317
v, mis 0.09 0.43 0.96 0.13 4 035 101 0.0318
7, uS 10 12 05 0.26 02 R _10um 1 0420 043 141
v, mis 045 22 4.8 6.2 p=10MPa 2 0493 094 041
T KS 5 03 013 0.06 0.05 3 0506 145 040 0.396
v, mis 0.9 4.3 9.6 13 4 0508 196 040
7, uS 1 0.01 0.005 0.003 0.002
v, mis 45 22 48 64
SR Arbitrary 0.07 0.26 0.45 0.55

As one can see, when the medium relaxes by a process

The first term in Eq(5) gives the contribution of viscous fth . . hat th
effects to the damping and the second term describes radig- the second type it can indeed be assumed that the new

: o g : L equilibrium value of the density is established even after the
tion effects(radiation of waves into the liqgujdConsidering . . ! )

. ) . first pulsation of a bubble. Since the damping rate of the first,
their ratio, even for comparatively low pressures, for X strongly nonlinear, pulsation is several times greater than the
ample, Pog=0.14 MPa forRy,=10um, it is found that the gy » P 9

contribution of radiation effects becomes dominant. Thislme‘r’,:_r valge(S),ft:\he qbuet)nk;c;tytl;:dl_lﬂ L ch;]ractenges thte re-
means, first and foremost, that the nonlinear Rayleigh equa@xa ion time ot the bubble medium with an adequate mar-
tion, where radiation effects are absent by definition, is nof'm

suitable for estimating the relaxation time of the medium for $|nc§ for small b%’bb'es radlat_lqn effects makg _thg main
in the range of values dPog andR, of interest to us. contribution to damping,the condition for the equilibrium

We shall examine next the nonlinear damping based ofPproximation to be correct can be written in the form
the equation of pulsations in an alternating pressure fiéld:

RE 1+ 2 +R2 +3RB(1 R) 2p0CoR
- —|t5 — o~ 0too
2 2 >—
poC2 Ci 2c2| 2 3C, P 38 (8)
P R,| RP
:_1(1+_1)+_1’ (6)
Po Ci poC1 . . . . .
5 If it is required that the relaxation time of the medium be less
_ Ro|~” _ - than 1 us, then for bubbles with radius 1Bm we obtain
P;=Pol 5| —Po—P, ci=cp+R " . .
R from Eg. (8) the conditionP>10 MPa. This makes it pos-

Analysis of the plots obtained as a result of solving Eq.s'_ble' for example, to use the quel of an eqw!lbrlum me-
(6) numerically in the case of loading by a square pressuré"um to describe Fhe. hydrod'ynaml'cs of an electric expl0§|on
wave made it possible to distinguish two types of " @ bubble gas-liqguid medium with natural gas saturation,
pulsation$ Pulsations of the first type, which are nearly lin- WheréRo=15um (Refs. 6,7.
ear, are characteristic of bubbles with a comparatively large
initial radius and small excess pressufes., from among
the cases consideredRp=10um, Ry=50um, and
S6P<3 MPa). Pulsations of the second type, which occur at
high pressures for bubbles less than;lm in size and for L. 1. Sedov,Similarity and Dimensi‘onal Methods in Meghan{@ggademic ‘
comparatively small bubbles, are characterized by strongly oprrizissaNﬁ\;vuI; rlr\holsii?,'v tr1agn787latz|1%rf]3 ;Iothe i Russian edlon: Russien
nonlinear pulsations accompanied by a large energy losses, a. G,ubaidullin, Al I\;andaév, R. I. Nigmatuliret al, Itogi nauki i
and subsequent quite prolonged small linear oscillations tekhniki, VINITI, Mekh. Zhid. i Gazal7, 160(1982.
around the position of equilibriurttheir decay time can be °V- G. Kovalev, Akust. Zh.40(4), 606 (1994 [Acoust. Phys40, 537

L . . 1994)].
neglected when determining the relaxation time of the den_“E\I. M‘.‘)]Beskaravmyi V. G. Kovalev, and E. V. Krivitski, Zh. Tekh. Fiz.

sity). 64(2), 197 (1994 [Tech. Phys39, 224 (1994].
Let us now introduce the concept of the damping rate of5v. G. Kovalev, M. B. Rigina, and V. N. Tsurkin, iAbstracts of Reports
theith pulsation: at the 2nd Scientific School on Pulsed Processes in the Mechanics of
Continuous MediaNikolaev, 1996, p. 37.
1 Ri— R, 6V. G. Kovalev, M. B. Rigina, and V. N. Tsurkin, iAbstracts of Reports
Bi= In (7) at the Scientific and Technical Conference on Electric Discharge in Lig-
Gy~ (Ri11—Ry

uids and Its Applications in Industr\ikolaev, 1992, p. 78.

and compare its value with the linear dampjgig(5) for two N. M. Beskaravinyi, V. G. Kovalev, and M. B. Rigina, Inzh.-Fiz. Zh.
L ) . . 67(1-2), 54 (1994.

characteristic pulsation regimes. The computational results

are presented in Table II. Translated by M. E. Alferieff
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Mechanism for microwave pulse shortening in a relativistic BWT
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It is shown that reduction in the pulse length in a relativistic BWT, is accompanied by the
appearance of explosive-emission plasma on the surface of the ripples of the slow-wave system.
Generation stops because electrons emitted by the plasma absorb the electromagnetic

wave. This absorption is sharply enhanced by the presence of ions emitted from the plasma.

© 1999 American Institute of Physids$1063-785(109)02103-3

In relativistic microwave generators powered by high-mode and radiation wavelengtt~=3.3 cm was used. The
current relativistic electron beam{REBS, the microwave slow-wave structure of the BWT consisted of individual
pulse length is observed to be limited to £6-10"7 s'~*for ripples (stainless steel ringsThe length of the slow-wave
hf electric field intensities £8-1¢° V/cm on the surface of structure wad. =9d, the ripple amplitudé~\/15, the av-
the electrodynamic system. The pulse length decreases wittrage radiusk ~\/2, and the periodi~\/2. The tube was
increasing radiation power, so that the energy in the pulsevacuated to 10* Pa with a vapor-oil pump.
remains approximately constant. At the present time, the In the optimal generation regimécathode voltage
maximum energy in microwave pulses of relativistic genera-U =600 kV, beam current=4.7 kA, magnetic field inten-
tors is at most a few hundred joules. sity 26 kOg the radiation power was about 500 MW. At this

The range of possible reasons for this phenomenon imicrowave power level the shortening of the microwave
quite wide*=® For Cherenkov devices with a guiding mag- pulse does not yet occur under ordinary conditi¢fig. 1
netic field and pulse lengths 10 ns, for which the displace- and also Ref. B To check the effect of explosive emission
ment of the cathode and collector plasmas is negligible, then the pulse length, one of the ripples of the slow-wave
plasma formed on the surface of the slow-wave system by astructure was replaced by a ripple of the same shape but with
intense hf electric field apparently plays the main role ina ring-shaped graphite insé€Rig. 2). The presence of graph-
pulse shortening. The source of the plasma could bdée in the rippled waveguide did not change the electrody-
explosive-emission centers as well as gas desorbed from thamic properties of the guide; it merely facilitated the con-
surface and ionized by secondary-emission and scatteratitions for the development of explosive-emission processes.

electrons. The shape of the cathode voltage and REB current pulses
In a 3-cm relativistic backward wave tulBWT) with a  remain the same.
TMg; working mode, a~10 ns limit on the pulse length has The installation of a ripple with an insert produced short-

been observed even at power level800 MW (Ref. 2. As  ening of the microwave pulse. The shortening was greatest
a possible explanation the authors suggested explosive emishen the ripple was located near the center of the slow-wave
sion of electrons from the surface of the slow-wave structurestructure(Fig. 3). The length of the microwave pulses was
and the formation of an electron load. partially restored as the number of pulses produced without
In the 3-cm 3-GW relativistic BWY the microwave breaking the vacuum of the system increased. This is prob-
pulse length was only 6 ns. The pulse length was inverselnbly due to the degradation of the explosive-emission capac-
proportional to the pulse power, so that the energy in thaty of graphite as a result of conditioning by the hf field.
pulses remained at the level 20 J. Traces of erosion, just likEurther shortening of the first few pulses correlated with the
those on the surface of the metallic explosive-emission catbarger number of pulses required for partial restoration of the
odes, were observed on the surface of the slow-wave strugpulse length(Fig. 3).
ture of the BWT at locations of the maximum electric field When the microwave pulse became shorter, an intense
strength. This indicates that microwave pulse shortening iflux of electrons moving along the magnetic field lines was
associated wth explosive emission on the surface of the eleobserved in the gap between the ripples near the ripple with
trodynamic system of the generator. the insert. Imprints on a lucite witness plafég. 2) attest to
The present work is devoted to the experimental andh high current density1 kA/cn?), which only explosive
numerical investigation of the processes limiting the lengthelectron emission can produce.
of the radiation pulses from a 3-cm relativistic BWT under In the theoretical analysis it was assumed that the short-
conditions such that the influence of the motion of the cathening of the microwave pulse in the presence of explosive-
ode and collector plasmas can be neglected. emission plasma occurs as a result of the cessation of the
The experimental investigations were performed on thegeneration process as a result of the absorption of the work-
Sinus-6 high-current electron accelerator with an 18-ns curing electromagnetic wave. It was assumed that the plasma
rent pulse. A uniform relativistic BWT with a T working ~ has no effect on the electrodynamic properties of the slow-
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FIG. 3. Length of the first microwave pulse and number of pulses required
t, ns to restore the maximum pulse length versus the distance between the graph-
ite insert and the constriction reducing the transverse dimension below cut-
FIG. 1. Oscillograms of the beam curreiptvoltageU in the diode, and  off (as a fraction of the ripple perigd
signals from the microwave detect@he first pulse after a ripple when a
graphic insert is installed1 — insert at the fourth ripple from the constric-
tion reducing the transverse size below cut@ff— at theeighth ripple, 3 — .
at the first ripple 4 — noinsert. The electrons emitted from the plasma formed on the

surface of the ripples can cause the wave to be absorbed in

the BWT. At the same time, it is easy to see that the nonlin-
wave structure. In this formulation of the problem the cessaear character of purely electron absorption makes it insuffi-
tion of generation in the BWT in the presence of partialcient for cessation of generation. Indeed, to change the start-
absorption of the wave could be due to an increase in theng current of the BWT the ratio of the power losd@s to
critical current of the generator below which generationthe powerP,, transported by the wave must be finite with
stops. The solution of the one-dimensional time-dependenteak hf fields. The intensity of the absorption of the wave by
problem by the PIC methd@showed that the critical current the electrons is proportional to the emission current density
of the BWT equals the starting current. The latter current, ag.,, and the energy picked up by the electrons in the field
is well known, increases with wave absorption. of the wave. If the field of the wave is weak the electron

The effect of linear absorptiofthe absorbed power is motion can be assumed to be nonrelativistic. Then the space-

proportional to the wave powemas investigated in one- charge-limited current density satisfigs,<E%? and the
dimensional calculations. Both compact and distributecelectron energy satisfies<E?, whereE is the intensity of
(along the tubg absorbers, which were switched on at athe electric field of the wave. ThuB,.<E®2 Since the
given moment in time, were simulated. The calculationswave power satisfieB,,»E?, we haveP ../ P,,*E%¥?>-0 in
showed that under typical conditions with the beam currenthe limit P,,— 0. Thus a pure electron load cannot influence
initially two to three times greater than the starting currentthe starting current of a BWT.
the oscillations decay in several nanoseconds, provided that Moreover, the presence in the system of a high-currrent
on the order of half the wave power is absorbed. The greatesiectron beam with a potentiat 10° V relative to the wave-
effect of absorption was observed when a compact absorbguide wall must be taken into account. When the microwave
was placed near the center of the slow-wave structure. In thisower drops below a certain level, the electric field of the
case, for a classical tube, neglecting the copropagating wavejave pulling electrons from the surface of the slow-wave
the expected result was observed in the limit of total wavestructure is exactly balanced by the static field of the beam,
absorption—an increase of the starting current by a factor ofnaking electron emission impossible.
8. The simulation also confirmed the obvious fact that plac-  Nonetheless, the absorption of the electromagnetic wave
ing a compact absorber at the edge of the slow-wave strugnakes it possible to explain the cessation of generation, be-
ture perturbs the internal generation process very little. cause ions can be pulled out of the plasma on the surface of

FIG. 2. Plot of the electron current between the ripples and the
circuit used to obtain itl — ripple of the slow-wave structure,
2 — REB, 3 — lucite witness platel — graphite insert.
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the ripples during the corresponding phases of the hf fieldemissivity, which was taken to be arbitrarily large but finite
The cyclotron radius for ions is much larger than for elec-in the calculation.
trons, and it can be comparable to the tranverse size of the Time-dependent numerical simulation of the propagation
waveguide. For this reason the ions are accelerated initiallpf a TMy; wave in a sinusoidally rippled waveguide, on one
in a direction toward the axis of the apparatus by the stati¢ipple of which electron and ion emission was prescribed,
field of the REB, tending to cancel the space charge of thavas performed using an axisymmetric version of the 2.5- and
beam. The number of singly charged ions per unit length othree-dimensional completely electromagnetic PIC code
the system must be-102 cm™2 in order to neutralize the KARAT. The simulation showed that the maximum wave
space charge of a REB wiia 5 kA current. Estimates and a absorptionup to 50% with respect to the powesccurs 7 ns
numerical experiment showed that for protons and carbo@fter the wave is started, and the characteristic plasma den-
ions the neutralization process lasts for several nanosecondiity between the ripples is~5-10" cm™2. As the density

As a result of the neutralization of the space charge ofncreases further, the wave absorption decreases, equalling
the REB, the electric field pulling electrons from the surface30% for n~3-10'2 cm™°. This is apparently because the
of the electrodynamic system increases up to the total amplivave penetration into the plasma is degraded between the
tude E, of the wave field. This hastens the appearance ofiPples (the skin effect A similar phenomenon in a BWT
new emission centers. Th&?2 growth of the current of indi- ¢&n change the electrodynamic properties of the slow-wave
vidual emission centers in time must also be included as ongiructure and destroy the generation regime.
of the factors giving rise to avalanche-like development of [N practice, the maximum plasma density is apparently
explosive emission. determined by the amount of matter ionized during the ex-

As they execute radial motion the ions accumulate in the?/0Sive emission. We note that neutralization of the space
space between the ripples. This is due primarily to the prescharge of the REB requires approximately the same number
ence of an electron current here. The electrons emitted frorfi’ lons as for substantial absorption of the wave, specifically,
ripples under the action of the microwave field move along101 —10" singly-charged ions per 1 cm of the system lengh.

the field lines of the external longitudinal magnetic field. Welon'z.at'grt] of szvera:hgr tensbof cfu_blc mtlﬁ.ro_ns of _jnattt;r_ 'S
note that in a typicalnot oversize relativistic BWT with ric?w:je ‘o pro IUC(.% 'S NUMBEToT1ons, this IS easlly achiev-
electric field strength 78-1C° V/cm on the ripples, electrons aple during explosive emission.

. ; . A full-scale numerical experiment performed using the
can be transported from one ripple to another in one perlo?(ARAT code showed that ion—electron emission from the
of the microwave oscillations. Since the electron current is.

space-charge limited, the electrons produce in the gap berl_pples of the slow-wave structure of the BWT, substantially

aween the ribples a quasistatic field of order averaged feduces the generated power, until generation ceases entirely.
PP q 6 980 The latter was observed when at least two emitting ripples

over one period of the oscillations. The motion of the ions i vere positioned near the center of the tube. Figure 4 illus-
Fates the case of three emitting ripples in a BWT with initial

m,i?t show tTat the |onsdf|II _trf;le gap between bthe r:lpplet ower generation~-600 MW. The times when the electron
within several nanoseconas. The process can be CharaClysy jon emission were switched on were separated in order

ized as hf ambipolar diffusion of ions and electrons. We notg,, yemonsrate their effect separately. When the electron
that ion accumulatmn betW(_aen the ripples can also OCCUE mission is switched on, the microwave power at the exit of
under the action of the hf field alone. Then, however, thene ne decreases substantially, but the generation process
Ionglt_udlnal motion of th_e ions is cyclic drift motion and the jisaif does not stop and the spectrum of the oscillations re-
duration of the process is hundreds of nanoseconds. mains narrow. Approximately 3 ns after the ion emission is
As a result of filling the gap with ions, a quasilinear gitched on, the radiation power drops-t0 MW. Broad-
plasma forms between the ripples. The space charges of thging of the oscillation spectrum, destruction of the phase
electron and ion components averaged over one period of theyrajt of the beam characteristic for a generating BWT, and
microwave oscillations cancel out, and the plasma density sharp drop in the intensity of electron bombardment of the
grows in time under the action of the field of the wave. In theyipples are observed. The number of electrons and ions in the
process the power carried to the walls by the electron comglectrodynamic system increases with time.
ponent of the plasma increases. A model time-dependent cal- As noted above, the absorption of even a substantial
culation for a 1-cm wide one-dimensional planar gap with anfraction of the energy of the wave in the generator does not
applied 10-GHz 500-kV/cm ac electric field showed that inshut off generation if the absorption is concentrated near the
the presence of unidirectional electron emission and spacedges of the apparatus. However, from outside, such a situ-
charge limitation of the current the intensity of the electronation with strong absorption can also appear as shortening of
bombardment of the walls is 28.5 MW/énfor comparison,  the microwave pulse. Thus, in the numerical experiment with
the intensity of an electron beam with a constant appliedixed ion and electron emission at the fitftom where the
voltage of the same magnitude is 380 MW/m\When pro-  constriction causes a cutdfferiod of the ripple a three-fold
ton emission with current density 10, 100, and 1000 A/cm decrease of microwave power was obtained without cutting
was introduced, the average bombardment intensity ineff generation.
creased to 0.13, 0.5, and 2.2 GWFkmespectively, and the In summary, pulse shortening in a relativistic BWT may
ions filled the gap in 4.1, 3.2, and 2.8 ns. The maximumbe due to the appearance of explosive-emission plasma on
plasma density in the gap was limited only by the electrodeghe surface of the ripples of the slow-wave structure. Gen-
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eration may cease because the electromagnetic wave is abReports at the 4th All-Union Conference on High -Current Electranics
sorbed by electrons emitted from the plasma. This absorptioqNOVOS'blrsk, 1982, pp. 168-171.

is greatly enhanced by the presence of ions emitted from the

plasma. Thus, the length of the microwave pulse is lim
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Formation of a negative image by an opaque screen
Sh. D. Kakichashuvili

Institute of Cybernetics, Georgian Academy of Sciences, Thilisi
(Submitted November 24, 1998
Pis'ma Zh. Tekh. Fiz25, 37-41(March 26, 1999

An effect that can serve as a basis for reconciling two approaches in the description of
diffraction—Fresnel's and Young's—is described. 199 American Institute of Physics.
[S1063-785(109)02203-X

The focusing action of a cameralliT obscura was apparentlge written in the paraxial approximation in the form
first mentioned in the sixteenth centuryhe formation of an _ . _
image by this device is essentially completely described by Eou=kouEt &XP(—im), - Ein=kink, @
the laws of ray optics. To explain the analogous effect of avhere the coefficient&,,; andk;, describe the decrease of
circular opaque screen and an opaque sphere the wave thedhg amplitude of the conical wave in the regions outside and
of light and the Huygens—Fresnel principle must beinside the shadow, respectively. These coefficients are re-
invoked? The corresponding experiment reveals a strondated to the material nature of the opaque screen and in the
sensitivity to the geometry of the experiment and the precigeneral case can be unequal to one another. Adding the
sion of the circular screehJust as in a camera obscura, thewaves(1) and calculating the intensity of the resulting field
image is inverted and positive. we obtain
. Many years ago | observed the fgrmaﬂon of a negatlvg s = (Equt Ein) (Equrt Ein)* = Eé(kout_ k)2, @)
image by a small opaque screen. This effect apparently did
not attract any attention earlier. Using an extended lighSetting Kou=ki,, following Rubinovich, we have for the
source in the form of an incandescent filament with an arbiresulting intensityls =0, which uniquely describes the ap-
trary configuration, a candle flame, etc., and placing in théoearance of a negative image of the source.
path of the light a small opaque screes {—-2 mn), at a It should be noted that the formation of an image by a
certain distance it is easy to observe a negative image of thedmera obscura is also consistent with Young's diffraction
source. The image formed is not critically dependent on thédea. In this case three waves participate in the formation of
shape of the opaque scre&ircle, triangle, square, and so the image: an undeflected wave with amplitude proportional
on) and, just as in a camera obscura, it is inverte). 1).  to the area of the openingy=kE and two wavesgy,
The smaller the screen, the higher the contrast and the clearéhich are exterior with respect to the shadow. Under the
the image are, even relatively close to the screen. The exonditions of tautochronism of the waves being superposed,
periment describedessentially, elementaryis virtually in- ~ Which occurs for an infinite separation between the object
sensitive to the conditions and geometry of the experimentnd the opening and between the opening and the location
My efforts to explain the observed effect, even qualitativelywhere the image forms, and settikgr ko, We have for the
by means of the mathematical apparatus based on tHatensity of the resulting field
Huygens—Fresnel principle, were all unsuccetssful.. . Iy = (KE+ 2E o) (KE+ 2E ) * = szg_ 3)

In the present letter | employ Young’s diffraction idea
for this purpose. This idea is considered to be an alternative, For different geometrical conditions of the experiment
in a certain sense, to the Huygens—Fresnel principle. Instedfie image formed is burdened by substantial diffraction
of secondary spherical waves, Young postulated the appeahoise. This is easily observed experimentally.
ance of so-called conical waves, reflected by the edge of the |also observed a similar negative image formation effect
diffracting opening on both sides of this edge. The conicaby using a small phase step of arbitrary depth and an aniso-
wave together with the directly transmitted wave form a dif-tropically absorbing screen in the fornf @ 1 mmpiece of
fraction pattern as a result of their interfering with one an-film polarizer. A circular sample of film polarizer was placed
other. An amplitude discontinuity occurs at the edge of the
screen itself. To eliminate this discontinuity Young postu-
lated the appearance of a jump in phaserbfor the part of
the conical wave that is deflected into the region of the initial
wave and the absence of a jump for the other part that i
deflected into the shadow regigsee Fig. 2° -

Figure 3 shows a diagram of the formation of a negative
image by an opaque screen. Héte- Egexp(wt+¢) is the
initial, illuminating wave. According to Young, the conical rig. 1. nustration of the formation of a negative image of an extended
waves for the outer and inner parts of an opaque screen cahurce by an opaque screen.
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$ ¥y In my opinion the effect described in the present letter
can serve as a basis for reconciling the two seemingly alter-

P § native approaches in the description of optics, that of Fresnel
A $-r and that of Young.
N \ \ As is well known, Young's diffraction idea in its most

“Z general form consists in postulating transverse diffusion of
the amplitude beyond the limits of the diffracting opening.
The spreading of the amplitude of the field can be described
similarly to the diffusion of heat according to a correspond-
ing heat-conduction equation. The latter, as is well known, is
very similar to the Schdinger wave equation. The diffusion
of the complex amplitude should occur with a phase shift,
similarly to the phase shift introduced by Young heuristically
for the phases of the conical wave. As a result of this, oscil-
lations should arise in the distribution of the amplitude over
the front and for any points of observation.
FIG. 2. lllustration of the phase jump in Young’s conical wave from one It is well known that the Huygens—Fresnel principle
side of an opaque screen to the other. does not introduce any special conditions in connection with
the phases of the secondary waves. However, this approach
does not permit dsecribing even approximately the effect ob-
served in the present work.

Both approaches are essentially scalar. They cannot be
between two pieces of glass, together with an immersiofysed to describe the diffraction of electromagnetic waves by
liquid whose refractive index was close to that of glass andscreens with an anisotropic and gyrotropic profile. It follows
the material of the sample. The contrast of the negative imynequivocally on this basis that in the future both approaches
age decreased sharply under illumination by linearly polarmuyst be modified in application to the vector waves of the
ized ||ght with the electric field vector oriented parallel to the e|ectr0magnetic field. It now seems that the vector modifica-
transmission axis of the sample. The contrast of the negativgon of the Huygens—Fresnel principle in application to
image is a maximum and close to the contrast with amolography?’ despite the wide range of phenomena de-
opaque screen for illuminating light with orthogonal polar- scribed, is not sufficiently general. The future, modified
ization. The latter experiment attests unequivocally to theheory should not require the independent, heuristic introduc-
participation of two wave&,, andE;, in the creation of the tjon of either the Huygens—Fresnel principle or the idea of

image. More accurate quantitative measurements of the imnterference and should incorporate them as mathematical
age contrast can apparently be used to determine the coeffipnsequences.

\...*e\/‘-s

i)
\
4 L

\

cientsk,, andki, for absorbing screens of different material | thank D. Sh. Kakichashvili and Professor E. M. Lyubi-

nature. mov for their interest in this work and for helpful discus-
A complete theory of the observed defect will be pub-gjons.

lished later.
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Model of scattering by a perturbed thin cylinder
D. A. Zubok and I. Yu. Popov

St. Petersburg State Institute of Precision Mechanics and Optics (Technical University)
(Submitted July 20, 1998
Pis'ma Zh. Tekh. Fiz25, 42—-45(March 26, 1999

A model of wave scattering by a perturbed thin cylinder is constructed. The model is based on
the theory of self-adjoint operator extensions. A method is found for choosing a model
operator ensuring that the model solution is identical to the leading term of the asymptotic
expansion, in terms of the small diameter of the cylinder, of the real scattering problerh99®
American Institute of Physic§S1063-785(19)02303-4

The problem of wave scattering by thin bodies is attract+egular value of the operator. It is easy to find that the sub-
ing a great deal of attention in connection with variousspaceN)\O consists of the functions of the form
physical applications. In this problem asymptotic expansions
are constructed in terms of a small paramétke diameter “ eV o, s
of a cylinder, the opening angle of a coné& number of me éZHE) [ Ko=) a(9)dé,
interesting results have been obtained by this metfod. 2
However, the great difficulties that often arise preclude any . L
substantial progress, so that it is desirable to construct modyherea(g) IS a fun(_:t|on in the Sobplgv Spa&‘.l(R)' To
els that can simplify the situation. construct 'th domain of the self-adjoint extinsmn_ of the op-
One such modeling procedure is to apply the theory Ofera_torAL It is n_ecefsary to separa},te E(AL) a line on
self-adjoint operator extensions. This approach is similar thh'Ch the following “boundary form™ vanishes:
the yvell-kn_own zero-range potential meth(_)d in atomic Y(u,0)=(Afu,0)—(u,Afv)=0.
physics® which goes back to the work of Ferthifter F. A.
Berezin and L. D. Fadde@showed that from a mathemati- In accordance with the representatidn,
cal standpoint prescribing a zero-range potential signifies the
construction of a self-adjoint exptension of a symmetric op-
erator, the method gained new impetus and was applied to
much wider range of problenfs. Operator extension theory
has been used to obtain a correct mathematical description of o - B —
the Laplace operator perturbed on a set of zero me&stire. J(u-v):f w(au (s)a, (s)—ay, (s)a, (s))ds. (©)
In the present letter a model of wave scattering by a thin
cylinder perturbed in a bounded region is constructed on thélere ™ is @ from Eq. (2) and a, (S) =Uq(s). Using the
basis of an analysis of the three-dimensional Laplace operaheory of simplectic formé2 we can construct all classes of
tor perturbed on a line. The model solution is compared wittpossible extensions. We shall not present this description
the asymptotidin terms of the cylinder diametesolution of  here. We merely note the extensions that are distinguished
the real problem and a method is indicated for choosing théy the condition
model parameters so as to ensure that the solution coincides
with the leading term of the asymptotic expansion. Thus, the al(z)= fw B(z,2')ay (z)dZ, (4)
abstract mathematical scheme has found a specific physical —o
application. N :
Let us briefly describe the model. Letbe theZ axis of whereB(z,2') is a symmetric kéarnel. .
a cylindrical coordinate system. We start with the Laplace . Ir.] Ref. 1 the leading ternq of the asymptot|c expan-
operatorA, restricted to a set of functions that vanish lan sion in terms c_>f the small radius was obtamed fo_r the prob-
HereA, is a symmetric operator with infinite deficiency in- lem of 'scatterlng of a p'Ian.e wave by a thin cylinder per-
dices. To construct its self-adjoint extension it is necessary t&urbed in a bounded region:

consider the domain of the adjoint operator, which can be T [ _
represented as u'(r,z)= ?f_ H (VK2 €2r)v(£)eZédé,

v(r,(p,Z)=(27T)_3/2f

U:UO+U|_, U0€ H2=D(AE), ULEN)\O'

Qsing Eq.(2) we obtain

D(A,Lk):D(ADJr,\lAO (1) wherev (&) satisfies the equation

- N - &
2__ g2 _ — =
whereA[ is the Friedrich extension of the operafy, Ny, In(e Vk“= &%) (&) + f_NY(E t)v(t)dt= h(§)7i< N)'
is the kernel of the operatéx} —\, A\o=k3<0, and\g is a (5)
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Here || <N=g~ 1" 0<6<1,9(&/N) is the characteristic This work was supported by a grant from the Russian
function of the segmernt—1,1], Fund for Fundamental Research.
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Effect of an inert medium on the formation of ordered states in YBa ,Cu30,
I. V. Zhikharev, S. I. Khokhlova, and N. E. Pis'menova

A. A. Galkin Donetsk Physicotechnical Institute, Ukrainian National Academy of Sciences
(Submitted October 5, 1998
Pis'ma Zh. Tekh. Fiz25, 46—48(March 26, 1999

Ordered structures were produced in ¥Ba;O, ceramic samples with oxygen index=6.75 in
an argon atmosphere as a result of isothermal holding. The ordering is clearly manifested
in the dependence of the volunie of the superconducting phase and the room-temperature
conductivity o on the isothermal holding temperature. The effect of an inert medium, in
contrast to air, is to displace the temperature interval where the ordered state=v@ti5 is
formed to lower isothermal holding temperatures 188—22%fi€ead of 350—400 °C

© 1999 American Institute of Physids$1063-785(109)02403-9

The experimental arrangement was similar to that demined from magnetic measurements, taking account of the
scribed in Ref. 1, i.e., ten samples prepared from the samgorosity of the samples and the penetration depth of the mag-
ceramic block YBaCu;O, with x=6.86, were isothermally netic field?
held far 5 h in anargon atmosphere at various temperatures.  Just as in the case of heating of YRBaz0, samples in
The isothermal holding temperature prescribed for eaclair, a correspondence is found between the anomalies of
sample was reached in 2 h. Next, the samples were cooled(T;) andx(T,) (T, is the isothermal holding temperature
slowly, which made it possible to maintain the oxygen con-The maximum values ofr(T;) correspond to a definite
centration established at the temperature during the holdingalue x=6.75, kindicating the formation of ordered super-
process: constant-stoichiomet@S) samples. The values of ~ structures(see Fig. 1 The formation of ordered states re-
the oxygen index were obtained by x-ray analysis from thesults in an appreciable decrease of the scattering of charge
correlation of the lattice parametert3—b (Ref. 3. carriers, since in this case the defects become elements of the

The volume of the superconducting phase was deterperiodic structure.
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For the ordereck=6.75 superstructure the minimum pe- riod along the a axis is 3&) and possibly x=6.35

riod arl]ong theadaxis is ffouhr intelratomic dis}tarr]]ces. (2V2ax2+2a superstructund with isothermal holding

q T N Epen 'ence o t e_lvo uni(T,) 0 the supercon- temperatures much lower than the tetra-ortho transition tem-
ucting phase is Very simiiar to(T,) (Fig. 1), since in r;1)erature. These ordered states could not be produced in air.

contrast to conventional superconductors, whose supercon- | closing, it is our pleasant duty to thank B. Ya

ducting characteristics show a weak dependence on the O&ukharevski for the idea of performing these experiments,

dering of nonparamagnetic impurities, the behavior of thq\]. H. Andersen for helpful comments, and G. E. Shatalova
same characteristics in high-temperature superconductors dgﬁd A. Ya. Duk for determining the oxygen index
pends strongly on the character of the ordering of these T '

impurities?®
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in an inert argon atmosphere shows that ordered states With " reyes-Gasga, T. Krekels, S. Amelinciekal, Physica C159, 831
x=6.75 form in an inert medium at lower temperatures than (1989.
in air (188—225 and 350-400 BCrespectively This is ap- 5G. E._Shatalova, S I Khokh_lova, B. Ya. SukhareyskiV. Zhikharev, P.
parently thermodynamically favorable in a more oxygen- g'é '\f'zlj'a%glg’]‘ Kristallografiyz85, 727 (1990 [Sov. Phys. Crystallogr.
depleted medium. “p.N. Mikheenko, Yu. E. Kuzovlev, and E. N. Malyshev, Zh. Tekh. Fiz.
Ordered states corresponding to only one oxygen index 60(11), 104 (1990 [Sov. Phys. Tech. Phy85, 1292(1990].
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Use of nonresonant radiation to detect spin-oriented photofragments
0. S. Vasyutinskii, B. V. Picheev, and A. G. Smolin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences 194021 St. Petersburg, Russia
(Submitted July 3, 1998
Fiz. Tverd. Tela(St. Petersbung5, 49—-54(March 26, 1999

A technique is proposed for detecting the anisotropy in the angular distribution of photofragment
spins on the basis of the birefringence effect. A comparative analysis is made of the
nonresonant method of detection with the conventional resonance absorption method. It is shown
that using the Faraday effect facilitates efficient detection of high concentrations of

polarized photofragments. For an optically thick layer this is an important advantage over the
absorption method. Thus, the proposed method supplements the method of detection

using magnetic dichroism and permits high fragment concentrations to be studietP9®

American Institute of Physic§S1063-785(19)02503-3

In the last few years the investigation of oriented andlarized radiation at the fourth harmonic of the Nd:YAG laser
aligned photofragments formed through photodissociation ofvith wavelength 266 nm:
molecules has been attracting increasing attention from in- 2 2
vestigators, since such fragments make it possible to obtain RbI+hv= RX(6°S,2) + 1(57P1r2)- @
detailed information about the dynamics of the The spin-oriented rubidium atoms produced in the reaction
photoproces$. Studying how the polarization moments of (1) were previously investigated in Ref. 5 by the resonant
fragments are related to other vector properties of a reactioAbsorption method. In Ref. 5 the signal due to the modula-
(vector correlationsmakes it possible to investigate the form tion of the circular dichroism of the absorption of the atomic
and symmetry of excited states as well as interference effectpor as a result of the precession of the atomic spins in an
and nonadiabatic interactions in the dissociating2Pplied transverse magnetic field accompanying the passage
molecule? of the probe radiation in the 794.8 ni, line of atomic
Earlier our group developed a method of investigating'ubidium through the absorbing CQ”\C)UW‘&S observed. In
the polarization of resonarith the absorption line of the the setup of Ref. 5 the isotopic salRb™' was used in the

atoms being investigatggrobe radiation which has passed AC: a@n electrodeless high-frequency lamp, containing the

through a cell containing vapors of salt subjected to photoly—san_m,rUbIdIum isotope, served as the source of the probe
radiation. In the present work, salt containing the isotope

sis in the presence of an external magnetic field and tested 4 Rb was subjected to photolysis, and a lamp containing the
on oriented and aligned photofragmefisThe observed sig- isotope®’Rb served as the source of probe radiation, which

nals due to the variation of the dichroism of the atomic va- rovided a shift of the probe radiation line relative to the

; P
pors, modulated _at th_e Larmor_precessmn fr_e_q_uency, madeétbsorption line. The probe radiation passed through a linear
possible to obtain high experimental sensitivity. Contribu-

. . . ; . olarizer, the AC, and an additional linear polarizer crossed
tions from dichroism and light absorption by an ensemble oﬁr P

th . tal ticl tin th : " ith the first one at an angle of 45°, as shown in Fig. la.
€ experimental particles were present in the experimental o typical experimental signals obtained after 20 laser

signal; Fhis sim_plified the norm.allization. However, t_his pulses were accumulated are presented in Fig. 1b. In this
method is effective only for a sufficiently low concentration figure the moment of the laser pulse corresponds to the time
of the experimental photofragments that satisfies the condirZ§ a5 3 result of the small overlapping of the closely

tions of an optically thin layer, thereby limiting the magni- spaced hyperfinéHF) lines of the two rubidium isotopes, the
tude of the observed signals. In addition, real optical transi—signa| contains a contribution—a “step”—from the absorp-
tions between the states of the fragments are used. This &, signal. The absorption signals are damped by the recom-
distort the initial distributions of the relative populations of pination of atoms in the molecule and the escape of the at-
the magnetic sublevels of the state being investigated. ~ oms from the detection zone. The oscillating part of the
In the present work a different method of detection, em-sjgnal (the orientation signalis due to a periodic change in
ploying the paramagnetic Faraday efféctis tested. This the birefringence of the atomic vapor as a result of the pre-
method is based on observing the rotation of the polarizatiogession of atomic spins in the external magnetic field. In the
plane of linearly polarized, nonresonant, probe radiatiorexperiments described, in one case the probe radiation beam
passing through an oriented atomic vapor. As far as weyropagated parallel to the laser dissociation beam and in the
know, this method has not been previously used to deteajther case these two beams propagated at right angles to one
oriented photofragments. another(Fig. 1a. It was observed that the amplitude of the
We investigated the following reaction leading to the orientation signals was different in these two cases. The ex-
photodissociation of Rbl molecules by pulsed circularly po-perimental geometry affects the magnitude of the orientation
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a

A=266 nm

A=794.8 nm
_ FIG. 1. a— Geometry of the experimenis— Probe beam; 2
1 arnd, - b — circularly polarized dissociating bea® — linear polarizer;
'H 4 — linear analyzer5 — FE7. b — Experimental signals
2 et (absorption. The signals 1 and 2 were recorded using left- and
. right-circularly polarized dissociation radiation, respectively.
< The signal 3 is the difference of signals 1 and 2.
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signals this way because the total birefringence signal is dubyperfine components of the probe radiation with the HF
to the precession of the orientation vectors of the two HFcomponents of the absorption spectrum of the experimenal
sublevelsF . and F_ of the ground state of the rubidium isotope, ancl],‘i+ andJ2 are the overlap integrals of the

atoms, the signals from both sublevels being added in oNnpqfiles of the HF components of the probe radiation with the

geometry and subtracted in the other. _dispersion contour of the experimental isotope on the transi-
Assuming that the HF of the structure of the excited..

20 (i _ ons F,=j and F_=j, respectively. The quantity
feorpirg]e _plrlozt’)g’/f; dsi:':itgr? %;t?EeRgaﬁgi?jﬁ;?gﬁzge r‘:ﬁ:"’e‘ie:@zws is the degree of initial electronic orientation of
] il

following expression can be obtained for the normalized ori-the atomic spins angl,=1/2, 3/2 is the total electronic an-

entation signals to first order in the optical thickness gular momentum of the excﬂeirij statedof t.he atoms.
The signs of the mtegralslF+ andJg in Eq. (2) are

1_l_j (jo+1) determined by the sign of the detuning of the probe radiation

U 4 elle . . . _
o frequency from the resonance absorption line. The orienta

Uo (1+1)32 +132 tion signal is greater for the perpendicular detection scheme
i N than for the parallel scheme, as was observed in the experi-

(I+1)(21+3) +I(2I—1) g 11 ment.
3(21+1) Fr73(21+1) °F- ohe The ratios of the orientation signals for resonant and

nonresonant detection, which are scaled to the same magni-
tude of the absorption signal, are presented in Fig. 2 as a
where in the expression in brackets the plus sign correspondsgnction of the concentration of the molecular vapor in the
to parallel and the minus sign to perpendicular geometryAC. It is evident that as the concentration of the dissociating
JE andJ? are the overlap integrals of the profiles of the molecules increases, the method employing Faraday detec-

x exp—(T't), 2
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0.3 fragments the method tested has the advantages that it is
possible to detect high concentrations of oriented and aligned
i . . - atoms and that the probe radiation does not influence their
. . 1 orientation. The use of the Faraday effect to investigate ori-
. ented photofragments can be improved by using as the
0.2 source of probe radiation a tunable laser which has high ra-
diation stability and monochromaticity and makes it possible
4 to optimize the detection parameters with respect to the mag-
nitude of the frequency detuning of the probe radiation from
Sy 2 the atomic absorption line.
This work was supported by the Russian Fund for Fun-
. damental Research under Grant 98-02-18313R.
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Possible nonlinear heat-pulse propagation in solids at Debye temperatures

K. P. ZolI'nikov, R. I. Kadyrov, I. I. Naumov, S. G. Psakh’'e, G. E. RudenskiT,
and V. M. Kuznetsov

Institute of the Physics of the Strength of Materials and Materials Science, Siberian Branch of the Russian
Academy of Sciences, Tomsk
(Submitted November 19, 1998

Pis’'ma Zh. Tekh. Fiz25, 55—-59(March 26, 1999

Molecular dynamics techniques are used to show that heat can be transferred ballistically in three-
dimensional crystalline materials at temperatures on the order of Debye temperatures.
© 1999 American Institute of Physids$1063-785(09)02603-9

It is well known that under certain conditions heat cansample and are restored after interacting with one another.
propagate over macroscopic distances with a velocity on the The character of the propagation of the perturbation pro-
order of sound velocity in crystals. Thus, at very low tem-duced by local heating of a frd@10) Al surface to 8000 K
peratures 4.2 K) generation of second sound—wave 0s-is shown in Fig. 1. One can see that a heat front, ahead of
cillations of the temperature—is possible in ultrapurewhich soliton-like pulses move with a higher velocity, propa-
dielectrics' 3 gates away from the free surfa@ehich corresponds to the

This phenomenon is based on the “freezing” of Um- origin of the coordinates The first pulse, which has the larg-
klapp processes and conservation of the phonon quasimest amplitude, propagates with a higher velo¢g8200 m/$
mentum as well as the larg@f order the sample length than pulses with a smaller amplitude. Our estimates of the
phonon mean-free path length. At low temperatures undepropagation velocity of the heat front agree in order of mag-
the conditions of relatively high thermal pumping nonlinear nitude with the theoretical calculatiofis.

(soliton) propagation of heat pulses, where dispersishich Increasing the temperature of local heating increases the
cause phonon packets to spreadd nonlinear effectavhich ~ amplitude and propagation velocity of a pulse. Analysis of
cause self-localization of packetsompensate one another, the distributions of the directions of the atomic velocities of
is also possible. Such nonlinear pulses have been observedch pulses shows that there are always regions of either
in, e.g., pure NaF at temperatures from 1.4 to 4.2 K alongompression or tension.

directions of high symmetry100].?2 Characteristically, the The effects due to rapid, strong local heating
temperature in the pulses assumed only values from a def{~10000) of the surface are produced, for example, by irra-
nite range that depends on the temperature of the crystaliating a material with high-energy charged-particle
Thus, at crystal temperagir2 K the temperature in the beams®!!used to alter the properties of a material in the
pulses was in the range 5-10 K. direction required for applications. Thus, in Ref. 10 a bipolar

In the present letter we report the results of a computewave (consisting of a wave of compression and tension
simulation indicating the possibility of ballistic heat propa- produced by rapid heating of a very thin surface layer by
gation in solids even at quite higfbebye temperatures, low-energy high-current electron beams, was observed, simi-
where the phonon mean-free path length is short and equalarly to the manner in which in our calculations the structure
only a few phonon wavelengths. of solitary pulses largely depended on the conditions of en-

Three-dimensional Al and Ni crystallites containing ergy pumping and in Ref. 10 the profile of a bipolar wave
about 8000 atoms have been investigated by molecular dywas largely determined by the irradiation regime.
namics method$® Rapid local heating was simulated by Bearing in mind that solitary pulses with similar charac-
prescribing a temperature for the surface of the crystal that iteristics are produced with mechanical loading and with local
much higher than the average temperature in the sampléeating, we investigated the effect of the temperature of a
Rigid boundary conditions were used in the direction ofcrystal on the propagation of pulses induced by high-speed
propagation of the thermal perturbati@eerpendicular to the compression at sample temperatures 0, 100, and 3K
surface and periodic boundary conditions were used in the2) (specifically, a Ni crystallite was calculatedt was found
other two directions. The interatomic interaction of the ex-that the temperature of the sample has virtually no effect on
perimental crystallites was described by means of a multiparthe propagation velocity of soliton-like pulses, but it has
ticle potential based on a model electron density func-quite a strong effect on the shape of the pulse. Specifically,
tional &’ fluctuations of the crest of the soliton-like pulses arise at

For “instantaneous heating” of a chosen region, startingnonzero temperatures, and the pulse itself becomes wider
at temperature 50 K and above, soliton-like pulses charactefFigs. 2b and ¢ For example, at 300 K the width of the
ized by a stable shape and amplitude are formed in the Ndulse at half-height is approximately two times greater than
and Al crystallites. Just like ordinary solitofishey remain  at 0 K.
essentially unchanged in shape as they move through the In summary, even at temperatures of the order of the

1063-7850/99/25(3)/3/$15.00 230 © 1999 American Institute of Physics
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FIG. 1. Positions of a soliton-like pulse initiated by heating of
the free surface of aluminum, at various times.

3.

e 200
000000\,/ w (110], &+

0.0004

a
; |
© 0.0002
>
il
|
0.0000 mrvm«ﬂwmﬁw e — \II )
' 20 40 60 80 100 120 140 160 180
[110}, a.u.
0.0006 ‘ b
|
; 1 b
4 0.0004 ’il
<
> 0.0002 . l FIG. 2. Changes in the shape of a soliton-like pulse in Ni for
Mﬁ M‘%ﬁ@f‘«}#}ﬁﬁﬁ }y l ! ? &PZIM&T various sample temperatures: a F=0K; b — T
0.0000 il i IR = ““ =100 K; ¢ —T=300 K
: 20 180 = ,c—T= .
[110], a.u.
0.0008 | c
i.f‘l
. 0.0004 i }y
3

>
0.0002

il

40 60 100

il

a
;
————
m
:;%%?

0.0000




232 Tech. Phys. Lett. 25 (3), March 1999 Zol'nikov et al.

Debye temperature heat can be transferred in crystals in &s. G. Psakh’e, K. P. ZoI'nikov, and D. Yu. Saraev, Fiz. Goreniya Vzryva
ballistic regime(the Debye temperature in Ni, for example, 33(2), 43(1997.

6 , oo
: ; [FORSRRT V. M. Kuznetsov, G. E. Rudenskii, R. I. Kadyrov, and P. P. Kaminskii, J.
is close to 300 K The heat carriers are soliton-like pulses Mater. Sci. Technoll4, 429 (1998.

that do not decay appreciably. _ V. M. Kuznetsov, R. I. Kadyrov, and G. E. Rudenskii, J. Mater. Sci.
It should be noted that although we simulated metals the Technol.14, 320(1998.
results of this work are most applicable to insulators, where®s. G. Psakh'e, K. P. Zol'nikov, and S. Yu. Korostelev, Pis'ma Zh. Tekh.

h honon mechanism of h n ion min ) Fiz. 21(13), 1 (1995 [Tech. Phys. Lett21, 489(1995].
the phono echanism of heat conduction do ates 9S. L. Sobolev, Usp. Fiz. Nauk67, 1095(1997).

105, V. Lykov, V. I. Itin, G. A. Mesyats, D. I. Proskurovakiand V. P.
IN. Ashcroft and D. Mermin,Solid State Physic¢Holt, Rinehart, and Rotshtén, Dokl. Akad. Nauk SSSR10, 858(1990 [Sov. Phys. Dokl35,
Winston, New York, 1976; Russian translation, Mir, Moscow, 1972, Vol. 154 (1990].

2). ‘ 1y, 1. Itin, I. S. Kashinskaya, S. V. Lykov, G. E. Ozur, D. I. Proskuro¥gski
2y. Narayanamurti and C. M. Varma, Phys. Rev. L&, 1105(1970. and V. P. Rotsht@, Pis'ma zh. Tekh. Fiz17(5), 89 (1991 [Sov. Tech.
3F. D. Tappert and C. M. Varma, Phys. Rev. Lé&5, 1108(1970). Phys. Lett.17, 192 (1991)].

4S. G. Psakh'e, K. P. ZoI'nikov, and D. Yu. Saraev, Pis'ma Zh. Tekh. Fiz.
24(3), 42 (1998 [Tech. Phys. Lett24, 99 (1998]. Translated by M. E. Alferieff



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999

Field-ion microscopy of deformation effects near the surface in ion-implanted metals
(Ir)

B. A. Ivchenko and N. N. Syutkin

Institute of Electrophysics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg
(Submitted November 2, 1998
Pis’'ma Zh. Tekh. Fiz25, 60—64(March 26, 1999

Field-ion microscopy is used to determine the deformation due to ion implantadier2Q keV,
D=10"ions/cnt, j =300uA/cm?) near the surface in pure iridium. The effect is manifested
as a high density of various types of defects in the near-surface volan®® (im from the
irradiated surfaceof the material. ©1999 American Institute of Physics.
[S1063-785(10902703-2

It is well-known that irradiation alters the structural state working with atomically pure surface at cryogenic tempera-
of a material, specifically, in part because defects of variousures, and at the same time analyzing the structure of the
types form: radiation-disordered zones; dislocation configuebject through controlled removal of successive surface lay-
rations, dislocation loops and barriers, as well as complexesrs by an electric field.
of these defects localized in small volumes; segregations of The samples were implanted with 20—-24 keV argon
atoms of one componeffior solid solution$, etc. ions. The irradiation dose was *f@ons/cnt and the current

In Ref. 1 field-ion microscopyFIM) was used to ob- density wasj=300uA/cm?. Before irradiation the iridium
serve such defects and study their atomic structure in thprecertified in a field-ion microscope had an atomically
near-surface volume of GAu which had undergone a struc- smooth surface prepared situ by field evaporation of sur-
tural phase transformation. It is of interest to study experiface atoms. lon images of the certified field emitters showed
mentally radiation defects in materials from the standpoint ofa perfect ring pattern of single crystdBig. 13, essentially
strain hardening when radiation-stimulated phase transfomattesting to the absence of structural defects. The implanted
mations do not occur in the materials and a high density ofamples were placed once again into the field-ion micro-
implanted defects can produce a large change in the struscope and the state of the material in a volume near the
tural state and properties. surface was analyzed by recording with a VCR or a photo-

The aim of the present work was to observe radiationgraphic camera the field-ion images of the surface through
defects on an atomic level, to study the structural state ofontrolled removal of successive atomic layers.
pure iridium after irradiation with argon ions, and to make a  As a result, a high density of point, linear, and three-
comparison with the morphology of the structural defectsdimensional structural defects was observed in the implanted
arising in pure iridium as a result of mechanical deformation pure iridium. A comparative analysis of the defects observed

Field-ion microscopy was used to study the changes inn mechanically predeformed iridium~(90%; Fig. 1b and
the structural state of ion-implanted Ir and to determine thérradiated iridium(Fig. 2) showed a large difference between
character and distribution of the defects formed in the neartheir structures.
surface volume of the material. The method is capable of After mechanical deformation it was established that
investigating the structural alterations of the crystal lattice ofboundaries of 20—30 nm grains form in the Ir voluitfég.
metals and alloys accurately with atomic-scale resolutionlb). But virtually no structural defects are observed in the

FIG. 1. Neon images of the surfac— pure Ir single crys-
tal (V=10 kV); b — pure Ir (V=10 kV) after ~90% defor-
mation (the arrows indicate the grain boundayies
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micropores(Fig. 23 are observed in the body of the blocks.

The ion contrast of the subblock structure was revealed
by increasing the voltage on the sample by a small amount
(the difference relative to the voltage of the best image was
about 500 V, but field evaporation of surface atoms still did
not occur. The contrast of the boundaries themselves could
be easily seen in the form of brighter lines bounding the
blocks of the structuréFig. 29. In addition, it is obvious
that there is a complete correspondence between the discon-
tinuity of the ring-shaped pattern in Fig. 2b and the contrast
of the block boundaries of the substructure in Fig.(glao-
tomicrographs of the same Ir surface are presented in Figs.
2b and c, but the photomicrograph in Fig. 2c was obtained by
increasing the voltage on the sample by 500Note that the
discontinuity in the ring-shaped pattern of the ionic contrast
shows a disruption of the perfect structure of the crystal and
determines the contrast from particular defects arising in the
material after external perturbations.

Analysis of the near-surface volume of the Ar-ion-
implanted Ir in the process of subsequent controlled removal
of surface atoms showed that such a microstructure remains
at distances up to 50 nm from the irradiated surface. It is
knowr? that the projective range of the argon ions in metals,
specifically, iridium, is less than 10 nm for the implantation
conditions employed. Hence it can be inferred that the ob-
served deformation effects are most likely due to impact ef-
fect of the ion beam, propagation of elastic waves into the
material, and interaction of the elastic waves with lattice de-
fects arising in the course of irradiation and with the embed-
ded argon ions. In our view, the high implantation current
density plays a significant role in the formation of the de-
fects.

In summary, in this work the formation of an ultradis-
persed block structure in the surface and near-surface vol-
umes of a pure metdiridium) as a result of implantation of
argon ions E=20 keV, D=10" jons/cnt,j =300uAlcm?)
was observed experimentally at distances an order of magni-
tude greater than the projective range of the particles from
the irradiated surface. Such an irradiation-induced deforma-
tion effect is virtually impossible to obtain by mechanical

c action on the pure metalr).
FIG. 2. Neon images of the surface of pure Ir after implantation with argon This work was supported by the Russian Fund for Fun-
jons (=20 keV, D10 ions/or, | =300 uAlcm?): a — v=7.2 kv damental ReseardfiProject No. 98-02-17304 o
(a micropore is indicategb — V=8.4 kV (the arrows indicate the defects We thank Professor V. V. Ovchinnikov for assisting in
of the crystal structupe c — V=8.9 kV. the experiment.

] ) 1V. A. Ivchenko and N. N. Syutkin, Appl. Surf. S®7/88 257 (1995.
body of the grains. Conversely, a subblock microstructure 2A. F. Burenkov, F. F. Komarov, M. A. Kumakhov, and M. M. Temkin,

(~3_5 nm was observed in the irradiated me(EIg. 2a— Spatial Distributions of the Energy Released in a Cascade of Atomic Col-
¢). The disorientation of the blocks is 0.5—1 deg. In addition, "51°"S I Solids(Energoatomizdat, Moscow, 1985
various structural defect$=ig. 2) (marked by arrowsup to  Translated by M. E. Alferieff
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Optoelectronic neural system for processing the output data from a fiber-optic
measuring network

Yu. N. Kul’'chin, I. V. Denisov, and O. T. Kamenev

Far-East State Technical University, Vladivostok
(Submitted November 20, 1998
Pis’'ma Zh. Tekh. Fiz25, 65—-70(March 26, 1999

The results of an investigation of an optoelectronic neural system for processing the output data
from a distributed fiber-optic tomographic-type measuring network are reported. The

processing system is based on the operation principle of an optical perceptron in which the
interneuron coupling matrix is implemented using a collection of amplitude holograms recorded on
a disk-shaped holographic carrier. It is shown experimentally that this system makes it

possible to reconstruct to within 20% the spatial distribution functions of the physical quantity
under investigation. ©1999 American Institute of Physids$$1063-785(09)02803-7

To investigate natural and artificial physical objects and  Several optical digital neural systems employing a holo-
fields distributed over a certain area it is necessary to usgraphic disk are now knowh® However, for processing the
information-measuring systeniBviSs) in which data acqui- output data from fiber-optic measuring networks it is more
sition is accomplished using distributed fiber-optic tomo-convenient to use analog neural systems, which will greatly
graphic-type measuring networks. As shown in Ref. 1, thancrease the speed of operation and decrease the error.
principles of neural network information processing make it  For this reason, our objective in the present work was to
possible to solve unambiguously the problem of reconstructdevelop and investigate an optoelectronic neural system for
ing the tomographic data. Perceptron-type neural computgrocessing the output data from a fiber-optic measuring net-
can be implemented best using optical components. This envork.
ables data processing in real time. Such a computer can be The neural system under consideration processes the
based on a holographic disk used as the optical couplingutput signals from a measuring network used for recon-
matrix of the neural network. This will increase the speed ofstructing the distribution of the the external action under
operation substantially. study over the region of interest. A collection of fiber-optic

FIG. 1. Diagram of the experimental layout of an optoelectronic
neural system for processing the output data from a fiber-optic
measuring networkl — Optical radiation source® — beam
splitter, 3 — fiber-optic measuring networld — holographic
disk, 5 — stepping motor6 — photodetector7 — controller,8

— analog-to-digital converte(ADC), 9 — personal computer

(PO.
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measuring lines(FOMLs), packed in a square region as
shown in Fig. 1, is used as the fiber-optic measuring net
work. A node(intersection of three FOMDLghat detects the
effect of gravity on an object secured at the node is present i
the center of each section. The measuring lines are based !
a single-fiber two-mode interferometer, in which the radia-
tion intensity at the exit of each FOML is proportional to the
sum of the external actions detected by the same node
through which it passes.

The matrix elements of the interneuron connections of
an optical perceptron are calculated using a computer mod
of the perceptron. The values obtained for the coupling ma EN
trix elementsw;; are used to determine the diffraction effi- 5
ciency 7;; of the holographic diffraction gratings that are
recorded on a disk-shaped carrier in the form of amplitude
holograms of the optical perceptron:

_ Wi

7ij I
wherel y; is the intensity of the laser radiation at the exit of 6 ...
thei-th measuring line when recording holograrg;is the
intensity of the reference radiation when exposing the pho
tomaterialsA is a constant that is determined by the value of ,
the maximum diffraction efficiency of the holograms.

Figure 1 shows the layout of our optoelectronic neural
processing system, which is based on an off-axis holographi
scheme. To study the distribution of the physical quantity of 2 -
interest, the radiation from each exit of the fiber-optic mea-
suring network propagates successively onto a collection ¢
holographic gratings belonging to each node of the measui ¢
ing network. This produces an array of output data of the
optical perceptron. This array characterizes the distributiol
of the physical quantity under study. After detection by a
photodetector, these data pass through an ADC into a P( e
where they are adjusted according to the expression

lo, (i=1,...N; j=1,... M),

FIG. 2. Result of the reconstruction of the deformation action of gravity at
N three nodes of the measuring network by an optoelectronic neural process-

N
_ d i
z= 0'¢< Zl |ij _Zl Wijbi) , ing system.

wherek labels the node in the measuring netwakkjs the ] . ) )
number of measuring lines? is the intensity of the radia- ©Tor introduced by the optical perceptron is determined by
tion diffracted by the holographic grating with the corre- the quality of the training of its model and was 6% in our
sponding diffraction efficiencyy;; ;  is the transfer function experiment. At the same time, t.he instability pf the'radlatlon
of the photodetector and ADC amplifier; ahgis a free term ~ SOUrces and the temperature drift of the working points of the

in the linear transfer functions of all nodes along e ~ FOMLS increase the error to 20%. _
measuring line. The correction factor determines the de- In summary, in the present letter an optoelectronic neu-
gree of mismatch between the intensitigs at the exits of ~ fal system for processing the output data from a fiber-optic
the measuring lines at the hologram-recording stage and tH@mographic measuring network was presented. This system
intensitiesl; at their exits immediately before the measure-Makes it possible to perform parallel processing of optical

ments and is calculated according to the formula information for the purpose of reconstructing the spatial dis-
tribution function of a physical quantity of interest.
13 0
= ) —,
N = IOi 1yu. N. Kulchin, O. T. Kamenev, and |. V. Deniscat al, Opt. Mem.

. . Neural Netw.6, 149(1997).
_ Figure 2 shows the result qf the e)_<per|mental rec_onstrucTA. Kutanov, B. Abdrisaev, and S. Dordoev, Opt. Leff, 952 (1992,
t!on of the reference deformation acthn of the grav!tgtlonal 3A. L. Mikaelian, E. H. Gulanyan, and B. S. Kretat al, Opt. Mem.
field at three nodes of a ¥616 measuring network divided  Neural Netw.1, 7 (1992.
. : . 5,32(1995.
struction depends on the spatial frequency of the measuring (1999

network. The experimental results showed that the relativeranslated by M. E. Alferieff
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Thermomechanical effect in a cylindrically-hybrid nematic liquid crystal

R. S. Akopyan, R. B. Alaverdyan, E. A Santrosyan, S. Ts. Nersisyan,
and Yu. S. Chilingaryan

Erevan State University
(Submitted June 5, 1998
Pis’'ma Zh. Tekh. Fiz25, 71-73(March 26, 1999

Thermomechanical rotation of a cylindrically-hybrid nematic liquid crystal in the presence of a
longitudinal temperature gradient is predicted theoretically and detected experimentally.
© 1999 American Institute of Physids$1063-785(19)02903-1

1. A systematic theory of thermomechanical effects insion for the thermomechanical viscous force can be written
deformed liquid crystal$LCs) were first constructed in Ref. in the very simple forme (AT/L3). Here¢ is the thermome-
1. Subsequently, the experimental observation of the rotationhanical constant. We shall write the stationary
of matter in the horizontal plane of nematic layers in the field = Navier—Stokes equation in a cylindrical coordinate sys-
of a longitudinal temperature gradient was reported in Ref. 2tem, assuming uniformity with respect pandr, as
A thermomechanical effect in a homeotropically planar- )
oriented nematic liquid crystdNLC) was first detected ex- v, ve AT ©
perimentally in Ref. 3. In this effect a hydrodynamic flow 7 972 r? L3’
appears as a result of a longitudinal temperature gradient. ) , ) i
The values of the thermomechanical coefficient measured ih'c"® 7 1S t.he viscosity of the NLC The solut|on'of the
Refs. 2 and 3 are in good agreement with the theoreticafduation with the boundary conditiong(z=0,L)=0 is
estimate. £ AT

In the present work a thermomechanical rotation of av.= _r g
cylindrically and axially-hybrid-oriented NLC as a result of a

longitudinal temperature gradient is predicted theoretically p(—E)—l p(z - L _E)
eX] r eX] r ex r eX r

and detected experimentally.
2. Let us consider a cylindrical horizontal NLC cell on L L
whose bottom substrate 0) a homeotropic boundary con- (eXF’( - 7) - eXP{ 7) ) -1
dition is prescribed. On the top substrate=(L) planar '
boundary condition is prescribed such that in this plane the (€
molecules would be orier_1ted ever_ywhere e_llong concentrig 4, from the cylindrical axis>L andrs>z we have
circles centered on the axis of a cylindeee Fig. 1 Let the
(x,y) plane be the bottom base of the cylinder. Then in the & AT & AT
single-constant approximation the Frank elastic constants are V¢~ Z FZ(Z_ L) and vy ma— 8_77 L (4)
K,=K,=K3;=K. The director distribution will have the
form Thus, the velocity of rotation around the cylindrical axis
7 7 7 does not depen_d on the distange from the axis.
nx=singosinz, ny=Ccose Sini’ n,=cosy . _ 3. A cyI|ndr'|caI aX|aIIy-hybr|d cell of the NLC MBBA
with the nematic phase interval 20—47 °C was used in the
(1) experiment. A sandwich-type cell was arranged in a strictly
Here ¢ is the azimuthal angle of the cylindrical coordinate horizontal plane and heated below by a continuous transpar-
system and. is the cell thickness. Let external heat sourcesent heater, which gave uniform heating in the horizontal
maintain a temperatur€=Ty=AT in thez=0 section and plane to within=0.01°C and made it possible to observe
a temperaturd =T, in the z=L section. Then the expres- textures in a polarizing microscope.

+

FIG. 1. Geometry of the experiment. The substrate of
the cell that sets the planar orientation of the NLC is
z= i @ 2=0 located a — at the top and b — at tHeottom.
x @

a b
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The temperature difference between the bottom and toperature difference between the top and bottom surfaces
surfaces of the film was determined as the difference of th& T=5°C was on the order of, ,,,,~0.5um/s. In the case
transition temperatures into the isotropic phase in the bottorb, where the substrate setting the planar orientation of the
and top layers. The velocity, n.x Was determined as the NLC molecules is located at the bottom, an oscillatory rota-
maximum velocity of smal(2—3 uwm) particles of aluminum tion around the axis of the cylindrical cell arises in the sys-
oxide. tem.

The geometry of the experiment is displayed in Figs. la
and b. The Qasheq lines show the distribution_of the directorlR. S. Akopyan and B. Ya. Zeldovich, Zh.kep. Teor. Fiz.87, 1660
on the coaxial cylinders=const. In the experiment, when (1984 [Sov. Phys. JET®O0, 953 (1984)].
the substrate of the cell that sets the planar orientation of thé0. D. Lavrentovich and Yu. A. Nastishin, Ukr. Fiz. ZB2(6), 710(1987.
NLC was located on tofcasea), rotation of the liquid crys- °R. S. A!(opyan, R. B. Alaverdyan,.EA. Santrosyaret al, Pis'ma Zh.
tal around the cylindrical axizwas observed. The maximum ' e<"- Fiz-23(17), 77(1997 [Tech. Phys. Lett23, 690 (1997
flow velocity for a cell with thicknesg =100um and tem-  Translated by M. E. Alferieff



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999

Effect of elastic stresses on free oscillations in ferroelectric liquid crystals
M. N. Pivnenko, A. P. Fedoryako, L. A. Kutulya, and V. P. Seminozhenko

Institute of Single Crystals, Ukrainian National Academy of Sciences, Khar'kov
(Submitted April 3, 1998
Pis'ma Zh. Tekh. Fiz25, 74—-80(March 26, 1999

It is shown experimentally that an elastic mechanical stress in a crystal structure is a necessary
factor for the appearance of free oscillations of the director of a ferroelectric liquid

crystal. Such a mechanical stress arises as a result of internal textural perturbations in the
presence of regions with a different orientation of the director or is produced by external pressure
applied to one of the cell plates in the appropriate direction.1999 American Institute of
Physics[S1063-785019)03003-7

The effect of an ac electric field on a ferroelectric liquid The cell is assembled so that the FLC-filled volume is
crystal (FLC) is to produce, as a result of the electroclinic 15X 15X 0.015 mni. The cell was secured in a manner so as
effect and backflow, vertical and horizontal mechanical vi-to permit small motions of the top glass plate. The inner side
brations of the cell plates at the frequency or harmonics obf the glass cell plates was coated with a transparent current-
the applied electric field Damped mechanical oscillations of conducting coating, to which a 100-Hz square electric volt-
the cell plates appear when an FLC is excited near an SmAage pulse was applied. The maximum electric field strength
SmC* phase transition by square electric pulses. The frewas 3.310% V/icm.
guency of these oscillations is determined by the mechanical The oscillations were investigated in a uniform book-
resonances of the cell and the components securing theé celshelf texture, which was constructed, using the well-known
We have shown that these mechanical oscillations of the cethethod*® from a homeotropic texture in an electric field at
plates are accompanied by oscillations of the electric currentemperature 63—64 °@nset of Sm€ using mechanical vi-
which are synchronous with the oscillations of the plates, irbrations of the top glass plate in the direction of ¥axis
the external circuit containing the cell holding the Ft‘Gind  (Fig. 1)]. The smectic layers lie in théZ plane, and the FLC
by oscillations of the optical density of a cell placed betweermolecules lie in the direction of th¥ axis. To produce a
crossed polaroidd These processes indicate the appearanceontrollable mechanical stress in the texture, pressure was
of free damped oscillations of the director of the FLC afterapplied to the top glass cell plate in the direction of the
an abrupt change in the electric field intensity. axis, i.e., in the plane of the glass cell plates and perpendicu-

Since the methods of classical Fourier spectral analysikar to the smectic layergthe maximum pressure was 4.0
do not permit investigating time-dependent processes such aynes/cr, normalization to the area of the cell occupied by
damped oscillations in an FLC correctigee, for example, the bookshelf textupe
Ref. 6, we used°the instantaneous spectrum metfidd\s Two measuring cell& andB were used. The ceB was
a result, it was found that there exist two types of dampedlistinguished only in that the current-conducting coating
oscillations of the director of an FLC, the most importantcovered a 55 mnt area at the center rather than the entire
distinction between which is that near the SmA—-SmC glass plate. Thus, the FLC is in an electric field only within
second-order phase transition the frequency of oscillations dhis area and a uniform bookshelf texture was constructed
the first type depends strongly on the temperature of thenly on this area. Everywhere else on the area of the cell the
FLC. This fact indicates the existence of resonances of théexture remained homeotropic. The cell temperature was sta-
texture of the FLC in the frequency range 1-20 Hz. bilized and measured to withif 0.02 °C.

Further investigations revealed that elastic mechanical Figure 2 shows the parameters of the oscillations as a
stresses in the crystal structure play the main role in produdunction of pressure: the initial amplitud¥,, the frequency
ing oscillations of the director of an FLC. f, and the damping rate at FLC temperature 61.8 °C, which

The experiment was performed on a eutectic mixturecorresponds to the SniCphase. As pressure increases, the
(51.5 and 48.5 wt.% of the complex esters of A4~ amplitude of the oscillations increases nonlinearly. As a re-
hexyloxyphenyl-4n-octyloxybenzoate and A-  sult of the application of pressure, the initial amplitude can
hexyloxyphenyl-4n-decyloxybenzoate. Bis-4,4 (2S5-2 be increased by a maximum of almost one order of magni-
-chlorohexy)-terphenyldicarboxylafe in the amount 9.85 tude. At pressures above 4500 dyne$/dhe top glass cell
wt.% was used as a chiral additive inducing the ferroelectrigplate shifts. This is caused by breaking of the bond between
properties. This composition possesses a SmA—-SmCthe FLC molecules and the substrate surface and destroys the
second-order phase transition at 65 °C. The spontaneous poaniform bookshelf texture. The amplitude of the oscillations
larization at 30 °C was 22.5 ns/ém drops sharply.

The measuring cell consisted of two 2715X1 mm The frequency of the oscillations also increases nonlin-
glass plates separated by A thick fluoroplastic spacers. early with pressure. The maximum attainable frequency is
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FIG. 1. Geometry of the experimerit — Mobile substrate2 — stationary 851 he
substrate3 — smectic layers.
i{e.o- . *
approximately 1.3 times higher than the frequency of the 55 .+ = % -
oscillations without pressure. The damping rateloes not '
change much. A shallow minimum is reached at a pressure 504 T o B o
of about 2000 dynes/ciafter whicha increases. The over- P, dynes/cm?
all change ina was less thant15% of its value in the
absence of pressure. s0.
Similar behavior is also observed at other temperatures ) i
in both the Sm€ and SmA phases. The change produced in 257 ;3 -
the parameters of the oscillations by the applied pressure is 20/ } { I "
reversible, if the FLC texture has not been destroyed. T S A S S
Itis evident from Fig. 2 that the elastic mechanical stress 2 %
arising in the texture of the FLC as a result of the applied 3 0]
pressure greatly increases the amplitude of the oscillations. 05
Oscillations with an initial amplitude of about 120 mV,
which are observed with zero external pressure, also arise as 00 I IR I IR
a result of a mechanical stress in the texture. This stress is P, dynes/cm?

caused by the existence of regions with different orientations
of the director. If the mechanical stress in the FLC texture id"!G- 2. Oscillation parameters versus the external pressure at temperature
canceled out by adjusting the magnitude and direction of th&*80”
external pressure, then the oscillations completely vanish.

An experiment investigating the interaction of regions in
an FLC with different orientation of the director was per- which the amplitude increase caused by a temperature
formed in cellB where a portion of the area was occupied byincreasd* was compensated by an amplitude decrease
uniform bookshelf texture and a portion was occupied bycaused by a pressure decrease, was established. The pressure
homeotropic texture. Figure 3 shows the temperature depeidecreased, since it was produced by textural mechanical
dence of the amplitude of the oscillations in the &llcurve  stresses, and it decreased as the elastic properties of the FLC
2). This dependence was obtained as follows. At temperaturbecame weaker with increasing temperature.
61.5°C an external pressure of 4000 dyne$/evas applied After the phase transition in the SmA phase the me-
to the top glass cell plate and oscillations with an amplitudechanical stress decreased substantially and the amplitude of
of about 400 mV were obtained. After the external pressuré¢he oscillations dropped essentially to zero. Of course, on
was removed, the amplitude of the oscillations decreasedubsequent cooling, after the transition into Smée me-
but to 250 mV and not zero. We believe that this is due to thehanical stress and pressure did not recover on their own. For
fact that the portion of the cell area occupied by the homeothis reason the temperature dependence of the amplitude of
tropic texture prevented the top glass plate from returning tahe oscillations was found to be very narrggurve 3 in Fig.
the equilibrium position. A mechanical stress of the homeo-3). The width of the curve was no more than 1°C, and the
tropic and bookshelf textures of the FLC, which are inter-maximum was reached at the phase-transition temperature.
coupled with one another through the mobile glass cell platePreviously, such temperature dependences of the oscillations
developed. As the temperature increased, the amplitude ofere investigateti® in the absence of external pressure.
the oscillations remained approximately constant in the range The temperature dependence of the initial amplitude of
61.5-65.0°C, i.e., up to the phase transition. A unique rethe oscillations with a constant external pressure of 3200
gime of stabilization of the amplitude of the oscillations in =40 dynes/crhis shown in Fig. 3curve 1. Comparison of
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the curves 1 and &he amplitude of the oscillations with a lateral pressure to the mobile cell plate causes these discli-
constant external pressure and without pregssinews that nations to vanish and restores the amplitude of the oscilla-
in the SmC phase at a temperature more than 1 °C belowtions.

the phase transition into SmA, the lateral pressure is the main

factor responsible for the appearance of oscillations of the

director of the FLC. Under a weak pressure produced only*A. J&ly and A. Saupe, Mol. Cryst. Liq. Cryse37, 389 (1993.

by the internal mechanical stresses, oscillations with a smalfA- J&ly and A. Saupe, Mol. Cryst. Lig. Crys263 103(1995.

. . . A. P. Fedoryako, M. N. Pivnenko, E. V. Popova, and V. P. Seminozhenko,
amplitude are observed in a narrow temperature interval nearpisma zh. Tekh. Fiz23(7), 80(1997 [Tech. Phys. Let23, 287(1997)].

the phase transition. The temperature dependence of the ama. p. Fedoryako, M. N. Pivnenko, E. V. Popova, and V. P. Seminozhenko,
plitude of the oscillations is symmetric with respect to the Functional Materialg, 375(1997.
phase-transition temperature. A constant external pressure of’: \- Pivnenko, A. P. Fedoryako, E. V. Popova, and L. A. Kutulya,
. . . onlinear Optics of Liquid and Photorefractive CrystaBroc. SPIE
order 16 dynes/cr causes a large increase in the amplitude (199g in press.
of the oscillations and expands the temperature range of théJ. Max, Methodes et Techniques de Traitment du Signal et Applications
existence of oscillations in the direction of the Stnghase aux Mesures Physiquedlasson, New York, 1981; Russian translation,
_9no° ; Mir, Moscow, 1983.

by at Ieas_t 15 2_0_ C. C_Zonversely, the influence of the IateraI7C_ N. Page. J. Appl. Phy@3, 1 (1952,
pressure is negligible in the SmA phase. 8M. V. Loseva, E. P. Pozhidaev, A. Z. Rabinovieh al, Ferroelectric

It has been noted in investigations of the uniform book- Liquid Crystals (Itogi nauki i tekhniki, VINITI, Ser. Fizichesakaya
shelf texturé that the weakening of the oscillations on cool- 9'/’;"'57)8'&"31 19dg°A- S Appl. Phys. Lei0, 2622(1992
ing is accompanied by the appearance of disclinations which ya aupe, Appl. Fhys. LeB5

are characteristic for chevron textures. The application of &ranslated by M. E. Alferieff
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Self-organization phenomena accompanying deformation—thermal instability during
anodic etching of silicon in a HF solution

V. S. Kuznetsov and A. V. Prokaznikov

P. G. Demidov Yaroslavl' State University; Institute of Microelectronics, Russian Academy of Sciences
(Submitted September 14, 1998
Pis’'ma Zh. Tekh. Fiz25, 81-88(March 26, 1999

A model of self-organization during anodic etching in the preparation of porous silicon is
proposed. ©1999 American Institute of Physid$$1063-785(19)03103-]

Interest in self-organization processes continues un-2

Ka
abated. This is because such processes touch upon the fu-H—z—t—C|2V2U|+ —VT=0, VXU=0; 2
damental properties of natut&hese phenomena encompass at p
d_ivlgrse fie;ldstof ;)Ihygics, chﬁmiTtry, biology, and gthe: di_s'aT VZTKaT P O'OEZ[ p(w[l 1 D ] .
ciplines of natural science. Nonlinear processes developing- — —V.-U—-iexp —|=—=||-1=
P b PG =Y e ot c, kT T,

on solid surfaces accompanying local input of energy com-
prise a definite class of such phenomena. Laser-stimulated
self-organization processes have been studied in Refs. 2—kerec; andc, are the velocity of transverse and longitudinal
Self-organization processes caused by current filamentatigicoustic waves,y is the thermal diffusivity, K=p[c}
during anodization ofi-type silicon samples with a relatively —C¢/3] is the bulk modulusp is the density of silicong is
low level of illumination of the silicon have been studied in the volume thermal expansion coefficient, is the specific
Refs. 5 and 6. These processes are characterized by the féeat per unit volumeW is the activation energy of electrical
mation of two types of concentric structures, ring-shaped angonductivity, T, is the electrolyte temperaturey is the con-
radial. ductivity, E is the electric-field intensity in the space-charge
The physical mechanism leading to the appearance degion near the surface, akg is Boltzmann’s constant.
ring structures consists in the following. The formation of =~ The boundary conditions for the temperature and defor-
current filaments in a near-surface space-charge region #hation V=U,+U; in a cylindrical coordinate system
silicon on account of generation—recombination instability(",¢,z) have the form
with large voltage dropsis accompanied by the appearance oT

of regions with a high carrier density and temperaftuned, T w=To, o =0, L;—l— =a'(T-Ty); 4
in consequence, by the occurrence of both a nonuniform r—o z=0

(along the surfage lattice-temperature field and a ther- V|,..=0, U"|,_,=0=V,|,

moelastic force. The positive deformation and temperature '~ = 20 T THEO

feedback leads to instability, in which the amplitudes of the  ¢'9],_o=0,4,-0, 019],—0= 01zl z=0. (5)

Fourier components of the temperat@eenductivity pertur- wherea’ = 1/(c,xR) is the thermal diffusivity between the

bations and static deformation grow exponentially in time. , : .
g P y electrolyte and semiconductoR is the thermal resistance,

As a result, nonuniform etching occurs and concentric ring%”q is the displacement vector of the liquid an{;q ando-
1 1

and radial structures are formed. Electric breakdown and forére respectivelv. the strain tensor in the electrolvte and in the
mation of a current filament in this case play the role of theseﬁicoﬁductory'Lez— 1 be the interface betweeyr: the elec-
initial activation, and the instability itself is due to Joule ' ~

heating, but the character of the structure formed depenotgmy_f_i (Z<0t) andfthe s?_mrl(cgc))nduc;:(tg)z%O). i dh
very strongly on the initial conditions, i.e., on the character- € system of equation) an IS honfinear anc nas

istics of the current filament. only one uniform stationary solutioh=0 andT=T,, but

Let the silicon plate be in contact on one side with annonllinlfcrrlrr_l\s/\t;ltfs_?r)] |§I'ta;?l's|zi pt(r)155|ble.t m2) and (3)
electrolyte. We shall assume that the conductivity and ther- borl' ) (d bO) 1 (j’. b et fgs € i ant i
mal diffusivity of the electrolyte are higher than that of sili- C?rl € linearized by expanding about the uniform stationary
con. We shall neglect the Joule heating of the electrolyte. Iyt
the region of the semiconductor the equation of motion of a

i - ion P-C/VZd+—T,=0

the nonuniformly heated medium and the heat-conduction [ p L
equation have the forms

goE? W KaTy ..
T,—xV2T— > Z 11— OV2<I>=O,
5 CU kaO CU
a°U _ -
Zt_CtZVZUt:O! VUtZO, (1) Wher6U|—V¢) andT—To+Tl. - .
at We shall seek the solution of this system in the form
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FIG. 1. Growth ratew versus k?>—qg?=Y for weak electric fields
E2<EZ2(—) and for strong electric field&2>E2(x* ).

O(z,r,t) =2, Po(w,q,k)e* Iy (qr); (6)
q,w
T1<z,r,t>=q2 To(w,q,k) e “3y(qr), (7

wherew is the growth rate of the deviations from the initial
state,k is the wave numberp, and T, are independent of
the coordinateg andr and of the timd, andJ,(x) is annth
order Bessel function of the first kind.

The condition of solvability with respect t& and T
leads to the equation

2

(ToE W
w+ y(k2+0g2) — — [ w2+ c?(k2+ g2
x(k“+g°) . kaS[ F(k*+q9)]
K2a®T
== (ke qd), (8

v

which is cubic inw and quadratic ik®+ g?=Y, i.e., it gives
two valuesY, andY, with a fixed value ofw. We shall take
Y, to be the branch that corresponds to the lower valug of
for a given value ofw. At the point of the maximum both
groups are equak';=Y,. Figure 1 shows th& dependence
of the growth ratew of the normal modes foE2<EZ
=K?a?ky T3/ (aopxW) and forE*>E7.

Hence it follows that to each fixed value of and q
there correspond four values df k;=Y;—0q?% —kj,
k,=Y,—0?, and—k,. Therefore the solution in the general
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In the region of the electrolyte we are dealing only with
longitudinal acoustic waves, for which the components of the
displacement vector are

Ul=2 By(w,q)eM* 3y (qr), (11)
q,w
Ul=2" By(w,q)eM?" “\Jq(qr), (12)

q,w

where\ ;= (g%+ w?/c})*2 andc, is the velocity of sound in
the electrolyte.

It follows from the expressions obtained farand A\ ;
that for realow and g these quantities are also real and the
equations(9)—(12) describe the formation of deformational
perturbations near the surface.

The four boundary condition&) and(5) atz=0 give a
system of four equations for determining, in the general case,
the six coefficients Ay, Po(w,q,ky), Po(w,q,—Kky),
(Do(a),q,kz), (I)O(quv_kZ)! a-ndBO'

In the region | in Fig. 1 the quantitiek; and k, are
purely imaginary, and taking account of the fact that the
deformation into the semiconductor should not grow without
bound, we must se®,(w,q,—k;)=0 and ®y(w,q,—k>)
=0. In this case we obtain a system of four homogeneous
equations for determining the four unknowns. A solution ex-
ists only for certain values o’ <0 and describes the pro-
cesses in a thin layer near the surface with energy pumped
into the semiconductor—electrolyte interfagumination,
ultrasonic irradiation, and formation of a thin layer with a
high electrical resistance on the surface

In region Il in Fig. 1k, is imaginary andk, is real.
Therefore it is necessary to determine five unknowns:
Ag, Po(w,q.kz), Po(w,q,—kz), and By (PoX(w,q,~ k)
=0); w and q are unrestricted, but strict conditions arise
from the initial conditions.

In Fig. 1 for E<E, we can identify a narrow region IlI
(wmin<w<wmax andg?<Y;), where bothk, andk, will be
real. Here

oc'E?2 W
“min= e To KeTo'

andw,,, is determined from the condition th#; =Y, at the
point of the maximum.

case can be written as a superposition of the four expressions = Since self-organization phenomena, expressed in the for-

(6) and (7) with k=k;, k=—Kk;, k=k;, andk=—k.

mation of ring-shaped structures, occur simultaneously with

Three regions can be distinguished in the figures prepore-formation processes, the electric-field intensitynust

sented: region 1Y,<q?), region Il (Y;<qg?<Y,), and re-
gion Il (g2<Y,). In the first regiork, andk, are imaginary
guantities, in the second regidq is imaginary andk, is
real, and in the third region botky andk, are real.

The solution of Eq(1) can be written in the form

1

ur=q2 aAo(w,me—“*w‘Jl(qr), 9)
1 —\Z+ wt

Uz=2, Ao @o.q)e " “Jo(an), (10

where\ = (g%+ w?/c?)Y? and A, is a function ofw andg.

equal the electric-field intensity for the formation of strata.
The value of this intensity is somewhat less than that of the
electric field E, for avalanche breakdowhFor E=0 and
E=E,, the third region vanishesu(.= ®min)- According to
Ref. 10, for silicon E;~4x10° V/cm and for c,=1.63
Jlem?-K), x=0.896K cnf/s, o, =4.5Q- cm, a=7.8
X107 K™, W=0.15 eV, ¢,=9.10x10° cm/s, ¢,=5.84

X 10° cm/s,p=2.328 g/cmi we obtainE .= 3.98x 10° V/cm,
which can be regarded as good agreement. Figure 2 shows
the dependence of the maximum valuegofnd the growth
rate w,y for the given region as a function of the electric
field intensityE.



244 Tech. Phys. Lett. 25 (3), March 1999 V. S. Kuznetsov and A. V. Prokaznikov

] K
N / @max
] . g,?’f
> 1.00 H AN
1 . i e
E ] ‘_r-\ *"’ ..’F' !\‘k
S 1o S S
-+ - 4 B +
0 4 i
8 i 9 /'ﬁ :’M “l
&‘ NS ke j’ + FIG. 2. Maximum value of] and w,,, for the third region
~ -4 SO / 7 4 as a function of the electric-field intensiBy
- ¥ 4
- 0.50 43 2 A \
— > . ¥
j /'Vt ,*"f' "‘
¥ o i
~4 ¥ X B
: :'*! A b
7] ," “ ot ‘ “‘
0.00 T S S A T SO B S N
0.0 0.5 1.0
E/Ecr

Since Y; and Y, are positive and different and sonable values ob andE correspond to this value.
ki=+Y;—Qq*, the regions of possible valueslof andk, will It should be noted that the nonuniformity of the strain

likewise be different. From the boundary conditions ang temperature fields in this case encompasses the entire
Do(w,q,k;) andPo(w,q, —k;) can be determined uniquely regjon of the near-surface space charge, though it can be
in terms of ®o(w,q,k;) and ®o(w,q,—k;), which are in  gpserved visually on the surface, and siaceappears in the
turn determined by the initial conditioriéength and radius poundary conditions, the external conditiofisumination,

of the current tube and the temperature at the moment Qfjtrasonic irradiation can be expected to influence the for-
avalanche breakdownThe solutions obtained comprise tWo mation of the structures considered.

branches in the expansion in termszffwith exp(k,2 and

exp(k,2)], and the coefficients in these parallel Fourier ex-

_pgr_lsmns a_r_e rela_‘te_d to one another. TO take account O_f thel. Prigogine and G. NicolisExploring ComplexityW. H. Freeman, San
initial conditions it is necessary to switch from summation Francisco, 1989; Russian translation, Mir, Moscow, 1990
over w andq to summation ovek and O o will be a func- 2V. I. Emel'yanov and I. F. Uvarova, Izv. Akad. Nauk SSSR, Ser. bi.
tion of k andg. In so doing, to one term witk there corre- ~ ,1214(1986. _ . .

q . 9 . . 31. O. Efimov, A. G. Krivenko, and V. A. BendergkiElektrokhimiya 25,
sponds a collection of terms—functions qftaken with the

. nor | L 1587(1989.
corresponding weighting factors expi). On this basis it  4v.I. Emel'yanov and A. A. Sumbatov, Poverkhno3t' 122 (1988.

can be expected that the contribution of the terms with the’A. V. Prokaznikov, S. F. MaslenitS(yn, g\- A. Svyatchenko, and S. T.
; Pavlov, Solid State CommuR0, 217 (1994.

same valu'es ok and d'lffeljent values Olf] to the pomplete. A. V. Prokaznikov, N. E. Mokrousov, A. L. Vinke, and S. T. Pavlov,

solution will change with time, and static nonuniform strain  ppys. | ow-Dim. Struct2, 87 (1994.

and temperature fields will arise. Naturally, without deter- “E. Scholl,Nonequilibrium Phase Transitions in Semiconduct@pringer,
mining the expansion coefficients from the initial conditions /New YOFfKL 1th|;<7; RUSS'a”ktfans'at'On’ Mir, Moscow, 1991 "
it is difficult to relate the sizes of the experimentally ob- v Y- Gafdchuk B. |. Datsko, B. S. Kemer, and V. V. Osipov, Fiz. Tekh.

. - . Poluprovodn24, 1282(1990 [Sov. Phys. Semicon@4, 806 (1990].
served ring-shaped structfite the characteristics of silicon;

L. D. Landau and E. M. LifshitzTheory of ElasticitfPergamon Press, N.
they can only be estimated. It is known from experiment that Y.; Russian original, Nauka, Moscow, 1965

the minimum radius of the ring-shaped structure js~3 103, M. Sze Physics of Semiconductor Devid@¥iley, New York; Russian
x10~3 cm, whence it follows that the maximum value@f ~ °"9inal Energiva, Moscow, 1973

IS Omax=3.83f min=1.3x10%cm. According to Fig. 2, rea- Translated by M. E. Alferieff
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Role of the pinch effect in a high-velocity metallic contact with a high current
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Experimental evidence is presented in support of the hypothesis that the main factor determining
the flow of physical processes on the interface of a sliding solid-state contact carrying a

~0.1-1 MA/cm? current is the sausage-type MHD pinch instability. It leads to the appearance
and explosive destruction of tighteniriguas) liquid constrictions connecting the contact

surfaces, so that under magnetic-suspension conditions the sliding of the latter relative to one
another is virtually contact-free on the greater portion of their area1989 American

Institute of Physicg.S1063-785(09)03203-9

The electromagnetic acceleration of electrically conductpressure acting on the face of a linear conductor with a
ing bodies(armaturesin a Reltron is limited by the transi- square cross section with=1 cm andl =550 kA will reach
tion of a sliding solid-state conta¢6SQ into an arc regime  pg=B%/2uy~200 MPa, and ford=dy—2l,~8 mm
atV~1 kmi/s! It is believed that here the destruction of the pg~240 MPa. Some of the skin layer then melts. The force
SSC is due to melting of the armature surface followed byaccelerating the cube in a ReltrorFis=L'12/2~30 kN (here
removal by the rails of the melt attached to them, whichL’~0.25«H/m is the inductance per unit length of the rgils
produces a gap in the SSC. The following basic reasons fao that in 150us it should acquire a velocity~1.7 km/s
the melting of the surface have been considered thus far: Jover a 13 cm path. Initially, it moves over a distartte 1
local energy release as a result of current concentration iom in ~50us.
small zones where the best contact occarsiots,? 2) dry In this case the phase of the displacement of the arma-
friction,® and 3 the velocity skin effectVSE).* On account ture from the rest position, when the velocity is still low, is
of the finite rate of the penetration of the magnetic field intoof diagnostic value, important for understanding processes in
the rails and armature, as the armature velocity increases, tl85Cs. Here we call attention to two basic features, which are
velocity skin effect concentrates the current toward the backmmediately evident on examining the railBig. 1). First,
edge of the armature, causing melting of the armature andearly square impressions from the cube to a depth
removal of the melt from this location. As a result, a wave of A~300um are present at the locations of initial contact on
melting propagates along the contact surface toward the frofttoth rails. Second, two converging surface tracks, outside of
edge of the armature, ultimately destroying the SSC. which indications of melting of copper can be seen in the

The experiment described below shows that a muchails, emerge from the corners of the back edge of the im-
more efficient mechanism leading to the destruction of thegression at an angle of 42° with respect to the genera-
SSC than the mechanisms named above operates in Reltrtnices of the rails. Rounded depressions are present at the
acceleration of bodies. This mechanism, the pinch effect, itocations where these tracks converge. On one electrode the
due to the three-dimensionality of real configurations and theonvergence still occurred within the impression made by
nature of the ampere forces employed for electromagnetithe cube, near its front edge, and the diameter of the depres-
acceleration(we note that friction can be treated one- sion is ~2.5 mm. On the other electrode the convergence
dimensionally, thea spots can be treated in the one- or two- occurs in~12-15 mm outside the front edge of the track of
dimensional approximation, and the VSE is ordinarily inves-the cube, but the depressiofthere are two of thejnare
tigated in the planar approximatipn ~0.6—0.8 mm in diameter and they are located—8 nm

To reveal the effect experimentally in its purest form we behind the front edge of the cube track. Outside the cube
employed a very simple armature in the form of an alumi-track, downwards in the direction of motion of the cube, the
num cube withdy=1 cm. The cube was accelerated from aentire surface of the electrodes shows numerous indications
state of rest in the gap between two rails witiTahaped of melting and erosion of the copper.
cross section. Plexiglass, 12 mm thick, was present between Let us try to understand the reasons for the apperance of
the back side of the 28 mm wide rails secured by steel plateshe two features described above. The impression on both
The current increased te=550 kA in ~25us and remained rails can be attributed only to the pinch effect, i.e., an axial
almost constant for the next 150s. We note as a point of expansion of the cube as a result of the compression of its
reference that the thickness of the skin layerside faces by the magnetic presspge The latter was more
| ~ (7l mpoo) Y over =25 us will be | ,~0.6 mm<dyin  than five times greater than the yield stress inajly~30
Al (0=1.17-10' mho/m att=300°Q andlc,~0.5 mm in  MPa. This is also supported by a comparison of the depth of
Cu (0=2.810" mho/m att=300°C. Then the magnetic the impression in the surface of a rail due to the static pres-

1063-7850/99/25(3)/3/$15.00 245 © 1999 American Institute of Physics
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current-carrrying conductors is the sausage instability. It is
due to the increase ipg as the radius of the conductor
decreasespg~r 2).
The weakest point in this sense is the point of contact of
/ the surfaces of the armature and a rail. Here a theated
layer of the armature is progressively compressed by the
magnetic field, sliding along the surface of the rail, so that

/.
1/ 2 7 L( \ A : 5 ultimately the armature—rail contact occurs through a thin

\ metallic neck. The displacement of the bridge along the rail

the neck produce the converging tracks observed on the rails.
\ It turns out that for a substantial time the armature moves
along the rails on a “magnetic cushion,” while the current
flows not through the entire initial contact surfaga its
extended peripheral part, bearing in mind the skin effduit
rather through a relatively thitand becoming continuously
thinnen neck. Ultimately the neck explodes, producing a de-
FIG. 1. Schematic diagram of the tracks left on copper rails by an Al cubepression in the rail. The current is interrupted and a metallic
accelerated between them by ponderomotive forges- Working surface o4t js once again restored on the greater area on account
of the T-shaped rails2 — converging tracks3 — erosion-free zone; 4 — . . . .
front edge of the impressios — depression. of the elastic expansion of the armature and rail materials.
This process repeats right up to establishment of a com-
pletely arc regime, for example, as a result of a decrease in

sure of the cube with the observed valuesofFig. 2) (it ~ the armature dimensions because of erosion.
makes sense to compare with static experiments because the W€ note two circumstances)) 1t is obvious that the
distance traversed by sound in copper in the time the cubdme-averaged resistance of such a contact with necks should
moves from its initial position is much greater than the thick-Pe appreciably greater than the resistance of an ideal continu-
ness of a ra)l The force press the cube into the rail to depthOus surface contact and the change in the properties of a
A~300um corresponds precisely to the pressur@00 real contacappearance and development of necks, fluctua-
MPa. On this basis it also follows that there is no particulartions of the resistance, and so)ashould be modulated by
point to using a&C-shaped armature, which is often employedthe elastic oscillations of the system, primarily, the armature.
to provide the best contact due to the magnetic pressuréhese conclusions remove the dilemma stated by R.
pressing its “tails” to the railg, since the magnetic pressure, Marshall? the doyen of Reltron acceleration, concerning the
as we can see, presses the armature to the rails anyway Hact that the voltage and its fluctuations on a real contact are
cause of the isotropic deformation of its material. almost two times greater than for a uniform metallic contact
The effect of the magnetic pressufiae pinch effegt  at the stage when the rails still do not show traces of a de-
also explains the origin of the converging tracks on the conveloped arc regime. He also noted that the physics of the
tact surfaces of the rails. The point is that on the armaturephenomena on the contact surfaces in Reltrons is still not
rails contact surfaces there is no resistance to shear due to thederstood.
strength of the material. As is well knowrgne of the char- The results presented above show why the earlier theo-
acteristic MHD instabilities typical of easily deformable retical ideas about the reasons for the transition of the SSC

/ under the action of the forde together with the thinning of
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g %00 FIG. 2. SizeA of the impression in the rails versus the static
B pressureP acting on the Al cube being pressed in & initial
<1 200 |- impressions produced in the rails during electromagnetic accelera-
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into the arc regime are inadequate. It turns out that it is  This work was supported by a CRDF grant RE2-138.
importan k nt of the eff he third di-
po .ta t to take accou t of the effects due to the third d 'R. A. Marshall, IEEE Trans. Magr1, 209 (1995.
mensmn(transversg relative to th.e Reltron channel and thezR. Holm, Electric Contacts, Theory and ApplicatidBpringer-Verlag, N.
flowing currenj. Doing so greatly increases our understand- Y., 1967.
. . . 3 H H H
ing of the processes occurring on contact surfaces, leading toB: A- Uryukov, A. D. Lebedev, and K. K. Milyaev, iRroceedings of the .
tastrophic erosion of these surfaces and destruction of th 2nd All-Union Seminar on the Dynamics of a High-Current Discharge in
catastrop Aces € Magnetic Field Novosibirsk, 1991, pp. 33—-71.
SSC. It could be that the suppression, in one way or anotherip. B. Parks, J. Appl. Phy$§7, 3511(1990.
of the sausage MHD instability in the SSC zone will make it 5B. P. Peregud, “Magnetohydrodynamic instabilities of condensed current-
possible to increase substantially the velocity at which the ¢Ying conductorstDoctoral Dissertation, Leningrad, 1961

SSC still operates reliably. Translated by M. E. Alferieff
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