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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

V. A. Kholodnov and A. A. Drugova

State Scientific Center of the Russian Federation, State Enterprise NPO ‘‘Orion,’’ Moscow
~Submitted August 10, 1998!
Pis’ma Zh. Tekh. Fiz.25, 1–8 ~March 12, 1999!

An analysis is made of the dependence ofĜ on V under conditions of a giant surge of the
photoelectric gainG as the concentration of recombination impuritiesN increases, whereV is the
applied voltage andĜ is the value ofG at the maximum point of the functionG(N). It is
shown that as a result of the space charge induced by the optical radiation the functionĜ(V)
exhibits strongly nonmonotonic behavior. The optimum voltageVopt applied to the sample
is determined for whichĜ(V) reaches the maximumĜmax. This nonmonotonic dependence ofĜ
on V does not correlate with heating of carriers or the lattice or by injection of charge from
the contacts. ©1999 American Institute of Physics.@S1063-7850~99!00103-2#
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In papers1 at an international symposium~USA! we re-
ported that by increasing the concentrationN of recombina-
tion impurities, saturation of the photoelectric gainG with
increasing electric fieldV can be avoided2–6 in intrinsic
threshold photoresistors with impurity recombination
photocarriers7–12 and extracting contacts~at these contacts
the concentrations of nonequilibrium electronsDn and holes
Dp are zero2–6!. We then put forward a better argued jus
fication for this possibility.13

This suppression of the saturation ofG(V) is based on a
giant surge14 in the value ofG[I ph/(qWg) ~Ref. 10! as N
increases~Fig. 1a!, where I ph and g are the photocurren
densities and the rates of carrier photogeneration,W is the
distance between the contacts (x50 andx5W, inset to Fig.
1a!, and q is the electron charge. This effect occurs fi
because the lifetimes of the nonequilibrium electronstn and
holestp increase rapidly as the concentrationN increases in
a certain range15–17 ~Fig. 1c!, if

j1[
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Aj2!1. ~1!

Here

A52
ND

nt
, B54

pt

nt
, u5

wp

wn
, ~2!

wherewn and wp are the probabilities of electron and ho
capture by a deep level andnt and pt are their equilibrium
concentrations when the energies of the Fermi level and
recombination level are the same. In Refs. 13–17 we us
model consisting of shallow, completely ionized donors h
ing the concentrationND together with neutral and minus
one charged deep acceptors9,18,21 where the semiconducto
parameters deviate slightly from the equilibrium values~for
1671063-7850/99/25(3)/3/$15.00
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example, in threshold photoresistors2–6!. We also assumed
that the spin degeneracy factor of the acceptor state is
~Refs. 19–22!. In the present paper we use the same mo

An increase in the lifetimestn andtp with increasingN
is caused by weakly nonequilibrium filling of a recombin
tion level, as a result of which the lifetimes are determin
not only by capture of nonequilibrium carriers at equilibriu
traps but also by thermal ejection of electrons and holes fr
nonequilibrium centers, converting them from a bound to
free state, and by the capture of equilibrium carriers at n
equilibrium traps. For this reason the lifetimes of noneq
librium carriers may be either longer or shorter than th
times of capture at equilibrium traps and may be highly no
monotonic functions of the concentration of recombinati
centersN ~Refs. 15–17! ~Fig. 1c!. Note that tn(N) and
tp(N) may also be highly nonmonotonic functions for tw
level recombination impurities, as was shown in Refs. 23 a
24, and also in the presence of auxiliary~phonon! carrier
trapping centers.

Another factor causing a gain surge is that when
conditions~1! are satisfied, the ambipolar mobilitym van-
ishes for a certain value ofN which, to lowest order in the
small parameters~1!, is the same asN5ND for which the
functions tn(N) and tp(N) reach the maximum valuest̂n

and t̂p ~Refs. 13–17! ~Figs. 1b and 1c!, where16,17

t̂n5
AA1B

2wnND
, t̂p5

2A1uBAA1B

2wpND~A1B!
. ~3!

Under these conditionsm vanishes in ann-type material14

but not for an intrinsic carrier concentrationni ~Refs. 3,6–8,
21, and 25!. Physically this is because of the positive sig
of the photoperturbation bound at a deep charge impu
(N2 –N2

e ,0, whereN is the concentration of recombinatio
centers of charge minus-one andN2

e is its equilibrium
value!.
© 1999 American Institute of Physics
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The result of Ref. 13 was obtained in the quasiline
approximation normally used for moderate fields wh
divDE is neglected in the Poisson equation2–4,7–12,18–22

div DE1
4pq

«
~Dn1N22N2

e 2Dp!50 ~4!

whereDE is the deviation of the electric field from its valu
E0 in the absence of illumination, caused by the absorpt
of radiation, and« is the dielectric constant. However, eve
for moderate fields (E0.1–10 V/cm! the quasilinear ap-
proximation is by no means always permissible, as w
shown in Ref. 14. The possible inaccuracy of this appro
mation was also noted in Ref. 13.

Using Refs. 13–17 we can derive the following expre
sion:

Ĝ5H 122
L̂eff

W
tanhS W

2L̂eff
D J ~mnt̂n1mpt̂p!

E0

W
. ~5!

This determines the value ofG at the maximum of the de
pendenceG(N) for uniform photogeneration~Fig. 1a! allow-
ing for the term divDE in the Poisson equation~4!. Heremn

FIG. 1. Photoelectric gainG[I ph /qgW in GaAs~solid curve! and Si~dot-
dash curve! ~a!, the ambipolar mobilitym in units of the hole mobilitymp

~b!, and the electrontn ~1! and hole lifetimestp ~2! in seconds~c! plotted as
functions of the concentration of recombination centersN per cubic centi-
meter at room temperature. The following parameters are assumed: int
concentration of free carriersni51.793106 cm23, electron mobility
mn58500 cm2/V•s,mp5400 cm2/V•s, dielectric constant«513.1~in GaAs
from Ref. 26!; ni51.4531010 cm23, mn51500 cm2/V•s,
mp5450 cm2/V•s, «511.9 ~in Si from Ref. 26!; the ratio of the probability
of hole capture to the probability of electron capture isu5wp /wn5102,
wn51028 cm3/s ~Refs. 9 and 21!, ni /nt5104, ND51015 cm23,
W51021, cm, andE0510 V/cm. The inset shows the photoresistor circu
r

n

s
i-

-

and mp are the mobilities of the electrons and hole
L̂eff5(L̂0

21L̂E
2)1/2 is the effective ambipolar diffusion lengt

of the carriers14 whenG5Ĝ, where

L̂0
25

A/u1BAA1B

~A1B!Dn1BDp

DnDp

wnND
, ~6!

L̂E
25

«

8pq

2A1~B11!uAA1B

wpNDntAA1B

mnmpE0
2

~A1B!mn1Bmp
, ~7!

L̂0 is the normal~calculated using the quasilinear approxim
tion! ambipolar diffusion length of the carriers whenG5Ĝ,
andDn andDp are the diffusion coefficients of the electron
and holes. It follows from expression~5! that as the photo-
resistor voltageV5WE0 increases,Ĝ initially increases and
then drops~Fig. 2a!. This behavior ofĜ(V) is caused by an
increase inL̂eff asV increases and leads to an increased l
of photocarriers because of their more rapid diffusion infl
to current contacts, at whichDn5Dp50. An increase in

sicFIG. 2. Dependences in GaAs~solid curves! and Si ~dot-dash curves! at

T5300 K: a — Ĝ as a function of the applied voltageV in volts at

W51021 cm, whereĜ is the value of the photoelectric gainG at the maxi-

mum point of the functionG(N) ~Fig. 1a!; b — Ĝmax as a function of the

distanceW in cm between the current contacts, whereĜmax is the maximum

of Ĝ for a given value ofW ~Fig. 2a!; c — optimum voltageVop in volts as

a function ofW in centimeters, which gives the maximumĜ5Ĝmax for a
given value ofW ~Fig. 2b!. The semiconductor parameters are the same a
Fig. 1.
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Leff5ADeff(E0) tn with increasingV is caused by an in-
crease in the effective ambipolar diffusion coefficientDeff of
the carriers as the fieldE0 increases13,14 @Deff is the coeffi-
cient of the second derivative in the fourth-order linear eq
tion which, to first order ing, describes the spatial distribu
tion Dn(x) ~Ref. 14!#. The monotonically increasing
behavior of the dependenceDeff(E0) is then attributed to the
space charge induced by the optical radiat
r5(«/4p)div DE. An analysis of Eqs.~5!–~7! shows that
Ĝ(V) reaches its maximum~Fig. 2b!

Ĝmax~W!>H 25

72

W

L̂0

Ĝmax
max, if W,2L0 ,

Ĝmax
max, if W.2L0 ,

~8!

at the optimum photoresistor voltage~Fig. 2c!

Vopt~W!>H ẼW, if W,2L̂0 ,

ẼW2

2L̂0

, if W.2L̂0 .
~9!

Here the highest possible photoelectric gainĜmax
max ~for the

given physical parameters of the semiconductor! and the
electric field strengthE05Ẽ for which L̂eff5A2L̂0 holds are
given by

Ĝmax
max5~mnt̂n1mpt̂p!

3Ẽ

25L̂
, ~10!

Ẽ5A8p

«
kTni S 11

A

BD 1/4

, ~11!

wherek is the Boltzmann constant andT is the temperature
Thus, the photoinduced space charge substantially lim

the value ofG5Ĝ ~Fig. 2a! at the maximum ofG(N) ~Fig.
1a!. Nevertheless, forW.2L̂0 and the optimum voltage~9!

~Fig. 2c!, Ĝ may be several orders of magnitude~Fig. 2b!.
We are grateful to the Russian Fund for Fundamen

Research for financially supporting this work.
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Influence of traps on avalanche triggering during breakdown of gallium phosphide
p–n junctions

S. V. Bulyarski , Yu. N. Serezhkin, and V. K. Ionychev
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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 Physics.@S1063-7850~99!00203-7#
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As we know, the avalanche breakdown of realp–n junc-
tions exhibits microplasma behavior and microplasmas p
sess a statistical breakdown delay.1 Various authors2–4 have
studied the influence of deep centers on the breakdown d
of microplasmas. In these studies a change in the charge
of the deep centers was caused by the flow of avalan
current. Thus, both electrons and holes are trapped in
microplasma channels. In this case, the charge state o
deep centers changed over the entire microplasma cha
including the region of maximum electric field. Cons
quently, the Frenkel–Poole effect and tunneling could h
some influence during the emission of trapped carriers.
these factors made it very difficult to interpret the expe
mental data.

In the present study the deep centers were filled by p
tially reducing the bias voltage across thep–n junction. In
this case, the deep centers are only filled by majority carr
~electrons from then-base or holes from thep-base!. More-
over, the filling can only occur in that part of the spac
charge region where the electric field strength is relativ
low.

Breakdown delay was investigated using commerc
AL102 gallium phosphide red LEDs. The breakdown volta
of the first microplasmaUM at room temperature was 18
1701063-7850/99/25(3)/2/$15.00
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19 V. The capacitance–voltage characteristics, particularl
low voltages, revealed an approximately linear depende
CB

235 f (U) with a concentration gradient of around 2
31022cm24. Capacitance methods revealed no deep cen

After the diode voltage had been reduced toUm , a volt-
age U was applied, a few percent higher than the mic
plasma breakdown voltage. After a timetd a microplasma
started and an avalanche current began to flow. Then
voltage again dropped toUm . In order to eliminate the af-
tereffects of the avalanche current, including thermal effe
the diode was held atUm for 1–5 s depending on the tem
perature.

Figure 1 shows distribution functions of the duration
the microplasma breakdown delay. The curves are plotted
1000 pulses. Curve1 gives the distribution function with no
additional filling of deep centers. As might be expected
the classical case,1 this is an exponential distribution. Curv
2 shows the distribution function with filling of deep cente
and curve3 is the difference. It is assumed that the cont
bution of all other avalanche triggering mechanisms is elim
nated. In most cases, the difference curve is accurately
proximated by
-
FIG. 1. Distribution function of the duration of the mi
croplasma breakdown delay:T5271.3 K,UM517.65 V,
U2UM50.3 V, andUm513.5 V. The solid curve gives
the approximation from Eq.~1!.
© 1999 American Institute of Physics
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FIG. 2. Average breakdown delay time as a function
filling voltage: ^td& — average delay time with filling of
deep centers,̂td0& — average delay time without filling
of deep centers,U2UM50.65 V; T, K: 1 — 382, 2 —
305, and3 — 224.
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t D21G . ~1!

In some cases, it may be approximated by the sum of
exponential functions. Curve3 agrees with the theoretica
distribution5 if the avalanche is triggered by remission
majority carriers from traps. In this case,t is the average
confinement time for trapped carriers at a trap and

t5en
21 or t5ep

21 , ~2!

whereen andep are the coefficients of thermal emission
electrons and holes, respectively. Ifen andep are represented
as Arrhenius curves their temperature is accurately descr
by a linear dependence. For instance, in the tempera
range 290–330 K the influence of a single deep level w
the activation energy 0.3560.01 eV is observed. The influ
ence of six levels is only observed at 100–400 K. Since
pacitance methods reveal no deep levels in these diodes
can postulate that these deep centers are mainly situate
microplasma channels.

The calculations show that for normal values of the c
efficients of impact ionization of electrons and holes, t
parameterA in Eq. ~1! only differs appreciably from zero
when the triggering carriers start from deep regions of
space-charge zone. However, this requires the filling volt
Um to be several tens of volts lower than the microplas
breakdown voltage.6 It was unexpectedly found that this
not the case with these gallium phosphide diodes. Figu
gives the average breakdown delay time as a function of
filling voltage. The delay time begins to decrease even
low values ofUM2Um . In the case shown this difference
only 2–3 V at 382 K. As the temperature decreases,
width of the plateau decreases and atT<250 K it almost
disappears. This behavior is typical of all the deep lev
observed. Note that measurements in silicon diodes w
UM532 V gave a 12 V plateau at 177 K.

The usual assumptions that the threshold ionization
ergy is reduced in the microplasma region or the elec
o

ed
re
h

-
we
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field is increased do not explain the observed tempera
dependence of the effect. The high concentration of d
centers in the microplasma channel is also problemati
because in this case a relaxation breakdown delay shoul
observed.1

We assume that in gallium phosphide the electron
ergy distribution function in strong electric fields is sphe
cally symmetrical, whereas in silicon it is elongated in t
direction of the electric field, which can be attributed to t
different mechanisms responsible for the carriers acquir
the threshold ionization energy in these materials. In galli
phosphide however, there are a few electrons which
avoid collisions with phonons before impact ionizatio
~Shockley electrons!, and we can postulate that these main
trigger the avalanche. The influence of subthreshold mec
nisms such as tunnel-impact ionization must also be ta
into account.7 In these cases, the probability of an avalanc
being triggered cannot be calculated using the normal va
of the ionization coefficients. However, these investigatio
open up new possibilities for studying impact ionization pr
cesses in semiconductors.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 98-02-03334!.
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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. ©1999 American Institute of Physics.
@S1063-7850~99!00303-1#
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Anishchenko1 examined a procedure for constructing b
furcation lines of the repetition period of cycles of one of t
Rössler model systems

ẋ52y2z, ẏ5x1ey, ż5b1xz2mz ~1!

with the parameterse5b50.2. Then form52.5 a stable
limit cycle exists with the periodT0, but for m;2.83 this
cycle undergoes a period doubling bifurcation.

This system of equations is solved by a fourth-ord
Runge–Kutta method with a step of 0.1 forx052.5, y0

5z050 for m52.83. Figure 1 gives the dependence ofx on
the number of readings in the solution and clearly sho
period doubling in addition to the fundamental oscillation

The aim of the present paper is to estimate the amplit
of the doubled period when there is a bounded solution
terval.

It is known2 that the classical method of calculating th
parameters of the spectral components of digital sign
based on using a discrete Fourier transform has poor res

FIG. 1. Dependence of a series of oscillations on the number of readin
1721063-7850/99/25(3)/2/$15.00
r

s

e
-

ls
lu-

tion. The bounded interval of observation leads to distort
of the calculated spectrum because of the interpenetratio
its components. Various windows having a broader smo
lobe compared with a rectangular window are used to red
the level of the side lobes, which lowers the frequency se
tivity. Parametric methods2 having a higher selectivity have
recently come into use, although at a negligible noise le
When these methods are used, the constant component
be preliminarily eliminated from the data. In addition
making the treatment process more complicated, this m
also lead3 to additional error in calculations of the level o
the variable components.

We shall analyze the series of readingsx(n); n
51,2,. . . ,N containingP periodic components. Their num
ber and frequencies are unknown, but we can indicate
predicted frequency range. We shall divide this intoL inter-

s.

FIG. 2. Frequency dependences of the spectra in relative form: solid c
— initial spectrum, dashed curve — difference between the initial spect
and the spectrum calculated from the action of the isolated fundame
oscillation.
© 1999 American Institute of Physics
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vals in each of which we approximate the signal by the trig
nometric polynomial4

yj~n!5Gj1Sj sin~hjn!1Cj cos~hjn!, j 51,2,. . . , L@P,

wherehj52p/Nj is the calculation step for the boundary
the j th interval, withNj the number of data points per perio
of this boundary. Unlike a Fourier transformation, this st
can have fractional values which can reveal fine details of
spectrum.

The method of least squares is used to calculate the
ues of the coefficientsSj , Cj , j 51,2,. . . ,L. For a fre-
quency step of 0.0025 the dependence of the absolute v

M j5ASj
21Cj

2, j 51,2,. . . ,L

is plotted in relative form in Fig. 2~solid curve! which
clearly shows the strong influence of the side lobes of
fundamental oscillation.

Approximating expressions which can reduce the infl
ence of the side lobes near a high-intensity oscillation
given in Ref. 5. In this particular case, it is best to isolate
fundamental oscillation

qk5Gk1Sk sin~bki !1Ck cos~bki !,

whereGk , Sk , andCk are coefficients,bk is the frequency
factor, andi is a variable which varies in the same range
the initial process.
-

e

l-

lue

e

-
re
e

s

We then determine the dependence of the absolute v

MK j5AZ1 j
21Z2 j

2, j 51,2 . . . ,L

whereZ1 andZ2 are levels of the spectral components
the action of the fundamental oscillation. We then make
systematic subtraction

W1 j5Sj2Z1 j , W2 j5Cj2Z2 j , j 51.2,. . . ,L

and calculate the dependence of the absolute value

MRj5AW1 j
21W2 j

2, j 51,2,. . . ,L.

Figure 2~dashed curve! gives the dependence of the diffe
ence between the spectra from which the level of the doub
period can easily be calculated. The fact that this depende
exhibits some nonuniformity is attributable to the finite fr
quency step and the influence of rounding errors.

1V. S. Anishchenko,Complex Oscillations in Simple Systems@in Russian#,
Nauka, Moscow~1990!, 312 pp.

2S. L. Marple,Digital Spectral Analysis with Applications~Prentice-Hall,
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.#

4V. A. Dvinskikh, Zh. Tekh. Fiz.62~12!, 168 ~1992! @Sov. Phys. Tech.
Phys.37, 1213~1992!#.

5V. A. Dvinskikh, Radiotekh. Elektron.37, 1129~1992!.
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Investigation of the action of ultrahigh pressures on carbon nanotubes
A. M. Germanski , G. A. Dyuzhev, D. V. Novikov, V. M. O chenko, and Yu. P. Udalov

St. Petersburg State Technological Institute (Technical University)
A. F. Ioffe 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. Fiz.25, 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 Physics.@S1063-7850~99!00403-6#
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One of the potentially useful practical applications
fullerenes is the production of technical-grade diamonds.
know that the addition of fullerenes to a standard graph
mixture used to synthesize diamonds at ultrahigh press
enhances the diamond yield and shifts the particle size
tribution curve towards ultradisperse.

Carbon nanotubes, which were observed experimenta1

in 1991, immediately attracted increased interest among
searchers because of their unique electrical2 and mechanica
properties.3,4

The aim of the present paper is to study the prospects
using nanotubes to produce artificial diamonds.

The main method of producing nanotubes of practi
value is by evaporation of graphite in an arc dischar
Nanotubes and other nanostructures form a constituent
of a so-called cathode deposit~or cathode ‘‘fungus’’! which
‘‘grows’’ on the cathode during the discharge burning pr
cess. These structures are formed from atomized carbon5,6 at
high cathode surface temperatures~above 4000 K! under in-
tensive bombardment by ions impinging on the cathode fr
the plasma and accelerated at the cathode potential dro

For our study we used cathode deposits obtained f
commercial fullerene production systems of the ‘‘Fullere
Technologies’’ Company~St. Petersburg!. The discharge pa
rameters were as follows: current 180 A, helium press
90 Torr, and electrode gap 5 mm. The deposits were gro
in a ball mill to give a powder with particle size less tha
100mm. The results of an x-ray structural analysis and el
1741063-7850/99/25(3)/2/$15.00
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tron microscopy indicate that the nanostructures forme
considerable part of the ground powder.

The powder was treated in an ultrahigh-pressure app
tus with temperature 1400 °C, pressure 5 GPa, and treatm
time 30 s.

The initial powders and products obtained at high te
peratures and ultrahigh pressures were analyzed using a
per SEM scanning electron microscope~Asahi!, an ÉMV-
100L transmission electron microscope, and a DRON
x-ray diffractometer using CuKa radiation at 40 kV and
20 mA.

Several typical nanostructures contained in the ini
powder are shown in Fig. 1.

Figure 2 shows x-ray diffraction patterns of samples
different carbon materials.

Curve 1–1 was obtained for E´ G-15 electrode graphite
and contains a set of reflexes from the~002!, ~101!, and
~004! planes typical of the hexagonal and orthorhomb
forms of the graphite structure.

Curve 2–2 was obtained for the initial powder of th
cathode deposit. It can be seen that the principal refle
characteristic of the graphite crystal structure remain. T
observed broadening of the reflexes suggests that the reg
of coherent scattering are small~calculations using the half
width of the lines give 3.2 nm!.

Curve3–3 gives an x-ray diffraction pattern of the cath
ode deposit powder after treatment in an ultrahigh-press
apparatus, which shows that no structural changes occu
res
FIG. 1. Electron photomicrographs of various nanostructu
in cathode deposit: a — polyhedral structures, b — nanotube
accumulation, and c — nanotube with outgrowth.
© 1999 American Institute of Physics
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FIG. 2. X-ray diffraction patterns of samples of various ca
bon materials:1–1 — ÉG-15 electrode graphite,2–2 — ini-
tial powder of graphite deposit,3–3 — cathode deposit after
treatment at 1400 K and 5 GPa for 30 s,4–4 — cathode de-
posit after treatment in regime3–3 in the presence of a
manganese–nickel catalyst, and5–5 — ÉG-15 graphite
mixed with manganese–nickel catalyst after treatment in
gime 3–3.
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in the sample. This suggests that the nanostructures po
high mechanical and thermal strength, which agrees with
results reported by Treacyet al.3 and Yakobsonet al.4

In industrial technology, artificial diamonds are usua
produced using graphite powder mixed with a mangane
nickel alloy as a catalyst. Curve4–4 gives the result of treat
ing powdered cathode deposit mixed with a commerc
manganese–nickel catalyst in an ultrahigh-pressure app
tus. The~111! diamond reflex can be clearly distinguishe
The quantity of diamonds formed is around 20 wt.% and
maximum size of the crystallites is 20–50mm.

In parallel experiments the cathode deposit was repla
by ÉG-15 graphite~curve 5–5!. In this case the size of th
diamond crystals was 150–200mm and the total diamond
content in the sinter was around 20% by mass.

These results suggest that carbon nanostructures in
ess
e

–

l
ra-
.
e

d

n-

tact with a manganese–nickel melt effectively interact
form carbides of these metals. In this case, the activity of
nanostructures has the effect of increasing the numbe
diamond crystallization centers compared with stand
graphite, which reduces the sizes of the diamond crystalli

1S. Iijima, Nature~London! 354, 56 ~1991!.
2M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund,Science of
Fullerenes and Carbon Nanotubes~Academic Press, New York, 1995!.

3M. M. J. Treacy, T. N. Ebbesen, and J. M. Gibson, Nature~London! 381,
678 ~1996!.

4B. I. Yakobson, C. J. Brabec, and J. Bernholc, Phys. Rev. Lett.76, 2511
~1996!.

5R. Pallaser, L. S. K. Pang, L. Prochazka, D. Rigby, and M. A. Wilson
Am. Chem. Soc.115, 11 634~1993!.

6G. Dyuzhev, Mol. Mater.7, 61 ~1996!.

Translated by R. M. Durham
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Determination of the parameters of deep levels using the differential coefficients
of the current–voltage characteristics

S. V. Bulyarski , M. O. Vorob’ev, N. S. Grushko, and A. V. Lakalin

Ulyanovsk State University
~Submitted September 4, 1998!
Pis’ma Zh. Tekh. Fiz.25, 22–27~March 12, 1999!

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 promising. ©1999
American Institute of Physics.@S1063-7850~99!00503-0#
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The classical work carried out by Sah, Noyce, a
Shockley1 provided the impetus for studying recombinatio
processes in the space charge region. Later theoretical
ies refined the form of the current–voltage characterist
Experimental studies were generally confined to confirm
the current transport mechanism in a particular range of
ward bias. Only in Refs. 2–4 did we develop methods
analyzing the current–voltage characteristics based on s
rating overall recombination processes into individual co
ponents and then calculating the parameters of the deep
els involved in the recombination. Here we use n
differential techniques of determining the activation ene
of deep levels.4

Differential techniques can reveal characteristics wh
are barely detectable on the overall characteristics. In
ticular, the parameters of deep levels can be calculated u
the current–voltage characteristics under forward bias. H
we investigate the properties of nitrogen-doped GaP dio
emitting in the green as an example of this technique.

At low levels of injection, the recombination currents
the space charge region of thep–n junction of a wide-gap
semiconductor usually exceed the diffusion currents. T
current–voltage characteristic is typically described by
expression

J5A~U !exp~qU/bkT!, ~1!

whereb has values between 1 and 2~for diffusion currents
b51). The physical processes of recombination in the sp
charge region of ap–n junction were described in detail i
Refs. 1–8. The coefficient of proportionalityA(U) depends
on the deep level parameters. The extrema of the deriva
of the gradient of the current–voltage characteristic (b) are
given by

b5
qJr

kT S ]Jr

]U D 21

. ~2!

The recombination current (Jr) in the space-charge re
gion of the p–n junction, with the participation of severa
deep doubly-charged levels, is5
1761063-7850/99/25(3)/3/$15.00
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s qwcnmcpmni
2~eqU/kT21!Ntm

2niAcnmcpmeqU/2kT1cnmn1m1cpmp1m

3x
2kT

q~Vd2U !
, ~3!

whereq is the electron charge,w is the width of the space
charge region,s is the number of deep levels,n1m5Nc

3exp(2Etm/kT), p1m5Nvexp(2Etm/kT), cn and cp are the
coefficients of electron and hole capture by a particular c
ter, averaged over all states,Nt is the concentration of dee
levels,Et is the position of the deep level in the band ga
Etn5Ec2Et , Etp5Et2Ev , andVd is the diffusion poten-
tial.

Formula ~2! differs slightly from the expressions give
in Ref. 1. This difference was analyzed in detail in Ref. 6 a
we shall not discuss it here. The limits of validity of expre
sion ~3! were established in Refs. 2–5.

It follows from formula~2! that the differential gradien
of the current–voltage characteristic,b, contains the param
eters of the deep levels~their thermal activation energies!,
which can be determined. From the maximaU0m of the de-
pendence of the derivative (b) with respect to the forward
bias voltage we find

Etn5
Eg2qU0m

2
1d. ~4!

We shall assume that the deep level lies above the middl
the band gap andcpp1!cnn1 , d5(kT/2)ln(cnNc /cpNv). This
value, like the capture coefficients, is generally unknow
However, the ratios of the capture coefficients can be de
mined by measuring the temperature dependence of the
ward current.2,3 Assuming that cn /cp5100, then at
T5300 K the systematic error isd'0.04 eV for GaP. Figure
1 ~curves1 and 2! gives the experimental dependences
(db/dU) measured for green light-emitting diodes. Th
measurements were made using a pc-controlled system.
forward bias voltage was varied with a step of 0.01 V. In th
case, several experimental points can be obtained at
peaks of the derivative. Repeated measurements sho
© 1999 American Institute of Physics
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good reproducibility. Light-emitting diodes in the same s
ries showed the same results. Thus, these experime
curves can be considered to be reliable. The curves are
ted on different scales, since different centers do not m
equal contributions to the recombination process. It can
seen from curve1 that E1 makes the largest contribution t
the recombination, while theE7 level and the other recom
bination levels make a considerably smaller contributi
The activation energies determined using formula~4! are
shown in Table I.

A disadvantage of this method is the need to calcu
the second derivative of the experimental data which ne
sitates using special numerical techniques. Thus, it is m
convenient to use another differential coefficient for whi
we only need to calculate the first derivative:

TABLE I. Activation energies of deep levels determined by various me
ods for GaP light-emitting diodes~sample 5–2!.

E7, E6, E5, E4, E3, E2, E1, E8, E9, E10 ,
Method eV eV eV eV eV eV eV eV eV eV

TCE 0.35 0.53 0.63 0.66 0.81 1.0
Rnp 0.29 0.33 0.48 0.56 0.61
db

dU
0.27 0.32 0.38 0.42 0.48 0.52 0.61

g 0.26 0.30 0.37 0.41 0.46 0.54 0.61

FIG. 1. Differential coefficients of current–voltage characteristic. The nu
ber of the extremum corresponds to the level number~see Table I!.
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g5S ]Rnp

]U D2kT

q

1

Rnp
. ~5!

The reduced recombination velocityRnp is calculated
from the experimental data and is given by the followi
formula:4

Rnp5
J

qwSniFexpS qU

2kTD21G
q~Vd2U !

2kT
. ~6!

The relationship between this quantity and the deep le
parameters is given by2,3

Rnp5

cncpniNtFexpS qU

2kTD11G
2niAcncpexpS qU

2kTD1n1cn1p1cp

. ~7!

The voltage at which the coefficient~5! has a minimum
~see Fig. 1, curves3 and 4! can be used to determine th
activation energy of the deep levels using formula~4!. In this
case, certain conditions obtained in Ref. 4 must be satisfi
For deep levels formed during the fabrication of commerc
semiconductor devices these conditions are satisfied.
function~4! has minima at the pointsU0m . The amplitude of
each minimum will differ, depending on the contribution
the specific deep level to the total recombination current
can be seen from Fig. 1~curves3 and4! that the main con-
tribution to the recombination process is made by levelsE1 ,
E3 , E6, andE7. The activation energies of these levels a
given in Table I.

The results of determining the activation energies us
the differential parameters are compared in Table I with
capacitance spectroscopy data and the method of separ
the recombination velocity into components which was d
scribed in Refs. 2–4. The results of independent experim
show good agreement, suggesting that the deep level pa
eters obtained using differential techniques are reliable.
measurements are made at constant temperature, us
room temperature. The measurement conditions are such
measurements can be made directly using wafers be
these are separated and assembled. These undoubted a
tages make the techniques described here extremely pro
ing.

1C. T. Sah, R. N. Noyce, W. Shockley, Proc. IRE45, 1228~1957!.
2S. V. Bulyarski� and N. S. Grushko, inPhysical Principles of the Func-
tional Diagnostics of p–n Junctions with Defects@in Russian#, Shtiintsa,
Kishinev ~1992!, p. 235.

3S. V. Bulyarski� and N. S. Grushko, inGeneration-Recombination Pro
cesses in Active Elements@in Russian#, Moscow State University Press
Moscow ~1995!, p. 399.

4S. V. Bulyarski�, N. S. Grushko, and A. V. Lakalin, Zavod. Labor. No. 7
25 ~1997!.

5S. V. Bulyarski�, N. S. Grushko, and A. V. Lakalin, inAbstracts of the
International Conference on Centers with Deep Levels in Semiconduc
and Semiconducting Structures, Ul’yanovsk, Russia, 1997@in Russian#,
pp. 65–66.
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Possible emission of supermodes in a free electron laser with a transversely developed
interaction space

N. S. Ginzburg, N. Yu. Peskov, A. S. Sergeev, A. V. Arzhannikov, and S. L. Sinitski 

Institute of Applied Physics, Russian Academy of Sciences, Nizhni� Novgorod Institute of Nuclear Physics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk
~Submitted October 26, 1998!
Pis’ma Zh. Tekh. Fiz.25, 28–34~March 12, 1999!

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 Physics.@S1063-7850~99!00603-5#
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A free-electron laser ~FEL! with a planar one-
dimensional Bragg cavity and a ribbon relativistic electr
beam was developed in the course of experimental inve
gations using the U-2 accelerator~Institute of Nuclear Phys-
ics, Siberian Branch of the Russian Academy of Sciences!.1,2

The highest output power yet recorded in the 4 mm ran
200 MW, with a stored energy of up to 200 J per microwa
pulse was achieved in this oscillator. The width of the ribb
relativistic electron beam with a particle energy of 1 Me
and total current of 4 kA was 8–12 cm. The transverse
mension~width! of the cavityl x was 20 cm, i.e., the oversiz
parameterl x /l for this oscillator was of the order of 50. I
this context, the transverse mode composition of the ra
tion and thus its spatial coherence is a very important to
requiring further theoretical and experimental investigatio

Here we report a theoretical analysis and numer
simulation of the formation of the transverse structure of
emitted radiation. We assume that the cavity consists of
parallel plates~Fig. 1! and the end sections of the plates a
corrugated so that these sections form Bragg mirrors
length l 1,2. Between the mirrors there is a regular section
cavity of lengthl 0, and we assume that the cavity is clos
by metal plates at the ends.

In order to investigate the space–time dynamics o
FEL oscillator with this type of cavity, the field therein ca
be represented as a set of two counterpropagating quas
cal wave beams:

E5E0~y!@A1eivt2 ihz1A2eivt1 ihz#. ~1!

Here E0(y) is a function which defines the field distr
bution between the plates~along they axis!, which is the
same as one of the natural modes of the planar wavegu
andA6(x,z,t) are functions which determine the evolutio
of the field profile in the (x,z) plane. We assume that th
wave beamA1 copropagating with the particles is amplifie
by the electron flux. With allowance for the diffraction of th
fields, the evolution of the wave beams in the transve
direction ~along the x axis! is described by parabolic
equations.3 Allowance for diffraction spreading is fundamen
tally important for this FEL system because the relative
fluence of the various parts of the electron flux is on
1791063-7850/99/25(3)/3/$15.00
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achieved via this effect. The wave beams undergo a mu
transformation inside the Bragg mirrors, which is describ
by the coupled-wave approximation for weak corrugatio
As a result, having selected the Bragg frequencyv5v̄
5pc/d ~where d is the corrugation period! as the carrier
frequency, we have for the amplitudes of the wave beam

i
]2

]X2
A11S ]

]Z
1bgr

21 ]

]t DA11 ia~Z!A25J,

i
]2

]X2
A22S ]

]Z
2bgr

21 ]

]t DA21 ia~Z!A150. ~2!

The excitation factorJ5 (1/p) *0
2pe2 iudu0 on the right-

hand side of Eq.~2! may be determined by solving the ave
aged equations for the electron motion

S ]

]Z
1b i

21 ]

]t D 2

u5Re~A1eiu!. ~3!

The following dimensionless notation was used for Eqs.~2!

and ~3!: Z5zv̄C/c, X5xv̄A2C/c, t5tCv̄,
A65A6ekm/gmcv̄C2; k'b' /b i is the electron–wave
coupling parameter,m'g22 is the inertial bunching
parameter,4 g is the relativistic mass factor of the electron
b i is the particle translational velocity,bgr is the group ve-
locity of the phase-matched wave,

C5S eI0

mc3

l2mk2

8pgSD 1/3

is the gain parameter~Pierce parameter!, I 0 is the beam cur-
rent,S is the wave norm, anda(z) is the coefficient of wave
coupling at Bragg structures4,5 (a5a0 inside the mirrors and
a50 in the regular part of the cavity!.

For an initially unmodulated electron beam we have
the boundary conditions on entry to the interaction space
Z50

u~Z50!5u0P@0;2p!, S ]

]Z
1b i

21 ]

]t D u~Z50!52D,

~4!
© 1999 American Institute of Physics
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FIG. 1. Schematic of free electron laser with two-mirro
Bragg cavity~1! and ribbon electron beam~2!.
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where D5(v̄2h(v̄))v i2Vb)/v̄C is the initial mismatch
between the electrons and the wave, andVb is the bounce
frequency of the electron oscillations.

As the boundary conditions for the partial wave field
we have the absence of any external electromagnetic en
fluxes incident on the system:

A1~Z50!50, A2~Z5Lz!50, ~5!

Lz5( l 11 l 01 l 2)v̄C/c, and also the constraint that the ele
tric field at the metal side walls of the cavity is zero:

A6~X50!50, A6~X5Lx!50. ~6!

This last constraint allows us to expand the fields as Fou
series,

A6~X,Z,t!5 (
m51

`

am
6~Z,t!sin~2pmX/Lx!,

and to consider each term in the series as the mode
rectangular waveguide with a corresponding number
variations of the field over the transverse index.
,
rgy

er

a
f

The results of simulating the evolution of the transve
profile of the radiation field for various normalized cavi
widths and electron fluxes are given in Figs. 2 and 3. In th
calculations we assumed that the electron flux occupies
the cavity width. The cavity width was varied with the cu
rent density per unit length kept constant and was given
the dimensionless parameterLx . For the oscillator system
investigated experimentally the gain parameter isG'0.003.
All the other geometric dimensions of the systems are cl
to the experimental conditions.1,2 The simulation shows tha
when the width of the system is fairly small,Lx<5 ~Fig. 2a!,
the output profile and spectrum of the radiation correspon
the excitation of a dominant mode with one transverse va
tion of the field. As the transverse dimensions of the cav
increase but the longitudinal dimensions and the wave c
pling parameter remain constant, the radiation spectrum
comes more complicated. In addition to the dominant mo
this spectrum also contains a fairly significant compon
caused by the excitation of other modes with a large num
of variations along the transverse coordinate. Neverthel
-
FIG. 2. Evolution of the spatial distribution of the am
plitude of the output signaluA1(x,Lz ,t)u and the mode
composition of the radiationam

1 in the cw lasing regime
for Lx55, D51 ~a! and Lx510, D50.8 ~b! (L1

51.4, L052.4, L150.8, anda50.5).
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FIG. 3. As Fig. 2 forLx515 and various mismatches
a — D50.8, b —D51.5, and c —D52.
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in a certain range of parameters the spectrum and ou
profile of the radiation exhibit steady-state behavior~Figs 2,
3a, and 3b!. In this range of parameters we can talk of t
excitation of a supermode, i.e., a mode composed of sev
cold waveguide modes. Since the phases of the modes
intercorrelated, this radiation can be regarded as spat
coherent. We also note that if the mismatch parameterD is
fixed, a completely fixed phase distributionw5arg(A1) is
established over the cavity exit aperture.

The transverse radiation profile was varied by vary
the mismatch parameter, i.e., by varying the average par
energy in the electron beam. For example, forD50.8, as can
be seen from Fig. 3a, most of the energy is concentrated
mode with a single longitudinal variation of the field and t
radiation output profile is single-humped. However, incre
ing this parameterD to 1.5 has the result that the profi
becomes more complicated, for example three-humped~Fig.
3b!. In this case, the radiation spectrum clearly reveals
m55 mode for which the drift angle is more favorable f
thisD. Note also that there is a range of mismatches in wh
periodic self-modulation of the output radiation profile o
curred for a given injection current and system geome
~Fig. 3c!. An increase in the wave coupling coefficient at t
Bragg gratings also gave rise to self-modulation. For
ample, for the coupling coefficienta51.3 self-modulation
was observed when the dimensionless width of the sys
wasLx510.
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Summarizing the results of this analysis, we can co
clude that it is fundamentally possible to obtain cw spatia
coherent lasing for the oversize parameterl x /l'50 obtained
under the experimental conditions, which can be achieved
optimizing the wave coupling coefficient at the Bragg gr
ing and selecting the mismatch. The output radiation w
take the form of a supermode, which may be represente
a set of cold cavity modes with fixed amplitudes and phas
In this connection, it is relevant to carry out detailed expe
mental investigations of the radiation profile of the FEL o
cillator mentioned at the beginning. This should allow us
make a comparison with the results of the simulation a
determine the degree of spatial coherence of the radiatio

1M. A. Agafonov, A. V. Arzhannikov, N. S. Ginzburg, N. Yu. Peskov
S. L. Sinitsky, and A. V. Tarasov, inProceedings of the 11th Internationa
Conference on High Power Particle Beams, Prague, Czech Republic
1996, Vol. 1, p. 213.

2M. A. Agafonov, A. V. Arzhannikov, N. S. Ginzburg, V. G. Ivanenko
P. V. Kalinin, S. A. Kuznetsov, N. Yu. Peskov, and S. L. Sinitsky, IEE
Trans. Plasma Sci.26, 531 ~1998!.

3N. S. Ginzburg, N. Yu. Peskov, A. D. R. Phelps, G. R. M. Robb, a
A. S. Sergeev, IEEE Trans. Plasma Sci.24, 770 ~1996!.

4V. L. Bratman, G. G. Denisov, N. S. Ginzburg, and M. I. Petelin, IEEE
Quantum Electron.QE-19, 282 ~1983!.

5N. F. Kovalev, I. M. Orlova, and M. I. Petelin, Izv. Vyssh. Ucheb
Zaved. Radiofiz.11, 783 ~1968!.
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Influence of charged particles on the fullerene formation process
D. V. Afanas’ev, G. A. Dyuzhev, and V. I. Karataev
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Pis’ma Zh. Tekh. Fiz.25, 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 soot. ©1999 American
Institute of Physics.@S1063-7850~99!00703-X#
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In many respects, the reasons for the highly effici
formation of fullerenes in an arc discharge remain uncle1

and thus some systematic experiments are needed to o
the information that will stimulate new ideas about this pro
lem. The aim of the experiments described in the pres
paper was to identify the influence of charged particles in
fullerene formation process. Many authors hold the view t
this influence is insignificant and consider an arc discha
merely as an efficient source of carbon vapor. According
direct experiments to determine the influence of charged
ticles on the fullerene formation process seem to us to
highly relevant.

It has long been known2 that direct heating of a graphit
rod to temperatures at which appreciable vaporization oc
is extremely difficult because of combustion of the rod. F
our experiments, rf heating of graphite in a helium atm
sphere is also unsuitable because of the possible formatio
an rf discharge. Thus, we prepared a special apparatus sh
schematically in Fig. 1.

A long graphite container1 with a thermal bridge2 was
screwed into a water-cooled current inlet3. A movable 6 mm
diameter graphite rod4 was positioned inside the contain
on the axis. An arc discharge was struck between the ro4
and the bottom of the container1, with the latter acting as the
anode. The arc heated part of this bottom surface to temp
tures at which a considerable amount of graphite vapori
from its outer surface. The vaporized material was collec
at a water-cooled collector5. A water-cooled baffle6 was
provided to completely eliminate any carbon vapor from
inner cavity of the container1 from reaching the collector5.

The device was placed in a vacuum chamber which w
evacuated before the discharge and then filled with helium
70 Torr. The soot collected from the collector5 was analyzed
using a high-resolution, time-of-flight mass spectrometer3

Three types of experiments were carried out:
1. No potential difference was applied between the c

tainer 1 and the collector5, i.e., the graphite underwen
purely thermal vaporization in unionized helium.

2. A low-current discharge was struck between the c
tainer and the collector, with the collector5 as the anode and
the bottom of the container as the cathode.

3. A low-current discharge was struck between the c
tainer and the collector with the container1 as the anode.

In all these experiments the bottom of the container w
1821063-7850/99/25(3)/3/$15.00
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heated by an ‘‘internal’’ arc discharge with a curre
I 5240 A at a voltage of;24 V. Thus, in all cases the rate o
vaporization of the carbon was approximately the same.

The first experiments were carried out with the distan
between the container1 and the collector5 equal to
d;7 mm. Under these conditions the mass spectrome
data for the experiments indicate that the content of all ty
of fullerenes in the soot was less than 1023–1022%. This
result agrees with the results report ed in Refs. 4 and
where it was demonstrated experimentally that in both an
discharge and in a gas burner the fullerene formation zon
separated from the carbon vapor source by a quite spe
distance.

Thus, in the subsequent experiments the distance
tween the container and the collector was set at 20 mm
obtain the following results.

In the first type of experiments, the graphite vaporiz
purely thermally, as we have noted. The area of the heat
on the bottom of the container which appeared at an inte
arc current of 240 A, was;0.5 cm2 and the erosion rate wa
;531026 g/s which corresponded to a graphite surface te
peratureT;3000 K. Under these conditions, a run of seve
minutes sufficed to obtain soot of adequate mass for ana
without the bottom of the graphite container burnin
through.

Figure 2a shows a mass spectrum of this soot sam
The presence of fullerene C60 can be reliably identified from
the spectrum, but it is difficult to determine the absolu
values of the fullerene contenta in the soot by means o
mass-spectrometric techniques. All we can safely say is
a;0.1%.

Keeping the heating of the graphite container consta
we struck a low-current (I 510 mA! discharge between th
bottom of the container~cathode! and the soot collector~an-
ode!. In this case, the discharge current was provided
thermal emission from the heated cathode. Thus, the
charge voltage wasU;60 V. No changes in the mass spect
were identified compared with pure thermal vaporizatio
The spectra clearly show a C60 peak and the content i
a;0.1 %. This result would seem to indicate that the pr
ence of charged particles in the bulk has no influence on
fullerene formation process, but this is not the case.

In the third series of experiments the polarity of the ele
trodes was reversed so that the anode was now the botto
© 1999 American Institute of Physics
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the container from which the carbon vaporized. For this c
the low-current discharge (I;10 mA! is a classical glow dis-
charge~voltage between electrodesU5230 V! complicated
by the vaporization of carbon from the anode. A mass sp
trometric analysis of the soot showed that the intensity of
C60 peak increased substantially~Fig. 2b! and the content of
fullerenes in the soot reacheda; 2–3%.

FIG. 1. Schematic of apparatus:1 — graphite container,2 — thermal
bridge,3 — water-cooled current inlet,4 — graphite rod,5 — water-cooled
soot collector, and6 — water-cooled baffle.

FIG. 2. Typical mass spectra of soot samples: a — pure thermal vaporiza-
tion of graphite, b — vaporization of graphite from anode of glow dis
charge.
e

c-
e

This substantial difference between the experimental
sults can be explained if we recall the characteristics of
potential distribution in low-current discharges. If carbon v
porizes from the cathode, some of the vaporized carbon
oms ~in low-current discharges the degree of ionization
usually;1025–1027) are ionized near the cathode by ele
trons emitted from the cathode and accelerated by the c
ode potential drop. Most of the carbon ions formed in t
cathode layer are returned to the cathode by the electric
and recombine at the surface. In addition, carbon io
formed in the discharge column as a result of volume ioni
tion also diffuse to the cathode under the action of the e
tric field. Thus, in the anode region of the plasma where
fullerenes are mainly formed, the concentration of carb
ions is low and they do not have any significant influence
the fullerene formation process.

The situation is different when carbon vaporizes fro
the anode. A positive anode potential drop is usually est
lished in a glow discharge, which accelerates the elect
flux from the plasma to the anode. In helium with a copp
cathode the normal cathode drop isUc5177 V ~Ref. 6!. The
experimental voltage between the electrodes wasUa5230 V.
Since the potential drop across the plasma of a positive
umn is usually low, in our case the positive anode drop
clearly fairly large,Ua;50 V. The carbon atoms vaporize
from the anode are ionized by the electron flux accelerate
the anode drop. The product ions are delayed by the ele
field of the anode layer, and all enter the plasma where
electric field forces them to diffuse to the soot collecto
Thus, in this case the concentration of ions in the fullere
formation zone should be substantially higher.

These experiments have therefore demonstrated fa
convincingly that if the fullerene formation zone contains
sufficient quantity of charged particles, the fullerene form
tion efficiency is enhanced substantially.

Note that in all these experiments the carbon vapor c
centration was low~erosion rate;1025 g/s!. In an arc dis-
charge the carbon concentration is several orders of ma
tude higher ~the rate of anode erosion under optimu
conditions for fullerene formation is usually;1023 g/s! but
in an arc the plasma concentration is substantially hig
than in a glow discharge. Thus, in our view, the presence
charged particles must be taken into account when stud
the various mechanisms for fullerene formation in an
plasma.

We also note that in an arc discharge the fullerene f
mation process was found to depend markedly on whe
the carbon vapor originated from the cathode (a;0) or from
the anode (a;8%! ~Ref. 7!.

The authors thank A. A. Bogdanov for assistance w
the experiments and discussions on the reasons for thes
sults.

This work was carried out as part of the Russi
Scientific-Technical Program ‘‘Fullerenes and Atomic Clu
ters,’’ Project No. 98056.
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Zh. Éksp. Teor. Fiz.64, 82 ~1973! @Sov. Phys. JETP37, 45 ~1973!#.

4G. A. Dyuzhev and V. I. Karataev, Fiz. Tverd. Tela.~St. Petersburg! 36,
2795 ~1994! @Phys. Solid State36, 1528~1994!#.
5K. N. Homann, Lambda Highlights No. 43~1994!.
6Yu. P. Ra�zer,Gas Discharge Physics~abridged transl., Springer-Verlag
New York, 1991; Russ. original, Nauka, Moscow 1987!.

7D. V. Afanas’ev, I. O. Blinov, A. A. Bogdanovet al., Zh. Tekh. Fiz.
67~2!, 125 ~1997! @Tech. Phys.42, 234 ~1997!#.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999
Topological birefringence and combined Rytov–Magnus effect
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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;(l/r)2 ~wherel is the wavelength andr is the core radius!, while
the linear birefringence isdnL;(l/r)3. This topological birefringence is characterized not
only by the polarization basis~as in crystals for example! but 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 fiberIV vortex and is observed experimentally as the combined
Rytov–Magnus effect. ©1999 American Institute of Physics.@S1063-7850~99!00803-4#
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The birefringent properties of a locally isotropic layer
medium, i.e., shape birefringence,1 are caused by a differ
ence in the boundary conditions for the normal and tang
tial components of the TE and TM modes. In the guidi
medium of stepped multimode optical fibers, shape biref
gence is observed as a difference in the polarization cor

tions db to the propagation constantsb̃ of the azimuthally
symmetric, linearly polarized TE and TM modes.2 However,
for optical fibers with a smooth~graded! refractive index
profile n(r ), in particular for parabolic fibers, the polariza

tion correctionsdb̃TE and db̃ are the same in the first ap
proximation of perturbation theory.2 This gives the impres-
sion that no shape birefringence occurs in graded-in
fibers. Nevertheless, Liberman and Zel’dovich3 used WKB
methods to analyze the propagation of rays in a locally i
tropic, smoothly varying medium and showed that the lin
birefringence is of the orderdnL;(l/a)2 ~where a is the
characteristic scale of the variations!, whereas the circula
birefringence is given bydnC;l/a. In what follows we wall
assume that during the propagation process linear bire
gence transforms right circular polarization with the helic
sz511 into left circular polarization withsz521. Circu-
lar birefringence does not change the circular polarizat
state (sz5const), but the propagation velocities of th
sz511 andsz521 waves are different. This discrepanc
between the results forces us to conclude that: 1! either the
approximation used in Ref. 2 is inadequate to describe lin
birefringence~shape birefringence! or 2! the processes in op
tical fibers are not described using WKB methods. The a
of the present paper is to study linear and circular birefr
gence processes in few-mode fibers.

We shall first analyze the propagation of guidedCV vor-
tices, TE and TM modes in optical fibers with a graded
fractive index profilen2(R)5nco

2 (122D f (R)), whereD is
the profile height,f (R) is the profile function,R5r /r, r is
the core radius, andnco is the refractive index of the core. I
Ref. 4 we showed that the polarization correctiondb to the

propagation constantb̃ is the average of the spin–orbit in

teraction operatorV̂. For parabolic fibers (f (R)5R2) the
1851063-7850/99/25(3)/2/$15.00
n-

-
c-

x

-
r

n-

n

ar

-

-

polarization corrections tob̃ for the TE and TM modes are
the same (db̃TE5db̃TM). However, this result was obtaine
assuming that in a weakly guiding fiber (D→0) spin–orbit
interaction changes the propagation constant tob5b̃1db,
but the fields of the natural modes remain unchanged,e5ẽ
~where ẽ is the field of the natural modes in the scalar a
proximationD'0) ~Ref. 2!.

We expand the electric field of the natural fiber modee
in powers ofD:

e5ẽuD501De~1!1D2e~2!1 . . . . ~1!

We can show that if we confine ourselves to the first t
terms in expression~1!, the polarization correctiondb is
given by

db5db̃12D2AE
S

E @e~1!
“ f :“ẽ* 1e~1!*“ f :¹ẽ#dS,

~2!

where A215(2V)/(rA2D)*
S
*(ẽ* •e1ẽ•e* )dS, S is the

area of the fiber cross section, andV is the waveguide pa-
rameter. The value ofdb̃ is of orderD. For an axisymmetric
medium (] f /]w50) the correction fielde(1) is determined
from the equations:

F ]R
21

1

R
]R2

1

R2
1Ũ22V2f 1

1

R2
]w

2 Ger
~1!2

2

R2
]wew

~1!

52]Rf ]Rẽr12]R
2 f ẽr1

4rV

~A2D!3
db̃ẽr ,

F ]R
21

1

R
]R2

1

R2
1Ũ22V2f 1

1

R2
]w

2 Gew
~1!1

2

R2
]wer

~1!

5
2

R
]Rf ]wẽr1

4rV

~A2D!3
db̃ẽw . ~3!

The solution of these equations for the fields ofCV vortices
and for the TE and TM modes is given in Table I. It can
© 1999 American Institute of Physics
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seen that for parabolic fibers the polarization correctio
db (1) for the TE and TM modes are different (dbTE

(1)50).
This means that the fields of the TE and TM modes in pa
bolic fibers are phase mismatched. When the fiber is exc
by circularly polarized light, the TE and TM modes combi
to form a topologically inhomogeneousIV vortex.5 The field
of the IV vortex contains the partial vorticesu11,21. and
u21,11., which cannot exist independently. In a parabo
fiber the IV vortex is structurally stable in thedb̃ approxi-
mation. In a stepped fiber theIV vortex is structurally un-
stable, and during the propagation process beats occu
tween theu11,21. and u21,11. partial vortices.

The results given in Table I imply that in a parabo
fiber (V53.6 andr53.5mm! the signs of the topologica
charge and the helicity in aIV vortex are transformed ove
the distanceL'67 m. This change in the state of theIV
vortex field is equivalent to the action of the effective line
topological birefringence of the TE and TM modes:

dnL5
~A2D!3

4p3nco
2 S l

r D 3

. ~4!

For the parameters of a parabolic fiber given above the lin
birefringence isdnL'2.3531028.

The difference in the signs of the topological charge a
the helicity of the partialIV vortices was taken into accoun
in the derivation of Eq.~4!. In classical crystal optics the
linear birefringencednL is characterized only by the pola
ization basis~by the sign ofs or the orientation of thex and
y components of the vectore). For locally isotropic optical
fibers the value ofdnL is characterized by two indicesl and
s and generally has a topological nature.4 Thus, the linear
birefringence of locally isotropic few-mode fibers may
called topological birefringence.

TABLE I. Corrections to the electric fields and propagation constants
CV vortices, and TM and TE modes of an optical fiber.

k511l>1
s561 k521l 51 k521l 51

k521l .1
CVs l

ks TM TE

ẽr

1

A2
F̃ le

is( l 1k)w F̃1 0

ẽw

iks

A2
F̃ le

is( l 1k)w 0 F̃1

er
(1) 1

A2
Fl

(1)eis( l 1k)w F1
(1) 0

ew
(1) 0 0 0

db( f 5R2) 2k( l 1k)
(A2D)3

2rV 0 0

db (1)( f 5R2) 2k( l 11)(l 13k)
(A2D)5

2rV2
22

(A2D)5

rV2 0

For the profilef 5R2:F̃ l5Rlexp(2VR2/2),
Fl

(1)5Rl 12exp(2VR2/2).
s

-
d

e-

r

ar
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It can be seen from Table I that the zeroth polarizat
correctiondb̃ for circularly polarizedCV vortices is almost
two orders of magnitude higher than the first polarizati
correction. However, the correction only changes the ph
of the CV vortex, while the topological charge and the p
larization remain constant. In addition, the polarization c
rectionsdb̃ for homogeneousus l ,s. and inhomogeneous
us l ,2s. vortices differ. Consequently, these vortices a
subjected to circular birefringence. From Table I we find th
the topological circular birefringence ofCV vortices is given
by

dnC5
s lD

8p2nco
S l

r D 2

. ~5!

For parabolic fibers with the parameters given above
find dnL'2.731026. Thus, in parabolic fibers the circula
and linear birefringence differs by two orders of magnitud

On the basis of the experimental results reported in R
5 from the beat length of theIV vortex field we find that the
linear topological birefringence in stepped fibers
dnL'1.431026, i.e., the linear birefringence and circula
birefringence in stepped fibers are of the same order of m
nitude.

Note that when the circularly polarized CP11 mode is
excited in stepped fibers, conversion of the orbital and s
angular momenta is observed,6 which shows up experimen
tally as a systematic replacement of the Rytov–Vladimirs�
effect by the Magnus optical effect~the combined Rytov–
Magnus effect!. In this case, the linear and circular birefrin
gence mechanism acts simultaneously. Thus, the comb
Rytov–Magnus effect is based on the topological birefr
gence of light in optical fibers.

Topological birefringence has already been observed
essentially multimode fibers,7 having an order of magnitude
of 1026, and appearing experimentally as angular splitting
the wave caustics. In the field of a linearly polarized L
mode in a few-mode fiber topological birefringence8 is mani-
fest in the creation and annihilation of circularly polarize
C1 andC2 disclinations.

1M. Born and E. Wolf,Principles of Optics, 4th ed. ~Pergamon Press
Oxford, 1969; Nauka, Moscow, 1973, 720 pp.!

2A. W. Snyder and J. D. Love,Optical Waveguide Theory~Methuen, Lon-
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4A. V. Volyar, V. Z. Zhila�tis, and V. G. Shvedov, Pis’ma Zh. Tekh. Fiz
24~20!, 87 ~1998! @Tech. Phys. Lett.24, 827 ~1998!#.

5A. V. Volyar, T. A. Fadeeva, and Kh. M. Reshitova, Pis’ma Zh. Tekh. F
23~5!, 70 ~1997! @Tech. Phys. Lett.23, 198 ~1997!#.

6A. V. Volyar and T. A. Fadeeva, Pis’ma Zh. Tekh. Fiz.23~23!, 59 ~1997!
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Dielectric properties of single crystals of lead barium scandoniobate solid solutions
I. P. Raevski , V. V. Eremkin, V. G. Smotrakov, E. S. Gagarina, and M. A. Malitskaya
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It has been established that the concentration dependence of the temperatureTm of maximum
permittivity « corresponding to the ferroelectric phase transition in crystals of
Pb12xBaxSc0.5Nb0.5O3 solid solutions does not saturate in the range 0,x,0.6, unlike in the
ceramic. However, the broadening of the maximum of« is similar in both crystals and ceramics.
The frequency dependence ofTm 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. ©1999 American Institute of Physics.@S1063-7850~99!00903-9#
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The ferroelectric solid solution ceramics of lead bariu
scandoniobate Pb12xBaxSc0.5Nb0.5O3 ~PBSN! have recently
attracted increasing attention both as a potentially us
base for developing electrooptic and capacitor materia1,2

and as a model for studying the broadening of ph
transitions.3,4 However, available data on theT–x phase dia-
gram and the nature of the phase transition broadenin
these solid solutions are incomplete and very contradict
In particular, no clear explanation has been given for
abrupt suppression of the concentration dependence o
temperatureTm of maximum permittivity « observed for
x.0.3–0.4, which corresponds to the ferroelectric ph
transition. The extremely strong broadening of the maxi
of «(T) observed for compositions with a high Ba content
also unexplained. One possible reason for this may be
presence of a concentration gradient of the component
the ceramic grains2 as a result of the difficulty of fabricating
ceramics of equilibrium PBSN solid solutions because of
substantial difference in the reactivities of PbSc0.5Nb0.5O3

~PSN! and BaSc0.5Nb0.5O3 ~BSN!. In order to achieve an
equilibrium state, the temperature and firing time of the
ramic must be increased, which increases the probabilit
vacancy formation in the lead. The aim of the present pa
is to study the dielectric properties of single crystals
PBSN solid solutions and compare these with the proper
of ceramics fabricated by hot pressing at high temperatu2

for which departure from euilibrium of the composition, an
lead defects are considerably less likely to have any in
ence than in ceramics prepared by the usual firing proce

Transparent yellow crystals of Pb12xBaxSc0.5Nb0.5O3

with 0<x<0.58 ~from data obtained using a Cameba
Micro scanning microscope microanalyzer! of predominantly
isometric shape and measuring 1–2 mm were grown by m
crystallization. The method of growing and analyzing t
crystals was similar to that described in Ref. 5. An x-r
structural analysis showed that the reduced parameter o
rhombohedrally distorted perovskite crystal cell increa
approximately linearly with increasingx. Unlike the
ceramic,2 the x-ray diffraction patterns showed no lin
broadening compared with PSN, which indirectly indica
that these solid solutions are in equilibrium.
1871063-7850/99/25(3)/2/$15.00
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As in ceramics, an increase in the Ba content decrea
the temperatureTm corresponding to maximum«(T) in
PBSN crystals, increases its degree of broadening, and
duces the maximum«m ~Figs. 1 and 2!. The «m(x) and
Tm(x) dependence for the crystals and the ceramic is fa
similar. The saturation ofTm(x) observed in the ceramic fo
x.0.4 is evidently attributable to the nonequilibrium of th

FIG. 1. Concentration dependence of the temperatureTm of maximum per-
mittivity « ~1!, maximum permittivity«m ~2!, the phase broadening param
eters ~3!, and the difference betweenTm at 1 kHz and the Vogel–Fulche
temperatureT0 ~4! for Pb12xBaxSc0.5Nb0.5O3 solid solutions. Solid curves
— crystals and dashed curves — ceramics~from data given in Ref. 2!.
© 1999 American Institute of Physics
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ceramic samples. The curves of«(T) for some crystals with
a high Ba content reveal small additional anomalies ab
the temperature of the principal maximum. These may w
be caused by the formation of a thin surface layer contain
a larger quantity of PSN compared with the bulk at the
stant when the mother flux combines. The existence of s
lar layers was noted previously for crystals of other so
solutions.5

Above Tm the temperature dependence of« for most
crystals is accurately described by6

1

«
5

1

«m
1

~T2Tm!2

2«ms2
. ~1!

It can be seen from Fig. 1 that the transition broaden
parameters for the crystals is similar to that for ceramic
determined using data from Ref. 1.

FIG. 2. Temperature dependence of«/«m («m is the maximum of«) for
crystals of Pb12xBaxSc0.5Nb0.5O3 solid solutions, measured at 1 kHz
1 — x50, 2 — x50.04, 3 — x50.06, 4 — x50.17, 5 — x50.48, and
6 — x50.58; b — dependence of (lnf02lnf)21 on Tm for
Pb12xBaxSc0.5Nb0.5O3 crystals, illustrating the Vogel–Fulcher law. The n
tation is the same as in Fig. 2a.
e
ll
g
-
i-
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The values ofTm for the crystals increased as the fr
quencyf of the measuring field increased. The dependenc
Tm on f is accurately described by the Vogel–Fulcher law

f 5 f 0exp@2E/k~Tm2T0!#, ~2!

where f 0 is the frequency of attempts to overcome the p
tential barrierE, k is the Boltzmann constant, andT0 is the
Vogel–Fulcher temperature, which is interpreted as the te
perature for ‘‘static freezing’’ of the electric dipoles or
transition to the dipole glass state.7,8 In PBSN crystals we
find f 0 5 ~0.5–1!31011Hz, which is similar to the values
observed in other ferroelectric relaxors.8–10For pure PSN the
values ofT0 are close toTm ~Refs. 9 and 10! but asx in-
creases, the differenceTm2T0 increases, reaching'60 K
for x'0.4 and then remaining approximately constant. N
that approximately the same differenceTm2T0 is observed
in crystals of the classical ferroelectric relax
PbMg1/3Nb2/3O3 ~Ref. 8!.

Thus, the saturation of the dependenceTm(x) observed
in ceramics of PBSN solid solutions forx.0.4 is evidently
caused by the presence of concentration inhomogenei
However, the strong broadening of the phase transition
served both in the ceramic and in the crystals is proba
caused by the appearance of properties typical of dip
glasses~frustration in the crystal lattice of the ferroelectric
which nonferroelectric material is dissolved2,11!. This expla-
nation is also supported by the results of studying the th
mal conductivity of PBSN ceramics.3

This work was partially supported by the Russian Fu
for Fundamental Research, Project No. 96-02-17463.
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Some new possibilities for using waves from cylindrical emitters
I. A. Kolmakov
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Pis’ma Zh. Tekh. Fiz.25, 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 discussed. ©1999 American Institute of Physics.
@S1063-7850~99!01003-4#
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The present paper examines two aspects of using cy
drical acoustic waves: in flow metering and in wavegu
information transmission technology, where the scope
these fields of applied acoustics can be expanded cons
ably.

In order to determine the flow rate accurately, it is ne
essary to know the flow velocity simultaneously at all poin
in the radial cross section of a channel~pipe! containing the
medium being measured, and equally importantly the ini
information on the flow must be measured with a high d
gree of accuracy. Satisfying the first condition can elimin
the fundamental procedural error inherent in all known me
ods of measuring the flow rate. The importance of the sec
condition requires no explanation.

Below we analyze a new principle for measuring flo
rates using waves generated by a cylindrical emitter, wh
eliminates the first error and also satisfies the second co
tion, since the measured quantity is the frequency, which
be measured extremely accurately. For conciseness this
measurement principle is demonstrated for a specific fl
meter, shown schematically in Fig. 1 together with the wa
field formed in the medium inside the channel.

A short exciting pulse is supplied from an electric sign
generatorG to a cylindrical wave emitterR, causing the
emission of a cylindrical wave. As the wave propagates,
wavefront section near the end becomes curved and form
cone near theZ longitudinal axis. This conical wavefront i
responsible for the formation of a longitudinal component
the momentum~or depending on the wave amplitude, of th
motion of the medium as an entity!, which excites plane
waves traveling from the region with the cylindrical wav
along theZ axis. After being reflected from theZ axis, a
diverging cylindrical wave forms, which after reaching th
1891063-7850/99/25(3)/2/$15.00
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channel wall and being reflected from it, again travels tow
the Z axis. At the instant of reflection from the longitudina
axis, two plane waves again form, traveling in opposite
rections, and so on. Thus, as a result of a single exte
pulse, a series of cylindrical reverberation~damped! waves
forms in the medium inside the channel accompanied by
same number of plane waves traveling in the same direct
If the medium in the channel is stationary, the end plane
the cylindrical wavea1Oa1 is also stationary. If the medium
moves with the velocityU, the end planea1Oa1 will move
at the same velocity.

In Fig. 1 the trajectories of the cylindrical waves in th
a1Oa1 plane are shown arbitrarily forU50 by the lineOa1;
for UÞ0 they are shown by the linesa11, 1a2 , a22, . . . ,

where the pointO corresponds to the timet050, 1 corre-
sponds to t1, and so on, i.e.,t15R0(c1U)21, t25t1

12R0(c1U)21, . . . , whereR0 is the channel radius andc

is the velocity of sound in the medium. Thus, a detectoA
will record the signal frequency Doppler-modified by th
flow of the medium, that is, the source of informatio
carrying signals, i.e., the region with the cylindrical wav
which generates plane waves alongZ, moves with the flow at
the velocity U relative to the signal detectorA. The fre-
quency recorded by the detector is

n5
c

2R0
S 11

U

c D , ~1!

and the volumetric flow rate through the channel with allo
ance for Eq.~1! is given by

Q5pR0
3~2n2n0!, n05cR0

21 . ~2!
FIG. 1.
© 1999 American Institute of Physics
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The mass flow1 Qm5Q r can also be measured at th
same time as the volumetric flow rate. In this case, the
quencyn is used to determinec and the amplitude of the
acoustic pressureP8 at the transducer~which acts alternately
as emitter and detector of the cylindrical waves! is used to
determiner8 as c5(P r21)1/2. The most important advan
tage of using cylindrical waves is that for each single pro
gation of a cylindrical wave from the channel wall to th
longitudinal axis the velocities are automatically integra
at all points in the radial cross section of the flow chann
since at any point in the cross section the wave deflectio
exactly equal to the instantaneous value of the flow velo
at this point. Consequently, the time of arrival of the cyli
drical wave on the axis will correspond to the exact value
the flow velocityU ~flow rate! and the frequency recorded b
the detector will therefore determine the exact value of
flow rate. The feasibility of this principle of flow rate mea
surements has been confirmed experimentally.

Another efficient application of cylindrical transducers
in information transmission technology using acous
waveguides. We shall briefly discuss the advantages in th
-

-

d
l,
is
y

f

e

se

cases. As we know,2,3 the use of normal waves as informa
tion carriers is impeded by the existence of sets of criti
frequencies in waveguides. Plane waves excited by cylin
cal emitters are not normal, and so critical frequencies do
exist for these waves~as was also confirmed experimentally!.
Thus, by using cylindrical emitters it is possible to transm
information in any frequency range. The motion of the m
dium in the waveguide creates an additional channel for
quency control. Moreover, some experiments can be car
out exclusively using cylindrical emitters, for example,
cases where counterpropagating plane waves interact w
trains of primary waves occupy the entire inner region of
channel between the emitters.

1L. D. Landau and E. M. Lifshits,Fluid Mechanics, 2nd ed.~Pergamon
Press, Oxford, 1987! @Russ. original, later ed., Nauka, Moscow 1988, 7
pp.#

2M. A. Isakovich,General Acoustics@in Russian#, Nauka, Moscow~1973!,
495 pp.

3M. B. Vinogradova, O. V. Rudenko, and A. P. Sukhorukov,Wave Theory
@in Russian#, Nauka, Moscow~1979!, 387 pp.

Translated 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. Fiz.25, 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 amplitude~1–7!31010A/m2

and duration 50–200ms 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 Physics.@S1063-7850~99!01103-9#
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The operation of semiconductor devices and integra
circuits is usually associated with increased thermal and
chanical loads which reach critical values1,2 at elevated cur-
rent densities. Any abrupt changes in the current loads g
rise to thermal shocks which excite various types of m
chanical vibrations. However, the influence of contact he
ing and degradation processes on the spectrum and ener
the vibrations has been very little studied, and as dev
become more highly integrated further attention must
given to this issue. Thus, in the present paper we analyze
spectra and energy of the flexural vibrations of silicon waf
when metallized layers of special test structures are subje
to current heating.

Acoustic signals were excited by impacting a 3–1
steel ball against the surface of the wafer and passing r
angular current pulses of varying amplitudej5~1–7!
31010A/cm2 and durationt550–200ms through aluminum
tracks deposited on the surface of a silicon wafer.3 The sub-
strates were@111#-oriented, phosphorus-doped silicon wafe
of resistivity 30V•m. Aluminum films 3.2mm thick were
deposited by electron-beam evaporation at a rate of 2 nm
1911063-7850/99/25(3)/3/$15.00
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a residual pressure of 431024 Pa and substrate temperatu
373 K.

The flexural vibrations were detected by a piezocrys
transducer mounted at the edge of the wafer near the m
base cut. The transducer was a TsTS-19 piezoceramic w
of thicknessd5300mm and diameter 13 mm, whose natur
frequencies (f i>4 MHz! were higher than the spectral com
position of the signal response. This allowed the freque
characteristic of the medium to be determined using the e
trical responseU(t) from the transducer, which was fed t
an S9-8 storage oscilloscope connected to a compute
record and store the data. The signal was frequency-filte
using a standard fast Fourier transform algorithm in orde
expand it into its elementary components. This allowed us
analyze the behavior of isolated harmonics and of the ene
W of the flexural vibrations of the wafer, which are relate
by4

W5
m

4 (
n

An
2vn

2 , ~1!
FIG. 1. Spectra of flexural vibrations of a wafer exposed to mechanical~a! and thermal~b! action.
© 1999 American Institute of Physics
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TABLE I. Comparison between theoretical and experimental values of the natural vibration frequencie
wafer with a clamped edge exposed to mechanical and thermal influences.

Calculated
value f n 981 1836 2356 3216 3904 4189 5543 7138 7836 9695 160

Mechanical
action
f n , Hz 1270 2051 2393 3076 3809 4321 5786 6960 7935 9741 167

Thermal
action
f n , Hz 1270 2051 2344 3174 3857 4297 5859 6980 77882 2
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wherem is the mass of the wafer, andvn andAn are all the
natural frequencies and amplitudes of the wafer vibration

The numerical values ofvn for a wafer with a clamped
edge can easily be calculated using the equation4

vn52p f n5
p2h

b2
bn

2F E

3r~12s2!
G 0.5

, ~2!

if we know the half-thicknessh, radiusb, densityr, Young’s
modulusE, Poisson ratios, and the roots of the correspond
ing characteristic equationbn .

An analysis of the parameters of the recorded signal
der mechanical action revealed a direct proportional relat
ship betweenU(t) and the velocity of the vibrationsv(t)
~Ref. 5!. Thus, in our case the energy of the flexural vib
tions is proportional toW;(nUn

2 , whereUn are the ampli-
tudes of the harmonics of the experimental spectrum.

For comparison Fig. 1 shows spectra of the signals un
mechanical~a! and thermal~current! impact ~b! for a wafer
with a clamped edge. It can be seen that signals are excit
frequencies between 0.5 and 20 kHz which correspond
the flexural vibration modes. A comparison between the
perimental spectrum and the natural frequencies of the fl
ural vibrations calculated using Eq.~2! shows good agree
ment over the entire spectral range~see Table I!. This
indicates that even negligible current pulses applied to
metallization layers lead to the excitation of flexural vibr
tions in the wafer. In this case, the generation of sound
caused by the rate of expansion of the heated sections o
medium and is of a thermal nature.7
.
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We shall analyze some characteristic features of this p
cess for this particular system. If the power density of t
heat sources is given by7

Q~x,y,z,t !5mJ~x,y!exp~2mz! f ~ t !, ~3!

when a silicon wafer is heated by current pulses of durat
t, the inequalityt.ta ,tx is satisfied,6,8 and the components
of the stress tensorsRR have the form7

sRR5
~4/n223!aa2J

4
~M ~u! f 8~ t2R/CL!

1tmK~u! f 9~ t2R/CL!!. ~4!

In Eqs. ~3! and ~4! J(x,y) is the power released at th
contact in watts per square meter per second,m is the ab-
sorption coefficient in reciprocal meters,f (t) is a function of
time which determines the pulse shape,R is the distance
between the sound source and the observation point,x is the
thermal diffusivity of the semiconductor,CL andCt are the
propagation velocities of the longitudinal and transve
waves,n5CL /Ct , ta5a/CL , and tx5x/CL are the char-
acteristic delay times of the acoustic waves, anda is the
contact area.

It is easy to see that the shape of the acoustic pu
depends on the envelope of the current pulse and on
power of the radiation pulse. Thus, the switchon a
switchoff times of the current pulse when the rates of cha
in the temperature of the heated volume are greatest, sh
be determining factors for the onset of vibrations. Moreov
FIG. 2. Amplitude of the harmonics~a — 11.25 kHz, b —
7.788 kHz! as a function of the durationt of a current pulse of
amplitudej 5331010 A/m2.
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FIG. 3. Energy of flexural vibrations as a function of th
current pulse duration for constantj 5331010 A/m2

~dashed curve! and as function of the pulse amplitude fo
a constant durationt5110ms ~solid curve!.
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the interaction between the wave packets at the instant
heating and cooling for varioust should have a substantia
influence on the amplitude of the harmonic compone
forming the signal.

A detailed analysis of the spectra under the action
current pulses in the rangeDt5170–420ms confirms this.
Moreover, the dependence is periodic with a characteri
time Ti51/f i ~Fig. 2!. Extreme values of the amplitude o
the fixed harmonicf i are observed for durationst i5(k
11)/(2 f i), wherek51,3,5, . . . correspond to minima an
k52,4,6, . . . correspond to maxima. Thus, as a result o
change in the contribution of the corresponding harmon
the dependence of the flexural vibration energy ont should
be oscillatory. This is clearly confirmed by the experimen
curveW(t) ~dashed curve in Fig. 3! in the range of durations
Dt5250–380ms. A general increase inW with increasingt
is clearly caused by changes in the power density of the
sourcesQ.

An increase inQ as far as critical values must affect th
vibration energy. In fact, whenj 5631010A/m2 is reached
the curve ofW( j ) ~solid curve in Fig. 3! shows an abrup
increase in the energyW. Independent investigations of th
degradation process of aluminum–silicon contacts3 show
that at current densitiesj > j k (t is fixed! the aluminum film
fuses and contact melting occurs in an Al–Si system.9 This
of

s

f

ic

a
s,

l

at

promotes an abrupt increase in the energy of the flex
vibrations as a result of a stepwise change in the electr
resistivity of the metallized Al layer during fusion.10 The
higher the current densityj k;1/(tk)0.25, the earlier the met-
allized layer begins to be damaged.

This work was financed by a grant from the State Co
mittee for Higher Education ‘‘Degradation processes
multilayer thin-film silicon structures.’’
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted July 16, 1998!
Pis’ma Zh. Tekh. Fiz.25, 64–69~March 12, 1999!

The synthesis of layers of glycerin-containing, self-developing bichromated gelatin between 100
and 500mm 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 200mm thick and have an ammonium bichromate
concentration of 2–2.5% by weight of dry gelatin. The sensitivity of these layers is 5–10 J/cm2.
© 1999 American Institute of Physics.@S1063-7850~99!01203-3#
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Thick volume holograms, i.e., holograms recorded
light-sensitive layers on the order of a few millimeters thic
have many properties which can be widely used in the
velopment of optical elements for modern optical inform
tion processors, in optical memory systems with multip
recording of information, and so on. Here we report resu
of experiments to study a thick-layer, self-developing lig
sensitive material using glycerin-containing bichroma
gelatin.1

A type of self-developing layer of bichromated gelat
with glycerin added up to 95% by weight of dry gelati
having a thickness on the order of 5–10mm after drying has
been described in the literature.2 The glycerin in these layer
acts as a plasticizer and is also used to maintain a ce
quantity of water molecules which can develop a latent
age because hydrogen bonds are present.

We prepared and investigated self-developing, glyce
containing layers of bichromated gelatin having a lay
thickness of between 100 and 500mm after drying. The
preparation process was similar to the well-known techn
ogy for fabricating layers of bichromated gelatin.3 A melted
solution of 6% gelatin was poured onto a glass substrat
40°C; to this we added up to 95% glycerin and 0.5–4%
ammonium bichromate by weight of dry gelatin. After ge
ling in a refrigerator for 24 h, the layers were then left for
few days at room temperature, their thickness decreasin
a factor of five or six.

The main holographic characteristics of the layers w
determined by recording holograms of two plane wav
formed from helium–cadmium laser radiation. The interf
ing beams propagated symmetrically relative to the nor
to the surface of the layers, intersecting at an angle of 1
The power density of the radiation in the plane of the ho
gram was on the order of 10 mW/cm2. The reconstructed
wave formed in the first few seconds of recording the ho
gram. By periodically covering one of the interfering beam
and measuring the intensity of the light reconstructed by
hologram, we were able to measure the hologram diffrac
1941063-7850/99/25(3)/2/$15.00
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efficiency versus the exposure time by reading out ho
grams at 0.44mm directly during the recording process.

Figure 1 gives results of measurements of the hologr
diffraction efficiency when holograms are read out
helium–cadmium laser radiation during the exposure ti
for various concentrations of ammonium bichromate and l
ers of order 200mm thick. Similar behavior was obtained fo
layers between 100 and 500mm thick. Figure 2 gives the
maximum attainable diffraction efficiency of holograms
two plane waves plotted as a function of the ammoni
bichromate concentration for layers of different thickne
when the holograms are read out by 0.44mm helium–

FIG. 1. Diffraction efficiencyh of holograms of two plane waves as
function of the exposureE to helium–cadmium laser radiation for layers o
bichromated gelatin around 200mm thick containing various concentration
of ammonium bichromate~percent by weight of dry gelatin!: 1 — 1.25,2 —
2.5, 3 — 3.0, and4 — 4.0.
© 1999 American Institute of Physics
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cadmium laser radiation. The highest diffraction efficienc
were obtained for layers of order 200mm thick. The maxi-
mum diffraction efficiency is close to 40% for an avera
exposure of 30 J/cm2. From this we can estimate the sen
tivity of this thick-layer, glycerin-containing bichromate
gelatin to be approximately 5 J/cm2, which is close to the
sensitivity of thick-layer reoxane materials4 and the gel-like
bichromated gelatin proposed by us earlier.5,6 Applying the
Kogelnik coupled wave theory,7 we can use the experiment
data on the hologram diffraction efficiency and the transm
sivity and thickness of the layers to estimate the chang
the refractive index in layers of bichromated gelatin expo
to the action of helium–cadmium laser radiation. The larg
changes in the refractive index for these layers were 0.00
0.0004.

Helium–neon laser radiation was also used to read
holograms at the Bragg angle during the hologram record
process. Figure 3 gives the maximum attainable holog
diffraction efficiency as a function of the ammonium bichr
mate concentration for samples of order 200mm thick using
helium–neon~curve1! and helium–cadmium~2! readout ra-
diation.

Increasing the angle of intersection of the interferi
beams during the hologram recording process reduces
maximum attainable diffraction efficiency to 20%, 6%, a

FIG. 2. Maximum attainable diffraction efficiencyh as a function of the
ammonium bichromate concentrationC for layers of varying thickness~in
microns!: 1 — 150,2 — 200,3 — 300, and4 — 400.
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2% for angles of 20, 30, and 40°, respectively, between
interfering beams. Assuming that a diffraction efficiency
1% is sufficient, the resolution of the self-developing thic
layer bichromated gelatin may be taken to be 1200 mm21.

In addition to having the property that a latent image
self-developing because the dried layer of gelation reta
some water molecules in complexes with glycerin, the p
posed thick-layer light-sensitive material can also store
corded holograms of two plane waves for an almost unl
ited time without any significant deterioration in th
diffraction efficiency. This light-sensitive material is inex
pensive and fairly simple to fabricate.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 97-02-18285! and by the
CRDF fund~Grant No. RE2-162!.
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FIG. 3. Maximum attainable hologram diffraction efficiencyh as a function
of ammonium bichromate concentrationC using helium–neon~curve1! and
helium–cadmium readout radiation~curve2! for layers 300mm thick.
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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. Fiz.25, 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 device~in particular, a deflector! while
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. ©1999 American Institute of Physics.
@S1063-7850~99!01303-8#
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In an earlier study Petrov1 proposed a method of increa
ing the frequency band of Bragg acoustooptic cells by us
multielement transducers with variable parameters includ
the grating pitchl, electrode lengthH, which determines the
inductance of the elements, phase shift per cellw0, cell im-
pedanceZ, and also the thickness of the piezoelectric lay
The expression derived by Petrov1 to calculate the frequenc
dependence of the structure pitchl, which ensures exact self
tuning of the acoustic beam to the Bragg angle, is given

l 5wmV/2p f sin$Q0i1~21! iarcsin~l0f /2n0V!%, ~1!

wherewm5w012pm, m is the number of the spatial ha
monic of the acoustic field,V is the velocity of sound in the
crystal, Q0i is the angle of incidence of the optical bea
relative to the transducer plane, andi is an index correspond
ing to one of the two possible directions of incidence of t
optical beam relative to the acoustic wavefront. The dep
dence~1! removes the constraint on the length of the mu
element transducer imposed by the need to create a g
beam divergence in a particular frequency band to comp
sate for the mismatch between the frequency variation of
Bragg angle and the angle of inclination of the acous
wavefront when periodic structures are used. Conseque
a high diffraction efficiency can be achieved over a bro
band of acoustooptic interaction frequencies.

For a given frequency dependence of the phase shift
cell w0( f ) we used the dispersion equation obtained w
allowance for expression~1! to analyze the behavior of th
impedanceZ in the frequency band and the electrode len
H of each cell in the multielement structure.

A multielement microstripe transducer with variable p
rameters is analyzed assuming that the pitch of the sys
1961063-7850/99/25(3)/2/$15.00
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varies negligibly over a certain section of the transdu
lengthL, so that in this section the system can be regarde
periodic. This approach allows us to use methods develo
in the widely used theory of retarding systems in vacu
electronic devices with extended interaction.2

Figure 1 gives a schematic top view of the multieleme
piezotransducer showing the variable parameters analyze
the present study. A metal underlayer1, a piezoelectric film
2, and a metal overlayer in the form of a comb structure3
with varying parameters are successively deposited at
end of a lithium niobate crystal. The thickness of the piez
electric film varies~increases! from 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 c
tain range of transducer lengthL ~a moving window! in
which the electroacoustic conversion efficiency is high
and which moves along the transducer lengthL as the work-
ing frequency varies within the pass band. This window
each frequency corresponds to the region of the multielem
structure which gives exact tuning of the acoustic wavefr
at the Bragg angle. The sections of overlap between the
derlayer and the comb electrodes comprise plane-paralle
pacitors filled with piezoelectric and form isolated transdu
elements which excite acoustic vibrations, while the co
electrodes of lengthH form inductances. Thus, this electro
dynamic structure may be represented as a multielemen
ter chain or a retarding system.

The problem of calculating the characteristics of th
type of system can be solved in two stages. In the first sta
a strict electrodynamic formulation and the Fourier–Galer
method3 are used to calculate the parameters of a perio
stripe line formed by an array of ideally conducting ribbon
© 1999 American Institute of Physics
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regular along thez axis and periodic along thex axis, located
at the interface of the magnetodielectrics.

In the second stage the calculated parameters of the
riodic stripe line ~quasi-T wave propagation consta
g(v,w0) and impedanceZ(v,w0)) and the conditions at th
ends of the pins are used to calculate the behavior of
retarding system using the method of multiconductor line2

The relationship between the potentials and the curre
in the planesz50 andz5H at the ends of pins attached to
busbar (z5H) may be written using the transfer matrix of
section of the stripe line~loop! and the input conductanceY
of a pin in the periodic stripe line in the planez5H:

FU1~H !

I 1~H !
G5F cosgsH ~ jZs!singsH

~ j /Zs!singsH cosgsH
G

3F 1 0

Y 1GFU2~H !

I 2~H !
G , ~2!

wheregs andZs are the wave number and the wave impe
ance of the loop.

Using the Flocquet condition, we obtain from Eq.~2! a
system of linear algebraic equations. The condition that
determinant is zero is the equation for the wave dispersio
this periodic structure:

DetS F cosgsH ~ jZs!singsH

~ j /Zs!singsH cosgsH
G

3F 1 0

Y 1Ge2 j w02F1 0

0 1G D 50. ~3!

The input impedanceZ(H)5Y21 in the planez5H of a
section of the periodic stripe line with wave impedanceZ0

and wave numberg0 loaded to the resistanceZ(0) is given by

Z~H !5Z0

Z~0!1 jZ0 tang0H

Z01 jZ ~0! tang0H
, ~4!

whereZ(0)52 j (1/vC) andC is the capacitance of the p
ezoelement.

Using the algorithms described above we calculated
electrodynamic characteristics of a quasiperiodic struc

FIG. 1. Multielement electrodynamic structure with variable optimized
rameters;X — cut, L — light, HF — microwave signal.
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with slowly varying parameters. The variation of the pha
shift with frequency (0.5>w0 /p>0.1) was defined in the
frequency range between 7.5 and 11 GHz, and then form
~1! was used to calculate the structure step for which
Bragg condition is satisfied at a given frequency and fo
given phase shift. For each step we used a numerical t
nique to determine the pin lengthH for which the dispersion
equation~3! was satisfied.

Figure 2 gives the frequency dependence of the gi
phase shift per cellw0 /p and also the dependence of th
structure stepl, electrode lengthH, and grating impedanceZ
calculated for the frequency range 7.5–10.5 GHz. The ca
lations were made for a zinc oxide piezotransducer loca
on anX-cut lithium niobate crystal. The angle of incidence
the optical beam was zero relative to the transducer pl
~for the indexi 52, see Ref. 1!. However, the variations o
the phase shift per cell, which barely influence the shape
the curvesl ( f ) and H( f ), may be used to tune the inpu
impedance of the multielement structure to achieve electr
matching between the transducer and the waveguiding l
This calculation example demonstrates the possibility of f
ricating a wide-band (D f 53 GHz! acoustooptic Bragg cel
in the 3 cm radiowave range using a multielement transdu
with variable parameters. In order to make a more comp
hensive analysis of the proposed method, it is also interes
to estimate the diffraction efficiency and the possibility
achieving the most planar frequency characteristic by c
recting the frequency dependence of the structure step.

1V. V. Petrov, Pis’ma Zh. Tekh. Fiz.22~22!, 11 ~1996! @Tech. Phys. Lett.
22, 909 ~1996!#.

2R. A. Silin and V. P. Sazonov,Retarding Systems@in Russian#, Radio i
Svyaz’, Moscow~1966!.

3Yu. V. Gulyaev, A. I. Zhbanov, Yu. F. Zakharchenkoet al., Radiotekh.
Elektron. No. 12, 2049~1994!.

Translated by R. M. Durham
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FIG. 2. Frequency dependence of the impedance~1!, phase shift per cell~2!,
structure step~3!, and electrode length~4!.
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Size distribution of copper nanoclusters in amorphous carbon
D. V. Kulikov, Yu. V. Trushin, V. S. Kharlamov, and V. I. Ivanov-Omski 

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted July 16, 1998!
Pis’ma Zh. Tekh. Fiz.25, 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. ©1999 American Institute of Physics.@S1063-7850~99!01403-2#
ee
ro
o
rs
s
o

op

olu

o
re

iv
ac

fo

th
s
te

th
le
u

s
a
t

y

ro

ing

p-
r
per

-

s to

r
h

b-
for

e
and
ret-

es:

ers
ees
Interest in the physics of conducting clusters has b
stimulated by their possible application in nano- and mic
electronics. Modifying the properties of hydrogenated am
phous carbon (a-C:H! by incorporating metal nanocluste
~such as copper! is of considerable interest because it is po
sible to vary useful properties of the material. The incorp
ration of metal nanoclusters also provides additional sc
for studying the structure of the amorphous matrix itself.1,2

In the present paper we propose a model for the ev
tion of copper nanoclusters during the growth ofa-C:H films
by magnetron cosputtering of graphite and copper.2 This
model is used to construct the size distribution function
these clusters which, as will be shown subsequently, ag
satisfactorily with the experimental results.1,2 A comparison
between the model parameters and the experiment can g
numerical estimate of the activation energy for the surf
migration of copper.

The fundamental assumptions of the model are as
lows:

1. From numerical estimates, we assume that during
film growth process, copper and carbon atoms reach the
face of the film with a low energy insufficient to penetra
inside the sample.

2. Copper atoms can only diffuse over the surface of
film, since the diffusion of copper in the bulk of the samp
is negligible. Thus, all the diffusion processes take place d
ing the growth of one or two monolayers of the film.

3. Diffusing copper atoms can form bi-interstitial site
and combine with existing copper clusters, thereby incre
ing their size. Thus, copper clusters of various sizes exis
the film.

Subject to these assumptions, we can apply the theor
diffusion processes in irradiated solids~see Ref. 3, for ex-
ample! to write a system of equations which takes these p
cesses into account:

]C~ t !

]t
5g2aDC2~ t !2aqDC~ t !E

0

`

f ~R,t !RdR, ~1!

dV~ t !

dt
5

d~pR2~ t !!

dt
5a2I ~R!5a2aqDR~ t !C~ t !,

or
1981063-7850/99/25(3)/2/$15.00
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dR~ t !

2
5

a2

2p
aqDC~ t !, ~2!

] f ~R,t !

]t
5W~R!2

]

]R F f ~R,t !
dR~ t !

dt G
5

aDC2~ t !

2a U
R52a

2
]

]R F f ~R,t !
a2

2p
aqDC~ t !G .

~3!

HereC(t) is the surface concentration of copper,g is the rate
at which copper is generated at the surface of the grow
film, D is the coefficient of surface diffusion of copper,

D5D0exp~2«m/kT!, ~4!

«m is the activation energy for surface migration of the co
per, f (R,t) is the size distribution function of the coppe
clusters, i.e., the number of clusters of a particular size
unit volume,V and R are the volume~more accurately, the
area, since the clusters are assumed to be planar! and radius
of the copper clusters,a is the lattice parameter of the cop
per, I (R) is the growth rate of the copper clusters,W(R) is
the rate of formation of clusters of sizeR, anda andaq are
geometric parameters for attachment of the copper atom
clusters.

The system of equations~1!–~3! was solved by compute
using the MGEAR program4 for parameters consistent wit
those obtained experimentally.1,2 The unknowns«m, a, and
aq were varied during the calculations. As a result, we o
tained the size distribution function of the copper clusters
samples with different copper contents~3% and 9%, see
Refs. 1 and 2!, which are plotted in Fig. 1 together with th
experimental results. It can be seen that the calculated
experimental data show satisfactory agreement. The theo
ical curves were obtained for the following parameter valu
for the sample containing 3% copper —aq52p, a52p
30.15 nm, and«m50.75 eV; for the sample containing 9%
copper — aq56p, a56p30.15 nm, and«m50.75 eV.
Thus, the geometry of the formation of the copper clust
varies as the copper content in the film varies, which agr
© 1999 American Institute of Physics
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FIG. 1. Calculated and experimental size distributio
functions of copper clusters in DLC films with variou
copper contents: a — 3% and b — 9%.
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with the data obtained in Ref. 2, where a fractal dimens
was observed for the surface of copper clusters contain
more than 4% copper.

To sum up, computer modeling has been used to ob
a size distribution function of copper clusters which agre
satisfactorily with the experimental results. This indica
that the proposed model adequately describes the grow
metal clusters during the formation of an amorphous car
film by magnetron cosputtering of graphite and copper. T
activation energy for the surface migration of copper ato
is estimated numerically.
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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. Fiz.25, 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
XYZ-manipulator. 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. ©1999 American Institute of Physics.@S1063-7850~99!01503-7#
d
th
ifi

or
n
ity

o
e
d

d
ta
m

ve
i

de
ca

ated
face
e
e,
the
are
ma-

he
ing
eso-
mic
illa-

ce
gap
tion
tip
of
ra-
l in
The scanning tunneling microscope~STM!1 and the
atomic force microscope~AFM!2 have now been recognize
as highly efficient tools for studying surface defects on
atomic scale, although each has its own strictly spec
sphere of application.

Tunneling microscopes having a spatial resolution of
der 1 Å in the plane of the sample and of order 0.05 Å alo
the normal to the surface exhibit extremely high sensitiv
to point defects on the surface.3,4 However, the operating
principle of the scanning tunneling microscope is based
the electrical conductivity of the surface, and the presenc
insulating sections on the surface makes the use of this
vice completely impossible.

Force microscopes operate on both conducting and
electric surfaces but are only sensitive to defects subs
tially larger than point defects, such as steps and multiato
vacancies.5,6

Recently, many different designs of STM and AFM ha
been developed for specific applications in physics, chem
try, and engineering. Here we propose a principle for a
vice which can be operated as an AFM or an STM and
2001063-7850/99/25(3)/3/$15.00
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also record the tunnel current during scanning when oper
as an AFM. The force created between the tip and the sur
is recorded by the same piezomanipulator which tracks thZ,
Y, andX coordinates. In the practical design of this devic
the tip is attached directly to the piezomanipulator and
weak interaction forces between the tip and the surface
recorded using the electrical signal generated in the piezo
nipulator as a result of the action of the force.

Figure 1 shows a block diagram of the device. In t
AFM mode the device operates as follows. An alternat
voltage generator supplies the fundamental mechanical r
nance frequency of the piezomanipulator to a piezocera
plate with the sample attached, which causes weak osc
tions of the sample along theZ axis. The oscillations of the
tip–sample gap give rise to an oscillating interaction for
between the tip and the surface, where the smaller the
between the sample and the tip, the stronger the interac
force and the oscillation amplitude of this force. Since the
is rigidly attached to the piezomanipulator, the oscillations
the tip–sample interaction force induce mechanical vib
tions at the resonance frequency and an electrical signa
FIG. 1. Block diagram of device:1 — base,2 — pi-
ezomanipulator,3 — piezoceramic plate,4 — low-noise
selective amplifier,5 — unit for controlling displacement
along Z, 6 — alternating voltage generator,7 — com-
puter,8 — tunnel current,9 — tunnel current amplifier,
10 — pulse generator,11 — breakdown, and12 — scan-
ning tunneling microscope.
© 1999 American Institute of Physics
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FIG. 2. Block diagram of control unit: FWD – full-wave
detector, LPF — low-pass filter,Us — sample voltage
source, ‘‘-’’ — subtraction system, and HI — high
voltage integrator.
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the piezomanipulator. This electrical signal is then isola
by a transformer and fed to a unit which controls the d
placement of the tip along theZ axis.

Depending on the incoming signal, the control unit ge
erates a low-frequency voltageUZ and supplies this to the
piezomanipulator. This voltage controls the tip–sample g
so that the amplitude of the alternating voltage oscillation
kept constant as the tip scans along the surface. In this c
the signalUZ maps the surface topography. Since the sig
generated by the piezoceramic at its resonant frequenc
measured in theUZ signal circuit, frequencies close to th
resonant frequency must be eliminated from theUZ signal.
For this purpose, in addition to the usual components o
typical AFM/STM feedback loop~subtraction of a constan
level, an integrator, and a high-voltage amplifier!, the control
unit ~Fig. 2! contains an eighth-order low-pass filter with
cutoff frequency of 2 kHz and also uses a full-wave amp
tude detector which can suppress the resonant-frequency
put signal by several orders of magnitude. In order to dis
guish the resonant-frequency signal from the backgroun
the low-frequency signalUZ , the pass band of the low-nois
selective amplifier was limited by a sixth-order bandpass
ter in the range 20–30 kHz.

The movement of the tip along theX andY coordinates
is programmed by computer. When the device is operatin
the AFM mode, the tunnel current can be recorded at
same time as scanning. This is accomplished by applyin
voltageV to the sample from a source. As the tip passes o
the electrically conducting sections, a tunnel current is g
erated which is fed to a computer and used to produce
image. It should be noted that this image will differ from th
obtained using a conventional STM design, since the fe
back uses the force signal rather than the tunnel current
nal. This allows the surface~via the force signal! and the
nonuniformities of the electrical conductivity to be record
simultaneously. If the tunnel current signal is fed to t
Z-displacement control unit so that the gap between the
and the sample keeps the tunnel current constant, the de
will operate as an STM.

The 2 mm thick piezoceramic plate to which the sam
is attached is made of PKR-6 piezoceramic and has a pi
electric modulus of 2.5 Å/V. The piezomanipulator is
cross-shaped rod 90 mm long made of PKR-7M piezoc
amic. The fundamental longitudinal resonance frequenc
25 kHz. The specifications of PKR-7M piezoceramic indica
that its sensitivity to a force at the resonant frequency
2 V/N. The electrical noise voltage reduced to the tra
former input is less than 5 nV, which corresponds to fo
oscillations of 2.531029 N. The maximum scanning field i
2003200mm.
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This device was used to modify thin diamond film b
dielectric breakdown and to study the resulting surface str
ture. For this experiment we used 0.2 mm thick silicon w
fers with a 200 Å diamond film deposited on the surfac
Over the entire scanned area the initial film exhibited
conductivity.

Dielectric breakdown was achieved by connecting
sample to a pulse generator and grounding the tip. We us
tungsten tip fabricated by electrochemical etching. The
dius of the tip determined using an electron microscope w
;0.3mm. The gap between the sample and the tip cor
sponded to a force of;1028 N. By exposing the sample to
electrical pulses of varying amplitude and duration and th
monitoring the conductivity of the diamond film in a particu
lar section, we established that the threshold breakdown v
age is 60 V, which corresponds to a field of 33106 V/cm.
The pulse duration was varied between 0.1 and 10ms.

It was established by using an electron microscope
the tip shape changes negligibly during breakdown and
be used subsequently for scanning the sample.

Figure 3a shows an image obtained by scanning a
tion with dielectric breakdowns at four sites in the atom
force mode. The lighter sections of the image are higher.
figure shows that humps;100 Å high with maximum di-
mensions of;800 Å in the X–Y plane appeared at th
breakdown sites.

FIG. 3. Result of local dielectric breakdown of diamond film.
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Figure 3b shows the distribution of the tunnel curre
measured at the same time as scanning the profile show
Fig. 3a. It can be seen from Fig. 3b that an electrically c
ducting phase appeared at the breakdown sites, with
lighter parts of the image corresponding to higher conduc
ity. The size of the conducting sections is substantially lar
than the size of the humps formed at the breakdown s
This section of the sample was scanned repeatedly ove
days. The images obtained showed good reproducibi
which suggests that these structures are stable and the
ning process does not destroy the surface of the sample

The proposed design is considerably simpler than
conventional AFM design, since it obviates the need to us
microspring and devices for measuring its deflection. In
dition, attaching the tip directly to the piezomanipulat
eliminates any unstable behavior of the tip at the spring
certain distances between the tip and the sample7 and can be
used to set any required tip–sample gap, which means
the tunnel current can be recorded simultaneously.
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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. Fiz.25, 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 properties: 1! the circulation of the Poynting
vector on the surface does not depend on the longitudinal coordinatez; 2! the evolution of the
light flux and a pure screw dislocation takes place along straight lines of this surface; 3!
the Poynting vector on the ray surface is always perpendicular to the wavefront surface. ©1999
American Institute of Physics.@S1063-7850~99!01603-1#
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As they propagate, the fields of Laguerre–Gauss
Hermite–Gauss beams may be rotated relative to the d
tion of propagation. This surprising property of laser bea
does not alter their structural stability1,2 and is caused by the
presence of a nonzero azimuthal component of the Poyn
vector. However, the physical and technical treatment of
rotational capacity of beams comes up against some m
problems. For instance, Allenet al.3 and Padgett and Allen4

showed that the optical energy flux in Laguerre–Ga
beams and especially in optical vortices propagates a
curvilinear trajectories in free space, which is generally
consistent with the variational principle.5 In addition, the tra-
jectories of phase singularities~and pure screw dislocation
in particular! in perturbed optical vortices have not be
identified.

The aim of the present paper is to make a theoretical
experimental study of the rotation of the wavefront of optic
vortices in free space and to study the local flow trajecto
along which energy and pure screw dislocations of the wa
front propagate in perturbed beams.

1. We shall assume that a laser beam propagates in
space with electric and magnetic fields given by

E5e~x,y,z!exp$ i @vt2kJ~x,y,z!#%,

H5h~x,y,z!exp$ i @vt2kJ~x,y,z!#%. ~1!

We define the Poynting vector6 of this field as

P51/2Re$e3h* %

51/2~«0 /m0!1/2Re$ueu2¹J21~ ik !~e3“3e* !%

5P01dP. ~2!

Expression~2! was obtained using the steady-state Maxw
equations, from which the value ofh was isolated. The firs
term in Eq.~2! characterizes the Poynting vectorP0, perpen-
dicular to the wavefront surfaceJ5const. The second term
dP in Eq. ~2! is only nonzero for elliptically polarized fields
2031063-7850/99/25(3)/4/$15.00
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for which e changes abruptly in the beam cross section. T
term characterizes the departure of the Poynting vector f
the wave normal direction.

In the first approximation of perturbation theory8 the op-
tical vortex field7 may be given as

er5c, ec5 ider , ez5 i /k¹ tet ,

ht5~«0 /m0!1/2ẑ3et ,

hz52~ i /k!~«0 /m0!1/2~“ t3et!ẑ, ~3!

c5 (1/L) exp$2 (r2/r2L) %(x1iky/rL)ulu, L5I 1 iz/zR ,
zR5kr2/2, r 25x21y2, r is the radius of the beam constric
tion in the cross sectionz50, u l u is the topological charge
k561 is its sign, ands561 is the helicity of the beam
polarization (s511 indicates right circular ands521 left
circular polarization!.

Substituting expression~3! into expression~2! we find

Pr5K
r

R~z!
ucu2,

Pw5
K

k H s
ducu2

dr
1

ku l u
r

ucu2J , Pz'Kucu2, ~4!

whereR(z)5(zR
2/z)uLu2, k52p/l0 , K5E0

2(«0 /m0)1/2, and
E0 is the amplitude of the electric field.

The componentPw in expression~4! indicates that en-
ergy circulates in the beam cross section. However, this
no means implies that the optical energy flux in free sp
propagates along a curvilinear trajectory.

In fact, the evolution of the Poynting vectorP in free
space is described by the equation of continuity¹P50, and
thus the vectorP is determined correct to within the vecto
¹3A. This indeterminacy can be eliminated by the Ehre
fest optical theorem,9 which stipulates that only those vecto
P corresponding to the maximum energy flux are physica
meaningful. From expression~3! we find that the maximum
energy flux occurs on the radiusr 25xm

2 1ym
2 :
© 1999 American Institute of Physics
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FIG. 1. Ray~a! and wave~b! surfaces of an optical vortex field withu l u51 andk11. The spiral curve on the ray surface~a! is the line of constant phase
F5const. The local flow lines on the surface~a! are always perpendicular to the wave surface~b!. ~For clarity we have changed the scale of the wave surfa!.
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2 5~r2/2!uL~z!u2l u. ~5!

Expression~5! is the equation for a hyperboloid of one she
We can show that the surface~5! has many remarkable

features. First, on this surface the circulation of the lin
energy flux densityPL5rP does not depend on the longitu
dinal coordinatez:

R
L
PLdL5E

S

E curlPL•dS5 f ~ku l u!, ~6!

where S is the area enclosed by the contourL ~Fig. 1a!.
Using the equationsdr/(rPr)5dw/(Pw) and ~5!, we find
that the energy flux lineP is given by

w5~k!arctan~z/zR!. ~7!

Expression~7! is the equation for the straight lines of loc
flow on the surface~5!, and the energy flux in the optica
vortex propagates along these straight trajectories@a second
property of the surface~5!#. On the surface of the unparte
hyperboloid there are two families of straight lines who
orientation relative to thez axis is defined10 by the angle
azimuthalw and polar angleu. One family of lines differs
from the other by the sign of the anglew. These two families
of local flow lines are separated physically by a change in
sign of the topological chargek in expression~7!.

Figure 1a shows this ray surface for an optical vor
with u l u51 andk511 and Fig. 1b shows its wave surfac
It is interesting to note that the anglew in expression~7!
does not depend on the helicity of the polarizations, as may
appear at first glance from Eq.~2!, nor on the magnitude o
the topological chargeu l u. This follows from the third prop-
erty of the ray surface: on the surface~5! we find dc/dr
50 and thus the first term in expression~4! for the Pw com-
.

r

e

x

ponent of the Poynting vector, which is responsible for t
polarization properties of the laser beam, vanishes. Thus
the ray surface~5! the Poynting vector is parallel to the wav
normal vector. As a result, it is found that the observed an
of rotationw of the local current line~7! is numerically equal
to the Gouy phase.

If we visualize some point in the plane of the constr
tion z50 at the wavefront, relate this point to the directio
of the vectorPL , and follow its evolution along thez axis,
we observe that the wavefront is rotated through the anglw
determined by Eq.~7!. Its instantaneous angular rotation v
locity is given by

V5zR /~z21zR
2 !Vph, ~8!

where Vph is the phase velocity of the optical vortex. Th
angular velocity reaches a maximum near the beam w
(z50):

Vmax5~n0 /p!~l/r!2, ~9!

wheren0 is the light frequency.
2. In order to observe this wavefront rotation experime

tally, we need to have a physically discernible marker on
wave surface. This marker can be a pure screw dislocatio
the wavefront displaced along the radius by the distanced. In
order to achieve such a displacement, a smooth Gaus
beam of amplitudee0 must be superposed on an optical vo
tex having a field amplitudeeV such that the constriction
radii of the optical vortex and the Gaussian beam are
same (rV5r0). The wavefront dislocation then has the r
dial coordinate7
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FIG. 2. Results of computer calculations~line a! and
photographs of the intensity distribution in the cro
section of an optical vortex withu l u51 andk511
near the waist of the beam after anf 550 mm lens at
a suitable lengthz from the plane of the constriction
~line b!. Photographs showing the transformation of
topological dipole into an annular edge dislocatio
near the focus of a 203 microscope objective~line c!.
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, ~10!

while the azimuthal coordinatew is given by Eq.~7!. How-
ever, this implies that the zero intensity of the optical vort
field ~pure screw dislocation! propagates along a straight lin
lying on the surface of the hyperboloid~10!. The intensity
maximum will clearly have the same radial coordinate~10!,
but the azimuthal coordinate is given bywmax5p1wmin .
From this it follows that the maximum and minimum of th
vortex intensity propagate along straight lines on the ray s
face and form a coupled system with its center of grav
lying on the beam axis.

Basistiy et al.7 made an experimental investigation
the rotation of two coupled dislocations with topologic
charge of the same sign. Since it is extremely difficult
obtain an analytic expression for this dislocation dumbb
we focused our attention on the evolution of an isolated p
turbed dislocation. In order to determine experimentally
motion of a perturbed pure screw dislocation, we direc
circularly polarized laser radiation onto the hologram of
optical vortex7 with u l u51, shifted relative to the center o
the beam, and focused this using anf 550 mm spherical lens
We examined an image of the field of the optical vortex n
the focal plane under a horizontal microscope. The posi
of the screw dislocation was recorded in various cross s
tions of the beam. Figure 2 shows photographs of the be
in various cross sectionsz and the results of computer calcu
lations. We found that a change in the direction of circulat
of the circular polarization from right (s511) to left
(s521) does not change the propagation of the pure sc
dislocation. However, reversal of the sign of the topologi
x

r-
y

l,
r-
e
d

r
n
c-
m

n

w
l

chargek changed the direction of rotation of the field inte
sity zero.

The rotation of the wavefront shows up most clearly f
a beam with a double pure screw dislocation~topological
dipole!11 propagating through the plane of the constrictio
In this case, the dislocation with positive topological char
l .0 tends to rotate clockwise about thez axis, while the
dislocation with negativel ,0 tends to rotate counterclock
wise. Thus, the topological dipole as a whole does not ro
in the regionsz.0 and z,0. However, the topologica
charges undergo polarity reversal near the plane of the c
striction (z50). Thus, the dipole state is indeterminate a
this results in the formation of an annular edge dislocati
This process is illustrated by a photograph of the field a
passing through a 203 microscope objective~Fig. 2c!.

To conclude, we note that the Poynting vector charac
izes the group velocity of the beam, which cannot exceed
velocity of light in vacuum. In our case, the group veloci
describes the propagation of the intensity maximum of
optical vortex. This means that concepts of a ray surf
follow directly from relativistic constraints.
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Chaotic oscillations in a system of coupled triggers
É. V. Kal’yanov
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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. ©1999 American Institute of Physics.@S1063-7850~99!01703-6#
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Triggers and their ensembles are widely used in vari
radio-engineering systems, including computers. As
speed of operation increases, the working frequencies~in
computers, the clock speed! must be increased, which pro
duces complicated effects due to the influence of, for
ample, parasitic capacitances. The latter inevitably appea
ultrahigh frequencies are approached. For this reason, it
interest to study the operation of a circuit consisting
coupled triggers, specifically when they are coupled cap
tively.

In the present letter the interaction of two classical tr
gers coupled by capacitances is studied. It is shown that
otic oscillations are possible in such a circuit. This is
interest in its own right, since the investigation of the chao
behavior of various systems is now a pressing problem.1–3

The circuit consisting of coupled triggers is shown
Fig. 1. The first triggerT1 contains a capacitorC1, a resistor
R1, an inductorL1, and a nonlinear active elementg1 ar-
ranged in the classical way.4 The componentsC2 , R2 , L2 ,
and g2 determine the completely analogous arrangmen
the second triggerT2. The triggers are coupled by the capa
tors C01,C0 , andC02.

The equations describing the operation of the circuit
Fig. 1 can be represented in terms of dimensionless qua
ties in the form

ẋ5y1y12x12g1~x1!,

ẋ25d@y1y22x22g2~x2!#,

ẏ5a$x12~y1y1!1z11¸@x22~y1y2!1z2#%,

ẏ15@x12~y1yi !1zi #g i
21 ,

żi52b i~y1yi !, ~1!

wherei 51,2. The variablesx1 , x2 , y, y1 , andy2 determine,
respectively, the oscillatory processes on the capaci
C1 ,C2 ,C0 ,C01, andC02, and the variablesz1 andz2 char-
acterize the variation of the current flowing through the
ductancesL1 andL2. An overdot denotes differentiation wit
respect to the dimensionless timet, which is related to the
real timet* by t5t* (R1C1)21. The constant coefficients in
Eqs. ~1! are a5C1 /C0 , b15C1R1

2/L1 , b25C1R1
2/L2 ,

¸5R1 /R2 , d5¸C1 /C2 , g15C01/C1 , and g25C02/C1.
2071063-7850/99/25(3)/2/$15.00
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The functionsg1(xi) describe the nonlinear characteristics
the active components. Using a cubic approximation, th
can be represented by the relation

gi~xi !52n ixi1m ixi
3 , ~2!

wheren i andm i are constants.
From the system~2! it is easy to obtain equations de

scribing the processes in an individual trigger. Setti
g150 we obtain for the triggerT1

ẋ15z12g1~x1!,

ż152b~x11z1!, ~3!

The equations~1!–~3! were solved by the fourth-orde
Runge–Kutta method with a time step of 0.1.

Numerical analysis of Eqs.~1! and ~2! showed that the
system of coupled triggers is auto-oscillatory and exhib
chaotic dynamics. The computational results illustrating t
are presented in Fig. 2. They were obtained for the cas
identical triggers (b15b251.8, d5¸51, n15n250.25,
and m15m250.1) with a510, g15100, andg2540. The
initial conditions were assumed to bexi(0)5y(0)5yi(0)
5zi(0)50.1. Figure 2a shows an image of the attractor
the oscillatory processx1(t) ~in the coordinates (x1 , y)), and
Fig. 2b shows the motion of an image point in the pha
spacex1 ,x2.

The attractor of the autostochastic processx1(t) attests
to the existence of two basins~regions!ll * of attraction
~which we termP1 and P2), where the system undergoe
chaotic oscillations and randomly switches from one basin
attraction to another~Fig. 2a!. The existence of two basins o
attraction is consistent with the existence of two stable sta
in a trigger. In accordance with Eqs.~2! and ~3! with the
initial conditions x1(0)50.1 and z1(0)50 ~once again,
n150.25, m150.1, andb151.8), the stationary value o
x1(t) is 1.58, and for the initial conditionsx(0)520.1 and
z(0)50 it becomes negative for the same absolute quan
x1(t)521.58). The basinsP1 and P2, where chaotic auto-
oscillations of the coupled system of triggers occur, are
cated precisely in the neighborhoods of these stable stat

The oscillatory processx2(t) is also chaotic with oscil-
lations switching between the two basins of attraction,
the structure of the attractor of this process is different fr
that presented in Fig. 2a. The presence of four ‘‘clumps’’
© 1999 American Institute of Physics
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FIG. 1. Circuit consisting of two triggers coupled by ca
pacitors.
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chaotic motion of the image point in the phase spacex1 , x2

attests to this~Fig. 2b!. The clumps near the limit setx1

5x2 correspond to time intervals when the chaotic osci
tions x1(t) and x2(t) occur simultaneously in one basin o
attraction~first or second!, while the two other regions wher
trajectories clump~near the limit setx152x2) correspond to
time intervals where the oscillatory processes occur in
ferent basins of attraction.

It should be noted that foŗ50 Eqs.~1! and~2! describe
a generator, similar to the well-known Chua circuit5 but with
a more complicated oscillatory loop. The system of eq
tions obtained in this case with the parameter values
which Fig. 2a was calculated~with the exception of the fac
that ¸50) also possesses chaotic dynamics and per
switching to Eqs.~3!. In the well-known dimensionless Chu
equations1,2,5–9such a switch is impossible, since in the latt
equations the dimensionless time is introduced by a rela
that does not contain the capacitance appearing in the tri
circuit.

FIG. 2. Attractor of an oscillatory process in the first trigger~a! and motion
of an image point in the (x1 ,x2) plane~b! with capacitive coupling of the
two coupled triggers.
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The foregoing analysis shows that the mechanism
which the oscillations in the circuit of Fig. 1 become chao
involves impulsive excitation of an oscillatory process in t
loop formed by the inductors of the triggers and the capa
tive coupling components. The presence of these com
nents gives rise to two autostochastic systems with a c
mon oscillatory loop. Each partial system is similar to
Chua circuit, if in the latter the resonant system is ma
more complicated in a corresponding manner. The sh
waves in the loop, which are maintained by the presence
the nonlinear components, grow in one of the basins of
traction ~near one stable state of the triggers! until the other
stable state of the triggers~the other basin of attraction! is
reached. The waves ‘‘break’’ randomly in agreement w
the chaotic change in the initial conditions of the impulsive
excited oscillations in the loop. The differences in the co
pling parameters and, in consequence, in the conditions
switching of the triggers make the interacting oscillatio
more complicated.

The circuit studied above can be used as a simple so
of chaotic oscillations with more highly entangled motio
than those observed in an ordinary Chua circuit, whose st
and practical applications are still the sibject of ma
investigations.1,2,6–9

This work was supported by the Russian Fund for Fu
damental Research~Grant 98-02-16722!.

1A. S. Dmitriev, A. I. Panas, and S. O. Starkov, Zarubezhnaya Radioe´lek-
tronika, Uspekhi sovremenno� radioélektroniki, No. 10, 4~1997!.
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The possibility of forming soliton-like pulses during ion implantation
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and V. M. Kuznetsov
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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.@S1063-7850~99!01803-0#
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To understand the physical nature of the processe
materials subjected to high-energy processes it is neces
to study in detail the nonlinear response of a material. T
development of new materials that work successfully un
extreme conditions~high pressures and temperatures, imp
loads, irradiation, and so on! makes this problem of grea
interest from both the scientific and applied standpoints.

A method that has been used successfully for a long t
to study the nonlinear response of materials at the mic
scopic level is molecular dynamics. Early treatments ba
on this approach showed that an external high-energy pe
bation acting on a material can produce soliton-like pulse
it.1–4 In a defect-free material these excitations can propag
over large distances with virtually no change in shape
amplitude.5–8
2091063-7850/99/25(3)/3/$15.00
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The present letter is devoted to a molecular-dynam
investigation of the characteristic features of the dissipat
of the energy transferred by solitary pulses on structural
fects, such as a free surface, grain boundaries, and reg
with high vacancy density. The possibility of generating so
tary pulses when a free surface is irradiated by high-ene
particles or beams is also studied.

Three-dimensional Ni and Al crystallites, containin
about 10000 atoms, were the objects of investigation. In
present work we studied solitary pulses passing throug
region with low atomic density and grain boundaries we
investigated on the basis of a pair interaction potential. T
interaction of a soliton-like pulse with a free surface w
studied using a multiparticle potential based on a model e
tron density functional.9,10
FIG. 1. Position of a soliton-like pulse: a — at thestart of the
sample, b — near a grain boundary, c — after passage
through a grain boundary.
© 1999 American Institute of Physics
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FIG. 2. Stages of formation of a soliton-like pulse.
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The analysis of the passage of solitary waves throug
region with low atomic density in Al showed that the larg
the deviation of the atomic density in the defect region fro
the equilibrium value, the higher the fraction of the pul
energy dissipated in this region is. Thus, for a soliton-l
pulse passing through local regions of a material that con
25 and 50 vacancies the amplitude of the pulse decrease
10 and 20%, respectively. A similar picture was also o
served for a pulse passing through grain boundaries o
special type~for example,S7-type boundaries!. Figure 1
shows a compression-initiated soliton-like pulse in an
sample at various times. The grain boundary was locate
the center of the experimental sample perpendicular to
propagation direction of the pulse. It is evident from Fig.
that a large fraction of the pulse energy~approximately 20%!
is dissipated in the grain-boundary region.

Investigations of the interaction of a solitary pulse with
free surface showed that in this case energy is pumped
layers near the surface of the material. According to the co
putational results, when a pulse interacts with a free Ni s
face the pulse amplitude can increase by a factor of 1.5
depending on the orientation of the free surface. This ef
a

in
by
-
a

l
at
e

to
-

r-
2,
ct

is accompanied by a small compression of the atomic lay
After the pulse is reflected from the free surface, the pu
amplitude decreases and energy is pumped into the regio
the material near the surface.

The simulation results showed that a high-energy p
cess acting on a group of atoms or on individual atoms o
free surface can generate soliton-like pulses. Effects of
kind can occur when a material is irradiated by power
electron beams and radiation or by ion bombardment. Fig
2 shows the characteristic stages of the formation o
soliton-like pulse as a result of energy transfer to an atom
the free surface. Specifically, each atom was assigned a
locity of about 2000 m/s directed into the material. We no
that for ion implantation much higher~by one or two orders
of magnitude! velocities can be imparted to the atoms in t
irradiated surface. The instant at which momentum is tr
ferred to a surface atom is illustrated in the first stage~Fig.
2a!. In the second stage energy is transferred to the nea
neighbors and a pulse with a hemispherical front is form
~Fig. 2b!. The atoms at the center of the front have hi
velocities, i.e., an initial hump is formed. As the pulse prop
gates into the material, the pulse front transforms from he
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spherical to planar and the crest of the front is leveled
~Fig. 2c!. A similar picture is also observed when a pertub
tion acts on a group of several neighboring atoms in the
surface.

These results are of particular interest for understand
the processes occurring during ion implantation in meta
materials. The structural rearrangements in the near-sur
layers of ion-implanted metals agree quite well with existi
theoretical calculations of the interaction of ions with a m
terial. At the same time the important ‘‘long-range action
phenomenon~the formation of a defect structure in the m
terial at distances much greater than the thickness of
surface layer doped during ion implantation11–13! has still not
been adequately studied on a theoretical level. The diffic
ties of the experimental study of this problem are due to
short time scales of the processes being studied and the
energies of the ion fluxes as well as to the strongly nonlin
processes occurring when ion beams strike the surface la
of a material.14

Note that up to now we have considered the interact
of one pulse with structural defects, while in the case of
implantation with metallurgical doses (101521017 ions/cm2)
an enormous number of pulses are generated. This sh
result in pumping of energy into both the ion-doped surfa
region and the defect regions~grain boundaries, regions wit
high vacancy density, and so on! which are located in the
interior of the material. We note that even in a well-annea
metallic crystal the dislocation density can reach 107 cm22

and higher. Since the propagation velocity of the pulses
the material is very high~close to the speed of sound!, en-
ergy transfer and redistribution in the interior of the mater
can occur quite rapidly. Aside from this, they can also ca
existing dislocations to be displaced from the surface into
interior of the material. The energy pumped during ion i
plantation by soliton-like pulses into the near-surface lay
of a material will transform into the energy of the defe
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system of the crystal, including dislocation structure. In t
process the dislocation density in the near-surface layer
the irradiated material will also increase.

This mechanism of the change in the defect subsys
of a crystal is probably best observed in single-crystal a
large-grain materials, since in these cases pulses propa
over large distances with much smaller energy losses. Th
fore the long-range action effects will be manifested in t
near-surface layers, which are at least an order of magni
thickner than the doped surface layer.11,12,15

1M. Toda,Springer series in Solid State Sciences,Vol. 20, Theory of Non-
linear Lattices, ~Springer-Verlag, New York, 1981; Russian translatio
Mir, Moscow, 1984!.

2R. K. Bullough and P. K. Caudrey@Eds.#, Solitons~Springer-Verlag, New
York, 1980; Russian translation, Mir, Moscow, 1983!.

3M. Wadati, J. Phys. Soc. Jpn.38, 673–680~1975!.
4R. Kh. Sabirov, Fiz. Tverd. Tela~Leningrad! 32~7!, 1992 ~1990! @Sov.
Phys. Solid State32, 1161~1990!#.

5S. G. Psakh’e, K. P. Zol’nikov, and S. Yu. Korostelev, Pis’ma Zh. Tek
Fiz. 21~13!, 1 ~1995! @Tech. Phys. Lett.21, 489 ~1995!#.

6S. G. Psakh’e, K. P. Zol’nikov, and D. Yu. Saraev, Fiz. Goreniya Vzry
33~2!, 43 ~1997!.

7S. G. Psakh’e, K. P. Zol’nikov, and D. Yu. Saraev, Pis’ma Zh. Tekh. F
24~3!, 42 ~1998! @Tech. Phys. Lett.24, 99 ~1998!#.

8S. G. Psakh’e, K. P. Zol’nikov, and D. Ju. Saraev, J. Mater. Sci. Tech
14, 1 ~1998!.

9V. M. Kuznetsov, P. P. Kaminski�, and V. F. Perevalova, Fiz. Met. Met
alloved.63, 213 ~1987!.

10V. M. Kuznetsov, G. E. Rudenskii, R. I. Kadyrov, and P. P. Kakinski�, in
Shock Induced Chemical Processing: Proceeding of the USA–Russian
Workshop, St. Petersburg, 1996, pp. 97–106.

11D. K. Sood and G. Dearnaley, J. Vac. Sci. Technol.12, 463 ~1975!.
12Yu. P. Sharkeev, A. N. Didenko, and E. V. Kozlov, Surf. Coat. Techn

65, 112 ~1994!.
13Yu. P. Sharkeev, E. V. Kozlov, and A. N. Didenko, Surf. Coat. Techn

96, 103 ~1997!.
14F. F. Komarov,Ion Implantation in Metals~Metallurgiya, Moscow, 1990!.
15V. P. Zhukov and A. A. Boldin, Phys. Status Solidi B166, 339 ~1991!.

Translated by M. E. Alferieff



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999
Anomalous character of the decay kinetics of the photoluminescence of carbonized
porous silicon

B. M. Kostishko, Sh. R. Atazhanov, S. N. Mikov, I. P. Puzov, and K. A. Kordetski 

Ul’yanov State University
~Submitted 10 September 1998!
Pis’ma Zh. Tekh. Fiz.25, 13–20~26 March 1999!

The time dependence of the decay of the photoluminescence of porous silicon subjected to high-
temperature carbonization~1000–1200 °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 curve. ©1999 American Institute
of Physics.@S1063-7850~99!01903-5#
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Since 1990 a large number of research groups throu
out the world have been actively studying mechanisms
the efficient photoluminescence~PL! of porous silicon~PS!.
However, even though PS-based light-emitting diode1

photocells,2 gas sensors,3 and other devices already exist,
is still not possible to talk realistically about applying PS
microelectronics. The high instability of the optical prope
ties of porous silicon obtained by chemical and elect
chemical etching is the main reason why the devices lis
above remain in the laboratory. In recent years increas
attention has been devoted to the investigation of meth
for modifying PS and subsequently altering its degradat
properties, photoluminescence spectra, and relaxation s
tra. Of the most important results in this direction we c
attention to the work concerning the rapid therm
oxidation,4 prolonged low-temperature vacuum annealin5

and laser modification of the initial single-crystal silico
wafer.6

We report in the present letter the results from study
the kinetics of the decay of PL from porous silicon subjec
to rapid high-temperature carbonization to stabilize the lig
emission properties.7 The PS samples were produced usi
phosphorus-doped silicon wafers with~100! orientation and
resistivityr52.4V•cm. The porous silicon was produced b
the standard technology in a process of electrochemical e
ing in the electrolyte HF:C2H5OH51:1. The electrochemica
etch time was 40 min for a current density 20 mA/cm2.

Freshly prepared samples of PS were placed in a rea
where carbonization was performed at temperatures 10
1200 °C for 2–4 min in carbon tetrachloride gas~CCl4) with
hydrogen as the carrier gas.7 During the carbonization pro
cess a near-surface region of various samples was d
from solid-phase sources with B, Al, or Ga atoms to dens
531017 cm23 or from the gaseous compound P2Cl5 with P
atoms to density 331018 cm23. The procedure described
used to produce 10–15 nm buffer layers in 3C–SiC/Si h
eroepitaxial structures. Such buffer layers formed on
single-crystal substrate do not contain a silicon-carb
phase, but Auger spectroscopy shows that they are super
2121063-7850/99/25(3)/3/$15.00
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rated with carbon~15%, near the surface! and contain no
oxygen. The PL of modified PS samples was blue-green w
two sharp spectral maxima near 1.9 and 2.5 eV.7

The excitation of photoluminescence in the process
recording the decay kinetics of the luminescence was acc
plished using ultraviolet radiation from an ILA-800 nitroge
vapor laser (l5337 nm) with pulse repetition frequency 1
Hz, pulse duration 7.5 ns, and pulse power 500 kW. The
was measured ‘‘in reflection.’’ The radiation was collect
by a system of quartz lenses onto the input slit of
MDR-23 monochromator and then recorded in the phot
counting regime. The resolution of the apparatus accord
to the PL relaxation times was 1.0ms.

Analysis of the decay kinetics of the PL of carboniz
PS showed that the temporal decay of the photoluminesce
for Al-, Ga-, or P-doped samples is similar to that observ
in the cases where PS was modified by oxidation4 or laser
annealing.6 However, the samples carbonized with simult
neous doping with boron atoms possessed an anomalo
long PL decay time in the blue-green region (l5500 nm!.
The decay of the red line in the PL spectrum~the character-
istic times are hundreds of nanoseconds for freshly prepa
PS8 and hundreds of microseconds for modified PS4,6!,
which in all previously known cases was slower, is no
faster than in the short-wavelength part of the spectrum.

Figures 1a and 1b show the time dependence of the
intensity at a wavelength of 500 nm for boron-doped poro
silicon SEC. carbonized for 2 min at 1200 °C. It is obvio
that the decay of the PL is not exponential and is very slo
seconds. This anomalously high value is 7 orders of mag
tude longer than the decay time of the photoluminescenc
the initial PS and 4 to 5 orders of magnitude longer than
PL decay time of oxidized PS. The prolonged afterglow
the sections exposed to UV radiation is even noticeable
sually. Another substantial feature observed in the bor
doped samples is the nonmonotonic character of the de
oscillations with a period of 50 ms are present in the sp
trum ~Fig. 1b!. In addition, these oscillations are observed
different sections of the sample, and their period does
change with time when the samples are stored in air.
© 1999 American Institute of Physics



os
e
ac

g-
he
p

-
d

of
ns
tim-

due
f a
tion
only
ters

tum
nce,
-
aser
ch
ub-

ions

ed

zed
nt
he

wo
, one

iC
f

ted

o
ns

sl
—

ated

213Tech. Phys. Lett. 25 (3), March 1999 Kostishko et al.
A plot constructed using a logarithmic scale made it p
sible to describe the experimentally observed time dep
dence of the PL by a sum of two exponentials with char
teristic timest1 andt2:

I 5A01A1 exp~2t/t1!1A2 exp~2t/t2!. ~1!

The decay timet1 for the fast exponential changes ne
ligibly with increasing number of laser pulses irradiating t
sample~13.4 ms for 50 repetitions and 15.7 ms for 100 re
etitions!. The decay timet2 for the slow component de
creases by almost a factor of 3~857 ms for 50 repetitions an

FIG. 1. Time-dependence of the blue-green~520 nm! photoluminescence
line of porous silicon carbonized for 4 min at 1200 °C and simultaneou
doped with boron atoms: a — averaging over 50 laser pulses and b
averaging over 100 laser pulses.
-
n-
-

-

333 ms for 100 repetitions!. The increase in the decay rate
the blue-green PL line with increasing number of repetitio
of the laser pulses attests to the existence of the photos
ulated fatigue of carbonized PS.9

The slow decay of the photoluminescence could be
to several factors. First, it could be due to the formation o
large number of attachment centers during the carboniza
process. In this case the fact that the effect is observed
in boron-doped samples signifies that the attachment cen
are associated with a state of the impurity atoms in quan
wires. Another possible mechanism is due to the appeara
during doping, of ap–n junction whose electric field sepa
rates the mobile carriers generated in the process of l
irradiation. Then the lifetime of the charge carriers whi
have accumulated in quantum-size regions will increase s
stantially, since carrier transport through nanometer sect
of the quantum wires in ‘‘lightning’’ or ‘‘coral-like’’
structures10 is impeded, and relaxation is now determin
mainly by tunneling processes.

The existence of oscillations~Fig. 1b! can be explained,
in our opinion, by resonant charge transfer between locali
attachment centers~CS! separated by tunneling-transpare
potential barriers. This situation is illustrated in Fig. 2. T
band gap of the initial single-crystal silicon (Eg51.12 eV! is
shown between the highest occupied orbital state~HOMO!
and the lowest unoccupied orbital state~LUMO! in PS. Judg-
ing from the presence of two peaks in the PL spectrum t
types of luminescence centers are present in the system
associated with radiative transitions in porous silicon~1.9
eV! and the other with radiative transitions in 3C–S
nanocrystallites~2.4 eV!.7 The upper and lower levels o
these transitions are shown in Fig. 2 by the symbolsB1 ,B2

and A1 ,A2, respectively. The attachment centers separa
by a potential barrier of widthd are designated as CS12 and
CS21. Then the interaction in a system consisting of tw
localized levels can be written in the Anderson–New
model11

y

FIG. 2. Diagram illustrating resonant charge transfer in a system of isol
attachment centers.
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5 i
d

dt
a12~ t !5E1a12~ t !1V0a21~ t !,

i
d

dt
a21~ t !5V0a12~ t !1E2a21~ t !,

~2!

whereE1 andE2 are, respectively, the energy levels of CS12

and CS21, V0 is the interaction potential of these states,a12

anda21 are the coefficients of the wave functions

c5a12~ t !c121a21~ t !c21, ~3!

and c12 and c21 are the wave functions of the discrete a
tachment levels. The electron tunneling probability in th
system and hence the probability of finding an electron in
level CS12, from which thermalization to the radiative cen
tersA occurs, can be described by the equation

P~ t !512ua21~ t !u25
4V0

2

~W22W1!2
sin2S W22W1

2
t D , ~4!

whereW1,25(DE6ADE214V0
2/2 andDE5E22E1 is the

resonance defect.
Assuming that the PL intensity is proportional to th

charge transfer probabilityP(t) and the levels of the attach
ment centers in resonance (DE'0), the experimentally ob-
served oscillations make it possible to estimate the excha
potential asV0'10212 eV.

In summary, in the present letter the decay kinetics
the photoluminescence of PS samples subjected to r
high-temperature carbonization with simultaneous dop
with various impurities was studied. It was shown that t
blue-green line~2.4 eV! of the PL spectrum in the boron
doped samples exhibits an anomalously long decay time.
other feature of these samples is the nonmonotonic chara
of the decrease in the intensity of the photoluminesce
e

ge

f
id
g
e

n-
ter
e

after the laser radiation is switched off. The experimenta
observed effects can be explained by the formation of a la
number of attachment centers and a built-in field of ap–n
junction in the process of carbonization and doping. The
istence and period of the oscillations can be explained
resonance tunneling between localized CSs and by the m
nitude of the interaction potential. The anomalously long d
cay time of the PL of carbonized PS, together with its sta
optical properties,7 can facilitate control of the long-lived
nonequilibrium states and give rise to a population invers
in a particular material.
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Determination of the relaxation time of a gas–liquid mixture
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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 Physics.@S1063-7850~99!02003-0#
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Dynamical processes in two-component gas-liquid m
tures can be described in an equilibrium model provided
the characteristic time of these processes is much longer
the relaxation time of the components of the relevant m
ture. For time-dependent signals with a short rise time
relevant time is the interval between the instantane
change in pressure and the establishment of the corresp
ing equilibrium density, which for bubble liquids is com
pletely determined by the pulsations of the gas bubbles.

Let us consider the process by which a single bub
establishes a new equilibrium radius in a liquid loaded b
wave with a step profile. We shall conventionally divide th
process into two stages. In the first stage adiabatic comp
sion of the bubble occurs, damped oscillations arise,
finally an equilibrium adiabatic radius and a correspond
density are established. Only mechanical equilibrium is
tained, the gas temperature in the bubble remaining hig
than the temperature of the surrounding medium. Howe
thermodynamic equilibrium is established at the seco
stage, where the radius decreases to the isothermal value
very slow rate, so that acoustic and viscous effects can
neglected.

To describe the first stage of the process correctly le
estimate the basic characteristics of the second stage:
shall use similarity methods1 to determine the characterist
time t for establishment of thermal equilibrium, writing th
heat-conduction equation for the case of spherical symm
in the form

^T&

^R2&
1

2^T&

^R2&
5

^T&

a2t
, or t5

^R2&

3a2
, ~1!

wherea is the thermal diffusivity.
The characteristic equilibrium adiabatic bubble rad

Ra in the second stage is related to the initial radiusR0 and
the excess applied pressuredP by

Ra5R0S P0

P01dPD 1/3g

, ~2!

whereP0 is the hydrostatic pressure,g is the adiabatic index
and the final isothermal radiusRi is given by
2151063-7850/99/25(3)/2/$15.00
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Ri5R0S P0

P01dPD 1/3

. ~3!

The expressions~1!–~3! make it possible to determin
the characteristic time of the second staget5(R0/3a2)
3@P0 /(P01dP)#2/(3g), the relative change in the bubbl
radius dR5(Ra2Ri)/Ri , and the average velocity of th
bubble wallv5dRRi /t. The computational results for vari
ous values of the bubble radiusR0 and excess pressuredP
are presented in Table I.

The quantitydR, which depends only on the pressure,
quite large for high pressures. For this reason it may be n
essary to take account of the compression process whe
vestigating, for example, the expansion of a cavity in a liqu
with the natural gas saturation. The rates of compressio
most cases are low, but for small bubbles and high press
dynamic effects apparently cannot be neglected. Moreove
the characteristic time of the second stage is comparabl
the relaxation time of the medium, then the process can
be divided into two stages; compression and heat tran
will occur simultaneously. However, this does not comp
cate the mathematical model of the pulsations, since the
cess can be described by similar equations of polytro
compression of a bubble with a polytropic exponent falli
between the adiabatic and isothermal values~the determina-
tion of its value is a separate problem!.

Let us now consider the first stage, adiabatic or po
tropic pulsations. The expression obtained in Ref. 2 for
damping rate in the linear approximation,

bL5S 4h

r0R0
2

1
3gP0g

r0c0R0
D Y F2S 11

4h

r0c0R0
D G , ~4!

whereh is the dynamic viscosity coefficient,r0 is the den-
sity of the liquid,c0 is the unperturbed sound speed in t
liquid, andP0g is the gas pressure in a bubble, can be s
plified as

bL5
2h

r0R0
2

1
3gP0g

2r0c0R0
~5!

and then used to analyze the nonlinear process, since
for the minimum valueR051mm for water 4h/(r0c0R0)
50.003.
© 1999 American Institute of Physics
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The first term in Eq.~5! gives the contribution of viscou
effects to the damping and the second term describes ra
tion effects~radiation of waves into the liquid!. Considering
their ratio, even for comparatively low pressures, for e
ample,P0g50.14 MPa forR0510mm, it is found that the
contribution of radiation effects becomes dominant. T
means, first and foremost, that the nonlinear Rayleigh eq
tion, where radiation effects are absent by definition, is
suitable for estimating the relaxation time of the medium
in the range of values ofP0g andR0 of interest to us.

We shall examine next the nonlinear damping based
the equation of pulsations in an alternating pressure field3,4

RR̈S 11
P1

r0C1
2

2
Ṙ

C1
1

Ṙ2

2C1
2D 1

3

2
Ṙ3S 12

Ṙ

3C1
D

5
P1

r0
S 11

Ṙ1

C1
D 1

RṖ1

r0C1
, ~6!

P15P0S R0

R D 3g

2P02P, c15c01Ṙ.

Analysis of the plots obtained as a result of solving E
~6! numerically in the case of loading by a square press
wave made it possible to distinguish two types
pulsations.5 Pulsations of the first type, which are nearly li
ear, are characteristic of bubbles with a comparatively la
initial radius and small excess pressures~i.e., from among
the cases considered,R0510mm, R0550mm, and
dP<3 MPa). Pulsations of the second type, which occu
high pressures for bubbles less than 10mm in size and for
comparatively small bubbles, are characterized by stron
nonlinear pulsations accompanied by a large energy lo
and subsequent quite prolonged small linear oscillati
around the position of equilibrium~their decay time can be
neglected when determining the relaxation time of the d
sity!.

Let us now introduce the concept of the damping rate
the ith pulsation:

b i5
1

t i 112t i
lnS Ri2Ra

Ri 112Ra
D ~7!

and compare its value with the linear dampingbL ~5! for two
characteristic pulsation regimes. The computational res
are presented in Table II.

TABLE I.

Determined
parameters R0 ,mm

dP•1025, Pa

1 10 50 100

t, ms 50 30 13 6.4 4.6
v, m/s 0.09 0.43 0.96 0.13
t, ms 10 1.2 0.5 0.26 0.2
v, m/s 0.45 2.2 4.8 6.2
t, ms 5 0.3 0.13 0.06 0.05
v, m/s 0.9 4.3 9.6 13
t, ms 1 0.01 0.005 0.003 0.002
v, m/s 4.5 22 48 64
dR Arbitrary 0.07 0.26 0.45 0.55
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As one can see, when the medium relaxes by a proc
of the second type it can indeed be assumed that the
equilibrium value of the density is established even after
first pulsation of a bubble. Since the damping rate of the fi
strongly nonlinear, pulsation is several times greater than
linear value~5!, the quantitytb51/bL characterizes the re
laxation time of the bubble medium with an adequate m
gin.

Since for small bubbles radiation effects make the m
contribution to damping,2 the condition for the equilibrium
approximation to be correct can be written in the form

P.
2r0c0R0

3gtb
. ~8!

If it is required that the relaxation time of the medium be le
than 1 ms, then for bubbles with radius 15mm we obtain
from Eq. ~8! the conditionP.10 MPa. This makes it pos
sible, for example, to use the model of an equilibrium m
dium to describe the hydrodynamics of an electric explos
in a bubble gas-liquid medium with natural gas saturati
whereR0<15mm ~Refs. 6,7!.

1L. I. Sedov,Similarity and Dimensional Methods in Mechanics~Academic
Press, New York, 1959, translation of the 4th Russian edition; Rus
original, Nauka, Moscow, 1977, 438 pp.!.

2A. A. Guba�dullin, A. I. Ivandaev, R. I. Nigmatulinet al., Itogi nauki i
tekhniki, VINITI, Mekh. Zhid. i Gaza17, 160 ~1982!.

3V. G. Kovalev, Akust. Zh.40~4!, 606 ~1994! @Acoust. Phys.40, 537
~1994!#.

4N. M. Beskarava�ny�, V. G. Kovalev, and E. V. Krivitski�, Zh. Tekh. Fiz.
64~2!, 197 ~1994! @Tech. Phys.39, 224 ~1994!#.

5V. G. Kovalev, M. B. Rigina, and V. N. Tsurkin, inAbstracts of Reports
at the 2nd Scientific School on Pulsed Processes in the Mechanic
Continuous Media, Nikolaev, 1996, p. 37.

6V. G. Kovalev, M. B. Rigina, and V. N. Tsurkin, inAbstracts of Reports
at the Scientific and Technical Conference on Electric Discharge in L
uids and Its Applications in Industry, Nikolaev, 1992, p. 78.

7N. M. Beskarava�ny�, V. G. Kovalev, and M. B. Rigina, Inzh.-Fiz. Zh
67~1-2!, 54 ~1994!.

Translated by M. E. Alferieff

TABLE II.

Regime parameters i Ri /Ri 21 t i , ms b i , ms21 bL, ms21

R0550 mm 1 0.27 1.58 0.037
P51 MPa 2 0.30 4.5 0.032

3 0.33 7.3 0.032 0.0317
4 0.35 10.1 0.0318

R0510 mm 1 0.420 0.43 1.41
P510 MPa 2 0.493 0.94 0.41

3 0.506 1.45 0.40 0.396
4 0.508 1.96 0.40
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Mechanism for microwave pulse shortening in a relativistic BWT
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Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
~Submitted November 3, 1998!
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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 Physics.@S1063-7850~99!02103-5#
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In relativistic microwave generators powered by hig
current relativistic electron beams~REBs!, the microwave
pulse length is observed to be limited to 1028–1027 s1–4 for
hf electric field intensities 105–106 V/cm on the surface of
the electrodynamic system. The pulse length decreases
increasing radiation power, so that the energy in the pu
remains approximately constant. At the present time,
maximum energy in microwave pulses of relativistic gene
tors is at most a few hundred joules.

The range of possible reasons for this phenomeno
quite wide.4–9 For Cherenkov devices with a guiding ma
netic field and pulse lengths;10 ns, for which the displace
ment of the cathode and collector plasmas is negligible,
plasma formed on the surface of the slow-wave system b
intense hf electric field apparently plays the main role
pulse shortening. The source of the plasma could
explosive-emission centers as well as gas desorbed from
surface and ionized by secondary-emission and scatt
electrons.

In a 3-cm relativistic backward wave tube~BWT! with a
TM01 working mode, a;10 ns limit on the pulse length ha
been observed even at power levels;300 MW ~Ref. 2!. As
a possible explanation the authors suggested explosive e
sion of electrons from the surface of the slow-wave struct
and the formation of an electron load.

In the 3-cm 3-GW relativistic BWT3 the microwave
pulse length was only 6 ns. The pulse length was invers
proportional to the pulse power, so that the energy in
pulses remained at the level 20 J. Traces of erosion, just
those on the surface of the metallic explosive-emission c
odes, were observed on the surface of the slow-wave st
ture of the BWT at locations of the maximum electric fie
strength. This indicates that microwave pulse shortenin
associated wth explosive emission on the surface of the e
trodynamic system of the generator.

The present work is devoted to the experimental a
numerical investigation of the processes limiting the len
of the radiation pulses from a 3-cm relativistic BWT und
conditions such that the influence of the motion of the ca
ode and collector plasmas can be neglected.

The experimental investigations were performed on
Sinus-6 high-current electron accelerator with an 18-ns c
rent pulse. A uniform relativistic BWT with a TM01 working
2171063-7850/99/25(3)/4/$15.00
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mode and radiation wavelengthl'3.3 cm was used. The
slow-wave structure of the BWT consisted of individu
ripples ~stainless steel rings!. The length of the slow-wave
structure wasL 59d, the ripple amplitudel'l/15, the av-
erage radiusR 'l/2, and the periodd'l/2. The tube was
evacuated to 1024 Pa with a vapor-oil pump.

In the optimal generation regime~cathode voltage
U5600 kV, beam currentI 54.7 kA, magnetic field inten-
sity 26 kOe! the radiation power was about 500 MW. At th
microwave power level the shortening of the microwa
pulse does not yet occur under ordinary conditions~Fig. 1
and also Ref. 3!. To check the effect of explosive emissio
on the pulse length, one of the ripples of the slow-wa
structure was replaced by a ripple of the same shape but
a ring-shaped graphite insert~Fig. 2!. The presence of graph
ite in the rippled waveguide did not change the electro
namic properties of the guide; it merely facilitated the co
ditions for the development of explosive-emission process
The shape of the cathode voltage and REB current pu
remain the same.

The installation of a ripple with an insert produced sho
ening of the microwave pulse. The shortening was grea
when the ripple was located near the center of the slow-w
structure~Fig. 3!. The length of the microwave pulses wa
partially restored as the number of pulses produced with
breaking the vacuum of the system increased. This is pr
ably due to the degradation of the explosive-emission cap
ity of graphite as a result of conditioning by the hf fiel
Further shortening of the first few pulses correlated with
larger number of pulses required for partial restoration of
pulse length~Fig. 3!.

When the microwave pulse became shorter, an inte
flux of electrons moving along the magnetic field lines w
observed in the gap between the ripples near the ripple w
the insert. Imprints on a lucite witness plate~Fig. 2! attest to
a high current density (;1 kA/cm2), which only explosive
electron emission can produce.

In the theoretical analysis it was assumed that the sh
ening of the microwave pulse in the presence of explosi
emission plasma occurs as a result of the cessation of
generation process as a result of the absorption of the w
ing electromagnetic wave. It was assumed that the pla
has no effect on the electrodynamic properties of the slo
© 1999 American Institute of Physics
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wave structure. In this formulation of the problem the ces
tion of generation in the BWT in the presence of part
absorption of the wave could be due to an increase in
critical current of the generator below which generati
stops. The solution of the one-dimensional time-depend
problem by the PIC method10 showed that the critical curren
of the BWT equals the starting current. The latter current
is well known, increases with wave absorption.

The effect of linear absorption~the absorbed power i
proportional to the wave power! was investigated in one
dimensional calculations. Both compact and distribu
~along the tube! absorbers, which were switched on at
given moment in time, were simulated. The calculatio
showed that under typical conditions with the beam curr
initially two to three times greater than the starting curre
the oscillations decay in several nanoseconds, provided
on the order of half the wave power is absorbed. The grea
effect of absorption was observed when a compact abso
was placed near the center of the slow-wave structure. In
case, for a classical tube, neglecting the copropagating w
the expected result was observed in the limit of total wa
absorption—an increase of the starting current by a facto
8. The simulation also confirmed the obvious fact that pl
ing a compact absorber at the edge of the slow-wave st
ture perturbs the internal generation process very little.

FIG. 1. Oscillograms of the beam currentI, voltageU in the diode, and
signals from the microwave detector~the first pulse after a ripple when
graphic insert is installed!: 1 — insert at the fourth ripple from the constric
tion reducing the transverse size below cutoff, 2 — at theeighth ripple, 3 —
at the first ripple, 4 — no insert.
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The electrons emitted from the plasma formed on
surface of the ripples can cause the wave to be absorbe
the BWT. At the same time, it is easy to see that the non
ear character of purely electron absorption makes it insu
cient for cessation of generation. Indeed, to change the s
ing current of the BWT the ratio of the power lossesPloss to
the powerPw transported by the wave must be finite wi
weak hf fields. The intensity of the absorption of the wave
the electrons is proportional to the emission current den
j em and the energy« picked up by the electrons in the fiel
of the wave. If the field of the wave is weak the electr
motion can be assumed to be nonrelativistic. Then the sp
charge-limited current density satisfiesj em}E3/2 and the
electron energy satisfiese}E2, whereE is the intensity of
the electric field of the wave. ThusPloss}E5/2. Since the
wave power satisfiesPw}E2, we havePloss/Pw}E3/2→0 in
the limit Pw→0. Thus a pure electron load cannot influen
the starting current of a BWT.

Moreover, the presence in the system of a high-currr
electron beam with a potential;105 V relative to the wave-
guide wall must be taken into account. When the microwa
power drops below a certain level, the electric field of t
wave pulling electrons from the surface of the slow-wa
structure is exactly balanced by the static field of the bea
making electron emission impossible.

Nonetheless, the absorption of the electromagnetic w
makes it possible to explain the cessation of generation,
cause ions can be pulled out of the plasma on the surfac

FIG. 3. Length of the first microwave pulse and number of pulses requ
to restore the maximum pulse length versus the distance between the g
ite insert and the constriction reducing the transverse dimension below
off ~as a fraction of the ripple period!.
the
,

FIG. 2. Plot of the electron current between the ripples and
circuit used to obtain it. 1 — ripple of the slow-wave structure
2 — REB, 3 — lucite witness plate, 4 — graphite insert.
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the ripples during the corresponding phases of the hf fi
The cyclotron radius for ions is much larger than for ele
trons, and it can be comparable to the tranverse size of
waveguide. For this reason the ions are accelerated init
in a direction toward the axis of the apparatus by the st
field of the REB, tending to cancel the space charge of
beam. The number of singly charged ions per unit length
the system must be;1012 cm22 in order to neutralize the
space charge of a REB with a 5 kA current. Estimates and
numerical experiment showed that for protons and car
ions the neutralization process lasts for several nanoseco

As a result of the neutralization of the space charge
the REB, the electric field pulling electrons from the surfa
of the electrodynamic system increases up to the total am
tude E0 of the wave field. This hastens the appearance
new emission centers. Thet3/2 growth of the current of indi-
vidual emission centers in time must also be included as
of the factors giving rise to avalanche-like development
explosive emission.

As they execute radial motion the ions accumulate in
space between the ripples. This is due primarily to the p
ence of an electron current here. The electrons emitted f
ripples under the action of the microwave field move alo
the field lines of the external longitudinal magnetic field. W
note that in a typical~not oversize! relativistic BWT with
electric field strength 105–106 V/cm on the ripples, electron
can be transported from one ripple to another in one pe
of the microwave oscillations. Since the electron curren
space-charge limited, the electrons produce in the gap
tween the ripples a quasistatic field of orderE0 averaged
over one period of the oscillations. The motion of the ions
this field is accelerated, and estimates and numerical exp
ment show that the ions fill the gap between the ripp
within several nanoseconds. The process can be chara
ized as hf ambipolar diffusion of ions and electrons. We n
that ion accumulation between the ripples can also oc
under the action of the hf field alone. Then, however,
longitudinal motion of the ions is cyclic drift motion and th
duration of the process is hundreds of nanoseconds.

As a result of filling the gap with ions, a quasiline
plasma forms between the ripples. The space charges o
electron and ion components averaged over one period o
microwave oscillations cancel out, and the plasma den
grows in time under the action of the field of the wave. In t
process the power carried to the walls by the electron c
ponent of the plasma increases. A model time-dependent
culation for a 1-cm wide one-dimensional planar gap with
applied 10-GHz 500-kV/cm ac electric field showed that
the presence of unidirectional electron emission and sp
charge limitation of the current the intensity of the electr
bombardment of the walls is 28.5 MW/cm2 ~for comparison,
the intensity of an electron beam with a constant app
voltage of the same magnitude is 380 MW/cm2). When pro-
ton emission with current density 10, 100, and 1000 A/c2

was introduced, the average bombardment intensity
creased to 0.13, 0.5, and 2.2 GW/cm2, respectively, and the
ions filled the gap in 4.1, 3.2, and 2.8 ns. The maxim
plasma density in the gap was limited only by the electro
d.
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emissivity, which was taken to be arbitrarily large but fini
in the calculation.

Time-dependent numerical simulation of the propagat
of a TM01 wave in a sinusoidally rippled waveguide, on on
ripple of which electron and ion emission was prescrib
was performed using an axisymmetric version of the 2.5- a
three-dimensional completely electromagnetic PIC co
KARAT.11 The simulation showed that the maximum wa
absorption~up to 50% with respect to the power! occurs 7 ns
after the wave is started, and the characteristic plasma
sity between the ripples isn;5•1011 cm23. As the density
increases further, the wave absorption decreases, equa
30% for n;3•1012 cm23. This is apparently because th
wave penetration into the plasma is degraded between
ripples ~the skin effect!. A similar phenomenon in a BWT
can change the electrodynamic properties of the slow-w
structure and destroy the generation regime.

In practice, the maximum plasma density is apparen
determined by the amount of matter ionized during the
plosive emission. We note that neutralization of the sp
charge of the REB requires approximately the same num
of ions as for substantial absorption of the wave, specifica
1011–1012 singly-charged ions per 1 cm of the system leng
Ionization of several or tens of cubic microns of matter
required to produce this number of ions; this is easily achi
able during explosive emission.

A full-scale numerical experiment performed using t
KARAT code showed that ion–electron emission from t
ripples of the slow-wave structure of the BWT, substantia
reduces the generated power, until generation ceases ent
The latter was observed when at least two emitting ripp
were positioned near the center of the tube. Figure 4 ill
trates the case of three emitting ripples in a BWT with init
power generation;600 MW. The times when the electro
and ion emission were switched on were separated in o
to demonstrate their effect separately. When the elec
emission is switched on, the microwave power at the exi
the tube decreases substantially, but the generation pro
itself does not stop and the spectrum of the oscillations
mains narrow. Approximately 3 ns after the ion emission
switched on, the radiation power drops to;10 MW. Broad-
ening of the oscillation spectrum, destruction of the pha
portrait of the beam characteristic for a generating BWT, a
a sharp drop in the intensity of electron bombardment of
ripples are observed. The number of electrons and ions in
electrodynamic system increases with time.

As noted above, the absorption of even a substan
fraction of the energy of the wave in the generator does
shut off generation if the absorption is concentrated near
edges of the apparatus. However, from outside, such a
ation with strong absorption can also appear as shortenin
the microwave pulse. Thus, in the numerical experiment w
fixed ion and electron emission at the first~from where the
constriction causes a cutoff! period of the ripple a three-fold
decrease of microwave power was obtained without cutt
off generation.

In summary, pulse shortening in a relativistic BWT ma
be due to the appearance of explosive-emission plasma
the surface of the ripples of the slow-wave structure. G
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FIG. 4. Computed time dependences of the output m
crowave power, the intensity of electron bombardme
of the ripples, and the number of electrons and ions
the BWT with emission of electrons and ions from th
surface of the slow-wave structure: I — onset of elec-
tron emission, II — onset of ion emission.
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eration may cease because the electromagnetic wave i
sorbed by electrons emitted from the plasma. This absorp
is greatly enhanced by the presence of ions emitted from
plasma. Thus, the length of the microwave pulse is limi
by the development time of the explosive electron emiss
on the surface of the electrodynamic system and by the t
for ions to fill the volume of the system.

1N. I. Za�tsev, N. F. Kovalev, G. S. Korablevet al., Pis’ma Zh. Tekh. Fiz.
7~14!, 879 ~1981! @Sov. Tech. Phys. Lett.7, 879 ~1981!#.

2A. S. El’chaninov, F. Ya. Zagulov, S. D. Korovinet al., Pis’ma Zh. Tekh.
Fiz. 7~19!, 1168~1981! @Sov. Tech. Phys. Lett.7, 1168~1981!#.

3A. V. Gunin, S. A. Kitsanov, A. I. Klimovet al., Izv. Vyssh. Uchebn.
Zaved. Fiz. No. 12, 84~1996!.

4A. F. Aleksandrov, S. Yu. Galuzo, V. I. Kanavetset al., in Abstracts of
ab-
n
e

d
n
e

Reports at the 4th All-Union Conference on High -Current Electroni,
Novosibirsk, 1982, pp. 168–171.

5A. F. Aleksandrov, L. G. Blyakhman, and S. Yu. Galuzo, inRelativistic
High-Frequency Electronics, No. 3, Gor’ki�, 1983, pp. 219–240

6G. A. Mesyats, inProceedings of a Course and Workshop on High Pow
Generation and Applications, Villa Monastera, Varenna, Italy, 1991, pp
345–362.

7J. Benford and G. Benford, IEEE Trans. Plasma Sci.25, 311 ~1997!.
8N. F. Kovalev, V. E. Necaev, M. I. Petelin, and N. I. Zaitsev, IEEE Tran
Plasma Sci.26, 246 ~1998!.

9O. T. Loza and P. S. Strelkov, inDigest of Technical Papers, Interna
tional Workshop on High Power Microwave Generation and Pulse Sh
ening, Edinburgh, UK, 1997, pp. 103–108.

10I. V. Pegel’, Izv. Vyssh. Uchebn. Zaved. Fiz. No. 12, 62~1996!.
11V. P. Tarakanov,User’s Manual for Code KARAT, Berkeley Research

Associates, Springfield, VA, 1992.

Translated by M. E. Alferieff



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 3 MARCH 1999
Formation of a negative image by an opaque screen
Sh. D. Kakichashvili

Institute of Cybernetics, Georgian Academy of Sciences, Tbilisi
~Submitted November 24, 1998!
Pis’ma Zh. Tekh. Fiz.25, 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. ©1999 American Institute of Physics.
@S1063-7850~99!02203-X#
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The focusing action of a camera obscura was appare
first mentioned in the sixteenth century.1 The formation of an
image by this device is essentially completely described
the laws of ray optics. To explain the analogous effect o
circular opaque screen and an opaque sphere the wave th
of light and the Huygens–Fresnel principle must
invoked.2 The corresponding experiment reveals a stro
sensitivity to the geometry of the experiment and the pre
sion of the circular screen.3 Just as in a camera obscura, t
image is inverted and positive.4

Many years ago I observed the formation of a negat
image by a small opaque screen. This effect apparently
not attract any attention earlier. Using an extended li
source in the form of an incandescent filament with an a
trary configuration, a candle flame, etc., and placing in
path of the light a small opaque screen (<1 –2 mm!, at a
certain distance it is easy to observe a negative image o
source. The image formed is not critically dependent on
shape of the opaque screen~circle, triangle, square, and s
on! and, just as in a camera obscura, it is inverted~Fig. 1!.
The smaller the screen, the higher the contrast and the cle
the image are, even relatively close to the screen. The
periment described~essentially, elementary! is virtually in-
sensitive to the conditions and geometry of the experim
My efforts to explain the observed effect, even qualitative
by means of the mathematical apparatus based on
Huygens–Fresnel principle, were all unsuccessful.

In the present letter I employ Young’s diffraction ide
for this purpose. This idea is considered to be an alterna
in a certain sense, to the Huygens–Fresnel principle. Ins
of secondary spherical waves, Young postulated the app
ance of so-called conical waves, reflected by the edge of
diffracting opening on both sides of this edge. The coni
wave together with the directly transmitted wave form a d
fraction pattern as a result of their interfering with one a
other. An amplitude discontinuity occurs at the edge of
screen itself. To eliminate this discontinuity Young pos
lated the appearance of a jump in phase byp for the part of
the conical wave that is deflected into the region of the ini
wave and the absence of a jump for the other part tha
deflected into the shadow region~see Fig. 2!.5

Figure 3 shows a diagram of the formation of a negat
image by an opaque screen. HereE5E0expi(vt1w) is the
initial, illuminating wave. According to Young, the conica
waves for the outer and inner parts of an opaque screen
2211063-7850/99/25(3)/2/$15.00
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be written in the paraxial approximation in the form

Eout5koutE exp~2 ip!, Ein5kinE, ~1!

where the coefficientskout and kin describe the decrease o
the amplitude of the conical wave in the regions outside a
inside the shadow, respectively. These coefficients are
lated to the material nature of the opaque screen and in
general case can be unequal to one another. Adding
waves~1! and calculating the intensity of the resulting fie
we obtain

I S5~Eout1Ein!~Eout1Ein!* 5E0
2~kout2kin!2. ~2!

Setting5 kout5kin , following Rubinovich, we have for the
resulting intensityI S50, which uniquely describes the ap
pearance of a negative image of the source.

It should be noted that the formation of an image by
camera obscura is also consistent with Young’s diffracti
idea. In this case three waves participate in the formation
the image: an undeflected wave with amplitude proportio
to the area of the openingEH5kE and two waves,Eout,
which are exterior with respect to the shadow. Under
conditions of tautochronism of the waves being superpos
which occurs for an infinite separation between the obj
and the opening and between the opening and the loca
where the image forms, and settingk5kout, we have for the
intensity of the resulting field

I S5~kE12Eout!~kE12Eout!* 5k2E0
2 . ~3!

For different geometrical conditions of the experime
the image formed is burdened by substantial diffracti
noise. This is easily observed experimentally.1

I also observed a similar negative image formation effe
by using a small phase step of arbitrary depth and an an
tropically absorbing screen in the form of a 1 mm piece of
film polarizer. A circular sample of film polarizer was place

FIG. 1. Illustration of the formation of a negative image of an extend
source by an opaque screen.
© 1999 American Institute of Physics
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between two pieces of glass, together with an immers
liquid whose refractive index was close to that of glass a
the material of the sample. The contrast of the negative
age decreased sharply under illumination by linearly pol
ized light with the electric field vector oriented parallel to th
transmission axis of the sample. The contrast of the nega
image is a maximum and close to the contrast with
opaque screen for illuminating light with orthogonal pola
ization. The latter experiment attests unequivocally to
participation of two wavesEout andEin in the creation of the
image. More accurate quantitative measurements of the
age contrast can apparently be used to determine the co
cientskout andkin for absorbing screens of different materi
nature.

A complete theory of the observed defect will be pu
lished later.

FIG. 2. Illustration of the phase jump in Young’s conical wave from o
side of an opaque screen to the other.

FIG. 3. Diagram of the formation of a negative image by an opaque scr
n
d
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In my opinion the effect described in the present let
can serve as a basis for reconciling the two seemingly a
native approaches in the description of optics, that of Fres
and that of Young.

As is well known, Young’s diffraction idea in its mos
general form consists in postulating transverse diffusion
the amplitude beyond the limits of the diffracting openin
The spreading of the amplitude of the field can be descri
similarly to the diffusion of heat according to a correspon
ing heat-conduction equation. The latter, as is well known
very similar to the Schro¨dinger wave equation. The diffusio
of the complex amplitude should occur with a phase sh
similarly to the phase shift introduced by Young heuristica
for the phases of the conical wave. As a result of this, os
lations should arise in the distribution of the amplitude ov
the front and for any points of observation.

It is well known that the Huygens–Fresnel princip
does not introduce any special conditions in connection w
the phases of the secondary waves. However, this appr
does not permit dsecribing even approximately the effect
served in the present work.

Both approaches are essentially scalar. They canno
used to describe the diffraction of electromagnetic waves
screens with an anisotropic and gyrotropic profile. It follow
unequivocally on this basis that in the future both approac
must be modified in application to the vector waves of t
electromagnetic field. It now seems that the vector modifi
tion of the Huygens–Fresnel principle in application
holography,6,7 despite the wide range of phenomena d
scribed, is not sufficiently general. The future, modifi
theory should not require the independent, heuristic introd
tion of either the Huygens–Fresnel principle or the idea
interference and should incorporate them as mathema
consequences.

I thank D. Sh. Kakichashvili and Professor E. M. Lyub
mov for their interest in this work and for helpful discu
sions.
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Model of scattering by a perturbed thin cylinder
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~Submitted July 20, 1998!
Pis’ma Zh. Tekh. Fiz.25, 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 problem. ©1999
American Institute of Physics.@S1063-7850~99!02303-4#
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The problem of wave scattering by thin bodies is attra
ing a great deal of attention in connection with vario
physical applications. In this problem asymptotic expansi
are constructed in terms of a small parameter~the diameter
of a cylinder, the opening angle of a cone!. A number of
interesting results have been obtained by this metho1,2

However, the great difficulties that often arise preclude a
substantial progress, so that it is desirable to construct m
els that can simplify the situation.

One such modeling procedure is to apply the theory
self-adjoint operator extensions. This approach is simila
the well-known zero-range potential method in atom
physics,3 which goes back to the work of Fermi.4 After F. A.
Berezin and L. D. Faddeev5 showed that from a mathemat
cal standpoint prescribing a zero-range potential signifies
construction of a self-adjoint exptension of a symmetric o
erator, the method gained new impetus and was applied
much wider range of problems.6,7 Operator extension theor
has been used to obtain a correct mathematical descriptio
the Laplace operator perturbed on a set of zero measure8–11

In the present letter a model of wave scattering by a t
cylinder perturbed in a bounded region is constructed on
basis of an analysis of the three-dimensional Laplace op
tor perturbed on a line. The model solution is compared w
the asymptotic~in terms of the cylinder diameter! solution of
the real problem and a method is indicated for choosing
model parameters so as to ensure that the solution coinc
with the leading term of the asymptotic expansion. Thus,
abstract mathematical scheme has found a specific phy
application.

Let us briefly describe the model. LetL be theZ axis of
a cylindrical coordinate system. We start with the Lapla
operatorAL restricted to a set of functions that vanish onL.
HereAL is a symmetric operator with infinite deficiency in
dices. To construct its self-adjoint extension it is necessar
consider the domain of the adjoint operator, which can
represented as

D~AL* !5D~AL
F!1̇Nl0

~1!

whereAL
F is the Friedrich extension of the operatorAL , Nl0

is the kernel of the operatorAL* 2l0 , l05k0
2,0, andl0 is a
2231063-7850/99/25(3)/2/$15.00
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regular value of the operator. It is easy to find that the s
spaceNl0

consists of the functionsv of the form

v~r ,w,z!5~2p!23/2E
2`

`

eizj
i

4
H0

~1!~Ak0
22j2r !a~j!dj,

~2!

wherea(j) is a function in the Sobolev spaceH21(R). To
construct the domain of the self-adjoint extension of the
erator AL it is necessary to separate inD(AL* ) a line on
which the following ‘‘boundary form’’ vanishes:

Y~u,v !5~AL* u,v !2~u,AL* v !50.

In accordance with the representation~1!,

u5u01uL , u0PH25D~AL
E!, uLPNl0

.

Using Eq.~2! we obtain

J~u,v !5E
2`

`

~au
1~s!av

2~s!2au
2~s!av

1~s!!ds. ~3!

Here a1 is a from Eq. ~2! and au
2(s)5u0(s). Using the

theory of simplectic forms,12 we can construct all classes o
possible extensions. We shall not present this descrip
here. We merely note the extensions that are distinguis
by the condition

au
1~z!5E

2`

`

B~z,z8!au
2~z8!dz8, ~4!

whereB(z,z8) is a symmetric kernel.
In Ref. 1 the leading termu0 of the asymptotic expan

sion in terms of the small radius was obtained for the pr
lem of scattering of a plane wave by a thin cylinder pe
turbed in a bounded region:

u0~r ,z!5
p

2i E2`

`

H0
~1!~Ak22j2r !n~j!eizjdj,

wheren(j) satisfies the equation

ln~ «̃Ak22j2!n~j!1E
2N

N

g~j2t !n~ t !dt52h̃~j!hS j

ND .

~5!
© 1999 American Institute of Physics
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Here uju,N5«211d, 0,d,1,h(j/N) is the characteristic
function of the segment@21,1#,

ln«̃5 ln«1
p

2i
2 ln22c~1!, g~j!5F~ lnF!~j!, h̃5Fh,

F is the Fourier transform, the functionF gives the shape o
the cylinder, andh is the value of the incident wave on th
cylinder.

The corresponding model problem can be solved exp
itly and leads to an integral equation similar to Eq.~5!. Com-
paring the results shows that in selecting the extension~4!
with the kernel b(j,j8)5B(j2j8)5(2i /p) F(ln F) and
the parameterk05(2i /«) ec(1) we obtain a model solution
that is identical to the leading term of the asymptotic exp
sion of the real solution.

The correspondence obtained above opens up the p
bility of further using the model for investigating resonanc
analyzing the problem of diffraction by a narrow slit of var
able width, and so on.
-

-

si-
,
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Ordered structures were produced in YBa2Cu3Ox ceramic samples with oxygen indexx56.75 in
an argon atmosphere as a result of isothermal holding. The ordering is clearly manifested
in the dependence of the volumeP of the superconducting phase and the room-temperature
conductivitys 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 withx56.75 is
formed to lower isothermal holding temperatures 188–225 °C~instead of 350–400 °C!.
© 1999 American Institute of Physics.@S1063-7850~99!02403-9#
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The experimental arrangement was similar to that
scribed in Ref. 1, i.e., ten samples prepared from the s
ceramic block YBa2Cu3Ox with x56.86, were isothermally
held for 5 h in anargon atmosphere at various temperatur
The isothermal holding temperature prescribed for e
sample was reached in 2 h. Next, the samples were co
slowly, which made it possible to maintain the oxygen co
centration established at the temperature during the hol
process: constant-stoichiometry~CS! samples.2 The values of
the oxygen index were obtained by x-ray analysis from
correlation of the lattice parametersc/32b ~Ref. 3!.

The volume of the superconducting phase was de
2251063-7850/99/25(3)/2/$15.00
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mined from magnetic measurements, taking account of
porosity of the samples and the penetration depth of the m
netic field.4

Just as in the case of heating of YBa2Cu3Ox samples in
air, a correspondence is found between the anomalie
s(T1) andx(T1) (T1 is the isothermal holding temperature!.
The maximum values ofs(T1) correspond to a definite
value x56.75, kindicating the formation of ordered supe
structures~see Fig. 1!. The formation of ordered states re
sults in an appreciable decrease of the scattering of ch
carriers, since in this case the defects become elements o
periodic structure.
FIG. 1. Conductivitys and oxygen indexx at T5300 K and the
volume P of the superconducting phase atT54.2 K versus the
isothermal holding temperature.
© 1999 American Institute of Physics
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For the orderedx56.75 superstructure the minimum p
riod along thea axis is four interatomic distances.

The dependence of the volumeP(T1) of the supercon-
ducting phase is very similar tos(T1) ~Fig. 1!, since in
contrast to conventional superconductors, whose super
ducting characteristics show a weak dependence on the
dering of nonparamagnetic impurities, the behavior of
same characteristics in high-temperature superconductor
pends strongly on the character of the ordering of th
impurities.5

Comparing the results of isothermal holdings in air1 and
in an inert argon atmosphere shows that ordered states
x56.75 form in an inert medium at lower temperatures th
in air ~188–225 and 350–400 °C!, respectively!. This is ap-
parently thermodynamically favorable in a more oxyge
depleted medium.

Ordered states corresponding to only one oxygen in
x56.75 were found in the presented range of isotherm
holding temperatures in argon. This opens up the possib
of obtaining ordered states withx56.67 ~the minimum pe-
n-
or-
e
de-
e

ith
n

-

x
al
ty

riod along the a axis is 3a) and possibly x56.35

(2A2a32A2a superstructure!6 with isothermal holding
temperatures much lower than the tetra-ortho transition t
perature. These ordered states could not be produced in

In closing, it is our pleasant duty to thank B. Ya
Sukharevski� for the idea of performing these experimen
N. H. Andersen for helpful comments, and G. E. Shatalo
and A. Ya. Duk for determining the oxygen index.
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Use of nonresonant radiation to detect spin-oriented photofragments
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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 studied. ©1999
American Institute of Physics.@S1063-7850~99!02503-3#
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In the last few years the investigation of oriented a
aligned photofragments formed through photodissociation
molecules has been attracting increasing attention from
vestigators, since such fragments make it possible to ob
detailed information about the dynamics of th
photoprocess.1 Studying how the polarization moments
fragments are related to other vector properties of a reac
~vector correlations! makes it possible to investigate the for
and symmetry of excited states as well as interference eff
and nonadiabatic interactions in the dissociat
molecules.2,3

Earlier our group developed a method of investigat
the polarization of resonant~with the absorption line of the
atoms being investigated! probe radiation which has passe
through a cell containing vapors of salt subjected to photo
sis in the presence of an external magnetic field and test
on oriented and aligned photofragments.4,5 The observed sig-
nals due to the variation of the dichroism of the atomic v
pors, modulated at the Larmor precession frequency, ma
possible to obtain high experimental sensitivity. Contrib
tions from dichroism and light absorption by an ensemble
the experimental particles were present in the experime
signal; this simplified the normalization. However, th
method is effective only for a sufficiently low concentratio
of the experimental photofragments that satisfies the co
tions of an optically thin layer, thereby limiting the magn
tude of the observed signals. In addition, real optical tran
tions between the states of the fragments are used. This
distort the initial distributions of the relative populations
the magnetic sublevels of the state being investigated.

In the present work a different method of detection, e
ploying the paramagnetic Faraday effect,6–8 is tested. This
method is based on observing the rotation of the polariza
plane of linearly polarized, nonresonant, probe radiat
passing through an oriented atomic vapor. As far as
know, this method has not been previously used to de
oriented photofragments.

We investigated the following reaction leading to t
photodissociation of RbI molecules by pulsed circularly p
2271063-7850/99/25(3)/3/$15.00
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larized radiation at the fourth harmonic of the Nd:YAG las
with wavelength 266 nm:

RbI1hn⇒ Rb~62S1/2!1 I~52P1/2!. ~1!

The spin-oriented rubidium atoms produced in the react
~1! were previously investigated in Ref. 5 by the resona
absorption method. In Ref. 5 the signal due to the modu
tion of the circular dichroism of the absorption of the atom
vapor as a result of the precession of the atomic spins in
applied transverse magnetic field accompanying the pas
of the probe radiation in the 794.8 nmD1 line of atomic
rubidium through the absorbing cell~AC! was observed. In
the setup of Ref. 5 the isotopic salt87Rb127I was used in the
AC; an electrodeless high-frequency lamp, containing
same rubidium isotope, served as the source of the pr
radiation. In the present work, salt containing the isoto
85Rb was subjected to photolysis, and a lamp containing
isotope87Rb served as the source of probe radiation, wh
provided a shift of the probe radiation line relative to t
absorption line. The probe radiation passed through a lin
polarizer, the AC, and an additional linear polarizer cross
with the first one at an angle of 45°, as shown in Fig. 1a

The typical experimental signals obtained after 20 la
pulses were accumulated are presented in Fig. 1b. In
figure the moment of the laser pulse corresponds to the t
t50. As a result of the small overlapping of the close
spaced hyperfine~HF! lines of the two rubidium isotopes, th
signal contains a contribution—a ‘‘step’’—from the absor
tion signal. The absorption signals are damped by the rec
bination of atoms in the molecule and the escape of the
oms from the detection zone. The oscillating part of t
signal ~the orientation signal! is due to a periodic change i
the birefringence of the atomic vapor as a result of the p
cession of atomic spins in the external magnetic field. In
experiments described, in one case the probe radiation b
propagated parallel to the laser dissociation beam and in
other case these two beams propagated at right angles to
another~Fig. 1a!. It was observed that the amplitude of th
orientation signals was different in these two cases. The
perimental geometry affects the magnitude of the orienta
© 1999 American Institute of Physics
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FIG. 1. a — Geometry of the experiments: 1 — Probe beam; 2
— circularly polarized dissociating beam; 3 — linear polarizer;
4 — linear analyzer; 5 — FÉ7. b — Experimental signals
~absorption!. The signals 1 and 2 were recorded using left- a
right-circularly polarized dissociation radiation, respective
The signal 3 is the difference of signals 1 and 2.
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signals this way because the total birefringence signal is
to the precession of the orientation vectors of the two
sublevelsF1 and F2 of the ground state of the rubidium
atoms, the signals from both sublevels being added in
geometry and subtracted in the other.

Assuming that the HF of the structure of the excit
62Pj ( j 51/2, 3/2) states of the Rb atoms cannot be resol
for the probe radiation on the transitions2S1/2⇒ 2Pj , the
following expression can be obtained for the normalized o
entation signals to first order in the optical thicknesst:9

U

U0
5

11

4
2 j e~ j e11!

~ I 11!JF1

a 1IJF2

a

3F ~ I 11!~2I 13!

3~2I 11!
JF1

d 6
I ~2I 21!

3~2I 11!
JF2

d G12 Pe

3exp2~Gt !, ~2!

where in the expression in brackets the plus sign correspo
to parallel and the minus sign to perpendicular geome
JF1

a andJF2

a are the overlap integrals of the profiles of th
e
F

e

d

i-

ds
y,

hyperfine components of the probe radiation with the
components of the absorption spectrum of the experime
isotope, andJF1

d and JF2

d are the overlap integrals of th

profiles of the HF components of the probe radiation with
dispersion contour of the experimental isotope on the tra
tions F1⇒ j and F2⇒ j , respectively. The quantity
Pe5^Sz&/S is the degree of initial electronic orientation o
the atomic spins andj e51/2, 3/2 is the total electronic an
gular momentum of the excited2Pj state of the atoms.

The signs of the integralsJF1

d and JF2

d in Eq. ~2! are

determined by the sign of the detuning of the probe radiat
frequency from the resonance absorption line. The orien
tion signal is greater for the perpendicular detection sche
than for the parallel scheme, as was observed in the exp
ment.

The ratios of the orientation signals for resonant a
nonresonant detection, which are scaled to the same ma
tude of the absorption signal, are presented in Fig. 2 a
function of the concentration of the molecular vapor in t
AC. It is evident that as the concentration of the dissociat
molecules increases, the method employing Faraday de
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tion of oriented atoms gives much higher magnitudes of
experimental signals.

In summary, in the polarization spectroscopy of pho

FIG. 2. Amplitudes of the orientation signals versus the density of m
ecules using different methods of detection: 1 — Faraday detection, perpen
dicular geometry; 2 — Faraday detection, parallel geometry; 3 — resonance
detection, parallel geometry.
e

-

fragments the method tested has the advantages that
possible to detect high concentrations of oriented and alig
atoms and that the probe radiation does not influence t
orientation. The use of the Faraday effect to investigate
ented photofragments can be improved by using as
source of probe radiation a tunable laser which has high
diation stability and monochromaticity and makes it possi
to optimize the detection parameters with respect to the m
nitude of the frequency detuning of the probe radiation fro
the atomic absorption line.

This work was supported by the Russian Fund for Fu
damental Research under Grant 98-02-18313R.
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Possible nonlinear heat-pulse propagation in solids at Debye temperatures
K. P. Zol’nikov, R. I. Kadyrov, I. I. Naumov, S. G. Psakh’e, G. E. Rudenski ,
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. Fiz.25, 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 Physics.@S1063-7850~99!02603-8#
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It is well known that under certain conditions heat c
propagate over macroscopic distances with a velocity on
order of sound velocity in crystals. Thus, at very low te
peratures (;4.2 K) generation of second sound—wave o
cillations of the temperature—is possible in ultrapu
dielectrics.1–3

This phenomenon is based on the ‘‘freezing’’ of Um
klapp processes and conservation of the phonon quas
mentum as well as the large~of order the sample length!
phonon mean-free path length. At low temperatures un
the conditions of relatively high thermal pumping nonline
~soliton! propagation of heat pulses, where dispersion~which
cause phonon packets to spread! and nonlinear effects~which
cause self-localization of packets! compensate one anothe
is also possible. Such nonlinear pulses have been obse
in, e.g., pure NaF at temperatures from 1.4 to 4.2 K alo
directions of high symmetry@100#.2 Characteristically, the
temperature in the pulses assumed only values from a
nite range that depends on the temperature of the cry
Thus, at crystal temperature 2 K the temperature in th
pulses was in the range 5–10 K.

In the present letter we report the results of a compu
simulation indicating the possibility of ballistic heat prop
gation in solids even at quite high~Debye! temperatures,
where the phonon mean-free path length is short and eq
only a few phonon wavelengths.

Three-dimensional Al and Ni crystallites containin
about 8000 atoms have been investigated by molecular
namics methods.4,5 Rapid local heating was simulated b
prescribing a temperature for the surface of the crystal tha
much higher than the average temperature in the sam
Rigid boundary conditions were used in the direction
propagation of the thermal perturbation~perpendicular to the
surface! and periodic boundary conditions were used in
other two directions. The interatomic interaction of the e
perimental crystallites was described by means of a multip
ticle potential based on a model electron density fu
tional.6,7

For ‘‘instantaneous heating’’ of a chosen region, start
at temperature 50 K and above, soliton-like pulses charac
ized by a stable shape and amplitude are formed in the
and Al crystallites. Just like ordinary solitons,8 they remain
essentially unchanged in shape as they move through
2301063-7850/99/25(3)/3/$15.00
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sample and are restored after interacting with one anoth
The character of the propagation of the perturbation p

duced by local heating of a free~110! Al surface to 8000 K
is shown in Fig. 1. One can see that a heat front, ahea
which soliton-like pulses move with a higher velocity, prop
gates away from the free surface~which corresponds to the
origin of the coordinates!. The first pulse, which has the larg
est amplitude, propagates with a higher velocity~8200 m/s!
than pulses with a smaller amplitude. Our estimates of
propagation velocity of the heat front agree in order of ma
nitude with the theoretical calculations.9

Increasing the temperature of local heating increases
amplitude and propagation velocity of a pulse. Analysis
the distributions of the directions of the atomic velocities
such pulses shows that there are always regions of e
compression or tension.

The effects due to rapid, strong local heating
(;10000) of the surface are produced, for example, by ir
diating a material with high-energy charged-partic
beams,10,11 used to alter the properties of a material in t
direction required for applications. Thus, in Ref. 10 a bipo
wave ~consisting of a wave of compression and tensio!,
produced by rapid heating of a very thin surface layer
low-energy high-current electron beams, was observed, s
larly to the manner in which in our calculations the structu
of solitary pulses largely depended on the conditions of
ergy pumping and in Ref. 10 the profile of a bipolar wa
was largely determined by the irradiation regime.

Bearing in mind that solitary pulses with similar chara
teristics are produced with mechanical loading and with lo
heating, we investigated the effect of the temperature o
crystal on the propagation of pulses induced by high-sp
compression at sample temperatures 0, 100, and 300 K~Fig.
2! ~specifically, a Ni crystallite was calculated!. It was found
that the temperature of the sample has virtually no effect
the propagation velocity of soliton-like pulses, but it h
quite a strong effect on the shape of the pulse. Specifica
fluctuations of the crest of the soliton-like pulses arise
nonzero temperatures, and the pulse itself becomes w
~Figs. 2b and c!. For example, at 300 K the width of th
pulse at half-height is approximately two times greater th
at 0 K.

In summary, even at temperatures of the order of
© 1999 American Institute of Physics



of

or

231Tech. Phys. Lett. 25 (3), March 1999 Zol’nikov et al.
FIG. 1. Positions of a soliton-like pulse initiated by heating
the free surface of aluminum, at various times.

FIG. 2. Changes in the shape of a soliton-like pulse in Ni f
various sample temperatures: a —T50 K; b — T
5100 K; c — T5300 K.
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Debye temperature heat can be transferred in crystals
ballistic regime~the Debye temperature in Ni, for exampl
is close to 300 K!. The heat carriers are soliton-like puls
that do not decay appreciably.

It should be noted that although we simulated metals
results of this work are most applicable to insulators, wh
the phonon mechanism of heat conduction dominates.

1N. Ashcroft and D. Mermin,Solid State Physics~Holt, Rinehart, and
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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. Fiz.25, 60–64~March 26, 1999!

Field-ion microscopy is used to determine the deformation due to ion implantation (E520 keV,
D51018 ions/cm2, j 5300mA/cm2) near the surface in pure iridium. The effect is manifested
as a high density of various types of defects in the near-surface volume (;50 nm from the
irradiated surface! of the material. ©1999 American Institute of Physics.
@S1063-7850~99!02703-2#
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It is well-known that irradiation alters the structural sta
of a material, specifically, in part because defects of vari
types form: radiation-disordered zones; dislocation confi
rations, dislocation loops and barriers, as well as comple
of these defects localized in small volumes; segregation
atoms of one component~for solid solutions!, etc.

In Ref. 1 field-ion microscopy~FIM! was used to ob-
serve such defects and study their atomic structure in
near-surface volume of Cu3Au which had undergone a struc
tural phase transformation. It is of interest to study expe
mentally radiation defects in materials from the standpoin
strain hardening when radiation-stimulated phase trans
mations do not occur in the materials and a high density
implanted defects can produce a large change in the s
tural state and properties.

The aim of the present work was to observe radiat
defects on an atomic level, to study the structural state
pure iridium after irradiation with argon ions, and to make
comparison with the morphology of the structural defe
arising in pure iridium as a result of mechanical deformati

Field-ion microscopy was used to study the changes
the structural state of ion-implanted Ir and to determine
character and distribution of the defects formed in the ne
surface volume of the material. The method is capable
investigating the structural alterations of the crystal lattice
metals and alloys accurately with atomic-scale resoluti
2331063-7850/99/25(3)/2/$15.00
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working with atomically pure surface at cryogenic tempe
tures, and at the same time analyzing the structure of
object through controlled removal of successive surface
ers by an electric field.

The samples were implanted with 20–24 keV arg
ions. The irradiation dose was 1018 ions/cm2 and the current
density wasj 5300mA/cm2. Before irradiation the iridium
precertified in a field-ion microscope had an atomica
smooth surface preparedin situ by field evaporation of sur-
face atoms. Ion images of the certified field emitters show
a perfect ring pattern of single crystals~Fig. 1a!, essentially
attesting to the absence of structural defects. The implan
samples were placed once again into the field-ion mic
scope and the state of the material in a volume near
surface was analyzed by recording with a VCR or a pho
graphic camera the field-ion images of the surface thro
controlled removal of successive atomic layers.

As a result, a high density of point, linear, and thre
dimensional structural defects was observed in the implan
pure iridium. A comparative analysis of the defects observ
in mechanically predeformed iridium (;90%; Fig. 1b! and
irradiated iridium~Fig. 2! showed a large difference betwee
their structures.

After mechanical deformation it was established th
boundaries of 20–30 nm grains form in the Ir volume~Fig.
1b!. But virtually no structural defects are observed in t
FIG. 1. Neon images of the surface: a — pure Ir single crys-
tal (V510 kV!; b — pure Ir (V510 kV! after;90% defor-
mation ~the arrows indicate the grain boundaries!.
© 1999 American Institute of Physics
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body of the grains. Conversely, a subblock microstructu
(;3 –5 nm! was observed in the irradiated metal~Fig. 2a–
c!. The disorientation of the blocks is 0.5–1 deg. In additio
various structural defects~Fig. 2! ~marked by arrows! up to

FIG. 2. Neon images of the surface of pure Ir after implantation with ar
ions (E520 keV, D51018 ions/cm2, j 5300 mA/cm2): a — V57.2 kV
~a micropore is indicated!; b — V58.4 kV ~the arrows indicate the defect
of the crystal structure!; c — V58.9 kV.
,

micropores~Fig. 2a! are observed in the body of the block
The ion contrast of the subblock structure was revea

by increasing the voltage on the sample by a small amo
~the difference relative to the voltage of the best image w
about 500 V!, but field evaporation of surface atoms still d
not occur. The contrast of the boundaries themselves co
be easily seen in the form of brighter lines bounding t
blocks of the structure~Fig. 2c!. In addition, it is obvious
that there is a complete correspondence between the dis
tinuity of the ring-shaped pattern in Fig. 2b and the contr
of the block boundaries of the substructure in Fig. 2c~pho-
tomicrographs of the same Ir surface are presented in F
2b and c, but the photomicrograph in Fig. 2c was obtained
increasing the voltage on the sample by 500 V!. Note that the
discontinuity in the ring-shaped pattern of the ionic contr
shows a disruption of the perfect structure of the crystal a
determines the contrast from particular defects arising in
material after external perturbations.

Analysis of the near-surface volume of the Ar-io
implanted Ir in the process of subsequent controlled remo
of surface atoms showed that such a microstructure rem
at distances up to 50 nm from the irradiated surface. I
known2 that the projective range of the argon ions in meta
specifically, iridium, is less than 10 nm for the implantatio
conditions employed. Hence it can be inferred that the
served deformation effects are most likely due to impact
fect of the ion beam, propagation of elastic waves into
material, and interaction of the elastic waves with lattice d
fects arising in the course of irradiation and with the emb
ded argon ions. In our view, the high implantation curre
density plays a significant role in the formation of the d
fects.

In summary, in this work the formation of an ultradis
persed block structure in the surface and near-surface
umes of a pure metal~iridium! as a result of implantation o
argon ions (E520 keV, D51018 ions/cm2, j 5300mA/cm2)
was observed experimentally at distances an order of ma
tude greater than the projective range of the particles fr
the irradiated surface. Such an irradiation-induced deform
tion effect is virtually impossible to obtain by mechanic
action on the pure metal~Ir!.

This work was supported by the Russian Fund for Fu
damental Research~Project No. 98-02-17304!.

We thank Professor V. V. Ovchinnikov for assisting
the experiment.

1V. A. Ivchenko and N. N. Syutkin, Appl. Surf. Sci.87/88, 257 ~1995!.
2A. F. Burenkov, F. F. Komarov, M. A. Kumakhov, and M. M. Temkin
Spatial Distributions of the Energy Released in a Cascade of Atomic C
lisions in Solids~Énergoatomizdat, Moscow, 1985!.
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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. Fiz.25, 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 Physics.@S1063-7850~99!02803-7#
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To investigate natural and artificial physical objects a
fields distributed over a certain area it is necessary to
information-measuring systems~IMSs! in which data acqui-
sition is accomplished using distributed fiber-optic tom
graphic-type measuring networks. As shown in Ref. 1,
principles of neural network information processing make
possible to solve unambiguously the problem of reconstr
ing the tomographic data. Perceptron-type neural comp
can be implemented best using optical components. This
ables data processing in real time. Such a computer ca
based on a holographic disk used as the optical coup
matrix of the neural network. This will increase the speed
operation substantially.
2351063-7850/99/25(3)/2/$15.00
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Several optical digital neural systems employing a ho
graphic disk are now known.2,3 However, for processing the
output data from fiber-optic measuring networks it is mo
convenient to use analog neural systems, which will grea
increase the speed of operation and decrease the error.

For this reason, our objective in the present work was
develop and investigate an optoelectronic neural system
processing the output data from a fiber-optic measuring
work.

The neural system under consideration processes
output signals from a measuring network used for rec
structing the distribution of the the external action und
study over the region of interest. A collection of fiber-opt
ic
ptic
FIG. 1. Diagram of the experimental layout of an optoelectron
neural system for processing the output data from a fiber-o
measuring network:1 — Optical radiation sources,2 — beam
splitter, 3 — fiber-optic measuring network,4 — holographic
disk, 5 — stepping motor,6 — photodetector,7 — controller,8
— analog-to-digital converter~ADC!, 9 — personal computer
~PC!.
© 1999 American Institute of Physics
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measuring lines~FOMLs!, packed in a square region a
shown in Fig. 1, is used as the fiber-optic measuring n
work. A node~intersection of three FOMLs! that detects the
effect of gravity on an object secured at the node is prese
the center of each section. The measuring lines are base
a single-fiber two-mode interferometer, in which the rad
tion intensity at the exit of each FOML is proportional to th
sum of the external actions detected by the same no
through which it passes.4

The matrix elements of the interneuron connections
an optical perceptron are calculated using a computer m
of the perceptron. The values obtained for the coupling m
trix elementswi j are used to determine the diffraction ef
ciency h i j of the holographic diffraction gratings that a
recorded on a disk-shaped carrier in the form of amplitu
holograms of the optical perceptron:

h i j 5
wi j

I 0iD
I 0 , ~ i 51, . . . ,N; j 51, . . . ,M !,

whereI 0i is the intensity of the laser radiation at the exit
the i-th measuring line when recording holograms;I 0 is the
intensity of the reference radiation when exposing the p
tomaterials;D is a constant that is determined by the value
the maximum diffraction efficiency of the holograms.

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

zk5scS (
i 51

N

I i j
d 2(

i 51

N

wi j bi D ,

wherek labels the node in the measuring network;N is the
number of measuring lines;I i j

d is the intensity of the radia
tion diffracted by the holographic grating with the corr
sponding diffraction efficiencyh i j ; c is the transfer function
of the photodetector and ADC amplifier; andbi is a free term
in the linear transfer functions of all nodes along theith
measuring line. The correction factors determines the de
gree of mismatch between the intensitiesI 0i at the exits of
the measuring lines at the hologram-recording stage and
intensitiesI 0i8 at their exits immediately before the measu
ments and is calculated according to the formula

s5
1

N (
i 51

N
I 0i

I 0i8
.

Figure 2 shows the result of the experimental reconstr
tion of the reference deformation action of the gravitatio
field at three nodes of a 16316 measuring network divided
into 256 elementary sections. The accuracy of the rec
struction depends on the spatial frequency of the measu
network. The experimental results showed that the rela
t-

at
on
-

es

f
el
-

e

-
f

l
ic
f
-
of
r-
e
n

C,

he
-

c-
l

n-
ng
e

error introduced by the optical perceptron is determined
the quality of the training of its model and was 6% in ou
experiment. At the same time, the instability of the radiatio
sources and the temperature drift of the working points of t
FOMLs increase the error to 20%.

In summary, in the present letter an optoelectronic ne
ral system for processing the output data from a fiber-op
tomographic measuring network was presented. This sys
makes it possible to perform parallel processing of optic
information for the purpose of reconstructing the spatial d
tribution function of a physical quantity of interest.

1Yu. N. Kulchin, O. T. Kamenev, and I. V. Denisovet al., Opt. Mem.
Neural Netw.6, 149 ~1997!.

2A. Kutanov, B. Abdrisaev, and S. Dordoev, Opt. Lett.17, 952 ~1992!.
3A. L. Mikaelian, E. H. Gulanyan, and B. S. Kretovet al., Opt. Mem.
Neural Netw.1, 7 ~1992!.

4Yu. N. Kul’chin, O. B. Vitrik, O. V. Kirichenkoet al., Avtometriya, No.
5, 32 ~1995!.

Translated by M. E. Alferieff

FIG. 2. Result of the reconstruction of the deformation action of gravity
three nodes of the measuring network by an optoelectronic neural proc
ing system.
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Thermomechanical effect in a cylindrically-hybrid nematic liquid crystal
R. S. Akopyan, R. B. Alaverdyan, É. A. Santrosyan, S. Ts. Nersisyan,
and Yu. S. Chilingaryan

Erevan State University
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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 Physics.@S1063-7850~99!02903-1#
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1. A systematic theory of thermomechanical effects
deformed liquid crystals~LCs! were first constructed in Ref
1. Subsequently, the experimental observation of the rota
of matter in the horizontal plane of nematic layers in the fi
of a longitudinal temperature gradient was reported in Ref
A thermomechanical effect in a homeotropically plan
oriented nematic liquid crystal~NLC! was first detected ex
perimentally in Ref. 3. In this effect a hydrodynamic flo
appears as a result of a longitudinal temperature grad
The values of the thermomechanical coefficient measure
Refs. 2 and 3 are in good agreement with the theoret
estimate.

In the present work a thermomechanical rotation o
cylindrically and axially-hybrid-oriented NLC as a result of
longitudinal temperature gradient is predicted theoretica
and detected experimentally.

2. Let us consider a cylindrical horizontal NLC cell o
whose bottom substrate (z50) a homeotropic boundary con
dition is prescribed. On the top substrate (z5L) planar
boundary condition is prescribed such that in this plane
molecules would be oriented everywhere along concen
circles centered on the axis of a cylinder~see Fig. 1!. Let the
(x,y) plane be the bottom base of the cylinder. Then in
single-constant approximation the Frank elastic constants
K15K25K35K. The director distribution will have the
form

nx5sinw sin
pz

2L
, ny5cosw sin

pz

2L
, nz5cos

pz

2L
.

~1!

Here w is the azimuthal angle of the cylindrical coordina
system andL is the cell thickness. Let external heat sourc
maintain a temperatureT5T05DT in the z50 section and
a temperatureT5T0 in the z5L section. Then the expres
2371063-7850/99/25(3)/2/$15.00
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sion for the thermomechanical viscous force can be writ
in the very simple formj (DT/L3). Herej is the thermome-
chanical constant. We shall write the stationary

Navier–Stokes equation in a cylindrical coordinate s
tem, assuming uniformity with respect tow and r, as

h
]2nw

]z2
2h

nw

r 2
5j

DT

L3
. ~2!

Here h is the viscosity of the NLC. The solution of th
equation with the boundary conditionsnw(z50,L)50 is

nw5
j

h
r 2

DT

L3

3H S expS 2
L

r D21DexpS z

r D1S 12expS L

r D DexpS 2
z

r D
S expS 2

L

r D2expS L

r D D21
J .

~3!

Far from the cylindrical axisr @L and r @z we have

nw5
j

2h

DT

L3
z~z2L ! and nw max5

j

8h

DT

L
. ~4!

Thus, the velocity of rotation around the cylindrical ax
does not depend on the distance from the axis.

3. A cylindrical axially-hybrid cell of the NLC MBBA
with the nematic phase interval 20–47 °C was used in
experiment. A sandwich-type cell was arranged in a stric
horizontal plane and heated below by a continuous trans
ent heater, which gave uniform heating in the horizon
plane to within60.01 °C and made it possible to obser
textures in a polarizing microscope.
of
is
FIG. 1. Geometry of the experiment. The substrate
the cell that sets the planar orientation of the NLC
located a — at the top and b — at thebottom.
© 1999 American Institute of Physics
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The temperature difference between the bottom and
surfaces of the film was determined as the difference of
transition temperatures into the isotropic phase in the bot
and top layers. The velocitynw max was determined as th
maximum velocity of small~2–3mm! particles of aluminum
oxide.

The geometry of the experiment is displayed in Figs.
and b. The dashed lines show the distribution of the direc
on the coaxial cylindersr 5const. In the experiment, whe
the substrate of the cell that sets the planar orientation of
NLC was located on top~casea), rotation of the liquid crys-
tal around the cylindrical axisz was observed. The maximum
flow velocity for a cell with thicknessL5100mm and tem-
p
e
m

a
r

he

perature difference between the top and bottom surfa
DT55 °C was on the order ofnw max'0.5mm/s. In the case
b, where the substrate setting the planar orientation of
NLC molecules is located at the bottom, an oscillatory ro
tion around the axis of the cylindrical cell arises in the sy
tem.

1R. S. Akopyan and B. Ya. Zel’dovich, Zh. E´ ksp. Teor. Fiz.87, 1660
~1984! @Sov. Phys. JETP60, 953 ~1984!#.

2O. D. Lavrentovich and Yu. A. Nastishin, Ukr. Fiz. Zh.32~6!, 710~1987!.
3R. S. Akopyan, R. B. Alaverdyan, E´ . A. Santrosyanet al., Pis’ma Zh.
Tekh. Fiz.23~17!, 77 ~1997! @Tech. Phys. Lett.23, 690 ~1997!#.

Translated by M. E. Alferieff
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Effect of elastic stresses on free oscillations in ferroelectric liquid crystals
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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.@S1063-7850~99!03003-7#
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The effect of an ac electric field on a ferroelectric liqu
crystal ~FLC! is to produce, as a result of the electroclin
effect and backflow, vertical and horizontal mechanical
brations of the cell plates at the frequency or harmonics
the applied electric field.1 Damped mechanical oscillations o
the cell plates appear when an FLC is excited near an Sm
SmC* phase transition by square electric pulses. The
quency of these oscillations is determined by the mechan
resonances of the cell and the components securing the2

We have shown that these mechanical oscillations of the
plates are accompanied by oscillations of the electric curr
which are synchronous with the oscillations of the plates
the external circuit containing the cell holding the FLC3,4 and
by oscillations of the optical density of a cell placed betwe
crossed polaroids.5 These processes indicate the appeara
of free damped oscillations of the director of the FLC af
an abrupt change in the electric field intensity.

Since the methods of classical Fourier spectral anal
do not permit investigating time-dependent processes suc
damped oscillations in an FLC correctly~see, for example
Ref. 6!, we used3–5 the instantaneous spectrum method.6,7 As
a result, it was found that there exist two types of damp
oscillations of the director of an FLC, the most importa
distinction between which is that near the SmA–Sm*
second-order phase transition the frequency of oscillation
the first type depends strongly on the temperature of
FLC. This fact indicates the existence of resonances of
texture of the FLC in the frequency range 1–20 Hz.

Further investigations revealed that elastic mechan
stresses in the crystal structure play the main role in prod
ing oscillations of the director of an FLC.

The experiment was performed on a eutectic mixt
~51.5 and 48.5 wt.%! of the complex esters of 4-n-
hexyloxyphenyl-4-n-octyloxybenzoate and 4-n-
hexyloxyphenyl-4-n-decyloxybenzoate. Bis-4,49 (2S22
-chlorohexyl!-terphenyldicarboxylate8 in the amount 9.85
wt.% was used as a chiral additive inducing the ferroelec
properties. This composition possesses a SmA–Sm*
second-order phase transition at 65 °C. The spontaneou
larization at 30 °C was 22.5 ns/cm2.

The measuring cell consisted of two 2731531 mm
glass plates separated by 15mm thick fluoroplastic spacers
2391063-7850/99/25(3)/3/$15.00
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The cell is assembled so that the FLC-filled volume
1531530.015 mm2. The cell was secured in a manner so
to permit small motions of the top glass plate. The inner s
of the glass cell plates was coated with a transparent curr
conducting coating, to which a 100-Hz square electric vo
age pulse was applied. The maximum electric field stren
was 3.3•104 V/cm.

The oscillations were investigated in a uniform boo
shelf texture, which was constructed, using the well-kno
method,4,9 from a homeotropic texture in an electric field
temperature 63–64 °C@onset of SmC* using mechanical vi-
brations of the top glass plate in the direction of theX axis
~Fig. 1!#. The smectic layers lie in theXZ plane, and the FLC
molecules lie in the direction of theY axis. To produce a
controllable mechanical stress in the texture, pressure
applied to the top glass cell plate in the direction of theY
axis, i.e., in the plane of the glass cell plates and perpend
lar to the smectic layers~the maximum pressure was 104

dynes/cm2, normalization to the area of the cell occupied
the bookshelf texture!.

Two measuring cellsA andB were used. The cellB was
distinguished only in that the current-conducting coati
covered a 535 mm2 area at the center rather than the ent
glass plate. Thus, the FLC is in an electric field only with
this area and a uniform bookshelf texture was construc
only on this area. Everywhere else on the area of the cell
texture remained homeotropic. The cell temperature was
bilized and measured to within60.02 °C.

Figure 2 shows the parameters of the oscillations a
function of pressure: the initial amplitudeA0, the frequency
f, and the damping ratea at FLC temperature 61.8 °C, whic
corresponds to the SmC* phase. As pressure increases, t
amplitude of the oscillations increases nonlinearly. As a
sult of the application of pressure, the initial amplitude c
be increased by a maximum of almost one order of mag
tude. At pressures above 4500 dynes/cm2 the top glass cell
plate shifts. This is caused by breaking of the bond betw
the FLC molecules and the substrate surface and destroy
uniform bookshelf texture. The amplitude of the oscillatio
drops sharply.

The frequency of the oscillations also increases non
early with pressure. The maximum attainable frequency
© 1999 American Institute of Physics
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approximately 1.3 times higher than the frequency of
oscillations without pressure. The damping ratea does not
change much. A shallow minimum is reached at a press
of about 2000 dynes/cm2, after whicha increases. The over
all change ina was less than615% of its value in the
absence of pressure.

Similar behavior is also observed at other temperatu
in both the SmC* and SmA phases. The change produced
the parameters of the oscillations by the applied pressu
reversible, if the FLC texture has not been destroyed.

It is evident from Fig. 2 that the elastic mechanical stre
arising in the texture of the FLC as a result of the appl
pressure greatly increases the amplitude of the oscillati
Oscillations with an initial amplitude of about 120 mV
which are observed with zero external pressure, also aris
a result of a mechanical stress in the texture. This stres
caused by the existence of regions with different orientati
of the director. If the mechanical stress in the FLC texture
canceled out by adjusting the magnitude and direction of
external pressure, then the oscillations completely vanish

An experiment investigating the interaction of regions
an FLC with different orientation of the director was pe
formed in cellB where a portion of the area was occupied
uniform bookshelf texture and a portion was occupied
homeotropic texture. Figure 3 shows the temperature de
dence of the amplitude of the oscillations in the cellB ~curve
2!. This dependence was obtained as follows. At tempera
61.5 °C an external pressure of 4000 dynes/cm2 was applied
to the top glass cell plate and oscillations with an amplitu
of about 400 mV were obtained. After the external press
was removed, the amplitude of the oscillations decrea
but to 250 mV and not zero. We believe that this is due to
fact that the portion of the cell area occupied by the hom
tropic texture prevented the top glass plate from returning
the equilibrium position. A mechanical stress of the hom
tropic and bookshelf textures of the FLC, which are int
coupled with one another through the mobile glass cell pl
developed. As the temperature increased, the amplitud
the oscillations remained approximately constant in the ra
61.5–65.0 °C, i.e., up to the phase transition. A unique
gime of stabilization of the amplitude of the oscillations

FIG. 1. Geometry of the experiment: 1 — Mobile substrate, 2 — stationary
substrate, 3 — smectic layers.
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which the amplitude increase caused by a tempera
increase3,4 was compensated by an amplitude decre
caused by a pressure decrease, was established. The pre
decreased, since it was produced by textural mechan
stresses, and it decreased as the elastic properties of the
became weaker with increasing temperature.

After the phase transition in the SmA phase the m
chanical stress decreased substantially and the amplitud
the oscillations dropped essentially to zero. Of course,
subsequent cooling, after the transition into SmC* , the me-
chanical stress and pressure did not recover on their own.
this reason the temperature dependence of the amplitud
the oscillations was found to be very narrow~curve 3 in Fig.
3!. The width of the curve was no more than 1 °C, and
maximum was reached at the phase-transition tempera
Previously, such temperature dependences of the oscillat
were investigated3–5 in the absence of external pressure.

The temperature dependence of the initial amplitude
the oscillations with a constant external pressure of 32
640 dynes/cm2 is shown in Fig. 3~curve 1!. Comparison of

FIG. 2. Oscillation parameters versus the external pressure at temper
61.80 °C.
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FIG. 3. Oscillation amplitude versus temperature: 1 — with
constant external pressure 3230640 dynes/cm2; 2, 3 — under
a pressure produced by internal mechanical stresses.
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the curves 1 and 3~the amplitude of the oscillations with
constant external pressure and without pressure! shows that
in the SmC* phase at a temperature more than 1 °C be
the phase transition into SmA, the lateral pressure is the m
factor responsible for the appearance of oscillations of
director of the FLC. Under a weak pressure produced o
by the internal mechanical stresses, oscillations with a sm
amplitude are observed in a narrow temperature interval n
the phase transition. The temperature dependence of the
plitude of the oscillations is symmetric with respect to t
phase-transition temperature. A constant external pressu
order 103 dynes/cm2 causes a large increase in the amplitu
of the oscillations and expands the temperature range o
existence of oscillations in the direction of the SmC* phase
by at least 15–20 °C. Conversely, the influence of the lat
pressure is negligible in the SmA phase.

It has been noted in investigations of the uniform boo
shelf texture4 that the weakening of the oscillations on coo
ing is accompanied by the appearance of disclinations wh
are characteristic for chevron textures. The application o
in
e
ly
ll
ar
m-

of
e
he

al

-

h
a

lateral pressure to the mobile cell plate causes these di
nations to vanish and restores the amplitude of the osc
tions.
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A model of self-organization during anodic etching in the preparation of porous silicon is
proposed. ©1999 American Institute of Physics.@S1063-7850~99!03103-1#
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Interest in self-organization processes continues
abated. This is because such processes touch upon the
damental properties of nature.1 These phenomena encompa
diverse fields of physics, chemistry, biology, and other d
ciplines of natural science. Nonlinear processes develop
on solid surfaces accompanying local input of energy co
prise a definite class of such phenomena. Laser-stimul
self-organization processes have been studied in Refs.
Self-organization processes caused by current filamenta
during anodization ofn-type silicon samples with a relativel
low level of illumination of the silicon have been studied
Refs. 5 and 6. These processes are characterized by the
mation of two types of concentric structures, ring-shaped
radial.

The physical mechanism leading to the appearance
ring structures consists in the following. The formation
current filaments in a near-surface space-charge regio
silicon on account of generation–recombination instabi
with large voltage drops7 is accompanied by the appearan
of regions with a high carrier density and temperature8 and,
in consequence, by the occurrence of both a nonunifo
~along the surface! lattice-temperature field and a the
moelastic force. The positive deformation and temperat
feedback leads to instability, in which the amplitudes of t
Fourier components of the temperature~conductivity! pertur-
bations and static deformation grow exponentially in tim
As a result, nonuniform etching occurs and concentric rin
and radial structures are formed. Electric breakdown and
mation of a current filament in this case play the role of
initial activation, and the instability itself is due to Jou
heating, but the character of the structure formed depe
very strongly on the initial conditions, i.e., on the charact
istics of the current filament.

Let the silicon plate be in contact on one side with
electrolyte. We shall assume that the conductivity and th
mal diffusivity of the electrolyte are higher than that of si
con. We shall neglect the Joule heating of the electrolyte
the region of the semiconductor the equation of motion
the nonuniformly heated medium and the heat-conduc
equation have the forms9

]2Ut

]t2
2ct

2¹2Ut50, “•Ut50; ~1!
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]2Ut

]t2
2cl

2¹2Ul1
Ka

r
¹T50, “3Ul50; ~2!

]T

]t
2x¹2T

KaT

cv

]

]t
“•U

s0E2

cv
H expS W

kb
F1

T
2

1

Tp
G D21J 50.

~3!

Herect andcl are the velocity of transverse and longitudin
acoustic waves,x is the thermal diffusivity, K5r@cl

2

2ct
2/3# is the bulk modulus,r is the density of silicon,a is

the volume thermal expansion coefficient,cv is the specific
heat per unit volume,W is the activation energy of electrica
conductivity,T0 is the electrolyte temperature,s0 is the con-
ductivity, E is the electric-field intensity in the space-char
region near the surface, andkb is Boltzmann’s constant.

The boundary conditions for the temperature and de
mation V5Ul1Ut in a cylindrical coordinate system
(r ,w,z) have the form

Tur→`5T0 ,
]T

]r U
r→`

50,
]T

]zU
z50

5a8~T2T0!; ~4!

Vur→`50, Uz
liquz50505Vzuz50 ,

szz
liquz505szzuz50 , s rz

liquz505s rzuz50 , ~5!

wherea851/(cvxR) is the thermal diffusivity between the
electrolyte and semiconductor,R is the thermal resistance
Uliq is the displacement vector of the liquid, ands i j

liq ands i j

are, respectively, the strain tensor in the electrolyte and in
semiconductor. Letz51 be the interface between the ele
trolyte (z,0) and the semiconductor (z>0).

The system of equations~2! and~3! is nonlinear and has
only one uniform stationary solution,V50 andT5T0, but
nonuniform stationary states are possible.

For u12W/(4kT0)uuT1 /T0u!1 the system~2! and ~3!
can be linearized by expanding about the uniform station
state

F̈2Cl
2¹2F1

Ka

r
T150,

Ṫ12x¹2T12
s0E2

cv

W

kbT0
2

T12
KaT0

cv
¹2Ḟ50,

whereUl5¹F andT5T01T1.
We shall seek the solution of this system in the form
© 1999 American Institute of Physics
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F~z,r ,t !5(
q,v

F0~v,q,k!eikz1vtJ0~qr !; ~6!

T1~z,r ,t !5(
q,v

T0
8~v,q,k!eikz1vtJ0~qr !, ~7!

wherev is the growth rate of the deviations from the initi
state,k is the wave number,F0 andT08 are independent o
the coordinatesz andr and of the timet, andJn(x) is annth
order Bessel function of the first kind.

The condition of solvability with respect toF and T08
leads to the equation

Fv1x~k21q2!2
s0E2

cv

W

kbT0
2G @v21cl

2~k21q2!#

5
K2a2T0

rcv
v~k21q2!, ~8!

which is cubic inv and quadratic ink21q2[Y, i.e., it gives
two valuesY1 andY2 with a fixed value ofv. We shall take
Y1 to be the branch that corresponds to the lower value oY
for a given value ofv. At the point of the maximum both
groups are equal,Y15Y2. Figure 1 shows theY dependence
of the growth ratev of the normal modes forE2,Ecr

2

5K2a2kbTp
3/(s0rxW) and forE2.Ecr

2 .
Hence it follows that to each fixed value ofv and q

there correspond four values ofk: k15AY12q2,2k1 ,
k25AY22q2, and2k2. Therefore the solution in the gener
case can be written as a superposition of the four express
~6! and ~7! with k5k1 , k52k1 , k5k2 , andk52k2.

Three regions can be distinguished in the figures p
sented: region I (Y2,q2), region II (Y1,q2,Y2), and re-
gion III (q2,Y1). In the first regionk1 andk2 are imaginary
quantities, in the second regionk1 is imaginary andk2 is
real, and in the third region bothk1 andk2 are real.

The solution of Eq.~1! can be written in the form

Ur5(
q,v

1

q
A0~v,q!e2lz1vtJ1~qr !, ~9!

Uz5(
q,v

1

l
A0~v0 ,q!e2lz1vtJ0~qr !, ~10!

wherel5(q21v2/ct
2)1/2 andA0 is a function ofv andq.

FIG. 1. Growth rate v versus k22q2[Y for weak electric fields
E2,Ecr

2 (2) and for strong electric fieldsE2.Ecr
2 (* ).
ns

-

In the region of the electrolyte we are dealing only wi
longitudinal acoustic waves, for which the components of
displacement vector are

Ur
liq5(

q,v
B0~v,q!el1z1vtJ1~qr !, ~11!

Uz
liq5(

q,v
B0~v,q!el1z1vtJ0~qr !, ~12!

wherel15(q21v2/cll
2 )1/2 andcll is the velocity of sound in

the electrolyte.
It follows from the expressions obtained forl and l1

that for realv and q these quantities are also real and t
equations~9!–~12! describe the formation of deformationa
perturbations near the surface.

The four boundary conditions~4! and~5! at z50 give a
system of four equations for determining, in the general ca
the six coefficients A0 , F0(v,q,k1), F0(v,q,2k1),
F0(v,q,k2), F0(v,q,2k2), andB0.

In the region I in Fig. 1 the quantitiesk1 and k2 are
purely imaginary, and taking account of the fact that t
deformation into the semiconductor should not grow witho
bound, we must setF0(v,q,2k1)50 and F0(v,q,2k2)
50. In this case we obtain a system of four homogene
equations for determining the four unknowns. A solution e
ists only for certain values ofa8,0 and describes the pro
cesses in a thin layer near the surface with energy pum
into the semiconductor–electrolyte interface~illumination,
ultrasonic irradiation, and formation of a thin layer with
high electrical resistance on the surface!.

In region II in Fig. 1 k1 is imaginary andk2 is real.
Therefore it is necessary to determine five unknow
A0 ,F0(v,q,k2), F0(v,q,2k2), and B0 (F03(v,q,2k2)
50); v and q are unrestricted, but strict conditions aris
from the initial conditions.

In Fig. 1 for E,Ecr we can identify a narrow region III
(vmin,v,vmax andq2,Y1), where bothk1 andk2 will be
real. Here

vmin5
s8E2

cvT0

W

kbT0
,

andvmax is determined from the condition thatY15Y2 at the
point of the maximum.

Since self-organization phenomena, expressed in the
mation of ring-shaped structures, occur simultaneously w
pore-formation processes, the electric-field intensityE must
equal the electric-field intensity for the formation of stra
The value of this intensity is somewhat less than that of
electric field El for avalanche breakdown.8 For E50 and
E5Ecr the third region vanishes (vmax5vmin). According to
Ref. 10, for silicon El'43105 V/cm and for cc51.63
J/~cm3

•K!, x50.896K cm2/s, s0
2154.5V• cm, a57.8

31026 K21, W50.15 eV, cl59.103105 cm/s, ct55.84
3105 cm/s,r52.328 g/cm3 we obtainEcr53.983105 V/cm,
which can be regarded as good agreement. Figure 2 sh
the dependence of the maximum value ofq and the growth
rate vmax for the given region as a function of the electr
field intensityE.
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FIG. 2. Maximum value ofq andvmax for the third region
as a function of the electric-field intensityE.
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Since Y1 and Y2 are positive and different an
ki5AYi2q2, the regions of possible values ofk1 andk2 will
likewise be different. From the boundary conditio
F0(v,q,k1) andF0(v,q,2k1) can be determined uniquel
in terms of F0(v,q,k2) and F0(v,q,2k2), which are in
turn determined by the initial conditions~length and radius
of the current tube and the temperature at the momen
avalanche breakdown!. The solutions obtained comprise tw
branches in the expansion in terms ofz @with exp(ik1z) and
exp(ik2z)], and the coefficients in these parallel Fourier e
pansions are related to one another. To take account o
initial conditions it is necessary to switch from summati
over v andq to summation overk andq; v will be a func-
tion of k andq. In so doing, to one term withk there corre-
sponds a collection of terms—functions ofq, taken with the
corresponding weighting factors exp(vt). On this basis it
can be expected that the contribution of the terms with
same values ofk and different values ofq to the complete
solution will change with time, and static nonuniform stra
and temperature fields will arise. Naturally, without det
mining the expansion coefficients from the initial conditio
it is difficult to relate the sizes of the experimentally o
served ring-shaped structure6 to the characteristics of silicon
they can only be estimated. It is known from experiment t
the minimum radius of the ring-shaped structure isr min.3
31023 cm, whence it follows that the maximum value ofq
is qmax'3.83/r min.1.33103cm. According to Fig. 2, rea-
of

-
he

e

-

t

sonable values ofv andE correspond to this value.
It should be noted that the nonuniformity of the stra

and temperature fields in this case encompasses the e
region of the near-surface space charge, though it can
observed visually on the surface, and sincea8 appears in the
boundary conditions, the external conditions~illumination,
ultrasonic irradiation! can be expected to influence the fo
mation of the structures considered.
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Role of the pinch effect in a high-velocity metallic contact with a high current
É. M. Drobyshevski , B. G. Zhukov, R. O. Kurakin, S. I. Rozov, M. V. Beloborody ,
and V. G. Latypov
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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
;0.121 MA/cm2 current is the sausage-type MHD pinch instability. It leads to the appearance
and explosive destruction of tightening~quasi! 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 area. ©1999 American
Institute of Physics.@S1063-7850~99!03203-6#
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The electromagnetic acceleration of electrically condu
ing bodies~armatures! in a Reltron is limited by the transi
tion of a sliding solid-state contact~SSC! into an arc regime
at V;1 km/s.1 It is believed that here the destruction of th
SSC is due to melting of the armature surface followed
removal by the rails of the melt attached to them, wh
produces a gap in the SSC. The following basic reasons
the melting of the surface have been considered thus fa!
local energy release as a result of current concentratio
small zones where the best contact occurs (a spots!,2 2! dry
friction,3 and 3! the velocity skin effect~VSE!.4 On account
of the finite rate of the penetration of the magnetic field in
the rails and armature, as the armature velocity increases
velocity skin effect concentrates the current toward the b
edge of the armature, causing melting of the armature
removal of the melt from this location. As a result, a wave
melting propagates along the contact surface toward the f
edge of the armature, ultimately destroying the SSC.

The experiment described below shows that a m
more efficient mechanism leading to the destruction of
SSC than the mechanisms named above operates in Re
acceleration of bodies. This mechanism, the pinch effec
due to the three-dimensionality of real configurations and
nature of the ampere forces employed for electromagn
acceleration~we note that friction can be treated on
dimensionally, thea spots can be treated in the one- or tw
dimensional approximation, and the VSE is ordinarily inve
tigated in the planar approximation!.

To reveal the effect experimentally in its purest form w
employed a very simple armature in the form of an alum
num cube withd051 cm. The cube was accelerated from
state of rest in the gap between two rails with aT-shaped
cross section. Plexiglass, 12 mm thick, was present betw
the back side of the 28 mm wide rails secured by steel pla
The current increased toI 5550 kA in ;25ms and remained
almost constant for the next 150ms. We note as a point o
reference that the thickness of the skin lay
l'(t/pm0s)1/2 over t525ms will be l Al'0.6 mm!d0 in
Al ( s51.17•107 mho/m att5300 °C! and l Cu'0.5 mm in
Cu (s52.8•107 mho/m at t5300 °C!. Then the magnetic
2451063-7850/99/25(3)/3/$15.00
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pressure acting on the face of a linear conductor with
square cross section withd51 cm andI 5550 kA will reach
pB5B2/2m0'200 MPa, and for d5d022l Al '8 mm
pB'240 MPa. Some of the skin layer then melts. The fo
accelerating the cube in a Reltron isF5L8I 2/2'30 kN ~here
L8'0.25mH/m is the inductance per unit length of the rails!,
so that in 150ms it should acquire a velocityV'1.7 km/s
over a 13 cm path. Initially, it moves over a distanced'1
cm in ;50ms.

In this case the phase of the displacement of the ar
ture from the rest position, when the velocity is still low,
of diagnostic value, important for understanding processe
SSCs. Here we call attention to two basic features, which
immediately evident on examining the rails~Fig. 1!. First,
nearly square impressions from the cube to a de
D'300mm are present at the locations of initial contact
both rails. Second, two converging surface tracks, outsid
which indications of melting of copper can be seen in t
rails, emerge from the corners of the back edge of the
pression at an angle of 4262° with respect to the genera
trices of the rails. Rounded depressions are present at
locations where these tracks converge. On one electrode
convergence still occurred within the impression made
the cube, near its front edge, and the diameter of the dep
sion is ;2.5 mm. On the other electrode the convergen
occurs in;12–15 mm outside the front edge of the track
the cube, but the depressions~there are two of them! are
'0.6–0.8 mm in diameter and they are located;7 –8 nm
behind the front edge of the cube track. Outside the c
track, downwards in the direction of motion of the cube, t
entire surface of the electrodes shows numerous indicat
of melting and erosion of the copper.

Let us try to understand the reasons for the apperanc
the two features described above. The impression on b
rails can be attributed only to the pinch effect, i.e., an ax
expansion of the cube as a result of the compression o
side faces by the magnetic pressurepB . The latter was more
than five times greater than the yield stress in Als0.2'30
MPa. This is also supported by a comparison of the depth
the impression in the surface of a rail due to the static pr
© 1999 American Institute of Physics
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sure of the cube with the observed values ofD ~Fig. 2! ~it
makes sense to compare with static experiments becaus
distance traversed by sound in copper in the time the c
moves from its initial position is much greater than the thic
ness of a rail!. The force press the cube into the rail to dep
D'300mm corresponds precisely to the pressure'200
MPa. On this basis it also follows that there is no particu
point to using aC-shaped armature, which is often employ
to provide the best contact due to the magnetic pres
pressing its ‘‘tails’’ to the rails,1 since the magnetic pressur
as we can see, presses the armature to the rails anywa
cause of the isotropic deformation of its material.

The effect of the magnetic pressure~the pinch effect!
also explains the origin of the converging tracks on the c
tact surfaces of the rails. The point is that on the armatu
rails contact surfaces there is no resistance to shear due t
strength of the material. As is well known,5 one of the char-
acteristic MHD instabilities typical of easily deformab

FIG. 1. Schematic diagram of the tracks left on copper rails by an Al c
accelerated between them by ponderomotive forces: 1 — Working surface
of the T-shaped rails; 2 — converging tracks; 3 — erosion-free zone; 4 —
front edge of the impression; 5 — depression.
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current-carrrying conductors is the sausage instability. I
due to the increase inpB as the radius of the conducto
decreases (pB;r 22).

The weakest point in this sense is the point of contac
the surfaces of the armature and a rail. Here a thin~heated!
layer of the armature is progressively compressed by
magnetic field, sliding along the surface of the rail, so th
ultimately the armature–rail contact occurs through a t
metallic neck. The displacement of the bridge along the
under the action of the forceF together with the thinning of
the neck produce the converging tracks observed on the r
It turns out that for a substantial time the armature mo
along the rails on a ‘‘magnetic cushion,’’ while the curre
flows not through the entire initial contact surface~or its
extended peripheral part, bearing in mind the skin effect!, but
rather through a relatively thin~and becoming continuously
thinner! neck. Ultimately the neck explodes, producing a d
pression in the rail. The current is interrupted and a meta
contact is once again restored on the greater area on acc
of the elastic expansion of the armature and rail materi
This process repeats right up to establishment of a c
pletely arc regime, for example, as a result of a decreas
the armature dimensions because of erosion.

We note two circumstances: 1! It is obvious that the
time-averaged resistance of such a contact with necks sh
be appreciably greater than the resistance of an ideal con
ous surface contact and 2! the change in the properties of
real contact~appearance and development of necks, fluct
tions of the resistance, and so on! should be modulated by
the elastic oscillations of the system, primarily, the armatu
These conclusions remove the dilemma stated by
Marshall,1 the doyen of Reltron acceleration, concerning t
fact that the voltage and its fluctuations on a real contact
almost two times greater than for a uniform metallic cont
at the stage when the rails still do not show traces of a
veloped arc regime. He also noted that the physics of
phenomena on the contact surfaces in Reltrons is still
understood.

The results presented above show why the earlier th
retical ideas about the reasons for the transition of the S

e

ic

era-
FIG. 2. SizeD of the impression in the rails versus the stat
pressureP acting on the Al cube being pressed in —% ; initial
impressions produced in the rails during electromagnetic accel
tion of a cube —(.
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into the arc regime are inadequate. It turns out that i
important to take account of the effects due to the third
mension~transverse relative to the Reltron channel and
flowing current!. Doing so greatly increases our understan
ing of the processes occurring on contact surfaces, leadin
catastrophic erosion of these surfaces and destruction o
SSC. It could be that the suppression, in one way or anot
of the sausage MHD instability in the SSC zone will make
possible to increase substantially the velocity at which
SSC still operates reliably.
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