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An iterative algorithm is presented for calculating diffractive phase optical elements that form
light beams which are an effective superposition of a small number of nonradially
symmetric Gauss–Laguerre modes with a prescribed energy contribution from each mode.
© 1997 American Institute of Physics.@S1063-7850~97!00109-2#

An important current problem is the development of dif-
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fractive optical elements that are matched with light mod
of one type or another. Such diffractive optical elements fi
applications in the problems of parallel injection of radiati
into a fiber bundle, selection of transverse laser modes,
formation of nondiffracting beams.1

Iterative methods exist for calculating diffractive pha
optical elements capable of forming light beams with
prescribed composition of Gauss–Hermite mode2

Gauss–Hermite3 and Gauss–Laguerre4 modes in different
diffraction orders, and Bessel modes~nondiffracting
beams!.5 Only radially symmetric Gauss–Laguerre mod
are studied in Ref. 4.

The conditions under which rotation of a multimod
beam around the propagation axis is observed have also
found, and an expression has been obtained for the
number of revolutions.

It is known6 that light fields which are a superposition
Gauss–Laguerre modes satisfy the Helmholtz equation.
complex amplitude of such fields in free space can be re
sented in cylindrical coordinates (r ,w,z) as

U~r ,w,z!5expF ikz1
ikr 2

2R
2

r 2

s2G
3 (

m,n50

`

CmnSA2r

s D n

Lm
n S 2r 2

s2 D
3exp@2 ibmn~z!6 inw#, ~1!

where

bmn~z!5~2m1n11!tan21~z/z0!, ~2!

R5z(11z0
2/z2) is the radius of curvature of the parabol

front of the light field, s25s0
2(11z2/z0

2) is the effective
radius of the beam, 2z052ps0

2/l is the confocal parameter
s0 is the radius of the beam waist,Cmn are constant coeffi-
cients, andk is the wave number of light with wavelengthl.

To generate a light beam with the amplitude~1! it is
necessary to form in the planez50 the complex amplitude

U0~r ,w!5 (
m,n50

`

CmnVmn
6 ~r ,w!, ~3!

where we have introduced the following notation for the
thonormalized mode basis functions
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An iterative algorithm for calculating the parameters o
diffractive phase optical element forming the complex a
plitude ~3! has the form

Sk11~r ,w!5argH (
m,n50

`

BmnVmn
6 ~r ,w!exp@ ivmn

~k!#J , ~5!

vmn
~k!5argH E

0

`E
0

2p

A0~r ,w!exp@ iSk~r ,w!#

3Vmn
6* ~r ,w!rdrdwJ , ~6!

whereA0(r ,w)5uU0(r ,w)u is the amplitude of the illuminat-
ing beam,Sk(r ,w) is the phase of the diffractive optical e
ement calculated at thekth iteration, andBmn>0 are given
numbers which specify the energy contribution of the cor
sponding mode.

Next, we shall obtain the condition for observing rot
tion of the transverse section of a multimode beam. On
basis of Eq.~1!, we write an expression for the intensit
I (r ,w,z)5uU(r ,w,z)u2
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where

Fm8n8
mn

~r ,w!5arg Cmn2arg Cm8n81@2~m2m8!

1~n2n8!#tan21
z

z0
6~n2n8!w. ~8!
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All terms in the second sum in Eq.~7! will rotate at the
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same rate~and the entire beam will rotate as a whole! if, in
the expression for the polar anglew as a function of the
distancez,

w5B tan21
z

z0
, ~9!

the coefficientB is constant:

B5
2~m2m8!1~n2n8!

7~n2n8!
5const. ~10!

The distancezp over which the beam makesp revolutions
can be found from Eq.~9!:

zp5z0 tanS 2pp

B D , p51,2, . . . ,N, ~11!

whereN5B/4 is the maximum number of revolutions whic
the beam can make fromz50 to z5` (z@z0). The rotation
raten of the transverse section of a multimode beam depe
on the distancez as

v5
dw

dz
5BF11S z

z0
D 2G21

. ~12!

It follows from what we have said above that by choo
ing the nonzero terms in Eq.~3! with numbers satisfying the
condition~10! it is possible to use Eqs.~5! and~6! to design
phase optical elements which when illuminated by laser li
form, with a high efficiency, nonradially symmetric mult
mode Gauss–Laguerre beams whose intensity distributio
the transverse section rotates around the propagation ax

The numerical modeling parameters are: number
mesh points 2563256, waist radiuss050.1 mm, wave-
lengthl50.63mm, radius of the diffractive optical elemen
R050.5 mm, and confocal parameterz0549.86 mm.

Numerical examples are displayed in Fig. 1. Column
shows the phase of the diffractive optical element~1a! cal-
culated according to Eqs.~3!–~6! with two nonzero terms in
the sum~3!, with the coefficientsC1,21 andC11,2 is shown in
column 1. For two terms condition~10! obviously holds, and
B57. The maximum number of revolutionsN51.75. It fol-
lows from Eq.~11! that the beam will have made a comple
revolution over a distancez562.53 mm and another ha
revolution atz5217.76 mm. Figure 1 shows halftone rende
ings of the normalized transverse distributions of the int
sity of a light beam formed by a diffractive phase optic
element~1a! and the distributions computed using a Fres
transformation in the planesz562.53 mm~1b!, z5101.34
mm ~1c!, z5140.15 mm ~1d!, z5178.95 mm ~1e!, and
z5217.76 mm~1f!. The pattern rotates counterclockwise.

Similar results for a rotating beam consisting of thr
modes with the coefficientsC1,21 , C5,0, andC11,2are shown
in column 2. Condition~10! holds:B57, 7, and 7. The phas
function of such an element~2a! is shown in halftones~black
is 2p, white is 0). The transverse intensity distributions f
such a beam~2b–2f! are shown at the same distances as
column 1.

The phase~3a! and an intensity section~3b!–~3f! for a
three-mode beam with the coefficientsC2,22 , C5,0, andC15,2
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are presented in column 3. Condition~10! does not hold —
B52, 6, and 11, and different parts of the beam rotate w
different rates, which results in distortion rather than rotat
of the pattern.
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FIG. 1. Phases of diffractive optical elements forming multimode Gau
Laguerre beams~a! and normalized transverse intensity distributions at d
ferent distances from the diffractive optical element~b–f!.
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Anisotropic scattering of polarized light in a ferrofluid layer
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Previously unknown effects wherein the scattering of plane-polarized light in a ferrofluid layer
depends on the orientation of the electric field of the polarized radiation relative to the
direction of the applied magnetic field are found experimentally, and their physical nature is
explained. ©1997 American Institute of Physics.@S1063-7850~97!00209-7#

The scattering of polarized light in ferrofluids has been
1,2
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studied primarily in dilute colloidal solutions. The charac-
ter of the scattering of radiation incident on a thin layer o
concentrated ferrofluid was analyzed in Refs. 3 and 4. H
ever, the analysis of the results did not include an invest
tion of the effect of the relative orientation of the electr
field vector of the incident light and the magnetic field a
plied to the ferrofluid.

It can be conjectured that this effect will be strongest
the scattering of light by agglomerates of ferropartic
smaller than or comparable in size to the wavelength of
incident radiation. Our objective in the present work was
investigate the effect of the relative orientation of the elec
field vector of the light wave and the magnetic field on t
scattering of plane-polarized optical radiation in a ferroflu

The scattering of linearly polarized light in a layer of
water-based ferrofluid containing magnetite particles coa
with sodium oleate and having a solid-phase concentra
w50.1 was detected with the apparatus shown schematic
in Fig. 1. The electric field vector of the 0.6328mm polar-
ized radiation from a He–Ne laser1 was oriented either par
allel (Ei) or perpendicular (E') to the direction of the mag
netic field H̄ applied in the plane of the ferrofluid layer2.
The laser radiation was directed onto the ferrofluid layer2,
which was sandwiched between glass plates. The laser ra
tion scattered by the ferrofluid layer was detected with
photodetector6 placed at an angleu55° with respect to the
direction of incidence of the laser radiation.

Figure 2 shows the intensity of the scattered light a
function of the applied magnetic field forEi ~curve 1! and
E' ~curve 2!. As one can see from Fig. 2, for weak magne
fields the scattering of light is stronger for the case when
electric field vector is oriented parallel to the magnetic fie
As the intensity of the applied magnetic field increases,

FIG. 1. Schematic diagram of the experimental apparatus:1 — Laser,2 —
ferrofluid layer between two glass plates,3 — poles of an electromagnet
4 — screen,5 — photodetector,6 — display.
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andE' vanishes. As one can see from Fig. 2, the thresh
magnetic fieldHni for the parallel orientation of the vector
Ē andH̄, which is determined as shown in the same Fig.
turns out to be much lower than the threshold magnetic fi
for the perpendicular orientation of the electric and magne
field vectors (Hn'). Since the threshold magnetic field fo
the onset of anisotropic light scattering is a function of t
size of the agglomerates of ferroparticles,3 the difference in
the values of the threshold magnetic fieldsHni andHn' can
be explained by the difference in the sizes of the ferropart
agglomerates in directions parallel to and orthogonal to
magnetic field.

The difference in the values of the threshold magne
fields in Fig. 2 is characteristic for structuring of a ferroflu
in the bulk. Indeed, the appearance of light scattering co
sponds to the formation of structures in the liquid which a
comparable in size to the wavelength of light~fractions of a
micron!. For a liquid layer of the order of several tens
microns thick this corresponds to the conditions for the f
mation of agglomerates in the bulk of the ferrofluid.

In summary, we have established that when linearly
larized light is scattered by a thin ferrofluid layer in a ma
netic field oriented parallel to the boundaries of the flat la

FIG. 2. Normalized scattered light intensity versus magnetic field inten
for different orientations of the electric field vector:1 — Parallel to the
magnetic field,2 — perpendicular to the magnetic field.
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Temperature dependence of the intensity and phase of reflected light in a liquid-crystal

structure with surface plasmons

V. F. Nazvanov and D. I. Kovalenko

Saratov State University
~Submitted February 20, 1997!
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The results of a theoretical calculation of the temperature dependence of the amplitude
coefficient and phase of reflected radiation with wavelengthl56328 Å in a liquid-crystal
structure with surface plasmons are reported for the first time. The computational results could be
helpful for developing temperature sensors and optically coupled thermal imagers based on
liquid-crystal structures with surface plasmons. ©1997 American Institute of Physics.
@S1063-7850~97!00309-1#
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one. Great interest has been shown in surface plasmon
recent years in connection with their application in surfa
spectroscopy, optical microscopy, the development of opt
sensors for various physical quantities, electrically and o
cally controlled light modulators including liquid-crysta
modulators, and other devices.1–3 The working principle and
the construction of an optical temperature sensor employ
surface plasmons in a structure~Kretschmann geometry!
made from a material with a strongly temperature-depend
refractive index are described in Ref. 4, where amorph
hydrogenated silicon layers deposited on a silver film in
glow discharge were used as such a material.

This letter reports the results of the first calculation
the temperature dependence of the amplitude coefficient
phase of reflected radiation with wavelengthl56328 Å in a
liquid-crystal structure with surface plasmons.

It is well known5,6 that the physical properties of liqui
crystals, specifically, the birefringence, are temperatu
dependent. This property is widely used for determining
optimal working temperature and the measure of per
mance of liquid-crystal light modulators for the visible an
infrared regions of the spectrum,7,8 the development of
liquid-crystal sensors of temperature fluctuations,9 and opti-
cally coupled thermal imagers.10 Finally, heat effects in liq-
uid crystals are very important in thermally induced optic
bistability phenomena in liquid-crystal structures both with11

and without12 surface plasmons. Thus the relevance of
present work is not in doubt.

We employed the following liquid-crystal structure
glass prism — layer of silver — SiOx — a plane-oriented
layer of a nematic liquid crystal. Just as in Ref. 3, we e
ployed the matrix method for the calculations. In the calc
lations, the dielectric constant of the glass, silver, SiOx , and
liquid crystal ~type E7! were taken to be 3.24,2171 i0.7,
2.611 i0.02, and 2.30510.0033(T245 °C! ~Ref. 13!, re-
spectively, and the silver and SiOx layers were taken to be
470 and 250 Å thick, respectively.

The computational results are displayed in Figs. 1 an
Figure 1a shows the amplitude reflection coefficientR for
p-polarizedl56328 Å radiation as a function of the ang
of incidencew at different temperatures below the point
transition of the liquid crystal to an isotropic liquid, and Fi
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reflected radiation. As expected, heating of the liquid crysta
resulted in a shift of the resonance curve and, correspon
ingly, of the jump in phase to larger angles of incidence

FIG. 1. a — Energy reflection coefficient versus angle of incidence o
radiation withl56328 Å. The curves were constructed at different tem-
peratures:1 — 45 °C,2 — 47.5 °C,3 — 50 °C,4 — 52.5 °C,5 — 55 °C.
b — Phase shift between thep ands components of the reflected radiation as
a function of the angle of incidence ofl56328 Å radiation. The curves
were constructed at different temperatures:1 — 45 °C, 2 — 47.5 °C,3 —
50 °C,4 — 52.5 °C,5 — 55.5 °C.

66190661-02$10.00 © 1997 American Institute of Physics



Fig. 2a, as the temperature of the liquid crystal varies over
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~angles of the minimum of the resonance curves of the su
face plasmons!.

The results presented in Fig. 1 served as the basis f
finding the temperature dependencesR(T) and w(T) dis-
played in Figs. 2a and 2b, respectively. As one can see fro

FIG. 2. a — Energy reflection coefficient versus temperature. The curve w
constructed for an angle of incidence of 67.5° for radiation withl55328 Å.
b — Phase shift between thep ands components of the reflected radiation
versus temperature. The curve was constructed for an angle of incidence
67.5° for radiation withl56328 Å.
662 Tech. Phys. Lett. 23 (9), September 1997
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the range 45–55 °C, the intensity of the reflected light
creases~by a factor of;5) with temperature. The same
also true of the change in phase of the reflected radia
~Fig. 2b!.

When such an apparatus is used as a temperature s
and for measuring the reflection coefficient of radiation a
fixed angleuc less than the angleup of the minimum in the
resonance curve, the sensitivity of such a sensor,

S5FdR

du
•

du

dTG
u5uc

'FdR

dT
•

dup

dT G ,
is found to be of the order of 0.1605 deg21 according to the
data in Fig. 2a. For remote temperature sensing this app
tus can be joined to a fiber-optic waveguide.4

In summary, this letter reports the results of the fi
theoretical calculation of the temperature dependence of
amplitude coefficient and phase of reflectedp-polarized ra-
diation (l56328 Å) in a liquid-crystal structure with surfac
plasmons. The computational results could be helpful in
development of liquid-crystal temperature sensors and o
devices~for example, optically coupled thermal imagers!.
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Shock effects accompanying degradation of a molecular beam
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The relaxation zone of a low-intensity molecular beam in a gas at rest is investigated in detail by
Monte Carlo simulation. It is established that the degradation of such beams is accompanied
by strong shock effects which are manifested in the formation of zones where the temperature is
much higher than that of the background gas. ©1997 American Institute of Physics.
@S1063-7850~97!00409-6#
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cal translational-relaxation process characterized by non
tropic distribution functions of the molecular velocities a
kinetic energy and the temperature. In the case of comp
degradation of a beam the initial beam motion of the m
ecules gives way to radial diffusion from a fictitious sourc1

No systematic investigations of the beam degrada
process have been made in the literature. In the present w
we attempted to obtain information about the structure of
entire relaxation zone in the case of complete degradatio
a low-intensity beam, for which it can be assumed that
energy relaxation of the beam molecules occurs in a h
bath with constant temperature in space and time. To part
larize the analysis of the characteristic features of the re
ation processes, the initial data specified injection of m
atomic molecules all with the same velocity.

An efficient tool for solving the problem stated above
direct statistical simulation.2 The method was modified fo
the case of a background gas of molecules having a M
wellian velocity distribution function. The hard-sphe
model was adopted for the interaction potential of the m
ecules. Numerical experiments were performed in a w
range of masses of the injected light (m1 /m2,1) and heavy
(m1 /m2.1) molecules. Herem1 andm2 are the masses o
the injected and background gas molecules, respectively.
parameters of the problem were the mass ratiom1 /m2 and
the velocity ratioS5u1 /V, whereu1 is the initial velocity of
the injected gas andV5A2kT2 /m2 is the most probable
thermal speed of the background gas. The spatial motio
the molecules was tracked in a cylindrical volume with to
absorption of the injected molecules at its boundary. Inj
tion was assumed to occur along the axis of the cylinder.
dimensions of the volume were chosen so that the bounda
of the volume would not greatly affect the region of rela
ation of the injected molecules. Cylindrical coordinates w
introduced in accordance with the geometry of the proble
The z axis is oriented along the injection direction andr is
the distance from the axis. Distances were measured in u
of the mean free pathl 51/(nsA2) of a background gas
molecule (n is the number density ands is the collision
cross section of the molecules in the background gas! and the
velocity and temperature were measured in units of the m
probable thermal speed and temperature of the backgro
gas. Depending on the specific formulation of the numer
experiment, the trajectories of 106 to 107 injected molecules
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the molecules in the cells was used to determine the den
average mass velocity, energy, and overall temperature
also the componentsTz (Ez) andTr(Er) of the temperature
~energy! of the injected molecules parallel and perpendicu
to the axis of the cylinder, respectively. This made it possi
to analyze the directional relaxation of momentum, ener
and temperature. A systematic analysis of the directio
temperature distribution~kinetic energies of the molecule
relative to the average macroscopic velocity! established that
the directional temperatures in the relaxation zone can
much higher than the temperature of the background gas
can depend on the parameters of the problemm1 /m2 andS.
The calculations were performed form1 /m250.1–20 and
S50.5–10.

To illustrate the structure of the relaxation zone, the is
chors of the injected gas for the casem1 /m251 andS51
are shown in Fig. 1. A substantial deviation from spheri
symmetry occurs inside the region bounded by the 0.08
chor. According to the calculations, the remnant of the init
d-function velocity distribution of the injected molecule
along the line of injection vanishes toward the boundary
this region. The temperature of the molecules near the lin
injection for S51 exhibits a characteristic feature: Its valu
Tz in the injection direction, on approaching the temperat
of the background gas at a distance of 5–10 mean free pa
passes through a diffuse maximum which is 3–4% hig
than the temperature of the background gas. The tempera
Tr in the radial direction, perpendicular to the line of inje
tion, increases monotonically to the temperature of the ba
ground gas. In the case studied the energy of injected m
ecules was equal to 2/3 of the average energy of
background molecules. If the energy of the injected m
ecules is higher than that of the background molecules, t
a region with temperature higher than the background te
perature arises in the relaxation zone, and the temperatu
the injection direction is much higher than the overall te
peratureT5(Tz12Tr)/3. This is clearly seen in Fig. 2a from
the computational results form1 /m251 andS5A10, which
corresponds to a 10 times higher energy of the injected m
ecules than in the preceding case. The maximum valu
Tz;4.2. Using the well-known gas-dynamic relations for
adiabatic flow, we shall compare this value to the tempe
ture behind an infinitely strong planar shock wave (M5`).
The Mach number and the temperature behind such a w

66390663-02$10.00 © 1997 American Institute of Physics
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are M5A(g21)/2g and T5T0(11M2(g21)/2), respec-
tively. From the relation 5/2kT05m1S2V2/2 the stagnation
temperature isT050.4S2T2m1 /m2. In this caseT is given
by the expressionT50.375S2T2m1 /m2. For S5A10 and
m1 /m251 we obtainT50.375T2 andT054T2. These val-
ues are close to the value obtained in the numerical simu
tions. The model of stagnation in an infinitely strong shoc
wave, while sharing certain features of the relaxation proce
with the case studied in the calculations, cannot claim to giv
a realistic modeling. For this reason, the quantitative agre
ment between the temperatures can be interpreted only qu

FIG. 1.

FIG. 2.
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dation of the beam and of the plane-parallel molecular fl
with M5` in the shock wave.

The temperature in the radial direction, perpendicular
the line of injection, relaxes quite rapidly to the backgrou
gas temperature. For this reason, the fact that at a distan
about 10 mean free paths the overall temperature of the
jected gas is higher than the background temperature is
to the energy of motion along the direction of injection.

At a given energy of the injected gas the temperat
behind an infinitely strong shock wave, in accordance w
the expressionT50.375S2T2m1 /m2, remains unchanged
However, for injection of particles withm1Þm2 the maxi-
mum temperature is substantially different for different v
ues ofm1 /m2. Figure 2b displays the computational resu
for the caseS51 andm1 /m2510. In this case the relaxatio
zone becomes more extended, and the maximum temper
along the line of injection is substantially lower~2.3 instead
of 4.2!. The maximum overall temperature is only slight
higher than the background temperature.

If molecules with a mass of one-tenth the mass of
background molecules are injected at energies correspon
to the latter two cases~Fig. 2c!, a similar shock effect is
observed, and the maximum temperatureTz is even higher
than in the casem15m2: (Tz)max;6. Therefore a strong
shock effect occurs in all three cases in a range of two ord
of magnitude in the mass ratio for a given energy of t
molecules.

The following nontrivial conclusions can be drawn fro
the computational results:

1! When the energy of the injected molecules is high
than that of the background molecules, the shock effect
the increase in the temperature of the injected gas — in
sifies as the mass of the injected molecules decreases
constant energy;

2! If m1 /m2.1, then (Tz)max is less than the corre
sponding value for m1 /m251 and, conversely, if
m1 /m2,1, then (Tz)max is greater than in the cas
m1 /m251.

In other words, in the case when a heavy gas is scatte
in a light one the temperature of the heavy gas does not re
the temperature behind an infinitely strong shock wave;
the case when a light gas is scattered in a heavy one
maximum temperature of the light gas in the direction
injection can be much higher than the temperature behin
shock wave withM5`.

This work was supported by the Russian Fund for Fu
damental Research~Project 95-01-1371!.

1B. L. Paklin and A. K. Rebrov, Prikl. Mekh. Tekh. Fiz.36, 3 ~1995!.
2G. A. Bird, Molecular Dynamics and the Direct Simulation of Gas Flow,
Clarendon Press, Oxford, 1994.

Translated by M. E. Alferieff
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Tunneling contact under the action of a nanosecond voltage pulse

I. A. Dorofeev and V. Ya. Kosyev

Institute of Physics of Microstructures, Russian Academy of Sciences, Nizhni� Novgorod
~Submitted March 27, 1997!
Pis’ma Zh. Tekh. Fiz.23, 22–27~September 12, 1997!

The initial stage of current flow through a tunneling gap subjected to a short voltage pulse is
examined and the dynamics of the contact between a tip and a sample surface under
the action of pulses with durations ranging from 1ms to 1 s isinvestigated. ©1997 American
Institute of Physics.@S1063-7850~97!00509-0#

It is well known that local modification of a solid surface ments were performed in air at atmospheric pressure.
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7/0
can be effected by a pulsed increase in the voltage acro
tunneling gap.1,2 To develop a mechanism for the change
the surface properties of a material it is necessary to h
information about the dynamics of the tunneling contact d
ing the action of a voltage pulse. In a number of works,
example, in Refs. 3–5, the behavior of a tunneling cont
under the action of pulses ranging in duration from 1ms to
1 s was investigated experimentally, and it was shown tha
the amplitude of the pulses increases, the probability of m
chanical contact between the tip and the sample increase
the present letter we report the results of an experime
investigation of the passage of short pulses ranging in d
tion from 20 ns to 1ms through a tunneling contact.

The experimental arrangement is presented in Fig
Square pulses with amplitudes up to 10 V and a;10 ns rise
time from a G5-60 pulse generator1 were applied directly to
a tunneling contact. The pulses were detected~2 a digital-to-
analog converter! with closed tunneling-microscope feed
back. A pulsed current flowed through the sample and
tunneling gap and was taken from the input of the pream
lifier 3 of the microscope and fed into an rf signal amplifi
4, which minimized the distortion of the signal shape, mat
ing the resistance of the circuit and coaxial line.

The lower and upper limits of the transmission band
the detecting circuit were determined, respectively, by
frequency of the high-frequency input filter and by the t
maximum frequency of the oscillograph. The two-cascad
power amplifier was based on KP 905 and KP 907 insula
gate field-effect transistors and had a limiting amplificati
frequency of 1.5 GHz. The first cascade of the amplifier c
sisted of a wide-band common-source voltage amplifier. T
second cascade, which is not coupled galvanically with
first one, is a source-follower amplifier with a 50V load
resistance. The circuit elements were connected with a
axial cable with a characteristic impedance of 50V.

The following samples were investigated: bulk silv
and iron, 500 Å thick chromium and nickel films deposit
on a polished silicon surface or glass, carbon–nickel–car
three-layer structures on a silicon substrate with layer th
nesses 25 Å/30 Å/25 Å and 25 Å/500 Å/25 Å, respective
The films were deposited by vacuum laser sputtering. Tu
sten wire tips, prepared by electrochemical etching in an
kali solution, were used. Prior to the measurements, the b
metal samples were treated in a 40% solution of hydrofluo
acid and then carefully washed in distilled water. The exp
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The quality of the entire radioelectronic channel w
checked as follows. The microscope tip was pressed in
bulk metal sample and then a voltage pulse was app
across this short-circuited contact. The voltage pulse pas
through the entire detection system and was recorded o
oscillograph. Oscillogram1 in Fig. 2 characterizes the qua
ity of the signal which has passed through the short-circu
contact formed by a tungsten tip and the bulk metal sam
An identical signal was observed in the case of a sh
circuited contact formed by a tungsten tip and a 500 Å me
film on glass. We note that these pulses were virtually id
tical to the pulses of the same duration at the output of
generator. The bottom oscillograms show the change in
shape of a pulse passing through a tunneling contact betw
a tip and a three-layer structure~25 Å/30 Å/25 Å! with l t51
nA and Ut50.1 V ~curve 2! and a short-circuited contac
between the tungsten tip and a three-layer structure~curve3!.
All curves are for the same polarity, but for clarity the curv
2 and 3 have been inverted. Comparison of curves2 and 3
shows that the large changes in shape, duration, and am
tude of a pulse are due not only to the presence of a tun
ing gap but can also be affected by the properties of
structure and the substrate. Investigations showed that
silicon substrate~type KDB, resistance 20 mV/cm as mea-
sured by a contact method! gave the main contribution. We
attribute this to electron transport through the Schottky b
rier at the metal–semiconductor contact at the location wh
the sample is fastened to the microscope table and in
tip–sample interaction zone during current flow. Note th
the shape and amplitude of the pulse passing through
tunneling contact at given values ofUt and l t ~curve2! de-
pends on the location of the tip above the structure and
the parameters of the tip.

In our experiments the probability of mechanical conta
between the tip and the sample was observed to increase
the pulse amplitude in the entire experimental range of pu
durations. The contact is apparently due to the thermal
pansion of the tip and the sample as a result of heating by
flowing current. In subsequent experiments we measured
time it took for the tip to exceed the tunneling distance or
time over which the resistance of the tunneling contact
creased by several orders of magnitude. We estimated
the resistance of a tunneling contact of tungsten to a th
layer structure, for example, dropped by six orders of m
nitude, from 108 V to 102 V, including the resistance pe

66590665-03$10.00 © 1997 American Institute of Physics
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unit length of the structure, at the given values ofUt and l t .
This evidently could be judged from the delay of the leadi
edge of a pulse which has passed through a tunneling con
relative to the leading edge of a pulse which has pas
through the short-circuited contact.

An oscillogram of a pulse which has passed through
short-circuited contact of the tungsten tip with a bulk me
sample and an oscillogram of a pulse which has pas
through the tunneling contact are presented in Fig. 3a~curves
1 and 2, respectively!. Similar signals obtained with the
three-layer structure C~25 Å!/Ni ~30 Å!/C ~25 Å! are shown
in Fig. 3b. In this figure the curves 2 reflect the variance
the delay of the leading edge of a pulse which has pas
through the tunneling contact as a function of the location
the tip above the surface under study. In both cases the
neling contact was formed withUt50.1 V andl t51 nA. It
follows from the experiments performed that the vacuum g
between the tungsten tip and these samples decreases to
~right up to mechanical contact! over 8–30 ns withUt50.1
V and l t51 nA. Here we shall not discuss in detail th
question of what constitutes a microscopic mechanical c
tact, but according to our measurements its linear size is
the order of or less than the electron mean-free path leng
the action was accomplished by pulses with an amplitude
several volts.

We note that the delay of a pulse which has pas
through a tunneling contact increases with the tip–sam
distance, specifically, asUt increases.

FIG. 1.

FIG. 2.
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In summary, in the present work we investigated
initial stage of current flow through a tunneling gap un
the action of a short pulse. The current through the tunn
contact increases rapidly with increasing voltage acros
tunneling gap. This increases the heating occurring in th
and in the sample. For tip and sample at low~room! tem-
peratures, heating is due mainly to the Nottingham ef
Joule heating starts to dominate at temperatures near t
version temperature of the Nottingham effect. An increas
temperature is inevitably accompanied by expansion o
materials, a decrease in the tunneling gap, and a furthe
crease in the current with additional heating of both the
and the sample. The process thereby acquires the chara
a thermal deformation instability, whose development t
we recorded in our experiments. Comparing the oscillogr
of signals which have passed through the short-circuited
tact shows that after the gap is short-circuited the pote
on the tip increases to practically the same value as th
tential on the sample. A part of the voltage evidently f
across the thin film, whose impedance is high for the h
frequency components of short pulses with short rise ti
It should be noted that the initial tip–sample distance, d
mined by the values ofUt and l t , is also determined by th
emission characteristics of the surface of different sam
even when the same tip is used. For this reason, in our
the initial tunneling gap width, like the gap closure time, w
be different for different samples.

This work was supported in part by the Russian Fund
Fundamental Research.

1H. J. Guntherodt and R. Weisendanger,Scanning Tunneling Microscopy
II, III , Berlin, 1992.
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~1993!.
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Photoconducting properties of sillenites grown in an oxygen-free atmosphere

Yu. B. Afanas’ev, V. V. Kulikov, E. V. Mokrushina, A. A. Petrov, and I. A. Sokolov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted April 23, 1997!
Pis’ma Zh. Tekh. Fiz.23, 28–33~September 12, 1997!

Crystals with the sillenite structure, grown in an oxygen-free~argon! atmosphere, are
investigated by the ac photovoltage method. It is found that the photoconductivity in red light is
sharply higher~by two orders of magnitude! than in crystals grown in the presence of
oxygen. Such crystals can be used in interferometric devices. ©1997 American Institute of
Physics.@S1063-7850~97!00609-5#

Crystals with sillenite structure possess a complicated
1

photoconductivity,Ed5K3kT/e is the diffusion field,k is
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system of energy levelsthat depends on many factors. Sp
cifically, the properties of the crystals can be altered
lightly doping them with different elements. In the prese
work we investigated samples of bismuth silicate and titan
~Bi12SiO20 and Bi12TiO20) crystals grown in an argon
atmosphere.2

The parameters of the crystals were determined by th
photovoltage method.3–5 In this method a sample is expose
to an interference pattern produced by two mutually cohe
light beams, one of which is phase-modulated with f
quencyv, and the ac componentJv of the current flowing
through the sample is measured. Measurements of the
quency dependenceJv(v) makes it possible to determin
parameters of the material, such as the photoconductivity
the lifetime of photoinduced charge carriers, as well as
calculate some other quantities. As was shown in Refs. 4
5, the maximum amplitudeuJvumax of the current and the
form of the reduced functionJv8 5uJvu/uJvumax are given by
the expressions

uJvumax5
SDs0Ed

2p
m2, ~1!

Jv8 5
v8q

A@11~v8!2#21~v8!2q
, ~2!

whereS is the area of the electrodes,D is the amplitude of
the phase modulation of the light,s0 is the average specifi
-
y
t
te

ac

nt
-

re-

nd
o
nd

Boltzmann’s constant,T is the absolute temperature,e is the
electron charge,K52p/L, L is the period of the interfer-
ence pattern,m is the contrast of the interference patter
v85v/vm , uJv(vm)u5uJvumax, andp and q are dimension-
less quantities that depend on the parameters of the mat
and the value ofK.

The expression~19! of Ref. 5, which takes account o
the dependence of the material parameters on the light in
sity ~single-level model approximation!, yields

vm
2 5

1

ttM
S 11

t1tMK2Ld
2

t I
D , ~3!

q5
1

vm
S 1

tM
1

11K2Ld
2

t
1

1

t I
D , ~4!

p5qvmvm
2 t2tM , ~5!

wheret is the lifetime of the photoinduced charge carrie
tM is the Maxwellian relaxation time,t I is the lifetime of the
photoionized state of the donor, andLd is the diffusion
length of the photoinduced charge carriers. The quantitq
determines the form of the functionJv8 (v8): As q increases,
the pronounced maximum transforms into a wide shelf~see
Fig. 1!.

In the limit t I→` expressions~3!–~5! correspond to a
simplified formula forJv ~Ref. 4! that neglects the depen
dence of the material parameters on the light intensity.
ho-

res.

l-
FIG. 1. Comparison of the frequency dependences of the ac p
tovoltage signal forl50.63 mm and K50.5 mm21 in bismuth
silicate crystals grown in oxygen-free and ordinary atmosphe
~BSO-a:S50.15 cm2, m50.67, D50.2; BSO~Ref. 3!: S50.04
cm2, m50.9, D50.1). The solid lines are theoretical curves ca
culated from Eq.~2! with q53.5 and 9.0, respectively.
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In the present work we investigated two samples w
the approximate dimensions 53535 mm ~BSO-a and BTO-
a!. The samples were prepared from Bi12SiO20 and Bi12TiO20

crystals, respectively, grown in an argon atmosphere. T
parallel faces of each sample were polished, and 0.252

electrodes were deposited on the other two parallel face
He–Ne laser (l50.63mm) with an output power of 1.8 mW
was used in the experiments. One of the beams that pro
the interference pattern on the surface of the crystal
phase-modulated with an amplitude of 0.2 rad by a ML-1
electrooptic modulator. A NE 4–56 spectrum analyzer wit
3 Hz band was used to measure the frequency dependen
the photovoltage signal. The total light intensity on the cr
tal wasI 055 mW/cm2.

The experimental values ofuJvumax with K50.265
mm21 and m50.67 for BSO-a and BTO-a were equal
1.031023 mA and 0.231023 mA, respectively. It should be
noted that under such weak illumination with red lig
(l50.63 mm) an ac photovoltage signal is not observed
all in sillenites grown in an ordinary atmosphere. A lig
intensity I 053.3 W/cm2 was required to obtain a signal o
the same magnitude in the standard BSO crystal w
l50.63 mm and K50.5 mm24 ~Ref. 4!. The curves dis-
played in Fig. 1 were obtained for BSO-a and standard
muth silicate with illuminations giving comparable max
mum values of the signal for the two crystals.

Figure 2 displays curves ofJv8 , measured for the BSO-

FIG. 2. Frequency dependences of the reduced photovoltage signal for
experimental samples with different values of the spatial frequency.
solid lines are theoretical curves calculated withq53.52 and 2.75 for
BSO-a andq53.2 and 2.3 for BTO-a (q increases with K!.
TABLE I. Parameters of sillenites grown in an oxyge
parameters of an ordinary BSO crystal.
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frequency. The solid lines are theoretical curves calcula
from Eq. ~2!. The values ofvm were determined directly
from measurements;q was used as an adjustable parame
to obtain the best fit of the theoretical curves to the exp
mental data.

The values obtained forvm andq for two different spa-
tial frequencies enabled us to obtain, using expressions~3!
and ~4! as a system, the values of all four characteristics
the material which are engaged in this process (t, tM , t I ,
and I d). Knowing these parameters and using the we
known relationst51/gNI , tM5««0 /emtg0 , t I51/gtg0 ,
andLd5(mtEdK)1/2 ~hereg0 is the density of charge carri
ers excited by light per unit time!, it is also possible to esti-
mate the mobilitym of the photoinduced charge carriers, th
volume densityNI of the free traps, the probabilityg of
trapping of free charge carriers by a trap, and the quan
yield b, which shows the fraction of the absorbed light e
pended on photoexcitation. We used the well-known value
the dielectric constant for sillenites«556 and the directly
measured values of the absorption coefficienta. The com-
putational results are presented in Table I. For comparis
the parameters of standard BSO which were obtained on
basis of the data in Ref. 4 are also given in Table I. T
values ofa andNI are taken from Ref. 6 and the value ofb
is taken from Ref. 7.

It should be noted that this computational method e
ploys only the reduced functionsJv8 (v8), so that the experi-
mental values of the maximum photovoltage signal con
tute independent information. For comparison, the quanti
uJvumax were calculated from expressions~1! and ~5! using
the parameters presented in Table I. The values obtained
BSO-a and BTO-a are, respectively, 1.331023 and
0.1631023 mA, in good agreement with the experiment
data. On the other hand, expressions~3!–~5! neglect the
complicated structure of the energy levels of the mater
According to the data obtained, for BTO-at.t I , which
cannot be explained in a single-level model.

As one can see from Table I, the values obtained for
carrier mobility and the probability of carrier trapping by
trap in BSO-a and BTO-a crystals do not differ much fro
the corresponding values for standard BSO. At the sa
time, the density of free traps is found to be more than t
orders of magnitude lower and, correspondingly, the lifeti
and diffusion length of photoinduced charge carriers
higher. Furthermore, these crystals exhibit somewhat hig
absorption and, importantly, a higher quantum yield. As
result, in respect to the photoconductivity coefficients0 /I 0

oth
e

n-free atmosphere~BSO-a and BTO-a! compared with the
669’ev et al.
t, tM , t I , Ld , m, NI , g, a,
ms ms ms mm cm2/V•s b cm23 cm3/s cm21

BSO-a 0.15 0.4 0.3 3.86 0.04 0.9 331012 231029 0.9
BSO3,6,7 0.003 0.2* 1.4* 0.6 0.05 0.1 0.831015 4310210 0.4
BTO-a 3 0.25 0.7 5.8 0.004 0.5 731012 4.5310211 1.4

* Values corresponding to illumination intensityI 053.2 W/cm2.
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in red light the argon sillenites are closer to semiconductor
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crystals than to ordinary sillenites.
A sharp increase in photocurrent in vacuum-annea

sillenites in the red region of the spectrum has been obse
previously.1 This was attributed to the compensation of tra
by donor centers bound with oxygen vacancies which a
during annealing. The results of our work confirm this co
clusion, and they yield the first quantitative estimate of
properties of photocarriers in sillenites with nonstoichiom
ric oxygen contents. Such crystals can probably be used
cessfully in adaptive interferometers based on the ac ph
voltaic effect.9,1

1O. A. Gudaev, V. A. Gusev, V. A. Detinenko, A. P. Eliseev, and V.
Malinovski�, Avtometriya, No. 5, 38~1981!.
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Possibility of quasicontinuous measurement of the evolution of the electron

temperature of a plasma by the Thomson scattering method

M. Yu. Kantor

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted May 22, 1997!
Pis’ma Zh. Tekh. Fiz.23, 34–40~September 12, 1997!

A method is proposed for increasing the frequency of Thomson scattering measurements of the
electron temperature of a plasma to 100 kHz. The approach makes it possible to raise the
diagnostic sensitivity under stationary discharge conditions by three orders of magnitude. The
possibilities of the method are confirmed experimentally. ©1997 American Institute of
Physics.@S1063-7850~97!00709-X#
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In plasma investigations it is necessary to make repe
measurements of the electron temperature with a high re
tion rate. This requirement arises in the study of fast trans
processes in the plasma of large tokamaks~for example, the
L –H transition, internal disruptions!, in measurements per
formed in plasma systems with a short discharge time
well as in a number of diagnostic methods. The main
stacle to performing such measurements by the Thom
scattering method is the lack of suitable multipulse pro
lasers. The development of Thomson diagnostics in this a
might involve the use of the free-lasing mode in a laser w
a high pulse repetition rate. In addition, the radiation ene
is also much higher in the free-lasing mode than in
Q-switched mode because of lower cavity losses and hig
admissible radiation energy density on the optical com
nents.

2. FREE-LASING MODE OF A PROBE LASER

These advantages of Thomson scattering can be rea
through the use of in-cavity and multipass laser probing
the plasma.1,2 Figure 1 displays an optical diagram of th
proposed system. The active element3 is placed in a cavity
formed by a nontransmitting mirror1 and a multipass system
consisting of two concave mirrors5, 6and a focusing lens4.
The tokamak chamber7 is located between the mirrors of th
multipass system. An objective2 consisting of positive and
negative lenses serves to decrease the divergence of the
beam.

The laser radiation in free lasing is chaotic. Howev
the average radiation intensityI and the pulse repetition fre
quencyn are determined by the pump and the properties
the cavity and the active element~see, for example, Ref. 3!.
The radiation energy density per pulse is determined
vP5I /n. These quantities show good shot-to-shot reprod
ibility. For a three-level laser they are given by

I 5~vS /tS!* ~P21!* a/g, n5~a~P21!/2tStR!1/2/p,

vP5~pvS /g!* ~2tR~P21!a/tS!1/2, a5sNCrl . ~1!

Here vS is the saturation energy density of ruby,tS is
the lifetime of the upper laser level,P is the excess of the
pump power above threshold,NCr is the Cr-ion density in the
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total logarithmic loss of radiation in the cavity, andtR is the
round-trip time through the cavity. The analogous quantit
for a four-level laser assume the form

I 5~vS /tS!* ~P21!; n5~g~P21!/2tStR!1/2/p;

vP5pvS~2tR~P21!/tSg!1/2. ~2!

The intensity of the radiation in an individual free-lasin
pulse is 3 to 10 times higher than the average level. A
leaving the active element the radiation is intensified in
multipass system. If the logarithmic loss uponN passes of
the beam between the mirrors5 and6 equalsgM PS, then the
radiation gain is

Neff5~12exp~2gM PS!!/~12exp~2gM PS/N!!. ~3!

Let us estimate the parameters of the radiation in t
system for a typical ruby laser witha510, P54, lasing
duration 2 ms, and aperture of the active element 2 cm2. For
30 passes of the beam andg50.5, the radiation gain is
Neff524. For a mirror separation of 2 m the round-trip time
tR equals approximately 200 ns. In this case the aver
probe power will be 2.8 MW: The pulse repetition frequen
equals 50 kHz and the energy per pulse is 58 J. Such ra
tion parameters make it possible to use the free-lasing m
in the Thomson diagnostics of plasmas.

3. EXPERIMENTAL RESULTS

The method was checked using a probe system con
ing of a ruby rod 240 mm long and a multipass system c
sisting of two mirrors 120 mm in diameter and with a radi
of curvature of 1000 mm.2 The surfaces of all the optica
elements except for the end faces of the ruby were coa
with an antireflection coating. Since there is no informati
about the resistance of this crystal to radiation damage in
free-lasing mode, the intensity of the radiation in the act
element was limited to a level known to be safe: 1 MW/cm2.
For high-quality elements this limitation can be removed.

The radiation loss in the cavity was equal to 33%, n
glecting scattering in the ruby and losses in the multip
system. The latter losses have a large effect on the pr
efficiency. For this reason, lasing in the case of low and h
losses in the multipass system was studied in this work
the first case, less than 1% of the radiation was absorbed

67190671-03$10.00 © 1997 American Institute of Physics



FIG. 1. Optical-laser probing scheme.1 — 100% mirror,2 —
correcting objective,3 — active element,4 — focusing lens,5,
6 — mirrors of the multipass system,7 — plasma.
pass between the mirrors. This made it possible for up to
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80% of the radiation to return into the active element up
30 passes of the beam and to increase the probe energy
factor of 25 (Neff525).2 For 4% losses, after 24 passes on
third of the radiation returned from the multipass system, a
Neff was equal to 15.

Figures 2 and 3 show lasing under these conditions.
lasing parameters agree well with the estimates~1!. The
pulse repetition frequency is close to 30 kHz in both cas
The probe energy per pulse equals approximately 50 J in
first case and decreases to 25 J in the second case. The
probe energy was equal to 3200 and 1500 J, respectivel
the case of high radiation losses, the pump level had to
increased by 80%.

Despite the fact that the probe system was not
equately optimized for the free-lasing mode, high parame
of the probe radiation were obtained in the experiments.
trapolation of the experimental curve of the lasing para
eters versus the pump energy shows that removing the
striction on the beam intensity would increase the pro
energy to 7 kJ and the pulse repetition frequency to 50 k
Optimization of the system would make it possible to
crease the energy in an individual pulse to 100 J and
repetition frequency to 100 kHz. For a wide range of pro
lems in plasma physics, this means that it would be poss
to perform quasicontinuous measurements of the elec
temperature.

FIG. 2. Lasing of a laser with low radiation loss in the multipass syste
a — General form, b — characteristic pulsesUpump53.6 kV.
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As one can see, the probe energy in an individual la
pulse is an order of magnitude higher than in the stand
Thomson diagnostics systems. However, the probe powe
an order of magnitude lower than the typical values. For t
reason the probe power~together with the photodetector
that are employed for detecting the scattered light! largely
determines the error in the temperature measurements.

Photomultipliers are employed when a ruby laser is u
for probing a plasma. In this case the error in measuring
temperature depends mainly on the average numberNS of
photons collected in the spectral channel, the quantum y
h of the photomultiplier, and the ratioK of the background
plasma emission to the scattered radiation flux:

dT/T;~~112K !/hNS!1/2. ~4!

In this region of the spectrum the plasma emission w
be of the same order of magnitude as the scattered radia
with a probe power of 10 MW. If the transmission of th
radiation collection system equals 25%, then with a den
of 331013 cm23 and a 50 J laser pulse 33105 photons will
be collected in the scattering spectrum from a 1 cm3 plasma
volume into a solid angle of 0.003 sr. Model calculatio
show that when using a photomultiplier with a S20 pho
cathode, whose quantum yield varies from 3 to 10% in
range from 700 to 600 nm, the error in measuring the te

.FIG. 3. Lasing of a laser with high radiation loss in the multipass syst
a — General form, b — characteristic pulsesUpump54.8 kV.
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perature will be 5% at a background radiation level of the
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sibility of carrying out a detailed study of fast transient pro-
tions,
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plasmaK51. As the plasma emission changes, the erro
the measurements changes according to Eq.~4!, remaining at
the 10% level even when the background is ten times st
ger than the scattering signal.

When a neodymium-activated glass laser is used
probing a plasma, avalanche multipliers with a high quant
efficiency in the infrared region of the spectrum are e
ployed to detect the scattered radiation. In contrast to ph
multipliers, they exhibit an appreciable internal noise of t
order of 10213 W/~Hz!1/2. When detecting microsecond sca
tering signals in a frequency band of several megahertz,
sensitivity of the avalanche diodes equals several thous
of photons per microsecond. This limits the application o
neodymium laser at low plasma density, despite the w
level of the plasma emission in the infrared region. At hi
density this laser will have definite advantages because
conversion of pump energy into radiation is much more
ficient.

The proposed system opens up new possibilities for
Thomson scattering method, chief among which is the p
673 Tech. Phys. Lett. 23 (9), September 1997
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cesses in plasmas. Under steady-state discharge condi
with the scattered signals accumulated over the free-la
time of the laser, the new system increases the diagno
sensitivity by approximately three orders of magnitud
When periodic-pulse pumping of the laser is used, one
add to these possibilities that of making measurements of
evolution of the electron temperature of a plasma over a l
time scale at a repetition frequency of tens of hertz.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 97-02-18084!.
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Effect of spatial modulation of the interference pattern on the output characteristics

ergy
of holograms in optically active piezoelectric crystals
A. A. Firsov and V. V. Shepelevich

Mozyr’ State Pedagogical Institute
~Submitted March 18, 1997!
Pis’ma Zh. Tekh. Fiz.23, 41–47~September 12, 1997!

The effect of optical activity, the piezoelectric effect, and energy redistribution between light
beams on the visibility of an interference pattern is investigated in the case of a two-
wave interaction in an optically active cubic piezoelectric crystal. It is shown that the modulation
of the visibility of the holographic grating substantially changes the output characteristics of
a hologram. ©1997 American Institute of Physics.@S1063-7850~97!00809-4#

Cubic photorefractive crystals of the type Bi12SiO20 piezoelectric effect in the given case decreases the en
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~BSO! are distinguished by high photosensitivity, good op
cal quality, and reversibility of the information writing
process.1 One of the most important applications of su
crystals is for intensifying a signal light beam at the expe
of a pump beam during the mutual transformation of th
beams on the dynamic holographic grating formed.

Our objective in the present work was to investigate
effect of optical activity, the piezoelectric effect, and ener
redistribution between light beams propagating through
crystal on the modulation coefficient of the recorded ho
graphic grating and on the output characteristics of the h
grams that are produced.

We shall employ a steady-state model of linear gene
tion and recombination of charge carriers.1 We shall assume
that the writing occurs in the diffusion regime and we sh
neglect thermal excitation. Then the modulation coeffici
will equal the visibility of the interference pattern.1 The
change in the modulation coefficient of the grating is tak
into account in the numerical solution of the system
coupled-wave equations.2

Let the light beamsR and S which are incident on the
crystal be linearly polarized in a direction perpendicular
the plane of incidence and let the transmitting holograp
grating be untilted. The vector of the holographic grating
assumed to lie in the plane of the~110! crystal cut and to
make an angleu with the crystal direction@001#. The con-
stants which are employed for the BSO crystal in this wo
can be found in Ref. 2.

Plots of the visibilityV of the interference pattern versu
the crystal thicknessd for u555° and Bragg anglew54°
are displayed in Fig. 1. Curves1 and2 in Figs. 1a and 1b do
not take into account the effect of energy redistribution in
light beams. Curve1 was obtained assuming a fixed gratin
and curve2 takes into account the effect of optical activity
the formation of the grating, as is manifested in the appe
ance of a periodic modulation of the grating visibility with
spatial period equal to a 180° rotation of the plane of po
ization. Curves3–6 were constructed with allowance for th
effect of energy redistribution in the light beams.

Since in Fig. 1a the initial intensities of the light beam
are the same, when energy exchange is taken into acc
the visibility, on average, decreases with increasing cry
thickness. Also, when the optical activity is neglected
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exchange~curve 5 compared to curve6!. Taking into ac-
count the piezoelectric effect together with the optical act
ity ~the latter making it possible to obtain a result averag
over different polarizations on account of the rotation of t
plane of polarization by the crystal! gives very large energy
exchange when the light beams incident on the crystal ha
polarizationc590° and an angleu555°, and hence it leads
to very low values of the grating visibilityV ~curve4!.

The effects described above are even stronger when

FIG. 1. Curves of the visibility of the interference pattern versus crys
thickness for different ratios of the initial intensities (I R0

/I S0
) of the inci-

dent light beams. a! I R0
/I S0

51; b! I R0
/I S0

59; 1, 5, 6 — without optical
activity (a50.372 rad/mm!; 2, 3, 4 — with optical activity; 1, 2, 3, 6—
without the piezoelectric effect;4, 5 — with the piezoelectric effect.

67490674-03$10.00 © 1997 American Institute of Physics
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interacting waves have different initial intensities~Fig. 1b!.
Since energy transfer is directed in this case on the ave
~averaging with respect to polarization! from theR wave to
theS wave, optical activity leads to a physical realization
a mechanism of such averaging~on account of the rotation o
the plane of polarization!. For this reason, curves4 and3 in
Fig. 1b are characterized by an increase in visibility. F
crystal thicknessd'35 mm the intensities of theR and S
waves become equal (V51), and once again the visibility
starts to decrease,I S.I R . If optical activity is neglected,
then energy transfer is directed from theS wave to theR
wave. For this reason, the visibility decreases with increas
crystal thickness. In this case, just as Fig. 1a, if the opt
activity is neglected, the piezoelectric effect decreases
energy transfer.

Curves of the relative intensityg5I S /I S
0 of the signal

light beam S as a function of the crystal thickness wi
u555° and Bragg anglew54° are presented in Fig. 2. Her
I S

0 is the intensity of light beamS on exit from the crystal
when the grating has not yet been recorded, andI S is the
intensity of light beamS on exit from the crystal after the
writing process has reached a stationary state. The cu
were constructed with allowance for the reflection of t
light beams at the boundaries of the crystal. The cur
drawn with a heavy line represent the relative intensities w
allowance for the effect of the redistribution of energy b
tween the light beams on the visibility of the interferen
pattern. The fine lines show the relative intensities obtai
in the fixed-grating approximation. It is evident from th
figure that in the absence of optical activity~plots 3, 38 and

FIG. 2. Relative intensityg of the signal light beam versus the cryst
thicknessd. I R0

/I S0
59. 1, 18 — with optical activity and the piezoelectric

effect; 2, 28 — with optical activity but without the piezoelectric effec
3, 38 — without optical activity but with the piezoelectric effect;4, 48 —
without optical activity and without the piezoelectric effect.
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4, 48) a small decrease of the relative intensity of theS wave
occurs~energy is pumped into theR wave!. Switching on the
optical activity changes the direction of energy transfer, a
the intensity of theS wave increases severalfold. Here, as
Fig. 1b, the averaging of the different polarization states
the interacting waves plays the main role. A sharp intens
cation of energy transfer occurs as a result of the presenc
energetically favorable polarization states of theR and S
waves with energy transfer directed from theR wave to theS
wave. In the process of averaging over the thickness of
crystal, these states make the main contribution to the res
ing curvesg(d). It should be noted that the piezoelectr
effect in this case plays a large role, more than doubling
value ofg(d).

Here we are dealing with an interesting effect where
optical activity is transformed from a standard min
‘‘noise’’ factor into a factor capable of sharply improving th
important energy characteristics of a holographic device.

Since we have examined only one orientation of the
lographic grating (u555°), it is of interest to analyze the
function g(u) with a fixed thickness of the crystal~Fig. 3!.
Here the curves of the relative intensitiesg of the signal light
beam versus the angleu for Bragg anglew54°, crystal
thicknessd510 mm, andI R0

/I S0
59 are shown. The curve

labeled with primed numbers were constructed in the fix
grating approximation and the curves labeled with unprim
numbers were constructed with allowance for the effect
energy redistribution between the light waves on the visib

FIG. 3. Relative intensityg of the signal light beam versus the angleu;
1, 18 — with optical activity and the piezoelectric effect;2, 28 — with
optical activity but without the piezoelectric effect;3, 38 — without optical
activity but with the piezoelectric effect;4, 48 — without optical activity
and without the piezoelectric effect.
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ity of the interference pattern. The values of the energy trans-
l
al
ca

a
n
ed
al
nt
u

ring between the light waves during the writing process in
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oc.
fer which correspond tou555° are indicated by a vertica
straight line. It is evident from this figure that the optic
activity of the crystal substantially increases the intensifi
tion of the signal light wave not only foru555° but also for
many other anglesu.

In summary, the intensification of a signal light wave
the expense of the energy of a reference wave in a defi
range of orientations of the grating vector for certain fix
polarizations of the interacting waves can be substanti
increased when the optical activity of the crystal is taken i
account. Taking into account the energy redistribution occ
676 Tech. Phys. Lett. 23 (9), September 1997
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the case of a thick crystal can almost double the intensifi
tion of the light waves.

We are grateful to the Ministry of Education of the R
public of Belarus for financial support.
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ActiveX control for a semiconductor plate in a waveguide

pe-
E. O. Popov and S. O. Popov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted May 15, 1997!
Pis’ma Zh. Tekh. Fiz.23, 48–56~September 12, 1997!

The scattering of electromagnetic waves by a thin semiconductor plate placed at the center of the
transverse cross section of a rectangular waveguide is studied. The relation between the
electrodynamic parameters~reflection, absorption, and transmission coefficients! and the
characteristics of the semiconductor material~carrier density, carrier mobility, and scattering time!
is determined. The idea of the visual library, physical ActiveX~p-ActiveX!, for modeling of
physical processes is set forth. A description of this library is presented for a wide range of workers
engaged in the development of microwave devices with a semiconductor plate as the active
element, and a computer file containing this library is provided.~The names ActiveX and Windows
are registered trademarks of the Microsoft Corporation.! © 1997 American Institute of
Physics.@S1063-7850~97!00909-9#
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Investigations of the microwave characteristics of se
conductors, such as the density, lifetime, and scattering t
of the charges, at microwave frequencies have the advan
over dc measurements that they can be performed by a
tactless method. This feature is especially important for m
surements at low temperatures. In power-measuring dev
thin resistive strips serve as sensitive elements acting as
ers at short wavelengths. To employ microwave methods
necessary to establish a relation between the electrodyn
parameters~impedance, reflection coefficient! of the semi-
conductor samples placed in a waveguide or cavity and se
conductor characteristics~carrier density, mobility!. Such re-
lations have been obtained for a cylindrical semiconduc
rod placed at the center of a waveguide1 and for a sample in
the form of a plane parallelepiped which is small compa
with the wavelength in the waveguide and is placed in
plane parallel to the narrow wall of the waveguide.2 Refer-
ences 3 and 4 were devoted to the construction of a mod
a zero-thickness impedance shunt, but a numerical solu
was obtained only for an asymptotic expression. In Ref. 5
problem of scattering of electromagnetic waves by a str
ture consisting of thin resistive strips connected in para
and placed in a rectangular waveguide was studied.
power absorption coefficients for the incident wave as
function of wavelength and the geometric dimensions of
structure were calculated in a wide range of variation of
resistance of the strips. The maximum dissipation by a sin
strip was obtained with the resistanceRh50.1 kV.

A flat sample is preferable for investigating process
associated with nonequilibrium photoconductivity, since it
difficult to illuminate the surface of a cylindrical rod un
formly. Furthermore, the greatest perturbation of the fields
a waveguide, which determines the sensitivity of the meth
is produced by a sample placed in the transverse cross
tion of the waveguide. For this reason, in the present lett
thin semiconductor plate placed at the center of the tra
verse cross section of a waveguide is studied.

Investigations of the use of a semiconductor materia
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cially important. In contrast to the use of plates in bolome
ric power meters, in the case at hand the semicondu
plates must withstand high dissipated power levels. The
fore it is important to find the geometric and physical para
eters of a semiconductor plate which are required in orde
realize a specific device and to study the admissible po
dissipation levels in the active element.

Another important feature of this work must be clarifie
The development of ActiveX controls for microwave pow
absorption, reflection, and transmission for a semicondu
plate placed in a rectangular waveguide can serve as a
of physical library, similar to the libraries of numerical mat
ematical methods, provided that, of course, the latter are c
verted into visual libraries which are independent of the p
gramming language. Once a sufficient of number of phys
ActiveX controls for the mathematical modeling of differe
phenomena and devices are developed it will be possibl
assemble a prototype of a real apparatus, similar to the
eration of some programs for illustrating the operation o
network and for emulating technological processes~Lab-
View!. The most striking example of the application of mo
eling of physical processes~optical phenomena! are the
dynamic-link libraries developed by Silicon Graphics~Open
GL!, and the ActiveX library based on them.

2. EQUIVALENT CIRCUIT OF A SEMICONDUCTOR PLATE

Let a semiconductor plate of thicknessd, width d, and
heightb be placed at the center of a waveguide, as show
Fig. 1. The incident wave

Ex5sin~py/a!e2 jk8z, ~1!

where k85Ak22 (p2/a2)5 2p/lg, where k5 2p/l , ex-
cites in the strip currentsI x which emit in both directions
electromagnetic waves that can be represented as a su
the fundamental waves and higher-order harmonics.
I (y8)dy8 be the current in the section (a2d)/2
,y8,(a1d)/2 ~Ref. 7!. Then the field of the wave reflecte
from the plate can be expressed in the form (z50)

67790677-04$10.00 © 1997 American Institute of Physics
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E252 i
2pz0

al Ea2d
2

a1d
2 I ~y8! (

m51

`
1

Gm
sin

mpy

a
sin

mpy8

a
dy8,

~2!

wherea is the dimension of the wide wall of the waveguid
l is the wavelength in free space,z0 is the characteristic
impedance of free space, andGm5A(mp/a)22(2p/l)2 is
the propagation constant of aHm0 mode in the waveguide
The current flowing through an element of the plate w
coordinatey8 and cross-sectional areaddy8 is expressed by
the well-known formula7

I ~y8!5sEs~y8!A, ~3!

wheres is the conductivity of the semiconductor,Es(y8) is
the field at the surface of the plate, the coefficie
A5 2(12coskd)/k sinkd determines the distribution of th
field inside the plate, andk is the propagation constant of th
electromagnetic wave in the semiconductor. The field dis
bution can be obtained by solving Maxwell’s equations ta
ing into account the expression1 for the current density in the
semiconductor plate

¹2J1k2J50, ~4!

where

k25
v4«mt21v2«m2v2msact2 ivsac

11v2t2
. ~5!

The boundary conditions at the surface of the pl
(a2d)/2,y8,(a1d)/2 are written in the form of an inte
gral equation

Es~y!5E1~y!1a (
m51

`
bm

Gm
sin

mpy

a
, ~6!

where E1(y)5E0 sin(py/a) is the incident H10 wave,
a52 i (2psz0 /al) A, and

b5Ea2d
2

a1d
2 Es~y8!sin

mpy8

a
dy8.

Since the plate is narrow, we assume that the field al
the Y axis at the surface does not differ much from the a

FIG. 1. Semiconductor plate at the center of a waveguide.
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averaging the left- and right-hand sides of Eq.~6! over the
surface of the plate:

Ēs'
E0

12aS d

G1
1S̄ D , ~7!

whereS̄ is the average value of the sum

(
m51

`
a

mp
sin

mpy

a Ea2d
2

a1d
2 sin

mpy8

a
dy8. ~8!

We note that only terms with oddm are nonzero and
Gm'mp/a for m>3. To contract the series we employ th
expression6

(
2

`
12cos 2mx

m3
'22x2 ln 2x13x22~12cos 2x!.

Substituting the expression for the field at the surfa
into Eq. ~2!, we easily determine the reflection coefficient
the semiconductor plate for the fundamental mode

r 52
1

12
Gm

d S 1

a
2S̄ D . ~9!

Comparing expression~9! with the reflection coefficient
for an inductive resistance connected in series with a re
tance, connected in parallel to an equivalent line with ch
acteristic impedancezg5 @(2b/a)(L/l)# z0, the inductive
resistance and the resistance of a semiconductor plate ca
expressed as

X5
zgp

dL S 2
Re a

uau2
1S̄ D , ~10!

R52
zgp

dL S Im a

uau2
D .

Using the expressions forA anda, it can be shown that
at frequencies at which the penetration depth of the elec
magnetic wavedmv@d the resistanceR equals the dc resis
tance of the plate

R5
b

dsd
.

For a low nonequilibrium carrier density, when the pe
etration depth of the microwave radiation is much grea
than the skin depth, the form of the distribution ofA can be
simplified, making the assumption thatA is constant over the
depth of the plate.

The meaning ofS̄ can be easily determined by passin
to the limit s→`, i.e., by making the plate metallic. In thi
casea→` and the reflection coefficient assumes the form
the reflection coefficient for a purely inductive strip co
nected in parallel in the equivalent circuit. Having calculat
the average value of the sum~8!, we obtain the expression
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FIG. 2. Microwave absorption~1!, reflection~2!, and trans-
mission ~3! coefficients for two values of the paramete
vt52.9 ~solid lines! andvt50.005~dashed lines!.
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a

2LS 23 ln 21 ln
8a

pdD ,

which agrees well with the well-known result obtained
Ref. 7.

Knowing the parameters of the equivalent circuit,
can now determine the power absorbed by the semicondu
plate. The power absorption coefficient is described, tak
account of expression~10!, by the equation

A25
Ppacc

P1
5

R

zg

S 1

2
1

R

zg
D 2

1S X

zg
D 2 . ~11!

Similarly, we obtain for the reflection coefficient

uRu25GG* 5
1

S 112
R

zg
D 2

1S 2
X

zg
D 2 . ~12!

The change in the losses is determined by the chang
the conductivitys. The microwave conductivity of the sem
conductor equals

s5
sac

11 ivt
, ~13!

wheret is the carrier scattering time andsac5mne is the
low-frequency conductivity.

The well-known critical value of the density for whic
the maximum microwave absorption is observed make
possible to determine some characteristics of a semicon
tor, for example, the trapping coefficient with continuo
photoconduction. For carrier densityn much greater than th
equilibrium density,n decreases according to a hyperbo
law8

679 Tech. Phys. Lett. 23 (9), September 1997
tor
g

in

it
c-

n5
n0

11gn0t
, ~14!

whereg is the trapping coefficient andn0 is the initial non-
equilibrium density. The trapping coefficient can be det
mined from the following expression by measuring the tim
t1 and t2 corresponding to maximum microwave absorpti
as a function of the moment of illumination of the plate by
short light pulse with two values of the intensityJ andhJ:

g5
1

nmax

12h

t12ht2
. ~15!

Thus, the relations obtained establish the relationship
tween the characteristics of the semiconductor and the
crowave power losses in a flat semiconductor plate place
the center of the waveguide. For specified dimensions of
plate, the absorbed power can be calculated as a functio
the carrier density and mobility in the semiconductor. T
inverse problem can also be solved.

3. DESCRIPTION OF ActiveX

A library consisting of a standard extension of OLE~ob-
ject linking and embedding! controls was developed on th
basis of the method presented above. After a given con
element is linked, a number of properties, the most impor
ones being the parameters of the waveguide system an
semiconductor plate, are available to the designer. The
lowing characteristics can be specified by easily varying
corresponding control properties of SemiconductivePlat
the carrier mobility and initial carrier density, the magne
permeability and dielectric permittivity of the semiconduc
material, carrier lifetime, geometric dimensions of the pla
dimensions of the wide and narrow walls of the wavegui
and the frequency of the microwave signal. After the Co
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Data method is applied, the corresponding properties of the
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Murina, and A. Seferov, Fiz. Tverd. Tela~Leningrad! 18, 706 ~1976!
@Sov. Phys. Solid State18, 406 ~1976!#.

-

in

,

,

control element ‘‘SemiconductivePlate. Absorption, Sem
conductivePlate. Reflection and SemiconductivePlate. T
sition’’ will contain self-evident values of the coefficient
An example of the operation of this method is given in F
2 for a 45390 mm waveguide at 3 GHz,d55 mm,d51025

m with the parameters taken from Ref. 9 for a silicon pla
with initial density 1012 cm23. As an illustration, the curves
of the microwave absorption, reflection, and transmission
efficients are constructed for two values of the parame
vt. The solid lines correspond tovt52.9 ~4.2 K! and the
dashed lines correspond tovt50.005 ~room temperature!.
The file mwpower.ocx of this ActiveX control can be ob
tained at the address popov@ssdkorovin.ioffe.rssi.ru.
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Characteristic features of the copper–oxygen interaction, electron pairs, and

the asymmetric p bond in high- Tc superconductors

M. V. Krasin’kova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted May 15, 1997!
Pis’ma Zh. Tekh. Fiz.23, 57–63~September 12, 1997!

The experimental data on the structural features and bond character in layers of high-Tc

superconductors and related materials are analyzed. Correlations are found betweenTc and the
orthorhombic distortion parameter and betweenTc and the incommensurability of the
layers in the structure. It is pointed out that the electric field around the CuO2 plane is asymmetric.
On the basis of this analysis it is proposed that the unusual properties of high-Tc

superconductors are due to the mixed covalent–ionic bond character in the CuO2 layers, a
consequence of which is the presence of electron pairs in the layer. It is shown that in the presence
of asymmetry of the electric field around the CuO2 planes these pre-existing electron pairs
can give rise to superconductivity via the asymmetric delocalizedp bond. © 1997 American
Institute of Physics.@S1063-7850~97!01009-4#

Analysis of the experimental data on the structure ofby ions which possess the electron shell of an inert gas.
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high-Tc superconductors and related materials has sh
that for all their diversity, there are a number of speci
features that are characteristic for all compounds.

Plane–square, or nearly so, coordination of the cop
linear coordination of the oxygen, and a strong Cu–O bo
are observed in the CuO2 layers in all materials. These laye
have a negative charge, which is produced by electron tr
fer from neighboring layers.

If the charge of a CuO2 layer equals 22 and the Cu in
the layer has an undistorted~according to x-ray data! plane–
square coordination, then materials with such layers are
sulators.

Conduction appears in these materials only after ort
rhombic distortions, which destroy the plane–square coo
nation of the Cu, appear in them. It is not important ho
these distortions are produced — doping of neighboring l
ers by substitution or introduction of excess oxygen or e
the addition of layers~TlO, BiO! which are incommensurat
with other layers in the structure. In addition, even thou
the orthorhombic distortions are characterized by an ave
~over all layers! parameter (b2a)/(b1a), which does not
reflect the real picture of the distortions directly in a Cu2

layer, a clear correlation is observed betweenTc and this
parameter — the larger the distortion, the higherTc . A cor-
relation is also observed betweenTc and the incommensura
bility of the layers — the larger the difference between t
sum of the ionic radii for ions in layers with the NaCl stru
ture and the product of 21/2 times the Cu–O distance in
CuO2 layer, the higherTc .

When orthorhombic distortions appear, the charge o
CuO2 layer changes~decreases!.

Finally, an important characteristic feature of all co
ducting materials in this family is the asymmetry of the ele
tric field around a CuO2 plane. In some cases it is determin
by the structure~YBa2Cu3O7, Tl- and Bi-containing com-
pounds!; in other cases the structure arises as a resul
doping ~La22xSrxCuO4). The asymmetric field is produce
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These experimental data all show that the explanation
the unusual physical properties of these materials mus
sought in the characteristic features of the bond in the Cu2

layer and the possible change in the bond character a
result of orthorhombic distortions. A characteristic feature
the bond in the CuO2 layers is its mixed ionic–covalent cha
acter.

Linus Pauling was the first to call attention to the mix
character of the bond in the CuO2 layers.1 He proceeded
from the small difference between the electronegativity
copper and oxygen. He suggested that in each CuO4 coordi-
nation square in a CuO2 plane two bonds must be covalen
resonating among the four positions~‘‘one pure covalent
bond’’ ↔ ‘‘no bond’’ !. P. W. Anderson showed2 that the
insulating state accompanying a resonance of the bond is
an obstacle for the appearance of superconductivity and
be transformed into a superconducting state by doping.
also introduced the concept of pre-existing pairs, which
der certain conditions could give a superconducting state3

Our analysis showed that the existence of electron p
is indeed possible in the presence of a mixed ionic–cova
character of the Cu–O bond in a CuO2 layer. Among the
pairs are: electron pairs which give as bond between ions
and participate in covalent–ionic resonance~insulating
state!; electron pairs which form ap bond between ions and
also participate, together with pairs ofs bonds, in a reso-
nance state propagating along a chain of ionicall
covalently bound ions~metallic state!; and, finally, after a
transition from the ionic–covalent resonance state to a co
lent s-bond state in these chains, delocalized pairs ofp elec-
trons of an asymmetricp bond produced by the asymmetr
of the electric field around the CuO2 plane — these pairs ar
responsible for the superconducting state.

Before discussing high-Tc superconductors and relate
materials, I wish to say a few words about the mixed ch
acter of the bond. The bond is ordinarily regarded as a
perposition of several equivalent states of the bond or, al

68190681-03$10.00 © 1997 American Institute of Physics
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natively, as a resonance of several canonical forms.4 The
resonance state lowers the energy of and stabilizes the
tem. But the resonance state itself is very sensitive to lat
distortions which change the distance between the atom
angles between the bonds. In the presence of lattice de
mations the equivalence of the canonical forms vanish
Some forms go out of resonance and the bonds become s
rated according to character and ordering.

A change in bond character is accompanied by a cha
in the physical properties of the material. In addition, t
effect of bond character is so strong that the appearance
very small amount of a phase with an altered bond chara
is sufficient to observe a change in the properties of the
terial. This is the reason for the main difficulties in interpre
ing the results of investigations of the physical properties
such materials, since the changes in the properties are
tected but it is difficult to determine what has caused th
changes.

For these reasons, it is difficult to indicate unequivoca
on the basis of the currently existing experimental data
possible canonical forms participating in the resonance s
in high-Tc superconductors, but the general picture of
change in bond character can be represented as follows~Figs.
1a–1c!.

The insulating state~Fig. 1a! ~stoichiometric La2CuO4,
YBa2Cu3O6) is characterized by ionic–covalent resonan
between two canonical forms, each of which includes fo
copper coordination squares. Each square contains
O22 –Cu21 –O22 ionic–covalent bonds, which participate
the resonance state, and two purely ionic bonds. The ch

FIG. 1. Canonical forms producing a resonance state: a — Insulating state,
b — metallic state, c — superconducting state. Filled circles — copper io
open circles — oxygen ions; double arrow — resonance state; solid line
s bond; dashed lines — ionic bond participating in the resonance; dot
purely ionic bond; bent curves —p bond.

682 Tech. Phys. Lett. 23 (9), September 1997
ys-
e
or
r-

s.
pa-

ge

f a
er
a-
-
f
e-
e

ll
te
e

e
r
o

ce

of these canonical forms was made from symmetry consid
erations with allowance for the experimentally observed an
tiferromagnetic~AF! ordering of the magnetic moments on
the Cu21 ions, the moments being oriented along the diago
nals of the Cu4O4 squares and tilting slightly toward the
CuO2 plane.5 The fact that AF ordering of this form is
present in itself attests to the existence of a distinguishe
direction in a plane, possibly due to, for example, the aniso
ropy of the thermal vibrations of the ions. It can be conjec
tured that the separation of the bonds participating in th
resonance state into purely ionic and ionic–covalent is due
the anisotropy of the thermal vibrations. It is evident from
Fig. 1 that all the Cu21 ions and half the O22 ions are in-
cluded in the resonance state, and these ions, which parti
pate in the resonance, form zigzag-shaped chains extend
along the CuO2 plane. The O22 ions, which do not partici-
pate in the resonance state, form a purely ionic bond betwe
the chains. A covalent bond (s bond! is formed by unoccu-
piedpx andpy orbitals of Cu21 and completely filledpx(py)

orbitals of O22 ~Fig. 2a!. Since O22 cannot form two
s bonds at an angle of 180°, it forms only one bond, usin
alternately at resonance the positive and negative lobes of t
same orbital. Therefore a covalent bond is formed by elec
tron pairs, and they are ‘‘localized’’ within the hybrid orbit-
als of the bond. The unpaired electron of Cu21 does not
participate in the bond and is evidently in apz orbital.

The metallic state~Fig. 1b!, which is observed when the
orthorhombic distortions of the lattice are enhanced by dop
ing, is characterized by increased corrugation of the CuO2

layer ~the figure shows the projection of the corrugated laye
on the CuO2 plane!, elongation of the purely ionic bonds
between the chains, and shortening of the bonds in the cha
themselves as well as by a change in the charge state
oxygen in the chains from O22 to O2. The latter enables the
formation of a resonatingp bond between the O2 –Cu21 –
O2 ions. Thep bond is formed by overlapping of thepz

orbitals of O2 and Cu21, each of which contains one elec-
tron. The formation of ap bond with a quite large distance
between the ions is made possible by the deformation of th
pz orbitals of O2 and Cu21 in the asymmetric electric field
around the CuO2 plane~increase in the volume of the lobe

;
—

FIG. 2. Formation of a covalent bond: a —s bond with polarization of an
oxygen ion by a copper ion; b —p bond with polarization of copper and
oxygen ions in an asymmetric electric field; c — rotation of thepz orbital of
O2 with formation of as bond with copper ions located to the left and right
under conditions of a corrugated CuO2 plane.
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turned toward the large positive charge! ~Fig. 2b!. In this
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state of the system, the resonance of thes bond and the
corrugation of the CuO2 layer prevent delocalization of th
p bond along the entire chain of bonds. As a result of
corrugation, thepz orbital of O2, on forming as bond with
neighboring Cu21 ions, should undergo oscillations in th
direction of the diagonal of the Cu4O4 square by an angle
equal to twice the slope angle of thes bond with respect to
the CuO2 plane~Fig. 2c!.

Superconductivity first appears as a result of delocal
tion of thep bond along the entire chain, when the oxyg
and copper occupy ansp hybridization state. In the proces
the ionic–covalent resonance state ceases. Stationars
bonds between the ions also form along the entire chain~Fig.
1c!. Evidently, the corrugation of the layer also vanish
since Cu21 in the sp hybridization state can form bonds
an angle different from 90°. Under the conditions of
asymmetricp bond, thep electrons remain paired. This is i
contrast to a symmetricp bond, where the electrons are di
tributed between two lobes of thep orbitals.

In summary, the model proposed in this letter make
possible to answer the main question of high-Tc supercon-
ductivity concerning the nature of the pairing. The pairi
mechanism is an exchange interaction between Cu21 and O2

ions in an asymmetric electric field, resulting in the form
683 Tech. Phys. Lett. 23 (9), September 1997
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superconductivity without appreciable structural changes
determined by the delocalization of pre-existing electr
pairs. Thus the mixed character of the bond gives rise to
presence of electron pairs and the asymmetric field aro
the plane with the mixed bond character, polarizing the io
gives rise to superconductivity via the asymmetricp bond.
Superconductivity of this kind, by its very nature, is of
filamentary character.

Evidently, the above mechanism of conversion of a d
localizedp bond into a superconductingp bond in an asym-
metric electric field can also explain the superconductivity
fullerenes, intercalated graphites, and other high-Tc super-
conductors.

I wish to thank my colleagues A. P. Paugurt and N.
Agrinskaya for a discussion and critical remarks.
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Solution of the problem of optical tomography for bounded scattering media in the two-

flux radiation-transfer model

S. A. Tereshchenko and S. V. Selishchev

Moscow Electronics Institute (Technical University)
~Submitted September 6, 1996!
Pis’ma Zh. Tekh. Fiz.23, 64–67~September 12, 1997!

The problem of optical tomography of scattering media is solved on the basis of an exact
solution of the equations of the two-flux radiation-transfer model for a bounded medium. It is
shown that after preliminary processing of the measurements the problem reduces to an
inverse Radon transform, provided that the absorption and scattering coefficients are assumed to
be proportional to the density of absorbing and scattering centers. ©1997 American
Institute of Physics.@S1063-7850~97!01109-9#

In solving the problem of transmission optical 1 ] ]
ug
ri
n
ug
el

ing
h
-
ti

al

ed
in

ly,
te
a
io
io
o
nd
th
s

m

ion
at
m

t
f
-

F ~z,t !1 F ~z,t !1m~z!F ~z,t !

,
e
te
-

mp-

7/0
tomography of strongly scattering~turbid! media,
an analysis of the transmission of a thin laser beam thro
such a medium is crucial. The mathematical model desc
ing this process should, on the one hand, describe sufficie
accurately the physics of the passage of radiation thro
matter and, on the other, make it possible to employ w
developed methods for inverting the Radon transform1 in
order to reconstruct the two-dimensional~three-dimensional!
distribution of the optical characteristics of the scatter
medium. A promising approach is an extension of t
Kubelka–Munk two–flux model2, developed for the station
ary case and used for describing the passage of radia
through uniform media, to the nonstationary case3 and non-
uniform media in order to solve the problem of optic
tomography.4

In Ref. 4 the problem of optical tomography was solv
on the basis of an analysis of radiation transfer
the approximation of a semi-infinite medium. Natural
this introduced an inaccuracy into the reconstruc
image. In the present letter the problem of optic
tomography is solved on the basis of an exact solut
for a bounded medium. This makes the applicat
of the inverse Radon transform at the next stage m
reasonable. Once again, the answer is obtained u
the assumption that the main optical characteristics of
scattering medium~absorption and scattering coefficient!
are proportional~with different proportionality constants! to
the density of absorbing and scattering centers in the
dium.

Let us introduce in the investigated plane of sect
of the three-dimensional object a stationary coordin
system (x,y) and a rotating coordinate syste
(j,z)5(x cosu1y sinu, 2x sinu1y cosu), whereu is the
angle of rotation of the rotating coordinate system relative
the stationary coordinate system. Then the propagation o
optical pulse along thez axis can be described in the two
flux approximation by the system of equations
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2ms~z!F2~z,t !50

1

v
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]t
F2~z,t !2

]

]z
F2~z,t !1m~z!F2~z,t !

2ms~z!F1~z,t !50

6 , ~1!

F1~z0 ,t !5F0~ t !

F2~z,t !50 J F1~z,0!50

F2~z,0!50J , ~2!

where t is the time,v is the speed of light in the medium
F1(z,t).0 is the energy flux density in the direction of th
z axis,F2(z,t).0 is the energy flux density in the opposi
direction,ma(z)5ma(j,z) is the radiation absorption coef
ficient of the medium,ms(z)5ms(j,z) is the radiation
scattering coefficient of the medium,m(z)5m(j,z)
5ma(z)1ms(z), z0 is the point of entry of the laser beam
into the scattering medium,z1 is the point of exit of the laser
beam from the scattering medium, andF0(t) is the initial
shape of the laser pulse. Expression~2! gives the boundary
and initial conditions.

Just as in Ref. 4, let ma(x,y)5An(x,y) and
ms(x,y)5Sn(x,y), wheren(x,y) is the density of absorbing
and scattering centers in the medium andA and S are
coordinate-independent constants. This quite natural assu
tion reduces the two unknown functionsma(x,y) and
ms(x,y) to the single functionn(x,y). Switching to the total
energy of the corresponding pulses

U1~z!5E
0

`

F1~z,t !dt and U05E
0

`

F0~ t !dt,

we obtain forU1(z) an ordinary differential equation

d2

dz2
U1~z!2

ns8~z!

ns~z!

d

dz
U1~z!2A~A12S!n2~z!U1~z!50,

~3!

U1~z0!5U0

d

dz
U1~z!uz5z1

52~A1S!n~z1!U1~z1!J . ~4!
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The solution of Eq.~3! with the boundary conditions~4! Applying to the projection data the inverse Radon trans-
21 y

of
on
re-
that
g to

n-

,

is

U1~z!5U0FC1expS 2E
z0

z
AA~A12S!n~x!dx D

1C2expS E
z0

z
AA~A12S!n~x!dx D G , ~5!

where

C15
@A1S1AA~A12S!#

@A1S1AA~A12S!#2@A1S2AA~A12S!#w2~z1!
,

C25
2@A1S2AA~A12S!#w2~z1!

@A1S1AA~A12S!#2@A1S2AA~A12S!#w2~z1!
.

~6!

Writing q5U1(z1)/U0, we find the projection data

p~j,u!5E
z0

z1AA~A12S!n~x!dx:

p~j,u!52 lnS 2AA~A12S!1AA212AS1q2S2

q@A1S2AA~A12S!#
D .

~7!
685 Tech. Phys. Lett. 23 (9), September 1997
form R $p(j,u)% ~Ref. 1! we can reconstruct the densit
distribution of the absorbing and scattering centers as

n~x,y!5
1

AA~A12S!
R21$p~j,u!%. ~8!

In summary, for the case studied above the problem
tomographic reconstruction of the density distributi
n(x,y) of absorbing and scattering centers in a medium
duces to solving an inverse Radon transform provided
the measurements are processed beforehand accordin
Eq. ~7! in order to find the exact projection data.

This work was supported by the Russian Fund for Fu
damental Research~Project 96-02-18900!.
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Stochastic perturbation and relaxation of a classical Coulomb plasma

in
A. N. Tkachev and S. I. Yakovlenko

Institute of General Physics, Russian Academy of Sciences, Moscow
~Submitted May 5, 1997!
Pis’ma Zh. Tekh. Fiz.23, 68–76~September 12, 1997!

It is shown that the dynamic mixing of phase trajectories in a system of classical Coulomb
particles does not result in the recombination described by the kinetic equations. The effect of the
imprecision of the computational method and the effect of permutation of the particle
velocities on recombination relaxation is studied. The imprecision of the numerical integration of
the dynamical equations results in a loss of reversibility of the solution and in anomalously
slow ~in exact calculations! relaxation. If the permutations of the particle velocities are made with
a rate higher than the rate of Coulomb collisions, recombination relaxation proceeds in
accordance with kinetic theory. ©1997 American Institute of Physics.@S1063-7850~97!01209-3#
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In the works summarized in Refs. 1 and 2 it was co
cluded on the basis of an analysis of the results of comp
simulations and various kinetic models that in the numer
modeling of the dynamics of many classical Coulomb p
ticles, dissipative processes~and, in particular, recombina
tion! occur only to the extent to which an external~with
respect to the dynamical equations! stochastic perturbation
acts on the system of particles. In the present letter we
amine in detail the effects of two types of stochastic pert
bation: imprecision of the computational method, and p
mutation of the particle velocities.

ON NUMERICAL MODELING

We investigated the temporal evolution of a system on
electrons andn ions confined in a cube with absolutely rig
walls, which limit the motion of the particles~see Refs. 1 and
2 for a more detailed discussion!. The edge lengtha of the
cube was chosen so as to obtain the desired charged-pa
density: Ne5Ni5n/a3. The particles were assumed to b
permeable spheres with radiusr 050.05Ne

1/3 and, accord-
ingly, the ionization energy from the bottom of the well w
equal to«15(2.4/20)e2Ne

1/2, wheree is the electron charge
The ion mass was assumed to equal the proton mass.

Using the interparticle distanceNe
1/3 as the unit of length

and the Langmuir period (TL52p/vL , where
vL

215A(me/4pe2Ne) and me is the electron mass! as the
unit of time, for a sufficiently low initial kinetic energy o
the particles, after a time of the order of one tenth of
Langmuir period the plasma arrives in a metastable stat
accordance with a universal time dependence of the kin
energy of the particles.3 For this reason, here the evolution
the system was followed up until the establishment o
metastable state, after which the particle coordinates and
locities obtained from a preliminary calculation were used
the initial conditions. Permutational stochastization w
implemented in a number of calculations,4 i.e., the velocity
vectors of some electrons were randomly permuted w
those of other electrons. The method of distinguishing ne
est neighbors~see Refs. 1 and 2 for a more detailed disc
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solving the problem numerically.
In studying the evolution of the system, the followin

were calculated:«« — the relative change in the total energ
of the system~this quantity characterizes to some extent t
computational error!; Ki(t) andKe(t) — the kinetic energies
of the electrons and ions;U(t) — the potential energy of the
system;n2(t) — the number of bound electrons~with en-
ergy «,1.5e2(2Ne)

1/3Te). In the present work the tempera
ture of the electrons was calculated as two thirds of th
kinetic energy. The degree of ideality of the plasma is ch
acterized by the quantityg5 (e2(2Ne)

1/3/Te).

ON THE DYNAMIC MIXING OF PHASE TRAJECTORIES

The distances between the points of initially close traj
tories of a system of particles in phase space were comp
for a series of calculations. The calculations showed tha
exponential divergence of the trajectories of both ions a
electrons is observed over a time interval close to half
Langmuir period. Then the growth in the divergence slo
down on account of the boundedness of both the coordin
and the velocities of the particles.

Calculations with a different number of particles sho
that for sufficiently largen.50 the slopes of the curves con
structed on a semilogarithmic scale are quite close in
region of exponential growth. The exponent of the expon
tial determining the divergence of the electronic trajector
is proportional toL'1561. This is the maximum Lyapunov
exponent,6,7 measured in units of the reciprocal of the Lan
muir period. It characterizes the dynamic mixing time of t
translational degrees of freedom.

Calculations were also performed with an order of ma
nitude higher temperature. The Lyapunov exponent w
practically the same as before. Therefore the value found
the Lyapunov exponentL'1561 is a universal dynamica
characteristic of a classical Coulomb plasma.

LOSS OF REVERSIBILITY OF THE NUMERICAL SOLUTION

The accuracy of the solution of the dynamical equatio
in our calculations is quite high:««;1026. A time
t;(1/L)ln(106);1 is required in order for the change pro

68690686-04$10.00 © 1997 American Institute of Physics
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FIG. 1. Variation of the electron temperature. Initia
parameters: 2n51024,Ne51014 cm23 (TL510211 s!;
Ke(0)50.31n eV; Ki(0)50.041n eV,
U(0)520.0091n eV, n2(0)5107. Time is measured
in units of the Langmuir period and temperatures a
measured in units of eV. The heavy curve correspon
to evolution in the absence of an external perturbatio
motion in the positive time direction; the dotted curv
corresponds to the reverse motion; the dashed cu
corresponds to permutational stochastization over ti
intervals which are multiples oftp50.5; solid curve —
tp50.1; dot-dash curve —tp50.01.
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divergence of the phase trajectory by an amount equa
order of magnitude to the change itself. This is the period
time over which a phase droplet of a size determined by
computational error spreads over the entire part of the en
surface made accessible in the phase space by the dyna
equations.

This is also confirmed by numerical calculations. F
initially close trajectories the energy of the system is co
served, to a high degree of accuracy«;1024%, over the
entire computational time, and the other coarse parame
Ki(t), Ke(t), U(t), andn2(t) start to differ only att'1 by
an amount of the order of their characteristic change.

The imprecision of the numerical solution of the d
namical equations is accompanied by a loss of reversib
of the numerical calculations. This was demonstrated
rectly by reversing the system~reversing at some moment i
time the velocities of all the particles!. The calculations
showed that the values of the coarse parametersKi(t),
Ke(t), U(t), andn2(t) in the reversed motion start to diffe
from the values which they had before reversal in a ti
interval of the order of unity. An example of the irreversib
behavior of the kinetic energy is given in Fig. 1~dashed
curve!.

IRREVERSIBLE GROWTH OF A RECOMBINATION ‘‘TAIL’’

The calculations show that over timest;1 at which
complete mixing of phase trajectories has occurred the
sipative recombination process has just barely even sta
However, according to existing ideas, a recombination e
tron distribution function over the total energy should
established and the corresponding recombina
flux should be formed even over the tim
te' (3/4A2p) (AmeTe

3/2/e4NeL)'0.5TL ~hereL(g) is the
Coulomb logarithm!. Furthermore, intense recombinatio
heating of the electrons should occur.

However, the numerical calculations give a distributi
that differs radically from both the recombination and Bo
zmann distributions, and the recombination heating
anomalously small. The point is that the growth of a reco
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only to the extent to which reversibility of the numeric
solution is lost. This is shown by calculations of the dist
bution functions~see Fig. 2a! for different time intervalsbe-
fore andafter reversal of the system. After reversal the num
ber n2(t) of bound electrons does not return to the init
value but rather continues to increase.

Irreversible growth of the number of bound electro
corresponds to recombination relaxation which is anom
lously slow in the exact calculations. For the calculatio
presented, the estimates give a recombination time tha
tens of times shorter than the recombination tim
t rec'0.57(l•g9/2)'16 that follows from the kinetic theory
The time for establishing a recombination distribution as o
served in the calculations is longer thante by approximately
the same factor.

RECOMBINATION ACCOMPANYING PERMUTATIONAL
STOCHASTIZATION

As was shown in Ref. 4, the permutation of the velo
ties of different electrons also results in the growth of a
combination tail in the distribution function. The results
the more detailed calculations presented here~Figs. 1 and 2!
show that recombination relaxation proceeds at a rate co
sponding to the kinetic theory only if the permutational s
chastization is performed over time intervalstp of the free
motion of the system which are much shorter thante . For
sufficiently long tp'0.5TL'te relaxation is several times
slower than follows from the kinetic theory. In this case~just
as in the case of relaxation due to loss of reversibility of
numerical solution! the recombination rate depends strong
on the intensity of the external stochastic perturbation~rate
of permutations!. In the case when the intervals of free m
tion decrease totp50.1TL'(1/5)te the characteristic re-
combination time reaches the valuet rec determined by the
kinetic theory, and further substantial acceleration of reco
bination does not occur even with a very large decreas
the free-motion interval — down totp50.01TL'(1/50)te .

In the case of a strong stochastic perturbation a Bo
mann distribution is established over a time of the order

687A. N. Tkachev and S. I. Yakovlenko
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FIG. 2. Electron distribution function over the total energ
« for different time intervals. The distributions were ob
tained by averaging over a time segment of length cor
sponding to one Langmuir period. Energy is measured
units of«0520e2Ne

1/3 , which corresponds to the distance
which the charged spheres touch; the energy of the bot
of the well is indicated. a! Absence of permutational sto
chastization. Att55 the system is reversed. Heavy line —
averaging over the first Langmuir period; dotted line —
averaging over the fifth period; solid line — averaging ov
the tenth period; heavy dotted line — microfiel
distribution:1,2

Y~y!5
2C

Ap H Ay exp~2y!, y.ag,

C3 exp~C1y1C2y
2/2!, uyu<ag,

C4 exp~by/g!, y2ag,

wherea51.5, b50.4; the constants ensure continuity an
normalization of the function to unity; the dashed line co
responds to a Boltzmann distribution.5 The microfield and
Boltzmann distributions were constructed for the tempe
ture Te50.023 eV corresponding to the reversal point.!
Permutational stochastization over time intervals which a
multiples oftp50.5. Heavy line — averaging over the firs
Langmuir period; dotted line — averaging over the thi
Langmuir; solid line — averaging over the fourth perio
The microfield and Boltzmann distributions were co
structed for the temperatureTe50.033 eV corresponding to
the last point in time in the calculation; c! permutational
stochastization over time intervals which are multiples
tp 50.1. Heavy line — averaging over the first Langmu
period; dotted line — averaging over the fifth period. Th
microfield and Boltzmann distributions were construct
for temperatureTe50.036 eV corresponding to the las
point in time in the calculation.
the recombination time~see Fig. 2c!. A Boltzmann distribu-
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tion is established not so much because of the formation
bound pairs as because of recombinational heating of
electrons. This is due to the large amount of energy relea
in a recombination event.

CONCLUSIONS

We shall now summarize.
1. The Lyapunov exponent for a classical Coulom

plasma isL'15/TL . Therefore the dynamic mixing of th
phase trajectories takes place over a time of the orde
several tenths of a Langmuir period. Appreciable loss of
versibility of the numerical solution and divergence of t
coarse parameters of the plasma for initially close states a
at times an order of magnitude later, i.e., at times of the or
of the Langmuir period.

2. The dynamic mixing of the phase trajectories occ
not over the entire energy surface but only on the part
corresponds to free-particle motion. This effect is to so
extent analogous to the absence of mixing between some
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oscillators~consequence of the well-known KAM theorem!.6

3. Some types of stochastic perturbation of a dynam
system~specifically, the imprecision of the numerical sol
tion and permutational stochastization! mix trajectories of
the system that lie in different regions of energy space. T
results in recombination.

The above-stated points confirm the concept of exter
stochastization, summarized in Refs. 1 and 2. We ass
that collective plasma oscillations impede mixing of t
translational and ionization degrees of freedom.8 They give
rise to an anomalous electron drift along the energy axis1,2

However, this question requires additional investigation.
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Thermomechanical effect in a hybrid-oriented nematic liquid crystal
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~Submitted December 20, 1996!
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The first experimental observation of a thermomechanical effect in a homeotropically planar-
oriented nematic liquid crystal is reported. The effect consists of the appearance of a
hydrodynamic flow induced by a longitudinal temperature gradient. The measured value of the
thermomechanical coefficient agrees well with the theoretical estimate. ©1997 American
Institute of Physics.@S1063-7850~97!01309-8#
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tals were predicted and investigated experimentally in R
1–3. These effects are due to the chirality of cholester
i.e., the absence of right-left symmetry in them. The fi
systematic theory of thermomechanical effects in deform
liquid crystals was constructed in Ref. 4, where a numbe
new thermomechanical effects were predicted. Spatial s
metry considerations show that these effects require a sp
nonuniformity of the unperturbed distribution of the directo
The thermomechanical constants were also estimated.
cording to Ref. 5, first-order terms in the gradients of t
velocity, director, and temperature are absent in the diss
tive function because they are not invariant under time rev
sal. However, if it is assumed that the thermomechan
constants are pseudoscalar quantities, then the dissip
function in Ref. 4 remains invariant under time reversal. F
thermore, the experimental observation of a rotation of m
ter in nematic layers, which are in a field of a longitudin
temperature gradient, in a horizontal plane is reported in R
6. The value of the pseudoscalar thermomechanical cons
j;10211 N/deg was calculated from the experimental d
and is in good agreement with the theoretical calculati
performed in Ref. 4.

In the present work the appearance of hydrodyna
flows as a result of a temperature gradient in a hyb
oriented nematic liquid crystal~NLC! is studied experimen
tally and theoretically.

2. A hybrid-oriented NLC MBBA with a nematic phas
interval of 20–47 °C was used in this work. A sandwich-ty
cell was arranged in a strictly horizontal plane and hea
from below by a continuous transparent heater which p
vided uniform~to within 60.01 °C! heating in the horizonta
plane and made it possible to observe textures in a pola
tion microscope~Fig. 1!. The temperature difference be
tween the bottom and top surfaces of the film was de
mined, just as in Ref. 6, as the difference of the temperatu
of the transition into the isotropic phase in the bottom a
top layers. The velocityV was determined as the maximu
velocity of small~2–3 mm! aluminum oxide particles.

The geometry of the experiment is shown in Fig. 1a a
1b. The dotted lines represent the distribution of the direc
in the (x,z) plane. In the experiment, when the cell substra
which set the planar orientation of the NLC, was on top~case
a), a flow of the liquid crystal in the direction of thex axis
was observed. When the cell was rotated around thez axis,
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orientation axisex on the substrate that set the planar orie
tation of the NLC. The maximum flow velocity for a ce
with thickness L5120 mm and temperature differenc
D54.7 °C between the top and bottom surfaces was of
order of V;0.4 mm/s. The flow of the NLC is establishe
after the liquid crystal reaches the edge of the cell. This
apparently due to the appearance of capillary forces th
The liquid crystal does not return to its initial position aft
the temperature gradient is switched off.

The experimental results in the case when the subst
that sets the planar orientation of the NLC molecules is
the bottom~caseb) are qualitatively different from casea.
The following dynamics of the hydrodynamic flow is ob
served. After the temperature gradient¹zT is switched on, a
flow of the NLC in the positive direction of thex axis arises.
The liquid crystal gradually stops after;15–20 min without
reaching the edge of the cell and then the liquid starts to fl
in the opposite direction. After the NLC returns to its initi
position, the process repeats.

In summary, in the caseb an oscillation of the liquid
arises and continues for a long time~motion was observed
for more than 10 h! when the temperature gradient is mai
tained constant. The hydrodynamic oscillations of the liqu
crystal stop when the temperature gradient is switched
The coordinatex of the edge of the liquid and the maximum
flow velocity V as functions of time are presented in Fig.

3. To make a theoretical analysis and to obtain numer
estimates, we shall assume that the boundary conditions
homeotropic orientationn(z50)5ez at the wall z50 and
planar orientationn(z5L)5ex at z5L. Heren is the direc-
tor of the NLC. Let the external heat sources maintain
temperatureT5T01DT in the sectionsz50 and a tempera-
ture T5T0 in the sectionz5L. Then the temperature grad
ent dT/dz;DT/L produces a thermomechanical flow of th
NLC in the direction of thex axis. In the geometry describe
above it can be assumed thatny50, Vy5Vz50, and
]/]x5]/]y50. In the stationary state (]/]t50) the
Navier–Stokes equation has the form4

dGzx
TM/dz1dGzx8 50. ~1!

HereGzx
TM1Gzx8 are thezx components of the viscous stre

tensor

Gzx8 5hdVx /dz, ~2!

69090690-02$10.00 © 1997 American Institute of Physics
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2~22j122j5j32j7!1nz
2~j72j3

1j1112j12!1nz
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2~j32j41j722j914j1024j12!#, ~3!

whereh is the viscosity,dT/dz5DT/L is the temperature
gradient, andj1–j12 are the pseudoscalar thermomechani
constants. We obtain the solution of equations~1! for the
thermomechanical flow velocity in the form

Vx5jpDT/hL, j5j12j51j81j912j10. ~4!

Using the experimental dataL5120 mm, DT54.7 °C,h51
P, andV50.4 mm/s, we obtain for the thermomechanic
coefficientj510212 N/°C , in good agreement with the the
oretical estimates.4

In summary, in the present work a thermomechani
effect in a hybrid–oriented nematic liquid crystal was o
served for the first time. One of the twelve required relatio
between the twelve thermomechanical coefficients was
tained empirically: Another eleven independent experime
must be designed and performed in order to measure

FIG. 1. Geometry of the experiment. 1 — Polarization microscope, 2 — cell
with a nematic liquid crystal, 3 — transparent heater.
691 Tech. Phys. Lett. 23 (9), September 1997
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coefficients experimentally. We intend to perform some
these experiments in the future~for example, the thermome
chanical effect in a twist-nematic!.
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FIG. 2. Time dependence of the coordinatex of the edge of the liquid~a!
and of the absolute value of the maximum velocityVx ~b!.
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GaAs nanolayers obtained by pulsed cooling of a saturated fluxed melt
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~Submitted March 19, 1997!
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A new method is proposed for obtaining nanolayers. The method is based on pulsed cooling of a
saturated fluxed melt. The layers obtained were investigated with the aid of
photoluminescence. The results show a high quantum yield of luminescence and therefore high
quality of the layers grown. ©1997 American Institute of Physics.@S1063-7850~97!01409-2#

The method of pulsed cooling of a saturated fluxed meltmove the substrate between fluxed melts with different co
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that makes it possible to obtain submicron layers is descr
in Ref. 1. In the present letter we present photoluminesce
spectra of nanolayers and quantum-size doped gallium
enide superlattices obtained by this method.

To grow epitaxial layers by pulsed cooling, a plate w
temperatureT1,T0, called the heat absorber, is plac
against the back side of the substrate, which is at tempera
T0 in thermodynamic equilibrium with a saturated fluxe
melt. Crystallization of an epitaxial nanolayer occurs on
front face of the substrate as a result of the pulsed coolin
the substrate. According to the analysis performed in Re
of the heat and mass transfer processes occurring under
equilibrium conditions, the thickness of the layer obtained
determined by the temperature and thickness of the hea
sorber in accordance with the expression

d5
M1r2D

M2r1mE
0

t0 ]T

]z U
z50

dt,

wherem is the tangent of the slope angle of the liquidus lin
M1,2 andr1,2 are the molar masses and density of GaAs a
Ga; D is the diffusion coefficient of arsenic in gallium; th
coordinatez is directed along the normal to the surface of t
substrate and is measured from the crystallization front; a
t0 is the growth time.

Growth was conducted on semi-insulating GaAs s
strates withr.107 V•cm and~100! surface orientation. The
substrates were subjected to the standard treatment in a
ishing etchant. The growth apparatus made it possible
d
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positions and to obtain both nanosize and bulk~in the pro-
cess of forced cooling of a saturated fluxed melt! epitaxial
layers on 5310 mm substrates.

To observe the luminescence properties of the nano
ers, undoped structures containing a single GaAs nanol
between two bulk Al0.7Ga0.3As layers with thickness of the
order of 2 mm, similar to those described in Ref. 2, we
grown. First, a bulk epitaxial Al0.7Ga0.3As layer was grown
on a GaAs substrate in the process of forced cooling o
saturated fluxed melt. Next, a GaAs epitaxial nanolayer w
grown by pulsed cooling of a saturated GaAs solution in
gallium melt and a second bulk layer with compositio
Al0.7Ga0.3As was grown on the surface of this nanolayer
the method of forced cooling. Thus, a single nanolayer w
confined between two bulk layers of a wide-gap solid so
tion.

Doped superlattices were grown by pulsed cooling, m
ing the substrate between fluxed melts containing thep-type
(germanium! and then-type ~tin! impurity and at each posi
tion putting the substrate in contact with the heat absor
with temperatureT1.

The photoluminescence of the heterostructures and
perlattices obtained was excited at a temperature of 77 K
an argon laser with intensity ranging from 40 to 500 W/cm2.

Figure 1 displays the photoluminescence spectrum o
GaAs nanolayer with an excitation intensity of 300 W/cm2.
The layer was obtained at temperatureT05700 °C using
a heat absorber with thicknessd53 mm and temperature
FIG. 1.
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FIG. 2.
T15660 °C. The position of the maxima of the peaks agrees
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well with the result of a calculation of the energy spectra
particles in a potential well performed in the effective-ma
approximation. The band with a maximum at 1.538 eV co
sists of unresolved peaks, formed by recombination of e
trons and heavy and light holes in the first quantum st
The bands with maxima at 1.607 and 1.634 eV are due
transitions between the second electronic quantum level
the second heavy- and light-hole levels. The splitting
tween the energy levels makes it possible to determine
thickness of the nanolayer — 14 nm, which agrees with
computational results obtained with equation~1! for the in-
dicated technological parameters~see Ref. 1, Fig. 1!.

It was determined on the basis of the photoluminesce
investigations at different points of the surface of t
samples that the nonuniformity of the layers obtained d
not exceed 1 nm on an area of 0.5 cm2.

Figure 2 displays photoluminescence spectra of a su
lattice containing 25 alternatingn- andp-layers obtained at a
temperature of 750 °C with a 3-mm thick heat absorber a
temperature of 715 °C. The layers were doped with Sn
Ge, respectively~doping level — 531018 cm23). The exci-
tation intensities were 40~curve1!, 100 ~curve2!, and 200
W/cm2 ~curve3!.

Photoluminescence is observed in the interval from 1
to 1.8 eV. The long-wavelength photoluminescence is du
recombination via an indirect~in real space! band gap be-
tween the electrons near the bottom of the subbands of
conduction band and the valence-band holes spatially s
rated from them. The intensity of the photoluminescence
this region of the spectrum is high because the lifetime of
excited carriers is substantially higher as a result of the s
tial separation of the electrons and the holes. In conseque
693 Tech. Phys. Lett. 23 (9), September 1997
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an effective band gap less than the band gapEg in gallium
arsenide. The large width of the band in the regionE,Eg is
explained by the fact that the contributions of the recom
nation of carriers from several subbands add.3

The photoluminescence intensity increases with exc
tion level linearly in the long-wavelength region and subli
early in the short-wavelength region.

The photoluminescence in the short-wavelength reg
of the spectrum with energyE.Eg is due to vertical recom-
bination of electrons and holes from subbands in the cond
tion and valence bands. The sublinear dependence of
photoluminescence intensity on the excitation level in t
region of the spectrum is due to the fact that the exci
states in the top subbands are emptied by vertical recom
nation as well as by thermalization to the bottom subba
followed by tunneling recombination of spatially separat
carriers.

The high intensity of the photoluminescence of nan
structures and doped superlattices obtained by pulsed coo
of a saturated fluxed melt shows that the density of po
defects, which produce centers of nonradiative recomb
tion, is low in them. Furthermore, the results obtained sh
that the parameters of the structures are highly uniform o
sample area of 0.5 cm2.

1T. F. Kulyutkina, I. E. Maronchuk, and A. V. Shorokhov, Pis’ma Z
Tekh. Fiz.21~20!, 1 ~1995! @Tech. Phys. Lett.21, 815 ~1995!#.

2Zh. I. Alferov, V. M. Andreev, A. A. Vodnevet al., Pis’ma Zh. Tekh. Fiz.
12, 1089~1986! @Sov. Tech. Phys. Lett.12, 450 ~1986!#.

3M. Herman, Semiconductor Superlattices@Russian translation#,
Mir., Moscow, 1989.

Translated by M. E. Alferieff
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Mass-spectrometric investigation of the formation of volatile products accompanying

ion
heating of a copolymer of trifluorochloroethylene with vinylidene fluoride
A. O. Pozdnyakov and B. M. Ginzburg

Institute of Mechanical Engineering Problems, Russian Academy of Sciences, St. Petersburg
~Submitted April 3, 1997!
Pis’ma Zh. Tekh. Fiz.23, 87–92~September 12, 1997!

The mechanisms of thermal degradation of copolymers of trifluorochloroethylene with vinylidene
fluoride are investigated at the molecular level by thermal desorption mass spectrometry. It
is shown that HCl and HF are released in two stages. The low-temperature stage is not related with
the destruction of the main chain and is due to the formation of rare intermolecular cross-
links ~one or two per two chains!. The high-temperature stage is observed in the same temperature
interval as are other products of thermal degradation which attest to depolymerization
processes taking place. ©1997 American Institute of Physics.@S1063-7850~97!01509-7#

Investigations of changes taking place in the molecular In the present work we employed thermal-desorpt
5
a

ac
p
-
a
b

l
e

de
00

t
o
o

r
th
tio
t
t
s
3
a

C
o-
C

on
s
o
n
re
o

m

e
ou
e
he

s.
of
r of
e
of

its
eri-
ly-

e
ults
ke
sly

-

.
h

ils
an-

ty
ccu-

er,
ting
er-
ass
0
ion
of

s.
the
e
ere

cts
t-
is

7/0
structure as a result of heating of solid polymer systems
of scientific and practical interest. The changes taking pl
in the molecular structure and properties of the KeI-F ty
copolymer of trifluorochloroethylene with vinylidene fluo
ride, widely used in practice as heat-resistant rubbers
coatings of different types, were studied in Refs. 1–3
different physical and physicochemical methods.4 It was
found that there exist two temperature regions~200–300 °C
and above 300 °C! with a different character of the therma
degradation. In the case of heating in vacuum, a decreas
solubility of the polymer~formation of a network!, a change
in color of the polymer, and release of the hydrogen hali
HF and HCl were observed in the temperature range 2
300 °C. In Refs. 1–3 the change in color was attributed
the formation of a system of conjugate bonds in an intram
lecular HF and HCl detachment reaction. In confirmation
the results, it was observed that when the copolyme
heated for a long period of time the change in the color of
polymer is accompanied by the appearance of absorp
bands, characteristic for a system of conjugate bonds, in
IR spectra. The conjugate bonds were not observed in
case of heating at lower temperatures or at early stage
heating~5–10 h! at 300°C. It was concluded in Refs. 1–
that the decrease in solubility of the polymer and the form
tion of a network are not due to the release of HF and H
A comparison of solubility changes with titrometric and p
tentiometric measurements of the quantities of HF and H
that accumulated during heating led to the same conclusi
Furthermore, according to the data obtained, the product
thermal degradation at 340–380 °C did not contain ‘‘mon
meric substances’’ of the copolymer, which led to the co
clusion that, for all practical purposes, depolymerization
actions do not occur during the thermal degradation
KeI-F.3

It should be noted that the experimental methods e
ployed in Refs. 1–3~titration, potentiometry! did not permit
recording the entire spectrum of the products of thermal d
radation, the total amount of such products, or the continu
distribution of the yield with increasing temperature and th
did not always permit an unequivocal identification of t
nature of these products.
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mass spectrometry,which does not have these drawback
We studied the yield of practically the entire spectrum
volatile products released during heating of the copolyme
trifluorochloroethylene with vinylidene fluoride in the entir
temperature interval, right up to complete decomposition
the copolymer. The high sensitivity of the method and
technical possibilities made it possible to obtain new exp
mental data on the structural transformations of the copo
mer of trifluorochloroethylene with vinylidene fluorid
which take place when the copolymer is heated. The res
obtained gave not only new information but they also ma
it necessary, in our view, to reexamine some previou
drawn conclusions.1–3

We employed the F-32 copolymer of trifluorochloro
ethylene with vinylidene fluoride (Mn>1.23105) with a 3:1
molar ratio of trifluorochloroethylene to vinylidene fluoride
A solution of the copolymer of trifluorochloroethylene wit
vinylidene fluoride in ethyl acetate~3 mass%! was used to
obtain the films. The films were deposited on steel fo
which were carefully degreased in organic solvents and
nealed in high vacuum. The average film thickness~after
removal of the solvent!, determined according to the densi
of the material deposited on the substrate and the area o
pied by the film, was equal to 5000 Å.

A magnetless MSKh-6 time-of-flight mass spectromet
modified by attaching a special vacuum chamber for hea
the sample, was used to study the volatile products of th
mal degradation. The pressure in the chamber of the m
spectrometer before the experiment was maintained at 125

Pa. Under the experimental conditions the rate of format
dNi /dt of the volatile products is related with the height
the peak by the linear relationdNi /dt5kiA•hi , whereki is
the relative sensitivity of the apparatus to the flow of thei th
material andA is the absolute sensitivity of the apparatu
The absolute sensitivity of the apparatus to the flow of
methyl methacrylate vapors5 and the tabulated values of th
relative sensitivities of the compounds of interest to us w
used to calculatedNi /dt.

A panoramic mass spectrum of the volatile produ
formed during heating of the copolymer of trifluorochloroe
hylene with vinylidene fluoride in the range 300–450 °C

69490694-02$10.00 © 1997 American Institute of Physics
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displayed in Fig. 1. The identification of the mass spec
makes it possible to ascribe the observed lines to trifluo
chloroethylene~116, 31, 66!, 1-propane, 3-chloro-1, 1, 2, 3
3-pentafluorine~131, 69, 31!, pentafluorochloroethane~85,
69, 31!, and the hydrogen halides HF~20! and HCl ~35, 36,
37, 38!. The formation of these products was also obser
in Ref. 6. The temperature dependence of the rate of for
tion of some of the main volatile products of degradati
accompanying heating of the copolymer is shown in Fig.

The peak yield of trifluorochloroethylene and the un
modal peaks due to 1-propane, 3-chloro-1, 1, 2,
3-pentafluorine, and pentafluorochloroethane, observed
the same temperature interval but not shown in the figure,
evidently due to the depolymerization of the main chain.

In contrast to the yield of the products of thermal deg
dation of macromolecules, HF and HCl are released in
stages. The high-temperature stage is observed in the s
temperature range as are the products of thermal destru
of the chains. The low-temperature stage~170–320 °C! of
HF and HCl release is not associated with depolymeriza
and can be explained by the formation of intermolecu
cross-links, in agreement with the decrease in the solub
of the copolymer in the corresponding temperature ran3

Assuming that each HF and HCl molecule corresponds to
formation of one cross-link and knowing the molecular ma
and the weight of the polymer investigated, we find that th
are one or two cross-links per two macromolecules. T
number of cross-links on fluorine atoms is higher than t
on chlorine atoms, apparently because the copolymer c
tains more fluorine-containing units. Taking account of t
fact that intramolecular cross-links~for example, between
neighboring sections of the macromolecules in crystall
with folding chains! can form in addition to intermolecula
cross-links, the number of intermolecular cross-links can
even less than one per two molecules. Therefore the netw
formed is very sparse. It is obvious that not all macrom
ecules participate in the network and, in addition to the n
work, there exists a soluble part of the sample, as is c
firmed by the published data.3

In summary, in the present work it has been shown b

FIG. 1. Panoramic mass spectrum of volatile products which are given
from the copolymer of trifluorochloroethylene with vinylidene fluoride du
ing heating in the temperature range 300–550 °C. The numbers nea
peaks represent the mass in atomic mass units.
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direct method that the hydrogen halides HF and HCl
released in two stages during thermal degradation of the
polymer of trifluorochloroethylene with vinylidene fluoride
The low-temperature stage is not related with the destruc
of the main chain and apparently gives rise to the format
of sparse intermolecular cross-links. The high-temperat
stage of the release of hydrogen halides occurs in the s
temperature interval as the release of other products of t
mal degradation which attest to the depolymerization p
cesses taking place.

This work was performed as part of the Russian Sci
tific and Technical Program ‘‘Fullerenes and Atomic Clu
ters’’ ~Project Tribol!.
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FIG. 2. Temperature dependence of the rate of formation of some prod
of thermal degradation of the copolymer of trichlorofluorethylene with
nylidene fluoride:1 — trifluorochloroehtylene CF2CFCl (m/e5116 Da!;
2 — HCl (m/e536 Da!; 3 — HF (m/e520 Da!.
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Observation of improved confinement at the center of a FT-2 tokamak plasma

with rapid current rise and lower-hybrid heating

V. N. Budnikov, V. V. Bulanin, V. V. D’yachenko, N. A. Zhubr, L. A. Esipov, E. R. Its,
S. I. Lashkul, A. Yu. Popov, A. Yu. Stepanov, I. E. Sakharov, and A. S. Tukachinski 

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg; St. Petersburg State
Technical University
~Submitted May 15, 1997!
Pis’ma Zh. Tekh. Fiz.23, 1–6 ~September 26, 1997!

The problem of optimizing the conditions for central lower-hybrid heating has stimulated
experiments with improved confinement at the center of the discharge in analogy to discharges
with an inverted shear of theq profile. To this end, a current pulse rising rapidly from 22
to 30 kA over 0.5 ms was used in the FT-2 tokamak during lower-hybrid heating. In these
experiments a substantial increase in the lifetime of the energy in the ionic component
was observed. A decrease of the fluxes of high-energy charge-exchange atoms and a suppression
of the microoscillations of the plasma determined in the central regions of the discharge are
observed. These and other data were used together with the computer simulation to clarify the
mechanism leading to the improvement of energy and particle confinement at the center of
the discharge. The influence of variations in both theq profile and the electric fields, which
accompanied the rapid current rise, on the transport processes is studied. ©1997
American Institute of Physics.@S1063-7850~97!01609-1#

A transition of the plasma in a FT-2 tokamak into a only one additional rf heating, and~c! rf and DI together.
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regime with improved confinement was observed in exp
ments on lower-hybrid heating. The transition was identifi
on the basis of all indications, as a transition into the H mo
with the appearance of a transport barrier at the peripher
the discharge.1,2 This showed that despite the small size
the setup (R50.55 m, a50.08 m, Bt52.2 T, I pl52 kA,
tp550 ms! the plasma manifests the same properties in
bifurcation of the state that are characteristic for large setu
This fact as well as the problem of optimizing the conditio
for lower-hybrid heating stimulated new experiments with
attempt to organize improved confinement at the center
discharge in analogy to super shot or hot-ion-mode type
charges or a discharge with an inverted shear of theq profile
~see, for example, Refs. 3 and 4!.

For these purposes, a current pulse rising rapidly fr
22 to 30 kA (Dt I52.5 ms and rise timeDt50.5 ms! was
used in the FT-2 tokamak during lower-hybrid heati
(Prf590 kW, f 5920 MHz,Dt54 ms!. The following were
observed in these experiments:

1. A substantial~by a factor of 1.5–2! decrease in the
flux of high-energy charge-exchange atoms withE.1000
eV with the flux determined by the thermal ions in th
plasma remaining unchanged or increasing. Such fluxe
neutrals with energiesE51900, 1300, and 650 eV for th
cases of one rf heating andDI 1 rf simultaneously are com
pared in Fig. 1. The figure also displays oscillograms ofI pl ,
Upl , and the plasma emission in theHb line.

2. A large~by approximately a factor of 2–3! increase in
the lifetime of the energy in the ionic component. This tim
was determined according to the growth and decay of
central ionic temperature. In a number of experiments it w
comparable to the particle lifetime. Figure 2 displays t
changes in the central ionic component for three differ
scenarios of the discharge:~a! one rapid current riseDI , ~b!

696 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/9
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3. A characteristic increase in the plasma density. T
increase is explained by an increase in the particle lifetim
the center of the discharge. The dense central core rema
for more than 5 ms even in the postheating stage. The pla
density profilesne(r ) for four times ~ohmic heating, at the
end of the rf pulse, and 5 and 10 ms after the additio
heating was switched off! are displayed in Fig. 3.

4. Factor of 2–3 increase in the rate of revolution of t
plasma. This result was obtained in the course of a cro
correlation analysis of the signals from MHD probes.

5. Substantial suppression of the microoscillations of
plasma in the central regions of the discharge, as determ
by scattering of CO2 laser radiation. The measurements we
performed in the frequency range 100–800 kHz. Diagnos
made it possible to investigate fluctuations of the elect
density in the wave number rangek'512230 cm21. The
CO2 laser radiation was detected at small scattering angle
a volume extending in the vertical dirtection along the pro
ing laser pulse. Signals obtained by probing along the cen
chord and along a chord displaced by 6 cm to the side w
compared in the experiment. Suppression of plasma osc
tions detected along the central chord was observed wi
rapid rise in the current as well as withDI 1 rf. Measure-
ments of the scattered radiation with probing along the
ripheral chord showed that the fluctuation level does
change here. In the case of rf heating alone, however,
microoscillations of the plasma were not suppressed eithe
the center or at the periphery.5

Thus in our experiment with a rapidly rising current a
indications of a transition to improved confinement at t
center of the discharge are observed, just as in large se
such as TFTR, DIII–D, and Tore Supra.3,4 In all of these
cases improved confinement at the center of the plasma
umn was observed at the stage of plasma current growth

69690696-03$10.00 © 1997 American Institute of Physics
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additional heating or in the entrainment-current regime.
these works it was shown experimentally that a nega
shear of theq profile forms in the discharge. The decrease
heat transfer could be due to this fact. In our case, such d
measurements were not available, but a simulation with
ASTRA code shows that under the experimental conditi
in a FT-2 tokamak afterDt5122 ms an appreciable flat
tening of the current density profile occurs at the center,
this could result for the regionr<2 cm in low values of the

FIG. 1. Oscillograms of the main parameters of the discharge: pla
current —I pl ; voltage on the circumference of the plasma filament —Upl ;
Hb line radiation from the plasma and fluxes of charge-exchange neu
with energiesE51900, 1300, and 650 eV, presented for two different ca
of longitudinal heating: rf~light dashed line! and combined rf1 DI .

FIG. 2. Behavior of the ion temperature in three cases: rapid current ris
DI ; rf 1 DI ; and, on rf heating.
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shear s5(r /q)(dq/dr);0. This makes it possible to at
tribute the observed phenomena to restructuring of the p
file of the current channel. At the same time, it is interest
that the decrease in the fluxes of the fast component of
charge-exchange neutrals, just as suppression of the fluc
tions, starts earlier, i.e., immediately after the current start
rise. This suggests that as the current in the plasma incre
processes associated not only with the diffusion of long
dinal electric fields, which change the current density profi
but also processes due to a sharp change in the radial d
bution of these fields themselves appear. We conjecture
in this case the Ware pinch should play an important ro6

Specifically, at the initial stage of current rise there arise
gradient¹ rEi such that the longitudinal electric field at th
periphery of the discharge becomes several times gre
than its value at the center. In this case, for such largeEi the
inward-directed flux of locked particles;A«cEi /Bp can
compensate and even exceed their diffusion losses. At
same time, the longitudinal velocity of the ensemble
locked ions should also increase. Intensification of the pin
ing as well as an increase in the longitudinal velocity cou
appreciably change the fraction of locked ions. This can
plain the drop in the fluxes of high-energy charge-excha
atoms, measured with an analyzer in theDI 1 rf experiment
~paragraph 1 above!. The processes associated with t
pinching of charged particles could ultimately influence t
distribution of the radial electric fields and the confineme
times in the plasma.

It is evident from the facts presented above that
plasma processes accompanying a rapid rise in the cu
are complicated and require a more accurate theoretical
experimental study.

We thank F. X. Soldner~JET, UK! and V. A. Rozhanski�
~St. Petersburg State Technical University, Russia! for a dis-
cussion of the experimental results.

This work was sponsored by the Russian Fund for F
damental Research, Project No. 95-02-04072, and INTA
RFBR Grant 95-1351.
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FIG. 3. Plasma density profilesne(r ) in the rf 1 DI experiment for four
times: 1 — 30th ms, ohmic heating;2 — 35th ms~dashed curve!; 3 —
37th ms; and,4 — 40th ms.

697Budnikov et al.



3S. H. Bathaet al., Phys. Plasma3~4!, 1348~1996!.
4E. J. Straitet al., Phys. Rev. Lett.75, 4421~1995!.

6V. Rojanskii and M. Tendler,Reviews in Plasma Physics, edited by B.B.
Kadomtsev, Consultants Bureau, N.Y., 1996, Vol. 19, p. 147.
5M. V. Andrejko, L. G. Askinazi, V. N. Budnikovet al., IAEA-CN-64/
AP2-13, Montreal, 1996.
698 Tech. Phys. Lett. 23 (9), September 1997
Translated by M. E. Alferieff
698Budnikov et al.



Phase effects in a semiconductor laser with diffraction extraction of radiation

M. A. Kaliteevski , E. L. Portno , and G. S. Sokolovski 

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg,
~Submitted April 25, 1997!
Pis’ma Zh. Tekh. Fiz.23, 7–11~September 26, 1997!

Phase effects arising in a semiconductor laser with diffraction extraction of radiation and a
distributed Bragg reflector on the substrate side are taken into account exactly quantitatively and
the possibilities of using these effects in lasers is analyzed. It is shown that the phase
effects studied can be used to increase the laser efficiency substantially. ©1997 American
Institute of Physics.@S1063-7850~97!01709-6#

Semiconductor injection lasers with diffraction surfacediffraction grating and the multilayer Bragg reflector,K0 is
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extraction of radiation possess a number of advantages
lasers in which radiation is extracted through the ends1,2

Some of the main advantages are a large surface for ext
ing radiation and a large output aperture associated with
surface. This results not only in a small divergence of
laser radiation2 but it also removes a fundamental limitatio
on the radiation power of a laser due to ‘‘catastrophic’’ de
radation of the output mirrors.3 Diffraction gratings used for
extracting radiation and for producing feedback make it p
sible to obtain unimodal radiation and to decrease the la
line width.4

At the same time these lasers have some drawbacks
main one being losses of the radiation diffracted in the
rection of the substrate.3 It should be noted that in man
cases, on the basis of technological considerations, gra
operating in the second diffraction order are used to ob
feedback. In this case the efficiency of the device is a
reduced by radiation losses in the first diffraction order5,6

Both problems can be solved if a multilayer Bragg mirror
placed under the waveguide layer. In the process, des
the apparent simplicity of the proposed solutio
investigators7–10 neglect the fact that it is necessary to ta
account of the phase relations between the waves diffra
in air, in the direction of the multilayer Bragg mirror, and th
waves rereflected by the mirrors accurately. Our objective
the present Letter is to take into account quantitatively
actly the relations mentioned above and to analyze the
sibility of using the observed effects in lasers.

Let us consider diffraction of a waveguide mode by
surface grating. The wave diffracted in air at the angleu0 is
the result of a superposition of two waves~Fig. 1!: the wave
diffracted in air at the angleu0 ~the amplitude of the wave is
A0) and the wave diffracted in the direction of the substr
at the angleu1 and rereflected by the Bragg reflector~the
amplitude of the wave isA1). We shall consider diffraction
angles which are not less thanp/2.

The phase differenceDw01 between these two waves
~Fig. 1!

Dw0152dNmK0 sinu112d n̄K0

1

cosu1
1Dwb~u1!, ~1!

whereNm is the effective refractive index of the waveguid
mode,n̄ is the ‘‘averaged’’ refractive index of the waveguid
and the layers bounding it,d is the distance between th
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the wave vector of light in the vacuum, andDwb(u1) is the
phase of the reflection coefficient of the Bragg reflector.

For light at normal incidence the phase difference is

Dw'52d n̄K01Dwb~0!. ~2!

The phaseDwb(u1) near the Bragg-interference frequency
the Bragg reflector is virtually independent of the angle
incidenceu1

11 and at the Bragg-interference frequency in t
case of light at normal incidence it equals 0 orp depending
on the order of alternation of the layers in the Bra
reflector.11

The resulting intensityI 5uA01A1u2 depends on the
phase difference of the wavesA0 and A1, i.e. the Bragg
reflector can both increase and suppress the diffraction
traction of radiation.10

It should be noted that the wave reflected from the Bra
reflector partially escapes from the system, is partially spe
larly reflected, and is partially diffracted into a waveguid
mode propagating in the direction of the initial wavegui
mode.

The idea of using a monolithic epitaxial structure with
multilayer Bragg reflector to produce a laser with diffractio
surface extraction of radiation, where feedback is obtain
with a diffraction grating operating in the second diffractio
order so as to realize a one-frequency lasing regime an
multilayer Bragg mirror is used to suppress radiation los
in first order as well as to increase the diffraction extract

FIG. 1. Diagram illustrating the calculation of the phase relations in a s
tem waveguide–surface grating–multilayer Bragg mirror.

69990699-02$10.00 © 1997 American Institute of Physics
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of radiation ~Fig. 2!, seems obvious. The spacinga of the
diffraction grating, used to obtain feedback, is determined
the relation

a15
2•p

Nm•K0
, ~3!

and the spacing of the diffraction grating through which
diation is extracted satisfies the condition

p

Nm•K0
,a2,

2•p

Nm•K0
. ~4!

To suppress radiation losses in first diffraction order by
grating used to obtain feedback and to increase at the s
time the efficiency of radiation extraction in the propos
structure the increase in the phase of the wave diffracted
a right angle must differ by (2m11)p, wherem is an inte-
ger, from the increase in the phase of the wave diffracte
an angleu1. Using the relations~1! and ~2!, this condition
can be written as

FIG. 2. Schematic diagram of the construction of the laser.
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m 0 1 0S cosu1
D

1Dwb~u1!2Dwb~0!5~2m11!p. ~5!

For small anglesu1 only the first term in this formula differs
appreciably from zero and the formula~5! in the case
Dw5p andNm' n̄ becomes

d'
l

4•sin 1
, ~6!

wherel is the wavelength in the material.
Thus, for the angleu155° the thicknessd of the wave-

guide must be of the order of 2.5 wavelengths of the light
the material. For a GaAs/AlGaAs~l50.9 mm, Nm'n̄
'3.5) laser with radiation extraction angleu0'20° the dif-
fraction angle in the substrate direction isu1'5°. In this
case the condition~5! holds ford'0.6 mm.
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Power characteristics of 2.2 mm LEDs for spectroscopic applications

-

A. A. Popov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted April 7, 1997!
Pis’ma Zh. Tekh. Fiz.23, 12–18~September 26, 1997!

The results of an investigation of the basic electric and power characteristics of 2.0–2.28mm
LEDs for spectroscopic measurements of nitrogen-containing molecules are reported.
Room-temperature continuous-mode LEDs were produced from a double symmetric as well as
nonsymmetric heterostructure based on the solid solutions GaInAsSb. Continuous-wave
optical power;1.7 mW of the LED was achieved by optimizing the structure. ©1997 American
Institute of Physics.@S1063-7850~97!01809-0#
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fact that it is attractive for producing portable gas analyz
based on spectroscopy methods. The most important
analyzers are used for the analysis nitrogen-containing m
ecules, such as N2O ~2.11 mm, 2.26mm!, NO2 ~2.19 mm!,
ammonia NH3 ~2.25mm!, and so on, whose absorption line
lie in the region 2.0–2.28mm.1 The radiation sources in suc
analyzers can be semiconductor LEDs, whose spectral po
density and quantum efficiency are higher than those of t
mal radiation sources. Infrared LEDs make it possible
produce compact analyzers which are distinguished by
fact that they do not have additional optical filters and m
chanical modulators.

Since the emission range of LED heterostructures ba
on strained layers of the compounds InGaAs/InP2 is limited
to wavelengths shorter than 2mm, the most promising ma
terial for LEDs in the spectral region 2.0–2.28mm are the
solid solutions GaInAsSb/GaSb.3 GaSb/GaInAsSb/
GaAlAsSb heterostructures have already enabled us
achieve a quantum efficiency of radiative recombination
to 4% at room temperature.4 This spectral range was als
covered by radiation from a tunable LED,5 but the radiation
power achieved was less than 0.1–0.2 mW. The invest
tion reported below is an application of our works in the fie
of infrared semiconductor emitting heterostructures based
GaSb.

In the present work we made a comparative investiga
of different constructions of LEDs for the wavelength ran
near 2.2mm that differ both by the magnitude of the ele
tronic confinement and the thickness of the active regi
This made it possible to produce LEDs operating at ro
temperature in the continuous-wave mode with a high opt
spectral power density.

Two types of double heterostructures were produced
liquid-phase epitaxy~LPE! on an-GaSb~100! substrate~Fig.
1!. The heterostructure of the first type (S) consisted of a
symmetric GaAlAsSb/GaInAsSb/GaAlAsSb heterostructu
The structure consisted of four epitaxial layers. The act
n-GaInAsSb layer was confined between two wide-gap em
ters N- and P-GaAlAsSb ~2.5 mm thick!. The narrow-gap
heavily dopedp-GaSb layer~0.5 mm thick! was grown on
top in order to produce a low-resistance contact. The ac
GaInAsSb layer was characterized by an indium conten
0.16 (Eg50.57 eV! and was doped with Te to densit
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ers were grown with an Al content of 0.50 (Eg51.11 eV!
and doped with Te and Ge to density (2 – 4)31018 cm23 and
(6 – 8)31018 cm23 for the N andP layers, respectively. All
layers were lattice matched to the GaSb substrate. The s
ture of the second type~NS! was distinguished by the fac
that it did not contain aN-GaAlAsSb layer and was a non
symmetric double heterostructure. The technology of epit
of heterostructures based on multicomponent GaSb solid
lutions was reported earlier in Ref. 6.

Circular mesa diodes obtained by photolithography a
deep chemical etching into the substrate were investiga
The diameter of a mesa~300 mm! determined the emitting
surface area (S5731024 cm2). A crystal of one LED was a
5003500 mm square. The semiconductor crystal w
mounted on a standard TO-18 case. A parabolic reflector
mounted on the TO-18 case. This made it possible to co
mate the LED radiation into an angle of 10–12 deg. The to
dimensions of the LED with the parabolic reflector were
mm in diameter and 5.5 mm in length.

The investigations were performed on an apparatus
ranged in a synchronous detection scheme based o
MDR-2 monochromator and a GaInAsSb photodiode. T
output radiation was collected in an IMO-2M optical pow
meter.

The current–voltage characteristics of the LEDs exh
ited a diode character. The current–voltage characteristic
the two types of structures differed from one another by
cutoff voltage, equal to 0.23 V for theNS structure and 0.27
V for the S structure. For both structures with forward bia
the series resistances were equal to;1.3– 1.4V and the
current–voltage characteristics had two sections with an
flection point near 35 mA~the voltageU;0.33– 0.35 V!.
For low biases the current–voltage characteristic could
described by the formulaI 5I 0exp(eU/kT), wheree is the
electron charge,T is the temperature, andI 0 is the saturation
current, which was equal to 1.1 and 0.28mA for the S and
NS structures, respectively, for the first section and 22 a
4.5 mA for the second section.

The spectral and power characteristics of the dio
were tested in the continuous-wave mode at room temp
ture. For both structures the spontaneous emission spec
had the temperature-broadened contour typical for infra
LEDs. Emission was observed under forward bias when

70190701-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Diagram of the experimental LED double he
erostructures. Radiation was extracted perpendicula
the substrate through the wide-gap layers. The typeS
heterostructure differed from theNS type structure by
the absence of a wide-gapN-GaAlAsSb region. A pla-
nar energy diagram of the heterostructures is display
on the right side; the dotted line shows how they diffe
current amplitude exceeded 5 mA. A rapid increase in power
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was observed for injection currents above 10 mA. We n
only the following observed features of the spontaneous
combination spectra.

The spectrum of the symmetric structureS consisted of a
single emission band with a maximum at the wavelen
l52.173 mm with a current of 120 mA; the width of the
spectrum~FWHM! was equal to 0.23mm. On cooling to
liquid-nitrogen temperature (T577 K! the maximum shifted
in the short-wavelength direction tol51.989 mm with an
average rate of 0.82 nm/K. The FWHM of the spectrum
creased to 0.07mm. It should be noted that the total tem
perature shiftDhn(DT) ~0.53 meV! of the maximum was 17
meV less than the computed temperature broadening of
band gapDEg(DT) (70 meV!.

The emission spectrum of the nonsymmetric struct
NS had the following differences. At a current of 120 m
the maximum was shifted by 20 nm in the long-wavelen
direction. The FWHM increased to 0.28mm. The shift of the
maximum to liquid-nitrogen temperature by20.196 mm
also was less than the computed temperature dependen
Eg ~by 14 meV!. The emission spectrum was characteriz
by a large increase of the FWHM~0.105mm! at liquid ni-
trogen temperature as well. For both structures the posi
of the emission maximum was virtually independent of t
injected current. A shift in the long-wavelength direction
an average rate of 0.05 nm/mA was observed.

The current dependence of the output optical powe
displayed in Fig. 2. The optical powerP increased in the
entire current range for both heterostructures and can be
scribed by a power law functionP;I n. For the symmetric
structureS, on the initial sectionP;I up to currentsI 590
mA and saturated toP;I 0.87 for large pump values. For th
nonsymmetric structureNS the corresponding values ofn
were of the order of 0.93 and 0.76 for low and high curren
respectively. The dependence was characterized by a hi
output power in the entire current range for type-S LEDs.
The maximum continuous power of 1.7 mW was achiev
with an injection current of 120 mA. For high continuou
currents the current-voltage characteristic saturated.
symmetric LED heterostructuresS were investigated as
function of the thickness of the active region from 0.5 to 1
mm ~Fig. 2b!. The maximum optical power was reached w
an active region of the order of 0.7mm thick. Increasing and
decreasing the thickness resulted in lower output power.
note that the optimal thickness was significantly less than
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The characteristics presented show the dependenc

the spectral and power characteristics of the LED dou
heterostructures based on the narrow-gap compou
GaInAsSb on theN emitter. The lower value of the slope o

FIG. 2. Power characteristics of LEDs. The curves were obtained with a
current and room temperature. a — Comparison of the characteristics o
LEDs based on symmetric (S) ~V22712! and nonsymmetric (NS) ~V22707!
double heterostructures, differing by the value ofN/n of the heterobarrier.
In both structures the active region was 0.8mm thick. N-GaAlAsSb~50%
Al ! serves as the emitter for the symmetric (S) structure andN-GaSb~0%
Al ! serves as the emitter for the nonsymmetric (NS) structure. b — Opti-
mization of the output optical power as a function of the thickness of
active region.
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radiative losses due to both carrier leakage through the
erobarrier and the existence of a mechanism competing
recombination in the volume of the active region. Spec
cally, this is due to the leakage of charge carriers through
heterobarrier; this leakage is especially large for holes i
NS type structure. The weak temperature dependence o
energy of the maximum of the radiative recombination
characteristic for tunneling radiative recombination. Its pr
ence together with recombination in the volume of the act
region could result in a broadening of the emission spectr
as is observed in a nonsymmetric structure, since a decr
in the height of theN emitter results in an increase of th
recombination time ast;(DEc)

21/2.3 Increasing the voltage
applied to this structure rectifies the band bending at
N–n junction and is responsible for the change in the slo
for the nonsymmetric structureNS at low currents. The
change from a linear current dependence (n;1) to a sublin-
ear dependence (n,1) could be due to activation of nonra
diative recombination. It should be noted, however, that
coefficient is less than the coefficient corresponding to Au
recombination in the bulk (n;2/3), indicating a weakening
of this channel for nonradiative losses in the experimen
symmetric structures. We note that on the whole the spec
and electric characteristics of such structures correspon
recombination in the active region next to the heterobou
ary. However, according to the spectral and power diff
ences, the symmetric semiconductor heterostruc
GaAlAsSb/GaInAsSb/GaAlAsSb, characterized by the pr
703 Tech. Phys. Lett. 23 (9), September 1997
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tude to the band gap in the active region, is most attrac
for achieving maximum spectral power density. This para
eter turned out to be exceptionally important for practic
applications of infrared LEDs of this class in spectroscop

In summary, we report in this Letter the development
2.0–2.28mm LEDs for the detection of nitrogen-containin
molecules. Our investigations showed the advantages
symmetric-type LED heterostructure, which was charac
ized by a higher optical power and smaller width of the em
sion spectrum in the entire range of continuous pump c
rents. The basic room-temperature electric and radia
characteristics of the LEDs in the wavelength range 2.2mm
on the basis of dual applications to nitrogen-containing m
ecules were presented.
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Effect of C 60 on the thermal stability of polyethylene glycol grafted to it

on
L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N. Zgonnik, and
E. Yu. Melenevskaya

Institute of High-Molecular Compounds, Russian Academy of Sciences, St. Petersburg; Institute of
Problems of Machine Engineering, Russian Academy of Sciences, St. Petersburg
~Submitted April 22, 1997!
Pis’ma Zh. Tekh. Fiz.23, 19–24~September 26, 1997!

The thermal degradation of regular polymer networks, cross-linked by C60 molecules along the
end groups of polyethylene glycol, has been investigated by mass-spectrometric thermal
analysis for the example of polyethylene glycol grafted to fullerene C60. The character of the
thermal degradation of the networks is substantially different from that of free
polyethylene glycol and other polymer systems investigated earlier. The grafting to C60 increases
the thermal stability of polyethylene glycol. ©1997 American Institute of Physics.
@S1063-7850~97!01909-5#

The present work is an elaboration of the investigationsgrafted polyethylene glycol molecule, an insoluble fracti
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7/0
in Refs. 1–4 of the effect of C60 fullerene on the therma
stability of different types of polymer compounds. In Ref.
it was shown for the example of the atactic polystyrene
mass-spectrometry that grafting polystyrene to C60 fullerene
greatly decreases~by more than 100°) the thermal stabilit
of polystyrene. In the same work it was found that even
the case of a mixture of polystyrene with C60 the thermal
stability of the polystyrene decreases. However, in the c
of a mixture of C60 with polymethyl methacrylate synthe
sized by free-radical polymerization the presence of C60 in-
creases the thermal stability of the polymer.3 An increase in
thermal stability was also observed for poly-N-
vinylpyrrolidone cross-linked into an irregular network v
carbonyl groups by C60 molecules.4 It is remarkable that in
the cases investigated an increase in thermal stability
observed not only in the displacement of the main therm
degradation process in the direction of high temperatures
also in the inhibition of other thermal-degradation proces
~occurring at lower temperatures! right up to their complete
suppression.

In the present work the regular polymer networks ba
on low-molecular polyethylene glycols cross-linked alo
the end groups of C60 molecules have been investigated f
the first time by mass-spectrometric thermal analysis.5

C60 fullerene was obtained by the same method as
Refs. 1–4. Fluka A.C. polyethylene glycol with molecul
massMM595021050 was used for grafting to C60. The
polyethylene glycol was dissolved in toluene and activa
by boiling the solvent in argon, using an excess of potass
equal to three times the amount of the OH groups. The a
vated polyethylene glycol was used for reaction with C60.
Since each polyethylene glycol molecule possesses two
end groups, the formation of macromolecules with C60 on
both ends as well as on one end was possible as a resu
the reaction. Furthermore, taking into consideration the
pability of C60 to graft several polyethylene glycol mo
ecules, the formation of a cross-linked structure with C60

molecules occupying the nodes was possible. This situa
was apparently realized in practice, since together with
soluble fraction, consisting of C60 molecules with one

704 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/9
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was also obtained. This latter fraction was the object of stu
in the present work.

The mass spectra were obtained with a MKh-13
mass spectrometer, heating the sample in vacu
(1022– 1023 Pa! at a rate of 5°/min. Figure 1 displays th
mass thermogram of Fluka polyethylene glycol. On acco
of the low molecular mass of polyethylene glycol, the curv
of the yield of the products of thermal degradation have
unusual form~a peak which is not always distinct and th
absence of a decreasing part of the curve!. This is due to the
relatively high volatility of the polymer, which is destroye
only partially, while a substantial part of the polymer shif
along the degrader in the region of lower temperature an
once again partially degraded when the temperature rise
the required values, and so on. The validity of the expla
tion of the observed form of the thermograms is confirm
by experiments with polyethylene glycol with a higher m
lecular weight — in this case the thermograms have the s
dard form~Fig. 2!.

Despite the unusual nature of the thermograms of
low-molecular polyethylene glycol, conclusions can
drawn about the main products of its degradation— they
fragments with mass 45 (dCH2–CH2–OH or CH3–
CH2Od), 44 (dCH2–CH2–Od), 89 (dCH2–CH2–O–
CH2–CH2–OH or CH3–CH2–O–CH2–CH2–Od), 117
~CH3–CH2–O–CH2–CH2–O–CH2–CH2

d). The onset of the
thermal degradation of the Fluka polyethylene glycol sho
evidently be taken atT05300 °C, and the temperature o
peak thermal degradation should be taken asTmax5360 °C.

The mass-thermogram of fullerene-containing polyeth
ene oxide1! ~Fig. 3! differs substantially from the mass
thermogram of polyethylene glycol. Two groups of ion pea
are observed. The lower-temperature peaks withTmax

5360 °C are observed for ions with mass 45, 44, and
However, the most intense peak corresponds to the ion w
mass 104 (dO–CH2–CH2–O–CH2–CH2–Od), which is
not characteristic for the mass thermograms of polyethyl
glycol. For it we haveT0'320 °C andTmax'440 °C, which
are 20 and 80 degrees higher than the corresponding ch
teristics of polyethylene glycol. Besides the ion with ma

70490704-02$10.00 © 1997 American Institute of Physics
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104, ions with mass 91, 117, and 118 but with a much low
yield are present in the same temperature intervals.

The result obtained can be explained only by the f
that on account of the reaction of fullerene and polyethyle
glycol a product forming a covalent bond with fullerene w
formed. It is known that the thermal stability of polyethylen
glycol increases substantially if esterification of the hydro
end groups is performed,6 i.e. thermal degradation of poly
ethylene glycol starts with the hydroxyl end groups. App
ently, the main part of the product analyzed consists of po
ethylene glycol, a molecule of which is attached on bo
sides to fullerene molecules. This is supported by not o
the higher thermal stability of the fullerene-containing po
ethylene oxide but also the composition of the products
thermal degradation.

If the polyethylene glycol is degraded from the end
then it is understandable why the ion with mass
~CH2–CH2–OH!, containing a hydroxyl group, is most in
tense when the polymer undergoes degradation. In the
of fullerene-containing polyethylene oxide, at high tempe
tures the intensity of this ion is negligibly small compar

FIG. 1. Mass-thermogram of the initial polyethylene glycol with molecu
mass;1000.1 — m/e545; 2 — 44; 3 — 89; 4 — 117.

FIG. 2. Mass-thermogram of polyethylene glycol with molecular m
;20000.1 — m/e545; 2 — 44; 3 — 89; 4 — 117.
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with the ion 104, and its probable structure (dO–CH2–
CH2–O–CH2–CH2–Od) confirms the absence of hydroxy
groups in the initial product.

The low-temperature peaks at;380 °C~curves1 and2!
corresponding to ions with masses 45 and 44 can be
plained by the presence of a product of interaction of po
ethylene glycol with one fullerene molecule. In this case
degradation starts from the hydroxyl part of the molecule a
proceeds in the same manner as the degradation of the in
polyethylene glycol~compare with Fig. 2 and the position o
the main peaks in Fig. 1!. However, the peaks do no
‘‘creep,’’ as happens with low-molecular polyethylene gl
col ~Fig. 1!, since the second end of the polyethylene glyc
molecules is apparently bound with fullerene.

This work was performed as part of the Russi
Scientific–Technological Program ‘‘Fullerenes and atom
clusters’’ ~Project Tribol!.

1!In polymer chemistry, polyethylene glycols that lose hydroxyl end grou
are called polyethylene oxides.

1B. M. Ginzburg, A. O. Posdnyakov, V. N. Zgonnik, O. F. Posdnyako
B. P. Redkov, E. Yu. Melenevskaya, and L. V. Vinogradova, Pis’ma Z
Tekh. Fiz.22~4!, 73 ~1996! @Tech. Phys. Lett.22, 166 ~1996!#.

2A. O. Posdnyakov, O. F. Posdnyakov, B. P. Redkov, V. N. Zgonn
E. Yu. Melenevskaya, L. V. Vinogradova, and B. M. Ginzburg, Pis’m
Zh. Tekh. Fiz.22~18!, 57 ~1996! @Tech. Phys. Lett.22, 759 ~1996!#.

3L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N
Zgonnik, and E. Yu. Melenevskaya, Pis’ma Zh. Tekh. Fiz.23~18!, 81
~1997! @Tech. Phys. Lett.23, 730 ~1997!#.

4L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N
Zgonnik, and E. Yu. Melenevskaya, Pis’ma Zh. Tekh. Fiz.23~18!, 87
~1997! @Tech. Phys. Lett.23, 732 ~1997!#.

5L. A. Shibaev, T. A. Antonova, L. A. Fedorova, S. I. Klenin, I. A. Bara
novskaya, and B. L. Erusalimski�, Vysokomolek. Soed., Ser. A37, 1874
~1995!.

6J. Mito, in Aspects of Degradation and Stabilization of Polymers, Edited
by H. H. G. Jellinek, Elsevier Sci. Pub. Co., N. Y., 1978, pp. 247–29

Translated by M. E. Alferieff
s

FIG. 3. Mass-thermogram of a network consisting of polyethylene ox
macromolecules cross-linked by C60 fullerene molecules.1 — m/e545;
2 — 44; 3 — 91; 4 — 104 ~in the scale presented the maximum of the pe
reaches 423 arbitrary units!; 5 — 117; 6 — 118.
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Interaction of relaxational waves with waves of a redistributing surfactant on a free

surface of a liquid

D. F. Belonozhko, A. I. Grigor’ev, and Yu. D. Rakhmanova

Yaroslav State University
~Submitted April 21, 1997!
Pis’ma Zh. Tekh. Fiz.23, 25–31~September 26, 1997!

Thermal capillary wave motion on a charged free surface of a liquid covered with a surfactant
film gives rise to waves of redistributing charge~equalizing the electrical potential! and
waves of the surfactant~equalizing the concentration of the surfactant!. Numerical analysis of the
dispersion equation shows that in some range of physical parameters the waves of charge
interact with the waves of surfactant, forming two new branches of charge-concentration waves.
© 1997 American Institute of Physics.@S1063-7850~97!02009-0#

We shall consider the problem of calculating the spec-with the boundary conditions
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trum of capillary oscillations on the surface of a solution o
surfactant in a liquid with finite conductivity. The entire sy
tem is located in the field of gravityg and in an electrostatic
field E2 which is normal to the free surface and is determin
by the potential differenceV between electrodes — the fre
surface of the conducting liquid and a flat counter electro
on top, parallel to the surface of the liquid and separa
from it by a distanced. The solution has densityr, kine-
matic viscosityn, specific conductivitys, and permittivity
«15«; the mobility of the charge on the free surface isb. Let
C0 andG0 be the volume and surface concentrations of
surfactant in the unperturbed state,g the surface tension o
the solution, andmn and mp the chemical potentials of th
volume and surface phases of the surfactant. Let us ass
that the relaxation time of the surfactant between the sur
and the region of the bulk solution lying next to the surfa
is small compared with the period of the thermal capilla
waves at the wavelength analyzed.

In a Cartesian coordinate system with thez axis directed
vertically upwards,nzig (nz is a unit vector directed along
the Cartesian coordinatez), the planez50 is the unper-
turbed free surface of the solution and the functi
j(x,t)5j0exp(st1ikx) describes a small perturbation of th
surface caused by thermal capillary wave motion of v
small amplitude (j0;(kT/g)1/2); k is Boltzmann’s constant
T is the absolute temperature;s is the complex frequency;k
is the wave number; and,t is the time. The liquid velocity
field U„r ,t) generated by the perturbationj is an infinitesi-
mal of the same order of magnitude. Let the permittivity
the medium above the solution be«251.

To analyze the spectrum of capillary motions in the s
tem described above, we can use the linearized system
equations

]U

]t
52“P~U!1nDU1g; ~1!

¹–U50; ~2!

DF i50; Ei52“F i ; ~ i 51; 2!; ~3!

]C

]t
5DS ]2C

]x2
1

]2C

]z2 D ; ~4!
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z5d: F25V; ~5!

z→2`: U→0; ~6!

C→C0 ; ~7!

F1→0. ~8!

HereP5P(r ,t) is the pressure inside the liquid;C5C(r,t)
is the volume concentration of the surfactant in solution; a
F2 andF1 are the electrical potentials above and below
perturbed surface.

At the interface, described by the equatio
z5j0exp(st2ikx), of the media the boundary conditions a

]¸

]t
2n•E1s1“s•~¸Ut1¸Etd2Ds“•¸!50; ~9!

]G

]t
1“s~G•Ut!5DS ]C

]z D1DtS ]2G

]x2 D ; ~10!

“s[
]

]x
1

]

]y
;

mn~C!5mp~G!; ~11!

4p¸5~n•E2!2«~n•E1!; ~12!

F15F2 ; ~13!

2
]j~x,t !

]t
1Uz50; ~14!

2P~U!1j12nn•~n•“ !U2PE~j!1Pg~j!50; ~15!

n~n•~t•“ !U1t•~n•“ !U!1Pt~j!1PE50. ~16!

In these relationsPg52g(G0)(]2j/]x2) is the pressure due
to the surface tension under the flat surface, curved by
wave motion, of the surfactant solution;PE5PE22PE1,
wherePEi5(« i /8p)@(n–Ei)

22(t–Ei)
2#, i 51, 2, is the elec-

trostatic pressure on the surface as a result of the presen
a surface charge distributed with density¸; P¸5P¸12P¸2,
where P¸ i5(« i /4p)(n–E)(t–Ei), i 51,2, is the electrical
part of the tangential components of the stress ten
Pt[(t–¹g) is the tangential component of the stress ten

70690706-03$10.00 © 1997 American Institute of Physics



due to the relaxation of the surfactant on the perturbed sur-
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FIG. 1. Curves of the real Res5Re s(x0) and imaginary Ims5Im s(x0)
parts of the complex frequency of capillary motions on the surface o
surfactant solution versus the dimensionless parameterx0. The curves were
calculated for the following values of the parameters:k51, n50.1;
L5500; D5131026; Dt5131026; Ds51025; W52; and,b5131022.
face;Dt andDsare the surface diffusion coefficients for th
surfactant and charge, respectively;D is the volume diffu-
sion coefficient of the surfactant; and,t andn are unit vec-
tors tangent and normal to the surface of the solution.

Solving the problem~1!–~16! by the method described
in Ref. 1 yields a dispersion equation for capillary motions
the liquid which in the dimensional variables whe
g5r5g51 has the form

~bs2L2kH!~s1k2Dt!1Qx0sk3v0
2

1bk5Wcoth~kd!x0s~s1k2Ds!

1q~~s1k2Dt!~H24Qn2k3s22bk4Wcoth~kd!x0s!

2Qx0sk2~v0
21s2!!

1RL~s2L2kH!1qRL~H24Qn2k3s2!50; ~17!

Q[b~s1k2Ds!~11«tanh~kd!!

1~11bE0kb!tanh~kd!;

L[Q~~s12nk2!21v0
2!1bk2Wcoth~kd!

3~s~12tanh~kd!!1k2Ds!~12tanh~kd!!;

H[bskW~~v0
21s2!tanh~kd!

12nk2~2s1k2Ds!!tanh2~kd!;

x05
]g

]G
G0 ; L5S ]mn

]G0
D /S ]mp

]C0
D ;

W5
«E0

2

4p
; E05V/d; b[

1

4ps
;

a

-
us
FIG. 2. Curves of the real Res5Re s(x0) and imaginary
Im s5Im s(x0) parts of the complex frequency of capil
lary motions on the surface of a surfactant solution vers
the dimensionless parameterx0. The curves were calcu-
lated for the following values of the parameters:k51,
n50.1; L5500; D51026; Dt5131026; Ds51025;
W52; a — b51.231022; b — b51.2131022.
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R[AD~s1k2D !

with characteristic scales of the dimensional quantities

s* 5S rg3

g D 1/4

; k* 5S rg

g D 1/2

;

Dt* 5Ds* 5D* 5S g3

r3g
D 1/4

;

n* 5
g

rg3
; b* 5S g

rg3D 1/4

; W* 5Argg; d* 5S g

rgD 1/2

.

The regionx0,0 corresponds to ordinary surfactan
which decrease the surface tensiong of the free surface of
the liquid and the regionx0 .0 corresponds to inactive su
factants which increaseg.

The results of a numerical analysis of Eq.~17! are pre-
sented in Figs. 1 and 2 in the form of curves of the real a
imaginary parts of the complex frequencys as a function of
x0 with the critical value of the Tonks–Frenkel’ paramet
W52, which makes it possible to regard as relaxational
branches of the wave motions observed on the first sheet
four-sheet Riemann surface on which the dispersion equa
~17! is defined. It follows from Fig. 1 that when the condu
tivity of the solution is high the branch 1 of the relaxation
waves associated with charge redistribution2 does not inter-
act with the branch2 of waves associated with the redistr
708 Tech. Phys. Lett. 23 (9), September 1997
,
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reconnection of these branches on one another occurs
two new branches5 and 6 of composite waves form. The
branch 2 reconnects with the branch of charge relaxati
waves and extends continuously into the inactive-surfac
region. The branch1 switches to the part of branch2 that
extends to the unobservable sheets of the Riemann su
even for valuesx0,0 which are small in absolute magnitud
and is found to be unobservable for inactive (x0.0) surfac-
tants.

Besides the motions mentioned above, in all relatio
presented above, forx0,0 the first sheet of the Rieman
surface contains a branch3 of wave motions which is due to
diffusion of the surfactant from the volume.1 The branch4
for x0.0 determines the growth rate of the instability of th
surface with respect to a change in the concentration of
inactive substance: Forx0,0 this branch leaves the obser
able first sheet of the Riemann surface.

In summary, in some range of values of the parameteb
the waves of relaxing charge interact with the waves of
redistributing surfactant.

1V. G. Levich, Physicochemical Hydrodynamics@in Russian#, Fizmatgiz,
Moscow, 1959.

2S. O. Shiryaeva, A. I. Grigor’ev, and V. A. Koromyslov, Pis’ma Zh. Tek
Fiz. 22~4!, 89 ~1996! @Tech. Phys. Lett.22, 173 ~1996!#.

3D. F. Belonozhko, S. O. Shiryaeva, and A. I. Grigor’ev, Pis’ma Zh. Te
Fiz. 22~15!, 60 ~1996! @Tech. Phys. Lett.22, 626 ~1996!#.

Translated by M. E. Alferieff
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On the applicability of Stoney’s formula for calculating the mechanical stresses in thick

re.
films and coatings
A. V. Dobrynin

Moscow Institute of Electrical Engineering
~Submitted February 11, 1997!
Pis’ma Zh. Tekh. Fiz.23, 32–36~September 26, 1997!

The most accurate expressions for determining stresses in coatings, for example, in aluminum
nitride on molybdenum, are derived. The stress curve has a characteristic shape, and for
this reason it is proposed that the entire system be called a ‘‘z system.’’ It is shown that Stoney’s
formula is of limited applicability, over- or underestimating the true values of the stresses.
© 1997 American Institute of Physics.@S1063-7850~97!02109-5#

Stoney’s1 or Timoshenko’s2 formulas are often used to differenceDt between the deposition and room temperatu

in
T
ay

th

e
the
calculate the stresses in layered structures. Stoney exam
the case of negligibly small thicknesses of the layer and
moshenko studied the case when the thickness of the l
equals the thickness of the substrate. These methods
based on the use of the radius of curvaturer of a structure
which is curved as a result of the differenceDa of the ther-
mal expansion coefficients of the film and substrate and
stresses along thex axis equal the stresses along they axis.
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For simplicity, we shall assume thata for the film is less
thana for the substrate, i.e. the structure is convex. LetH1

be the thickness of the film andH2 the thickness of the
substrate,E1* and E2* the modified Young’s moduli of the
layer and substrate, whereE1* 5E1 /(12n1) and
E2* 5E2 /(12n2), andn1 andn2 the Poisson ratios. Then th
radius of curvature can be calculated according to
expression2
r5
~H11H2!/21~E1* H1

31E2* H2
3!~1/E1* H111/E2* H2!/6~H11H2!

DaDt
. ~1!

In the isotropic approximation, we shall assume that theTo find b we use the fact that
d

lated
The starting point for constructing curves of the norm
stressessz is the relation

sz5Eix/r, ~2!

wherex is the coordinate with respect to the neutral lay
~we place the origin of the coordinates on the neutral lay!.
If the layered structure were curved only by the action o
constant moment, then the curve would have a simple fo
~the linea in Fig. 1!. In the presence of thermal deformatio
DaDt, the curve is discontinuous at the interface~line b in
Fig. 1!. The curve assumes a characteristic form so tha
what follows we shall call this system a ‘‘z system.’’ If
E2* 'E2* 'E~as, for example, in the system AlN/Mo!, then
the difference betweens2 ands3 equalsEDaDt. This quan-
tity is divided into right and left parts in the proportio
s2 /s35b/(12b), i.e.

s25EbDaDt, ~3!

s35E~12b!DaDt. ~4!

The coordinates of the neutral layer in the substrate and l
are

H2* 52DaDt~12b!r, ~5!

H1* 5DaDtbr. ~6!

709 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/9
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sz50, ~7!

whence

b5H2 /~H11H2!2~H22H1!/~2rDaDt !. ~8!

Then the principal stresses of thez system can be expresse
as

s15EDaDtH2 /~H11H2!2E~H21H1!/2r, ~9!

s25EDaDtH2 /~H11H2!2E~H22H1!/2r, ~10!

s352EDaDtH1 /~H11H2!2E~H22H1!/2r, ~11!

s452EDaDtH1 /~H11H2!1E~H21H1!/2r. ~12!

In this case the average stress in the layer can be calcu
as

s̄5EDaDtH2 /~H11H2!2EH2 /r. ~13!

Let us compare the expressions~9!, ~10!, and ~13! pre-
sented above with Stoney’s formula1

ss5E2H2
2/6rH1 . ~14!

If

m5H1 /H2 and n5E1* /E2* Þ1, ~15!

70990709-02$10.00 © 1997 American Institute of Physics
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then in thez system expressions are obtained similarly
s1 , s2, ands̄ . Substituting the expressions~14! and~15! we
obtain the simple expressions

s15ss@~nm311!/~m11!23nm2#5K1ss , ~16!

s25ss@~nm311!/~m11!13nm2#5K2ss , ~17!

s̄5ss~nm311!/~m11!5K̄ss . ~18!

As an example, we shall examine curves for the struct
AlN/Mo, which I investigated experimentally for differen
ratios of the thicknessesm. The stresses in the layer did n
change sign form,0.5 and decreased with increasing thic
ness of this coating. This dependence is due to the decr
in the radius of curvature. The following stresses were fou
in the structure AlN/Mo (n51; m50.8; DaDt51.85
31023): s15297.2 MPa,s25248 MPa, and from Eqs
~14! ss590 MPa. A coating consisting of polycrystallin
aluminum nitride fractured because the rupture strength
exceeded, and according to Stoney’s formula it was s

FIG. 2. Stresses in an aluminum nitride coating on a molybdenum base
function of the ratio of the thicknessesm ~the simple line corresponds toss ,
the dashed line corresponds tos1, and the dotted line corresponds tos2).

FIG. 1. Curves of the elastic stresses:a — in a layered structure subjecte
to simple bending;b — in a nonuniform layered structure subjected
bending (s1 , s2 , ands3 are the principal stresses forming thez system!.

710 Tech. Phys. Lett. 23 (9), September 1997
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jected to a compression far from the critical value. The co
puted curves of the stresses are displayed in Fig. 2.

Is it possible to have a case when the substrate is
dominantly compressed but the layer is entirely stretch
For s2<0 we obtain the inequality

~11mn!@m1~11nm3!/3nm~11m!#<0, ~19!

which makes no sense, sincen andm are greater than zero
A further analysis of the relations showed that instead of
case when the substrate is predominantly stretched and
layer has different stresses, the bottom part is compres
and the top part is stretched. This requires thats1,0 and
s2.0. Therefore, substituting Eqs.~16! and ~17! we obtain

2n2m313nm221.0. ~20!

From the expression~20! it is easy to determine the region o
existence of the negative values ofs1 ~Fig. 3!. It is evident
that thick (m.0.5) or stiff (n.1) layers can partially
stretch. Analysis of these curves shows that it is incorrec
use Stoney’s formula for thick coatings, but even for re
tively thin layers the expression~15! overestimates the
stresses. It is evident that for relatively thin layers (m<0.5)
the overestimation is in the range 10–20%. Howev
Stoney’s formula does not reflect at all the true situation
relatively thick layers or coatings, where according to thez
system a tensile stress acts on the top surface and com
sive stresses, many times greater thanss , act on the inter-
face in the layer. For example, forn52 andm51 we have
K1524.5,K2517.5, andK̄51.5. The deviations are espe
cially large in the case when the coating material is stif
than the substrate material (n.1), for example, the struc
tures nitrides on silicon, metals on polyamide films, and o
ers.

1G. S. Stoney, Proc. Royal Soc. Ser. A82, 172 ~1990!.
2S. P. Timoshenko, J. Optical Soc. America and Review Scientific Ins
ments11, 233 ~1925!.

Translated by M. E. Alferieff
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FIG. 3. Region of existence of negative stresses on the surface of a co
with positive stresses in the coating near the interface.
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Maximum information capacity of a three-dimensional hologram

ctor
Yu. I. Kuz’min

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted February 5, 1997!
Pis’ma Zh. Tekh. Fiz.23, 37–43~September 26, 1997!

This Letter is devoted to the problem of the maximum information capacity of a three-
dimensional hologram with optimal utilization of the dynamic range of the storage medium. A
hologram is treated as an object of information theory. Diffraction-limited holographic
writing is analyzed on the basis of the reciprocal-lattice formalism. The calculation of the
information capacity of the three-dimensional hologram is reduced to analysis of a set of
multiplexed holograms each of which possesses a finite signal/noise ratio determined by
the dynamic range of the holographic medium. The optimal number of pages which give the
maximum information capacity with angular multiplexing is found. ©1997 American
Institute of Physics.@S1063-7850~97!02209-X#

Since the discovery of holography, the question of thenumbers. In three-dimensional space the translational ve
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information capacity of holograms has been very import
for the development of optical information processing a
storage systems.1–5 The present Letter is devoted to an ana
sis of the maximum information capacity of a thre
dimensional hologram with optimal utilization of the dy
namic range of the storage medium.

The information capacity is the largest amount of info
mation that can be stored and then retrieved with as sm
probability of error as desired. According to th
Kotel’nikov–Shannon theorem, the information recorded
a hologram is completely determined by 4AD2W read-outs
~pixels!, whereA is the transverse area of the hologram a
D2W is the two-dimensional width of the spectrum of r
corded spatial frequencies. The quantity 4D2W is the two-
dimensional analog of the Nyquist frequency. The up
limit of the information capacity of both three- and two
dimensional holograms can be found by analogy to the
annon formula for the throughput capacity of a communi
tion channel in the presence of white noise:6,7

C3D54AD2WN log2~11R3D~D2W,N!!, bit, ~1!

C2D54AD2W log2~11R2D~D2W!!, bit, ~2!

where N is the number of multiplexed holograms~pages!,
R[Ps /Pn is the signal/noise ratio in reading of a sing
pixel, Ps is the upper limit of the average power of the sign
producing the image, andPn is the average optical nois
power.

Let us determine the maximum number of pixels th
can be recorded in the hologram in the presence of o
diffraction limitations. We shall take an elementary hol
graphic grating to mean the spatial distribution of the
corded physical parameter, the distribution being invari
relative to translations of the form

T3D5n1e11n2e21n3e3 , ;n1PI, ;n2 ,n3PR, ~3!

T2D5n1e11n2e21n0e3 , ;n1PI, ;n2PR, ~4!

for three- and two-dimensional holograms, respectively; h
ei are the basis vectors of the translations,n0 is the coordi-
nate of the lattice plane,I andR are sets of integer and rea
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~3! describes a set of parallel planesT3DP I ^ R ~Fig. 1a!,
and the vector~4! describes a set of collinear and coplan
lines T2DP I ^ R~Fig. 1c!.

Reciprocal lattices corresponding ink space to the trans
lations ~3! and ~4! have the form

Q3D5m1q1, ;m1PI, ~5!

Q2D5m1q11m0q21m3q3, ;m1PI, ;m3PR, ~6!

wherem0 is a coordinate of the plane of the reciprocal la
tice, qj are the basis vectors of the reciprocal lattice, wh
satisfy the orthogonality relationej•qj52pd i

j , whered i
j is

the Kroneckerd function.
In k-space the reciprocal lattice~5! is a set of equidistan

pointsQ3DP I ~Fig. 1b!, and the reciprocal lattice~6! is a set
of collinear and coplanar linesQ2DP I ^ R whose orienta-
tion is fixed by the orthogonality relation~Fig. 1d!. When
reading information from a hologram, the orientation of t
restored beam is determined by the points of intersection
the Ewald sphere~whose radius equals the wave vectork0 of
the reading light! and the reciprocal lattice. The scatterin
vector is identical to the reciprocal lattice vector~5! or ~6!, as
shown in Fig. 1. The independent states ink-space on the
Ewald sphere correspond to the diffraction-resolvable F
rier components of the reconstructed image. Thus the lar
number of pixels that can be recorded in a hologram of a
dimension equals the number of states on~1/2! the surface of
the Ewald sphere:

sup~4AD2W!5
1

2S 4pk0
2

D2k
D 58p

A

l2
, ~7!

whereD2k5p/A is the squared minimum uncertainty of th
wave vector in the diffraction limit of resolution andl is the
wavelength of the reading light. Counting the states on h
the surface of the Ewald sphere corresponds to summ
over the spatial frequencies within the entire Fourier pla
The expression~7! assumes that there is no polarization m
tiplexing, taking account of which doubles the result.

The maximum number of pages that can be recorded
three-dimensional hologram with angular multiplexing c

71190711-03$10.00 © 1997 American Institute of Physics



for
FIG. 1. Translation-invariant sets and reciprocal lattices
optical diffraction by a three-dimensional~a, b! and two-
dimensional~c, d! holographic lattices:~a, c! — coordinate
space,~b, d! — k-space;K — scattering vector~shown
only for forward scattering!, k0 andkr — wave vectors of
the reading and reconstructed beams, respectively.
be counted by summing over all reciprocal-lattice vectors
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based on the Ewald sphere~i.e. over all wave vectors of the
recorded holographic gratings!: max(N)52k/Dk54L/l,
where Dk5p/L is the minimum uncertainty of the wav
vector andL is the thickness of the hologram. On the basis
the expression~7!, it is easy to find the maximum number o
pixels that can be recorded in all pages of the thr
dimensional hologram with an unlimited dynamic range:

sup~4AD2W!max~N!532pAL/l3. ~8!

Estimates of the type ‘‘volume’’/l3 are often given for
the maximum information capacity of a hologram.1,2,5But, in
so doing an unsubstantiated assumption is often made
the information is stored in the form of volume resolutio
elements~‘‘voxels’’ 8! and the two-dimensionality of the
spectrum of spatial frequencies of the recorded informa
is neglected. The number of multiplexed holograms is de
mined by the finite dynamic range of the holographic m
dium, on which the signal/noise ratio depends. For this r
son, the estimate~8! is unattainable in practice. In the case
multiplexing, the information capacity does not at all i
crease by a factor ofN, as could appear in a cursory analys
of the formulas ~1! and ~8! neglecting the dependenc
R3D5R3D(N).

Let us see how the number of pages influences the
formation capacity. In the case of a two-dimensional ho
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each pixel with the maximum word length. For a thre
dimensional hologram the word lengths can be exchan
for the number of pages within the same dynamic range.
increase in the number of pages is accomplished by decr
ing R3D down to the word length of one bit per pixel. W
shall show that there exists an optimal number of pages
which the information capacity is maximum. The number
multiplexed holograms can be represented in the fo
N5APs(1)/APs(N), wherePs(1) is the maximum power of
the signal for writing only one page using the entire dynam
range andPs(N) is the signal power for writing one of theN
multiplexed pages. Now we can relateR3D(N) and
R3D(1)5maxNR3D(N) as

R3D~N![
Ps~N!

Pn
5

Ps~1!

N2Pn

5
P3D~1!

N2
.

If R3D(1)@N2, the expression~1! assumes the form

C3D~N!5NC3D~1!28AD2WN log2 N. ~9!

This function has a maximum at

N052S C3D~1!

8AD2W
2

1

ln 2D .
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Therefore, there exists an optimal number of pag
Nopt5entier(N0), above which the information capacity wi
decrease as a result of a decrease in the signal/noise
R3D(N).

It is interesting to note that for a sufficiently large valu
of R3D(1) the information capacityC3D(N) of a three-
dimensional hologram containingN pages is less than th
information capacityNC3D(1) of N holograms each o
which contains only one page, all other conditions be
equivalent. As follows from the expression~9!, the differ-
ence in the information capacity per pixel is described by
function

FIG. 2. The functionL(N), whereN is the number of multiplexed holo-
grams.
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L~N![
4AD2W

52N log2 N, bit,

displayed in Fig. 2.
In the present Letter a hologram is treated as an objec

information theory. The calculation of the information c
pacity of a three-dimensional hologram has been reduce
analysis of a set of multiplexed holograms, each of wh
has a finite signal/noise ratio determined by the dynam
range of the recording medium. A solution was obtained
the problem of optimal utilization of the dynamic range wi
angular multiplexing. The diffraction-limited holographi
writing of information was analyzed on the basis of
reciprocal-lattice formalism. This makes it possible to utili
to the maximum possible degree the fundamental propert
an optical image — the two-dimensional nature of the sp
trum of its spatial frequencies.

I am grateful to Professor M. P. Petrov for a fruitfu
discussion of the problem of the information capacity of
hologram.
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Activation energy of electron-stimulated quenching of the photoluminescence of n -type

porous silicon

B. M. Kostishko, A. M. Orlov, and V. A. Frolov

Ul’yanov State University
~Submitted March 13, 1997!
Pis’ma Zh. Tekh. Fiz.23, 44–50~September 26, 1997!

The degradation of photoluminescence of porous silicon by kilovolt electrons and the mechanism
and activation energy of this process have been investigated. Quantitative relations between
the integral intensity of the photoluminescence and the irradiation dose and substrate temperature
are obtained. The mechanism of the process is discussed and its activation energy is
determined. ©1997 American Institute of Physics.@S1063-7850~97!02309-4#
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silicon stimulated great interest in this porous silicon as
promising material for optoelectronics. Attempts to ado
this material in practice have generated an increasing num
of works on the influence of different types of actio
~thermal,2 electromagnetic,3,4 penetrating radiations,5, and so
on! on the properties of porous silicon and, specifically,
its photoluminescence. Thus far, however, many aspect
this problem remain unknown. Specifically, very little data6,7

exist on the effect of electronic stimulation of the quench
of photoluminescence of porous silicon.

The present work is devoted to an investigation of
degradation of photoluminescence by kilovolt electrons a
the determination of the mechanism and activation energ
this process.

Phosphorus-doped silicon wafers with~100! orientation
and resistivityr52.4 V•cm (Na51.531015 cm23) served
as the starting material for the samples of porous silicon.
porous silicon was produced by the standard technology
electrochemical etching in an electrolyte consisting of 4
hydrofluoric acid~HF! and ethyl alcohol in a 1:1 ratio. Th
electrochemical etching time was equal totetch540 min with
current densityj 520 mA/cm2. For each sample the initia
intensity of the photoluminescence and its uniformity ov
the surface were checked beforehand.

Irradiation by electrons with energyEp54 keV was
conducted in an ultrahigh-vacuum chamber of an 09IOS
005 Auger spectrometer with residual pressure 531028 Pa
in the chamber in an electron beam scanning regime. T
made it possible to vary the irradiation dose in the ran
D51015– 531017 cm22. A series of up to 12 sections wit
different doses was formed on 1 cm2 one sample. To inves
tigate the temperature dependence of the degradation ra
the photoluminescence under irradiation with electrons,
holder with the porous-silicon samples was heated directl
the chamber by a wide electron beam directed onto the b
side of the holder. The temperature of the irradiated por
silicon was varied in the range 20–125 °C and recorded w
a thermocouple. The intensity of the luminescence of
treated sections of the porous silicon was different and
pended strongly on the electronic irradiation does and
temperature of the irradiated sample.

The quantitative dependences of the integrated inten
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irradiation and the substrate temperatureT were determined
according to the starting values of the intensities with
surface of porous silicon irradiated with a LGN-409 He–C
laser (l5325 nm, P520 mW/cm2) and are presented in
Fig. 1. As one can see, the integrated intensity of the pho
luminescence has the form of an asymptotic exponentia
rapid decay for low doses followed by saturation. This ch
acter of the electronic stimulation of the quenching of t
photoluminescence of porous silicon is especially clea
manifested at high temperatures. For room temperatu
saturation occurs at higher doses.7

In accordance with the principles developed in Ref.
the degradation of the photoluminescence of porous sili
under the action of kilovolt electrons is due not to the fo
mation of defects in the single-crystal matrix but rather t
change in the composition of the atoms passivating the p
and the number of broken bonds. It is assumed that the e
trons effectively destroy the Si–H2 groups on the surface o
quantum wires. This in turn increases the density of cen
of nonradiative annihilation of excitons and decreases
photoluminescence intensity8

I L5AexbNLnex, ~1!

whereNL is the density of centers of radiative annihilation
excitons, which corresponds to the density of adsorbed
drogenNHs

; nex is the density of excitons;b is the probabil-
ity of radiative annihilation; and,Aex is a dimensional con-
stant.

It can be conjectured on the basis of the experimen
data obtained that the dose dependence of the concentr
of SiH2 groups and, correspondingly, centers of lumine
cence at a maximum electron penetration depthh compa-
rable to the thicknessh0 of the light-emitting layer can be
written in the form

NL~D !5N0 exp~2~D/D0!a!, ~2!

whereN0 is the initial density of light-emitting centers in th
sample;D0 is the characteristic electron dose for which t
density of hydrogen-passivated bonds in the porous sili
decreases by a factor ofe; and,a is an empirical parameter

71490714-03$10.00 © 1997 American Institute of Physics
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The ratio of the intensities of the photoluminescence of
section irradiated by electrons to a doseD and not irradiated
by electrons is described by the expression

I L~D !/I 0512~h/h0!~12exp~2~D/D0!a!!. ~3!

The equation~3! was used to calculate the theoretic
curves superposed on the experimental points in Fig. 1.
vious, the experimental data are described quite well in
model proposed.

The characteristic doses obtained for different sam
temperatures are presented in Fig. 2 in the form of the cu
ln(D0)5f(1/T). As one can see, the experimental points f
on a straight line — the pair correlation coefficient is close
1 (R50.98). Therefore it can be concluded that the el
tronic degradation of the photoluminescence of porous

FIG. 1. Normalized integral photoluminescence intensity versus electr
irradiation dose forn-type porous silicon. Points — experimental value
lines — computational results obtained with Eq.~3!. The curves1, 2, 3,and
4 correspond to substrate temperatures of 20, 40, 90, and 125 °C, re
tively.
e

l
b-
e

le
e
l

-
i-

pendence ofD0 is described by the Arrhenius law

D05D00 exp~2DE/kT!, ~4!

where DE is the activation energy of electron-stimulate
quenching of the photoluminescence of porous silicon a
D00 is a preexponential factor. A least-squares approxim
tion of the data presented in Fig. 2 yielded the parameter
the equation~4!: DE50.13 eV andD005531013cm22.

It should be noted that the empirical parametera de-
creases with increasing temperature from 3.44 at 20 °C
0.73 at 125°C. This fact, in our opinion, is attributable to t
acceleration of the removal of hydrogen atoms from poro
silicon when the silicon is heated. The decrease ina with
increasing electron energy9 likewise indicates that the diffu-
sion of atoms desorbed from the surface of quantum w
plays a large role in the kinetics of the decrease in the int
sity of the photoluminescence of porous silicon. In this co
nection, we propose the following model for estimating t
diffusion coefficient of hydrogen in porous silicon. Since p
rous silicon is a fine-pore material and is in a vacuum dur
the electronic treatment, i.e. the gas pressure in the pore
low, only a Knudsen diffusion mechanism need
considered.10 In this case, the classical diffusion of hydroge
in the volume of the quantum wires and pores as well
along the surfaces of the pores is neglected because o
long diffusion path along the tortuous walls of the pores. W
write the equation of continuity for the one-dimensional ca
in the general form

dNHg /dt5kC~NS2NHs!2kDNHs2DKnd2NHg /dx2,
~5!

whereNHg andNHs are the density of hydrogen atoms in th
pores in the gas phase and in the chemisorbed state;NS is the
density of surface bonds in the porous silicon~prior to irra-
diation most surface bonds are occupied by hydrogen!; kD

andkC are the rates of electronic stimulation of the destru
tion of hydrogen complexes and their restoration; and,DKn

is the Knudsen diffusion coefficient. Thex axis is perpen-

ic

ec-
o-
ture
FIG. 2. The characteristic dose for electronic stimulation of ph
toluminescence quenching versus the reciprocal of the tempera
of porous silicon.
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the volume of the material. Since kilovolt electrons are us
for irradiation, it can be assumed that the hydrogen des
tion rate is much higher than the hydride restoration ra
Then, when the electronic irradiation starts, practically
hydrogen atoms are instantaneously desorbed and
amount of hydrogen in the pores will be determined only
the removal of the hydrogen atoms by diffusion. We wr
the linear approximation of Fick’s first law

JH52DKn~NHg2Nn!/d52NHsn, ~6!

whereNn50 is the density of hydrogen outside the surfa
of porous silicon~in the vacuum!; d is the length of the
diffusion zone; and,n5dd/dt is the rate of advancement o
the diffusion zone in porous silicon. Integrating the equat
~6! gives the relationd252DKnt/u, where for the presen
modelu5NHg /NHs is the porosity of the sample andt is the
electronic treatment time. The process of quenching of
photoluminescence by the electrons can be regarded a
stantaneous because of the activity of the broken bo
Then, after irradiation stops the broken surface bonds
quite rapidly saturated by the hydrogen remaining the
phase. The decrease in the intensity of the photolumin
cence will therefore be determined only by the amount
hydrogen which has diffused out of the porous silicon dur
irradiation, and the expression~3! can be written in the form

qIL~D !/I 0512ADKnt/2uh0
2 . ~7!

Analysis of the experimental data presented in Fig. 1
accordance with the expression~7! and the datah050.5mm,
u50.5 ~Ref. 7! gave the following expression for the diffu
sion coefficient of hydrogen in porous silicon:

DKn56.331029exp~20.17@eV#/kT!@cm2/s#. ~8!

At T520 °C, DKn58310212 cm2/s. This value is almos
three orders of magnitude higher than the hydrogen diffus
coefficient in the volume of single-crystal silicon.11 This
confirms the conjecture that the diffusion in porous silic
occurs by the Knudsen mechanism.
716 Tech. Phys. Lett. 23 (9), September 1997
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pendence of the integral photoluminescence intensity
n-type porous silicon on the electron irradiation dose for d
ferent substrate temperatures (T520– 125 °C!. The experi-
mental results can be explained by a decrease in the num
of radiative recombination centers as a result of electr
stimulated destruction of SiH2 groups on the surface of th
quantum wires. It was shown that the temperature dep
dence of the characteristic dose or electron-stimula
quenching of photoluminescence of porous silicon follo
an Arrhenius law, and the activation energy of this proc
was determined. A model of the diffusion removal of hydr
gen from porous silicon was presented and the hydro
diffusion coefficient in porous silicon was estimated.
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Kinetics of dislocation ensembles in deformable irradiated materials

-

N. V. Kamyshanchenko, V. V. Krasil’nikov, I. M. Neklyudov, and A. A. Parkhomenko

Khar’kov Physicotechnical Institute
~Submitted April 30, 1997!
Pis’ma Zh. Tekh. Fiz.23, 51–54~September 26, 1997!

A model of for the development of plastic deformation processes in an irradiated material is
proposed. The model is based on the kinetics of dislocation ensembles interacting with defects of
different nature. It is shown that the appearance of radiation embrittlement of reactor
materials cannot be adequately described if the pseudorelativistic dynamic effects are neglected.
© 1997 American Institute of Physics.@S1063-7850~97!02409-9#

Radiation hardening of materials can be associated withtions. The parameterr* (v0 ,t;m) indicates the relative frac

d

as
oc
he
te
o
,

ib
e
o
uc
ru

a
on
d

nd
x

s

e
ri
of

.
n
nc
e

e
-

sed
n
ion
s

e
me
he
rbi-
s.
lity
t

g.
r-

the

7/0
the formation of curves of stretching of a ‘‘yield tooth’’ an
the Chernov–Lu¨ders area,1,2 which attest to plastic instability
in materials.

In the present work we studied the development of pl
tic instability taking account of the dependence of the vel
ity distribution function of an ensemble of dislocations. T
subject of the description are mobile dislocations that in
act with fixed obstacles of different nature but are n
stopped~do not ‘‘get caught’’! by the obstacles, for example
they move in a channeling regime. This situation is poss
in the case of the deformation of an irradiated material wh
ensembles of dislocations ‘‘cut up’’ obstacles in the form
small clusters, loops, and micropores. It is obvious that s
a situation can occur both in the presence of a wide spect
of dislocation velocities~energies! and with different mecha-
nisms of interaction of dislocations with obstacles.

We shall investigate the development of plastic deform
tion on the basis of a kinetic equation for the distributi
function n(r,v,t) of dislocations interacting with some fixe
obstacles over the coordinatesr , velocitiesv, and timet:

]n

]t
1v–

]n

]r
1a–

]n

]v
5

uvum

A

1

4pE dVv•~n~r ,v8,t !2n~r,v,t !!,

~1!

wheredVv is an element of solid angle in velocity space a
a is the acceleration imparted to a dislocation by, for e
ample, an external stresss. Here the frequency of collision
with obstacles for a dislocation moving with velocityv
equalsuvum/A ~we shall assume below thatm,21), where
A is a constant quantity that takes account of the presenc
stops of different nature and density. In an irradiated mate
A will be proportional to the relative radiation hardening
the material:A;s ir /snonir.

The equation~1! holds in the spatially uniform case, i.e
when the distribution function of an ensemble of dislocatio
changes very little over a distance of the order of the dista
between obstacles:D5n12n2!d (d is the average distanc
between stops!.

To equation ~1! we add the initial condition
n(v,0;v0)5d(v2v0), signifying that at timet50 all dislo-
cations have a velocity close tov0.

We now introduce the parameterr* (v0 ,t;m)5ract/rtot ,
whereract is the density of dislocations which have pass
‘‘through’’ obstacles andr tot is the total density of disloca
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tion of dislocations in an ensemble which have pas
‘‘through’’ an obstacle. The following integral equation ca
be established from the physical meaning of the distribut
function n(v,t;v0) as the probability density for dislocation
moving with velocityv:

n~v,t;v0!5r* ~v0 ,t;m!d~at1v02v!

2E
0

t

dt8
]

]t8
r* ~v0 ,t8;m!

1

4pE dVwn~v,t2t8;wuat81v0u!, ~2!

wherew is a unit vector (uwu51) of arbitrary direction. The
first term in Eq.~2! is the fraction of dislocations which hav
passed through an obstacle and have acquired over a tit
the velocity at1v0. The second term takes account of t
fraction of dislocations whose velocity has assumed an a
trary direction w as a result of collisions with obstacle
These directions knock dislocations out of the probabi
densityn(v,t;v0), as is indicated by the minus sign in fron
of the second term. Using Eq.~2! we obtain from the kinetic
equation~1! an equation forr* :

]r* ~v0 ,t;m!

]t
1

uat1v0um

2A
r* ~v0 ,t;m!50. ~3!

Assuming that the direction of the initial velocityv0 is
the same as the vector of the applied loads, we find

r* ~v0 ,t;m!5expS uv0um112~ uaut1uv0u!m11

2uauA~m11! D ~4!

with mÞ21. For m,21 the solution ~4! has the
asymptotic form

q5 lim
t→`

r* ~v0 ,t;m11!5expS uv0um11

2Aua~m11!u D . ~5!

This is the fraction of dislocations with initial velocityv0is
that pass through an obstacle. Asuv0u→` ~or uau increases!
this fraction approaches 1, i.e. for high velocities~energies!
the dislocations ‘‘slip past’’ the obstacles without stoppin

Figure 1 displays the fraction of dislocations that ove
come obstacles in a dynamic regime as a function of
dislocation velocity for four cases:q1 corresponds to the

71790717-02$10.00 © 1997 American Institute of Physics



FIG. 1.
initial material (A151), q2 , q3 , and q4 correspond to the
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irradiated materials (A254, A358, andA4520). The quan-
tity s5n0 /c, wherec is the speed of sound, is plotted alon
the abscissa. According to our data as well as the data
lyzed by others,3 the relative increase in the yield stress o
material by a factor of 4–20 is observed in most model a
reactor materials even at doses of 1022, . . . , 1021 displace-

ments per atom. Furthermore, one can see that, under o
wise equal conditions, in irradiated materials the fraction
dislocations that overcome obstacles in a dynamic reg
~according to Ref. 4, the criterion for a dynamic or ‘‘pse
dorelativistic’’ regime is dislocations reaching velocitie
;0.1 times the speed of sound! already becomes substantia

According to the data in Fig. 1, in irradiated materials
dynamic ~pseudorelativistic! deformation regime is reache
for lower dislocation velocities.

The model presented in this Letter could have a dir
718 Tech. Phys. Lett. 23 (9), September 1997
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brittleness of irradiated materials in vessel reactors, since
deformation and destruction of vessel steels are accompa
by dynamic processes under dynamic channeling conditio
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Oscillations in a system of two model self-excited oscillators based on vacuum

microtriodes with unidirectional coupling

A. A. Koronovski , V. I. Ponomarenko, and D. I. Trubetskov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences (Saratov Affiliate), Saratov
State University (GosUNTs ‘‘College’’)

Pis’ma Zh. Tekh. Fiz.23, 55–61~September 26, 1997!

The results of a numerical investigation of the behavior of two model self-excited oscillators
with vacuum microtriodes coupled with one another by a unidirectional coupling are presented. It
is shown that the behavior of such self-excited oscillators~each of which, being a system
with one degree of freedom, can exhibit only periodic oscillations! is quite complicated: Not only
periodic and quasiperiodic but also chaotic oscillations are possible in the system. A state
diagram is constructed in the plane of the controlling parameters frequency detuning — magnitude
of the coupling. ©1997 American Institute of Physics.@S1063-7850~97!02509-3#
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vacuum media with field-emission impregnations was
vanced. A natural step in the direction of realizing such
medium is the investigation of a ‘‘model media’’ in the form
of arrays or lattices of coupled self-excited oscillators in
microvacuum implementation.2–4

In the present Letter we take the first step in this dir
tion: The behavior of two self-excited oscillators with unid
rectional coupling is investigated in a numerical experime
The circuit with the self-excited oscillators is displayed
Fig. 1. Each oscillator is identical to the self-excited oscil
tor described in Refs. 2 and 4: The anode current of
vacuum microtriode depends on the grid voltage~with a
fixed anode voltage! in accordance with the Fowler–
Nordheim law,5,6 expressed in the form

I a~U !5A* F2~aU1b!2expS 2
B* w3/2

F~aU1b! D
5A~oU1b!2expS 2

B

aU1bD ~1!

where A* and B* are constant parameters,w is the work
function, F is the field intensification factor,a and b are
geometric constants,A5A* F2, and B5(B* w3/2)/F. Since
the nonlinear characteristic of the active element does
saturate, a diode with a nonlinear exponential character
is introduced as a dissipative element into the feedback
cuit of each oscillator.2–4 The current-voltage characterist
of the diode has the form7

I R~U !5I 0S expS Ue

kBTD21D , ~2!

whereI 0 is the theoretical reverse current of the diode,kB is
Boltzmann’s constant,T is the temperature, ande is the elec-
tron charge.

In accordance with Kirchhoff’s laws, we can write th
following equations for two self-excited oscillators coupl
by a unidirectional coupling and connected in the man
shown in Fig. 1:
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Ui5Li dt
1Mi dt

, i 51,2;

I Ci
52Ci

dUCi

dt
, i 51,2; ~3!

I C1
5I R1

~U1!1I L1
;

I C2
5I R2

~U2!1I L2
1I C.

Writing the equations~3! in a dimensionless form, we obtai
a system of ordinary nonlinear differential equations desc
ing the dynamics of the system under study:

dx1

dt
5a$2 i r~x1!2b@y12g i a~x1!#%,

dy1

dt
5x1 , ~4!

dx2

dt
52 i r~x2!2y21 i a~x2!2s~x22x1!,

dy2

t
5x2 ,

where t5tAL2C2; t is the dimensionless time
x1,25U1,2/Um are dimensionless dynamic variables cor
sponding to the grid voltage of the vacuum microtriode
the first and second self-excited oscillators, respective
y1,25*x1,2(t)dt; r5AL2 /C2 is a dimensionless paramete
characterizing the second self-excited oscillator;Um5B/a
and s5b/B are parameters characterizing the vacuum
crotriode;i a(x)5m(x1s)2exp(21/(x1s)) is a dimension-
less nonlinear characteristic of a vacuum microtriod
s5r/Rc is a dimensionless coupling parameter of the se
excited oscillator;k5eUm(kbT)andg05I 0re/(kbT) are the
parameters of the diode playing the role of a nonlinear d
sipative element;i r(x)5g0(exp(kx)21)/k is the dimension-
less current-voltage characteristic of the diod
m5AaBM2 /AL2C2 is a dimensionless feedback parame
of the second self-excited oscillator;a5C2 /C1 , b5L2 /L1 ,
andg5M1 /M2are dimensionless parameters characteriz

71990719-03$10.00 © 1997 American Institute of Physics



FIG. 1. Circuit diagram of two unidirectionally coupled
self-excited oscillators with vacuum microtriodes.
the mismatch of the self-excited oscillators. We note that the
t
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pl

e
lla

the two coupled self-excited oscillators will differ only by

he

he
c-
on
the
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form of the dimensionless equations~4! was chosen so tha
the dimensionless parameters introduced for one self-exc
oscillator with a vacuum microtriode~see Refs. 2 and 4!
would retain their form and the equations, which decou
into two independent subsystems ass→0, would be identical
to the equation in Refs. 2 and 4.

The derivation of the equations~4! assumed that both th
vacuum microtriodes and diodes in both self-excited osci
tors are identical. In other words,I a1

(U)5I a2
(U) and

I R1
(U)5I R2

(U). We shall assume below thatL15L2 and
M15M2 and, correspondingly,b51 andg51. In this case
ed

e

-

the capacitance and the parametera reflecting the mismatch
of the self-excited oscillators will in this case equal t
squared ratio of the characteristic frequencies of theLC cir-
cuits of the oscillators.

In the course of the investigations of the behavior of t
two above-described self-excited oscillators with unidire
tional coupling, we constructed a diagram of the oscillati
states of the second self-excited oscillator in the plane of
controlling parametersa2s ~‘‘mismatch of the self-excited
oscillators — coupling strength’’! ~Fig. 2a!. This diagram
was constructed on the basis of a family of bifurcation d
e
s

h

n-
d

FIG. 2. a — Two-parameter state diagram of th
oscillations of the first self-excited oscillator a
a function of the controlling parametersa ands.
b — Iterative map obtained at the point wit
controlling parametersa50.95 and s50.435
that clearly shows the transition to chaos via i
termittency. c — Fragment of the map presente
in Fig. 2b.
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grams obtained with numerical simulation of the system~4!
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by a fourth-order Runge–Kutta method~with time step
h50.01) with adiabatically slow variation of the controllin
parametersa ands. The remaining parameters of the syste
were chosen, by analogy to Refs. 2 and 4, as follo
s54.5, k510, g050.54, andm50.2. We note that in con
structing the two-parameter state diagram on the basis o
family of bifurcation diagrams we used the method presen
in Ref. 8, in which each bifurcation diagram was construc
twice: The controlling parameter was increased in the fi
case and decreased in the second case. The values o
parameter for which a transition occurred from one osci
tory state into another were compared with one another
both bifurcation diagrams, and if these two values were
ferent, then this was interpreted to mean that the behavio
the system is not unique in this region of controlling para
eters, and this was displayed in the state diagram by a
teresis folding.

As one can see from Fig. 2a, the state diagram in
plane of controlling parametersa and s has a quite odd
form: For a small coupling parameter quasiperiodic osci
tions are realized in the second self-excited oscillator.~We
note that since the coupling is unidirectional, only period
oscillations are realized in the first oscillator.! As the cou-
pling parameter increases, a sharp jump occurs from qua
eriodic oscillations either to chaotic (a .1.0) or periodic
(a,1.0) oscillations; this corresponds in the plane of co
trolling parameters to a folding and a transition to a differe
sheet. As the coupling parameters increases further, a tran
sition occurs either from periodic to chaotic oscillatio
(a,1.0) or, conversely, from chaotic to periodic oscillatio
(a.1.0). In the case when both self-excited oscillators
identical ~i.e. a51), in a system which moves in the plan
of controlling parameters in the direction of increasing co
pling parameter there are no quasiperiodic oscillations wi
small coupling parameter or chaotic oscillations with lar
values ofs. At the same time, moving in the state diagra
from the region of chaotic oscillations (a.1) with fixed
parameters in the direction of decreasinga, one can see
from Fig. 2a that it is possible to reach the region of chao
oscillations witha51 also.

The question of the scenario of the transition from pe
odic to chaotic oscillations merits special attention. As
foregoing investigation shows, in both casesa,1.0 ~with
increasing parameters) and a.1.0 ~with decreasing cou-
pling parameter! the transition from periodic to chaotic os
721 Tech. Phys. Lett. 23 (9), September 1997
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poral realizations of the oscillations of the second oscilla
shows alternation of laminar and turbulent phases, the d
tion of the turbulent phases in the temporal realizations
creasing with the supercriticality. A stricter proof of the tra
sition to chaos via intermittency is the form of the iterati
map x1mini11

5f(x1mini
) shown in Fig. 2b. This map was ob

tained for the system~4! near the bifurcation point for the
controlling parametersa50.95 and s50.435. Figure 2c
shows in detail a fragment of this map illustrating clearly t
transition to chaos via intermittency: A corridor, correspon
ing to laminar phases of the temporal variations, between
plot of the map and the straight linex1mini11

5x1mini
is clearly

seen in the diagram. As the coupling parameters decreases,
the plot of the map and the straight line touch. This cor
sponds to a tangential bifurcation and appearance of peri
oscillations.

It is also worth noting that sheets of periodic oscillatio
also exist in the region of chaotic oscillations. The transiti
to chaos from the sheets can also occur via a cascad
period-doubling bifurcations.

In summary, in the present Letter we investigated
dynamics of a new radiophysical system — two unidire
tionally couled oscillators whose active elements are fie
emission vacuum microtriodes. The results obtained also
tend the understanding of the possible behavior of coup
oscillators.

This work was supported by the Russian Fund for Fu
damental Research, Grant No. 96-02-16753.
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Advantage of Josephson bridges in synchronized arrays for a voltage standard

ge,
Kh. A. A nitdinov, E. I. Efanov, and A. M. Klushin

‘‘Ikar’’ Design Office, Nizhni� Novgorod
~Submitted April 7, 1997!
Pis’ma Zh. Tekh. Fiz.23, 62–68~September 26, 1997!

A novel possibility of obtaining a standard voltage of the order of 1 volt with fewer
superconducting bridges than Josephson junctions in existing voltage standards is discussed. It is
proposed that a special feature of the current-voltage characteristic of superconducting
bridges be utilized — a group of current steps induced by microwave radiation is observed on it.
© 1997 American Institute of Physics.@S1063-7850~97!02609-8#

The development of improved devices based on syn-current density at the superconducting edges of the brid
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chronized arrays of a large number of Josephson junct
~voltage standard, oscillators, multipliers, submillimeter- a
IR-range mixers, and others! is the most pressing, intense
developing field of the practical applications of the Jose
son effect.1–3 A large-array dc voltage standard of up to 1
with a step of 150mV, equal to the voltage of a current ste
induced by microwave radiation, is under intensive devel
ment at the NIST in the USA.1 Another group is developing
an oscillator based on a synchronized Josephson array i
submillimeter and IR ranges that makes it possible to v
the oscillation frequency continuously in a wide band, s
cifically, in Ref. 3 in the band 100–500 GHz.

The possibility of a voltage standard based on an ar
of a large number of serially connected high-Tc supercon-
ducting junctions, operating at liquid-nitrogen temperatu
is being investigated by a group which has been involv
since 1970 in developing a voltage standard.4 In the present
Letter we propose a new possibility for obtaining a stand
Josephson voltage of 1 V with a much smaller number o
junctions in an array than in existing standards. The te
nique is to use a special feature of the stepped curr
voltage characteristic of bridges and point contacts that
tinguishes them from tunnelng contacts. This feature is
to the so-called ‘‘excess’’ superconducting current and c
sists of the fact that a group of current steps, which are c
in amplitude, is induced at high voltages on the curre
voltage characteristics of bridges by microwave irradiation
a wide range. This group extends the possibility of comb
ing in a voltage interval a group of current steps of two
more serially connected contacts with somewhat different~as
a result of the technological variance! parameters — resis
tance and critical current. According to the theory of Refs
and 6, the current through a bridge with dimensions less t
the penetration depth of the magnetic field in the superc
ductor~the size of a vortex superconducting current! is given
by the formula

I 5V/R1I u~V!1I s sin w, ~1!

wherew(t)52e*dtV(t)/\, V is the voltage on the bridge,t
is the time, andR is the resistance of the bridge. The curre
through the bridge, in contrast to a tunneling contact, c
tains an additional component — an excess superconduc
currentI exc, which atV50 jumps from2I exc(0) to I exc(0).
The magnitude of the excess current is determined7 by the
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which is proportional to the diameter of the bridge and d
pends on the temperature in the limitV→0 in the same
manner as the critical currentI c5I s1I exc(0).

In the fixed-current regime, i.e. for contact resistanceR

less than the external impedance,I (t)5 Ï 1 Îcosv0t, in the
approximationÎ .I 0(0).I s for the amplitudeI N of theN-th
induced step at high voltages

2eINR/\v0,1, ~2!

where the following expression was obtained in Ref. 5

I N'I s~0!uJp2a~Â!1Re@exp~F12F2!Hp1a
~1! ~Â!#u, ~3!

wherep52eÏR/\v0 , a52eIexcR/\v0 , Â52eÎR/\v0 , F i

52eR/\v0@ Îsinv0ti 1 v0t i( Ï 6 I exc)]u( Î 2 Ï 6 I exc), v0t i

5cos21$(6I exc2 Ï )/ Î %, i 51,2 correspond to the upper an
lower signs in the formula,u(x) is the Heavside function
Jp(x) andHp

(1)(x) are Bessel and Hankel functions, respe
tively. It follows from Eq.~2! that in the range of dc current
Î 2I exc> Ï> Î 1I exc, containingdN'4eIexcR/\v0 steps, the
amplitude of the currents is maximum and changes very li
from one step to another.

In an experiment5 on Nb–Nb point contacts with
I exc(0)R'0.5– 1 mV under microwave irradiation with
f 5v0/2p510 GHz, the group described contained 40–
steps, while in tunneling contacts such a group is descri
by the Bessel function I N5I sJN(Â) and contains8

dN52N1/3 steps, whereN52eV2/\v0, V2 is a dc voltage,
specifically,dN'8 for Ï R52 mV. The differential equation

CdV/dt1V/R1 jdtV/L1I s sin w1I exc~V!5 Ï 1 Î cosv0t,
~4!

describing a Josephson junction with an internal resistancR
and a shunting characteristic capacitanceC and inductanceL
in a fixed-current regime was solved on a computer by
finite-difference method. For the initial random valu
w(0)50, V(0)50 the resulting dc voltage
V25(w(40/f )2w(20/f ))/40p was averaged over 20 per
ods 1/f and plotted along the ordinate in units ofhv0/4pe.
The quantity Ï was plotted on the abscissa in units
hv0/4peR.

72290722-03$10.00 © 1997 American Institute of Physics
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In the computer calculations, without the restriction~2!
on I s , the first wide group containeddN'4eI0R/\v0 cur-
rent steps, but to obtain largedN in practice it is much more
difficult to increaseI s than I exc(0).

On the experimental current-voltage characteristic
two serially connected bicrystalline YBa2Cu3O72x high-Tc

superconducting junctions~curve 2 in Fig. 1!, the group
noted contains 40 steps in the region 1–4 mW. For comp
son, a stepped current–voltage characteristic, calculated
PC/AT personal computer, of one junction with paramet
(R,I exc,I s) close to the experimental values and taken fr
the monitor screen~curve 1!, is displayed in the Fig. 1. In
contrast to the IVC of one junction, in the region 0–0.5 m
the current steps are smoothed~curve2!, since the resistanc
and critical currents of two high-Tc superconducting junc
tions for the experimental IVC differ by approximately 7%
Despite this difference in the parameters, the steps in
region 1–4 mV of both junctions were found to occur at t
same current and were sharp. The possibility of varying
excess currentI exc(0) over wide limits is an advantage o
bicrystalline junctions in developing a voltage standa
based on synchronized arrays. Bijunctions were obtained
depositing 2000 Å thick YBCO films on a single-crystallin
YSZ substrate consisting of two parts differing with resp
to the orientation of crystallographic axes in theab plane. A
junction was obtained in the form of a bridge on the bicry
talline boundary and had a width of 4mm, a misorientation
angle of 19°, and a current density in the bridge at 67
j 553105 A/cm2 and, correspondingly, the Josephson p
etration depth of the magnetic field wasl l50.5 mm. The
technology for preparing bicontacts is described in grea
detail in Ref. 9. The experimental current-voltage charac
istics of the junctions were measured by a four-probe met
from the screen of an oscillograph; the contacts were irra
ated at frequency 18.81903 CHz. Analysis of the obser

FIG. 1. Current-voltage characteristics of Josephson contacts expos
microwave radiation:1 — Current-voltage characteristic of one junctio
measured from the monitor screen of a personal computer,I exc522, I s55,

Î 548 in units ofhv0/4peR; 2, 3 — experimental current–voltage chara
teristics of two and three, respectively, serially connected YBa2Cu3O72x

bicrystalline high-Tc superconducting junctions~the scale along the axes i
enlarged by a factors of2 and3, respectively; the current–voltage chara
teristics are shifted along the current axis.
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that the junction at the location of the bicrystalline bounda
contains a semiconducting interlayer as a result of oxy
vacancies in the YBCO lattice. The semiconductor proper
are confirmed by the temperature dependence of the re
tanceR(T).1 Similarly to theNb–Nb clamped contacts5, bi-
junctions can be divided into two types according to t
character of the dependencesR(V) andR(T), depending on
the angle of the crystallographic misorientation. For sm
misorientation angles the resistance grows with temperat
In such junctions the current density is high andR(T) and
R(V) are similar to the analogous dependences for meta
bridges, specifically, the differential resistance increases w
temperature and voltage~on account of the Joule heating b
the current flowing through the bridge!. The decrease in the
resistanceR with increasingT and V for junctions with a
large misorientation angle10 can be explained only by a po
tential barrier in the bridge for transmission of electron5

With variation of the penetrability of the potential barrier
the junction, the excess currentI 0(0), determined by the
current density in the superconducting edges of the junct
can differ for different junctions over wide limits
0,I exc,I c . Specifically, for junctions with a misorientatio
angle of 37° it is close to zero. Hence, junctions with qu
large excess current, i.e. with a large misorientation an
10–20°, are required to obtain a standard voltage of 1
with the smallest number of serially connected junctio
However, the increase inI exc is limited by the characteristic
size of junctions with Josephson properties.6 In a low-Tc

superconducting bridge this dimension is the size of an A
kosov vortex and in a high-Tc superconducting bridge it is
the size of a hypervortex, i.e. the Josephson penetra
depth l j , which decreases with increasing critical curre
density j c in the bridge asl j; j c

21/2. Junctions with a suffi-
ciently large I exc and critical currentI c5I exc1I s are also
required in order to develop a voltage standard operatin
liquid nitrogen, where small current stepsI N;I s(T) are
smoothed as a result of the presence of strong ther
noise12 and also as a result of the penetration of vortex c
rents into the superconducting edges near the critical t
peratureTc . It should be noted that, in accordance with t
condition Î 2I exc, Ï , Î 1I exc(0), to induce current steps a
high voltage it is necessary to pass through the bridge a la
dc Ï and microwave currentÎ , which in turn increases the
shot noise in the junction ,and furthermore, the curre
induced magnetic field~vortices! of magnitude greater than
the critical field Hc penetrates into the superconducto
Therefore single-crystalline high-Tc superconducting films
with a higher critical magnetic field intensity are preferab
This clarifies the difficulties and at the same time giv
points of reference for developing a technology for depo
ing microcircuits consisting of serially connected high-Tc su-
perconducting junctions for a voltage standard operating
liquid-nitrogen temperature, specifically, by choosing t
misorientation angle, the width, and the thickness of the b
rier. The results of a comparison of a setup for a refere
voltage of the current steps of a bijunction and aNb–Nb
point contact, connected in opposition to one another w
the same voltage;2 mV, are described in Ref. 4. The vol

to
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~1995!.

nd
),

ii,
Measurements with a bijunction were performed in the te
perature range from 4.2 to 40 K.

In closing, we shall compare the effectiveness of
proposed variant of a voltage standard based on array
Josephson junctions with that of existing standards. For
average voltage step for one junction of 2 mV~curve2! 1 V
can be obtained with 500 junctions, while in the standa
now being developed based on arrays of bridges,1 matched
on the first current step, 20–50 thousand junctions are
quired. The transition from currently operating voltage sta
dards based on arrays of tunneling contacts to arrays
bridges involves an instability of the voltage on the form
due to the discrete nonsinglevaluedness ofÏ (V). With only
one displacement current, the voltage of the steps on
tunneling contact takes on a discrete series of values, i.e
voltage can change abruptly, resulting in malfunctioning
the normal element certified according to the standard. H
ever, the stepped current-voltage characteristic in
hysteresis-free regimeÏ (V) is single-valued.
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Acoustic hysteresis phenomena due to the dislocation nonlinearity in crystals

G. N. Burlak and I. V. Ostrovski 

Taras Shevchenko Kiev National University
~Submitted April 16, 1997!
Pis’ma Zh. Tekh. Fiz.23, 69–74~September 26, 1997!

It is shown that intense ultrasound gives rise to the experimentally observed nonlocality of the
acoustodislocation interaction, manifested as a hysteretetic dependence of the damping
coefficient of an acoustic wave on the wave amplitude, including a decrease in damping. ©1997
American Institute of Physics.@S1063-7850~97!02709-2#
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in the investigation of dynamic properties of crystals is t
study of their acoustic and dislocation properties,1,2 espe-
cially in connection with the dynamics of dislocations.

In a series of experimental works,3–7 it was that the
properties of different crystals change when ultrasound
intensityW of the order of W/cm2 was introduced into crys
tal samples. It was found that ultrasound gives rise in
threshold manner to ionization and redistribution of loc
centers, which takes place as a result of the detachmen
dislocations from pinning locations. As the amplitude of t
dislocation oscillations increases, the local environment o
dislocation, including the charge states of point defects
the type and number of pinning locations, changes. A co
mon feature of the works cited above is that the thresh
changes in the properties of solids occur by a disloca
mechanism. This makes it possible to formulate the conc
of nonlinearity of the dislocation subsystem in the sense
the oscillating dislocations influence many dynamical pro
erties of crystal. It is shown below that this nonlinearity c
be manifested as a strongly nonmonotonic dependence o
ultrasonic absorption coefficient on the amplitude of the
trasound.

2. The dislocation nonlinearity of solids can be intr
duced as a dependence of the characteristics of a disloc
on its displacement amplitude and therefore on the amplit
of the acoustic wave interacting with it. In our model,
contrast to the amplitude-dependent internal friction kno
previously,1,8 the parameters of a dislocation themselves,
effective mass, stiffness, and damping coefficient of its
cillations, become functions of the amplitude of the oscil
tions.

Let us examine the damping of longitudinal ultrasou
propagating along thex axis in a cubic crystal that is uniform
along they and z axes. The initial equations of motion fo
ultrasound with displacementU and a dislocation with dis-
placementj i have the form

r
]2Ui

]t2
5

]Pik

]xk
; A

]2j i

]t2
1B

]j i

]t
5 f i , ~1!

whereA andB are the mass and damping coefficient of t
oscillations of the dislocation, respectively;Pik is the stress
tensor; and,f i is the force acting on the dislocation. We wri
the free energyF of the crystal as a function of the variab
deformationsUi j and dislocation displacementj i in the form
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2 i jkl i j kl 2 ik i k 2 i jkl i j j i kl

~2!

where l i jkl are the elastic moduli,cik are the ‘‘stiffness’’
moduli of the dislocation,b̃ i jkl is the acoustodislocation in
teraction tensor, andbj is Burgers vector. Using the equa
tions

Pik5
]F

]Uik
; f i52

]F

]j i
~3!

and substituting the expression~2!, it is easy to calculate the
right-hand sides in Eqs.~1!. Then the equations of motion
acquire the form (j i5j, Uik5U, i , k51)

]2U

]t2
2ct

2 ]2U

]x2
5

b]j

r]x
; A

]2j

]t2
1B

]j

]t
52b

]U

]x
, ~4!

where c1 is the velocity of the longitudinal wave an
b̃1 j 11bj5b. Starting with a definite threshold ultrasound am
plitude, equal toUc , the amplitude of the oscillation of the
dislocation reaches a critical magnitudejc of the order of 1
lattice period of the crystal. The environment of the disloc
tions changes as a result of charge exchange and gener
of point defects and multiplication of dislocations can occ
All this makes it necessary to take account of the nonline
ity of the dislocation subsystem, which can be manifes
earlier than the acoustic nonlinearity. We shall do this, m
ing the assumption that the effective mass, stiffness,
damping coefficient of the dislocation oscillations depend
the ultrasound amplitude in the form

A5A0~11A1j2!, C5C0~11C1j2!, ~5!

B5B0~11B1j21B3j41B2D̄ l 22!. ~6!

Here A0 , B0 , C0 and A1 , B1, B2 , B3 , C1 are constant
coefficients andD̄ l 2determines the average increase in t
length of the loops, determined by dislocation pinning
impurities. We shall expressD̄ l 2 in the form

D̄ l 25xj2u~S!E
0

x

U2dx. ~7!

The step functionu(S) vanishes for subcritical amplitudes o
the dislocation oscillations, whenS5(j22jc

2),0 and
u(S)51 for S.0. The relation~7! reflects the fact that for
small amplitudesuju!ujcu the lengths of the loops are fixe
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and D̄ 2250, the changeD̄ l 2 being proportional to the am
plitude of the dislocation oscillations and the energy
acoustic vibrations in the crystal. We shall assume that
sound frequency is much less than the frequency of the c
acteristic dislocation oscillations, which was the case in
experiments. We solve the nonlinear system~4!, substituting
the expressions~5!, by the method of slowly varying ampli
tudes, setting

U5U0~x,t !ei ~v0t2k0x!1c.c, j5V0~x,t !ei ~v0t2k0x!1c.c,
~8!

whereU0(x,t) andV0(x,t) are complex, slowly varying am
plitudes of the ultrasound and the induced dislocation os
lation. From Eq.~4! we obtain an equation for the amplitud
of the acoustic wave in the form

S ]

]t
1cg

]

]xDU052Fg2a2S 12xu~U0
2

2Ut
2!E

0

x

U0
2dx8DU0

21a3U0
4GU0 , ~9!

wherecg is the group velocity, the coefficientsa2,3 are asso-
ciated with the nonlinearity of the dislocation subsystem a
are not present here because of their complexit, andg is the
parameter characterizing the phenomenologically introdu
linear absorption of sound. For small amplitudesU0 the
equation~9! describes the propagation of a damped ult
sonic pulse,g being the damping decrement. However,
the case of ultrasound with a finite amplitude the equat
~9! becomes nonlinear, and the effective absorption coe
cient becomes amplitude-dependent.

The equation~9! is too complicated to solve analytically
For this reason, in the present work we performed a co
puter calculation by solving the equation~9! numerically and
calculated on the basis of the numerical solution the dep
dence of the effective ultrasonic absorption coefficient

G5G~U0!52
1

L
ln

U0~L,t1L/cg!

U0~0,t !
~10!

on the amplitudeU0(0,t) of the output pulse in a crystal o
length L. The damping of 2.02 MHz ultrasound has be
measured experimentally in ZnS single crystals at room t
perature. The computational and experimental results
presented in Figs. 1 and 2, respectively.

One can see that as the amplitude of the ultrasound
creases, the damping decrement acquires a pronounced

FIG. 1. Effective ultrasonic absorption coefficient versus the amplitude
the input pulse~numerical calculation! q2520.05,a350.3, g50.47.
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teresis in both the calculations and experiment. It is imp
tant to note that in contrast to the previously know
amplitude-dependent internal friction in the string model o
dislocation,1,8 our data show a decrease in damping with
creasing ultrasound amplitude in the subthreshold reg
followed by a steep increase inG under above-threshold
loads. At subthreshold amplitudes~or with x50) the depen-
denceG5G(U0) did not exhibit hysteresis. The characteri
tic form of G(U0) remained similar to the lower part of th
curve in Fig. 1. Experiment also does not show damp
hysteresis for subthreshold ultrasound amplitudes co
sponding toU0,U0C in Fig. 2.

Therefore intense ultrasound substantially changes
dislocation characteristics of the crystal~lengths of the oscil-
lating dislocation loops as well as the parameters of the
locations!. A change in the state of the dislocation subsyst
gives rise to the observed nonlocality of the acoustodislo
tion interaction, manifested as a hysteresis of the damp
coefficient of the acoustic wave as a function of the wa
amplitude, including the region of a decrease in dampi
Decreasing damping is not present in the string model, wh
takes account of only the change in the lengths of the di
cation loops, leaving other characteristics of the dislocati
unchanged.

We note that the effects described above have been
served in relatively pure crystals with dislocation densit
up to 106 cm22. Apparently, in contaminated samples with
much higher dislocation density or in metals1 a decrease in
damping is not observed, since in such materials effects
to dislocation charge exchange on point defects are wea
suppressed.
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f

FIG. 2. Absorption coefficient for 2.02 MHz ultrasound versus the am
tude of the input pulse in a ZnS crystal~sample ZnS–10A! at room tem-
perature.
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Voltage dependences of the amplitude and phase of reflected radiation in liquid-crystal

n-
structures with surface plasmons
D. I. Kovalenko

M. G. Chernyshevski� Saratov State University
~Submitted December 3, 1996!
Pis’ma Zh. Tekh. Fiz.23, 75–80~September 26, 1997!

The results of a theoretical calculation of the amplitude and phase ofp-polarized monochromatic
radiation reflected from layered liquid-crystal structures with surface plasmons as a function
of the external voltage applied to the structure~in the Kretschmann geometry! are reported.
© 1997 American Institute of Physics.@S1063-7850~97!02809-7#

Surface plasmons have been studied for many years bothof liquid-crystal light modulators with surface plasmons u
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theoretically and experimentally. They have been attractin
great deal of attention in recent years because of their ap
cations in the spectroscopy of surfaces, optical microsco
the development of optical sensors for different physi
quantities,1–3 and the development of electrically and op
cally controlled light modulators, including liquid-crysta
modulators. In a number of works mainly devices in a
gime of amplitude modulation of the reflected radiation we
studied experimentally and theoretically. The characteris
a
li-
y,
l

-
e
s

der different voltages have been investigated o
experimentally.10

The objective of the present work is to investigate the
retically the properties of liquid-crystal structures with su
face plasmons in the presence of a voltage. The present
ter reports the results of a theoretical calculation of
voltage dependence of the amplitude and phase of refle
p-polarized monochromatic radiation (l56328 Å) for dif-
ferent liquid-crystal structures with surface plasmons.
of

h a
FIG. 1. a — Energy reflection coefficients versus angle
incidence with a fixed voltage. Curve1 — 0 V, curve2 —
6 V. b — Phase shift between thep- ands-components of
the reflected radiation versus the angle of incidence wit
fixed voltage. Curve1 — 0 V; curve2 — 6 V.
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i-
FIG. 2. Energy reflection coefficient for reflected radiatio
versus voltage for a fixed angle of incidence 66.0875°. b
Phase shift between thep- and s-components of the re-
flected radiation versus voltage with a fixed angle of inc
dence 66.0875°.
Such problems can be solved either by means of the
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m

Fresnel equations5 or by the matrix method.4,7 The present
work employs the matrix method.7 Both methods require
uniform layers. For this reason, instead of one liquid-crys
layer, a set of uniform layers were substituted. In the cal
lations the layers of the liquid crystal were divided into 2
layers. For a large number of layers the computational res
were practically the same but the computational time beca
extremely long. For each layer, the tilt angle of the direc
was calculated for a fixed voltage from the solution of t
following system of equations8

V

V0
5

1

p
~11Y~11g!!1/2E

0

`

3A ~11Y!~11W!1kYW

~~11Y!~11W!1gYW!~11Y1W!~11W!W
dW,

~1!

2z

L E
0

`A~~11Y!~11W!!1kYW)~~11Y!~11W!1gYW!

~11Y1W!~11Y!~11W!W

dW

11W

5E
0

WLA~~11Y!~11W!1kYW!~~11Y!~11W!1gYW!

~11Y1W!~11Y!~11W!W

dW

11W
,

~2!
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V05pA
«0~« i2«'!

, ~3!

WL5
tan2F~11Y!

Y2tan2F
, ~4!

k5
~k332k11!

k11
, ~5!

g5
~« i2«'!

«'

, ~6!

whereL is the thickness of the plate,z is the distance into the
plate,Y5tan2Fm , andFm is the maximum tilt angle of the
director.

It was assumed that in the absence of a voltage the
angle of the director was equal to zero, though in real str
tures this angle is ordinarily equal to several degrees.

The computer programs were checked on the mater
used in Refs. 6 and 8. Complete agreement with the p
lished results was obtained.

The amplitude and phase as functions of the angle
incidence were calculated for voltages ranging from 1 to
V with a step of 0.1 in the range of angles of incidence fro
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59.5 to 76.5°. Next, the voltage dependences for different
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angles of incidence were constructed from the computed
pendences on the angle of incidence in the presence of
ferent voltages.

The following structure~in the Kretschmann geometry!
was employed: glass (n51.8), metal («5217.751 i •0.787,
d5400 Å!, SiOx («52.2341 i •0.0045,d5265 Å), liquid
crystal (d595400 Å, « i518.7, «'54.4, n051.526, ne

51.74,K11511.7e212 N•m21, K33518.9e212 N•m21).
The computed curves of the energy reflection coe

cients for thep-polarized component of the radiation vers
the angle of incidence for two voltages applied to the liqu
crystal structure are presented in Fig. 1a. The computed
pendences of the phase difference between thep- and
s-components of the reflected radiation on the angle of in
dence for two voltages applied to the liquid-crystal struct
are shown in Fig. 1b. It is evident from the figures that wh
a voltage is applied, the modes appearing in the liqu
crystal structure strongly distort the ideal pattern of the fr
tration of the total internal reflection. For this reason, t
properties of the modes should be used in devices based
structure with a liquid crystal under a voltage.

Curves of the reflection coefficient forp-polarized light
as a function of the voltage applied to the liquid-crys
structure are presented in Figs. 2a and 2b. The curves
calculated for the same structure in amplitude and ph
modulation regimes with a fixed angle of incidence. Analy
of the figure shows that this structure can be used as
effective light modulator, since both the amplitude and ph
characteristics contain sections with a large slope an
Choosing the required section of the curve, it is possible
729 Tech. Phys. Lett. 23 (9), September 1997
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linearity of the transfer characteristic. It is possible to d
velop devices for a wide range of voltages. For this, it is o
necessary to vary the angle of incidence/reflection.

Thus, the program developed for calculating not only t
amplitude but also the phase of the reflectedp-polarized ra-
diation in the regime of excitation of surface plasmons
structures with a liquid crystal, taking account of the anis
ropy of the properties of the layers, is the next step in
solution of the problems of determining the properties a
characteristics of structures based on surface plasmons
cluding liquid-crystal structures.
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Mass-spectrometric investigation of the thermal stability of polymethyl methacrylate

re-
in the presence of C 60 fullerene

L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. G. Ginzburg,
V. N. Zgonnik, and E. Yu. Melenevskaya

Institute of Problems of Machine Engineering, Russian Academy of Sciences, St. Petersburg; Institute of
High-Molecular Compounds, Russian Academy of Sciences, St. Petersburg
~Submitted April 3, 1997!
Pis’ma Zh. Tekh. Fiz.23, 81–85~September 26, 1997!

The thermal degradation of polymethyl methacrylate, synthesized by the method of free-radical
polymerization, in a mixture with C60 fullerene has been investigated by mass-
spectrometric thermal analysis. C60 suppresses the first two, low-temperature, stages in the
thermal degradation of polymethyl methacrylate and thereby increases its thermal stability.
© 1997 American Institute of Physics.@S1063-7850~97!02909-1#

Thermal stability is one of the most important technical
1

We obtained by mass-spectrometric thermal analysis
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characteristics of polymers. In a previous workit was
shown that the thermal stability of polystyrene decrea
substantially in the presence of C60 fullerene. The therma
stability was characterized by the onset temperature and
temperature of the highest rate of thermal degradation of
polymer or its mechanical mixture with C60 heated at a con
stant rate. These temperatures were determined by m
spectrometry according to the release of a monomer.

In the present Letter it is shown that in the case of po
methyl methacrylate synthesized by free-radical polymer
tion C60 fullerene can suppress depolymerization at relativ
low temperatures and therefore exert a stabilizing influen
improving the thermal stability of the polymer.

The polymethyl methacrylate was chosen as the ob
of investigation for a number of reasons. First, a monom
comprises the main mass~more than 92%! in the gaseous
products of the thermal degradation of polymethyl methac
late. This greatly simplifies the analysis and interpretation
the experimental results. Second, the mechanism of polym
ization of polymethyl methacrylate and the correspond
molecular structure have been studied comparatively wel2–7

This structure~in contrast to polymethyl methacrylate sy
thesized by the method of anionic polymerization, conta
repeating units of different configuration, including un
with weakened C–C bonds, which can be called ‘‘defect
For this reason, the changes in the character of the the
degradation of polymethyl methacrylate in the presence
C60 can serve for obtaining information about the propert
of C60 itself and for assessing its role not only in the ‘‘gross
thermal degradation but also in some fine details of the d
radation mechanisms that are associated with the presen
these ‘‘defects.’’

The products of thermal degradation were analyzed
the method of mass-spectrometric thermal analysis.8 The
samples, located in a vacuum (102221023 Pa!, were heated
at a rate of 5°/min and at the same time the different gase
products of their thermal degradation were detected wit
MKh-1320 mass spectrometer. In order to eliminate, wh
possible, the fragmentation of the products of thermal deg
dation by electron impact, the products were ionized b
beam of low-energy electrons~18 eV!.
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sults that convey quite accurately the picture of thermal d
radation of polymethyl methacrylate observed earlier
Refs. 2 and 3 by thermogravimetry. A curve of the yield
the monomer~with molecular mass 100! as a function of
temperature during heating of pure polymethyl methacryl
is presented in Fig. 1~curve 1!. At least three peaks with
temperatures of the maximum yieldTmax5160, 280, and
375 °C can be distinguished in the thermogram. In acc
dance with Refs. 2 and 3, the first peak refers to the form
tion of a monomer by rupture of ‘‘defect’’ bonds of th
‘‘head to head’’ type and depolymerization of the macrora
cals formed:

The energy of such bonds is approximately 20 kcal/m
lower than the energy of the ordinary C–C bonds in the m
chain ~62–65 kcal/mole!,9 rupture of which corresponds t
the most intense peak withTmax5375 °C.

The second peak withTmax5280 °C refers to the forma
tion of a monomer from a macroradical formed after t
rupture of ab-bond at the end unit containing an umsat
rated bond:

The rupture energy of ab-bond is approximately 10
kcal/mole less than that of a C–C bond in the main chai9

The third peak has the same temperature characteri

73090730-02$10.00 © 1997 American Institute of Physics
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as the peak formed a result of thermal degradation of p
methyl methacrylate obtained by anionic polymerization a
therefore not possessing weak bonds:

We found that polycyclic structures such as anthrac
can suppress the chain radical decomposition of polym
including polymethyl methacrylate. Figure 1~curve2! shows
the dependence of the monomer yield accompanying
degradation of polymethyl methacrylate in which there
one anthracene-containing unit per 880 ordinary mono
units. One can see that even at the low concentration i
cated the anthracene-containing units exert an inhibiting
fluence, expressed as a decrease of the first peak and a
of this peak in the direction of high temperatures.

It has been suggested that on account of its high reac
ity C60 fullerene can also inhibit the thermal degradation
polymethyl methacrylate. For the investigations we prepa
homogeneous samples of a mixture of solutions of poly
ethyl methacrylate and C60 in a common solvent~toluene!.
As one can see from the thermograms~see Fig. 1, curve3!,
C60 fullerene completely suppresses the low-tempera
thermal degradation~expressed as the absence of the fi
peak!, decreases the amount of the monomer released in
second peak, and shifts the third peak to high temperat

FIG. 1. Production ratedN/dt of the monomer~in arbitrary units! versus
temperature:1 — initial polymethyl methacrylate;2 — anthracene-
containing polymethyl methacrylate~one anthracene-containing unit per 88
ordinary units!; 3 — mixture of polymethyl methacrylate with C60 ~in a 9:1
ratio by weight!.
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temperatures of 160–200 °C the rupture of bonds in the u
located in the ‘‘head to head’’ position does not lead to d
polymerization of the radicals which are formed and, app
ently, results in a rapid reaction of the macroradical with t
double bond of fullerene, which results in the formation o
covalent bond between the fullerene carbon and the poly
chain polymethyl methacrylate, the rupture energy of
bond being at least 65 kcal/mole.

A similar explanation is possible for the decrease in
intensity of the second peak in the region 240–290 °C.
account of the higher temperature~compared with the first
peak!, some of the radicals formed after theb-bond is rup-
tured can depolymerize, and the remaining radicals give
valent bonds with C60 fullerene, the bond energy being n
lower than the energy of the C–C bond in the main polym
chain. A similar explanation was given for the suppression
the first and less effective suppression of the second pea
thermal degradation of polymethyl methacrylate in the pr
ence of oxygen.3

The high strength of the C60–polymethyl methacrylate
bond can be explained from the standpoint of the interac
of the generalp-electron system of the fullerene molecu
with then-electrons of the functional groups of the monom
units of the polymethyl methacrylate chain.

In summary, in contrast to mixtures with polystyrene,
the case of the thermal degradation of polymethyl methac
late synthesized by the free-radical polymerization meth
the presence of C60 fullerene suppresses thermal degradati
This results in a decrease of the intensity of the lo
temperature peaks in the thermograms, right up to comp
vanishing of the peaks, as well as in a shift of the ma
high-temperature, peak in the direction of high temperatu

This work was performed as part of the Russi
Scientific-Technological Program ‘‘Fullerenes and atom
clusters’’ ~Project ‘‘Tribol’’ !.
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Distinctive features of the thermal degradation of poly- N-vinylpyrrolidone cross-linked

-

by C60 fullerene molecules

L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N. Zgonnik,
and E. Yu. Melenevskaya

Institute of High-Molecular Compounds, Russian Academy of Sciences, St. Petersburg;
Institute of Problems of Machine Engineering
~Submitted April 9, 1997!
Pis’ma Zh. Tekh. Fiz.23, 87–92~September 26, 1997!

The thermal degradation of polymer networks obtained by cross-linking by C60 molecules
through the functional groups of pyrrolidone rings has been investigated by mass-spectrometric
analysis for the example of poly-N-vinylpyrrolidone. The thermal degradation of the
networks differs substantially in character from the case of free poly-N-vinylpyrrolidone. © 1997
American Institute of Physics.@S1063-7850~97!03009-7#

The present work is a continuation of a series of
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investigations of the influence of C60 fullerene on the ther-
mal stability of different types of polymer compounds. He
the thermal stability of irregular polymer networks obtain
by cross-linking through the carbonyl groups of the pyrro
done rings of poly-N-vinylpyrrolidone by C60 molecules is
investigated the first time.

Fullerene-containing poly-N-vinylpyrrolidone, obtained
by a new method of synthesis, making it possible to int
duce quite large quantities of C60 covalently bound with
poly-N-vinylpyrrolidone, was chosen as the object of inve
tigation.

The details of the synthesis process will be publish
elsewhere. In the present Letter we shall indicate only
main principles of this process. We shall focus our attent
on the results of mass-spectrometric thermal analysis4 of the
effect of C60 on the thermal degradation of fulleren
containing poly-N-vinylpyrrolidone as compared with th
thermal degradation of the initial compound.

Serva poly-N-vinylpyrrolidone with molecular mass
MM510000 was employed as the initial material. To obta
fullerene-containing poly-N-vinylpyrrolidone the C60 was
first activated by a reaction in a solution with potassiu
tert-butylate~tert-BuOK! in a 1:3 ratio:

Monitoring of the changes taking place in the concent
tions of the reaction components shows that on the ave
three tert-BuOK molecules were attached to each C60 mol-
ecule.

Thus, a network can form as a result of the interact
with poly-N-vinylpyrrolidone ~PVP in the diagram!:
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tains approximately 100 repeating units and the molecu
ratio of C60 and repeating units of poly-N-vinylpyrrolidone
was equal to 1:24 ~;21 wt % C60!, each poly-N-
vinylpyrrolidone macromolecule can be multiply cros
linked with neighboring molecules and give an insolub
cross-linked product, as is observed experimentally. It is
vious that C60 molecules occupy the sites in this network.
addition, an important technological feature of the network
that the intermolecular cross-links form randomly throu
the carbonyl groups of the pyrrolidone rings, i.e. the netwo
is irregular.

The mass-thermogram of the initial poly-N-
vinylpyrrolidone ~Fig. 1! exhibits a definite similarity to the
mass-thermogram of polymethyl methacrylate synthesi
by the radical polymerization method.3 Since poly-N-
vinylpyrrolidone was synthesized by the same method
the positions of the peaks in the thermograms~170, 220, 320,
and 420 °C! are close to the peaks for polymethyl methac
late, the origin of the peaks can be explained similarly: T
presence of poly-N-vinylpyrrolidone fragments, in which the
repeating units are attached to one another ‘‘head to hea
in the main chain as well as the presence of unsaturated
groups result in rupturing of the ‘‘weakened’’ C–C bonds
the chain followed by depolymerization at temperatu
much lower than the temperature of thermal degradation
poly-N-vinylpyrrolidone chains which do not contain wea
bonds.

In the case of poly-N-vinylpyrrolidone the situation
is, however, complicated by the presence of ana-
hydrogen atom in the repeating unit. During the
mal degradation, this leads to, first, reactions th
break and transport the chain and, second, rupture of
relatively weak C–N bond, which leads to detachment
pyrrolidone rings from the poly-N-vinylpyrrolidone mol-
ecule.

Therefore, the process of degradation of poly-N-
vinylpyrrolidone does not reduce to depolymerization. I
deed, besides ions with mass

73290732-03$10.00 © 1997 American Institute of Physics
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whose relative intensity varies in the temperature range 1
500°C ~see Table I!, are observed in the mass spectra.

Apparently, detachment of pyrrilidone rings along t
C–N bonds, lying near the ‘‘defect’’ configurations of th
main chain occurs primarily in the first three peaks at
corresponding temperatures. The intensity of the releas
molecular ions is approximately an order of magnitude low
than that of ions with mass 85. The intensity of ions w
mass 56 is also relatively low and can be attributed to sp
ting off of linear fragments of the chains near such ‘‘d
fects’’ as well as partial decomposition of the pyrrolido
rings.

In the fourth peak, located near 420 °C, the characte
the thermal degradation changes, since homolithic ruptur
any ~and not only ‘‘defect’’! bonds in the repeating unit be
comes possible. Furthermore, the depolymerization pro

FIG. 1. Intensity of the release of the main products of thermal degrada
of poly-N-vinylpyrrolidone as a function of temperature: 1 — mass 85; 2 —
mass 84; 3 — mass 56; 4 — mass 111.

TABLE I. Intensity of release of the main products of thermal degradat
~in relative units!, corresponding to different values ofm/e.

m/e

T, °C 111 85 84 56

170 40 1000 320 100
220 100 1000 320 125
320 87 1000 325 200
420 1000 786 253 693
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~with formation of products with mass 111! becomes com-
parable in intensity to the total process of formation of t
ions with masses 85 and 84. The intensity with which fra
ments with mass 56 are released increases substantially
result of the increase in the rate of decomposition of
pyrrolidone rings.

All low-temperature peaks are practically absent in t
mass thermogram of the fullerene-containing poly-N-
vinylpyrrolidone ~Fig. 2!. All products of thermal degrada
tion are released near'400 °C. Although this peak shifts
somewhat toward lower temperatures with respect to
fourth peak of thermal degradation of poly-N-
vinylpyrrolidone ~evidently because of the fact that th
C60–C bond is weaker than the C–C bond in the ma
chain!, the absence of the low-temperature peaks can be
terpreted to mean that the thermal stability of the system
higher than that of the initial poly-N-vinylpyrrolidone.

The presence of cross links prevents depolymerizat
Only a weak peak was mass 111 is seen. Apparently, the
degradation proceeds predominantly with detachment of p
rolidone rings~masses 84 and 85! and only ;10% of the
chains decompose as a result of depolymerization.

Therefore, just as in polymethyl methacrylate3, in the
case of networks of fullerene-containing poly-N-
vinylpyrrolidone C60 fullerene inhibits low-temperature deg
radation, the thermal stability of the main chain of poly-N-
vinylpyrrolidone decreases somewhat at high temperatu
and decomposition of the polymer chain with splitting off
the pyrrolidone ring is the predominant mechanism of th
mal degradation.

This work was performed as part of the Russi
Scientific-Technological Program ‘‘Fullerenes and atom
clusters’’ ~Project Tribol!.
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FIG. 2. Intensity of the release of the main products of thermal degrada
of a network consisting of fullerene-containing poly-N-vinylpyrrolidone as a
function of temperature: 1 — mass 85; 2 — mass 84; 3 — mass 111.

733Shibaev et al.



3L. A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N.
Zgonnik, and E. Yu. Melenevskaya, Pis’ma Zh. Tekh. Fiz.23~18!, 81

novskaya, and B. L. Erusalimski�, Vysokomolek. Soed., Ser. A37, 1874
~1995!.
~1997! @Tech. Phys. Lett.23, 730 ~1997!#.
4L. A. Shibaev, T. A. Antonova, L. A. Fedorova, S. I. Klenin, I. A. Bara
734 Tech. Phys. Lett. 23 (9), September 1997
- Translated by M. E. Alferieff
734Shibaev et al.


	657_1.pdf
	659_1.pdf
	661_1.pdf
	663_1.pdf
	665_1.pdf
	668_1.pdf
	671_1.pdf
	674_1.pdf
	677_1.pdf
	681_1.pdf
	684_1.pdf
	686_1.pdf
	690_1.pdf
	692_1.pdf
	694_1.pdf
	696_1.pdf
	699_1.pdf
	701_1.pdf
	704_1.pdf
	706_1.pdf
	709_1.pdf
	711_1.pdf
	714_1.pdf
	717_1.pdf
	719_1.pdf
	722_1.pdf
	725_1.pdf
	727_1.pdf
	730_1.pdf
	732_1.pdf

