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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 Physids$$1063-785(7)00109-2

An important current problem is the development of dif-

AN Impc opr . 2(m—n)! "%/ J2r r2
fractive optical elements that are matched with light modes Q. (r,¢)=|—5—— ( ) Lo —2
of one type or another. Such diffractive optical elements find WUo(m!) 7o 0o
applications in the problems of parallel injection of radiation 2
into a fiber bundle, selection of transverse laser modes, and xex;{ — r—iingg). %)
formation of nondiffracting beans. os

Iterative methods exist for calculating diffractive phase
Optica| elements Capab|e of forming ||ght beams with a An iterative algorithm for CalCUIating the parameters ofa
prescribed composition of Gauss—Hermite maodes, diffractive phase optical element forming the complex am-
Gauss—Hermitt and Gauss—Laguefranodes in different Pplitude (3) has the form
diffraction orders, and Bessel modegondiffracting
beam$.®> Only radially symmetric Gauss—Laguerre modes
are studied in Ref. 4.

The conditions under which rotation of a multimode
beam around the propagation axis is observed have also been ‘ w (2w
found, and an expression has been obtained for the total Um 9{f f Ao(r,p)exdiSy(r,¢)]
number of revolutions.

It is knowr? that light fields which are a superposition of iy
Gauss—Laguerre modes satisfy the Helmholtz equation. The X Qn (r:GD)rdrdGD], (6)
complex amplitude of such fields in free space can be repre-
sented in cylindrical coordinates (,z) as whereAq(r,¢)=|U(r, )| is the amplitude of the illuminat-
P ing beam, S (r,¢) is the phase of the diffractive optical el-
U(r, o z)=ex;{|kz+ |k_r_ r_l ement calculated at thigh iteration, andB,,,=0 are given

T 2R 2 numbers which specify the energy contribution of the corre-

g
sponding mode.
( \/E)“ (2r2> Next, we shall obtain the condition for observing rota-

Sk+a(r,¢)= arg{ E BrnnQmi(F 0)eXH v, ] (5

L
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méLo tion of the transverse section of a multimode beam. On the

basis of Eq.(1), we write an expression for the intensity

xextL ~ i Bmi(2) = ine], ® (e 2)=U(re2)?
where or2 \/_r 2
—1 I(rl(PIZ):eX - T 2 | mn|2 m T,
Bmn(2)=(2m+n+1)tan” *(z/z), 2 o? || mn=o0 02
R=z(1+z(2)/22) is the radius of curvature of the parabolic J2r 22
front of the light field, 2= o2(1+27%/Z2) is the effective +2 > > |CnCmn ( ) L&(—Z)
radius of the beam,zz)=27m§/)\ is the confocal parameter, m#m’ n#n’ o
oy Is the radius of the beam wai<t,,,, are constant coeffi- 2
cients, and is the wave number of light with w_avelerjg)!;h X an( ) cosb™ (r,¢) {, (7)
To generate a light beam with the amplitud@® it is
necessary to form in the plarze=0 the complex amplitude
where
Uo(rafP)zm;:O Connmrl(T ), 3 O (1, @)=arg Cpp—arg Cpyp +[2(m—m’)
where we.have introducgd the f(_)llowing notation for the or- +(n—n’)]tan‘1£i(n—n’)<p. (8)
thonormalized mode basis functions Zy
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All terms in the second sum in E¢7) will rotate at the
same ratdand the entire beam will rotate as a whoaik in
the expression for the polar angle as a function of the
distancez,

z
p=Btan 1—, 9)
Zy
the coefficientB is constant: b
2(m—m')+(n—n’
B= ( )+ ) =const. (10
F(n—n")
The distancez, over which the beam makgs revolutions
can be found from Eq9): c
2mp
z=ztan —5—|, p=12,...N, 11

whereN=B/4 is the maximum number of revolutions which

the beam can make from=0 to z= (z>2z,). The rotation d
ratev of the transverse section of a multimode beam depends

on the distance as

(z
1+|—
Zp

It follows from what we have said above that by choos-
ing the nonzero terms in E43) with numbers satisfying the
condition(10) it is possible to use Eq$5) and(6) to design
phase optical elements which when illuminated by laser light
form, with a high efficiency, nonradially symmetric multi-
mode Gauss—Laguerre beams whose intensity distribution in
the transverse section rotates around the propagation axis.

The numerical modeling parameters are: number of
mesh points 258 256, waist radiuscg=0.1 mm, wave- ) . . ) .
length\ = 0.63 um, radius of the diffractive optical element E'G' 1. Phases of diffractive optical elements forming multimode Gauss-

aguerre beam&) and normalized transverse intensity distributions at dif
Ry=0.5 mm, and confocal parametey=49.86 mm. ferent distances from the diffractive optical elemémtf).

Numerical examples are displayed in Fig. 1. Column 1
shows the phase of the diffractive optical elemé&rd) cal-
culated according to Eq$3)—(6) with two nonzero terms in
the sum(3), with the coefficientC; _; andCy; »is shown in . »
column 1. For two terms conditiof10) obviously holds, and &€ Presented in column 3. Conditi¢h0) does not hold —
B=7. The maximum number of revolutiomé= 1.75. It fol- B=2, 6, and 11, and different parts of the beam rotate with
lows from Eq.(11) that the beam will have made a complete different rates, which results in distortion rather than rotation
revolution over a distance=62.53 mm and another half of the pattern.
revolution atz=217.76 mm. Figure 1 shows halftone render-
ings of the normalized transverse distributions of the inten-
sity of a light beam formed by a diffractive phase optical
element(1a) and the distributions computed using a Fresnel
transformation in the planes=62.53 mm(1b), z=101.34 V. A. Soifer and M. A. Golubaser Beam Mode Selection by Computer
mm (1¢), z=140.15 mm(1d), z=178.95 mm(1e), and Generated HologramsCRC Press, Boca Raton, 1994.
z=217.76 mm(1f). The pattern rotates counterclockwise. 2V. V. Kaotlyar, 1. V. Nikol'ski1, and V. A. Safer, Opt. Spektrosk75, 918

Sim”?r results f(..)l‘. a rotating beam consisting of three 35}.9\3.3ll<otlyar, I. V. Nikol'skii, and V. A. Sdfer, Pis'ma Zh. Tekh. Fiz.
modes with the co_e_fﬁuen@l,,l, Cs0, andCy; ,are shown 1920, 20 (1993 [Tech. Phys. Lett19, 645(1993].
in column 2. Conditior(10) holds:B=7, 7, and 7. The phase 4y, v. Kotlyar, I. V. Nikolsky, and V. A. Soifer, Optik98, 26 (1994).
function of such an elemef®a) is shown in halftonegblack 5V. V. Kotlyar, S. N. Khonina, and V. A. Soifer, J. Mod. Opt2, 1231
is 27r, white is 0). The transverse intensity distributions for (1995.
such a bean2b—2§ are shown at the same distances as inGA. Yariv, Optical Electronics in Modern Communicatign®xford Uni-
column 1. V(_ersity Press, New York, 1997, 5th editibRussian translation, Sov. Ra-

The phasg3a) and an intensity sectiofBb)—(3f) for a dio, Moscow, 198§
three-mode beam with the coefficiel@@s _,, Cso, andC,s,  Translated by M. E. Alferieff
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Anisotropic scattering of polarized light in a ferrofluid layer
A. V. Skripal’ and D. A. Usanov

Saratov State University
(Submitted January 22, 1997
Pis'ma Zh. Tekh. Fiz23, 7-10(September 12, 1997

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 Physid$§1063-785(M®7)00209-7

The scattering of polarized light in ferrofluids has beendifference in the intensities of the scattered radiationEpr
studied primarily in dilute colloidal solution's’ The charac- andE, vanishes. As one can see from Fig. 2, the threshold
ter of the scattering of radiation incident on a thin layer of amagnetic fieldH,, for the parallel orientation of the vectors
concentrated ferrofluid was analyzed in Refs. 3 and 4. HOWE andH, which is determined as shown in the same Fig. 2,
ever, the analysis of the results did not include an investigaturns out to be much lower than the threshold magnetic field
tion of the effect of the relative orientation of the electric for the perpendicular orientation of the electric and magnetic
field vector of the incident light and the magnetic field ap-field vectors H,,). Since the threshold magnetic field for
plied to the ferrofiuid. the onset of anisotropic light scattering is a function of the

It can be conjectured that this effect will be strongest insjze of the agglomerates of ferroparticfethe difference in
the scattering of light by agglomerates of ferroparticlesthe values of the threshold magnetic fieldg, andH,,, can
smaller than or comparable in size to the wavelength of th@e explained by the difference in the sizes of the ferroparticle
incident radiation. Our objective in the present work was toagglomerates in directions parallel to and orthogonal to the
investigate the effect of the relative orientation of the electricmagnetic field.
field vector of the light wave and the magnetic field on the  The difference in the values of the threshold magnetic
scattering of plane-polarized optical radiation in a ferrofluid.fields in Fig. 2 is characteristic for structuring of a ferrofluid

The scattering of linearly polarized light in a layer of a in the bulk. Indeed, the appearance of light scattering corre-
water-based ferrofluid containing magnetite particles coatedponds to the formation of structures in the liquid which are
with sodium oleate and having a solid-phase concentratiogomparable in size to the wavelength of ligfactions of a
¢=0.1 was detected with the apparatus shown schematicaliwicror). For a liquid layer of the order of several tens of
in Fig. 1. The electric field vector of the 0.6328m polar-  microns thick this corresponds to the conditions for the for-
ized radiation from a He—Ne lasgrwas oriented either par- mation of agglomerates in the bulk of the ferrofluid.
allel (E)) or perpendiculark, ) to the direction of the mag- In summary, we have established that when linearly po-
netic field H applied in the plane of the ferrofluid layer larized light is scattered by a thin ferrofluid layer in a mag-
The laser radiation was directed onto the ferrofluid Iager netic field oriented parallel to the boundaries of the flat layer
which was sandwiched between glass plates. The laser radia-
tion scattered by the ferrofluid layer was detected with a
photodetectob placed at an anglé=5° with respect to the

direction of incidence of the laser radiation. Yl
Figure 2 shows the intensity of the scattered light as a ]
function of the applied magnetic field fd (curve 3 and 0.6

E, (curve 2. As one can see from Fig. 2, for weak magnetic
fields the scattering of light is stronger for the case when the ]
electric field vector is oriented parallel to the magnetic field.
As the intensity of the applied magnetic field increases, the 0.4

\a/te
(1] Eni [El 0., :*E— 6 :
E, 2 0 | ,:"'..:
T T "
@ 4 0 H, H, 200 H, Oe

FIG. 1. Schematic diagram of the experimental appardtus: Laser,2 — FIG. 2. Normalized scattered light intensity versus magnetic field intensity
ferrofluid layer between two glass platés— poles of an electromagnet, for different orientations of the electric field vectdt:— Parallel to the
4 — screen5 — photodetector6 — display. magnetic field2 — perpendicular to the magnetic field.
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a large difference is observed in the dependence of the intyu. N. Skibin, V. V. Chekanov, and Yu. L. Reher, Zh. Esp. Teor. Fiz.
tensity of the scattered light on the magnetic field intensity ,72 949(1977 [Sov. Phys. JETRS, 496(1977)]. o
between the cases of parallel and perpendicular orientation of\z/' 23'3(;‘;2"7;)"& Yu. N. Skibin, and G. V. Shagrova, Magn. Gidrodin., No.
the electric field vector of the polarized laser radiation rela-sg v, "glum, M. M. Maorov, and A. O. Tseberserrofiuids[in Rus-
tive to the direction of the magnetic field. The observed an- siar, zinatne, Riga, 1989.

isotropic light scattering can be explained by the difference*D. A. Usanov, A. V. Skripal', S. A. Ermolaev, and V. V. Panov, Pisma
in the sizes of the ferroparticle agglomerates in directions Zh- Tekh. Fiz:21(17), 1 (1999 [Tech. Phys. Letf21, 677 (1995).
parallel to and perpendicular to the electric field vector of the

laser radiation for different orientations of the magnetic field.Translated by M. E. Alferieff
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Temperature dependence of the intensity and phase of reflected light in a liquid-crystal
structure with surface plasmons
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The results of a theoretical calculation of the temperature dependence of the amplitude
coefficient and phase of reflected radiation with wavelengt6328 A 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. 1©97 American Institute of Physics.
[S1063-785(17)00309-1

In our opinion the problem addressed here is a pressingb shows the corresponding results for the phasef the
one. Great interest has been shown in surface plasmons ieflected radiation. As expected, heating of the liquid crystal
recent years in connection with their application in surfaceresulted in a shift of the resonance curve and, correspond-
spectroscopy, optical microscopy, the development of opticaingly, of the jump in phase to larger angles of incidence
sensors for various physical quantities, electrically and opti-
cally controlled light modulators including liquid-crystal
modulators, and other devic&s: The working principle and
the construction of an optical temperature sensor employin R
surface plasmons in a structut&retschmann geometyy ©-2 : ) ! ) ! ) )
made from a material with a strongly temperature-depender ©.8
refractive index are described in Ref. 4, where amorphou g, 2L
hydrogenated silicon layers deposited on a silver film in & I
glow discharge were used as such a material. 0.6 1

This letter reports the results of the first calculation of o.s} .
the temperature dependence of the amplitude coefficient ar o 41 3 i
phase of reflected radiation with wavelengti 6328 A in a
liquid-crystal structure with surface plasmons.

It is well knowrP® that the physical properties of liquid o.z} 1
crystals, specifically, the birefringence, are temperature
dependent. This property is widely used for determining the
optimal working temperature and the measure of perfor Gt 66.5 67 67.5 66 68.5 €9 €9.50°
mance of liquid-crystal light modulators for the visible and
infrared regions of the spectruff, the development of ¢, grad
liquid-crystal sensors of temperature fluctuatiras)d opti- oo '
cally coupled thermal imager$.Finally, heat effects in lig-
uid crystals are very important in thermally induced optical
bistability phenomena in liquid-crystal structures both With 160}
and without? surface plasmons. Thus the relevance of the
present work is not in doubt.

We employed the following liquid-crystal structure:
glass prism — layer of silver — SiO— a plane-oriented
layer of a nematic liquid crystal. Just as in Ref. 3, we em- umr
ployed the matrix method for the calculations. In the calcu-
lations, the dielectric constant of the glass, silver,,Siénd
liquid crystal (type E7 were taken to be 3.24-17+i0.7, 60
2.61+i0.02, and 2.3050.0033(T—45°C (Ref. 13, re-
spectively, and the silver and Sidayers were taken to be
470 and 250 A thick, respectively. FIG. 1. a — Energy reflection coefficient versus angle of incidence of

The computational results are displayed in Figs. 1 and 2radiation withA=6328 A. The curves were constructed at different tem-
Figure 1a shows the amplitude reflection coefficiénfor  peraturesl —45°C,2 —47.5°C,3 —50°C,4 —52.5°C,5 — 55 °C.
p-polarized\ = 6328 A radiation as a function of the angle b— Ph_ase shift between tlp_eaqucompo_nents of the rgflgcted radiation as

.. . . a function of the angle of incidence af=6328 A radiation. The curves
of incidence¢ at different temperatures below the point of \ere constructed at different temperatures— 45 °C, 2 — 47.5 °C,3 —
transition of the liquid crystal to an isotropic liquid, and Fig. 50 °C,4 — 52.5°C,5 — 55.5 °C.
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0.1} a '1

180
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120
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Fig. 2a, as the temperature of the liquid crystal varies over

R v T v T v the range 45-55 °C, the intensity of the reflected light in-

creasegby a factor of~5) with temperature. The same is

0.3r A also true of the change in phase of the reflected radiation
(Fig. 2b.

0.4 1 When such an apparatus is used as a temperature sensor
and for measuring the reflection coefficient of radiation at a

o.3} - fixed angled. less than the anglé, of the minimum in the
resonance curve, the sensitivity of such a sensor,

o.2 - dR dé dR dap}

“|de dT] _ " |dT dT/)

0.1} a - b=0

is found to be of the order of 0.1605 delgaccording to the

data in Fig. 2a. For remote temperature sensing this appara-
tus can be joined to a fiber-optic wavegufte.

In summary, this letter reports the results of the first
theoretical calculation of the temperature dependence of the
amplitude coefficient and phase of reflecegolarized ra-
diation (\ =6328 A) in a liquid-crystal structure with surface
plasmons. The computational results could be helpful in the
development of liquid-crystal temperature sensors and other
devices(for example, optically coupled thermal imagers
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Shock effects accompanying degradation of a molecular beam
A. A. Morozov, M. Yu. Plotnikov, and A. K. Rebrov

Institute of Thermal Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
(Submitted March 26, 1997
Pis’'ma Zh. Tekh. Fiz23, 16—21(September 12, 1997

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. 1@97 American Institute of Physics.
[S1063-785(07)00409-9

Dissipation(degradationof a molecular beam is a typi- were tracked. The information accumulated about the state of
cal translational-relaxation process characterized by nonisdhe molecules in the cells was used to determine the density,
tropic distribution functions of the molecular velocities and average mass velocity, energy, and overall temperature and
kinetic energy and the temperature. In the case of completalso the componentg, (E,) andT,(E,) of the temperature
degradation of a beam the initial beam motion of the mol-(energy of the injected molecules parallel and perpendicular
ecules gives way to radial diffusion from a fictitious soutce. to the axis of the cylinder, respectively. This made it possible

No systematic investigations of the beam degradatiorio analyze the directional relaxation of momentum, energy,
process have been made in the literature. In the present wodnd temperature. A systematic analysis of the directional
we attempted to obtain information about the structure of théemperature distributiortkinetic energies of the molecules
entire relaxation zone in the case of complete degradation o€lative to the average macroscopic velocégtablished that
a low-intensity beam, for which it can be assumed that thehe directional temperatures in the relaxation zone can be
energy relaxation of the beam molecules occurs in a heahuch higher than the temperature of the background gas and
bath with constant temperature in space and time. To partic.can depend on the parameters of the probheyim, andS.
larize the analysis of the characteristic features of the relaxthe calculations were performed fon, /m,=0.1-20 and
ation processes, the initial data specified injection of monS=0.5-10.
atomic molecules all with the same velocity. To illustrate the structure of the relaxation zone, the iso-

An efficient tool for solving the problem stated above is chors of the injected gas for the casg/m,=1 andS=1
direct statistical simulatioh.The method was modified for are shown in Fig. 1. A substantial deviation from spherical
the case of a background gas of molecules having a Maxsymmetry occurs inside the region bounded by the 0.08 iso-
wellian velocity distribution function. The hard-sphere chor. According to the calculations, the remnant of the initial
model was adopted for the interaction potential of the mol-6-function velocity distribution of the injected molecules
ecules. Numerical experiments were performed in a widalong the line of injection vanishes toward the boundary of
range of masses of the injected ligim{/m,<<1) and heavy this region. The temperature of the molecules near the line of
(my/m,>1) molecules. Heren; andm, are the masses of injection for S=1 exhibits a characteristic feature: Its value
the injected and background gas molecules, respectively. THE, in the injection direction, on approaching the temperature
parameters of the problem were the mass ratidm, and  of the background gas at a distance of 5-10 mean free paths,
the velocity ratioS=u, /V, whereu, is the initial velocity of  passes through a diffuse maximum which is 3—-4% higher
the injected gas an&¥=2kT,/m, is the most probable than the temperature of the background gas. The temperature
thermal speed of the background gas. The spatial motion of, in the radial direction, perpendicular to the line of injec-
the molecules was tracked in a cylindrical volume with totaltion, increases monotonically to the temperature of the back-
absorption of the injected molecules at its boundary. Injecground gas. In the case studied the energy of injected mol-
tion was assumed to occur along the axis of the cylinder. Thecules was equal to 2/3 of the average energy of the
dimensions of the volume were chosen so that the boundaridsckground molecules. If the energy of the injected mol-
of the volume would not greatly affect the region of relax- ecules is higher than that of the background molecules, then
ation of the injected molecules. Cylindrical coordinates werea region with temperature higher than the background tem-
introduced in accordance with the geometry of the problemperature arises in the relaxation zone, and the temperature in
The z axis is oriented along the injection direction ands  the injection direction is much higher than the overall tem-
the distance from the axis. Distances were measured in unifgeraturel = (T,+2T,)/3. This is clearly seen in Fig. 2a from
of the mean free path=1/(no\2) of a background gas the computational results fon,/m,=1 andS= /10, which
molecule f is the number density and is the collision corresponds to a 10 times higher energy of the injected mol-
cross section of the molecules in the background gad the  ecules than in the preceding case. The maximum value is
velocity and temperature were measured in units of the mosk,~4.2. Using the well-known gas-dynamic relations for an
probable thermal speed and temperature of the backgrouratliabatic flow, we shall compare this value to the tempera-
gas. Depending on the specific formulation of the numericature behind an infinitely strong planar shock wawé = o).
experiment, the trajectories of 46 10 injected molecules The Mach number and the temperature behind such a wave
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0.4 ] 8.4 16.4

are M=(y—1)/2y and T=Ty(1+M?(y—1)/2), respec-
tively. From the relation 5/&T,=m,;S?V?/2 the stagnation
temperature isTo=0.4S*T,m, /m,. In this caseT is given
by the expressionT =0.375°T,m,/m,. For S=/10 and
m;/m,=1 we obtainT=0.375T, andTy=4T,. These val-

tatively as corresponding to a shock character of the degra-
dation of the beam and of the plane-parallel molecular flow
with M=« in the shock wave.

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

At a given energy of the injected gas the temperature
behind an infinitely strong shock wave, in accordance with
the expressionT =0.375°T,m,/m,, remains unchanged.
However, for injection of particles witlm;#m, the maxi-
mum temperature is substantially different for different val-
ues ofm,/m,. Figure 2b displays the computational results
for the cases=1 andm; /m,=10. In this case the relaxation
zone becomes more extended, and the maximum temperature
along the line of injection is substantially lowé2.3 instead
of 4.2). The maximum overall temperature is only slightly

ues are close to the value obtained in the numerical simuldligher than the background temperature.

tions. The model of stagnation in an infinitely strong shock  If molecules with a mass of one-tenth the mass of the
wave, while sharing certain features of the relaxation procesgackground molecules are injected at energies corresponding
with the case studied in the calculations, cannot claim to givéo the latter two caseéFig. 29, a similar shock effect is

a realistic modeling. For this reason, the quantitative agreesbserved, and the maximum temperatiliteis even higher
ment between the temperatures can be interpreted only quathan in the casen;=m,: (T,)ma—6. Therefore a strong

=20 -10 0 10 20 Z
FIG. 2.
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shock effect occurs in all three cases in a range of two orders
of magnitude in the mass ratio for a given energy of the
molecules.

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

1) When the energy of the injected molecules is higher
than that of the background molecules, the shock effect —
the increase in the temperature of the injected gas — inten-
sifies as the mass of the injected molecules decreases at a
constant energy;

2) If my/my>1, then (T,)nax IS less than the corre-
sponding value for m;/m,=1 and, conversely, if
m;/my,<1, then {I,)nax iS greater than in the case
m,/my,=1.

In other words, in the case when a heavy gas is scattered
in a light one the temperature of the heavy gas does not reach
the temperature behind an infinitely strong shock wave; in
the case when a light gas is scattered in a heavy one the
maximum temperature of the light gas in the direction of
injection can be much higher than the temperature behind a
shock wave withM = oo,

This work was supported by the Russian Fund for Fun-
damental ReseardfProject 95-01-137)1
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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, iNiidvgorod
(Submitted March 27, 1997
Pis’'ma Zh. Tekh. Fiz23, 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 fromu$ to 1 s isinvestigated. ©1997 American
Institute of Physicg.S1063-785(07)00509-(

It is well known that local modification of a solid surface ments were performed in air at atmospheric pressure.
can be effected by a pulsed increase in the voltage across a The quality of the entire radioelectronic channel was
tunneling gap:2 To develop a mechanism for the change inchecked as follows. The microscope tip was pressed into a
the surface properties of a material it is necessary to haveulk metal sample and then a voltage pulse was applied
information about the dynamics of the tunneling contact dur-across this short-circuited contact. The voltage pulse passed
ing the action of a voltage pulse. In a number of works, forthrough the entire detection system and was recorded on an
example, in Refs. 3-5, the behavior of a tunneling contacbscillograph. Oscillograni in Fig. 2 characterizes the qual-
under the action of pulses ranging in duration froqed to ity of the signal which has passed through the short-circuited
1 s was investigated experimentally, and it was shown that asontact formed by a tungsten tip and the bulk metal sample.
the amplitude of the pulses increases, the probability of meAn identical signal was observed in the case of a short-
chanical contact between the tip and the sample increases. tircuited contact formed by a tungsten tip and a 500 A metal
the present letter we report the results of an experimentdlim on glass. We note that these pulses were virtually iden-
investigation of the passage of short pulses ranging in duraical to the pulses of the same duration at the output of the
tion from 20 ns to Jus through a tunneling contact. generator. The bottom oscillograms show the change in the
The experimental arrangement is presented in Fig. 1shape of a pulse passing through a tunneling contact between
Square pulses with amplitudes up to 10 V and 20 ns rise ~ a tip and a three-layer structui25 A/30 A/25 A) with ;=1
time from a G5-60 pulse generatbwere applied directly to nA and U;=0.1 V (curve 2) and a short-circuited contact
a tunneling contact. The pulses were dete¢ted digital-to-  between the tungsten tip and a three-layer strudtueve 3).
analog converterwith closed tunneling-microscope feed- All curves are for the same polarity, but for clarity the curves
back. A pulsed current flowed through the sample and th@ and 3 have been inverted. Comparison of cunZand 3
tunneling gap and was taken from the input of the preampshows that the large changes in shape, duration, and ampli-
lifier 3 of the microscope and fed into an rf signal amplifier tude of a pulse are due not only to the presence of a tunnel-
4, which minimized the distortion of the signal shape, match-ing gap but can also be affected by the properties of the
ing the resistance of the circuit and coaxial line. structure and the substrate. Investigations showed that the
The lower and upper limits of the transmission band ofsilicon substratdtype KDB, resistance 20 f&/cm as mea-
the detecting circuit were determined, respectively, by thesured by a contact methpdave the main contribution. We
frequency of the high-frequency input filter and by the theattribute this to electron transport through the Schottky bar-
maximum frequency of the oscillograph. The two-cascade rfier at the metal-semiconductor contact at the location where
power amplifier was based on KP 905 and KP 907 insulatedthe sample is fastened to the microscope table and in the
gate field-effect transistors and had a limiting amplificationtip—sample interaction zone during current flow. Note that
frequency of 1.5 GHz. The first cascade of the amplifier conthe shape and amplitude of the pulse passing through the
sisted of a wide-band common-source voltage amplifier. Théunneling contact at given values bf, andl; (curve 2) de-
second cascade, which is not coupled galvanically with thgpends on the location of the tip above the structure and on
first one, is a source-follower amplifier with a 30 load the parameters of the tip.
resistance. The circuit elements were connected with a co- In our experiments the probability of mechanical contact
axial cable with a characteristic impedance of (30 between the tip and the sample was observed to increase with
The following samples were investigated: bulk silver the pulse amplitude in the entire experimental range of pulse
and iron, 500 A thick chromium and nickel films deposited durations. The contact is apparently due to the thermal ex-
on a polished silicon surface or glass, carbon—nickel—-carbopansion of the tip and the sample as a result of heating by the
three-layer structures on a silicon substrate with layer thickflowing current. In subsequent experiments we measured the
nesses 25 A/30 A/25 A and 25 A/500 A/25 A, respectively.time it took for the tip to exceed the tunneling distance or the
The films were deposited by vacuum laser sputtering. Tungtime over which the resistance of the tunneling contact de-
sten wire tips, prepared by electrochemical etching in an alereased by several orders of magnitude. We estimated that
kali solution, were used. Prior to the measurements, the bulthe resistance of a tunneling contact of tungsten to a three-
metal samples were treated in a 40% solution of hydrofluoridayer structure, for example, dropped by six orders of mag-
acid and then carefully washed in distilled water. The experinitude, from 18 Q to 10> Q, including the resistance per
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b
unit length of the structure, at the given valuedfandl, .
This evidently could be judged from the delay of the leading ?
edge of a pulse which has passed through a tunneling contact | A, L~
relative to the leading edge of a pulse which has passed 2]
through the short-circuited contact.
An oscillogram of a pulse which has passed through the .=.L

short-circuited contact of the tungsten tip with a bulk metal

sample and an oscillogram of a pulse which has passegdg. 3.

through the tunneling contact are presented in FigcBaves

1 and 2, respectively. Similar signals obtained with the

three-layer structure @5 A)/Ni (30 A)/C (25 A) are shown In summary, in the present work we investigated the

in Fig. 3b. In this flgure the curves 2 reflect the variance ofinitig) stage of current flow through a tunneling gap under
the delay of the leading edge of a pulse which has passefle action of a short pulse. The current through the tunneling
through the tunneling contact as a function of the location 0fgntact increases rapidly with increasing voltage across the
the tip above the surface under study. In both cases the tURynneling gap. This increases the heating occurring in the tip
neling contact was formed wit;=0.1 V andl;=1 nA. It 54 in the sample. For tip and sample at l¢wom) tem-
follows from the experiments performed that the vacuum 98eratures, heating is due mainly to the Nottingham effect.
between the tungsten tip and these samples decreases 10 z§fQyje heating starts to dominate at temperatures near the in-
(right up to mechanical contacover 8-30 ns wittU;=0.1  \grsion temperature of the Nottingham effect. An increase in
V-and ;=1 nA. Here we shall not discuss in detail the gmperature is inevitably accompanied by expansion of the
question of what constitutes a microscopic mechanical conyaterials, a decrease in the tunneling gap, and a further in-
tact, but according to our measurements its linear size is Qfyoase in the current with additional heating of both the tip
the order of or less than the electron mean-free path length i, the sample. The process thereby acquires the character of
the action was accomplished by pulses with an amplitude of hermal deformation instability, whose development time
several volts. _ we recorded in our experiments. Comparing the oscillograms

We note that the delay of a pulse which has passeds signals which have passed through the short-circuited con-
through a tunneling contact increases with the tip—sampleyct shows that after the gap is short-circuited the potential
distance, specifically, ad, increases. on the tip increases to practically the same value as the po-

tential on the sample. A part of the voltage evidently falls
across the thin film, whose impedance is high for the high-

50ns frequency components of short pulses with short rise times.

o It should be noted that the initial tip—sample distance, deter-
h { mined by the values df); andl,, is also determined by the
v emission characteristics of the surface of different samples,
¥ even when the same tip is used. For this reason, in our case
1 the initial tunneling gap width, like the gap closure time, will
be different for different samples.

This work was supported in part by the Russian Fund for
Fundamental Research.
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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. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 23, 199y
Pis’'ma Zh. Tekh. Fiz23, 28—33(September 12, 1997

Crystals with the sillenite structure, grown in an oxygen-f@eor atmosphere, are

investigated by the ac photovoltage method. It is found that the photoconductivity in red light is
sharply higher(by two orders of magnitudethan in crystals grown in the presence of

oxygen. Such crystals can be used in interferometric devices19€Y American Institute of
Physics[S1063-785(07)00609-3

Crystals with sillenite structure possess a complicategphotoconductivity,E4=K X kT/e is the diffusion field,k is
system of energy levelighat depends on many factors. Spe-Boltzmann’s constant is the absolute temperatuiejs the
cifically, the properties of the crystals can be altered byelectron chargeK=2x/A, A is the period of the interfer-
lightly doping them with different elements. In the presentence patternm is the contrast of the interference pattern,
work we investigated samples of bismuth silicate and titanate' = w/wy, [Ju(w )| =|Julmae @ndp andq are dimension-
(Bi1SiOy and BijTiOy) crystals grown in an argon |ess quantities that depend on the parameters of the material
atmospheré. and the value oK.

The parameters of the crystals were determined by the ac  The expressior{19) of Ref. 5, which takes account of
photovoltage method:® In this method a sample is exposed the dependence of the material parameters on the light inten-

to an interference pattern produced by two mutually coherengity (single-level model approximationyields
light beams, one of which is phase-modulated with fre-

guencyw, and the ac componedf, of the current flowing , 1 /1+ T+ TMK2L§> 3)
through the sample is measured. Measurements of the fre- @m= T\ 7| '
guency dependencé,(w) makes it possible to determine o 2
parameters of the material, such as the photoconductivity and i(i 1+K°Lg + i) 4
the lifetime of photoinduced charge carriers, as well as to q= Om\ ™™ T n/’
calculate some other quantities. As was shown in Refs. 4 and 2 -
5, the maximum amplitudéJ, | max Of the current and the P=00m0nT Tv , ®)
form of the reduced functiod,,=|J,|/|Jy|max are given by  \yhere - is the lifetime of the photoinduced charge carriers,
the expressions v is the Maxwellian relaxation timey; is the lifetime of the
SAooEqg photoionized state of the donor, ang; is the diffusion
|Jw|max:Tm21 (1) length of the photoinduced charge carriers. The quamgity
determines the form of the functialj,(w’): As q increases,
, w'q the pronounced maximum transforms into a wide skedle

J,= : (2 Fig. 1)
@ 1272 12 e

1+ (@)1 (o) In the limit 7,— expressiong3)—(5) correspond to a
whereS is the area of the electrodes, is the amplitude of simplified formula forJ, (Ref. 4 that neglects the depen-
the phase modulation of the lighty is the average specific dence of the material parameters on the light intensity.

J 1
«, 4 BSO-a
9 | ;=SmWicm®
10°A o8- - - 0
m BSO [4)
0.8 - |-=32 Wiem? FIG. 1. Comparison of the frequency dependences of the ac pho-
o cm tovoltage signal fol\=0.63 um andK=0.5 wm™?! in bismuth
silicate crystals grown in oxygen-free and ordinary atmospheres.
M} (BSO-a:S=0.15 cnf, m=0.67,A=0.2; BSO(Ref. 3: S=0.04
» cn?, m=0.9, A=0.1). The solid lines are theoretical curves cal-
02 culated from Eq(2) with q=3.5 and 9.0, respectively.
0 + + + {
01 1 10 100 1000
o/2x, kHz
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and BTO-a samples for two different values Kf versus
frequency. The solid lines are theoretical curves calculated
from Eq. (2). The values ofw,, were determined directly
from measurements] was used as an adjustable parameter
to obtain the best fit of the theoretical curves to the experi-
mental data.

The values obtained fab,, andq for two different spa-
tial frequencies enabled us to obtain, using expressidns
and (4) as a system, the values of all four characteristics of
the material which are engaged in this process#y, 7,
and |4). Knowing these parameters and using the well-
known relationsr=1/yN,, y=¢eeqgleurgdq, 7=21/y79q,
andLy= (u7E4K)Y? (heregy is the density of charge carri-
ers excited by light per unit timeit is also possible to esti-
mate the mobilityw of the photoinduced charge carriers, the

volume densityN, of the free traps, the probability of

FIG. 2. Frequency dependences of the reduced photovoltage signal for bo{:ﬁappmg Of_free charge C&I’flEl’_S by a trap, and the _quantum
experimental samples with different values of the spatial frequency. Theyield B, which shows the fraction of the absorbed light ex-
solid lines are theoretical curves calculated with=3.52 and 2.75 for  pended on photoexcitation. We used the well-known value of
BSO-a andy=3.2 and 2.3 for BTO-aq increases with K the dielectric constant for sillenites=56 and the directly
measured values of the absorption coefficiantThe com-
putational results are presented in Table I. For comparison,
the parameters of standard BSO which were obtained on the

a). The samples were prepared from Oy, and Bi;;TiOx basis of the data in Ref. 4 are also given in Table |. The
crystals, respectively, grown in an argon atmosphere. Twaalues ofa andN, are taken from Ref. 6 and the value Bf
parallel faces of each sample were polished, and 0.25 cnd® taken from Ref. 7. . .

electrodes were deposited on the other two parallel faces. A |t Should be noted that this computational method em-
He—Ne laser X =0.63xm) with an output power of 1.8 mw  Ploys only the reduced functior, ("), so that the experi-
was used in the experiments. One of the beams that produd@ental values of the maximum photovoltage signal consti-
the interference pattern on the surface of the crystal wal/te independent information. For comparison, the quantities
phase-modulated with an amplitude of 0.2 rad by a ML-102Ju|max Were calculated from expressiof) and (5) using
electrooptic modulator. A NE 4—56 spectrum analyzer with athe parameters presented in Table I. The values obtained for
3 Hz band was used to measure the frequency dependenceB$0-a and BTO-a are, respectively, %30 ° and

the photovoltage signal. The total light intensity on the crys-0-16X10™° wA, in good agreement with the experimental
tal wasl,=5 mwicnt. data. On the other hand, expressidi3$—(5) neglect the

The experimental values ofJ,|max With K=0.265 complicated structure of the energy levels of the material.

um~t and m=0.67 for BSO-a and BTO-a were equal to According to the data obtained, for BTO-&> 7, which
1.0x10° 3 A and 0.2<10°3 wA, respectively. It should be cannot be explained in a single-level model.
noted that under such weak illumination with red light ~ As one can see from Table I, the values obtained for the
(A=0.63 um) an ac photovoltage signal is not observed atcarrier mobility and the probability of carrier trapping by a
all in sillenites grown in an ordinary atmosphere. A light trap in BSO-a and BTO-a crystals do not differ much from
intensity 1 ,=3.3 W/cnf was required to obtain a signal of the corresponding values for standard BSO. At the same
the same magnitude in the standard BSO crystal withime, the density of free traps is found to be more than two
A=0.63 um andK=0.5 um* (Ref. 4. The curves dis- orders of magnitude lower and, correspondingly, the lifetime
played in Fig. 1 were obtained for BSO-a and standard bisand diffusion length of photoinduced charge carriers are
muth silicate with illuminations giving comparable maxi- higher. Furthermore, these crystals exhibit somewhat higher
mum values of the signal for the two crystals. absorption and, importantly, a higher quantum yield. As a
Figure 2 displays curves df,, measured for the BSO-a result, in respect to the photoconductivity coefficient/I

In the present work we investigated two samples with
the approximate dimensions<® X5 mm (BSO-a and BTO-

TABLE I. Parameters of sillenites grown in an oxygen-free atmosp{&8©-a and BTO-acompared with the
parameters of an ordinary BSO crystal.

T, ™ » T Ly, My N, v, a,

ms ms ms um  cnf/V-s B cm 3 cnls cmt
BSO-a 0.15 0.4 0.3 3.86 0.04 0.9 x30w? 2x107° 0.9
BSC*7 0.003 0.2 1.4 0.6 0.05 0.1 0.810' 4x10710 0.4
BTO-a 3 0.25 0.7 5.8 0.004 0.5  X70¥ 4.5x1071* 1.4

*Values corresponding to illumination intensity=3.2 W/cn?.
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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. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 22, 1997
Pis’'ma Zh. Tekh. Fiz23, 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. 1897 American Institute of
Physics[S1063-78507)00709-X

1. INTRODUCTION crystal,l is the length of the active element,represents the

n . S - té)tal logarithmic loss of radiation in the cavity, and is the
plasma investigations it is necessary to make repeate N . "

measurements of the electron temperature with a high repe tound:-trip time through the cavity. The analogous quantities

. . i . . - ~Tor a four-level laser assume the form

tion rate. This requirement arises in the study of fast transient

processes in the plasma of large tokaméks example, the l=(ws/75)*(P—1); v=(y(P—1)/2rgmr)" m;

L—H transition, internal disruptionsin measurements per-

formed in plasma systems with a short discharge time, as wp=Tog(27R(P—1)/75)"". 2

well as in a number of diagnostic methods. The main ob-  The intensity of the radiation in an individual free-lasing

stacle to performing such measurements by the Thomsopulse is 3 to 10 times higher than the average level. After

scattering method is the lack of suitable multipulse probdeaving the active element the radiation is intensified in the

lasers. The development of Thomson diagnostics in this aremultipass system. If the logarithmic loss upbnpasses of

might involve the use of the free-lasing mode in a laser withthe beam between the mirrddsand6 equalsyyps, then the

a high pulse repetition rate. In addition, the radiation energyadiation gain is

is also much higher in the free-lasing mode than in a -~

Q-switched mode because of lower cavity losses and higher Ner=(1=exp(—yups))/(1=exp = yups/N)). - (3)

admissible radiation energy density on the optical compo- Let us estimate the parameters of the radiation in this

nents. system for a typical ruby laser withk=10, P=4, lasing

duration 2 ms, and aperture of the active element 2. étor

30 passes of the beam ang=0.5, the radiation gain is

Nei=24. For a mirror separatiorf @ m the round-trip time

These advantages of Thomson scattering can be realizetk equals approximately 200 ns. In this case the average
through the use of in-cavity and multipass laser probing ofrobe power will be 2.8 MW: The pulse repetition frequency
the plasma:® Figure 1 displays an optical diagram of the equals 50 kHz and the energy per pulse is 58 J. Such radia-
proposed system. The active elem@8ris placed in a cavity tion parameters make it possible to use the free-lasing mode
formed by a nontransmitting mirrdrand a multipass system in the Thomson diagnostics of plasmas.
consisting of two concave mirrog 6 and a focusing lend.

The tokamak chambétis located between the mirrors of the 3. EXPERIMENTAL RESULTS
multipass system. An objectiv& consisting of positive and

. ; The method was checked using a probe system consist-
negative lenses serves to decrease the divergence of the laser :
beam. ing of a ruby rod 240 mm long and a multipass system con-

o L . sisting of two mirrors 120 mm in diameter and with a radius
The laser radiation in free lasing is chaotic. However,

the average radiation intensityand the pulse repetition fre- Orefrzjer\é?;ugc%f tl(f)gro,[:; rﬁe';]rgefaiuegagﬁhgf riltl) thﬁefgtﬁite d
guencyv are determined by the pump and the properties of P y

: . with an antireflection coating. Since there is no information
the cavity and the active elemefsee, for example, Ref.)3 . . - .
7 . . : about the resistance of this crystal to radiation damage in the
The radiation energy density per pulse is determined a

. . ?ree—lasing mode, the intensity of the radiation in the active
wp=I/v. These quantities show good shot-to-shot reproduc- L ) W
ibility. For a three-level laser they are given by eIemgnt was I.'m'ted toa Ievgl k_no_wn.to be safe: 1 Mwrcm
For high-quality elements this limitation can be removed.
|=(ws/79)*(P—1)*aly, v=(a(P—1)[27¢mr)Y¥m, The radiation loss in the cavity was equal to 33%, ne-
glecting scattering in the ruby and losses in the multipass
wp=(mws/Y)* (21(P-Dal79'?  a=oNgl. (1) system. The latter losses have a large effect on the probe
Here wg is the saturation energy density of rubsg is  efficiency. For this reason, lasing in the case of low and high
the lifetime of the upper laser level, is the excess of the losses in the multipass system was studied in this work. In
pump power above threshold, is the Cr-ion density in the the first case, less than 1% of the radiation was absorbed per

2. FREE-LASING MODE OF A PROBE LASER
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n FIG. 1. Optical-laser probing schemte— 100% mirror,2 —
correcting objective3 — active element4 — focusing lens5,
U 6 — mirrors of the multipass systerid,— plasma.
5

pass between the mirrors. This made it possible for up t@. ERROR IN THE MEASUREMENT OF THE ELECTRON
80% of the radiation to return into the active element uponTEMPERATURE

30 passes of the beam and to increase the probe energy by a
factor of 25 (No4= 25) 2 For 4% losses, after 24 passes one-
third of the radiation returned from the multipass system, an
Ness Was equal to 15.

As one can see, the probe energy in an individual laser
ulse is an order of magnitude higher than in the standard
homson diagnostics systems. However, the probe power is

: . . an order of magnitude lower than the typical values. For this

Iasi:g;gtpj);er;i;g?s?’as;rzvg I\?vzlﬁ]gvﬁ%d?;éh:z;x;?rzz Th(raeason the probe powdtogether with the photodetectors

. . . that are employed for detecting the scattered Jidatgely
pulse repetition frequency is close to 30 kHz in both Cas€Syetermines the error in the temperature measurements

The probe energy per pulse equals approximately 50 J in the Photomultipliers are employed when a ruby laser is LJsed

first case and decreases to 25 J in the second case. The tqftgll

. I probing a plasma. In this case the error in measuring the
probe energy was equal to 3200 and 1500 J, respectively. In . N
the case of high radiation losses, the pump level had to btemperature depends mainly on the average nu f

increased by 80% Bhotons collected in the spectral channel, the quantum yield
Despite the fact that the probe system was not ad” of the photomultiplier, and the ratid of the background

. ) ) glasma emission to the scattered radiation flux:
equately optimized for the free-lasing mode, high parameter
of the probe radiation were obtained in the experiments. Ex-  6T/T~((1+2K)/ 7Ng)*2. (4)

trapolation of the experimental curve of the Iasin_g param- |, this region of the spectrum the plasma emission will
ete.rs. versus the pump energy shows that removing the "%e of the same order of magnitude as the scattered radiation
striction on the beam intensity would increase the probg ;4 o probe power of 10 MW. If the transmission of the
energy t0.7 ki and the pulse repetition frequency_ t0 50 k_HZradiation collection system equals 25%, then with a density
Optimization of the system would make it possible to in- ¢ 31513 .13 and a 50 J laser pulseL0® photons will
crease the energy in an individual pulse to 100 J and th§g ¢ ected in the scattering spectrumnfra 1 cn? plasma
repetl_tlon frequency _to 109 kHz. For a w|de range of pro_b'volume into a solid angle of 0.003 sr. Model calculations
lems in plasma p.hysu;s, this means that it would be possublghow that when using a photomultiplier with a S20 photo-
to perform quasicontinuous measurements of the elecm@athode, whose quantum yield varies from 3 to 10% in the

temperature. range from 700 to 600 nm, the error in measuring the tem-
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15§1>,Mw| a gllp.mw] @ | ]
: l 3 6 F | { 1
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FIG. 2. Lasing of a laser with low radiation loss in the multipass system.FIG. 3. Lasing of a laser with high radiation loss in the multipass system.
a — General formb — characteristic pulséd ;= 3.6 kV. a — General formb — characteristic pulséd p,y,;=4.8 kV.
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perature will be 5% at a background radiation level of thesibility of carrying out a detailed study of fast transient pro-
plasmaK=1. As the plasma emission changes, the error ircesses in plasmas. Under steady-state discharge conditions,
the measurements changes according ta&gremaining at  with the scattered signals accumulated over the free-lasing
the 10% level even when the background is ten times strortime of the laser, the new system increases the diagnostic
ger than the scattering signal. sensitivity by approximately three orders of magnitude.

When a neodymium-activated glass laser is used foWhen periodic-pulse pumping of the laser is used, one can
probing a plasma, avalanche multipliers with a high quanturadd to these possibilities that of making measurements of the
efficiency in the infrared region of the spectrum are em-evolution of the electron temperature of a plasma over a long
ployed to detect the scattered radiation. In contrast to photdime scale at a repetition frequency of tens of hertz.
multipliers, they exhibit an appreciable internal noise of the  This work was supported by the Russian Fund for Fun-
order of 103 W/(Hz)*2. When detecting microsecond scat- damental ReseardiGrant No. 97-02-18084
tering signals in a frequency band of several megahertz, the
sensitivity of the avalanche diodes equals several thousands
of photons per microsecond. This limits the application of a
neodymium laser at IOW Plas-ma de-nSity’ deSpi-te the wealSM Yu. Kantor, D. V. Kouprienkoet al, 23rd EPS Conference on Con-
level of the plasma emission in the infrared region. Athigh o0 4'r gion and P.Iasm:PhysicKie\;, 1996, Vol. Ill, p. 1100.
density this laser will have definite advantages because they. yu. Kantor and D. V. Kuprienko, Pisma zh. Tekh. Fi238), 65
conversion of pump energy into radiation is much more ef- (1997 [Tech. Phys. Lett27, 321(1997].
ficient. 30. Svelto,Principles of LasersPlenum Press, New York, 197Russian

The proposed system opens up new possibilities for the ansiaton. Mir, Moscow, 1979
Thomson scattering method, chief among which is the postranslated by M. E. Alferieff
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Effect of spatial modulation of the interference pattern on the output characteristics
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. Fiz23, 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 Physids$1063-78517)00809-4

Cubic photorefractive crystals of the type BBiO,,  piezoelectric effect in the given case decreases the energy
(BSO) are distinguished by high photosensitivity, good opti- exchange(curve 5 compared to curves). Taking into ac-
cal quality, and reversibility of the information writing count the piezoelectric effect together with the optical activ-
process. One of the most important applications of suchity (the latter making it possible to obtain a result averaged
crystals is for intensifying a signal light beam at the expensever different polarizations on account of the rotation of the
of a pump beam during the mutual transformation of theselane of polarization by the crysjaives very large energy
beams on the dynamic holographic grating formed. exchange when the light beams incident on the crystal have a
Our objective in the present work was to investigate thepolarizationyy/=90° and an angl#=55°, and hence it leads
effect of optical activity, the piezoelectric effect, and energyto very low values of the grating visibility’ (curve4).
redistribution between light beams propagating through a The effects described above are even stronger when the
crystal on the modulation coefficient of the recorded holo-
graphic grating and on the output characteristics of the holo-
grams that are produced.

We shall employ a steady-state model of linear genera- 10 & —l
tion and recombination of charge carriéré/e shall assume 4 2

that the writing occurs in the diffusion regime and we shall 0.4
neglect thermal excitation. Then the modulation coefficient 4
will equal the visibility of the interference pattetnThe 0.8
change in the modulation coefficient of the grating is taken .
into account in the numerical solution of the system of 07+
coupled-wave equatiorfs. .

Let the light beamdR and S which are incident on the 0.6 o
crystal be linearly polarized in a direction perpendicular to 1
the plane of incidence and let the transmitting holographic 9 y T y v
grating be untilted. The vector of the holographic grating is
assumed to lie in the plane of th&@10 crystal cut and to
make an angle with the crystal directiof001]. The con- 10
stants which are employed for the BSO crystal in this work 4
can be found in Ref. 2. 3

Plots of the visibilityV of the interference pattern versus 081
the crystal thicknessd for 6=55° and Bragg angle=4° .
are displayed in Fig. 1. Curvdsand?2 in Figs. 1a and 1b do 061 !
not take into account the effect of energy redistribution in the b
light beams. Curvd was obtained assuming a fixed grating s
and curve? takes into account the effect of optical activity in
the formation of the grating, as is manifested in the appear-
ance of a periodic modulation of the grating visibility witha o2 T T v T T ; T v
spatial period equal to a 180° rotation of the plane of polar-
ization. Curves3—6 were constructed with allowance for the
effect of energy redistribution in the light beams. o _

Since in Fig. 1a the initial intensities of the light beams"'C: 1- Curves of the visibility of the interference pattern versus crystal

. ) thickness for different ratios of the initial mtensmelsRS/ISO) of the inci-

are th? same, when energy exchange_ls _taken INto aCCOUf, jight beams. Jal Ng,=1; b Ig /15 =9; 1, 5, 6— without optical
the visibility, on average, decreases with increasing crystalciivity («=0.372 rad/mm 2, 3, 4— with optical activity: 1, 2, 3, 6—
thickness. Also, when the optical activity is neglected thewithout the piezoelectric effectt, 5— with the piezoelectric effect.

<
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FIG. 2. Relative intensityy of the signal light beam versus the crystal 0, grad

thicknessd. |R0/|50:9- 1, I’ — with optical activity and the piezoelectric
effect; 2, 2 — with optical activity but without the piezoelectric effect; g 3. Relative intensityy of the signal light beam versus the angle
3, 3 — without optical activity but with the piezoelectric effeet; 4 — 1, ' — with optical activity and the piezoelectric effe@, 22 — with
without optical activity and without the piezoelectric effect. optical activity but without the piezoelectric effe®; 3 — without optical
activity but with the piezoelectric effect}, 4 — without optical activity
and without the piezoelectric effect.
interacting waves have different initial intensitiésig. 1b).
Since energy transfer is directed in this case on the average
(averaging with respect to polarizatjoftom the R wave to 4, 4') a small decrease of the relative intensity of Bwwave
the S wave, optical activity leads to a physical realization of occurs(energy is pumped into thie wave). Switching on the
a mechanism of such averagifan account of the rotation of optical activity changes the direction of energy transfer, and
the plane of polarization For this reason, curvesand3in  the intensity of theS wave increases severalfold. Here, as in
Fig. 1b are characterized by an increase in visibility. ForFig. 1b, the averaging of the different polarization states of
crystal thicknessi~35 mm the intensities of thR andS  the interacting waves plays the main role. A sharp intensifi-
waves become equaVE& 1), and once again the visibility cation of energy transfer occurs as a result of the presence of
starts to decreaség>Ig. If optical activity is neglected, energetically favorable polarization states of tReand S
then energy transfer is directed from tBewave to theR waves with energy transfer directed from fRevave to theS
wave. For this reason, the visibility decreases with increasingvave. In the process of averaging over the thickness of the
crystal thickness. In this case, just as Fig. 1a, if the opticafrystal, these states make the main contribution to the result-

activity is neglected, the piezoelectric effect decreases th#g curvesy(d). It should be noted that the piezoelectric
energy transfer. effect in this case plays a large role, more than doubling the
Curves of the relative intensity=15/12 of the signal  Vvalue of y(d).
light beam'S as a function of the crystal thickness with Here we are dealing with an interesting effect wherein
6#=55° and Bragg angle=4° are presented in Fig. 2. Here optical activity is transformed from a standard minor
12 is the intensity of light bean$ on exit from the crystal ~“noise” factor into a factor capable of sharply improving the
when the grating has not yet been recorded, bnis the — important energy characteristics of a holographic device.
intensity of light beamS on exit from the crystal after the Since we have examined only one orientation of the ho-
writing process has reached a stationary state. The curvé@graphic grating ¢=55°), it is of interest to analyze the
were constructed with allowance for the reflection of thefunction y(6) with a fixed thickness of the crystéFig. 3.
light beams at the boundaries of the crystal. The curvesiere the curves of the relative intensitig®f the signal light
drawn with a heavy line represent the relative intensities witfeam versus the anglé for Bragg angleo=4°, crystal
allowance for the effect of the redistribution of energy be-thicknessd=10 mm, andg /I =9 are shown. The curves
tween the light beams on the visibility of the interferencelabeled with primed numbers were constructed in the fixed-
pattern. The fine lines show the relative intensities obtainedjrating approximation and the curves labeled with unprimed
in the fixed-grating approximation. It is evident from this numbers were constructed with allowance for the effect of
figure that in the absence of optical activijylots 3, 3' and  energy redistribution between the light waves on the visibil-
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ity of the interference pattern. The values of the energy transring between the light waves during the writing process in
fer which correspond t@=55° are indicated by a vertical the case of a thick crystal can almost double the intensifica-
straight line. It is evident from this figure that the optical tion of the light waves.
activity of the crystal substantially increases the intensifica- We are grateful to the Ministry of Education of the Re-
tion of the signal light wave not only fof#=55° but also for  public of Belarus for financial support.
many other anglesg.

In summary, the intensification of a signal light wave at
the expense of the energy of a reference wave in a definiter. 3. Hail, R. Jaura, L. M. Connors, and P. D. Foote, Progr. Quantum
range of orientations of the grating vector for certain fixed Electron.10, 77 (1985.
polarizations of the interacting waves can be substantially’V- V- Shepelevich, N. N. Egorov, and Victor Shepelevich, J. Opt. Soc.
increased when the optical activity of the crystal is taken into Am. B 11, 1394(1994.
account. Taking into account the energy redistribution occurTranslated by M. E. Alferieff
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ActiveX control for a semiconductor plate in a waveguide
E. O. Popov and S. O. Popov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 15, 1997
Pis’'ma Zh. Tekh. Fiz23, 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 parameterseflection, absorption, and transmission coefficierdad the
characteristics of the semiconductor matefcarrier density, carrier mobility, and scattering time

is determined. The idea of the visual library, physical Activg@XActiveX), 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 provigete names ActiveX and Windows

are registered trademarks of the Microsoft Corporatio® 1997 American Institute of
Physics[S1063-78517)00909-9

1. INTRODUCTION the active element in waveguide technology are now espe-
cially important® In contrast to the use of plates in bolomet-
Investigations of the microwave characteristics of semiric power meters, in the case at hand the semiconductor
conductors, such as the density, lifetime, and scattering timplates must withstand high dissipated power levels. There-
of the charges, at microwave frequencies have the advantagere it is important to find the geometric and physical param-
over dc measurements that they can be performed by a coeters of a semiconductor plate which are required in order to
tactless method. This feature is especially important for mearealize a specific device and to study the admissible power
surements at low temperatures. In power-measuring devicedissipation levels in the active element.
thin resistive strips serve as sensitive elements acting as mix- Another important feature of this work must be clarified.
ers at short wavelengths. To employ microwave methods it iThe development of ActiveX controls for microwave power
necessary to establish a relation between the electrodynamadsorption, reflection, and transmission for a semiconductor
parametergimpedance, reflection coefficignbf the semi-  plate placed in a rectangular waveguide can serve as a kind
conductor samples placed in a waveguide or cavity and semof physical library, similar to the libraries of numerical math-
conductor characteristig¢sarrier density, mobility. Such re- ematical methods, provided that, of course, the latter are con-
lations have been obtained for a cylindrical semiconductorerted into visual libraries which are independent of the pro-
rod placed at the center of a wavegdidad for a sample in  gramming language. Once a sufficient of number of physical
the form of a plane parallelepiped which is small comparedActiveX controls for the mathematical modeling of different
with the wavelength in the waveguide and is placed in gphenomena and devices are developed it will be possible to
plane parallel to the narrow wall of the wavegufdBefer-  assemble a prototype of a real apparatus, similar to the op-
ences 3 and 4 were devoted to the construction of a model @fration of some programs for illustrating the operation of a
a zero-thickness impedance shunt, but a numerical solutionetwork and for emulating technological processkab-
was obtained only for an asymptotic expression. In Ref. 5 th&/iew). The most striking example of the application of mod-
problem of scattering of electromagnetic waves by a struceling of physical processetoptical phenomenaare the
ture consisting of thin resistive strips connected in paralledynamic-link libraries developed by Silicon Graphi@pen
and placed in a rectangular waveguide was studied. Th&L), and the ActiveX library based on them.
power absorption coefficients for the incident wave as a
function of wavelength anq the geometric dimen.si(.)ns of thez' EQUIVALENT CIRCUIT OF A SEMICONDUCTOR PLATE
structure were calculated in a wide range of variation of the
resistance of the strips. The maximum dissipation by a single Let a semiconductor plate of thickneéswidth d, and
strip was obtained with the resistankg =0.1 k(). heightb be placed at the center of a waveguide, as shown in
A flat sample is preferable for investigating processedrig. 1. The incident wave
associated with nonequilibrium photoconductivity, since it is , i
difficult to illuminate the surface of a cylindrical rod uni- Ey=sin(my/a)e 1%, @)
formly. Furthermore, the greatest perturbation of the fields inwhere k' = \k?— (7%/a%) = 2m/\g, wWhere k= 2m/\, ex-
a waveguide, which determines the sensitivity of the methodgites in the strip currents, which emit in both directions
is produced by a sample placed in the transverse cross seslectromagnetic waves that can be represented as a sum of
tion of the waveguide. For this reason, in the present letter ¢he fundamental waves and higher-order harmonics. Let
thin semiconductor plate placed at the center of the trand{y’)dy’ be the current in the section a{d)/2
verse cross section of a waveguide is studied. <y'<(a+d)/2 (Ref. 7. Then the field of the wave reflected
Investigations of the use of a semiconductor material arom the plate can be expressed in the forrsQ)
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erage valueE,. An expression forEg can be obtained by
averaging the left- and right-hand sides of E@). over the
surface of the plate:

_ Eo
Es%—d, (7)
X l1-a| —+3
Iy
wheres is the average value of the sum
" a . mmy (34 may’
— sin——|_ 2 sin .
mz,l o Sin— a;_d s a dy (8)
FIG. 1. Semiconductor plate at the center of a waveguide. We note that only terms with odth are nonzero and
I'»=mm/a for m=3. To contract the series we employ the
expressiof
mZ, (244 51 wy  mmy’ “. 1—cos Inx
— 2 ! Y ol — 7 o1 !
E=mioy Jaa'o ) 2, Fosin— = sin——dy’, S 2 In 20k 3¢ (1 cos ).

2
) ) ) ] . Substituting the expression for the field at the surface
wherea is the dimension of the wide wall of the waveguide, jnto Eq. (2), we easily determine the reflection coefficient of

\ is the wavelength in free spacg; is the characteristic the semiconductor plate for the fundamental mode
impedance of free space, ahg,=/(ma/a)°—(27/\)? is

the propagation constant oftd,,, mode in the waveguide. 1
The current flowing through an element of the plate with r=- Tl : ©)
coordinatey’ and cross-sectional arealy’ is expressed by 1- T(Z_g)

the well-known formulé
, , Comparing expressiof®) with the reflection coefficient

Hy") = oBs(y)A, ) for an inductive resistance connected in series with a resis-
whereo is the conductivity of the semiconductd(y’) is  tance, connected in parallel to an equivalent line with char-
the field at the surface of the plate, the coefficientacteristic impedancey= [(2b/a)(A/N)]zy, the inductive
A= 2(1—coské)/k sinks determines the distribution of the resistance and the resistance of a semiconductor plate can be
field inside the plate, ankl is the propagation constant of the €xpressed as
electromagnetic wave in the semiconductor. The field distri-

bution can be obtained by solving Maxwell's equations tak- _%47m Rea
o . ot +3 1, (10)
ing into account the expressibfor the current density in the dA la|?
semiconductor plate
V23+k23=0 @) R 27 Ima
s CdA (g2 )
where

Using the expressions féx and «, it can be shown that
olepum’+ 0’epu— 0’ PO T 100 at frequencies at which the penetration depth of the electro-

k? (5)  magnetic waves,,,> S the resistanc® equals the dc resis-

2.2
Itor tance of the plate
The boundary conditions at the surface of the plate b
(a—d)/2<y’<(a+d)/2 are written in the form of an inte- R= Sod"
(e

gral equation

B mary For a low nonequilibrium carrier density, when the pen-
ES(y)=E+(y)+aE 20 sin—=, (6) etration depth of the microwave radiation is much greater

=11'm a than the skin depth, the form of the distributionAfcan be
simplified, making the assumption thatis constant over the
depth of the plate.

The meaning o can be easily determined by passing
to the limit o—, i.e., by making the plate metallic. In this
casea— and the reflection coefficient assumes the form of
the reflection coefficient for a purely inductive strip con-

Since the plate is narrow, we assume that the field alongected in parallel in the equivalent circuit. Having calculated
the Y axis at the surface does not differ much from the av-the average value of the suf®), we obtain the expression

where E, (y)=E, sin(my/a) is the incident H,y wave,
a=—i(2mozy/an) A, and

a+d 4
B=|,2 Esy')sin

2

!

ydy.
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Microwave Power

34 - FIG. 2. Microwave absorptiofl), reflection(2), and trans-
' - mission (3) coefficients for two values of the parameters
w7=2.9(solid lineg and w7=0.005(dashed lines

JR—— 4 '

H0e12 10a14 ils16 10a18 10a20 10a22

X ! 31 24| 8a N 14

7z, 2a| 3n2rinTg). = T yngt’ (14
which agrees well with the well-known result obtained in wherey is the trapping coefficient ana, is the initial non-
Ref. 7. equilibrium density. The trapping coefficient can be deter-

Knowing the parameters of the equivalent circuit, wemined from the following expression by measuring the times
can now determine the power absorbed by the semiconductér andt; c_orrespondmg to maximum microwave absorption
plate. The power absorption coefficient is described, takings a function of the moment of illumination of the plate by a

account of expressiof10), by the equation short light pulse with two values of the intensilyand »J:
R 1 1-9
— Y= n ﬁ (15)
AZ— Ppacc_ Z4 11 max 17 72
P, (1 R\%Z [X\?" Thus, the relations obtained establish the relationship be-
§+ Z_g + z_g tween the characteristics of the semiconductor and the mi-

crowave power losses in a flat semiconductor plate placed at
the center of the waveguide. For specified dimensions of the

plate, the absorbed power can be calculated as a function of
1 the carrier density and mobility in the semiconductor. The
inverse problem can also be solved.

Similarly, we obtain for the reflection coefficient

|R|2:FF*: 2

+| 2=

1+2—
z Z4

9
The change in the losses is determined by the change in _
the conductivityo. The microwave conductivity of the semi- 3- DESCRIPTION OF ActiveX
conductor equals

A library consisting of a standard extension of Oldb-
Oac ject linking and embeddingcontrols was developed on the
A (13)  basis of the method presented above. After a given control
element is linked, a number of properties, the most important
where 7 is the carrier scattering time ang,.=une is the  ones being the parameters of the waveguide system and the
low-frequency conductivity. semiconductor plate, are available to the designer. The fol-
The well-known critical value of the density for which lowing characteristics can be specified by easily varying the
the maximum microwave absorption is observed makes itorresponding control properties of SemiconductivePlate™:
possible to determine some characteristics of a semiconduthe carrier mobility and initial carrier density, the magnetic
tor, for example, the trapping coefficient with continuouspermeability and dielectric permittivity of the semiconductor
photoconduction. For carrier densitymuch greater than the material, carrier lifetime, geometric dimensions of the plate,
equilibrium density,n decreases according to a hyperbolic dimensions of the wide and narrow walls of the waveguide,
law® and the frequency of the microwave signal. After the Count
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Data method is applied, the corresponding properties of the Murina, and A. Seferov, Fiz. Tverd. Teldeningrad 18, 706 (1976
control element “SemiconductivePlate. Absorption, Semi- [Sov. Phys. Solid Stat#8, 406 (1976]. .
conductivePlate. Reflection and SemiconductivePlate. Tran-Kh- A- Gerb, P. M. Fridberg, and I. M. Yakover, Radiotektieliiron. 25,
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Characteristic features of the copper—oxygen interaction, electron pairs, and
the asymmetric 4 bond in high- T, superconductors

M. V. Krasin’kova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 15, 1997
Pis’'ma Zh. Tekh. Fiz23, 57—-63(September 12, 1997

The experimental data on the structural features and bond character in layers @t high-
superconductors and related materials are analyzed. Correlations are found bE{vaeenthe
orthorhombic distortion parameter and betw@erand the incommensurability of the

layers in the structure. It is pointed out that the electric field around the, @laDe is asymmetric.

On the basis of this analysis it is proposed that the unusual properties of high-

superconductors are due to the mixed covalent—ionic bond character in thel&e@s, 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 Cu@anes these pre-existing electron pairs

can give rise to superconductivity via the asymmetric delocalizdabnd. © 1997 American

Institute of Physicg.S1063-785(107)01009-4

Analysis of the experimental data on the structure ofby ions which possess the electron shell of an inert gas.
high-T. superconductors and related materials has shown These experimental data all show that the explanation of
that for all their diversity, there are a number of specificthe unusual physical properties of these materials must be
features that are characteristic for all compounds. sought in the characteristic features of the bond in the LuO

Plane—square, or nearly so, coordination of the coppellayer and the possible change in the bond character as a
linear coordination of the oxygen, and a strong Cu—O bondesult of orthorhombic distortions. A characteristic feature of
are observed in the CyQayers in all materials. These layers the bond in the Cu@layers is its mixed ionic—covalent char-
have a negative charge, which is produced by electron transcter.
fer from neighboring layers. Linus Pauling was the first to call attention to the mixed

If the charge of a Cu@layer equals 2 and the Cu in character of the bond in the CyQayers! He proceeded
the layer has an undistortédccording to x-ray dajgplane—  from the small difference between the electronegativity of
square coordination, then materials with such layers are incopper and oxygen. He suggested that in each G1g0rdi-
sulators. nation square in a CuQplane two bonds must be covalent,

Conduction appears in these materials only after orthoresonating among the four positioffsone pure covalent
rhombic distortions, which destroy the plane—square coordibond” < “no bond”). P. W. Anderson showédhat the
nation of the Cu, appear in them. It is not important howinsulating state accompanying a resonance of the bond is not
these distortions are produced — doping of neighboring layan obstacle for the appearance of superconductivity and can
ers by substitution or introduction of excess oxygen or everbe transformed into a superconducting state by doping. He
the addition of layer$TIO, BiO) which are incommensurate also introduced the concept of pre-existing pairs, which un-
with other layers in the structure. In addition, even thoughder certain conditions could give a superconducting State.
the orthorhombic distortions are characterized by an average Our analysis showed that the existence of electron pairs
(over all layer$ parameter If—a)/(b+a), which does not is indeed possible in the presence of a mixed ionic—covalent
reflect the real picture of the distortions directly in a GuO character of the Cu—O bond in a CuCayer. Among the
layer, a clear correlation is observed betwélenand this pairs are: electron pairs which givecabond between ions
parameter — the larger the distortion, the higfigr A cor- and participate in covalent—ionic resonanémsulating
relation is also observed betwe&p and the incommensura- statg; electron pairs which form a bond between ions and
bility of the layers — the larger the difference between thealso participate, together with pairs of bonds, in a reso-
sum of the ionic radii for ions in layers with the NaCl struc- nance state propagating along a chain of ionically—
ture and the product of % times the Cu—O distance in a covalently bound iongmetallic stat& and, finally, after a

CuG, layer, the higheiT ;. transition from the ionic—covalent resonance state to a cova-
When orthorhombic distortions appear, the charge of dento-bond state in these chains, delocalized pairs elec-
CuG, layer changes$decreases trons of an asymmetrier bond produced by the asymmetry

Finally, an important characteristic feature of all con- of the electric field around the Cy®lane — these pairs are
ducting materials in this family is the asymmetry of the elec-responsible for the superconducting state.
tric field around a Cu@plane. In some cases it is determined Before discussing highi;, superconductors and related
by the structure(YBa,Cu;O,, TI- and Bi-containing com- materials, | wish to say a few words about the mixed char-
pounds; in other cases the structure arises as a result adicter of the bond. The bond is ordinarily regarded as a su-
doping (La,_,Sr,CuQ,). The asymmetric field is produced perposition of several equivalent states of the bond or, alter-
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W <> W of these canonical forms was made from symmetry consid-
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© o o o c ©o o © erations with allowance for the experimentally observed an-

. »
. U

A A tiferromagnetic(AF) ordering of the magnetic moments on
= c the C#" ions, the moments being oriented along the diago-

_ _ _ nals of the CuyO, squares and tilting slightly toward the
FIG. 1. Canonical forms producing a resonance state- Insulating state,

5 . . :
b — metallic statec — superconducting state. Filled circles — copper ions; CUOZ plgng. The fact that AF orderlng of thIS' fprm ,IS
open circles — oxygen ions; double arrow — resonance state; solid lines —-Present in itself attests to the existence of a distinguished

o bond; dashed lines — ionic bond participating in the resonance; dots —€lirection in a plane, possibly due to, for example, the anisot-

purely ionic bond; bent curves -+ bond. ropy of the thermal vibrations of the ions. It can be conjec-
tured that the separation of the bonds participating in the
resonance state into purely ionic and ionic—covalent is due to

natively, as a resonance of several canonical iSfmee  the anisotropy of the thermal vibrations. It is evident from
resonance state lowers the energy of and stabilizes the syEig. 1 that all the C&" ions and half the & ions are in-
tem. But the resonance state itself is very sensitive to latticéluded in the resonance state, and these ions, which partici-
distortions which change the distance between the atoms ®ate in the resonance, form zigzag-shaped chains extending
angles between the bonds. In the presence of lattice defoplong the Cu@ plane. The & ions, which do not partici-
mations the equivalence of the canonical forms vanishegiate in the resonance state, form a purely ionic bond between
Some forms go out of resonance and the bonds become sephe chains. A covalent bondr(bond is formed by unoccu-
rated according to character and ordering. pied p, andp, orbitals of Cd* and completely fillec,(py)

A change in bond character is accompanied by a changerbitals of G~ (Fig. 28. Since G~ cannot form two
in the physical properties of the material. In addition, theo bonds at an angle of 180°, it forms only one bond, using
effect of bond character is so strong that the appearance ofalternately at resonance the positive and negative lobes of the
very small amount of a phase with an altered bond charactesame orbital. Therefore a covalent bond is formed by elec-
is sufficient to observe a change in the properties of the maron pairs, and they are “localized” within the hybrid orbit-
terial. This is the reason for the main difficulties in interpret-als of the bond. The unpaired electron of °Cudoes not
ing the results of investigations of the physical properties oparticipate in the bond and is evidently inpa orbital.
such materials, since the changes in the properties are de- The metallic statéFig. 1b), which is observed when the
tected but it is difficult to determine what has caused theserthorhombic distortions of the lattice are enhanced by dop-
changes. ing, is characterized by increased corrugation of the £uO

For these reasons, it is difficult to indicate unequivocallylayer (the figure shows the projection of the corrugated layer
on the basis of the currently existing experimental data albn the CuQ@ plane, elongation of the purely ionic bonds
possible canonical forms participating in the resonance stateetween the chains, and shortening of the bonds in the chains
in high-T. superconductors, but the general picture of thethemselves as well as by a change in the charge state of
change in bond character can be represented as folligs.  oxygen in the chains from® to O™. The latter enables the
la-1g. formation of a resonatingr bond between the O-Cl/?* —

The insulating statéFig. 19 (stoichiometric LaCuQ, O™ ions. Thes bond is formed by overlapping of the,
YBa,Cu,0g) is characterized by ionic—covalent resonanceorbitals of O and C#", each of which contains one elec-
between two canonical forms, each of which includes fourtron. The formation of ar bond with a quite large distance
copper coordination squares. Each square contains twoetween the ions is made possible by the deformation of the
O?>" —CU*"—0?" ionic—covalent bonds, which participate in p, orbitals of O and C&" in the asymmetric electric field
the resonance state, and two purely ionic bonds. The choicaround the Cu@ plane(increase in the volume of the lobe
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turned toward the large positive chaygéig. 2b. In this  tion of an asymmetrier bond. The continuous transition to
state of the system, the resonance of thébond and the superconductivity without appreciable structural changes is
corrugation of the Cu@layer prevent delocalization of the determined by the delocalization of pre-existing electron
7 bond along the entire chain of bonds. As a result of thepairs. Thus the mixed character of the bond gives rise to the
corrugation, thep, orbital of O, on forming ac bond with  presence of electron pairs and the asymmetric field around
neighboring C&* ions, should undergo oscillations in the the plane with the mixed bond character, polarizing the ions,
direction of the diagonal of the GO, square by an angle gives rise to superconductivity via the asymmetticdoond.
equal to twice the slope angle of tlebond with respect to Superconductivity of this kind, by its very nature, is of a
the CuQ plane(Fig. 20. filamentary character.

Superconductivity first appears as a result of delocaliza- Evidently, the above mechanism of conversion of a de-
tion of the = bond along the entire chain, when the oxygenlocalized bond into a superconducting bond in an asym-
and copper occupy asip hybridization state. In the process, metric electric field can also explain the superconductivity of
the ionic—covalent resonance state ceases. Statiomary fullerenes, intercalated graphites, and other highsuper-
bonds between the ions also form along the entire ctid@  conductors.

10). Evidently, the corrugation of the layer also vanishes, | wish to thank my colleagues A. P. Paugurt and N. V.
since CA" in the sp hybridization state can form bonds at Agrinskaya for a discussion and critical remarks.

an angle different from 90°. Under the conditions of an

asymmetric bond, therr electrons remain paired. This is in L. Pauling, Phys. Rev. Let69, 225 (1987.

contrast to a symmetrie bond, where the electrons are dis- >P- W. Anderson, Scienc235 1196(1987).

. . 3A. Khurana, Physics Toda40, No. 4, 17(1987.
tributed between two lobes of the orbitals. 4L. Pauling, The Nature of the Chemical Bond and the Structure of Mol-

In summary, the model proposed in this letter makes it ecules and CrystalsComell University Press, Ithaca, New York, 1940
possible to answer the main question of hifhsupercon- [Russian translation, Gostekhizdat, 1947
ductivity concerning the nature of the pairing. The pairing ®R. J. Birgeneau, M. A. Kastner, A. Aharoret al, Physica C153-155
mechanism is an exchange interaction betweef Gund O 515 (1989
ions in an asymmetric electric field, resulting in the forma- Translated by M. E. Alferieff
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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. Fiz23, 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 centersl99% American

Institute of Physicg.S1063-785(107)01109-9

In solving the problem of transmission optical 19 9 )
tomography of strongly scattering(turbid) media, ;EH((IH 8—§F+(§,t)+m(§)F+(§,t)
an analysis of the transmission of a thin laser beam through My OF_(£,)=0

S - )

such a medium is crucial. The mathematical model describ- (1)
- i i ici 19 d '

ing this process shOL_JId, on the one hand, descr_lbe_ sufficiently = E ()= —F_(Z,0)+m(OF_(Z.t)

accurately the physics of the passage of radiation through v ot 74

matter and, on the other, make it possible to employ well- —mg({)F,(£,1)=0 )

developed methods for inverting the Radon transfoim _ _

order to reconstruct the two-dimensiortdiree-dimensional Fildo)= FO(t)] Fi(0,0= O] , )
distribution of the optical characteristics of the scattering F-(£,0)=0 F_(£,0=0

medium. A promising approach is an extension of thewheret is the time,v is the speed of light in the medium,
Kubelka—Munk two—flux modé] developed for the station- F_ (£,t)>0 is the energy flux density in the direction of the
ary case and used for describing the passage of radiatichaxis,F_(Z,t)>0 is the energy flux density in the opposite
through uniform media, to the nonstationary caaed non-  direction,m,({) =m,(¢,{) is the radiation absorption coef-
uniform media in order to solve the problem of optical ficient of the medium,my({) =m(¢,£) is the radiation
tomography’ scattering coefficie_nt of t_he mediumm(Z) =m(&,¢)

In Ref. 4 the problem of optical tomography was solved.:ma(g)erS(é).' fols t_he point of entry of the laser beam
on the basis of an analysis of radiation transfer inmto the scattering mediund; is the point of exit of the laser

o . ) beam from the scattering medium, akgd(t) is the initial
the approximation of a semi-infinite medium. Naturally,

o . . shape of the laser pulse. Expressi@ gives the boundary
this introduced an inaccuracy into the reconstructed,q initial conditions.

image. In the present letter the problem of optical  just as in Ref. 4, letm,(x,y)=An(x,y) and
tomography is solved on the basis of an exact solutiorm(x,y)=Sn(x,y), wheren(x,y) is the density of absorbing
for a bounded medium. This makes the applicationand scattering centers in the medium aAdand S are

of the inverse Radon transform at the next stage moreoordinate-independent constants. This quite natural assump-
reasonable. Once again, the answer is obtained und&eon reduces the two unknown functionsi,(x,y) and

the assumption that the main optical characteristics of th&s(X,y) to the single functiom(x,y). Switching to the total
scattering medium(absorption and scattering coefficients €nergy of the corresponding pulses

are proportionalwith different proportionality constantso % %

the density of absorbing and scattering centers in the me- U+(5):L F.({,tydt and UO:I Fo(t)dt,

0
dium. i _ _ i )
Let us introduce in the investigated plane of section® obtain forU . (£) an ordinary differential equation

of the three-dimensional object a stationary coordinateg? ni(¢) ,
system §y) and a rotating coordinate system d—€2U+(§)— na(0) d—§U+(§)—A(A+28)n (HU (D=0,
(&,0)=(x cos#+ysin 6, —x sin f+y cosd), where § is the @)

angle of rotation of the rotating coordinate system relative to

the stationary coordinate system. Then the propagation of an U (£0)=Uo
optical pulse along thg axis can be described in the two- i _

flux approximation by the system of equations dgu+(§)|5:§1_ (A+SIN(£)V (&)

4
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The solution of Eq(3) with the boundary conditiong})
is

U.()=Uo

CleX;{ - fg VA(A+ ZS)n(X)d)(>
%o

+C2ex;{ Lg \/A(A+28)n(x)d)(”, (5)

where

o [A+S+ JAA+29)]
Y [A+S+ VAA+2S)]—[A+S— VAA+29)]e3(()]

Coe —[A+S=VA(A+29)]0%({1)
2 [A+S+ VAA+2S)]—[A+S— VAA+29)]¢2(¢y)
(6)

Writing g=U . ({,)/U,, we find the projection data
&a

p(€,0)= | VAT ZSin(0dy:
0

— JA(A+29)+ JA’+2AS+q°S?

q[A+S— JA(A+29)]

p(&60)=—In

(@)
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Applying to the projection data the inverse Radon trans-
form R~ Y{p(&,6)} (Ref. 1) we can reconstruct the density
distribution of the absorbing and scattering centers as

1 -1

n(x,y) —A(AHS)R {p(&,0)}. 8

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

This work was supported by the Russian Fund for Fun-
damental ResearalProject 96-02-18900
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Stochastic perturbation and relaxation of a classical Coulomb plasma
A. N. Tkachev and S. I. Yakovlenko

Institute of General Physics, Russian Academy of Sciences, Moscow
(Submitted May 5, 1997
Pis’'ma Zh. Tekh. Fiz23, 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 calculationsrelaxation. 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. @997 American Institute of Physid$1063-78517)01209-3

INTRODUCTION sion) with the modifications described in Ref. 5 was used in
solving the problem numerically.
In studying the evolution of the system, the following
ere calculateds , — the relative change in the total energy
f the systenithis quantity characterizes to some extent the
‘computational error K;(t) andK(t) — the kinetic energies
of the electrons and ion&J(t) — the potential energy of the

{ to the d ical tioratochast turbati system;n_(t) — the number of bound electrorfwith en-
respect to the dynamical equatigratochastic perturbation ergy e<1.5%(2N,)3T,). In the present work the tempera-

acts on the system of particles. In the present letter we €Xure of the electrons was calculated as two thirds of their

amine in detail the effects of two types of stochastic pertur'kinetic energy. The degree of ideality of the plasma is char-
bation: imprecision of the computational method, and Per cterized by the quantity= (e2(2N,)3/T,)
e e/

mutation of the particle velocities.

In the works summarized in Refs. 1 and 2 it was con-
cluded on the basis of an analysis of the results of comput
simulations and various kinetic models that in the numerica
modeling of the dynamics of many classical Coulomb par
ticles, dissipative processd€and, in particular, recombina-
tion) occur only to the extent to which an externaith

ON THE DYNAMIC MIXING OF PHASE TRAJECTORIES

ON NUMERICAL MODELING The distances between the points of initially close trajec-
tories of a system of particles in phase space were computed
for a series of calculations. The calculations showed that an

I hich limit th i fth el Refs. 1 and exponential divergence of the trajectories of both ions and
walls, which limit the motion of the particlesee Refs. 1 an electrons is observed over a time interval close to half the

2 for a more detailed discussiprThe edge lengtia of the angmuir period. Then the growth in the divergence slows

cube.was chosen sosas to Obta'.” the desired charged-partigl, o account of the boundedness of both the coordinates

density: Ng=N;=n/a>. _The pgrtlcles Wesa3 assumed to be and the velocities of the particles.

permeablg s_phgres with radiug=0.0N.™ and, accord- Calculations with a different number of particles show

ingly, the |cin|zat|on ezne{/%y from the_ bottom of the well was that for sufficiently largen>50 the slopes of the curves con-

equal tos, = (2.4/20p°N. ", wheree is the electron charge. g cteq on a semilogarithmic scale are quite close in the

The loh Mass was ass_umeql to qu‘g' the protqn mass. region of exponential growth. The exponent of the exponen-
Using the |nterpar_t|cle d'St.an(N’e as the unit of length tial determining the divergence of the electronic trajectories

ang the Langmuir period T =2w/w , Where o, 000mionaltd ~15+ 1. This is the maximum Lyapunov

o ~=\(m/4me"N) and m, is the electron massas the oy h5nenf” measured in units of the reciprocal of the Lang-

unit of time, for a sufficiently low initial kinetic energy of .. period. It characterizes the dynamic mixing time of the
the particles, after a time of the order of one tenth of thetranslational degrees of freedom

Langmuir period the plasma arrives in a metastable state in
accordance with a universal time dependence of the kineti

We investigated the temporal evolution of a systenm of
electrons andh ions confined in a cube with absolutely rigid

Calculations were also performed with an order of mag-
fitude higher temperature. The Lyapunov exponent was

energy of the particle$For this reason, here the evolution of practically the same as before. Therefore the value found for
the system was followed up until the establishment of 3he Lyapunov exponerit~15+1 is a universal dynamical
metastable state, after which the particle coordinates and Veharacteristic of a classical Coulomb plasma

locities obtained from a preliminary calculation were used as

Fhe initial copdltlons. Permutatlona! s'.[ochastlzatlon. WaS oo OF REVERSIBILITY OF THE NUMERICAL SOLUTION
implemented in a humber of calculatiohgg., the velocity

vectors of some electrons were randomly permuted with  The accuracy of the solution of the dynamical equations
those of other electrons. The method of distinguishing nearin our calculations is quite highe,~10"%. A time

est neighborgsee Refs. 1 and 2 for a more detailed discus-r~ (1/L)In(10°)~1 is required in order for the change pro-
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FIG. 1. Variation of the electron temperature. Initial
parameters: 8=1024,N,=10" cm 3 (T =107 s);
Ke(0)=0.31n ev; Ki(0)=0.041n ev,
U(0)=-0.0091 eV, n_(0)=107. Time is measured

in units of the Langmuir period and temperatures are
measured in units of eV. The heavy curve corresponds
to evolution in the absence of an external perturbation,
motion in the positive time direction; the dotted curve
corresponds to the reverse motion; the dashed curve
corresponds to permutational stochastization over time
intervals which are multiples of,=0.5; solid curve —
7,=0.1; dot-dash curve —,=0.01.

0.035

0.03

0015

duced by this error in the state of the system to result in dination “tail” in the electron energy distribution occurs
divergence of the phase trajectory by an amount equal ionly to the extent to which reversibility of the numerical
order of magnitude to the change itself. This is the period ofolution is lost. This is shown by calculations of the distri-
time over which a phase droplet of a size determined by théution functions(see Fig. 2afor different time intervalde-
computational error spreads over the entire part of the enerdpre andafter reversal of the system. After reversal the num-
surface made accessible in the phase space by the dynamitar n_(t) of bound electrons does not return to the initial
equations. value but rather continues to increase.

This is also confirmed by numerical calculations. For Irreversible growth of the number of bound electrons
initially close trajectories the energy of the system is con-corresponds to recombination relaxation which is anoma-
served, to a high degree of accuracy 10 %%, over the lously slow in the exact calculations. For the calculations
entire computational time, and the other coarse parametegesented, the estimates give a recombination time that is
Ki(t), Ke(t), U(t), andn_(t) start to differ only at~1by tens of times shorter than the recombination time
an amount of the order of their characteristic change. Tree~0.57(\ - y¥9) ~ 16 that follows from the kinetic theory.

The imprecision of the numerical solution of the dy- The time for establishing a recombination distribution as ob-
namical equations is accompanied by a loss of reversibilityserved in the calculations is longer thanby approximately
of the numerical calculations. This was demonstrated dithe same factor.
rectly by reversing the systefreversing at some moment in
time the velocities of all the particlesThe calculations RECOMBINATION ACCOMPANYING PERMUTATIONAL
showed that the values of the coarse paramekgfs), STOCHASTIZATION
Ke(t), U(t), andn_(t) in the reversed motion start to differ . . .
frgm the values which they had before reversal in a time As was shown in Ref. 4, the permutation of the veloci-

interval of the order of unity. An example of the irreversible ties OT d|f_ferent_ e_lectrons_ al_so r_esults m_the growth of a re-
behavior of the kinetic energy is given in Fig. (tiashed combination tail in the distribution function. The results of

curve. the more detailed calculations presented lieigs. 1 and 2
show that recombination relaxation proceeds at a rate corre-
sponding to the kinetic theory only if the permutational sto-
chastization is performed over time intervals of the free
The calculations show that over timés-1 at which  motion of the system which are much shorter than For
complete mixing of phase trajectories has occurred the dissufficiently long 7,~0.5T, ~ 7, relaxation is several times
sipative recombination process has just barely even startedlower than follows from the kinetic theory. In this cagest
However, according to existing ideas, a recombination elecas in the case of relaxation due to loss of reversibility of the
tron distribution function over the total energy should benumerical solutionthe recombination rate depends strongly
established and the corresponding recombinatioron the intensity of the external stochastic perturbatiate
flux should be formed even over the time of permutations In the case when the intervals of free mo-
e~ (3/42m) (VM TI4e*N.A)~0.5T, (hereA(y) is the tion decrease tor,=0.1T ~(1/5)7, the characteristic re-
Coulomb logarithnmu Furthermore, intense recombination combination time reaches the valag, determined by the
heating of the electrons should occur. kinetic theory, and further substantial acceleration of recom-
However, the numerical calculations give a distributionbination does not occur even with a very large decrease in
that differs radically from both the recombination and Bolt- the free-motion interval — down te,=0.01T ~ (1/50)r.
zmann distributions, and the recombination heating is In the case of a strong stochastic perturbation a Boltz-
anomalously small. The point is that the growth of a recom-mann distribution is established over a time of the order of

IRREVERSIBLE GROWTH OF A RECOMBINATION “TAIL"

687 Tech. Phys. Lett. 23 (9), September 1997 A. N. Tkachev and S. I. Yakovlenko 687



1 == — FIG. 2. Electron distribution function over the total energy
L & e for different time intervals. The distributions were ob-
_.’ L tained by averaging over a time segment of length corre-
" N\ \ a sponding to one Langmuir period. Energy is measured in
=F units ofey=20e?N2"®, which corresponds to the distance at
which the charged spheres touch; the energy of the bottom
of the well is indicated. aAbsence of permutational sto-
chastization. At=>5 the system is reversed. Heavy line —
0.01 averaging over the first Langmuir period; dotted line —
averaging over the fifth period; solid line — averaging over
the tenth period; heavy dotted line — microfield
distribution®-?

0.1

D

a4
K2

10

Jy exp(—y), y>ay,
1 Y(y)= \/—— CiexpCy+Cy2), |yl<say,
" ¢4 expyly), y—ay,

o R T y b_]| wherea= 1.5, 8=0.4; the constants ensure continuity and
’ normalization of the function to unity; the dashed line cor-
responds to a Boltzmann distributidii-he microfield and
Boltzmann distributions were constructed for the tempera-
o e © 50 ’ ture T,=0.023 eV corresponding to the reversal point. b
-1 0 1 2 Permutational stochastization over time intervals which are
multiples of 7,=0.5. Heavy line — averaging over the first
10 Langmuir period; dotted line — averaging over the third
= Langmuir; solid line — averaging over the fourth period.

The microfield and Boltzmann distributions were con-
structed for the temperatufig,= 0.033 eV corresponding to
the last point in time in the calculation) permutational
stochastization over time intervals which are multiples of
7, =0.1. Heavy line — averaging over the first Langmuir
period; dotted line — averaging over the fifth period. The
" c microfield and Boltzmann distributions were constructed
= for temperatureT,=0.036 eV corresponding to the last
point in time in the calculation.
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the recombination tim¢see Fig. 2k A Boltzmann distribu-  in the phase space of a system of weakly coupled harmonic
tion is established not so much because of the formation abscillators(consequence of the well-known KAM theorgfn
bound pairs as because of recombinational heating of the 3. Some types of stochastic perturbation of a dynamical
electrons. This is due to the large amount of energy releasesystem(specifically, the imprecision of the numerical solu-

in a recombination event. tion and permutational stochastizatiomix trajectories of
the system that lie in different regions of energy space. This
CONCLUSIONS results in recombination.

The above-stated points confirm the concept of external
bstochastization, summarized in Refs. 1 and 2. We assume
plasma isL~15/T, . Therefore the dynamic mixing of the that collective plasma oscillations impede mixing of the

Ot{anslational and ionization degrees of freedbithey give

phase trajectories takes place over a time of the order : | lect drift al th L3i
several tenths of a Langmuir period. Appreciable loss of re]IS€ 10 an anomalous electron drift along the energy axis.

versibility of the numerical solution and divergence of the However, this question requires additional investigation.
coarse parameters of the plasma for initially close states arise

at times an order of magnitude later, i.e., at times of the order

of the Langmuir period. 13, A. Maiorov, A. N. Tkachev, and S. I. Yakovlenko, Usp. Fiz. NaL64,

2. The dynamic mixing of the phase trajectories occurs 298 (1994.

not over the entire energy surface but only on the part that fé;‘('l'ggg’orov' A. N. Tkachev, and S. 1. Yakovlenko, Phys. Scripia
corresponds to free-particle motion. This effect is to some:a N Tkachev and S. I. Yakovlenko, Pisma zh. Tekh. F24(22), 90
extent analogous to the absence of mixing between some tori(1995 [Tech. Phys. Lett21, 946 (1995].

We shall now summarize.
1. The Lyapunov exponent for a classical Coulom
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Fiz. 17(23), 33 (199 [Sov. Phys. Tech. Phys. Let7, 836 (1991)]. ’S. A. Maiorov, A. N. Tkachev, and S. I. Yakovlenko, Fiz. Plazr@g,

5A. N. Tkachev and S. I. Yakovlenko, Kratk. Soobshch. Fiz., No. 9-10, 3 81107(1994)' )
(1996 A. N. Tkachev and S. I. Yakovlenko, Kratk. Soobshch. Fiz., No. 11-12,

6 ) . . . 67 (1995.
A. Lichtenberg and M. LiebermanRegular and Stochastic Motipn
Springer-Verlag, New York, 1983Russian translation, Mir, Moscow, Translated by M. E. Alferieff
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Thermomechanical effect in a hybrid-oriented nematic liquid crystal
R. S. Akopyan, R. B. Alaverdyan, E. A Santrosyan, and Yu. S. Chilingaryan

Erevan State University
(Submitted December 20, 1996
Pis’'ma Zh. Tekh. Fiz23, 77-81(September 12, 1997

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 estimatel9%7 American

Institute of Physicg.S1063-785(07)01309-9

1. Thermomechanical effects in cholesteric liquid crys-the flow remained and was always directed along the easy-
tals were predicted and investigated experimentally in Refsorientation axise, on the substrate that set the planar orien-
1-3. These effects are due to the chirality of cholestericstation of the NLC. The maximum flow velocity for a cell
i.e., the absence of right-left symmetry in them. The firstwith thickness L=120 um and temperature difference
systematic theory of thermomechanical effects in deformed=4.7 °C between the top and bottom surfaces was of the
liguid crystals was constructed in Ref. 4, where a number obrder ofV~0.4 um/s. The flow of the NLC is established
new thermomechanical effects were predicted. Spatial symafter the liquid crystal reaches the edge of the cell. This is
metry considerations show that these effects require a spatiapparently due to the appearance of capillary forces there.
nonuniformity of the unperturbed distribution of the director. The liquid crystal does not return to its initial position after
The thermomechanical constants were also estimated. A¢he temperature gradient is switched off.
cording to Ref. 5, first-order terms in the gradients of the  The experimental results in the case when the substrate
velocity, director, and temperature are absent in the dissipdhat sets the planar orientation of the NLC molecules is on
tive function because they are not invariant under time reverthe bottom(caseb) are qualitatively different from case.
sal. However, if it is assumed that the thermomechanicaFhe following dynamics of the hydrodynamic flow is ob-
constants are pseudoscalar quantities, then the dissipatigerved. After the temperature gradi@hfT is switched on, a
function in Ref. 4 remains invariant under time reversal. Furflow of the NLC in the positive direction of the axis arises.
thermore, the experimental observation of a rotation of matThe liquid crystal gradually stops after15—20 min without
ter in nematic layers, which are in a field of a longitudinal reaching the edge of the cell and then the liquid starts to flow
temperature gradient, in a horizontal plane is reported in Refn the opposite direction. After the NLC returns to its initial
6. The value of the pseudoscalar thermomechanical constaR@sition, the process repeats.
£~10"1 N/deg was calculated from the experimental data [N summary, in the casb an oscillation of the liquid
and is in good agreement with the theoretical calculationgrises and continues for a long tiniotion was observed
performed in Ref. 4. for more than 10 hwhen the temperature gradient is main-

In the present work the appearance of hydrodynamiéained constant. The hydrodynamic oscillations of the liquid
flows as a result of a temperature gradient in a hybridgrystal stop when the temperature gradient is switched off.
oriented nematic liquid crystdNLC) is studied experimen- The coordinate of the edge of the liquid and the maximum
tally and theoretically. flow velocity V as functions of time are presented in Fig. 2.

2. A hybrid-oriented NLC MBBA with a nematic phase 3. To make a theoretical analysis and to obtain numerical
interval of 20—47 °C was used in this work. A sandwich-type€stimates, we shall assume that the boundary conditions are
cell was arranged in a strictly horizontal plane and heatediomeotropic orientatiom(z=0)=e, at the wallz=0 and
from below by a continuous transparent heater which proPlanar orientatiom(z=L)=¢, atz=L. Heren is the direc-
vided uniform(to within =0.01 °Q heating in the horizontal tor of the NLC. Let the external heat sources maintain a
plane and made it possible to observe textures in a polarizd€mperaturd =To+ AT in the sectiong=0 and a tempera-
tion microscope(Fig. 1). The temperature difference be- tureé T=To in the sectiorz=L. Then the temperature gradi-
tween the bottom and top surfaces of the film was deteréntdT/dz~AT/L produces a thermomechanical flow of the
mined, just as in Ref. 6, as the difference of the temperatureL.C in the direction of thex axis. In the geometry described
of the transition into the isotropic phase in the bottom and@Pove it can be assumed that=0, V,=V,=0, and
top layers. The velocity was determined as the maximum ¢/9x=2d/dy=0. In the stationary state d(st=0) the
velocity of small(2—3 xm) aluminum oxide particles. Navier—Stokes equation has the férm

The geometry of the experiment is shown in Fig. 1a and ™ r_
1b. The dotted lines represent the distribution of the director dG;,/dz+dG,=0. @
in the (x,2) plane. In the experiment, when the cell substrate Here G] Y+ G, are thezx components of the viscous stress
which set the planar orientation of the NLC, was on fogse  tensor
a), a flow of the liquid crystal in the direction of the axis
was observed. When the cell was rotated aroundzthgis, G = ndVy/dz, )
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Wher,e 7 s the viscosity dT/dz=AT/L is the temperaturg IG. 2. Time dependence of the coordinatef the edge of the liquida)
gradient, and;—¢1, are the pseqdoscalar the.rmomeChamca nd of the absolute value of the maximum velogity (b).
constants. We obtain the solution of equatidas for the
thermomechanical flow velocity in the form coefficients experimentally. We intend to perform some of
Vo= EmATIgl, E=& — s+ gt &g+ 2€00. (4)  these experiments in the futuf®r example, the thermome-
] ] chanical effect in a twist-nemajic
Using the experimental data=120 um, AT=4.7 °C,»=1
P, andV=0.4 um/s, we obtain for the thermomechanical
coefficienté=10 12 N/°C , in good agreement with the the- 'F. M. Leslie, Proc. R. Soc. Ser. A, 3GT968.
i i 2M. J. Stephen and J. P. Straley, Rev. Mod. PH;5.617 (1974.
oretical estimate. 3N. Eber and 1. J 2] di f the 4th Liquid Crystal Conf
. . . er and I. Janossy, mroceedings o e 1qui rystal Conter-
In summary, in the present work a thermomechanical .\ "¢ oocialist Countriedbilisi, USSR, 1981, Vol. 11, p. 125,
effect in a hybrid—oriented nematic liquid crystal was ob- 4R s. Akopyan and B. Ya. Zel'dovich, Zh.k&p. Teor. Fiz.87, 1660
served for the first time. One of the twelve required relationss(1984) [Sov. Phys. JETRO, 953 (1984)].
between the twelve thermomechanical coefficients was ob—eg- R LBra”d and - Pldel\r;er,A ':’:‘43’5- _Rre]_"-S‘ifk (1287)23125 710(198
tained empirically: Another eleven independent experiments ©- - Laverntovich and Yu. A. Hastishin, Ukr. Fiz. ZB2(5), 710(1987.
must be designed and performed in order to measure theanslated by M. E. Alferieff
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GaAs nanolayers obtained by pulsed cooling of a saturated fluxed melt
I. E. Maronchuk, A. I. Maronchuk, and A. V. Shorokhov

Kherson Industrial Institute, Kherson, Ukraine
(Submitted March 19, 1997
Pis’'ma Zh. Tekh. Fiz23, 82—86(September 12, 1997

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 Physid§1063-785(7)01409-2

The method of pulsed cooling of a saturated fluxed meltmove the substrate between fluxed melts with different com-
that makes it possible to obtain submicron layers is describegositions and to obtain both nanosize and bltkthe pro-
in Ref. 1. In the present letter we present photoluminescenceess of forced cooling of a saturated fluxed mefjpitaxial
spectra of nanolayers and quantum-size doped gallium argayers on 5<10 mm substrates.
enide superlattices obtained by this method. To observe the luminescence properties of the nanolay-

To grow epitaxial layers by pulsed cooling, a plate with ers, undoped structures containing a single GaAs nanolayer
temperatureT,;<T,, called the heat absorber, is placed between two bulk AJ/Ga,-As layers with thickness of the
against the back side of the substrate, which is at temperatuegder of 2 um, similar to those described in Ref. 2, were
To in thermodynamic equilibrium with a saturated fluxed grown. First, a bulk epitaxial Al,Ga, sAs layer was grown
melt. Crystallization of an epitaxial nanolayer occurs on theon a GaAs substrate in the process of forced cooling of a
front face of the substrate as a result of the pulsed cooling ofaturated fluxed melt. Next, a GaAs epitaxial nanolayer was
the substrate. According to the analysis performed in Ref. brown by pu|Sed Coo“ng of a saturated GaAs solution in a
of the heat and mass transfer processes occurring under NOfallium melt and a second bulk layer with composition
equilibrium conditions, the thickness of the layer obtained isa|, .Ga, ,As was grown on the surface of this nanolayer by
determined by the temperature and thickness of the heat alhe method of forced cooling. Thus, a single nanolayer was

sorber in accordance with the expression confined between two bulk layers of a wide-gap solid solu-
M1p2D [to 4T tion.
=M pmlo 9z dt, Doped superlattices were grown by pulsed cooling, mov-
2k z=0 ing the substrate between fluxed melts containingpkigpe

wherem is the tangent of the slope angle of the liquidus line;(germanium and then-type (tin) impurity and at each posi-
M, andp; , are the molar masses and density of GaAs andion putting the substrate in contact with the heat absorber
Ga; D is the diffusion coefficient of arsenic in gallium; the with temperatureT;.
coordinatez is directed along the normal to the surface of the ~ The photoluminescence of the heterostructures and su-
substrate and is measured from the crystallization front; andyerlattices obtained was excited at a temperature of 77 K by
to is the growth time. an argon laser with intensity ranging from 40 to 500 W/cm
Growth was conducted on semi-insulating GaAs sub-  Figure 1 displays the photoluminescence spectrum of a
strates withp>10" - cm and(100) surface orientation. The GaAs nanolayer with an excitation intensity of 300 Wfcm
substrates were subjected to the standard treatment in a pdlhe layer was obtained at temperatirg=700 °C using
ishing etchant. The growth apparatus made it possible ta heat absorber with thicknegs=3 mm and temperature

FIG. 1.
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T,=660 °C. The position of the maxima of the peaks agreeshe electron—hole recombination rate remains high even with
well with the result of a calculation of the energy spectra ofan effective band gap less than the band Bgpn gallium
particles in a potential well performed in the effective-massarsenide. The large width of the band in the regionE is
approximation. The band with a maximum at 1.538 eV con-explained by the fact that the contributions of the recombi-
sists of unresolved peaks, formed by recombination of elecnation of carriers from several subbands add.
trons and heavy and light holes in the first quantum state. The photoluminescence intensity increases with excita-
The bands with maxima at 1.607 and 1.634 eV are due ttion level linearly in the long-wavelength region and sublin-
transitions between the second electronic quantum level anekrly in the short-wavelength region.
the second heavy- and light-hole levels. The splitting be-  The photoluminescence in the short-wavelength region
tween the energy levels makes it possible to determine thef the spectrum with energg>E, is due to vertical recom-
thickness of the nanolayer — 14 nm, which agrees with théination of electrons and holes from subbands in the conduc-
computational results obtained with equatidn for the in-  tion and valence bands. The sublinear dependence of the
dicated technological parametdeee Ref. 1, Fig. 11 photoluminescence intensity on the excitation level in this
It was determined on the basis of the photoluminescenceegion of the spectrum is due to the fact that the excited
investigations at different points of the surface of thestates in the top subbands are emptied by vertical recombi-
samples that the nonuniformity of the layers obtained doegation as well as by thermalization to the bottom subbands
not exceed 1 nm on an area of 0.5cm followed by tunneling recombination of spatially separated
Figure 2 displays photoluminescence spectra of a supercarriers.
lattice containing 25 alternating- andp-layers obtained at a The high intensity of the photoluminescence of nano-
temperature of 750 °C with a 3-mm thick heat absorber at a&tructures and doped superlattices obtained by pulsed cooling
temperature of 715 °C. The layers were doped with Sn andf a saturated fluxed melt shows that the density of point
Ge, respectivelydoping level — 5 10'® cm™3). The exci-  defects, which produce centers of nonradiative recombina-
tation intensities were 4Qcurve 1), 100 (curve 2), and 200 tion, is low in them. Furthermore, the results obtained show
Wicn? (curve3). that the parameters of the structures are highly uniform on a
Photoluminescence is observed in the interval from 1.1%ample area of 0.5 ¢m
to 1.8 eV. The long-wavelength photoluminescence is due to
recombination via an indiredin real spaceband gap be- 1T. F. Kulyutkina, I. E. Maronchuk, and A. V. Shorokhov, Pis'ma Zh
tween the electrons near the bottom of the subbands of th okh. Fiz.21(20),’ 1'(1595 [Tech. PI"lys. Letm" 815(1995)].’ :
conduction band and the valence-band holes spatially sepazn.|. Alferov, V. M. Andreev, A. A. Vodneret al, Pis'ma zh. Tekh. Fiz.
rated from them. The intensity of the photoluminescence in 12, 1089(1986 [Sov. Tech. Phys. Letfl2, 450(1986)].
this region of the spectrum is high because the lifetime of the’™. Herman, Semiconductor = Superlattices/Russian  translatidp
excited carriers is substantially higher as a result of the spa-"" Moscow. 1989.
tial separation of the electrons and the holes. In consequenceanslated by M. E. Alferieff

693 Tech. Phys. Lett. 23 (9), September 1997 Maronchuk et al. 693



Mass-spectrometric investigation of the formation of volatile products accompanying
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, 199y
Pis’'ma Zh. Tekh. Fiz23, 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 HCI 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 chainsThe high-temperature stage is observed in the same temperature
interval as are other products of thermal degradation which attest to depolymerization

processes taking place. ®397 American Institute of Physid$$1063-785(17)01509-1

Investigations of changes taking place in the molecular In the present work we employed thermal-desorption
structure as a result of heating of solid polymer systems armass spectrometf/which does not have these drawbacks.
of scientific and practical interest. The changes taking plac&ve studied the yield of practically the entire spectrum of
in the molecular structure and properties of the Kel-F typevolatile products released during heating of the copolymer of
copolymer of trifluorochloroethylene with vinylidene fluo- trifluorochloroethylene with vinylidene fluoride in the entire
ride, widely used in practice as heat-resistant rubbers angemperature interval, right up to complete decomposition of
coatings of different types, were studied in Refs. 1-3 bythe copolymer. The high sensitivity of the method and its
different physical and physicochemical meth8di. was technical possibilities made it possible to obtain new experi-
found that there exist two temperature regiéd80—300 °C  mental data on the structural transformations of the copoly-
and above 300 °Cwith a different character of the thermal mer of trifluorochloroethylene with vinylidene fluoride
degradation. In the case of heating in vacuum, a decrease which take place when the copolymer is heated. The results
solubility of the polymerformation of a network a change obtained gave not only new information but they also make
in color of the polymer, and release of the hydrogen halidest necessary, in our view, to reexamine some previously
HF and HCI were observed in the temperature range 200drawn conclusion$=3
300 °C. In Refs. 1-3 the change in color was attributed to We employed the F-32 copolymer of trifluorochloro-
the formation of a system of conjugate bonds in an intramoethylene with vinylidene fluorideMl,=1.2x 10°) with a 3:1
lecular HF and HCI detachment reaction. In confirmation ofmolar ratio of trifluorochloroethylene to vinylidene fluoride.
the results, it was observed that when the copolymer i#\ solution of the copolymer of trifluorochloroethylene with
heated for a long period of time the change in the color of thevinylidene fluoride in ethyl acetat€8 mass% was used to
polymer is accompanied by the appearance of absorptioabtain the films. The films were deposited on steel foils
bands, characteristic for a system of conjugate bonds, in thehich were carefully degreased in organic solvents and an-
IR spectra. The conjugate bonds were not observed in theealed in high vacuum. The average film thicknéafer
case of heating at lower temperatures or at early stages oémoval of the solvent determined according to the density
heating(5—-10 h at 300°C. It was concluded in Refs. 1-3 of the material deposited on the substrate and the area occu-
that the decrease in solubility of the polymer and the formapied by the film, was equal to 5000 A.
tion of a network are not due to the release of HF and HCl. A magnetless MSKh-6 time-of-flight mass spectrometer,
A comparison of solubility changes with titrometric and po- modified by attaching a special vacuum chamber for heating
tentiometric measurements of the quantities of HF and HCthe sample, was used to study the volatile products of ther-
that accumulated during heating led to the same conclusionmal degradation. The pressure in the chamber of the mass
Furthermore, according to the data obtained, the products afpectrometer before the experiment was maintained at 10
thermal degradation at 340—380 °C did not contain “mono-Pa. Under the experimental conditions the rate of formation
meric substances” of the copolymer, which led to the con-dN;/dt of the volatile products is related with the height of
clusion that, for all practical purposes, depolymerization rethe peak by the linear relatiaiN; /dt=k;A- h;, wherek; is
actions do not occur during the thermal degradation othe relative sensitivity of the apparatus to the flow of itie
Kel-F3 material andA is the absolute sensitivity of the apparatus.

It should be noted that the experimental methods emThe absolute sensitivity of the apparatus to the flow of the
ployed in Refs. 1—3titration, potentiometrydid not permit  methyl methacrylate vaporsind the tabulated values of the
recording the entire spectrum of the products of thermal degrelative sensitivities of the compounds of interest to us were
radation, the total amount of such products, or the continuoussed to calculateN; /dt.
distribution of the yield with increasing temperature and they =~ A panoramic mass spectrum of the volatile products
did not always permit an unequivocal identification of theformed during heating of the copolymer of trifluorochloroet-
nature of these products. hylene with vinylidene fluoride in the range 300—450 °C is
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FIG. 1. Panoramic mass spectrum of volatile products which are given off 0.020 [
from the copolymer of trifluorochloroethylene with vinylidene fluoride dur- 0.018
ing heating in the temperature range 300-550 °C. The numbers near th 0.016 [
peaks represent the mass in atomic mass units. 0.014 3

0.012

displayed in Fig. 1. The identification of the mass spectra © 0.070 |
makes it possible to ascribe the observed lines to trifluoro- 8 0.008 [
chloroethyleng(116, 31, 66, 1-propane, 3-chloro-1, 1, 2, 3, % 0.006 |

b. units

3-pentafluorine(131, 69, 3}, pentafluorochloroethanss, 0.004 |

69, 31, and the hydrogen halides HE0) and HCI (35, 36, 0.002

37, 39. The formation of these products was also observec  0.000 L

in Ref. 6. The temperature dependence of the rate of forma 0 100 200 300 400 500 600
tion of some of the main volatile products of degradation T.°C

accompanying heating of the copolymer is shown in Fig. 2.
The peak vyield of trifluorochloroethylene and the uni- FIG. 2. Temperature dependence of the rate of formation of some products

modal peaks due to 1-propane, 3-chloro-1, 1, 2 30f thermal degradation of the copolymer of trichlorofluorethylene with vi-

3-pentafluorine, and pentafluorochloroethane, observed igyl'dene fluoride:1 — trifluorochloroehtylene CREFCI (m/e=116 Da;

- . - — HCI (m/e=36 Dg; 3 — HF (m/e=20 D3.
the same temperature interval but not shown in the figure, are
evidently due to the depolymerization of the main chain.

In contrast to the yield of the products of thermal degra-

dation of macromolecules, HF and HCl are released in twdlirect method that the hydrogen halides HF and HCI are
stages. The high-temperature stage is observed in the saﬁ?eleased n tV_VO stages during therm_al de_gra_datlon of the co-
temperature range as are the products of thermal destructié’r‘?'ymer of trifluorochloroethylene with vinylidene fluoride.

of the chains. The low-temperature stadg0-320 °G of The low-temperature stage is not related with the destruction
HF and HCl release is not associated with depolymerizatiof?f e main chain and apparently gives rise to the formation
and can be explained by the formation of intermolecula®f SParse intermolecular cross-links. The high-temperature

cross-links, in agreement with the decrease in the solubilitf‘tage of the release of hydrogen halides occurs in the same

of the copolymer in the corresponding temperature réngetemperature interval as the release of other products of ther-

Assuming that each HF and HCI molecule corresponds to th&1@l degradation which attest to the depolymerization pro-
formation of one cross-link and knowing the molecular mas<€SSes taking place. _ _
and the weight of the polymer investigated, we find that there,_ 1S Work was performed as part of the Russian Scien-
are one or two cross-links per two macromolecules. Thél¢ and Technical Program “Fullerenes and Atomic Clus-
number of cross-links on fluorine atoms is higher than thaf€’s” (Project Tribo).

on chlorine atoms, apparently because the copolymer con-

tains more fluorine-containing units. Taking account of the | _

fact that intramolecular cross-linkgor example, between 2; g 353532' I\/ﬁo's‘gr;g\lésgﬁg'i' g%&??n?ﬁsl&ysokomol Soedin
neighboring sections of the macromolecules in crystallites 5 37g(1963. ’ o ' '
with folding chaing can form in addition to intermolecular °T. G. Degteva, I. M. Sedova, and A. S. Kuz'minsk¥ysokomol. Soedin.
cross-links, the number of intermolecular cross-links can be,5 1485(1963. _ _

even less than one per two molecules. Therefore the networkgrl]"ét Szg‘ﬂSh;;]’iii'yg' I'Y'ear:'l‘:g}'r'gg ?gg; s S. Dunaevskayaoroplastics
formed is very sparse. It is obvious that not all macromol- 5. v, Amelin, Yu. A. Glagoleva, O. F. Posdnyakov, and V. R. Regel’,
ecules participate in the network and, in addition to the net- Prib. Tekh. ksp., No. 4, 1521968.

work, there exists a soluble part of the sample, as is Con-GR' H. Boyd, in Thermal Stability of Polymersedited by R. T. Conley,
firmed by the published dafa. Marcel Dekker, New York, 1970, p. 47.

In summary, in the present work it has been shown by aranslated by M. E. Alferieff
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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, |. E. Sakharov, and A. S. Tukachinskit

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg; St. Petersburg State
Technical University

(Submitted May 15, 1997

Pis'ma Zh. Tekh. Fiz23, 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 thg 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 therofile and the electric fields, which
accompanied the rapid current rise, on the transport processes is studid®97©

American Institute of Physic§S1063-785(17)01609-]

A transition of the plasma in a FT-2 tokamak into a only one additional rf heating, an@) rf and Al together.
regime with improved confinement was observed in experi- 3. A characteristic increase in the plasma density. This
ments on lower-hybrid heating. The transition was identifiedjncrease is explained by an increase in the particle lifetime at
on the basis of all indications, as a transition into the H modehe center of the discharge. The dense central core remained
with the appearance of a transport barrier at the periphery dbr more than 5 ms even in the postheating stage. The plasma
the dischargé:? This showed that despite the small size of density profilesng(r) for four times(ohmic heating, at the
the setup R=0.55 m,a=0.08 m,B;=2.2 T, |, =2 KA, end of the rf pulse, and 5 and 10 ms after the additional
t,=50 m9g the plasma manifests the same properties in thdeating was switched offare displayed in Fig. 3.
bifurcation of the state that are characteristic for large setups. 4. Factor of 2—3 increase in the rate of revolution of the
This fact as well as the problem of optimizing the conditionsplasma. This result was obtained in the course of a cross-
for lower-hybrid heating stimulated new experiments with ancorrelation analysis of the signals from MHD probes.
attempt to organize improved confinement at the center of a 5. Substantial suppression of the microoscillations of the
discharge in analogy to super shot or hot-ion-mode type displasma in the central regions of the discharge, as determined
charges or a discharge with an inverted shear ofjtheofile by scattering of C@laser radiation. The measurements were
(see, for example, Refs. 3 andl 4 performed in the frequency range 100—800 kHz. Diagnostics

For these purposes, a current pulse rising rapidly fronmade it possible to investigate fluctuations of the electron
22 to 30 kA (At;=2.5 ms and rise tim&t=0.5 m9 was density in the wave number range =12—30 cm . The
used in the FT-2 tokamak during lower-hybrid heating CO, laser radiation was detected at small scattering angles in
(P¢=90 kW, f=920 MHz,At=4 ms9. The following were  a volume extending in the vertical dirtection along the prob-
observed in these experiments: ing laser pulse. Signals obtained by probing along the central

1. A substantialby a factor of 1.5—2decrease in the chord and along a chord displaced by 6 cm to the side were
flux of high-energy charge-exchange atoms with-1000 compared in the experiment. Suppression of plasma oscilla-
eV with the flux determined by the thermal ions in thetions detected along the central chord was observed with a
plasma remaining unchanged or increasing. Such fluxes afpid rise in the current as well as witkl + rf. Measure-
neutrals with energieE=1900, 1300, and 650 eV for the ments of the scattered radiation with probing along the pe-
cases of one rf heating ard + rf simultaneously are com- ripheral chord showed that the fluctuation level does not
pared in Fig. 1. The figure also displays oscillogramgf  change here. In the case of rf heating alone, however, the
U, , and the plasma emission in the; line. microoscillations of the plasma were not suppressed either at

2. A large(by approximately a factor of 2)3ncrease in  the center or at the periphety.
the lifetime of the energy in the ionic component. This time  Thus in our experiment with a rapidly rising current all
was determined according to the growth and decay of théndications of a transition to improved confinement at the
central ionic temperature. In a number of experiments it wagenter of the discharge are observed, just as in large setups,
comparable to the particle lifetime. Figure 2 displays thesuch as TFTR, DIlI-D, and Tore Supt4.In all of these
changes in the central ionic component for three differentases improved confinement at the center of the plasma col-
scenarios of the discharg&) one rapid current risal, (b)  umn was observed at the stage of plasma current growth with
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FIG. 3. Plasma density profileg,(r) in the rf + Al experiment for four
times: 1 — 30th ms, ohmic heatingz — 35th ms(dashed curvg 3 —
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] shears=(r/q)(dg/dr)~0. This makes it possible to at-

o ; tribute the observed phenomena to restructuring of the pro-
= Lx E=4300 .V file of the current channel. At the same time, it is interesting
g [l that the decrease in the fluxes of the fast component of the
® 'RF charge-exchange neutrals, just as suppression of the fluctua-

tions, starts eatrlier, i.e., immediately after the current starts to
rise. This suggests that as the current in the plasma increase,
FIG. 1. Oscillograms of the main parameters of the discharge: plasm@rocesses associated not only with the diffusion of longitu-
CHurrIt_ent —|dp_| ;t_volt?ge otT]thelcircumfer(jE!?lce of thfe F;]'asmaf”ar?“en%r; t Idinal electric fields, which change the current density profile,
e e e en s e s it sl lS0 processes due (0 a sharp change n th radial dsir
of longitudinal heating: rflight dashed lingand combined rf+ Al. bution of these fields themselves appear. We conjecture that
in this case the Ware pinch should play an important $ole.

Specifically, at the initial stage of current rise there arises a

additional heating or in the entrainment-current regime. IngradientV,.E; such that the longitudinal electric field at the
these works it was shown experimentally that a negativéeriphery of the discharge becomes several times greater
shear of they profile forms in the discharge. The decrease inthan its value at the center. In this case, for such l&igthe

heat transfer could be due to this fact. In our case, such direétward-directed flux of locked particles-\eCE/B, can
measurements were not available, but a simulation with théompensate and even exceed their diffusion losses. At the
ASTRA code shows that under the experimental conditionsame time, the longitudinal velocity of the ensemble of
in a FT-2 tokamak afteA 7=1—2 ms an appreciable flat- locked ions should also increase. Intensification of the pinch-
tening of the current density profile occurs at the center, anéhg as well as an increase in the longitudinal velocity could

this could result for the region<2 cm in low values of the appreciably change the fraction of locked ions. This can ex-
plain the drop in the fluxes of high-energy charge-exchange

atoms, measured with an analyzer in thiet+ rf experiment
Peg = 90 KW { —s—RFsal (paragraph 1 aboye Tha processes _associat_ed with the
2 --=- RF pinching of charged particles could ultimately influence the
200} { 3 —e—al distribution of the radial electric fields and the confinement
times in the plasma.

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

We thank F. X. Soldne{JET, UK) and V. A. Rozhanski
(St. Petersburg State Technical University, Rusiiaa dis-
cussion of the experimental results.

This work was sponsored by the Russian Fund for Fun-
damental Research, Project No. 95-02-04072, and INTAS—
RF RFBR Grant 95-1351.
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Phase effects in a semiconductor laser with diffraction extraction of radiation
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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 substantiall@9®©American

Institute of Physicg.S1063-785(07)01709-4

Semiconductor injection lasers with diffraction surfacediffraction grating and the multilayer Bragg reflectétg is
extraction of radiation possess a number of advantages ovére wave vector of light in the vacuum, addp,(6,) is the
lasers in which radiation is extracted through the €érfds. phase of the reflection coefficient of the Bragg reflector.
Some of the main advantages are a large surface for extract- For light at normal incidence the phase difference is
ing radiation and a large output aperture associated with this —
surface. This results not only in a small divergence of the Ag, =2dnKq+Aep(0). )

laser radiatiof but it also removes a fundamental limitation The phase\ ¢,,(8,) near the Bragg-interference frequency of
on the radiation power of a laser due to “catastrophic” deg-the Bragg reflector is virtually independent of the angle of
radation of the output mirrorsDiffraction gratings used for incidenced, ' and at the Bragg-interference frequency in the

extracting radiation and for producing feedback make it posgage of light at normal incidence it equals Oedepending
sible to obtain unimodal radiation and to decrease the lasing, the order of alternation of the layers in the Bragg

line width?* reflector!!
At the same time these lasers have some drawbacks, the The resulting intensityl = |A0+A1|2 depends on the

main one being losses of the radiation diffracted in the di'phase difference of the wavel, and A,, i.e. the Bragg
rection of the substratelt should be noted that in many yefiector can both increase and suppress the diffraction ex-
cases, on the basis of technological considerations, gratings,ction of radiation°

operating in the second diffraction order are used to obtain |t should be noted that the wave reflected from the Bragg
feedback. In this case the efficiency of the device is alsQeflector partially escapes from the system, is partially specu-
reduced by radiation losses in the first diffraction o_rﬁ%r._ larly reflected, and is partially diffracted into a waveguide
Both problems can be solved if a multilayer Bragg mirror is yyode propagating in the direction of the initial waveguide
placed under the waveguide layer. In the process, despiiggde.

the apparent simplicity of the proposed solution,  The jdea of using a monolithic epitaxial structure with a
investigator§™° neglect the fact that it is necessary to takepjiilayer Bragg reflector to produce a laser with diffraction
account of the phase relations between the waves diffractedface extraction of radiation, where feedback is obtained
in air, in the direction of the multilayer Bragg mirror, and the \yith a diffraction grating operating in the second diffraction
waves rereflected py the mirrc_)rs accurately. Our.obj.ective iDrder so as to realize a one-frequency lasing regime and a
the present Letter is to take into account quantitatively @Xmultilayer Bragg mirror is used to suppress radiation losses

actly the relations mentioned above and to analyze the oy first order as well as to increase the diffraction extraction
sibility of using the observed effects in lasers.

Let us consider diffraction of a waveguide mode by a
surface grating. The wave diffracted in air at the angjas
the result of a superposition of two wavdsg. 1): the wave S ) )
diffracted in air at the anglé, (the amplitude of the wave is
Ag) and the wave diffracted in the direction of the substrate

at the angled, and rereflected by the Bragg reflecthe " - T —
amplitude of the wave ié\;). We shall consider diffraction
angles which are not less thari2. 06, d

The phase differenca ¢q; between these two waves is
(Fig. 1)

_ _ 1 DBR
A¢Ol: 2d NmKO S|n01+ 2d nKO— + Ang( 01), (1)
cos 0,
Substrate

whereN,, is the effective refractive index of the waveguide
mode,n is the “averaggd” r.efrgctlve mdex of the waveguide g 1. Diagram illustrating the calculation of the phase relations in a sys-
and the layers bounding ifj is the distance between the tem waveguide—surface grating—multilayer Bragg mirror.
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2dN, K, sin 6;+ 2o|ﬁ<0(m - 1)
1

S Epen iy +Agy( 1)~ Agp(0)=(2m+1) 7. (5)
(0 ——— Wavegnide For small angle®; only the first term in this formula differs
appreciably from zero and the formul®) in the case

Ag=7 andN,,~n becomes
q N
T 4-siny’

(6)

DBR

where\ is the wavelength in the material.
Thus, for the angle#);=5° the thicknessl of the wave-
Substrate guide must be of the order of 2.5 wavelengths of the light in
the material. For a GaAs/AIGaA$\=0.9 um, N,~n
FIG. 2. Schematic diagram of the construction of the laser. ~3.5) laser with radiation extraction angtg~20° the dif-
fraction angle in the substrate direction g~5°. In this
case the conditios) holds ford~0.6 um.
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Power characteristics of 2.2 um LEDs for spectroscopic applications
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The results of an investigation of the basic electric and power characteristics of 2.Q+8.28
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 GalnAsSb. Continuous-wave
optical power~ 1.7 mW of the LED was achieved by optimizing the structure. 1897 American
Institute of Physicg.S1063-785(17)01809-0

The spectral range 2.0-2,8m is distinguished by the (1-2)x 10" cm 3. The wide-gap GaAlAsSb confining lay-
fact that it is attractive for producing portable gas analyzersrs were grown with an Al content of 0.5&{=1.11 eV}
based on spectroscopy methods. The most important sugnd doped with Te and Ge to density (240" cm™2 and
analyzers are used for the analysis nitrogen-containing mol-6—8)x 10' cm™2 for the N andP layers, respectively. All
ecules, such as D (2.11 um, 2.26 um), NO, (2.19 um),  layers were lattice matched to the GaSb substrate. The struc-
ammonia NH (2.25um), and so on, whose absorption lines ture of the second typéNS was distinguished by the fact
lie in the region 2.0—2.2&m.! The radiation sources in such that it did not contain aN-GaAlAsSb layer and was a non-
analyzers can be semiconductor LEDs, whose spectral powsymmetric double heterostructure. The technology of epitaxy
density and quantum efficiency are higher than those of themsf heterostructures based on multicomponent GaSb solid so-
mal radiation sources. Infrared LEDs make it possible tdutions was reported earlier in Ref. 6.
produce compact analyzers which are distinguished by the Circular mesa diodes obtained by photolithography and
fact that they do not have additional optical filters and me-deep chemical etching into the substrate were investigated.
chanical modulators. The diameter of a mes@00 uwm) determined the emitting

Since the emission range of LED heterostructures basesurface area%=7x10"% cn?). A crystal of one LED was a
on strained layers of the compounds InGaAsfligPlimited 500500 wm square. The semiconductor crystal was
to wavelengths shorter than2m, the most promising ma- mounted on a standard TO-18 case. A parabolic reflector was
terial for LEDs in the spectral region 2.0-2.28n are the mounted on the TO-18 case. This made it possible to colli-
solid solutions  GalnAsSb/GaSb. GaSb/GalnAsSb/ mate the LED radiation into an angle of 10—12 deg. The total
GaAlAsSb heterostructures have already enabled us tdimensions of the LED with the parabolic reflector were 9
achieve a quantum efficiency of radiative recombination upnm in diameter and 5.5 mm in length.
to 4% at room temperatufeThis spectral range was also The investigations were performed on an apparatus ar-
covered by radiation from a tunable LEhut the radiation ranged in a synchronous detection scheme based on a
power achieved was less than 0.1-0.2 mW. The investigaMDR-2 monochromator and a GalnAsSb photodiode. The
tion reported below is an application of our works in the field output radiation was collected in an IMO-2M optical power
of infrared semiconductor emitting heterostructures based ometer.

GaSh. The current—voltage characteristics of the LEDs exhib-

In the present work we made a comparative investigatiornted a diode character. The current—voltage characteristics of
of different constructions of LEDs for the wavelength rangethe two types of structures differed from one another by the
near 2.2um that differ both by the magnitude of the elec- cutoff voltage, equal to 0.23 V for the S structure and 0.27
tronic confinement and the thickness of the active regionV for the S structure. For both structures with forward bias
This made it possible to produce LEDs operating at roonthe series resistances were equal~td.3—1.4Q) and the
temperature in the continuous-wave mode with a high opticaturrent—voltage characteristics had two sections with an in-
spectral power density. flection point near 35 mAthe voltageU~0.33-0.35 V.

Two types of double heterostructures were produced byor low biases the current—voltage characteristic could be
liquid-phase epitaxyLPE) on an-GaSh(100) substratéFig.  described by the formuld=1,expeUKT), wheree is the
1). The heterostructure of the first typ&)(consisted of a electron chargeT is the temperature, arlg is the saturation
symmetric GaAlAsSb/GalnAsSh/GaAlAsSb heterostructurecurrent, which was equal to 1.1 and 0.2& for the S and
The structure consisted of four epitaxial layers. The activeNS structures, respectively, for the first section and 22 and
n-GalnAsSh layer was confined between two wide-gap emit4.5 A for the second section.
ters N- and P-GaAlAsSb (2.5 um thick). The narrow-gap The spectral and power characteristics of the diodes
heavily dopedp-GaSb layer(0.5 um thick) was grown on  were tested in the continuous-wave mode at room tempera-
top in order to produce a low-resistance contact. The activéure. For both structures the spontaneous emission spectrum
GalnAsSb layer was characterized by an indium content ohad the temperature-broadened contour typical for infrared
0.16 (E4=0.57 eV} and was doped with Te to density LEDs. Emission was observed under forward bias when the
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FIG. 1. Diagram of the experimental LED double het-
erostructures. Radiation was extracted perpendicular to
the substrate through the wide-gap layers. The $$pe
heterostructure differed from tHeS type structure by
the absence of a wide-garGaAlAsSb region. A pla-
nar energy diagram of the heterostructures is displayed
on the right side; the dotted line shows how they differ.

Band gap Energy Eq [eV]

Heatsink

current amplitude exceeded 5 mA. A rapid increase in powecarrier diffusion length 2 wm) in GalnAsSb solid solu-
was observed for injection currents above 10 mA. We notdions.

only the following observed features of the spontaneous re- The characteristics presented show the dependence of
combination spectra. the spectral and power characteristics of the LED double

The spectrum of the symmetric struct8eonsisted of a heterostructures based on the narrow-gap compounds
single emission band with a maximum at the wavelengthGalnAsSb on théN emitter. The lower value of the slope of
A=2.173 um with a current of 120 mA; the width of the
spectrum(FWHM) was equal to 0.23m. On cooling to
liquid-nitrogen temperaturel(= 77 K) the maximum shifted
in the short-wavelength direction %=1.989 xm with an
average rate of 0.82 nm/K. The FWHM of the spectrum de-
creased to 0.04um. It should be noted that the total tem-
perature shifdhv(AT) (0.53 meV of the maximum was 17
meV less than the computed temperature broadening of the
band gapAE4(AT) (70 meV).

The emission spectrum of the nonsymmetric structure
NS had the following differences. At a current of 120 mA
the maximum was shifted by 20 nm in the long-wavelength
direction. The FWHM increased to 0.28m. The shift of the
maximum to liquid-nitrogen temperature by 0.196 um
also was less than the computed temperature dependence of
Ey (by 14 meV. The emission spectrum was characterized 102 e
by a large increase of the FWHKD.105 xm) at liquid ni- o 10
trogen temperature as well. For both structures the position
of the emission maximum was virtually independent of the
injected current. A shift in the long-wavelength direction at 100k
an average rate of 0.05 nm/mA was observed. F

The current dependence of the output optical power is
displayed in Fig. 2. The optical powd? increased in the
entire current range for both heterostructures and can be de-
scribed by a power law functioR~I". For the symmetric
structureS, on the initial sectiorP~1 up to currentd =90
mA and saturated t&~1%8 for large pump values. For the
nonsymmetric structur® S the corresponding values of
were of the order of 0.93 and 0.76 for low and high currents,
respectively. The dependence was characterized by a higher
output power in the entire current range for typd-EDs. 107 bttt ST
The maximum continuous power of 1.7 mW was achieved Direct Current, mA
with an injection current of 120 mA. For high continuous L ) )

. FIG. 2. Power characteristics of LEDs. The curves were obtained with a dc
currents . the current-voltage CharaCter_IStlc Saturated' Thgurrent and room temperatura — Comparison of the characteristics of
symmetric LED heterostructureS were investigated as a Leps based on symmetricS] (V22712 and nonsymmetricN'S) (V22707
function of the thickness of the active region from 0.5 to 1.6double heterostructures, differing by the valueNsh of the heterobarrier.
um (Fig. 2b). The maximum optical power was reached with In both structures the_ active region was Q.6 thick. N-GaAlAsSb(50%
an active region of the order of 0Zm thick. Increasing and ') Serves as the emitter for the symmetr) (structure and\-GasSb(0%

. . . Al) serves as the emitter for the nonsymmeticS] structure b — Opti-
decreasing the thickness resulted in lower output power. W,z ation of the output optical power as a function of the thickness of the
note that the optimal thickness was significantly less than thective region.
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Q
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e
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the power dependence<{ 1) indicates the presence of non- ence of large conduction band offsets comparable in magni-
radiative losses due to both carrier leakage through the hetude to the band gap in the active region, is most attractive
erobarrier and the existence of a mechanism competing witfor achieving maximum spectral power density. This param-
recombination in the volume of the active region. Specifi-eter turned out to be exceptionally important for practical
cally, this is due to the leakage of charge carriers through thapplications of infrared LEDs of this class in spectroscopy.
heterobarrier; this leakage is especially large for holes in a In summary, we report in this Letter the development of
NS type structure. The weak temperature dependence of thi20-2.28um LEDs for the detection of nitrogen-containing
energy of the maximum of the radiative recombination ismolecules. Our investigations showed the advantages of a
characteristic for tunneling radiative recombination. Its pressymmetric-type LED heterostructure, which was character-
ence together with recombination in the volume of the activazed by a higher optical power and smaller width of the emis-
region could result in a broadening of the emission spectrunsion spectrum in the entire range of continuous pump cur-
as is observed in a nonsymmetric structure, since a decreasents. The basic room-temperature electric and radiative
in the height of theN emitter results in an increase of the characteristics of the LEDs in the wavelength range 212
recombination time as~ (AE.) 23 Increasing the voltage on the basis of dual applications to nitrogen-containing mol-
applied to this structure rectifies the band bending at thecules were presented.

N—n junction and is responsible for the change in the slope

for the nonsymmetric structur®lS at low currents. The 1|, S. Rothman, R. R. Gamache, R. H. Tipping, C. P. Rinsland, M. A. H.
change from a linear current dependenge-() to a sublin- Smith, D. Chris Benner, V. Malathy Devi, J.-M. Flaud, C. Camy-Peyret,
ear dependencen 1) could be due to activation of nonra- tA- Golgmgn,tST- T. h?:fgiié;' 1RégBr0Wm and R. A. Toth, J. Quant. Spec-
dlatl\/.e. recqmbmatlon' It ShOUIq .be noted, howe.ver’ that Itszl\rll(?slg: M?thlifjl B EBar?ztenS:, C. \ian I?c.)of, and G. J. Borghs, J. Appl. Phys.
coefficient is less than the coefficient corresponding to Auger 7g sg (1995

recombination in the bulkn(~2/3), indicating a weakening 3A. A. Andaspaeva, A. N. Baranov, A. A. Guseinov, A. N. Imenkov, N. M.
of this channel for nonradiative losses in the experimental AQO'ACh:fr‘]g‘;z’ ggsan- ,F\’l- ;z‘:;r\lfl';v’ASimgggﬁgsi 1L0?r(nle9r?|?dv Ny
symmetrlc_ structures. We note that on the whole the spectral Litvak, G. M'? Filaretova, and Yu. P. Yakovlev. Sov. Tech. Phys. gt
and electric characteristics of such structures correspond t0g4s (1983.

recombination in the active region next to the heterobound-*A. Popov, Tech. Phys. LetR0, 845(1994.

ary. However, according to the spectral and power differ- 5A. M. Grabenyuk, A. M. Litvak, A. A. Popov, S. V. Syavris, and N. A.
ences, the symmetric semiconductor heterostructure SMaYKOV: J- Appl. ChemGB) 64(12), Part 1, 24211991
GaAlAsSh/GalnAsSb/GaAlAsSh, characterized by the prestranslated by M. E. Alferieff
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Effect of C ¢o on the thermal stability of polyethylene glycol grafted to it

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, 199y
Pis’'ma Zh. Tekh. Fiz23, 19-24(September 26, 1997

The thermal degradation of regular polymer networks, cross-linkedggynGlecules along the
end groups of polyethylene glycol, has been investigated by mass-spectrometric thermal
analysis for the example of polyethylene glycol grafted to fulleregpg 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 tooteases
the thermal stability of polyethylene glycol. @997 American Institute of Physics.
[S1063-785(17)01909-5

The present work is an elaboration of the investigationgrafted polyethylene glycol molecule, an insoluble fraction
in Refs. 1-4 of the effect of £ fullerene on the thermal was also obtained. This latter fraction was the object of study
stability of different types of polymer compounds. In Ref. 1in the present work.
it was shown for the example of the atactic polystyrene by = The mass spectra were obtained with a MKh-1320
mass-spectrometry that grafting polystyrene tg f0llerene  mass spectrometer, heating the sample in vacuum
greatly decreasefy more than 100°) the thermal stability (10 2-10 3 Pa at a rate of 5°/min. Figure 1 displays the
of polystyrene. In the same work it was found that even inmass thermogram of Fluka polyethylene glycol. On account
the case of a mixture of polystyrene withydhe thermal of the low molecular mass of polyethylene glycol, the curves
stability of the polystyrene decreases. However, in the casef the yield of the products of thermal degradation have an
of a mixture of Gy with polymethyl methacrylate synthe- unusual form(a peak which is not always distinct and the
sized by free-radical polymerization the presence gf iG- absence of a decreasing part of the curidis is due to the
creases the thermal stability of the polymigkn increase in  relatively high volatility of the polymer, which is destroyed
thermal stability was also observed for pdly- only partially, while a substantial part of the polymer shifts
vinylpyrrolidone cross-linked into an irregular network via along the degrader in the region of lower temperature and is
carbonyl groups by & molecules! It is remarkable that in  once again partially degraded when the temperature rises to
the cases investigated an increase in thermal stability wahe required values, and so on. The validity of the explana-
observed not only in the displacement of the main thermaltion of the observed form of the thermograms is confirmed
degradation process in the direction of high temperatures bty experiments with polyethylene glycol with a higher mo-
also in the inhibition of other thermal-degradation processefecular weight — in this case the thermograms have the stan-
(occurring at lower temperatugesght up to their complete dard form(Fig. 2).
suppression. Despite the unusual nature of the thermograms of the

In the present work the regular polymer networks basedow-molecular polyethylene glycol, conclusions can be
on low-molecular polyethylene glycols cross-linked alongdrawn about the main products of its degradation— they are
the end groups of & molecules have been investigated for fragments with mass 45 ®CH,-CH,—OH or CH-—
the first time by mass-spectrometric thermal analysis. CH,0®), 44 (®*CH,-CH,-0®), 89 (®*CH,—CH,—O-

Ceo fullerene was obtained by the same method as irCH,—~CH,—~OH or CH—CH,—O—CH,—CH,—0®), 117
Refs. 1-4. Fluka A.C. polyethylene glycol with molecular (CH3—CH2—O—CI—§—CH2—O—CI—5—CH2°). The onset of the
massM M =950- 1050 was used for grafting togg: The thermal degradation of the Fluka polyethylene glycol should
polyethylene glycol was dissolved in toluene and activatecevidently be taken af =300 °C, and the temperature of
by boiling the solvent in argon, using an excess of potassiurpeak thermal degradation should be takeT gg=360 °C.
equal to three times the amount of the OH groups. The acti- The mass-thermogram of fullerene-containing polyethyl-
vated polyethylene glycol was used for reaction wit,C ene oxid® (Fig. 3 differs substantially from the mass-
Since each polyethylene glycol molecule possesses two Otbhermogram of polyethylene glycol. Two groups of ion peaks
end groups, the formation of macromolecules witgy 6n  are observed. The lower-temperature peaks Withay
both ends as well as on one end was possible as a result 6360 °C are observed for ions with mass 45, 44, and 43.
the reaction. Furthermore, taking into consideration the caHowever, the most intense peak corresponds to the ion with
pability of Cs, to graft several polyethylene glycol mol- mass 104 $O-CH,—CH,—O—CH,—CH,—0®), which is
ecules, the formation of a cross-linked structure witgy C not characteristic for the mass thermograms of polyethylene
molecules occupying the nodes was possible. This situatioglycol. For it we haverl ;=320 °C andT ,,,,~440 °C, which
was apparently realized in practice, since together with thare 20 and 80 degrees higher than the corresponding charac-
soluble fraction, consisting of & molecules with one teristics of polyethylene glycol. Besides the ion with mass
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FIG. 1. Mass-thermogram of the initial polyethylene glycol with molecular

mass—1000.1 — m/e—45; 2 — 44: 3 — 89: 4 — 117, FIG. 3. Mass-thermogram of a network consisting of polyethylene oxide

macromolecules cross-linked byzffullerene moleculesl — m/e=45;

2 —44;3—91;4— 104(in the scale presented the maximum of the peak
reaches 423 arbitrary unjtss — 117;6 — 118.

104, ions with mass 91, 117, and 118 but with a much lower

yield are present in the same temperature intervals.

The result obtained can be explained only by the fact i the ion 104, and its probable structur@—CH,—
that on account of the reaction of fullerene and poIyethylen%Hz_O_CW_CHz_oo) confirms the absence of hydroxyl
glycol a product forming a covalent bond with fullerene WaSgroups in the initial product.
formed. It is known that the thermal stability of polyethylene The low-temperature peaks at380 °C(curvesl and2)
glycol increases substantially if esterification of the hydroxylcorresponding to ions with masses 45 and 44 can be ex-
end groups is performetii.e. thermal degradation of poly- plained by the presence of a product of interaction of poly-
ethylene glycol starts with the hydroxyl end groups. Appar-giyjene glycol with one fullerene molecule. In this case the
ently, the main part of the product analyzed consists of polygegradation starts from the hydroxyl part of the molecule and
ethylene glycol, a molecule of which is attached on both,5-eeds in the same manner as the degradation of the initial
S|des_ to fullerene moIep_uIes. This is supported ,b¥ not On%olyethylene glycolcompare with Fig. 2 and the position of
the higher thermal stability of the fullerene-containing poly- o™ main peaks in Fig.)1 However, the peaks do not
ethylene oxide bl_Jt also the composition of the products Of‘creep,” as happens with low-molecular polyethylene gly-
thermal degradation. _ col (Fig. 1), since the second end of the polyethylene glycol
If the polyethylene glycol is degraded from the ends, ,qecules is apparently bound with fullerene.
then it is understandable why the ion with mass 45  T1nis work was performed as part of the Russian
(CH,—~CH,~OH), containing a hydroxyl group, is most in-  gjentific_Technological Program “Fullerenes and atomic
tense when the polymer undergoes degradation. In the cagg siers” (Project Tribo).
of fullerene-containing polyethylene oxide, at high tempera-
tures the intensity of this ion is negligibly small compared

YIn polymer chemistry, polyethylene glycols that lose hydroxyl end groups
are called polyethylene oxides.
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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, 199y
Pis’'ma Zh. Tekh. Fiz23, 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 char@gualizing the electrical potentjadnd

waves of the surfactarfequalizing the concentration of the surfacjafumerical 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 PhysidS1063-785(07)02009-0

We shall consider the problem of calculating the specwith the boundary conditions
trum of capillary oscillations on the surface of a solution of a

surfactant in a liquid with finite conductivity. The entire sys- z=d: D=V ©)
tem is located in the field of gravity and in an electrostatic z——o: U—=D0; (6)
field E, which is normal to the free surface and is determined

by the potential differenc®¥ between electrodes — the free C—Co; (7)
surface of the conducting liquid and a flat counter electrode d.—0. ®)

on top, parallel to the surface of the liquid and separated

from it by a distanced. The solution has density, kine- HereP=P(r,t) is the pressure inside the liqui@= C(r,t)
matic viscosityr, specific conductivityo, and permittivity IS the volume concentration of the surfactant in solution; and,
e,=¢; the mobility of the charge on the free surfackbidet P, andP, are the electrical potentials above and below the
C, andT', be the volume and surface concentrations of theperturbed surface.

surfactant in the unperturbed statethe surface tension of At the interface, described by the equation
the solution, andu,, and u, the chemical potentials of the Z=£oexp@t—ikx), of the media the boundary conditions are
volume and surface phases of the surfactant. Let us assume

that the relaxation time of the surfactant between the surface — —n-E;0+ V- (xU.+xE d—D.V-%)=0; 9

and the region of the bulk solution lying next to the surface at
is small compared with the period of the thermal capillary r oC T
waves at the wavelength analyzed. —+V4(I'-U,)=D ( —) + DT( —) ; (10
In a Cartesian coordinate system with thaxis directed at 9z ax?
vertically upwardsn,||g (n, is a unit vector directed along 0 9
the Cartesian coordinate), the planez=0 is the unper- Vi=—+—;
turbed free surface of the solution and the function ox 9y
&(x,1) = &gexplt+ikx) describes a small perturbat_ion of this n(C) = pp(T); (12)
surface caused by thermal capillary wave motion of very
small amplitude &~ (kT/y)Y?); k is Boltzmann’s constant; 4mx=(n-Ez)—e(n-Ey); (12
T is the absolute temperaturejs the complex frequency =P (13)
is the wave number; and,is the time. The liquid velocity 12
field U(r,t) generated by the perturbatignis an infinitesi- FE(X,1)
mal of the same order of magnitude. Let the permittivity of ~ — —r— +U,=0; (14
the medium above the solution kg=1.
To analyze the spectrum of capillary motions in the sys- ~ —P(U)+&+2vn-(n-V)U—Pg(§)+P.(£€)=0; (15
';eqmuactii((a)snzrlbed above, we can use the linearized system of v(n- (7 V)U+ 7 (- V)U)+ P (£)+ 1o=0. (16
U In these relation®.,= — y(I'o) (9°&/ 9x?) is the pressure due
—=—-VP(U)+vAU+g; (1)  to the surface tension under the flat surface, curved by the
Jt wave motion, of the surfactant solutio®z=Pg,— Pgq,
V.U=0: (2)  WherePg=(&/8m)[(n-E))*~(7E)?],i=1, 2, is the elec-
trostatic pressure on the surface as a result of the presence of
AP;=0; E=-Vd;; (i=1;2); (3 asurface charge distributed with densitylT,=1I1,,—1I1,,,
5 5 where I1,,,=(¢;/4m)(n-E)(7E;), i=1,2, is the electrical
Ez D EJF g . (4) part of the tangential components of the stress tensor;
ot oxe  az2)’ P.=(7Vy) is the tangential component of the stress tensor
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FIG. 1. Curves of the real Re=Re s(x,) and imaginary Ims=1m s(x)
parts of the complex frequency of capillary motions on the surface of a
surfactant solution versus the dimensionless paramgtefhe curves were
calculated for the following values of the parameteks=1, v=0.1;
L=500;D=1%x10"% D.=1x10"% D,=10"% W=2; and,8=1x10 2.

due to the relaxation of the surfactant on the perturbed sur-
face; D, andDgare the surface diffusion coefficients for the
i+ surfactant and charge, respectively;is the volume diffu-
sion coefficient of the surfactant; angandn are unit vec-
tors tangent and normal to the surface of the solution.

Solving the problem(1)—(16) by the method described

—09 o 0.2 in Ref. 1 yields a dispersion equation for capillary motions of
: the
A——— g=p=7y=1 has the form

liquid which in the dimensional variables where

(B?A —kH)(s+k?D,)+ 0O xoskw?
+ BkSWeoth(kd) xos(s+ k?Dy)
+q((s+k2D,)(H—40 v?k3s?>— Bk*Wcoth(kd) xoS)
~ O xSk (w5 +57))
+RL(s?A —kH)+gRL(H—401%k3s%)=0; (17
O=p(s+k?Dg)(1+stani(kd))
+(1+ BEokb)tanh(kd);
A=0((s+2vk?)%+ w3)+ Bk?Wcoth(kd)
X (s(1—tanhkd))+k2Dg)(1—tanh(kd));
H=BskW w3+ s?)tanh(kd)
+2vk?(2s+k?Dg))tantt(kd);

I N e AR
Xo=5r Tos L_(aro)/ aco)’

eE} & e 1
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FIG. 2. Curves of the real Re=Re s(x,) and imaginary
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Im s=1Im s(x,) parts of the complex frequency of capil-
lary motions on the surface of a surfactant solution versus
the dimensionless parametgp. The curves were calcu-
lated for the following values of the parameteks=1,
»=0.1; L=500; D=10% D,=1%x10"% D¢=10"5;
W=2; a—pB=1.2x10"2 b — g=1.21x10 2.
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wi=k3+k—WIcoth(kd); q=kZ+s/v; bution of the surfactants. For ~1.2x10 2 and y,~0.19
reconnection of these branches on one another occurs and

R=D(s+k°D) two new branche® and 6 of composite waves form. The
branch 2 reconnects with the branch of charge relaxation

with characteristic scales of the dimensional quantities ) : X 4
waves and extends continuously into the inactive-surfactant

B P_93 1/4_ K — P9 1/2_ region. The branci switches to the part of branch that
ST ST extends to the unobservable sheets of the Riemann surface
5\ 4 even for valueg,<<0 which are small in absolute magnitude
D.—-D.=D.— R and is found to be unobservable for inactiyg £ 0) surfac-
[ S : tants.
[t . . : . :
va Besides the motions mentioned above, in all relations
oy () w — Voo d.= y \ 1?2 presented above, for,<<O the first sheet of the Riemann
Vi _E’ By = E ' *=VPQY, Oy = og surface contains a bran@of wave motions which is due to

diffusion of the surfactant from the volunieThe branch4

The regionx,<0 corresponds to ordinary surfactants, for y,>0 determines the growth rate of the instability of the
which decrease the surface tensigrof the free surface of surface with respect to a change in the concentration of the
the liquid and the regioly, >0 corresponds to inactive sur- jnactive substance: Fofo<0 this branch leaves the observ-
factants which increasg. able first sheet of the Riemann surface.

The results of a numerical analysis of E¢7) are pre- In summary, in some range of values of the paramgter
sented in Figs. 1 and 2 in the form of curves of the real andhe waves of relaxing charge interact with the waves of the
imaginary parts of the complex frequensyas a function of  redistributing surfactant.

Xxo With the critical value of the Tonks—Frenkel' parameter

W=2, which makes it possible to regard as relaxational all ) ) ) o ] ] ]
branches of the wave motions observed on the first sheet of al\\;'ogc'o';fv'lghé; hysicochemical Hydrodynami¢s Russiad, Fizmatgiz,
four-sheet Riemann surface on which the dispersion equationg, ¢ Sh}ryaeva, A. 1. Grigor'ev, and V. A. Koromyslov, Pis'ma Zh. Tekh.
(17) is defined. It follows from Fig. 1 that when the conduc- Fiz. 22(4), 89 (1996 [Tech. Phys. Lett22, 173(1996].

tivity of the solution is high the branch 1 of the relaxational 3D_. F. Belonozhko, S. O. Shiryaeva, and A. |. Grigor'ev, Pis’'ma zZh. Tekh.
waves associated with charge redistribifidoes not inter- T2 2219, 60(1996 [Tech. Phys. Lett22, 626(1996].

act with the brancl? of waves associated with the redistri- Translated by M. E. Alferieff
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On the applicability of Stoney’s formula for calculating the mechanical stresses in thick
films and coatings

A. V. Dobrynin

Moscow Institute of Electrical Engineering
(Submitted February 11, 1997
Pis’'ma Zh. Tekh. Fiz23, 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 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 PhysidsS1063-785(07)02109-5

Stoney’s or Timoshenko’é formulas are often used to differenceAt between the deposition and room temperature.
calculate the stresses in layered structures. Stoney examinE@r simplicity, we shall assume that for the film is less
the case of negligibly small thicknesses of the layer and Tifhan for the substrate, i.e. the structure is convex. Het
moshenko studied the case when the thickness of the Iaygle the thickness of the film ankl, the thickness of the

Substrate E¥ and E3 the modified Young's moduli of the
equals the thickness of the substrate. These methods afa‘%/er arlfdl subsirate whlelreE* _uEg/(l_V l)“ and
y 1~ E1 1

baged 'on the use of the radius of (?urvatpref a structure EX =E,/(1—v,), andv; andw, the Poisson ratios. Then the
which is curved as a result of the differenae of the ther-  radius of curvature can be calculated according to the
mal expansion coefficients of the film and substrate and thexpressioh

_ (Hy+Hy)/2+ (ETHI+ESHY) (1ETHy + ES HR) [6(H1 + Hy)

p AaAt @)
|
In the isotropic approximation, we shall assume that theTo find 8 we use the fact that
stresses along the axis equal the stresses along thaxis. 5
The starting point for constructing curves of the normal f maxgzzo, 7
stressesr, is the relation Zmin
a,=Ex/p, (2  Whence
wherex is the coordinate with respect to the neutral layer ~ B8=H2/(Hi+H)—(Hy—H1)/(2pAaAt). (8)

(we place the origin of the coordinates on the neutral layer Then the principal stresses of thesystem can be expressed
If the layered structure were curved only by the action of agg

constant moment, then the curve would have a simple form

(the linea in Fig. 1). In the presence of thermal deformation ~ ¢1=EAaAtH,/(Hy+Hj) —E(H,+Hy)/2p, 9
AaAt, the curve is discontinuous at the interfatiae b in _

' =EAaAtH,/(H;+H5)—E(H,—H)/2p, 10
Fig. 1). The curve assumes a characteristic form so that in 72 “ 2/(H1#Ho) ~E(H2—Hy)/2p (10
what follows we shall call this system az"system.” If o3=—EAaAtH,;/(H;+H,)—E(H,—H)/2p, 1y

E> ~E; ~E(as, for example, in the system AIN/Mothen B
the difference betweem, ando; equalsEA wAt. This quan- 04=~EAaAtH; /(Hi+Hy) +E(H+HY/2p. (12)
tity is divided into right and left parts in the proportion In this case the average stress in the layer can be calculated

oylo3=BI(1-1), i.e. as
o,=EBAaAL, ) o=EAaAtH,/(H,+H,)—EH,/p. (13
o3=E(1-pB)AcAt. (4) Let us compare the expressiof®, (10), and(13) pre-
The coordinates of the neutral layer in the substrate and lay§€nted above with Stoney’s forméila
are os=E,H3/6pH . (14)
H; =—AaAt(1-8)p, (/R
HY =AaAtBp. (6) m=H,/H, and n=EJ/E;#1, (15
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FIG. 3. Region of existence of negative stresses on the surface of a coating
with positive stresses in the coating near the interface.

FIG. 1. Curves of the elastic stressas— in a layered structure subjected
to simple bendingb — in a nonuniform layered structure subjected to

bending ¢, o5, andoj are the principal stresses forming theystem. . . "
1 * jected to a compression far from the critical value. The com-

puted curves of the stresses are displayed in Fig. 2.

Is it possible to have a case when the substrate is pre-
then in thez system expressions are obtained similarly fordominantly compressed but the layer is entirely stretched?
o1, 0y, ando. Substituting the expressiofis4) and(15) we  For o,<0 we obtain the inequality
obtain the simple expressions

3
o1= o (nmé+1)/(m+1) — 3nn2] =Ko, (16) (1+mn[m+(1+nm°)/3nm(1+m)]<0, (19
o= o (NP +1)/(m+1)+3nn?]=K,0s, (17)  which makes no sense, sinneandm are greater than zero.
— 3 = A further analysis of the relations showed that instead of the
o=o{nm+1)/(m+1)=Kos. (18 case when the substrate is predominantly stretched and the

As an example, we shall examine curves for the structuréayer has different stresses, the bottom part is compressed
AIN/Mo, which | investigated experimentally for different and the top part is stretched. This requires that<0 and
ratios of the thicknesseas. The stresses in the layer did not 0,>0. Therefore, substituting Eqél6) and (17) we obtain
change sign fom<<0.5 and decreased with increasing thick-
ness of this coating. This dependence is due to the decrease 2n°m3+3nm?—1>0. (20)
in the radius of curvature. The following stresses were found
in the structure AIN/Mo (=1; m=0.8; AaAt=1.85  From the expressiof20) it is easy to determine the region of
X107%): oy=—97.2 MPa,0,=248 MPa, and from Eqs. existence of the negative values ®f (Fig. 3. It is evident
(14) 0s=90 MPa. A coating consisting of polycrystalline that thick (m>0.5) or stiff (1>1) layers can partially
aluminum nitride fractured because the rupture strength wastretch. Analysis of these curves shows that it is incorrect to
exceeded, and according to Stoney's formula it was subgse Stoney’s formula for thick coatings, but even for rela-
tively thin layers the expressionil5) overestimates the
stresses. It is evident that for relatively thin layens<0.5)
s the overestimation is in the range 10-20%. However,
610, Pa Stoney’s formula does not reflect at all the true situation in
relatively thick layers or coatings, where according to the
system a tensile stress acts on the top surface and compres-
sive stresses, many times greater tlagn act on the inter-
face in the layer. For example, for=2 andm=1 we have
Ki=-4.5K,=+7.5, andK=1.5. The deviations are espe-
cially large in the case when the coating material is stiffer
than the substrate materiah¥ 1), for example, the struc-
tures nitrides on silicon, metals on polyamide films, and oth-
ers.

2

° 05 0 m 1G. S. StoneyProc. Royal Soc. Ser. &2, 172 (1990.

) ) o ) 2. P. Timoshenko, J. Optical Soc. America and Review Scientific Instru-
FIG. 2. Stresses in an aluminum nitride coating on a molybdenum base as aments11, 233 (1925.

function of the ratio of the thicknessas(the simple line corresponds tg,,
the dashed line correspondsdg, and the dotted line correspondsdg). Translated by M. E. Alferieff
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Maximum information capacity of a three-dimensional hologram
Yu. I. Kuz’min

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 5, 1997
Pis’'ma Zh. Tekh. Fiz23, 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. 1®97 American

Institute of Physicg.S1063-785(07)02209-X

Since the discovery of holography, the question of thenumbers. In three-dimensional space the translational vector
information capacity of holograms has been very important(3) describes a set of parallel plariBg, € 1 ® R? (Fig. 13,
for the development of optical information processing andand the vectof4) describes a set of collinear and coplanar
storage systems®> The present Letter is devoted to an analy-lines T,p e 1 ® R(Fig. 19.
sis of the maximum information capacity of a three- Reciprocal lattices correspondingkrspace to the trans-
dimensional hologram with optimal utilization of the dy- lations(3) and(4) have the form
namic range of the storage medium. R 1

The information capacity is the largest amount of infor- Qep=ma’, Vmel, ®)
mation that can be stored and then retrieved with as smalla  Q,p=m'q*+ u°q?+ 13q%, Vmlel, VuleR, (6)
probability of error as desired. According to the
Kotel'nikov—Shannon theorem, the information recorded in
a hologram is completely determined bAA4?W read-outs
(pixels), whereA is the transverse area of the hologram an
A%W is the two-dimensional width of the spectrum of re- : o o
corded spatial frequencies. The quantigx®¥V is the two- . In k-space the reciprocal Iatt|¢5) is a set qf eqyldlstant
dimensional analog of the Nyquist frequency. The uppelpo'ms,Q3DE 1(Fig. 1b), a”‘?' the reciprocal latticé®) is a set
limit of the information capacity of both three- and two- of collinear and coplanar lineQ.p <« 1 ® R whose orienta-

dimensional holograms can be found by analogy to the Sht-ion _is fi?<ed by t_he orthogonality reIatiofFig._ 1d. _When
reading information from a hologram, the orientation of the

annon formula for the throughput capacity of a communica- . , ; ) .
tion channel in the presence of white nofde: restored beam is determme_d by the points of intersection of
the Ewald spherévhose radius equals the wave vedtgrof
C3p=4AA’WN log,(1+R3p(A?W,N)),  bit, (1) the reading light and the reciprocal lattice. The scattering
_ 2 2 . vector is identical to the reciprocal lattice vectdy or (6), as
Cop=4AA"W logo(1+Rop(ATW)),  bit, @ shown in Fig. 1. The independent stateskispace on the
whereN is the number of multiplexed hologranipages, Ewald sphere correspond to the diffraction-resolvable Fou-
R=P,/P, is the signal/noise ratio in reading of a single rier components of the reconstructed image. Thus the largest
pixel, Py is the upper limit of the average power of the signalnumber of pixels that can be recorded in a hologram of any

producing the image, an®, is the average optical noise dimension equals the number of stateqbt2) the surface of

where 1.0 is a coordinate of the plane of the reciprocal lat-
tice, g are the basis vectors of the reciprocal lattice, which
gsatisfy the orthogonality relatiog - q'=2m4!, whered] is
the Kroneckers function.

power. the Ewald sphere:
Let us determine the maximum number of pixels that 1] 47k A
. . -
can be_ rec_orgleo! in the hologram in the presence of only SUIAAAZW) = = 0 P )
diffraction limitations. We shall take an elementary holo- 2\ A2k A2

graphic grating to mean the spatial distribution of the re-

2 _ - . . -
corded physical parameter, the distribution being invariantVh€reA“k=m/A is the squared minimum uncertainty of the
relative to translations of the form wave vector in the diffraction limit of resolution andis the

wavelength of the reading light. Counting the states on half
Tsp=n&+v6,+v3e;, Vniel, Vi,,v3eR, (3)  the surface of the Ewald sphere corresponds to summing
over the spatial frequencies within the entire Fourier plane.
The expressiof7) assumes that there is no polarization mul-
for three- and two-dimensional holograms, respectively; herdiplexing, taking account of which doubles the result.
e are the basis vectors of the translationg,is the coordi- The maximum number of pages that can be recorded in a
nate of the lattice pland,andR are sets of integer and real three-dimensional hologram with angular multiplexing can

T2D:n1el+ V282+ Voeg, aneI[, VVZER, (4)
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FIG. 1. Translation-invariant sets and reciprocal lattices for
optical diffraction by a three-dimensioné, b and two-
dimensional(c, d) holographic latticesta, ¢ — coordinate
space,(b, d — k-space;K — scattering vectofshown
only for forward scattering k, andk, — wave vectors of
the reading and reconstructed beams, respectively.

be counted by summing over all reciprocal-lattice vectorsggram, the entire dynamic range is employed for encoding

based on the Ewald sphefiee. over all wave vectors of the each pixel with the maximum word length. For a three-

recorded holographic gratings max(N)=2k/Ak=4L/\, dimensional hologram the word lengths can be exchanged

where Ak=#/L is the minimum uncertainty of the wave for the number of pages within the same dynamic range. An

vector andL is the thickness of the hologram. On the basis ofincrease in the number of pages is accomplished by decreas-

the expressiolf7), it is easy to find the maximum number of ing Rsp down to the word length of one bit per pixel. We

pixels that can be recorded in all pages of the threeshall show that there exists an optimal nhumber of pages for

dimensional hologram with an unlimited dynamic range:  which the information capacity is maximum. The number of

2 _ 3 multiplexed holograms can be represented in the form

SUAAATW)MaX(N) = 32mAL/IN". ® N=P4(1)/yPs(N), whereP4(1) is the maximum power of
Estimates of the type “volume’N® are often given for the signal for writing only one page using the entire dynamic

the maximum information capacity of a hologra®But, in  range andP(N) is the signal power for writing one of tHe

so doing an unsubstantiated assumption is often made thafultiplexed pages. Now we can relatB;p(N) and

the information is stored in the form of volume resolution Ry5(1)=maxRsp(N) as

elements (“voxels” 8 and the two-dimensionality of the

spectrum of spatial frequencies of the recorded information PJ(N) Pg1) P3p(1)

is neglected. The number of multiplexed holograms is deter- Rsp(N)=—F—= NP N2

mined by the finite dynamic range of the holographic me- " n

dium, on which the signal/noise ratio depends. For this reaf R,;(1)s>N?, the expressioifl) assumes the form

son, the estimaté) is unattainable in practice. In the case of

multiplexing, the information capacity does not at all in- C3p(N)=NCsp(1)—8AA?WN log, N. (9)

crease by a factor dfl, as could appear in a cursory analysis

of the formulas (1) and (8) neglecting the dependence

This function has a maximum at

Rsp=Rsp(N). Cap(1) 1
Let us see how the number of pages influences the in- EEAS AN
formation capacity. In the case of a two-dimensional holo- 8AA2W In2
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NC3p(1)—Cj3p(N)
4AA?W

L, kit

L(N)= —=2N log, N,  bit,

displayed in Fig. 2.
100 o In the present Letter a hologram is treated as an object of
L information theory. The calculation of the information ca-
. pacity of a three-dimensional hologram has been reduced to
. analysis of a set of multiplexed holograms, each of which
has a finite signal/noise ratio determined by the dynamic
range of the recording medium. A solution was obtained for
the problem of optimal utilization of the dynamic range with
angular multiplexing. The diffraction-limited holographic
writing of information was analyzed on the basis of a
reciprocal-lattice formalism. This makes it possible to utilize

‘ e a el N ST T to the maximum possible degree the fundamental property of

4 2 5 10 20 5 N an optical image — the two-dimensional nature of the spec-
trum of its spatial frequencies.
FIG. 2. The functionL(N), whereN is the number of multiplexed holo- | am grateful to Professor M. P. Petrov for a fruitful
grams. discussion of the problem of the information capacity of a
hologram.
Therefore, there exists an optimal number of pages

Nopi=entier(No), above which the information capacity will
decrease as a result of a decrease in the signal/noise ratiQ, ;5 \an Heerden, Appl. Of2, 393 (1963,

10

Rap(N). _ N ?R. G. Ramberg, RCA Re\83, 5 (1972.
It is interesting to note that for a sufficiently large value 3Mm. P. Petrov, S. I. Stepanov, and A. V. KhomenRotorefractive Crys-
of R3D(1) the information capacit;(:gD(N) of a three- tals in Coherent Optical SystenfSpringer-Verlag, N. Y., 1991.

. -C ! .
dimensional hologram containiny pages is less than the Eét\tllll\glrgjoozn(olvég V. Khomenko, D. Tentori, and A. A. Kamshilin, Opt.

information capacityNCsp(1) of N holograms each of =3 Walert and Y. Lu, Appl. Opt33, 2192(1994.
which contains only one page, all other conditions being®C. Shannon, Proc. IREB7, 10 (1949.
. . . 7 H H
. . . . . . . D. Brady and D. Psaltis, J. Opt. Soc. Amer.9A1167(1992.
ence in the information capacity per pixel is described by the
function Translated by M. E. Alferieff
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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. Fiz23, 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 Physid$$1063-78517)02309-4

The discovery of the light emitting properties of porous|, of the photoluminescence on the doBeof electronic
silicon® stimulated great interest in this porous silicon as airradiation and the substrate temperatilirevere determined
promising material for optoelectronics. Attempts to adoptaccording to the starting values of the intensities with the
this material in practice have generated an increasing numbetirface of porous silicon irradiated with a LGN-409 He—-Cd
of works on the influence of different types of actions laser =325 nm, P=20 mWi/cnf) and are presented in
(thermal? electromagnetié; penetrating radiations,and so ~ Fig. 1. As one can see, the integrated intensity of the photo-
on) on the properties of porous silicon and, specifically, onluminescence has the form of an asymptotic exponential —
its photoluminescence. Thus far, however, many aspects ¢@pid decay for low doses followed by saturation. This char-
this problem remain unknown. Specifically, very little data acter of the electronic stimulation of the quenching of the
exist on the effect of electronic stimulation of the quenchingPhotoluminescence of porous silicon is especially clearly
of photoluminescence of porous silicon. manife_sted at high temperatures. For room temperatures,

The present work is devoted to an investigation of theSaturation occurs at higher doges.. .
degradation of photoluminescence by kilovolt electrons and N accordance with the principles developed in Ref. 7,

the determination of the mechanism and activation energy df'¢ degradation of the photoluminescence of porous silicon
this process. under the action of kilovolt electrons is due not to the for-

Phosphorus-doped silicon wafers with00) orientation mation of defects in the single-crystal matrix but rather the
and resistivityp=2.4 Q-cm (N,=1.5x 10'> cm3) served change in the composition of the atoms passivating the pores
. a=1

as the starting material for the samples of porous silicon. Thtélnd theﬁnu?btlar gf btroketr;] bosn_ds. Itis assun:r(]ed thaft the eflec-
porous silicon was produced by the standard technology b ons effectively destroy the Si-groups on the surface o

i L _ uantum wires. This in turn increases the density of centers

electrochemical etching in an electrolyte consisting of 48% L oo .
! ) ) ) - of nonradiative annihilation of excitons and decreases the

hydrofluoric acid(HF) and ethyl alcohol in a 1:1 ratio. The . .

. L L photoluminescence intensity
electrochemical etching time was equal{g,=40 min with
current densityj =20 mA/cn?. For each sample the initial
intensity of the photoluminescence and its uniformity over IL=AexBNLNex, @
the surface were checked beforehand.

Irradiation by electrons with energg,=4 keV was whereN, is the density of centers of radiative annihilation of
conducted in an ultrahigh-vacuum chamber of an 0910S10€Xcitons, which corresponds to the density of adsorbed hy-
005 Auger spectrometer with residual pressurel® @ Pa drogenNHs; Ny IS the density of excitons is the probabil-
in the chamber in an electron beam scanning regime. Thiy of radiative annihilation; andA., is a dimensional con-
made it possible to vary the irradiation dose in the rangestant.

D=10%-5x 10 cm™2. A series of up to 12 sections with It can be conjectured on the basis of the experimental
different doses was formed on 1 &rmane sample. To inves- data obtained that the dose dependence of the concentration
tigate the temperature dependence of the degradation rate @f SiHz groups and, correspondingly, centers of lumines-
the photoluminescence under irradiation with electrons, th€€Nce at a maximum electron penetration defptbompa-
holder with the porous-silicon samples was heated directly ifabPle to the thicknesk, of the light-emitting layer can be
the chamber by a wide electron beam directed onto the back¥ritten in the form

side of the holder. The temperature of the irradiated porous

silicon was varied in the range 20—125 °C and recorded with N (D)=Ng exp(—(D/Dg)%), (2

a thermocouple. The intensity of the luminescence of the

treated sections of the porous silicon was different and dewhereN, is the initial density of light-emitting centers in the
pended strongly on the electronic irradiation does and theample;D is the characteristic electron dose for which the
temperature of the irradiated sample. density of hydrogen-passivated bonds in the porous silicon

The quantitative dependences of the integrated intensitgdecreases by a factor ef and, « is an empirical parameter.
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con is of an activational character, and the temperature de-
pendence oD is described by the Arrhenius law

Do=Dgo exp(—AE/KT), (4)

where AE is the activation energy of electron-stimulated
guenching of the photoluminescence of porous silicon and
Dqo is a preexponential factor. A least-squares approxima-
tion of the data presented in Fig. 2 yielded the parameters in
the equation4): AE=0.13 eV andDy,=5% 10"%cm 2.

It should be noted that the empirical parametede-
creases with increasing temperature from 3.44 at 20 °C to
0.73 at 125°C. This fact, in our opinion, is attributable to the
acceleration of the removal of hydrogen atoms from porous
silicon when the silicon is heated. The decreasex iwith
increasing electron eneryjikewise indicates that the diffu-

3 T sion of atoms desorbed from the surface of quantum wires
D, 1015 cm2 plays a large role in the kinetics of the decrease in the inten-
sity of the photoluminescence of porous silicon. In this con-
FIG. 1. Normalized integral photoluminescence intensity versus electroniqiection, we propose the following model for estimating the
irradiation dose fpm-type porous s_ilicon.‘ Points — experimental values, diffusion coefficient of hydrogen in porous silicon. Since po-
lines — computational results obtained with E8). The curvedl, 2, 3,and . . . . .. .
4 correspond to substrate temperatures of 20, 40, 90, and 125 °C, respercQus silicon !S a fine-pore .matenal andisina vgcuum durmg.
tively. the electronic treatment, i.e. the gas pressure in the pores is
low, only a Knudsen diffusion mechanism need be
considered? In this case, the classical diffusion of hydrogen

The ratio of the intensities of the photoluminescence of thd" the volume of the quantum wires and pores as well as
section irradiated by electrons to a daend not irradiated  @long the surfaces of the pores is neglected because of the
by electrons is described by the expression long diffusion path along the tortuous walls of the pores. We

write the equation of continuity for the one-dimensional case
IL(D)/19=1—(h/hg)(1—exp(—(D/Dg)%)). () in the general form
The equation(3) was used to calculate the theoretical _ 2 2
curves superposed on the experimental points in Fig. 1. Ob- dNpg/dt=ke(Ns=Nrg) ~kpNps™ Dind™Nig /dx, ©)
vious, the experimental data are described quite well in the
model proposed. whereNy; andNy;s are the density of hydrogen atoms in the
The characteristic doses obtained for different samplgores in the gas phase and in the chemisorbed $atis; the
temperatures are presented in Fig. 2 in the form of the curvdensity of surface bonds in the porous siliggmior to irra-
In(Dy)=f(1/T). As one can see, the experimental points falldiation most surface bonds are occupied by hydrogks
on a straight line — the pair correlation coefficient is close toandk¢ are the rates of electronic stimulation of the destruc-
1 (R=0.98). Therefore it can be concluded that the election of hydrogen complexes and their restoration; &b,
tronic degradation of the photoluminescence of porous siliis the Knudsen diffusion coefficient. The axis is perpen-

0.0

LnD,

FIG. 2. The characteristic dose for electronic stimulation of pho-
toluminescence quenching versus the reciprocal of the temperature
of porous silicon.

A 2 I 2 A i A A n I 1

[ ]
3 24 335 36 27 0 29 s_uluuuu
1I/T, 1078k~
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dicular to the surface of porous silicon and is directed into  In summary, in the present Letter we obtained the de-
the volume of the material. Since kilovolt electrons are usegendence of the integral photoluminescence intensity of
for irradiation, it can be assumed that the hydrogen desorpa-type porous silicon on the electron irradiation dose for dif-
tion rate is much higher than the hydride restoration rateferent substrate temperaturéb=20—125 °Q. The experi-
Then, when the electronic irradiation starts, practically allmental results can be explained by a decrease in the number
hydrogen atoms are instantaneously desorbed and thg radiative recombination centers as a result of electron-
amount of hydrogen in the pores will be determined only bygiimylated destruction of SiHgroups on the surface of the
the removal of the hydrogen atoms by diffusion. We write 5, ;antym wires. It was shown that the temperature depen-

the linear approximation of Fick's first law dence of the characteristic dose or electron-stimulated
Jy=—Dxn(Npg—N,)/ 6= =Ny, (6) guenching of photoluminescence of porous silicon follows

whereN,=0 is the density of hydrogen outside the surface@n Arrheniu; law, and the activat?on energy of this process
of porous silicon(in the vacuunt & is the length of the was determined. A model of the diffusion removal of hydro-
diffusion zone; andy=dé/dt is the rate of advancement of 9€N from porous silicon was presented and the hydrogen
the diffusion zone in porous silicon. Integrating the equatiordiffusion coefficient in porous silicon was estimated.

(6) gives the relations®=2D,t/6, where for the present This work was financed by a Goskomvuz grant.

model 6= Ny4/Nys is the porosity of the sample ands the

electronic treatment time. The process of quenching of the

photoluminescence by the electrons can be regarded as in-

stantaneous because of the activity of the broken bonds.

Then, after irradiation stops the broken surface bonds aréL. T. Canham, Appl. Phys. Let67, 1046(1990.

quite rapidly saturated by the hydrogen remaining the ga%c. Tsai, K.-H. Li, J. Sarantet al, Appl. Phys. Lett59, 2814 (199J).
I. M. Chang, G. S. Chuo, D. C. Charg al, J. Appl. Phys.77, 5356

phase. The decrease in the intensity of the photolumines—(lgga_
cence will therefore be determined only by the amount of<g . kostishko, A. M. Orlov, and T. G. Emel'yanova, Pisma zh. Tekh.
hydrogen which has diffused out of the porous silicon during Fiz. 22(10), 68 (1996 [Tech. Phys. Lett22, 417 (1996)].

irradiation, and the expressi@B) can be written in the form  °E. V. Astrova, A. A. Lebedev, A. D. Remenyuk al, Fiz. Tekh. Polu-
provodn.29, 1649(1995 [Semicond29, 858 (1995].

ql (D)ly=1~- DKnt/20hg . (7) 6S. Migazaki, K. Sniba, K. Sakamotet al, Optoelectron.: Devices and
. . L . Technol.7, 95 (1992.
Analysis of the experimental data presented in Fig. 1 in7B. M. Kostishko, A. M. Orlov, and T. G. Emel'yanova, Izv. Ross. Akad.

accordance with the expressitf) and the datéy=0.5 um, Nauk, Neorg. mater32, 1432(1996.
6=0.5 (Ref. 7) gave the following expression for the diffu- 8F. F. Volkenshten, Electronic Processes on Semiconductor Surfaces

. - - o . During Chemisorptiorfin Russian, Nauka, Moscow, 1987.
sion coefficient of hydrogen in porous silicon: 9B. M. Kostishko, A. M. Orlov, and S. N. Gerasimov, ibstracts of

Dykn=6.3X 10—9exq — 0.17[e\/]/kT)[cn12/s]. (8) Reports at the lgt AII—R_us_sia Conference on _Materials Engir_@ering and
the Physicochemical Principles of the Production of Doped Silicon Crys-

At T=20 °C,Dg,=8X10" 12 cé/s. This value is almost  tals “Silicon-96" [in Russia, Moscow, 1996, p. 158.
three orders of magnitude higher than the hydrogen diffusiod’T. Sherwood, R. Piford, and C. Wilkejass Transfe{Russian transla-
coefficient in the volume of single-crystal silicéh.This ,tion) Khimiya, Moscow, 1982, _

. . . : . L S. J. Paerton, J. M. Corbett, and T. S. Shi, J. Appl. Phy$3,453(1987).
confirms the conjecture that the diffusion in porous silicon
occurs by the Knudsen mechanism. Translated by M. E. Alferieff
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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, 199y
Pis’'ma Zh. Tekh. Fiz23, 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 PhysidsS1063-785(07)02409-9

Radiation hardening of materials can be associated witfions. The parametes* (vq,t;m) indicates the relative frac-
the formation of curves of stretching of a “yield tooth” and tijon of dislocations in an ensemble which have passed
the Chernov—Lders areé;z which attest to plastic instability “through’” an obstacle. The following integral equation can
in materials. be established from the physical meaning of the distribution

In the present work we studied the development of plasfunctionn(v,t;v,) as the probability density for dislocations
tic instability taking account of the dependence of the velocmoving with velocityv:
ity distribution function of an ensemble of dislocations. The
subject of the description are mobile dislocations that inter-  N(V:tVo)=p* (Vo,t;m) 5(at +vo—Vv)
act with fixed obstacles of different nature but are not ¢ J
stoppeddo not “get caught’) by the obstacles, for example, - f dt’ —p*(vg,t';m)
they move in a channeling regime. This situation is possible o ot
in the case of the deformation of an irradiated material when 1
ensembles of dislocations “cut up” obstacles in the form of _f dQ,n(v,t—t";wlat’ +vg|), 2)
small clusters, loops, and micropores. It is obvious that such 4m
a situation can occur both in the presence of a wide spectruigherew is a unit vector [w|= 1) of arbitrary direction. The
of dislocation velocitiesenergies and with different mecha- st term in Eq.(2) is the fraction of dislocations which have
nisms of interaction of dislocations with obstacles. passed through an obstacle and have acquired over & time

We shall investigate the development of plastic deformathe velocity at +v,. The second term takes account of the
tion on the basis of a kinetic equation for the distributionfraction of dislocations whose velocity has assumed an arbi-
functionn(r,v,t) of dislocations interacting with some fixed trary directionw as a result of collisions with obstacles.
obstacles over the coordinatesvelocitiesv, and timet: These directions knock dislocations out of the probability
an an an V™ 1 densityn(v,t;Vvp), as is indicated by the minus sign in front
—tVe—ta—=— —f dQ,-(n(r,v',t)—n(r,v,t)), of the second term. Using E(R) we obtain from the kinetic
gt o —ov A Am equation(1) an equation fop*:

()
X i . i * . + m
whered(}, is an element of solid angle in velocity space and dp* (Vo.tim) _ [at+vql p* (Vo,t;m)=0. (3)
a is the acceleration imparted to a dislocation by, for ex- at 2A
ample, an external stress Here the frequency of collisions Assuming that the direction of the initial velocity, is

equals|v|™A (we shall assume below that<—1), where

A is a constant quantity that takes account of the presence of ., t'm)=ex;{ IVo| ™ 1 (|alt+ |v0|)m+1) "
stops of different nature and density. In an irradiated material p- ot 2|a|A(m+1)
A will be proportional to the relative radiation hardening of with m#—1. For m<—1 the solution (4) has the
the material: A~ o, [ o70nir - asymptotic form

The equatior(1) holds in the spatially uniform case, i.e.
when the distribution function of an ensemble of dislocations _ Vg™ E
changes very little over a distance of the order of the distance 9= limp™ (vo,tm+1)= exp< m) :

t—oo

)
between obstacle&=n;—n,<d (d is the average distance
between stops This is the fraction of dislocations with initial velocity| o

To equation (1) we add the initial condition that pass through an obstacle. Ag|— (or|a| increases
n(v,0;vg) = 8(v—Vp), signifying that at timet=0 all dislo- this fraction approaches 1, i.e. for high velocitienergies
cations have a velocity close 1g. the dislocations “slip past” the obstacles without stopping.

We now introduce the parametet (vq,t;m) = pact/Prot» Figure 1 displays the fraction of dislocations that over-
where p, is the density of dislocations which have passedcome obstacles in a dynamic regime as a function of the
“through” obstacles andp, is the total density of disloca- dislocation velocity for four caseqy; corresponds to the
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FIG. 1.

initial material A;=1), g,, q3, andq, correspond to the bearing, in our opinion, for example, on the problem of
irradiated materialsA,=4, A;=8, andA,=20). The quan- brittleness of irradiated materials in vessel reactors, since the
tity s=wqy/c, wherec is the speed of sound, is plotted along deformation and destruction of vessel steels are accompanied
the abscissa. According to our data as well as the data anhy dynamic processes under dynamic channeling conditions.
lyzed by others, the relative increase in the yield stress of a

material by a factor of 4—20 is observed in most model and

reactor materials even at doses of 0. .., 10 ! displace-

m.ents per atom'. I-:urthe-rrr.]ore,.one can Se.e that, unde,r Otherl_. M. Neklyudov and N. V. Kamyshanchenk®he Structure and Radia-
wise eqpal conditions, in irradiated mat_e”als the fr?-Ct'on_Of tion Damage in Construction Material§in Russiad, Metallurgiya,
dislocations that overcome obstacles in a dynamic regime Moscow, 1966, Part 3, pp. 5-49.

(according to Ref. 4, the criterion for a dynamic or “pseu- “A. V. Volobuev, L. S. Ozhigov, and A. A. Parkhomenko, VANT, Ser.

TR - o ; ; " FRP i RM, No. 164), 3 (1996.
dorelativistic” regime is dislocations reaching velocities 3V. F. Zelenski, I M. Neklyudov, L. S. Ozhigoet al, Some Problems of

~0.1 times_ the speed of spu)m_dread_y b_ecor_nes SUbStar‘tial- the Physics of Radiation Damage in Materidis Russiad, Naukova
According to the data in Fig. 1, in irradiated materials a dumka, Kiev, 1979.
dynamic (pseudorelativistic deformation regime is reached 4L. E. Popov,Mathematical Simulation of Plastic Deformatidin Rus-
. . L ian], T k Uni ity P , T k, 1992.
for lower dislocation velocities. sian, Tomsk University Press, Toms

The model presented in this Letter could have a directrranslated by M. E. Alferieff
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Oscillations in a system of two model self-excited oscillators based on vacuum
microtriodes with unidirectional coupling

A. A. Koronovskil, V. |. Ponomarenko, and D. |. Trubetskov

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

Pis’'ma Zh. Tekh. Fiz23, 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 oscillateech of which, being a system

with one degree of freedom, can exhibit only periodic oscillatiogagjuite 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 Physid$1063-785(17)02509-3

In Ref. 1 the idea of developing new nonlinear active dl, dly
vacuum media with field-emission impregnations was ad- Ui=Lid—t'+Mid—t', i=1,2;
vanced. A natural step in the direction of realizing such a
medium is the investigation of a “model media” in the form dUc
of arrays or lattices of coupled self-excited oscillators in a le,=—C; Loi=1,2; (3

microvacuum implementatioft? dt

In the present Letter we take the first step in this direc- | . =1, (U))+1 ;
tion: The behavior of two self-excited oscillators with unidi- v !
rectional coupling is investigated in a numerical experiment. lc,=I Rz(U2)+ I, tle.

The circuit with the self-excited oscillators is displayed in . ] ] ) ] ]
Fig. 1. Each oscillator is identical to the self-excited oscilla-W"iting the equationg3) in a dimensionless form, we obtain

tor described in Refs. 2 and 4: The anode current of thé System of ordinary nonlinear differential equations describ-
vacuum microtriode depends on the grid voltageth a N9 the dynamics of the system under study:

fixed anode voltage in accordance with the Fowler— dx, . _
Nordheim law?® expressed in the form g, ()= Blyr— via(x) 1,
B* ¢3/2 dyl
—_A*E2 2 _ — =
I(U)=A*F%(aU+b) exp( FaU<h) g, =X (4)
) B dx, i .
=A(oU+b)“exp — 20D (1) E:_|r(X2)_y2+|a(X2)_S(X2_Xl),
where A* and B* are constant parameterg, is the work %:XZ,
function, F is the field intensification factora and b are T

geometric constanth=A*F? andB=(B*¢*)/F. Since where t=r(L,C,; 7 is the dimensionless time;
the nonlinear characteristic of the active element does ngf, ,~Uy,/U,, are dimensionless dynamic variables corre-

Ir(U)=1o -1

saturate, a diode with a nonlinear exponential characteristigp'onding to the grid voltage of the vacuum microtriode in
is introduced as a dissipative element into the feedback Cifne first and second self-excited oscillators, respectively;
cuit of gach oscillatof=* The current-voltage characteristic yi= X A 7)dt; p= IL,/C, is a dimensionless parameter
of the diode has the form characterizing the second self-excited oscillatdy,=B/a
and o=Db/B are parameters characterizing the vacuum mi-
ex;{& @) crotriode;i 4(x) = u(x+ o) 2exp(—1/(x+ o)) is a dimension-
kgT ' less nonlinear characteristic of a vacuum microtriode;
s=p/R. is a dimensionless coupling parameter of the self-
wherel  is the theoretical reverse current of the dioklgjs  excited oscillatork=eU,,(k,T)andgy=1qpe/(k,T) are the
Boltzmann’s constanf is the temperature, aralis the elec- parameters of the diode playing the role of a nonlinear dis-
tron charge. sipative elementi,(x)=gq(expkx)—1)k is the dimension-

In accordance with Kirchhoff's laws, we can write the less  current-voltage characteristic of the diode;
following equations for two self-excited oscillators coupled w=AaBM,/L,C, is a dimensionless feedback parameter
by a unidirectional coupling and connected in the mannepf the second self-excited oscillatar=C,/C,, B=L,/L,,
shown in Fig. 1: and y=M,/M,are dimensionless parameters characterizing

719 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/97/090719-03%10.00 © 1997 American Institute of Physics 719



Illl Ilzl FIG. 1. Circuit diagram of two unidirectionally coupled
. Ul . U; self-excited oscillators with vacuum microtriodes.
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the mismatch of the self-excited oscillators. We note that thehe two coupled self-excited oscillators will differ only by
form of the dimensionless equatiof®) was chosen so that the capacitance and the parametereflecting the mismatch
the dimensionless parameters introduced for one self-excitesf the self-excited oscillators will in this case equal the

oscillator with a vacuum microtriodésee Refs. 2 and)4  squared ratio of the characteristic frequencies oflLt@ecir-
would retain their form and the equations, which decouplecuits of the oscillators.

into two independent subsystemssas 0, would be identical In the course of the investigations of the behavior of the

to the equation in Refs. 2 and 4. two above-described self-excited oscillators with unidirec-
The derivation of the equatiort4) assumed that both the tjonal coupling, we constructed a diagram of the oscillation

vacuum microtriodes and diodes in both self-excited oscillastates of the second self-excited oscillator in the plane of the
tors are identical. In other wordd,, (U)=1,,(U) and  controlling parametera—s (“mismatch of the self-excited
Ir,(U)=1g,(U). We shall assume below that =L, and  oscillators — coupling strength” (Fig. 2a. This diagram
M;=M, and, correspondingly3=1 andy=1. In this case was constructed on the basis of a family of bifurcation dia-

Quasiperiodic oscillations 0.5
(e Xivic -

s Chaotic oscillations Amin; ¢ \\
E Periodic oscillations i

FIG. 2. a— Two-parameter state diagram of the
oscillations of the first self-excited oscillator as
a function of the controlling parametesisands.

b — Iterative map obtained at the point with
controlling parametersy=0.95 ands=0.435
that clearly shows the transition to chaos via in-

termittency c — Fragment of the map presented
in Fig. 2b.

T

&)
~

0.5

&
i

-1.65

1.8 -1.65 s
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grams obtained with numerical simulation of the syst@n cillations occurs through intermittency: Analysis of the tem-
by a fourth-order Runge—Kutta methogvith time step poral realizations of the oscillations of the second oscillator
h=0.01) with adiabatically slow variation of the controlling shows alternation of laminar and turbulent phases, the dura-
parametersr ands. The remaining parameters of the systemtion of the turbulent phases in the temporal realizations in-
were chosen, by analogy to Refs. 2 and 4, as followscreasing with the supercriticality. A stricter proof of the tran-
o=4.5k=10,9y=0.54, andu=0.2. We note that in con- sition to chaos via intermittency is the form of the iterative
structing the two-parameter state diagram on the basis of thaapxlmml:f(xlmiri) shown in Fig. 2b. This map was ob-
family of bifurcation diagrams we used the method presenteghined for the systenid) near the bifurcation point for the
in Ref. 8, in which each bifurcation diagram was constructectontrolling parametersx=0.95 and s=0.435. Figure 2c
twice: The controlling parameter was increased in the firsshows in detail a fragment of this map illustrating clearly the
case and decreased in the second case. The values of #agnsition to chaos via intermittency: A corridor, correspond-
parameter for which a transition occurred from one oscillaing to laminar phases of the temporal variations, between the
tory state into another were compared with one another fopjot of the map and the straight "r’qf“imllemif\ is clearly
both bifurcation diagrams, and if these two values were dif-ggan in the diagram. As the coupling paramstelecreases,
ferent, then this was interpreted to mean that the behavior %e plot of the map and the straight line touch. This corre-
the system is not unique in this region of controlling param-g;,4nds to a tangential bifurcation and appearance of periodic
eters, and this was displayed in the state diagram by a hy$gillations.
teresis folding. _ _ , It is also worth noting that sheets of periodic oscillations
As one can see from Fig. 2a, the state diagram in the, 55 exist in the region of chaotic oscillations. The transition
plane of controlling parameters and s has a quite odd (5 chaos from the sheets can also occur via a cascade of
form: For a small coupling parameter quasiperiodic OSC'"a'period-doubling bifurcations.
tions are realized in the second self-excited oscillafdfe In summary, in the present Letter we investigated the
note that since the coupling is unidirectional, only periOdiCdynamics of a new radiophysical system — two unidirec-
oscillations are realized in the first oscillajoAs the cou-  ionajly couled oscillators whose active elements are field-
pling parameter increases, a sharp jump occurs from quasiRmission vacuum microtriodes. The results obtained also ex-

eriodic oscillations either to chaoticr(>1.0) or periodic  teng the understanding of the possible behavior of coupled
(@<1.0) oscillations; this corresponds in the plane of con-gggijiators.

trolling parameters tlo a folding arid a transition to a different  This work was supported by the Russian Fund for Fun-
sh_eet. As the cquplmg paramgter_ncreases further, gtrgn- damental Research, Grant No. 96-02-16753.
sition occurs either from periodic to chaotic oscillations
(@<1.0) or, conversely, from chaotic to periodic oscillations
(a>1.0). In the case when both self-excited oscillators are, _
identical (i.e. @=1), in a system which moves in the plane ~D: ! Trubetskov, A. G. Rozhnev, and D. V. Sokoldwctures on Micro-

. : . . . . wave Vacuum Microelectronicgin Russiad, GosUNTs “Kolledzh
of controlling parameters in the direction of increasing cou- press, saratov, 1996.
pling parameter there are no quasiperiodic oscillations with &v. I. Ponomarenko and D. I. Trubetskov, Dokl. Akad. NaB&7, 602
small coupling parameter or chaotic oscillations with Iarge3(1994>-
values ofs. At the same time, moving in the state diagram \N/.ol.gogg(rilg;znko and D. I. Trubetskov, Izv. vyssh. uchebn. zaved., PND,
from the region of ghaqtlc OSCI||at|0nS(?z(> 1) with fixed 4D. I. Trubetskov, E. S. Mchedlova, V. G. Anfinogenov, V. I. Ponomar-
parameters in the direction of decreasing, one can see  enko, and N. M. Ryskin, Chadg 358(1996.

from Fig. 2a that it is possible to reach the region of chaotic °T- Asano, IEEE Trans. on EBD-38, 2392(199).
oscillations witha=1 also 5W. J. Orwis, C. F. McConaghy, D. R. Ciarlo, J. H. Yee, and E. W. Hee,

. . . . |EEE Trans. on ECED-36, 2651(1989.
The question of the scenario of the transition from peri- 7y, L. Bonch-Bruevich and S. G. KalashnikoS8gmiconductor Physidn

odic to chaotic oscillations merits special attention. As the Russian, Nauka, Moscow, 1977.

foregoing investigation shows, in both cases 1.0 (With 8A. V. Andrushkevich, A. A. Kipchatov, L. V Krasichkova, and A. A.
increasing parametes) and a>1.0 (With decreasing COU- Koronovski, Izv. vysh. uchebn. zaved., Radiof&8, 1195(1995.

pling parametérthe transition from periodic to chaotic 0s- Translated by M. E. Alferieff
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Advantage of Josephson bridges in synchronized arrays for a voltage standard
Kh. A. Ainitdinov, E. I. Efanov, and A. M. Klushin

“Ikar” Design Office, Nizhni Novgorod
(Submitted April 7, 199y
Pis’'ma Zh. Tekh. Fiz23, 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 utilizd — a group of current steps induced by microwave radiation is observed on it.

© 1997 American Institute of PhysidsS1063-785(07)02609-§

The development of improved devices based on syneurrent density at the superconducting edges of the bridge,
chronized arrays of a large humber of Josephson junctionshich is proportional to the diameter of the bridge and de-
(voltage standard, oscillators, multipliers, submillimeter- andpends on the temperature in the limit—0 in the same
IR-range mixers, and othergs the most pressing, intensely manner as the critical curreht=14+1.,{0).
developing field of the practical applications of the Joseph- In the fixed-current regime, i.e. for contact resistaRce

son effect™3 A large-array dc voltage standard of up to 1 V |ess than the external impedandet)z'l'JrTcoswot, in the

with a step of 15QuV, equal to the voltage of a current step approximation >1,(0)> I for the amplitudd  of the N-th
induced by microwave radiation, is under intensive develop;,q,ced step at high voltages

ment at the NIST in the USA Another group is developing
an oscillator based on a synchronized Josephson array in for oe| R/ wy<1, )
submillimeter and IR ranges that makes it possible to vary
the oscillation frequency continuously in a wide band, spewhere the following expression was obtained in Ref. 5
cifically, in Ref. 3 in the band 100-500 GHz.

The possibility of a vqltage standard based on an array INR’VIS(O)Up—a(A)—'—Rqexqq)l_CDz)H;Jl-za(A)]la 3)
of a large number of serially connected high-supercon-
ducting junctions, operating at liquid-nitrogen temperature o _ Ao .
is being investigated by a group which has been invoIveJVherep_zeJR/hwo’ a—2e.I.erR/ﬁwo, 6_?e+IR/ﬁw°’ ;
since 1970 in developing a voltage standtd.the present :zeRllﬁwO[lsm“.’.otif woli(l = 1exd] (1 =1 = Texd, wol,
Letter we propose a new possibility for obtaining a standard™ €08 {(*lexc—1)/1}, i=1,2 correspond to the upper and
Josephson voltagef d V with a much smaller number of lower signs |ln the formulag(x) is the Heav3|d_e function,
junctions in an array than in existing standards. The techJp(X) andHEJ )(x) are Bessel and Hankel functions, respec-
nique is to use a special feature of the stepped currenfively. It follows from Eq.(2) that in the range of dc currents
voltage characteristic of bridges and point contacts that dist—lexc= =1+ ¢y, containingdN~4els,R/f v, steps, the
tinguishes them from tunnelng contacts. This feature is du@mplitude of the currents is maximum and changes very little
to the so-called “excess” superconducting current and confrom one step to another.
sists of the fact that a group of current steps, which are close In an experiment on Nb-Nb point contacts with
in amplitude, is induced at high voltages on the currentdex{0)R~0.5-1 mV under microwave irradiation with
voltage characteristics of bridges by microwave irradiation inf = wo/2m=10 GHz, the group described contained 40—80
a wide range. This group extends the possibility of combin-steps, while in tunneling contacts such a group is described
ing in a voltage interval a group of current steps of two orby the Bessel function IN=ISJN(A) and contain$
more serially connected contacts with somewnhat diffetaat  SN=2N" steps, wherd&=2eV /% wq, V™ is a dc voltage,

a result of the technological variancparameters — resis- specifically,SN~8 for IR=2 mV. The differential equation
tance and critical current. According to the theory of Refs. 5

and 6, the current through a bridge with dimensions less tha@dV/dt+V/R+jdtV/L+|S sin g+, C(V)z'l'+f cos wqt
X ’

the penetration depth of the magnetic field in the supercon- (4)

ductor(the size of a vortex superconducting curjastgiven

by the formula describing a Josephson junction with an internal resist&ce
| =V/R+1,(V)+1, sin ¢, 1) and a shunting characteristic capacita@cand inductance

in a fixed-current regime was solved on a computer by the

whereo(t)=2efdtV(t)/%, V is the voltage on the bridge, finite-difference method. For the initial random values
is the time, andR is the resistance of the bridge. The current¢(0)=0, V(0)=0 the resulting dc voltage
through the bridge, in contrast to a tunneling contact, conV ™ = (¢(40/) — ¢(20/f))/40w was averaged over 20 peri-
tains an additional component — an excess superconductirfls 1f and plotted along the ordinate in units fobg/4me.
currentl o, which atV=0 jumps from—14{0) tol.,{0). The quantity| was plotted on the abscissa in units of
The magnitude of the excess current is deternfitsdthe  hwy/4meR

722 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/97/090722-03%10.00 © 1997 American Institute of Physics 722



current-voltage characteristics shows that it is most likely
that the junction at the location of the bicrystalline boundary
contains a semiconducting interlayer as a result of oxygen
vacancies in the YBCO lattice. The semiconductor properties
are confirmed by the temperature dependence of the resis-
tanceR(T).! Similarly to theNb—Nb clamped contacts bi-
junctions can be divided into two types according to the
character of the dependendeéV) andR(T), depending on
the angle of the crystallographic misorientation. For small
misorientation angles the resistance grows with temperature.
In such junctions the current density is high aR¢T) and
R(V) are similar to the analogous dependences for metallic
bridges, specifically, the differential resistance increases with
temperature and voltagen account of the Joule heating by
{he,/4neR] the current flowing through the bridgerhe decrease in the
resistanceR with increasingT and V for junctions with a
FIG. 1. Current-voltage characteristics of Josephson contacts exposed targe misorientation angi®can be explained only by a po-
microwave radiationd — Current-voltage characteristic of one junction, tantial barrier in the bridge for transmission of electrons.
measured from the monitor screen of a personal complygr 22, 1s=5, With variation of the penetrability of the potential barrier in

=48 in units ofhwo/dmeR; 2, 3— experimental current—voltage charac- . . .
teristics of two and three, respectively, serially connected ;0BgO,_ the junction, the excess currefg(0), determined by the

bicrystalline highT, superconducting junctionéhe scale along the axes is current density in the superconducting edges of the junction,
enlarged by a factors df and 3, respectively; the current-voltage charac- can differ for different junctions over wide limits

teristics are shifted along the current axis. 0<Ilq<I.. Specifically, for junctions with a misorientation
angle of 37° it is close to zero. Hence, junctions with quite
large excess current, i.e. with a large misorientation angle
10-20°, are required to obtain a standard voltage of 1 V
with the smallest number of serially connected junctions.
difficult to increasd  than1,,{(0). However, the increase ih,. is limited by the characteristic

On the experimental current-voltage characteristic ofSiZ€ Of junctions with Josephson properfiem a lowT,
two serially connected bicrystalline YB&u,O,_, high-T, superconducting bridge this dimension is the size of an Abri-

superconducting junctiongurve 2 in Fig. 1), the group kosov vortex and in a higfi; superconducting bridge it is

noted contains 40 steps in the region 1—4 mW. For comparit€ Size of a hypervortex, i.e. the Josephson penetration
pth\;, which decreases with increasing critical current

son, a stepped current—voltage characteristic, calculated ondg A _ iy > | )
PC/AT personal computer, of one junction with parameter$l€nsityjc in the bridge as\;~j¢ . Junctions with a suffi-
(Rl oxe] o) close to the experimental values and taken fromCiently 1arge e, and critical currentl=le+ s are also
the monitor screericurve 1), is displayed in the Fig. 1. In r.qulred_ in order to develop a voltage standard operating in
contrast to the IVC of one junction, in the region 0—0.5 my liauid nitrogen, where small current stepg~14(T) are

the current steps are smoothedirve2), since the resistance smootzhed as a result of the presence of strong thermal
and critical currents of two highi, superconducting junc- n0|se1. and also as a result Qf the penetration of vortex cur-
tions for the experimental IVC differ by approximately 7%. rents into the superconducting edggs near the crlthal tem-
Despite this difference in the parameters, the steps in thBeratureT.. It should be noted that, in accordance with the
region 1—-4 mV of both junctions were found to occur at thecondition| —1¢,<1<1+1¢,(0), toinduce current steps at
same current and were sharp. The possibility of varying thdigh voltage it is necessary to pass through the bridge a large
excess current,,0) over wide limits is an advantage of dc 1 and microwave current, which in turn increases the
bicrystalline junctions in developing a voltage standardshot noise in the junction ,and furthermore, the current-
based on synchronized arrays. Bijunctions were obtained biyduced magnetic fieldvortices of magnitude greater than
depositing 2000 A thick YBCO films on a single-crystalline the critical field H, penetrates into the superconductor.
YSZ substrate consisting of two parts differing with respectTherefore single-crystalline highs superconducting films

to the orientation of crystallographic axes in thle plane. A with a higher critical magnetic field intensity are preferable.
junction was obtained in the form of a bridge on the bicrys-This clarifies the difficulties and at the same time gives
talline boundary and had a width of dm, a misorientation points of reference for developing a technology for deposit-
angle of 19°, and a current density in the bridge at 67 King microcircuits consisting of serially connected highsu-
j=5x10°> A/lcm? and, correspondingly, the Josephson penperconducting junctions for a voltage standard operating at
etration depth of the magnetic field was=0.5 um. The liquid-nitrogen temperature, specifically, by choosing the
technology for preparing bicontacts is described in greatemisorientation angle, the width, and the thickness of the bar-
detail in Ref. 9. The experimental current-voltage characterrier. The results of a comparison of a setup for a reference
istics of the junctions were measured by a four-probe methouoltage of the current steps of a bijunction andNb-Nb
from the screen of an oscillograph; the contacts were irradipoint contact, connected in opposition to one another with
ated at frequency 18.81903 CHz. Analysis of the observethe same voltage-2 mV, are described in Ref. 4. The volt-

In the computer calculations, without the restricti@)
on |, the first wide group containedN~4elyR/% wq cur-
rent steps, but to obtain larg®N in practice it is much more
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Acoustic hysteresis phenomena due to the dislocation nonlinearity in crystals
G. N. Burlak and 1. V. Ostrovskii

Taras Shevchenko Kiev National University
(Submitted April 16, 199y
Pis’'ma Zh. Tekh. Fiz23, 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 dampiig@97©
American Institute of Physic§S1063-785(17)02709-2

1. A direction, of importance for practical applications, 1 1 1.
in the investigation of dynamic properties of crystals is the ~ F=5NijVUijUn+ 5 Cikéiékt 5Bija (b +bj&) Ui,
study of their acoustic and dislocation properfiésespe- )
cially in connection with the dynamics of dislocations. _ _ )

In a series of experimental works’ it was that the Whereij are the elastic modulici, are the “stiffness”
properties of different crystals change when ultrasound ofnoduli of the dislocationg;;y is the acoustodislocation in-
intensity W of the order of W/crfi was introduced into crys- teraction tensor, ant; is Burgers vector. Using the equa-
tal samples. It was found that ultrasound gives rise in &ions
threshold manner to ionization and redistribution of local 9F 9F
centers, which takes place as a result of the detachment of Pik=ﬁ; fi=— E 3
dislocations from pinning locations. As the amplitude of the ik q
dislocation oscillations increases, the local environment of @nd substituting the expressi¢®), it is easy to calculate the
dislocation, including the charge states of point defects andight-hand sides in Eqg1). Then the equations of motion
the type and number of pinning locations, changes. A comacquire the form §=¢, U;,=U, i, k=1)
mon feature of the works cited above is that the threshold 5 5 5
changes in the properties of solids occur by a dislocation ﬂ_ zﬂ: @5. A‘?_fJFB(?_f: _Bﬂ @)
mechanism. This makes it possible to formulate the concept  4t2 tax2  pox’ Jt2 ot X'’
of nonlinearity of the dislocation subsystem in the sense that . . o
the oscillating dislocations influence many dynamical propVhere ¢1 is the velocity of the longitudinal wave and
erties of crystal. It is shown below that this nonlinearity canB1j110;= 8. Starting with a definite threshold ultrasound am-
be manifested as a strongly nonmonotonic dependence of ttiitude, equal tdJ., the amplitude of the oscillation of the
ultrasonic absorption coefficient on the amplitude of the ul-dislocation reaches a critical magnituéieof the order of 1
trasound. lattice period of the crystal. The environment of the disloca-

2. The dislocation nonlinearity of solids can be intro- tions changes as a result of charge exchange and generation
duced as a dependence of the characteristics of a dislocatiéh point defects and multiplication of dislocations can occur.
on its displacement amplitude and therefore on the amplitud@!! this makes it necessary to take account of the nonlinear-
of the acoustic wave interacting with it. In our model, in ity of the dislocation subsystem, which can be manifested
contrast to the amplitude-dependent internal friction knowrgarlier than the acoustic nonlinearity. We shall do this, mak-
previously®® the parameters of a dislocation themselves, itdnd the assumption that the effective mass, stiffness, and
effective mass, stiffness, and damping coefficient of its osdamping coefficient of the dislocation oscillations depend on
cillations, become functions of the amplitude of the oscilla-the ultrasound amplitude in the form

tions. — 2 — 2
A=Ap(1+A1E7), C=Cu(1+C¢), 5
Let us examine the damping of longitudinal ultrasound of 1£) ol 1£) ©
propagating along the axis in a cubic crystal that is uniform B=Bg(1+B;&2+By&*+B,Al ~2). (6)

along they andz axes. The initial equations of motion for

ultrasound with displacement and a dislocation with dis- Here Ay, By, Co and A;, By, By, By, C, are constant

placement; have the form coefficients andAl?determines the average increase in the
length of the loops, determined by dislocation pinning on
PU; Py P& 0& impurities. We shall express|? in the form
— == A—+B——-=f, ()
ot IX at? ot — x
AI2=X§20(S)J U2dx. (7
0

whereA andB are the mass and damping coefficient of the

oscillations of the dislocation, respectivel; is the stress The step functior§(S) vanishes for subcritical amplitudes of
tensor; andf; is the force acting on the dislocation. We write the dislocation oscillations, wher8=(§2—§§)<0 and
the free energy of the crystal as a function of the variable 6(S)=1 for S>0. The relation(7) reflects the fact that for
deformationdU;; and dislocation displacemeétin the form  small amplitude$é|<|£.| the lengths of the loops are fixed
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FIG. 1. Effective ultrasonic absorption coefficient versus the amplitude of

the input pulsenumerical calculationg, = —0.05,a;=0.3, y=0.47. FIG. 2. Absorption coefficient for 2.02 MHz ultrasound versus the ampli-

tude of the input pulse in a ZnS cryst@ample ZnS—10Aat room tem-
_ . perature.
andA ~2=0, the change\|? being proportional to the am-

plitude of the dislocation oscillations and the energy of
acoustic vibrations in the crystal. We shall assume that théeresis in both the calculations and experiment. It is impor-
sound frequency is much less than the frequency of the chatant to note that in contrast to the previously known
acteristic dislocation oscillations, which was the case in thetmplitude-dependent internal friction in the string model of a
experiments. We solve the nonlinear syst@ln substituting ~ dislocation;® our data show a decrease in damping with in-
the expressionss), by the method of slowly varying ampli- creasing ultrasound amplitude in the subthreshold region,
tudes, setting followed by a steep increase i under above-threshold
Lo . loads. At subthreshold amplitudésr with y=0) the depen-
U=Up(x,t)e!*d " tcc,  £=Vo(x,t)e'*o " +c., dencel’=T"(U,) did not exlraﬂbit hysteres?(s. the charaF::teris-
®) tic form of I'(Uy) remained similar to the lower part of the
whereUg(x,t) andVy(x,t) are complex, slowly varying am- curve in Fig. 1. Experiment also does not show damping
plitudes of the ultrasound and the induced dislocation oscilhysteresis for subthreshold ultrasound amplitudes corre-
lation. From Eq.(4) we obtain an equation for the amplitude sponding toU,<U in Fig. 2.
of the acoustic wave in the form Therefore intense ultrasound substantially changes the
dislocation characteristics of the crystingths of the oscil-
1—X¢9(Ug lating dislocation loops as well as the parameters of the dis-
locations. A change in the state of the dislocation subsystem
gives rise to the observed nonlocality of the acoustodisloca-
Ug, (9) tion interaction, manifested as a hysteresis of the damping
coefficient of the acoustic wave as a function of the wave
wherec, is the group velocity, the coefficienss ; are asso- amplitude, including the region of a decrease in damping.
ciated with the nonlinearity of the dislocation subsystem anddecreasing damping is not present in the string model, which
are not present here because of their complexit, piglthe  takes account of only the change in the lengths of the dislo-
parameter characterizing the phenomenologically introducedation loops, leaving other characteristics of the dislocations
linear absorption of sound. For small amplituddg the  unchanged.
equation(9) describes the propagation of a damped ultra-  We note that the effects described above have been ob-
sonic pulse,y being the damping decrement. However, inserved in relatively pure crystals with dislocation densities
the case of ultrasound with a finite amplitude the equatiorup to 16 cm™ 2. Apparently, in contaminated samples with a
(9) becomes nonlinear, and the effective absorption coeffimuch higher dislocation density or in mefabs decrease in
cient becomes amplitude-dependent. damping is not observed, since in such materials effects due
The equatior{9) is too complicated to solve analytically. to dislocation charge exchange on point defects are weak or
For this reason, in the present work we performed a comsuppressed.
puter calculation by solving the equati@®) numerically and
calculated on the basis of the numerical solution the depen:. p. Masor{Ed], Physical AcousticsAcademic Press, N. Y., Vol. 4A;
dence of the effective ultrasonic absorption coefficient Nauka, Moscow, 1969.
23. P. Nikanorov and B. K. Kardashei|asticity and Dislocation Anelas-
1 Ug(L,t+ L/Cg) ticity of Crystals[in Russian, Nauka, Moscow, 1985.
F=r(Ug)=— flnw (10) 3T, Pustelny, Ultrasonic83, 289 (1995.
0L~ 40. A. Korotchenkov, A. Kh. Rozhko, and A. M. Antonov, Fiz. Tverd.
on the amp“tudQJ O(O't) of the output pu|se in a Crysta| of 5Tela(St. Peter§bu1)g35, 2244(1993 [Phys. SO"d_ Stat85, 1115(1993].
length L. The damping of 2.02 MHz ultrasound has been I. V. Ostrovskii and O. F. Korotchenkov, Solid State Com&2, 267
measured experimentally in ZnS single crystals at room tem=y genabdeslem and I. Ostrovskii, Revue Phys. AgSl. 1005(1990).
perature. The computational and experimental results aréo. A. Korotchenkov, A. T. Marchenko, and I. V. Ostrovskzh. Tekh.

8
One can see that as the amplitude of the ultrasound in-" Canato and K. Luecke, Journ. Appl. Phy, 789 (1956.

creases, the damping decrement acquires a pronounced hysanslated by M. E. Alferieff
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Voltage dependences of the amplitude and phase of reflected radiation in liquid-crystal
structures with surface plasmons

D. I. Kovalenko

M. G. ChernyshevskBaratov State University
(Submitted December 3, 1996
Pis’'ma Zh. Tekh. Fiz23, 75-80(September 26, 1997

The results of a theoretical calculation of the amplitude and phapepofarized monochromatic
radiation reflected from layered liquid-crystal structures with surface plasmons as a function
of the external voltage applied to the structume the Kretschmann geomejnare reported.
© 1997 American Institute of PhysidsS1063-78507)02809-7

Surface plasmons have been studied for many years bottf liquid-crystal light modulators with surface plasmons un-
theoretically and experimentally. They have been attracting der different voltages have been investigated only
great deal of attention in recent years because of their applexperimentally'°
cations in the spectroscopy of surfaces, optical microscopy, The objective of the present work is to investigate theo-
the development of optical sensors for different physicalretically the properties of liquid-crystal structures with sur-
quantities:™ and the development of electrically and opti- face plasmons in the presence of a voltage. The present Let-
cally controlled light modulators, including liquid-crystal ter reports the results of a theoretical calculation of the
modulators. In a number of works mainly devices in a re-voltage dependence of the amplitude and phase of reflected
gime of amplitude modulation of the reflected radiation werep-polarized monochromatic radiation € 6328 A) for dif-
studied experimentally and theoretically. The characteristicéerent liquid-crystal structures with surface plasmons.

FIG. 1. a — Energy reflection coefficients versus angle of
incidence with a fixed voltage. Curde— 0 V, curve2 —

4, . v . . r v ' r 6 V. b — Phase shift between tige ands-components of

deg A the reflected radiation versus the angle of incidence with a
b fixed voltage. Curvel — 0 V; curve2 — 6 V.
400F -
2
200}F
1
4 -I | <
60 64 68 72 g, deg
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Such problems can be solved either by means of the Kiq
Fresnel equatiorsor by the matrix metho8.” The present Vo= porp— (©)
work employs the matrix methddBoth methods require OLEITEL
uniform layers. F(_)r this reason, instead (_)f one liquid-crystal tarfd (1+Y)
layer, a set of uniform layers were substituted. In the calcu- = 4)
lations the layers of the liquid crystal were divided into 256 Y —tarf®
layers. For a large number of layers the computational results (Kag—Kyy)
were practically the same but the computational time became k= L, (5)
extremely long. For each layer, the tilt angle of the director K11
was calculated for a fixed voltage from the solution of the (e1—2,)
following system of equatiofis R W (6)
€1
l oo
v~ R (YA 7))1’2fo whereL is the thickness of the plate,s the distance into the
plate,Y=tarf®,, and®,, is the maximum tilt angle of the
\/ (1+Y)(1+W)+kYW director.
(L+Y)(1+W) + yY W) (1+Y+W)(1+W)W aw, It was assumed that in the absence of a voltage the tilt

oY)

2z f“\/((1+Y)(1+W))+kYVV)((l+Y)(1+W)+yYV\/) dw
T
0

angle of the director was equal to zero, though in real struc-
tures this angle is ordinarily equal to several degrees.

The computer programs were checked on the materials

(1+Y+W)(1+Y)(1+ W)W 1+w used in Refs. 6 and 8. Complete agreement with the pub-

lished results was obtained.

B WL\/((1+Y)(1+W)+kY\M((1+Y)(1+W)+yYV\/) dw
) (1+Y+W)(1+Y)(1+W)W 1+W'

@
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The amplitude and phase as functions of the angle of
incidence were calculated for voltages ranging from 1 to 10
V with a step of 0.1 in the range of angles of incidence from
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59.5 to 76.5°. Next, the voltage dependences for differentlevelop a device possessing both high sensitivity and good
angles of incidence were constructed from the computed ddinearity of the transfer characteristic. It is possible to de-
pendences on the angle of incidence in the presence of difrelop devices for a wide range of voltages. For this, it is only
ferent voltages. necessary to vary the angle of incidence/reflection.

The following structurg(in the Kretschmann geomejry Thus, the program developed for calculating not only the
was employed: glas1&1.8), metal €=—17.75+i-0.787, amplitude but also the phase of the reflegbegolarized ra-
d=400 A), Si0, (¢=2.234+i-0.0045d=265 A), liquid diation in the regime of excitation of surface plasmons in
crystal (d=95400 A, g=18.7, e, =4.4, ng=1.526, n, structures with a liquid crystal, taking account of the anisot-
=1.74,K;;=11.7e—12N-m 1, K33=18.2—12 N-m™ ). ropy of the properties of the layers, is the next step in the

The computed curves of the energy reflection coeffi-solution of the problems of determining the properties and
cients for thep-polarized component of the radiation versus characteristics of structures based on surface plasmons, in-
the angle of incidence for two voltages applied to the liquid-cluding liquid-crystal structures.
crystal structure are presented in Fig. 1a. The computed de-
pendences of the phase difference between pheand 1 , _ .

ts of the reflected radiation on the anale of inci- V. M Agranovich and D. L. Mill§ Eds], S_urface P_olarltons. Electromag-
s-componen - o 9 netic Waves on Surfaces and Interfa¢es Russian, Nauka, Moscow,
dence for two voltages applied to the liquid-crystal structure 19gs.
are shown in Fig. 1b. It is evident from the figures that when 2N. L. Dmitruk, V. G. Litovchenko, and V. L. StrizhevskiSurface Polari-
a voltage is applied, the modes appearing in the liquid- tons in Semiconducotrs and Insulatdii® Russiar, Naukova dumka,
' . . Kiev, 1989.
crystal structure stro_ngly distort thg ideal pattern of the frus-sK'.eél Welford, Opt. and Quantum Electrod, 1 (1993
tration of the total internal reflection. For this reason, the 43. M, Simon and V. A. Presa, J. Mod. Og6, 6491989.
properties of the modes should be used in devices based onSa/l-hB%m and E. WolfyPrincipliiof OpticsPergamon Press, N. Y., 1980,
; o 6th edition; Mir, Moscow, 19
structure with a liquid crystal und'er' a voltage. . . 55. A. Basmanova, Opt, spektrosi6, 100 (1994,
Curves_ of the reflection coeﬁ|0|_ent fcprpolarl_zeq light  7G. 3. SprokelCryst. Lig. Cryst.68 (1981.
as a function of the voltage applied to the liquid-crystal K. R. Welford and J. R. Samples, Liquid Cryst@s91 (1987).
structure are presented in Figs. 2a and 2b. The curves Wer%é[# F-hNgiva”CI’_V 3’2“11 26’5 (’ig‘g‘]?”koy Pis'ma zh. Tekh. Fi, 60 (1999
: : ech. Phys. Lett21, . ;
Calcma‘t?d for _the Same SFrUCture In ar_npl_ltUde and pha_sﬁv. F. Nazvanov, A. O. Afonin, and A. |. Grebennikov, Kvantektron.
modulation regimes with a fixed angle of incidence. Analysis 25 1063(1995.
of the figure shows that this structure can be used as ahJ. T. Remillard, J. M. Ginder, and W. H. Weber, Appl. OBY, 3777
effective light modulator, since both the amplitude and phasgz(L19L95- 4 B.E. Paton. Can. 1. PR 651(16
characteristics contain sections with a large slope angle. -€vesque and B. E. Paton, Can. J. PI§a.651 (1994,

Choosing the required section of the curve, it is possible taranslated by M. E. Alferieff
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Mass-spectrometric investigation of the thermal stability of polymethyl methacrylate
in the presence of C g, 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, 199y

Pis'ma Zh. Tekh. Fiz23, 81-85(September 26, 1997

The thermal degradation of polymethyl methacrylate, synthesized by the method of free-radical
polymerization, in a mixture with & fullerene has been investigated by mass-
spectrometric thermal analysisgdSuppresses the first two, low-temperature, stages in the
thermal degradation of polymethyl methacrylate and thereby increases its thermal stability.
© 1997 American Institute of Physids$1063-785(07)02909-1

Thermal stability is one of the most important technical We obtained by mass-spectrometric thermal analysis re-
characteristics of polymers. In a previous wbrik was  sults that convey quite accurately the picture of thermal deg-
shown that the thermal stability of polystyrene decreasesadation of polymethyl methacrylate observed earlier in
substantially in the presence offullerene. The thermal Refs. 2 and 3 by thermogravimetry. A curve of the yield of
stability was characterized by the onset temperature and thtte monomer(with molecular mass 10Q0as a function of
temperature of the highest rate of thermal degradation of theemperature during heating of pure polymethyl methacrylate
polymer or its mechanical mixture withsgheated at a con- js presented in Fig. Icurve 1. At least three peaks with
stant rate. These temperatures were determined by masgmperatures of the maximum yielf,,,,=160, 280, and
spectrometry according to the release of a monomer. 375 °C can be distinguished in the thermogram. In accor-

In the present Letter it is shown that in the case of poly-dance with Refs. 2 and 3, the first peak refers to the forma-
methyl methacrylate synthesized by free-radical polymerization of a monomer by rupture of “defect” bonds of the
tion G fullerene can suppress depolymerization at relatively:head to head” type and depolymerization of the macroradi-
low temperatures and therefore exert a stabilizing influencezgls formed:
improving the thermal stability of the polymer. CH CH

The polymethyl methacrylate was chosen as the objec I3 3
of investigation for a number of reasons. First, a monomer ~CH2-?—3——C-°H2~—»~°H2-°' + '?' CHy~

CHy  CH,

comprises the main magsore than 92%in the gaseous COOCH,COOCH, COOCH,COOCH,
products of the thermal degradation of polymethyl methacry- ¢

late. This greatly simplifies the analysis and interpretation of I peak depolymert-  depolymer-
the experimental results. Second, the mechanism of polymer zation zation

ization of polymethyl methacrylate and the corresponding
molecular structure have been studied comparatively Wwell.
This structure(in contrast to polymethyl methacrylate syn-
thesized by the method of anionic polymerization, contain
repeatmg units of different conflguratlon, mclud‘l‘ng unlts” The second peak with, =280 °C refers to the forma-
with weakened C—C bonds, which can be called “defects.”,. .
: . t|Pn of a monomer from a macroradical formed after the
For this reason, the changes in the character of the therma . o
: . upture of aB-bond at the end unit containing an umsatu-
degradation of polymethyl methacrylate in the presence o¥ .
SN ) . _rated bond:
Cso can serve for obtaining information about the properties
of Cgitself and for assessing its role not only in the “gross” CH, ﬁHz CH, ﬁ"'z
thermal degradation but also in some fine details of the deg: Mcuz_c—z—caz_c —»~CH,~C* + 'CHZ—C
radation mechanisms that are associated with the presence !
these “defects.” COOCH; COOCH, COOCH, COOCH,

The energy of such bonds is approximately 20 kcal/mole
lower than the energy of the ordinary C—C bonds in the main
chain (62—65 kcal/molg® rupture of which corresponds to
Yhe most intense peak with,,,,=375 °C.

The products of thermal degradation were analyzed by B - rupture l
the method of mass-spectrometric thermal anaf/sihie CH, CH,
samples, located in a vacuum (#3- 102 Pg), were heated . |
at a rate of 5°/min and at the same time the different gaseou Il peak ~CH;C®  +CH=C

products of their thermal degradation were detected with a COOCH, COOCH,
MKh-1320 mass spectrometer. In order to eliminate, when

possible, the fragmentation of the products of thermal degra- The rupture energy of g@-bond is approximately 10
dation by electron impact, the products were ionized by &cal/mole less than that of a C—C bond in the main cfain.
beam of low-energy electron8 eV). The third peak has the same temperature characteristics
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by 10-15°. The vanishing of the first peak signifies that at

100 —
4 " temperatures of 160—200 °C the rupture of bonds in the units
80 — 1 located in the “head to head” position does not lead to de-
o - : ‘; polymerization of the radicals which are formed and, appar-
g 60 - f . ently, results in a rapid reaction of the macroradical with the
5 i ;j double bond of fullerene, which results in the formation of a
S 40 ' covalent bond between the fullerene carbon and the polymer
- . J ),! " 4, chain polymethyl methacrylate, the rupture energy of the
2 04 1 Q,O bond being at least 65 kcal/mole.
-Zo J A Ve ~}.’°. A similar explanation is possible for the decrease in the
°‘—r“'-°—-r‘¥3'i-'-"?‘7 * — . intensity of the second peak in the region 240—290 °C. On
120 160 200 240 280 320 360 400 0 account of the higher .temperatu(eompared with t.he first
0 peak, some of the radicals formed after tjgebond is rup-
T°C tured can depolymerize, and the remaining radicals give co-

FIG. 1. Production ratelN/dt of the monomer(in arbitrary unit$ versus valent bonds with % fullerene, the bonq energy _belng no
tember.ature:l — initial polymethyl methacrylate;2 — anthracene- Iowgr thar? the energy Of_the C_C_bond in the main pol_ymer
containing polymethyl methacrylatene anthracene-containing unit per 880 chain. A similar explanation was given for the suppression of
ordinary unit3; 3 — mixture of polymethyl methacrylate witheg(in a 9:1  the first and less effective suppression of the second peak of
ratio by weigh}. thermal degradation of polymethyl methacrylate in the pres-
ence of oxygen.
The high strength of the &—polymethyl methacrylate
as the peak formed a result of thermal degradation of polybond can be explained from the standpoint of the interaction

methyl methacrylate obtained by anionic polymerization ancbf the generalr-electron system of the fullerene molecule

therefore not possessing weak bonds: with the n-electrons of the functional groups of the monomer
CH, CH, CH, CH, units of the polymethyl methacrylate chain.
| | In summary, in contrast to mixtures with polystyrene, in
~sCH —?—%—CH —Car—m “'CH'? +‘cH —?N the case of the thermal degradation of polymethyl methacry-
COOCH; COOCH, COOCH, COOCH, late synthesized by the free-radical polymerization method

the presence of & fullerene suppresses thermal degradation.
This results in a decrease of the intensity of the low-
1T peak depolymerization temperature peaks in the thermograms, right up to complete

We found that polycyclic structures such as anthracengar"szhmg of the peaks, as well as in a shift of the main,

can suppress the chain radical decomposition of polymers,
including polymethyl methacrylate. Figure(durve2) shows
the dependence of the monomer yield accompanying t
degradation of polymethyl methacrylate in which there is
one anthracene-containing unit per 880 ordinary monomerB M. Gingbura. A. O. Posdnvakor. V. N. 2 at . Pi -
units. One can see that even at the low concentration indi- = *: FI'Z”EZ(“A{)Q 3 (1996"[2Te”0>r’]a F?t:/ys Lettzzg?_rég ( 1;96] is'ma
cated the anthracene-containing units exert an inhibiting in-2t"irata 7. Kashiwagi, and J. Brown, Macromoleculds 1410(1985.
fluence, expressed as a decrease of the first peak and a shift. Kashiwagi, A. Inaba, J. E. Browet al, Macromoleculesl9, 2160
of this peak in the direction of high temperatures. (1989.

It has been suggested that on account of its high reactlv-T Kf‘lsghégag' A. Inaba, and A. Hamins, Polymer Degrad. and S18b.
ity Cgo fullerene can also inhibit the thermal degradation of 5|_ E. Manring, Macromolecule81, 528 (1988.
polymethyl methacrylate. For the investigations we prepared’L. E. Manring, Macromoleculeg2, 2673(1989.
homogeneous samples of a mixture of solutions of polym-'L- %9'\/'3““”9, D. G. Sogan, and G. M. Cohen, Macromolec@@s4652
ethyl methacrylate and ¢ in a common so_lven(toluene). 8L A éhibaev, T. A. Antonova, L. A. Fedorowt al., Vyskomolek. soed.,
As one can see from the thermografeee Fig. 1, curve), Ser. A37, 1874(1995.
Cgo fullerene completely suppresses the low-temperature’J. Mito, in Aspects of Degradation and Stabilization of Polymenited
thermal degradatiorfexpressed as the absence of the first by H. H. G. Jellinek, Elsevier Scientific Publishing Company, N. Y., 1978,
peak, decreases the amount of the monomer released in the™® 247-294.
second peak, and shifts the third peak to high temperatureBanslated by M. E. Alferieff

igh-temperature, peak in the direction of high temperatures.

This work was performed as part of the Russian
h cientific-Technological Program “Fullerenes and atomic
clusters” (Project “Tribol”).
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Distinctive features of the thermal degradation of poly- N-vinylpyrrolidone cross-linked
by Cg 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, 199y

Pis'ma Zh. Tekh. Fiz23, 87-92(September 26, 1997

The thermal degradation of polymer networks obtained by cross-linkinggpynGlecules

through the functional groups of pyrrolidone rings has been investigated by mass-spectrometric
analysis for the example of polj-vinylpyrrolidone. The thermal degradation of the

networks differs substantially in character from the case of free Neljaylpyrrolidone. © 1997
American Institute of Physic§S1063-785(M17)03009-7

The present work is a continuation of a series of  Since a polyN-vinylpyrrolidone macromolecule con-
investigation$ of the influence of G fullerene on the ther-  tains approximately 100 repeating units and the molecular
mal stability of different types of polymer compounds. Hereratio of G;, and repeating units of poli-vinylpyrrolidone
the thermal stability of irregular polymer networks obtainedyygs equal to 1:24(~21 wt% G, each polyN-
by cross-linking through the carbonyl groups of the pyrroli-inypyrrolidone macromolecule can be multiply cross-
QOne rlngs of poI.W—v.lnyIpyrrolldone by Ggo molecules is linked with neighboring molecules and give an insoluble,
investigated the first time. cross-linked product, as is observed experimentally. It is ob-

Fullerene-containing polylé-vmylpyrrol-ldone, , obtamgd vious that Go molecules occupy the sites in this network. In

by a new method of synthesis, making it possible to intro- "~ X . .

duce quite large quantities of ¢ covalently bound with addition, an important technological feature of the network is
6

poly-N-vinylpyrrolidone, was chosen as the object of inves-that the intermolecular cross-links form randomly through
tigation. the carbonyl groups of the pyrrolidone rings, i.e. the network

The details of the synthesis process will be publisheds irregular.
elsewhere. In the present Letter we shall indicate only the The mass-thermogram of the initial pdi-
main principles of this process. We shall focus our attentiorvinylpyrrolidone (Fig. 1) exhibits a definite similarity to the
on the results of mass-spectrometric thermal andiydithe  mass-thermogram of polymethyl methacrylate synthesized
effect of Gy on the thermal degradation of fullerene- by the radical polymerization methdd.Since polyN-
containing polyN-vinylpyrrolidone as compared with the vinylpyrrolidone was synthesized by the same method and
thermal degradation of the initial compound. the positions of the peaks in the thermogra(tiigd, 220, 320,
Serva polyN-vinylpyrrolidone with molecular mass anq 420 °g are close to the peaks for polymethyl methacry-
MM =10000 was employed as the initial material. To 0btain o the origin of the peaks can be explained similarly: The
fgllereng-contammg poIW.—vm)./Ipyrrolldolne th? o was presence of pol\N-vinylpyrrolidone fragments, in which the
first activated by a rea_cuon in a_soluuon with potassium i it ttached t ther “head to head.”
tert-butylate(tert-BuOK) in a 1:3 ratio: .repea |ng.un| S gre attached fo one another “head to head,
in the main chain as well as the presence of unsaturated end
-~ OBu(tert) groups result in rupturing of the “weakened” C—C bonds in
@@ +tert-Bu0K—" the chain followed by depolymerization at temperatures
K much lower than the temperature of thermal degradation of
Monitoring of the changes taking place in the Concentrapoly—N-vinylpyrrolidone chains which do not contain weak

tions of the reaction components shows that on the averag¥"ds- . _ o
three tert-BuOK molecules were attached to eagh r@ol- In the case of polyN-vinylpyrrolidone the situation

ecule. is, however, complicated by the presence of an
Thus, a network can form as a result of the interactionhydrogen atom in the repeating unit. During ther-
with poly-N-vinylpyrrolidone (PVP in the diagram mal degradation, this leads to, first, reactions that

break and transport the chain and, second, rupture of the
relatively weak C—N bond, which leads to detachment of
pyrrolidone rings from the polW-vinylpyrrolidone mol-
ecule.

Therefore, the process of degradation of phly-
vinylpyrrolidone does not reduce to depolymerization. In-
deed, besides ions with mass

732 Tech. Phys. Lett. 23 (9), September 1997 1063-7850/97/090732-03%10.00 © 1997 American Institute of Physics 732
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FIG. 1. Intensity of the release of the main products of thermal degradation . he rel h . d h Id dati
of poly-N-vinylpyrrolidone as a function of temperature— mass 85; 2 — FIG. 2. Intensity of the release of the main products of thermal degradation

mass 843 — mass 564 — mass 111 of a network consisting of fullerene-containing pdlyvinylpyrrolidone as a
' ' function of temperaturel — mass 852 — mass 843 — mass 111.

111 [molecular ion, CH2=('3H], (with formation of products with mass 11becomes com-
NH parable in intensity to the total process of formation of the
CH"\C=0 ions with masses 85 and 84. The intensity with which frag-
CH CH . . .
L ments with mass 56 are released increases substantially as a
N NH . . -
e it mass 84 CHzOC=O and | e, Aol res;:nt"(;)fntherinlncrease in the rate of decomposition of the
cH,'—cH, CcH,"—cH, pyrrolidone rings. . .
‘ ‘ . . All low-temperature peaks are practically absent in the
as well as ions with mass 56 [‘Cﬂz'ﬁ"“ or *CHy-N-Ce or mass thermogram of the fullerene-containing pily-
o o vinylpyrrolidone (Fig. 2). All products of thermal degrada-
*CH3CHyC- andso O”]v tion are released near400 °C. Although this peak shifts
(o] somewhat toward lower temperatures with respect to the

fourth peak of thermal degradation of padkl-
vinylpyrrolidone (evidently because of the fact that the
. : Ceo—C bond is weaker than the C—C bond in the main
Apparently,_ detachment of pyrnhdone_ rnngs along the chain, the absence of the low-temperature peaks can be in-
C_.N bon_ds, lying near th_e _defect _conflguraﬂons of the terpreted to mean that the thermal stability of the system is
main cham_occurs primarily in the_ first Fhree peaks at thenigher than that of the initial poljk-vinylpyrrolidone.
correspondmg -temperatgres. The intensity of th? release of The presence of cross links prevents depolymerization.
molecular ions is approximately an order of magnitude IowerOnly a weak peak was mass 111 is seen. Apparently, thermal

than that of ions with mass 85. The intensity of ions with 40413 4ation proceeds predominantly with detachment of pyr-
mass 56 is also relatively low and can be attributed to spllt—rolidone rings(masses 84 and B&nd only ~10% of the

ting off of linear fragments of the chains near such “de- chains decompose as a result of depolymerization.
fects” as well as partial decomposition of the pyrrolidone Therefore, just as in polymethyl methacryfatin the
fings. . ase of networks of fullerene-containing padly-

In the fourth peak, located near 420 °C, the character Oginylpyrrolidone Gy fullerene inhibits low-temperature deg-
the thermal degradation changes,_smce homol|_th|c rupture qfadation, the thermal stability of the main chain of poly-
any (and not only "defect’) bonds in the repeating unit be- ;o1 rrolidone decreases somewhat at high temperatures,
comes possible. Furthermore, the depolymerization procesg, j decomposition of the polymer chain with splitting off of
the pyrrolidone ring is the predominant mechanism of ther-
mal degradation.

This work was performed as part of the Russian
Scientific-Technological Program “Fullerenes and atomic

whose relative intensity varies in the temperature range 100
500°C(see Table), are observed in the mass spectra.

TABLE |. Intensity of release of the main products of thermal degradation
(in relative unitg, corresponding to different values of/e.

m/e clusters” (Project Tribo).
T,°C 111 85 84 56
1B. M. Ginzburg, A. O. Posdnyakov, V. N. Zgonnik, O. F. Posdnyakov,
170 40 1000 320 100 B. P. Redkov, E. Yu. Melenevskaya, and L. V. Vinogradova, Pis'ma Zh.
220 100 1000 320 125 Tekh. Fiz.22(4), 73 (1996 [Tech. Phys. Lett22, 166 (1996].
320 87 1000 325 200 2A. 0. Posdnyakov, O. F. Posdnyakov, B. P. Redkov, V. N. Zgonnik,
420 1000 786 253 693 E. Yu. Melenevskaya, L. V. Vinogradova, and B. M. Ginzburg, Pis'ma

Zh. Tekh. Fiz.22(18), 57 (1996 [Tech. Phys. Lett22, 759 (1996)].
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