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The dielectric properties of the (1x)NaNbO;—xKNbO; and (1—x)NaNbQ;—xPbTiO; systems
are investigated. The antiferroelectric—ferroelectric transition regions are determined. It is
established that in the (1x)NaNbO;—xKNbO; system the antiferroelectric phase is stable for
x=0.01 and the ferroelectric phase is stableXer0.0175; the transition from one phase

into another occurs in the concentration range €.8%€0.0175. In the (+x)NaNbO;—xPbTiO;
system the transition region lies in the range &6 0.11. © 1999 American Institute of
Physics[S1063-785(19)00110-X

In some systems of solid solutions$SSg based on thesis followed by hot pressing. Twenty k)
NaNbQ,, a ferroelectridFE) phase, similar to the phase into NaNbO,—xKNbO, compositions from the concentration
which antiferroelectrid AFE) sodium niobate transforms in range G=x<0.1 were investigated with average step size
an external electric field, arises when the concentration of th3x~0.005, and twenty (+ x)NaNbO,—xPbTiO; composi-
second component is lowSuch systems include, specifi- tions from the concentration range<kx<0.17 were studied

cally, 1—x)NaNbQO;—xLiNbO3, 1—x)NaNbO;—x . .

KNt))/OB, a(nd (1)_ x)Na%bQ;—be'?in. 'Ighere)are ma%y pa- with average step sizd&x~0.0085. The temperature depen-
pers devoted to these systems, mainly because of their intefl€NC€ Of the permittivity:(T) with and without an electric
esting physical properties and the possibility of wide practi-f'e|d as ngl as the dielectric hysteresis Io.op were obtained.
cal application$;* but to date the AFE—FE transition region The experimental samples were prepared in the form of 8-10
has not been studied in detail for the %) mm in diameter and 1 mm thick disks. The electrodes were

NaNbQ;—xKNbO; and (1-x)NaNbOQ;—xPbTiO; systems. deposited by annealing silver paste.

Our objective in the present work is to determine the region  The experimental apparatus made it possible to obtain

of the AFE—FE transition in these systems and to comparg(T) by the bridge methodf= 20 kHz, E__ =10 V/cm) with

the data obtained for various NaNp®ased solid solutions. 5 constant electric field. To eliminate errors in determining
the field acting on the sample, the conduction current was

I. SAMPLES AND EXPERIMENTAL PROCEDURE monitored; the field on the sample was 0.5-5 kV/cm. The

Ceramic samples of (2x)NaNbO,—xKNbO, and concentration dependence of the transition temperatures

(1—x)NaNbO,—xPbTiO; were obtained by solid-phase syn- (To(x)) and the variation off; under the action of the field
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FIG. 1. ShiftAT. induced in the Curie temperature by
a 1 kV/cm field versus the concentrationin the (1
—X)NaNbQO;—xKNbO; and (1-x)NaNbO;—xPbTiO;
systems.
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(AT.(x)) were determined from the data obtained in the~0.01 in the former and at~0.11 in the latter.
temperature measurements. In summary, our investigation shows that in %)
The dielectric hysteresis loops were observed using &laNbO;—xKNbO; the AFE phase is stable far<0.01, and
Sawyer—Tower scheme at room temperature and frequendy the FE phase it is stable fae=0.0175; the transition from
50 Hz; the field on the sample was 20-50 kV/cm. The dethe AFE into the FE phase occurs in the range €.81
pendence of the coercive fieldEf) and the residual polar- <0.0175. In (:-x)NaNbQ;—xPbTiO; the AFE—FE transi-
ization (P,) on x was determined in these investigations. tion occurs in the range 0.67x<0.11. The change in the
phase state occurs in different concentration ranges in these
Il. RESULTS AND DISCUSSION systems because for heterovalent substitution in both cationic
Figure 1 shows the changesT, in T, for a constant sublattipes in (+x)NaNbQ;—xPbTiG; a large n'umber Of
electric field of 1 kvicm versusx in the (1—Xx) vacancies can form, as a result qf wh|c_h the internal field
NaNbO,—xKNbO, system (Fig. 13 and the (1-x) acting on the_ ferroelectrically active cations can be much
NaNbQ;—xPbTiO; system(Fig. 1b. It is evident thafT . for weaker than in (+x)NaNbQ;—xKNbO;, and the FE phase

(1—x)NaNbO,—xKNbO,, x=<0.01, shifts in the direction of will sta_bilize at high impurity cation concentrations._
low temperatures in a field, as is characteristic of antiferro- This work was partially supported by the Russian Fund

electrics, while the shift forx=0.0175 is in the opposite for Fundamental Research, Grant No. 99-02-17575.

direction, as in ferroelectrics. In (1x)NaNbO;—xPbTiO;

in an electric fieldT shifts in samples withx<0.07 in the  17he physics of Ferroelectric Phenomeredited by G. A. Smolenski
direction of low temperatures, while for=0.11 it shifts in (Nauka, Leningrad, 1985

the direction of h|gh temperatures_ The small peaks in thezA. V. Turik, V. A. Tais’eva, and L. A. Reznichenko, lzv. Akad. Nauk

SSSR, Neorg. Mateil4, 912 (1978.
CurveSATC(X) for small values ofx seem to be due to the 30. N. Razumovskaya, L. A. Shilkina, and L. A. Reznichenko, Izv. Akad.

high Qensity of defects in these co.mpositions. Nauk SSSR, Neorg. Matet5, 2207(1979.
Figure 2 shows the concentration dependence of the co®L. A. Reznichenko, A. Ya. Dantsiger, and V. P. Sakhnerfkaydamental
ercive fieldE(x) and the residual polarizatid®, (x) for the Problems of PiezoelectronicdVIP “Kniga,” Rostov University Press,
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systems. A large increase B, and P, is observed aik  Translated by M. E. Alferieff
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It is shown that organic nanocrystald 4ggregatescan be successfully produced and oriented in
a liquid-crystal matrix. An external electric field can reorient and destroy them19@9
American Institute of Physic§S1063-785(19)00210-4

Submicron-size organic and inorganic semiconductoias for 1 but an ac electric field with frequendy= 1 kHz and
particles are now getting close attention. Thligggregates amplitudeU,=12 V is applied to the electrodes of the cell;
of certain molecular dyes have very high nonlinear cubic3 — polarization of the exciting wave is parallel to the di-
susceptibilities. The extendedrod-shapell form and the  rection of rubbing of the orienting layer of the cell and or-
presence of a large electronic dipole along the axis of theéhogonal to the detection polarization of the PL of the LC, no
aggregate are key properties for producing “macroanisotroerienting field; 4 — the polarization conditions are similar to
pic” media based on ordered aggregates. Ordering a&f  3), but an electric field with frequencly=1 kHz and ampli-
aggregates in flowing solutiohand polymeréas a method tudeU,=12 V is applied to the cell.
for producing “macroanisotropy” is, in principle, static and The characteristic time and concentration dependence of
uncontrollable. In the present work we investigate the behavthe PL of the dye allow one to relate the long-wavelength
ior of J aggregates in a nematic liquid crystal, which, on thebands in Fig. 1 with the PL peak at=577 nm to the emis-
one hand, is characterized by long-range orientational ordegion of J aggregates. There is virtually no PL of the dye
and, on the other, can reorient tehmeselves in an electrimonomers because of the high degree of aggregation. The
field. short-wavelength bands in Fig. 1 represent the PL of the

Molecules of the model liquid crystdLC) 5CB were  matrix: 5CB molecules. An electric field applied to the LC
chosen as the media for orientidgaggregates. Electrodes cell substantially decreases the intensity of the PL of both the
were sputtered on the inner surfaces of aud@-LC cell and  LC and thel aggregates. The PL decreases by approximately
layers of the orienting material were deposited. The orienting\| = 35%. The electrochromic effect fdraggregates can be
material fixed the required orientation of the 5CB moleculesobserved visually. Without an electric field the cell is rose-
on the surface and in the interior volume of the dplanar  colored, whereas in a field the cell is almost completely col-
or homeotropit. A dye from the pseudoisocyanine family, orless.
astrophlonite, was used for the molecules that easily fdrm The anisotropy of the Pldegree of orderingof a planar
aggregates. The dye concentration in the LC was 0.5 wt.%4.C andJ aggregates can be estimated from Figlland 3
The formation of the planar or homeotropic orientation of theusing Eq.(1). Thus, the anisotropy at the peak PL for the LC
nematic phase of the mixture was monitored with a polarizeds s,;=0.61, and forJ aggregates;=0.49. As we can see,
optical microscope. The photoluminescen@el) of the the LC matrix imposes on thé@ aggregates an orientation
samples was excited by radiation from a mercury lamp withsomorphic to the LC molecules, though the degree of the
a maximum at =365 nm and a nitrogen laser with a maxi- orientational ordering of the aggregates is less than for 5CB
mum atA =337 nm at right angles to the surface of the cell. molecules. However, on the basis of the curves 2 and 4 in
The PL was recorded at a small angle with respect to th&ig. 1 it can be inferred that the valuesbbtained are not
direction of excitation. If it is assumed that the radiative the highest possible. Nonetheless, under the action of a high-
dipole moment of a 5CB molecule is directed along the mofrequency electric field the LC effectively reorients tie
lecular axis, then the PL anisotropy of a uniaxial LC can beaggregates of the dye along the field. This is indicated not
related to the degree of ordering of the nematic pha$e as only by the PL spectra but also by microscopic investiga-

s= (1 — 1)/ (1y+210) 1) tions. Thus, if the dye concentration in the LC is increased to

pt- Tpp/ii pl pp7 a value on the order of 1 wt.%, then microcrystals of the dye,
wherel, andl, are the intensities of the PL components which are visible under an optical microscope, will “ap-
that are linearly polarized parallel and perpendicular to theear” in the interior volume of the matrix. Reorientation of
polarization plane of the exciting radiation. these microcrystals can be observed by applying a field to

Figure 1 shows the polarized PL spectra of planar nemthe electrodes of the cell. In this case the electrochromism is
atic phase of a LC witld aggregates for various experimental Al =35%, but this is evidently not the maximum possible.
conditions 1 — polarization of the exciting wave parallel to Let us consider a nematic LC with homeotropic orienta-
the direction of predominant orientation of the 5CB mol- tion of 5CB molecules in the cell. The result for ideal ho-
ecules and identical to the PL detection polarization and neneotropic orientation, when the 5CB molecules make a
orienting electric field2 — the same polarization conditions strictly right angle with the surface of the cell, is obvious.

1063-7850/99/25(10)/2/$15.00 761 © 1999 American Institute of Physics
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FIG. 1. Polarized PL spectra of a planar nematic 5CB wlithggregates.
The experimental conditions are described in the text.
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FIG. 2. PL spectra of a nematic LC addiggregates with oblique homeo-
tropic orientation of 5CB moleculed — no field, 2—4 — an electric field
with amplitudeU,= 12 V and frequency =100-1000(2), 10(3), and 1 Hz
(4) is applied to the electrodes of the cell.

Irrespective of the frequency and the intensity of the electric
field and the wavelength of PL excitation, neither the 5CBhow a low-frequency electric field suppressesdtmnd and

itself nor theJ aggregates in the LC matrix exhibit an elec-

increases the intensity of the monomolecular PL. The inten-

trochromic effect. The case of oblique homeotropic orientasity of the 5CB emission does not change mukhggregates
tion, when the angle between the axis of the LC moleculegan also be rapidly destroyed by a low-frequency electric
and the substrate is somewhat different from a right anglefield if the cell is filled with a planar LC or any polar organic

resembles the planar case. However,is much smaller here
(Fig. 2). Depending on the specific homeotropic aahgle

solvent. Electrohydrodynamic flows arising between the
electrodes in a constant or low-frequency ac electric field in

of inclination of the 5CB molecules with respect to the sub-the cell give rise to degradation.

strate plang Al can vary, but it does not exceed 10-15%.

Figure 2 also demonstrates the frequency effect of an'V. L. Bogdanov, E. N. Viktorova, and S. V. Kulya, JETP Lef3,

electric field on the] aggregates. A field witf>100 Hz
nearly reorientsJ aggregates along the field. A low-
frequency electric field without10 Hz effectively decom-

105(1991).
2G. ScheibeOptische Anregungen organischer Systeierlag Chemie,
Weinheim, 1966 p. 109.
3L. Misawa, H. Ono, and K. Minoshima, Appl. Phys. Le&B, 577(1993.

poses the aggregates into individual molecules. In addition, 4L. M. Blinov, Electro- and Magneto-Optical Properties of Liquid Crystals

the rate at which aggregates are converted into monomer

rises as the field frequendyfalls. Figure 2(3 and 4 shows

S(Wiley, New York, 1983; Nauka, Moscow, 1918

Translated by M. E. Alferieff
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Models of stepped x-ray diffractors of a new type with ellipsoidal and toroidal step surfaces are
calculated in the point x-ray source approximation. The Monte Carlo method is used to

obtain an image of the diffraction zones of reflection and to investigate the influence of surface
curvature on the shape and area of these zones199® American Institute of Physics.
[S1063-785(10900310-9

The principal dispersing components by means of which  In the present letter we propose a new method for nu-
x-rays in a given wavelength range can be extracted are pemerical simulation of the shape of a diffraction zone on the
fect crystals and crystals with a mosaic structure: quartzsurface of a curved crystal. The present approach makes it
silicon, germanium, lithium fluoride, mica, graphite, and oth-possible to determine, to a high degree of accuracy, the re-
ers. The conventional crystal—diffraction methods for de-quired geometric parameters, specifically, for a new class of
composing the x-ray radiation into a spectrum have beedliffractor£=8 with a complicated stepped surface.
developed and described quite completefThey employ Ellipsoidal and toroidal curvatures are analyzed as ex-
reflection at the grazing angk(between the incident beam amples. The cylindrical and spherical curvatures can be re-
and the tangent plane at the point of incidenitem a sys- garded as particular cases of ellipsoidal curvature. We shall
tem of atomic planes of the crystal. The condition for inter-apply the method for an arbitrary fixed resolution and angu-
ference enhancement is the Bragg relation lar interval AG. The essence of the method is as follows. A

ah=2d sin 6 ) function of the scalar product of two vectors directed away

' from a pointP(XY 2 on the surface of a diffractor crystal
wheren is the diffraction order\ is the radiation wave- (Fig. 1) is obtained analytically: The vector normal to the
length, andd is the interplanar spacing. The conditio)  surface and the vect®S directed away from the diffraction
holds for all diffracted rays. The resolving power increasesone into the poingon the focusing circle, where the source
as the parameteX\/\(AE/E) falls off, where the value of lies. The angle between these vectors is-9@°sinceSPis
the latter is determined by the mosaic imperfection of thethe ray striking the poinP of an atomic plane of the crystal:
crystal employed, by the method used to decompose the
x-ray radiation into a spectrum, and by the size of the reflect- (n-PS
ing Bragg surface of the diffractor crystal. The Bragtif- d(X,Y,2)= W=Sin (6+A0). )
fraction) zone of reflection is a set of points on the surface of

the crystal for which in a prescribed wavelength range_l_h _ ith th di X(Y 7) lies in the B
A—AN<A=<M\+AN\ the grazing angle satisfying E(L) lies in e point with the coordinatesX(Y,Z) lies in the Bragg

the rangef— A0 <0 <6+A6. The value ofA@ is determined reflection zone if the anglé lies in the range#9=A¢6. There-
from the condition ' fore the condition determining whether or not a point lies in

the diffraction zone is
AO=(AN/\)tan 6. (2

Ordinarily in practice a crystal is chosen so that its own  SIN(6—A0)<P(X,Y,Z)<sin(6+A¥0). (4)
degreeAd of mosaic structure, determined from the rocking
curve, is less than or equal to the degree fixed by the size of In our case, we used the Monte Carlo method to visual-
the reflecting Bragg zone. ize the diffraction region of reflection of the crystal and to
It is obvious that the greatex6, the larger the area of the estimate the relative surface area of this region. The calcula-
diffraction zone and, in consequence, the higher the intenstions were performed on a pentium IBM PC. The point
ties of the spectra. Ordinarily, a compromise must be mad®(X,Y,Z) was displayed on a screen and was considered to
between a quite high spectral resoluti@ssociated with the lie in the diffraction zone of reflection if the conditiof)
small reflecting area of the crystadnd a large aperture of was satisfied for the corresponding values XfY,Z). Ran-
the diffractor. At present, reflection from flat or curved crys- dom numbers, which were “dealt” using a standard pseudo-
tals is used to monochromatize x-ray radiation. These crysrandom number generator, served as the coordine?) (
tals are used for point sources of radiation and enable focu§he values ofY were calculated from the equations presented
ing of beans with a prescribed wavelength into the detectiomelow, which give the curvature of the crystallographic
window of the detector. planes.

1063-7850/99/25(10)/3/$15.00 763 © 1999 American Institute of Physics
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FIG. 1. Arrangement of the readout system, focusing
circle, radiation sourc& and normal vecton at a point
P on the surface of the current crystal

As is well known, the equation for an ellipsoid of revo- D to the apex of the crystal. Figure 2 also shows figures of
lution representing a circle of radiwsin the XY plane has the diffraction zones obtained by the Monte Carlo method

the form for various values of the parametgr According to Eqs(9)
a\? and(10) the dimensionless parametgiis equal to the ratio
X2+Y2%+ 5) Z%=1, (5)  b/a for an ellipsoid andb/(a+b) for a torus. It is evident

that the form of the Bragg zone depends strongly on the
whereX, Y, andZ are dimensionless quantities, expressed invalue of this parameter.
units ofa. Recently, new principles were sugge$@dfor con-

The equation for a torus for whichis the radius of the structing diffractors for x-ray spectroscopy and microanaly-
axial circle in theXY plane and is the radius of the circle of sis that possess at the same time a high transmission and high

revolution around the axis has the form spectral resolution. The approach described in the present
a b |2 2 letter made it possible to calculate the optimal curvature pa-
X?+Y?= er \/ PN —ZZ) , (6) rameters of crystalline planes for these new types of x-ray

diffractors. Specifically, in Ref. 8 it was proved that the new
whereX, Y, andZ are dimensionless quantities, expressed irpseudospherical stepped diffractor is effective for use as a
units ofa+b. CAMEBAX x-ray microanalyzefCAMECA Company.

The vectom normal at the poinP(X,Y,Z) and the vec-
tor PS can be expressed as follows:

PS=(cos § sin 6—X)i+(cog 6—Y)j—Zk, (7)
n=—Xi—Yj— Bzk, (8)
B=1/v*, y=bla for an ellipsoid of revolution, S8,

9 1.00T
B_(1—7)+w2—22 b i

, y=—— foratorus. (10)
‘/77_27 a+b e
Figure 2 displays plots of the area of the diffraction zone
as a function of the curvature parameters of the crystal for ar
ellipsoid and a torus. The values of the area, normalized tc
the corresponding valug, for a spherical crystal, are plotted
along the ordinate. Both curves are nonmonotonic. The
maximumC in both plots corresponds to a ratio of the pa-
rameters such that the ellipsoid and the torus degenerate into.a0 —
a sphere. This occurs when the curvature inXfeplane is
equal to the curvature of the crystal in tN& plane, which
corresponds ta=b for an ellipsoid and+b=b (a<b) for
a torus. The maximunB for an ellipsoidal diffractor is
reached forb=a sin(#) which is the distance from the
sourceSto the apexA of the curved crystal. For a torus, the
position of the first peak corresponds to a different value of o.co .
the radius of curvature in théZ plane:b= (a+ b)sir? (6). In 0.00 0.40 0.80 1.20 160 200
other words, the radius of curvature in th& plane is equal o
to the length of the segmefA (Fig. 1). In the plane of the FIG. 2. Plots of the reducgd area of the diffraction zone versus the curvatu're
parameters of the crystal: 1 — for a torus, 2 — for an ellipsoid. Insets:

fOCU_Sing circle, this is the di.Stance from the point of inter-|nages of the Bragg diffraction zones in the parameter range corresponding
section of the chord connecting the soug&and the detector to the closest points of the curve.
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The lasing spectra and the shift in the position of the modes in the current rande) (1 with

various methods of pumping the nonequilibrium charge carriers are analyzed. It is shown

that the pumping method does not influence the character of the tuning of the radiation line. The
large short-wavelength tuning rangep to 50 A is due not to the heating of the crystal

lattice in the active-region material but rather the nonuniform nonequilibrium charge-carrier
density distribution over the width of the stripe. €999 American Institute of Physics.
[S1063-785(19)00410-3

1. An important element of superhigh-resolution diode  The investigations were performed at liquid-nitrogen
laser spectrometers is a frequency-tunable fast-response démperature using various methods for pumping the nonequi-
ode semiconductor laser. In previous work, we reported inlibrium charge carriers: in the cw regime with the laser pow-
stantaneous, smooth current tuning of the lasing frequency ared by short current pulses with 0.04 ms and a duty factor of
INAsSb/InAsSbP heterostructure diode lasers emitting neat00, saw-tooth pulses with a repetition frequency from 10
3.3 um~" It was found that smooth tuning of the lasing to 10* Hz, and alternating square pulses with a duty factor of
frequency of a diode laser is possible by varying the curren? and a 36 Hz repetition frequency.
in the range of longer and shorter wavelengths, which occurs  The spectral composition of the radiation obtained with
at a rate higher than the thermal-relaxation fateRef. 6, a  different methods of pumping and with different pump cur-
change in the radiation wavelength by 15 A in the single-rents ranging from the threshold valuig up to 5, was
mode lasing regime, i.e., in a regime where the intensity of
the predominant mode is greater than the total intensity of all
other modes, was obtained in INAsSb/InAsSbP laser struc- a
tures. Wavelength tuning by 30 A into the short-wavelength
region in structures with a small stripe wid¢(hO wm) in a
single-mode regime with a total shift of a single mode by
55 A was reported in Ref. 4.

Our objective in the present work is to obtain a wider
range of wavelength tuning of laser radiation in the single-
mode lasing regime and to determine the effect of the
method used to pump nonequilibrium charge carriers on the
tuning process. For this, lasers with a larger strip width than
in Ref. 4 were investigated.

2. We studied laser diodes based on the double
heterostructuresN - INAsSSk 1/ 35/ N - INASSh, o8P /P-InAs E.eV ‘r
Shy 1P 35, oObtained by liquid-phase epitaxy onmlnAs v
substrate with hole density (5-8)0"%cm 2. The active
region was lum thick, and the wide-gap emitters werg.fh 05 +
thick. The active region was not specially doped. The elec-
tron density in it was 1¥cm 2. The N-InAsSbP layer was
doped with Sn to electron density of aboutl0*®cm™ 3, and
the P-InAsSbhP layer was doped with Zn to density (2-5) N L
.10"cm 3. The arrangement of the layers and the energy 0.4
diagram of the diode structures are shown in Fig. 1.

Mesostrips with a width of 1@um were formed by pho-
tolithography on the structures grown. Fabry—Perot cavities id
of length 250-375um were obtained by cleaving. The laser Z, a.u.
was 500um wide in the region of the substrate, and thegig, 1. Experimental laser structure: a — arrangement of the layers,
substrate was about 1Qdm thick. b — energy diagram.

n-InAs
n-InAsSbP
n-InAsSb
p-InAsSbP

p-InAs

[
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FIG. 3. Variation of the lasing wavelength of a V-12152-71 laser with the
diode powered by a dc curre(t), alternating square pulses with duty factor

2 (2), -tooth pul , and short pul .
3300 '3,305 3310 3315 3320 3,325 (2), saw-tooth pulse3). and short pulseé)

A, um
FIG. 2. Laser radiatior_1 spectra obtained with different methods_ of powering[tﬂz Csl;lr(gftr-l\‘;vgl\?erleeisgetﬂ f:gg:g;’ tgirm:udr?eilﬁio;;ng %mg Into
a V-12152-71 laser with=1.1ly,: a — dc current, b — alternating square h o R
pulses, ¢ — saw-tooth pulses, d — short pulses. change in wavelength with current slows down, and the
spectrum is no longer a single-mode spectrum. The total
short-wavelength shift of the initial radiation mode in the
studied on the diode laser structures. When the laser wasne-mode regime in the current range (1.8—B.5yas 42 A,
powered by saw-tooth current pulses, the shift of the radiak.e., 40% greater than in Ref. 4. In the current range
tion mode was measured using a Fabry—Perot cavity. (3.5-4.5), this mode shifted by another 8 A . The total
3. The radiation spectrum of laser diodes near the lasinghift of the mode was® A . In this series of samples the
threshold with various pumping methods is displayed in Figshift into the short-wavelength region of the spectrum oc-
2. One mode is present with all currents irrespective of thesurred within the entire intermode spacing. Measurements of
pumping method. For currents of abouty3 shorter wave- the radiation spectra uisng various methods to power the
length modes appear, making up to 10% of the contributiodaser did not show any differences in character and magni-
to the total intensity of the radiation. As the pump currenttude of the change in the radiation wavelength with current.
increases from B, to 5ly,, the intensity of the short- This shows that the crystal lattice of the active-region mate-
wavelength modes increases more strongly than the intensityal is not heated when the laser structure is powered by
of the previously observed mode, and for 3.5, the inten-  different methods.
sity of the previously predominating mode is less than the In summary, the experimental results obtained indicate
sum of the intensities of all other modes. The regime is ndhat the substantial short-wavelength tuning of the lasing
longer a single-mode regime. wavelength is due to not heating but rather radiation genera-
As the current increased, just as in previous workwe  tion processes.
observed a smooth shift of the lasing wavelength into the 4. The initial increase in the radiation wavelength with
short- and long-wavelength regions of the spect(&ig. 3). current increasing to 1L§ has already been attributetl’ to
For low currents (< 1.8, the radiation wavelength shifted self-focusing of the radiation with uniform injection. For cur-
in the direction of larger values by approximating A . As  rents near 11§, the differential resistance of the-n junc-
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tion in the investigated lasers becomes less than the substratbort-wavelength shift is due not to the heating of the crystal
resistance. For this reason, the substrate starts to affect tledtice of the active-region material but rather to the nonuni-
spread of the current over the width of the stripe. Since thdorm distribution of the nonequilibrium charge-carrier den-
width of the substrate is much greater than that of the stripesity over the width of the stripe.
the current density at the edges of the stripe becomes greater
than at the center of the stripe. This difference increases with
the current, resulting in a decrease of the permittivity and,1 _
correspondingly, a decrease of the radiation Wavelength. It T. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M._K'olchanova, M. V:

hould be noted that this effect has a stronder influence OnStepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis’'ma Zh. Tekh. Fiz.
should be {rong _ 22(7) (1966 [Sov. Tech. Phys. LetR2, 645 (1966).
the radiation wavelength than self-focusing, i.e., nonuniform2T. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V.
injection from the substrate results in a much larger increase Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovodn.
; T _ ; ; ; 31, 662(1997 [Semiconductor81, 563 (1997)].
in the nonequlllbnum Charge Ca”'er. d.enSIty at the stripe 3T. N. Danilova, A. P. Danilova, E. G. Ershov, A. N. Imenkov, N. M.
edges than the absence of Ia_sgr .radlatlon here. ) ) Kolchanova, M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Fiz.

The density of the nonequilibrium charge carriers is con- Tekh. Poluprovodn31, 976 (1997 [Semiconductor81, 831(1997)].
trolled by their lifetime, which is 10°—~10 8 s, much shorter 4T-hN- Danilovzf A. P. Dalr(\ilolvay 0. G. iLShOVI, A. N&gnenkf()vi Va V.
; i« Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovd).373 (199
than the durations of the pump pulses empl_oyed. For this [Semiconductor82, 339 (1998,
reason, the curr_ent-d_ependence of the rad_|at|0n wavelengthr N panilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, V. V.
was the same with different forms of pumping. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovc).373 (1998
In summary, a shift of the radiation wavelength by 50 A G[TS"?\‘mgonFliUCth?vl 359(1993]-A L imenkor. N. M. Kolch Ly
: . . . . N. Danilova, O. |. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V.
in the short—wavelength direction was Obta_med on InASSb/ Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis'ma zZh. Tekh. Fiz.
INAsSbP double heterostructures. An_aly&_s of t_he lasing 24(6), 77 (1998 [Tech. Phys. Lett24, 239 (1998].
spectra and the shifts of the mode positions in a wide curren{T. N. Danilova, A. P. Danilova, A. N. Imenkov, N. M. Kolchanova, M. V.
range with various methods of pumping the nonequilibrium Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovodn.
. . (1999, in press.

charge carriers showed that the pumping method does not

influence the character of the shift of the radiation line. TheTranslated by M. E. Alferieff
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The effect of internal reflections of the field on the parameters of a superradiant pulse
Yu. A. Avetisyan

Institute of Precision Mechanics and Control, Russian Academy of Sciences, Saratov
(Submitted February 24, 1999
Pis’'ma Zh. Tekh. Fiz25, 24—-31(October 12, 1999

Superadiation(SR) of an inverted two-level medium, described by one-dimensional
Maxwell-Bloch equations without assuming that the amplitudes of the electric field vary
smoothly along the sample, is studied. It is shown that as the initial inversion density increases,
a transition is observed from the so-called “lethargic” field amplification regime,

characteristic for the initial stage of SR, to a regime close to the ordinary exponential law. This
accelerates the process and can lead to synchronization of counterpropagating SR pulses.
Estimates are obtained for the average value of the delays of the oppositely propagating pulses
and for their correlation criterion, which depends strongly on the ratio of the sample

length and the half-wavelength of the resonance radiation. The possibility of realizing SR under
conditions of strong phase relaxation of the active medium is discussed99® American

Institute of Physicg.S1063-785(109)00510-§

Spontaneous cooperative radiation or superradié®Re  mained largely unexplained. We note that these features
is of interest as a mechanism for generating short pulses afere not reported in the simplified modérs.
coherent radiation with peak intensity proportional to the In the present letter, using numerical and approximate
squared density of inverted centéetoms N . analytic solutions of the Maxwell-Bloch equatiofvgithout

One aspect of SR for large valuesN§ has been exam- the SVAA), the physical meaning is determined and the pre-
ined in detail previously: the appearance of synchronizatiorviously obtained results are corrected with respect to syn-
of oppositely propagating pulses emitted from the oppositehronization of the oppositely propagating SR pulses. The
ends of an inverted regiosample of elongated form. This accelerated pulse development due to reflections and the
effect, observed, for example, experimentally in Ref. 1, haprospects of using it to obtain SR are discussed when the
been investigated theoretically in Ref. 2, based on the lineagphase relaxation of the active medium is substantial.
approximation, which is applicable in the initial stage of the ~ We shall consider an extended, pencil-shaped sample
process. In Refs. 3 and 4 one-dimensional models of SRthe cross-sectional area$s , the lengthL > VS, >\), con-
were studied with the electric field initially split into oppo- sisting of N two-level atoms. Just as in Refs. 5-8, we em-
sitely propagating waves, for which the approximation ofploy the semiclassical Maxwell-Bloch equations for the
smoothly varying amplitude$SVAA) was used and non- slowly varying (over the period of oscillations of the field
resonance reflection coefficients were introduced phenom=1/wo, wherew is the frequency of an optical transition of
enologically. the atomg complex amplitudes of the electric fiel(x,t)

However, a strict description of reasonance reflectiorand the off-diagonal density matrix element of the atoms
from the sample boundaries can be obtained only by solvind’(x,t)
the Maxwell-Bloch equations without using the SVARAn

so doing, we automatically take into account the secondary d 12| E(x.t) = 2
— ) =—47=kidNyP(x,t),
effect of \/2 modulation of inversioti\ is the wavelength of ox2 9 1) m=kodNoP(x,1
the resonance radiatiprarising because of the formation of .
standing waves in the sampté, In Ref. 8, which is based on P id
such an approach, the following features were noted. o YPOO+ h Ex.DZX.0), D

1. The correlation coefficients of the delays of the oppo- ) , . )
sitely propagating pulses depend strongly on the ratio of th&S well as the population differencimversion Z(x,t)
sample length. and\/2 (the correlation is maximum fok IZ(X,1) id
an odd multiple of\/4, and the correlation is essentially zero . ﬁE(X,t)P*(X,t)ﬂLc.c. (2
for L an even multiple of/2).

2. The observed acceleration of the procghe average Here ko=wq/c=2#/\ is the resonant wave numbaer,is
delay time is proportional to the logarithm of the number ofthe speed of lightd andNg= N/(S, L) are, respectively, the
initially inverted atoms (IN) and not (IMN)?, as happened in transient dipole moment and density of the atomss the
the ordinary approach neglecting reflectipns phase relaxation constant, aridis Planck’s constant. The

However, the range of applicability of these resutib-  equationg1) and(2) correspond to the one-dimensional ap-
tained by a numerical method for comparatively shortproximation(suitable for Fresnel membé&r=S, /(\L)~1;
samples withL~4—22\) and their physical essence re- see Refs. 9—)land ignoring of the delay in the slowly vary-
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log[1/(2k,L)] versus lod\. The solid curve in the same fig-

ure shows a plot of logversus lo§l taken from Ref. 4; here

¢ is the threshold value of the phenomenological reflection
coefficient for the field for which synchronization of the op-
positely propagating SR pulses appears for a given number

of atomsN. Therefore one can see that taking account of
resonance reflection of the field from the ends of the sample
strictly and the approximate approach give close results if the
phenomenological reflection coefficiefiis chosen from the
-6 - -  condition §=(2k,L) 1. We also note that both depen-

1 1 \ dences can be fit by a straight line with slopé&/4 (dashed
o s Ig(ﬁ) 10 15 line in Fig. 13.

Figure 1b shows the average delay tifi® versus

200 —7 T r . the number of atomsN calculated for a sample with
/ L/\N=100.25 andy=0 (circles. It is evident that the depen-
L dence of(t) on logN is indeed close to linear and not qua-
150 = s -1 dratic. We shall discuss below the equations for the dashed
curve and the straight line.

<t> | _ To clarify the physical essence of the features noted
te above, we analyzed the solution, obtained using a Laplace
transform in the time variablg of the corresponding linear-
50 |~ — ized problem(describing the initial stage of the procgss
when we can seZ(x,t)=1:
° s 10 15 20 .
Ig(N) E(-L/2, )=exp(— 1) X, E@V(v),
n=1
FIG. 1. Criterion for synchronization of oppositely propagating SR pulses
(a) and dependence of the average delay fftheon the number of atom o
for a sample of lengtth. =100.25. (b). E(L/2, t)~exp — yt) 2 E(2n71)(t) (3)
n=1
ing amplitudegwhich is valid if the transit time./c of light A Jiexp(—ikoL)]" Y 7 272
through the sample is shorter than the characteristic time EM(t)~ kL } 0
scale of the pulse,=#/[27d?NgkoL]; see Refs. 6 and 7NN 0
8—11). Here we do not use the SVAA. X exp(2 \/E.) n=123.... (4)

Equations(1) and (2) were solved numerically using a
tested~® computational algorithm that ensures continuity of Here we have presented the result in the most interesting
the field and its spatial derivative at the ends of the samplqaegion r=t/t.;>1 and, just as in Ref. 4, for simplicity we
(x==L/2). Taking as the initial conditions total inversion gave the initial polarizability in the form of a wave with
_Z(x_,0)= 1 and stochastic polarization, an ensem_ble of realamplitude 2{/N propagating with wave numbdég, from left
izations of _the SR pulse and the correl_at|on coeffickpof right along the sampleA=7#/[idt.exp(koL)]. To avoid
the delay times of the left-hand and right-handg pulses  nisunderstandings we recall that the relatid8s and (4)
(i.e., the moments of the mzaX|ma qf the radiation mtensélty alyere obtained by ignoring the delay in the slowly varying
the left-hand[E(—L/2, 1)]° and right-hand[E(L/2, t)] amplitudes and are suitable for findig™(t) provided that
ends of the sample, respectively; see Refw8re calculated. (s /c.

The .criterion for synchroni;ation of the oppositely It follows from Egs.(3) and (4) that in the approxima-
propagating pulses was determined as follows. For eachyns adopted the presence of phase relaxafioaduces to
value ofL. considered, a series of calculations was performedjmple multiplication of the corresponding solution in the
for various values ofN and the number of atomN(L) for  absence of phase relaxatiop=0) by the factor expf ).
which the correlation coefficient for the delays was close to  The quantityE*)(t) agrees with the results obtained

0.5 was found:|K;—0.5§<o, where ¢ was chosen to be previously on the basis of the SVAA neglecting reflections,

small (0.05-0.3. This definition using theK;=0.5 level e, it corresponds to the single-pass field amplification
(where the slope of the curve &f; versus N is large; see regime?® The amplitudesE(™(t) correspond to the field
Ref. 8 decreases the effect of computational errors. formed inm passes through the sampgtiue to the appropri-

The computational results for the corresponding valuesite number of reflections from the ends of the samfler a
of N for samples of length./\ =4.25, 10.25, 21.75, 42.25, sample lengthL/\=n/2+1/4, the next termE(™(t) and
100.25, and 220.25 in the absence of phase relaxétie) E(M*2)(t) in Eq. (3) have the saméopposite signs. This
are shown in Fig. ldcircles in the form of a curve of means, correspondingly, that the sign of the complex ampli-
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2

<t>~i—‘é (1+6), N<N,

tude of the field is preserve@hangesafter a pair of addi- turn out to be directly opposite if the lengths of the samples
tional passes through the sample and two reflections from itdiffer by A4 under otherwise equal conditions. It is also
ends. obvious that a change in the profile of the initial inversion
It is also evident that the rate of growth of the amplitude(compared with thdI-shaped profile which we are consid-
E(M(t), determined primarily by the exponential factor ering can strongly affect the results of such experiments.
exp(2/m7), increases wittm. As a result, it turns out that In practice it is also important to use acceleration of the
the regime observed at the start of the process, the so-callegiowth of an SR pulse as a result of field reflections. Under
“lethargic” intensification of the field E(L/2}) typical experimental conditions, whégL =10, in view of
~exp(2/7) later goes over to a regime close to an ordinarythe smallness of the equivalent reflection coefficient
exponential lawE(=*L/2t)~exp@n), wherea~1/In(k,L).  ~1/(koL), this decrease of the delay is comparatively small.
For a large number of atoni$, specifically,N=N, where However, this effect can be intensified by stimulating reflec-
_ tions of the field(for example, placing the active medium
N~(koL)?, b=4, (5 into a cavity; see Ref. 22 Our preliminary calculations
this leads to appreciable acceleration of the process. In the'owed that the parameters of the SR pulse in a cavity de-
absence of phase relaxatiép=0), the average delay time pend. ;trongly on t'he modulus and phase pf the reflection
can be estimated as coefficient of the mirrors as well as on the ratio of the sample
length and\/2, which we plan to report in detail in an ac-
In(W—N companying publication. It turns out that even small changes
8 in the system lengthXL~A/10) can radically change the
efficiency of SR generation in a cavity: They can greatly
<t>~tc[lln(koL)In(N)—[In(kOL)]Z] CN>N, (6)  decrease the delay and increase the peak intensity of a pulse.
2 This makes it possible to use a cavity with optimal param-
where the correction i9=3(B—3/2) !In(B) and B=0.5 €tersto obtain SR, as proposed in Ref. 9, under conditions of
[In(=7N/8)]. The dashed line and the solid straight line in Fig. Strong phase relaxation of an active medituhen without
1b correspond to the upper and lower dependences in E&1e use of a cavity the SR pulse is virtually completely sup-
(6). Comparing with the results of numerical calculationsPressesl
(circles shows that the estimaté) is satisfactory. This work was supported by a grant from the Russian
The condition(5) gives at the same time an estimate for Fund for Fundamental Research “Leading Science
the number of atom&\ leading to synchronization of the Schools,” No. 96—-15-96389.
oppositely propagating SR pulsébor N=N and sample ) _ _
lengthL), i.e., it determines the synchronization criterion ap- 2@"‘ mmt.ﬁinoanicmgaigfvi},Spfr':yn;fdéi'vﬁgqﬁozfi%%@
proximately. 3F. Haake, M. I. Kolobov, and H. Steudel, Opt. Comm@a, 385 (1992.
We stress here the fundamental difference between oufe. N. Kaneva and E. D. Trifonov, Opt. Spectrosk. 79, 29395
results and those obtained previou§l§ We recall that we ~_[Opt. Spectrosc?9, 270(1995)
obtained the criteriorf5) for samples whose length assumes 6\'\;'.' E'N?:’I;‘Se:g %’TdD'.E'Tr?f'Olg\fl?’;?]‘g E hé?éﬁi;ﬁ#égf%ﬁ:i??ﬁ.sz 4
a discrete series of values=(2m+ 1)\/4, wherem is an (1994 [Opt. Spectrosc76, 470 (1994)].
integer. Analysis shows that for an approximate SVAAA de- "E. D. Trifonov, Opt. Spectrosk77, 61 (1994 [Opt. Spectrosc77, 51
scription of Fresnel reflection of the field from the ends of a 8(199‘9]- , _
sample of arbitrary length, the phenomenological reflection Egj A Avetisyan and E. D. Trifonov, Opt. Spectros82, 357 (1997
.. . pt. Spectrosc82, 323(1997)].
coefficient must be chosen a$=i/[2koLexp(koL)]. The °V. V. Zheleznyakov, V. V. Kocharovskiand VI. V. Kocharovski Usp.
above-discussed change in sign of the complex amplitude ofFiz. Nauk159 (2), 193 (1989 [Sov. Phys. Usp32, 835(1989].
the field after a pair of additional passes through a sample of EES A. TAeV;“SFyiigs Aigfﬁf:gé\féﬁ{/ Mpﬂyzh‘j‘l’_:' Targg Eg?ifg{g;'}"v’ zh.
Ie_ngth L=m)\/2_ is the reason why the delays 9f th_e 0Oppo- 11Yu.pA.. Avétisyén,,Opt. Spectrosk]g; 47{ (.1995) [6pt. Spectroéc?Q,
sitely propagating SR pulses are uncorrelated in this case. It43s5(1995].
is obviously important to take this circumstance into account?s. N. Andrianov, V. V. Eremenko, P. N. Zinovieat al, Laser Phys1,
in experiments, since fdx>N the results of observation of 366 (1993.
the synchronization of counterpropagating SR pulses coultranslated by M. E. Alferieff
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Electronic energy spectrum of the sheath of an asymmetric low-pressure
capacitive rf discharge

A. F. Aleksandrov, A. A. Rukhadze, V. P. Savinov, and I. F. Singaevski

M. V. Lomonosov Moscow State University
(Submitted September 4, 1999
Pis'ma Zh. Tekh. Fiz25, 32—-39(October 12, 1999

The high-energy part of the electron energy spectrum of the plasma of an asymmetric capacitive
low-pressure rf discharge in air associated with electron beams near the electrodes is

studied experimentally. It is found that the energy distributions obtained under different conditions
contain a beam peak, both quasimonoenergetic and substantially broadened in energy. It is
established on the basis of quantitative estimates that the substantial damping of the electron beam
is due to the excitation of collisionally dissipative and collisionless beam—plasma instabilities.

© 1999 American Institute of PhysidsS1063-785(09)00610-3

As is well known, electron beams with energi@seV)  gated. The diameter of the active electrode \gs=0.58
of order the amplitude of the applied rf voltage arise near cm, the diameter of the grounded electrode Bgs-5.8 cm,
the electrodes in a capacitive low-pressure rf dischargeand the interelectrode distance wdss 6 cm. The use of an
These beams should enrich the electronic energy spectrum aymmetric rf discharge made it possible to increase the
the plasma with high-energy electrons and, if the appropriatbeam electron density,,, from the active electrode by 1-2
conditions are satisfied, excite beam—plasma instabifitiesorders of magnitude compared with the densitigsin an rf
accompanied by the generation of microwave fields and addischarge with flat symmetric electrodes. The electron en-
ditional heating of the plasma electrons. ergy spectrum of the plasma was measured with a three-
The parameters and the role of electron beams andlectrode energy analyzer, placed behind the grounded elec-
beam—plasma instabilities in the physical mechanism of an frode, with a decelerating electrostatic field.
discharge, for all practical purposes, have not yet been inves- The general form of the electron energy spectfEgS
tigated. It is obvious that electron beams and these instabilief the plasma of the discharge investigated consisted of a
ties can strongly influence the physical properties of the disparrow group of “slow” electrons with 1-1.5 orders of
charge under study. magnitude higher density than the density of the other parts
The energy distribution of plasma electrons in the centrabf the electron energy distribution, a very wi@tmindreds of
regions of a low-pressure rf discharge have been determinesV) central part of the spectrum, and a group of the “fast-
experimentally** In these works the probe method was usedest” electrons near the beam peak.
to determine the electron energy distribution functfQ(e) Typical quasistationary plasma electron distributions ob-
near 40 eV. The high-energy part of the energy distributiortained are displayed in Fig. 1 f&f =600 and 750 V.
was not investigated satisfactorily, because the density of The character of the evolution of the electron energy
high-energy electrons is low and high probe voltages arspectrum of the plasma with a monotonic increase in the rf
inadmissible. The small enrichment of the “tail” of the dis- voltage is shown in Fig. 2. We note that the maximum elec-
tribution functionf.(e) by “fast” electrons was explained tron beam energy.pmax 0bserved in the distributions ob-
by the oscillation of the boundary of the cathode spacetained is essentially the same as that predicted theoretically
charge layef. Previously, the electron energy spectrum offor an asymmetric rf discharg8: &opmax~2v2V_(eV),
the sheath plasma of a capacitive rf discharge was investiwhereV_ is the effective applied rf voltage.
gated using a flat probe with variable orientation, and an  There is a fundamental difference between the energy
electron beam with energies> 180 eV was detected. distributions presented in Fig. 1. The electron distribution
Exceptionally®=® the high-energy parts of the energy function for V_=600 V contains a guasimonoenergetic
distribution of electrons with energy.>1 keV in an rf  beam peak. Its half-width is about 30 eV. An energy variance
discharge plasma have been detected with energy analyzerdose to this value occurs with electron emission from an
Our aim in the present work was to study experimentallyelectrode'* Thus, it can be assumed that in the present case
the high-energy part of the electron energy spectrum of thean electron beam is scattered very weakly in collisions of
sheath plasma of an asymmetric capacitive rf discharge antobeam electrons with neutral gas particles. The average mean
to search for manifestations of beam—plasma instabilities anfiee path of beam electrons is longer than the distance be-
their effect on the character of the electron energy distributween the electrodes. However, the amplitude of the beam

tion. peak is several times greater than the amplitude of the central
An rf discharge in air at pressurep=5x10 2—  part of the energy spectrum.
5x10° ! torr and field frequencyf=1 MHz was investi- In a discharge withv/ _ =750 V the beam peak is already
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strongly broadened in energy: its half-width is more than arof the near-electrode electron beams, as has been observed
order of magnitude greater than the corresponding value dbr rf voltagesV__<1 kV under the conditions of potential
V_=600 V. Despite the expected decrease in the electronion—electron emission from electrodes’

neutral collision cross section with increasing beam-particle  However, the results obtained in the present work show
energy, the energy spread of the beam increased sharplhat when the voltage drop in the sheath is greater than 1 kV,
Here the amplitude of the beam peak is now comparable telectron energy spectra with quasimonoenergetic and with a
the amplitudes of the secondary peaks in the central part ;fubstantially broadened peak near the maximum energies are
the energy distribution. This shows that a more efficientobserved in the sheath depending on the regifig. la
beam-scattering mechanism has appeared. and 19.

It is well known that the energy to which electrons emit- This experimental fact can be explained by a number of
ted from an electrode are accelerated depends on the electrfacttors giving rise to narrowing of the beam peak of a qua-
distribution over the emission phases and the form of thesistationary EES. In the first place, at definite phases of the rf
voltage in the sheath!? In principle, this should cause field the voltage accelerating the ions in the layer is much
broadening of the observed quasistationary energy spectrugreater than 1 kV. This gives rise to a transition from poten-

4°§ f(e), a.u. a 405 f(e), a.u. b

30§ 30

207 20%

: e FIG. 2. High-energy part of the electron energy distri-
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tial to kinetic ion—electron emission with an appreciable in-i.e., a sharp decrease of the monoenergetic nature of the

crease in the surface ionization coefficignt' Second, since  beam. The latter corresponds to the form of the distribution
a relatively low rf frequencyf = w/27=1 MHz ws used, the obtained(Fig. 1b.

conditionwp;> o (wy; is the ion plasma frequenkis satis- Let us consider the evolution of the electronic energy
fied in the experiment and the flux=n;v; of ions bombard-  ghectrum with increasiny  in Fig. 2. This series of mea-

ing the electrode should increase in phases with maXimurEurements was performed for higher value&/ofand lower

voltages in the sheath. Third, under the conditions investi- i " .
gated, the density of excited neutrals and the plasma radig> pressurep(=0.07 tory than under the conditions consid

tion intensity increase in these phases; this increases the e?fed above. ) .

fective electron emission coefficient of an electrodey As one can see from Fig. 2, 8. increases, the beam

> v.1% This factors increase the electron density in the beanP&ak spreads in energy even more, and the ratio of the am-
in phases corresponding to the maximum energies acquirgdlitude of the beam peak to the peak amplitudes of electrons
by them. As a fourth factor, it should be noted that low-from the central part of the distribution decreases monotoni-
energy electrons in corresponding phases of the field ureally to values less than 1.

dergo stronger elastic scattering and it is more difficult for ~ Therefore, under the specified conditions with increasing
them to reach the energy analyzer. The tendency for the quas_ | as a result of collisionless Cherenkov instability the
sistationary EES to be enriched with maximum-energy elecyecay of the near-electrode electron beam increased mono-
trons_ i_s also seen in the experimental res_ults of Ref. 9 und%nically and the behavior of the high-energy part of the
conditions which are less favorable for this. distribution underwent changes substantially.

On this basis, the contribution of beam electrons to the . .
investigated quasistationary ESS in phases with maximu This work was supported by the Russian Fund for Fun-
amental Researc{Grant 94-02—-05194aWe thank I. D.

accelerating voltages should be determining, leading to th ] ; - :
formation of a quasimonoenergetic beam peak. In addition[(aganowch for helpful discussions of the results obtained

as the rf voltage increases, the monokinetization of the high@nd the referee for a number of valuable remarks.
energy part of the EES should increase.
The most likely explanation of the intensification beam
scattering is development of beam-plasma instabilities:
collisionally-dissipative Cherenkov instability with growth
rate §; and collisionless Cherenkov instability with growth *V- L. Kovalevski and V. P. Savinov, Fiz. Plazm80, 322(1994 [Plasma

rate 5,. The corresponding expressionsZre Phys. Rep20, 292 (1994]. _ _
2A. F. Alexandrov, L. S. Bogdankevich, and A. A. RukhadZ&e Prin-
n 1/2 1/3 ciples of Plasma Electrodyamic&Springer, New York, 1984; Vyssh.
eb ®p Neb hkola, M 1
51:wp — = and 52:wp — shkola, Moscow, 1984
Ne Ve 2N 3G. Dilecce, M. Capitelli, and S. J. De Benedictis, J. J. Appl. Plegs.
) ) 121 (1999).
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electron—neutrals elastic collision frequency. Sci. Technol.1, 36 (1992.
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sponding to the distribution functions obtain@dg. 1). eg'k‘;’ '\Q'”s"_’ 1973)'Lpp|' iﬂez__lﬁsiBM 1. Res. Detd 168(107
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.. . . "A. S. Smirnov, K. S. Frolov, and A. Yu. Ustavshchikov,Rmoceedings of
sufficienh condition for the existence of plasma waves Was e conference on Low-Temperature Plasma PhysRstrozavodsk

always satisfied: (1999, Part 2, pp. 178—180.
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Wp> Ve. vskii, in Abstracts of Reports at the 8th Conference on the Physics of Gas

Discharges Ryazan’(1996, Part 2, pp. 48—89.
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haVGwp~ 10° s ! and Ve~ 108 5*1; according to data from Plasma Physics and Plasma Technololylinsk (1997, Vol. 1, p. 142.
_ . 10 9 .
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-1 1 H. D. Hagstrum, Phys. ReWl0, 672(1956.
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. . 101 (1965.
which means that the conditions for the deVEIOpment of both“B. A. Brusilovski, Kinetics of lon-Electron EmissiotEnergoatomizdat,

types of beam—plasma instabilities are unfavorable and cor-wmoscow, 1990.
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Lasing characteristics of lasers with a vertical cavity based on In 02Gag gAs
guantum wells

V. A. Ga sler, A. |. Toropov, A. K. Bakarov, A. K. Kalagin, N. T. Moshegov, D. A. Ténne,
M. M. Kachanova, O. R. Kopp, L. A. Nenasheva, and A. S. Medvedev

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
(Submitted May 12, 1999
Pis’'ma Zh. Tekh. Fiz25, 40—44(October 12, 1999

Semiconductor lasers with a vertical cavity with a high external quantum efficiency and high
radiation power have been developed and constructed. Powers up to 10 380 K

and 20 W afT=250 K have been obtained for 5¢m aperture lasers operating in the pulsed
regime. © 1999 American Institute of Physids$S$1063-785(19)00710-7

In the last few years, progress in the development oferts with an Al composition gradient and high degree of
semiconductor lasers has largely been determined by the ddeping(Be or Si: 5<10'® cm™3). The topp mirror is termi-
velopment and construction of lasers with a vertical cavitynated with an additional 47-nm heavily dopége: 1x 10*°
(LVC). The record results for the threshold current, currentcm™3) GaAs layer, which functions as the contact region and
modulation frequency, and radiation divergence obtained foensures phase matching of the light reflected from the Ti
LVCs!~® substantially expand our understanding of the pos{2 nm)/Au (120 nm metallic coating and the semiconductor
sibilities of semiconductor emitters and stimulate further in-heteroboundaries. The layout of the LVC is displayed in Fig.
vestigations in this field. In the present letter we report thela. The apertur@A) of the LVC is determined by the inner
results of an investigation of the lasing characteristics ofdiameter of a AlO, ring, obtained by selective oxidation of
LVCs, whose structure has been optimized in order tcthe AlAs layers® For this purpose, a 66-nm AlAs layer, lo-
achieve high external quantum efficiency and high radiatiorcated near the active region, is provided. The param&ter
powers. was varied over a wide range from 2 to 10Q@. The ra-

The initial laser structures were grown by molecular-diation of the LVC is extracted through a GaAs substrate
beam epitaxy om™ (001) GaAs substrates. The laser struc- with an antireflection coating.
tures contain undoped active regions of widthwhich in- Figure 1b shows the reflectiofiR) spectra of the laser
clude three 8-nm In,Ga sAs quantum wells and mirror structure, the electroluminescence spectrug), (and the
regions withp- and n-type doping, forming a Fabry—Perot emission spectruriG) of the LVC. The measured reflection
interferometer and consisting of multiply repeated GaAs andpectrum(thick line) agrees well with the calculated spec-
Al dGa ;As N4 layers(20 and 22.5 periods for theandn  trum (fine line) and contains a resonance of the Fabry—Perot
mirrors, respectively Carrier injection into the action region interferometer near 965 nm, whose position is the same as
is done through thep and n mirrors. The GaAs and that of the maximum of the electroluminescence spectrum.
Al, Ga, ;As layers of the mirrors were doped tox1l0®  The lasing wavelength of the LVC corresponds to the posi-
cm 3. To decrease the ohmic resistance of the mirror retion of the resonance of the interferometer.
gions, the GaAs—AlGa ;As interfaces contain 15-nm in- The high external differential quantum efficiengy of

1,0 b
0.8
06 FIG. 1. a — Diagram of a vertical-cavity lasetr:—
! p mirror, 2 — Al, O, ring, 3— n mirror, 4 — n-GaAs
active regions — antireflection coatingb — Reflec-
- 0.4 tion, electroluminescence, and lasing spectra of the
' LVC.
0,2
5 i
Ge/Au/Ni/Au hnm
0,0 i 1
a 900 950 1000 1050 1100
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1.5+P, rnW P, W
S =0.2us 20+
itz | A=500x500 m
A=4x4 F’m 15 |
10+
(t=0.5 s
f=1kH FIG. 2. Power—current characteristics of vertical-cavity
10+ z lasers: a — for a laser witA=4 um, b — for a laser
with A=500 xm.
05+
5L
0.0 0
0 1 2 3 0

the LVC which we developed results from the high internaland for a larger-aperture LVC this parameter does not exceed
quantum efficiencyy;>0.9 and the optimal ratio of the re- 3°, It is interesting that the radiation of large-aperture lasers
flection coefficients of the mirrors: the top mirror is CharaC-operating in a high-power mode is also characterized by a

terized by a very high value of the reflection coeffici®t  narrow directional pattern. Figure 3 shows the angular distri-
close to 1, and the bottorexit) window is characterized by bution of the power of the LVC witth=500 xm with out-

a relatively low coefficienR,=0.99. _ ) : T
. . . ut power P=5 W, the divergence of the radiation is
When R, is close to 1 and the inequality (1R,) IFZ:Zp75° g

<(1—-Ry) is satisfied, the parametey, of the LVC is given . : .
( o) P e 9 In summary, the experimental results presented in this

by the expressidn net s _
letter demonstrate the possibility of building an LVC with

7e=7i(1=Rp)(aL+1-Rp) 7, (D) high external quantum efficiency and high radiation power.

whereal describes the optical losses in the cavityis the  This opens up new prospects for applications of lasers of this

absorption coefficient, ant is the cavity length. In accor- type.

dance with Eq(1), for #; close to 1 and?,=0.99 a value

17.>80% can be attained. The reflection coefficient of the

exit mirror R,=0.99, from our standpoint, is optimal for

achieving highn,, since a further decrease Bf, increases

the threshold value of the gain to a level unattainable in

practice.

In our structures the reflection coefficients of the mirrors
are close to the indicated optimum: the calculated reflection
coefficient isR;=0.9999 for the top mirrofneglecting ab-
sorption on the free carrierandR;=0.9916 for the bottom
(exit) mirror.

We obtained the maximum external differential quantum
efficiency 7, at the 60% level for an LVC wittA=4 um.

The current—power characteristics of this laser are displayed
in Fig. 2a. The decrease of the experimentally achieved value
of n. compared with the 80% level noted above is due to
absorption of about 20% of the radiation in the 3a®
n-GaAs substrate.

Figure 2b shows the current—power characteristics for a
laser with a large aperturd=500 wm, for which a record
high output power was obtained for the LMGp to 10 W at
T=300 K and 20 W forT =250 K, pulsed regime

The radiation from all the LVCs we investigated is char-
acterized by a narrow directional pattern. For LVC with ap-
ertureA=3 um, the divergence of the laser radiation at the
half-power level(the half-width at half-heightis I'=4.7°,  FIG. 3. Angular distribution of the power of an LVC with=500 xm.
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Light scattering in water solutions of fullerene-containing polymers: Part 2. Effect of the
molecular weight of the carrier polymer

M. L. Sushko, S. I. Klenin, M. A. Dumpis, L. I. Pozdnyakova, and L. B. Piotrovski

Institute of High-Molecular Compounds, Russian Academy of Sciences, St. Petersburg;
Institute of Experimental Medicine, Russian Academy of Medical Sciences, St. Petersburg
(Submitted June 8, 1999

Pis’'ma Zh. Tekh. Fiz25, 45—49(October 12, 1999

The effect of the molecular mad8p,p of linear polyvinylpyrrolidone macromolecules on the
structures of domains formed in water solutions of PVP/fullereng)(€mplexes is

investigated. For constantsgconcentration in a complex, the valuesMf,,,, starting at

M pyp=20X 103, increase a#/ é\zp, attesting to the formation of a fluctuation network whose nodes
are Gy molecules. ©1999 American Institute of Physids$$1063-785(09)00810-1

In a previous publicatiohit was shown by the light- Figure 1 displayscH/I versus the concentration of
scattering method that in dilute solutions of complexes ofPVP/G, complexes. As one can see from the figure, the
polyvinylpyrrolidone(PVP) with fullerene (Gg) the concen- concentration dependence of the reciprocal of the light-
tration dependence of the reciprocal of the scattering intenscattering intensity for different molecular weights of the
sity cH/I (wherel is the excess scattering intensity,is an  carrier polymer is of the same character. Two sections can be
optical constant, and is the solution concentratigris non-  distinguished on each curvé— for c>c., where the scat-
linear: up to the critical concentratiann=1.45<10 2 g/cn?  tering intensity is independent of the concentration
of the complex, the scattering intensity is independent of th CH/| -0 asc—0 or M,—» as c—0) and 2 — for
concentration and satisfiesd/1—0 asc—0 or M,,—» as  ¢<C., where extrapolation to zero concentration gives a fi-
c—0, while forc<c, extrapolatingcH/| to zero concentra- nite value ofM,,, which pertains to domains with ordered
tion gives a finite value oM,,, which, however, is two structure. It should be emphasized that, just as in Ref. 1, the
orders of magnitude greater thah, of the PVP appearing scattering asymmetrg=14s/1 135 (Wherel ;5 and| ;35 are ex-
in the complex. We interpreted the observed phenomenon ass scattering intensities at angles 45 and 135°, respec-
the presence in the solution of PVR{Gomplexes with a tively) in solutions of the complexes PVRJgs only negli-
single ordered structure far>c., which decays into do- gibly greater than the scattering asymmetry of PVP and is
mains with ordered structure fer ¢, to which the extrapo- 1.5-2.0. This shows that in solutions of the complexes
lated value ofM,, pertains(which we denote below by PVP/Gy there is virtually no intramolecular interference of
Mgom - In Ref. 1 it was shown thatl 4, depends strongly the light scattered by domains, as is characteristic for light
on the fullerene concentration in a complex: for the same
molecular weight of the carrier polymét 4., increases with ;
the G, concentration. To understand more clearly the struc- 6.0 CH/|90,10
ture of solutions of the complexes PVR§@nd to determine
the factors that stabilize long-range order in them, it is very
important to investigate the role of the second component of
the complex, specifically, the carrier polymer. Our objective
in the present work is to investigate the effect of the molecu-
lar weight of the carrier polymer on the properties of solu-
tions of the complexes PVP{g

The PVP/G, complexes were obtained by the method
described in Ref. 2, which we modified. Specifically, ben-
zene was used as the solvent gf, Gistead of toluene; this
makes it possible to separate the complex under less strin-
gent conditions. As the carrier polymer we used PVP with
the following molecular masse&: — 10000(Sigma, 2 —
25000(Merck), 3 — 35000,4 — 40000(Sigma. The mo-
lecular weights of PVP were determined independently by
the light-scattering method and were found to He— 0.0 1.0 2.0 3 3.0 3
10000,2 — 20000,3 — 35000,4 — 40000 with the usual ¢, 107 g/cm
error (109 for this method. The fullerene content in the IG. 1. (cH/l)qq versus the concentration of water solutions of PV{g/C

complexes, determined spectrophotometrically, was (0.7 qlecules for various molecular weights of the carrier polyriier: 10000,
+0.03)% for all samples. 2 — 20000,3 — 35000,4 — 40000.

4.0 5.0

1063-7850/99/25(10)/2/$15.00 778 © 1999 American Institute of Physics
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_ TABLE I.
74 IOgMdom
| Mpyp, 1072 LA M gom, 1078

10 225 4.65

7.2 20 450 4.65
35 800 13.2
40 900 16.7

7.0

the fullerene molecules on averageRs=450-550 A and
does not depend on the total concentration of the complex
PVPI/G in solution or the molecular weight of PVP or the
ratio of PVP and &, in a complex. PVP plays a larger role
6.8 for c<c., i.e., when a single ordered structure of the solu-
tion no longer can be preserved and the solution decomposes
into large, very stablésecond virial coefficienA,=0) do-
mains, where long-range ordering seems to be preserved. As
6.6 ' I T I ‘ | one can see from Fig. 2, the molecular weight of domains
40 42 44 46 does not depend on the molecular weight of the carrier poly-
logMpyp mer (Mpyp) for M_pVPSZX 10* and a strong dependence
M gom= (M pyp) 1°¢ is observed forMpyp>2Xx10%. To ex-
FIG. 2. Molecular weight of domgins in water s'olutions of the complexesp|ain the experimental results we used the computed data. It
PVP/Gs, versus the molecular weight of the carrier polymer. is evident from Table | that the contour lengdttof PVP for
Mpyp>2X 10% is greater tharR,, i.e., formation of a fluc-
tuation network is possible in principle, and this means that
an additional type of interaction can appear—interaction be-

the wavelength of the light resulting in a lower scattering 4 veen G, as a constituent of one complex and PVP as a
intensity of the solution at angle 135° thap (according 0 o hqiitent of neighboring molecules—stabilizing the or-

the theory of light scattering in solutions of large mOIecL"esdered structure of the solution. It is obvious that the latger

- , .
I,,,<I,,_ holds for all scattering angleg’ > 6). In turn, this . of the carrier polymer, the more stabilizing the action of the
unequwpcally attests to the fact that the elementarly OSC'"abonmer is, i.e., the larger the domains are. Interactions of
tors (which the complexes PVPfgare are located in do- this form are not manifeste@r only very weakly in solu-

mains at distances from one another comparable to the waves o of complexes on short chains of PVP, and the domain

length of the light. For this reason, the scattering asymmetryi o« 4o not depend dvipyp, as is observed experimentally
in solutions of the complexes PVRy{oes not characterize (Fig. 2.

the size(radius of inertia of the domains, but it indicates the
absencegor a very insignificant numbgrof intermolecular
contacts of PVP/g, complexes in the solution.

As already mentioned above, far>c. it is observed

scattering by large molecules exceedix20 in size { is

In summary, the experimental data taken together attest
to the presence of an ordered structure, which depends on the
fullerene concentration, in the solutions of the complexes
5 5 7 PVPIGy. In addition, fullerene plays the main role in creat-
that1~(Ac)*, where(Ac)® is the mean-square fluctuation jnq the long-range order, while the carrier polymer has an

of the concentration, remains constant on dilution, i.e., in thi,qgjtional stabilizing effect if its molecular weight exceeds
concentration range the fluctuations in solutions are not N> 10¢.

dependent, which attests to the formation of an ordered

structure in solutions of the complexes PVR/CAppar- 1S. 1. Klenin, M. L. Sushko, M. A. Dumpis, L. I. Pozdnyakova, and
ently, fullerene plays the main role in the creation of the L. B. Piotrovski, zh. Tekh. Fiz.(1999 [Tech. Phyd, in press.
long-range order, since in all investigated solutions of com-Y: N Yamakoshi, T. Yagami, L. Fukuhat al, J. Chem. Soc. Chem.
plexes with the same g content the concentration is essen- Commun. 5171994.

tially the same 1.4510 3 g/cn?, i.e., the distance between Translated by M. E. Alferieff
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Component composition and strain of barium—strontium titanate ferroelectric films

S. F. Karmanenko, A. I. Dedyk, N. N. Isakov, V. I. Sakharov, A. A. Semenov,
I. T. Serenkov, and L. T. Ter-Martirosyan

Electricotechnical University, St. Petersburg;

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 14, 1999

Pis’'ma Zh. Tekh. Fiz25, 50—60(October 12, 1999

The effect of the ratios of the cationic components and internal strains on the critical temperature
T, and the dielectric characteristics of BSTO ferroelectric films grownrefl ,0; [1012]

and LaAlQ; substrates were investigated. lon backscattering diagnostics revealed a barium
deficiency in the surface layer of the films and showed that the films differ in structural

quality. © 1999 American Institute of Physids$S1063-785(09)00910-4

Ferroelectric filmgFEF9 are promising objects as a ba- gas. In addition, some BSTO films were annealed in oxygen
sis for radioelectronic devices, such as tunable band-pass fit ~ 1200 K.
ters, modulators, and delay lifésas well as devices in X-ray diffraction analysis(XDA) and medium-energy
which the microwave signal velocity and phase can beon scattering MEIS) were used to investigate the structure
controlled>* FEF-based devices have a number of advanand composition of the films obtainéd.Figure 1 shows the
tages over their ferrite and semiconductor analogs—a highegray diffraction patterns of two films grown in a single tech-
rate of conversion of the microwave signal, higher phaseological process on LAO and substrates. The textured
regulation accuracy, smaller size, and lower cdst. BSTO films did not contain impurities of competing phases

For applications of FEFs in the microwave range, theand showed onlyk00) reflections. The position of the reflec-
films must possess high permittivity and capacitance con- tions indicates that the internal strains in the films are
trol coefficientkK =C(0)/C(U,) and a low dielectric loss  gifferent.
angle tangent ta#, and their capacitance—voltage character- |1 is well known that in the series of BSTO solid solu-
istics (CVCs) must not show any hysteresis. This requires &jong the lattice constant varies linearly from 0.3985-0)
material that undergoes a phase transition from the paraelefd 0.4040 nm x=1)2° The substrates used differ strongly

tric into the ferroelectric state at a temperature somewha‘;\lith respect to their structure and physicochemical proper-

be'OV.V thg ope'rating temperature. In this variant s_pontangOL{]v,es_ Lanthanum aluminate possesses perovskite structure
polarization still does not appear, buapproaches its maxi- with lattice constant 0.535 nm at temperatures above

mum value. The material best meeting these requirements B35 010 . R

. . ) . 5°C." Rotation of the basal plane by 45° changes the
the sohd;olu:gm B#r_«Ti0; (BSTO). According to the o e [attice parameter of LAO te-0.3800 nm. A tran-
phase diagram,the BSTO composition withx=0.5-0.7 sition from the cubic into the orthorhombic phase at the in-

must be chosen for operation at room temperature. . . . o
. . dicated temperature is accompanied by strong twinning, but
In the present work, we investigated the effect of the . . . .
he change in the lattice parametgyis negligible.

component content and strains in the structure of BSTd
The o substrate possesses hexagonal crystal structure,

films, grown on leucosapphirea-Al,O5 [1012]—«) and . .
g PP € Al120 [1012]-a) but in the[1102] cut a rhombus with an edge 0.5140 nm

lanthanum aluminate (LaAl—LAO)) substrates, on the b Thi
CVC and the temperature dependence of the dielectric prodEerS at the-surface Of the plateThis edge length can be
compared with the lattice constant0.3670 nm for a rota-

erties.
A URM 3.279 technological setup and a VCHD-2.5 rf tion of the basal plane by 45°. Thus, for both substrate ma-

generator operating at 13.56 MHz were used to grow thderials compression stresses are present in the BSTO films
BSTO films. In the cathodic sputtering regime, the rf dis-9rown. The lattice mismatch parametér2(a; —a,)/(a,
charge power was-500 W and the discharge current density *2), Wherea, anda, are the unit cell parameters of the
was 3-5 mA/cr. A target(diameter~125 mn consisting ~ Substrate and film materials, for the compound
of a powder of a ferroelectric material was placed on theBaeSlo.4TiO3 (8,~0.3965 nm is &(a)~—7.7% and
cathode sputtering unit, lying below the substrate holder. Thé(LAO) ~—3.7%. The rhombic distortions on a leucosap-
substrates were heated with a resistive heater in combinatigthire surface increase the mismatch with the film of the per-
with the plasma of an rf glow discharge. The substrate temovskite compound. It is also necessary to take account of the
perature during deposition was regulated in the range 950thermal expansion coefficients of the materighy @nd their
1100 K. The pressure of the argen oxygen gas mixture chemical activity at the interface. The coefficigBtof the
wasp~10-20 Pa. The growth rate of the films was varied inmaterials decreases in the following order: BST©9

the range 1.5—2 nm/min. The formation of a film in situ wasx 10 ® K™, a~6x10°% K1, LAO~1.25x10°°% K™ 1.
concluded with prolonged heating of the samples in oxygerThe BSTO/LAO structure is characterized by a strong

1063-7850/99/25(10)/4/$15.00 780 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (10), October 1999 Karmanenko et al. 781

39 ﬁ TABLE |. Characteristics of BSTO films.
H
a BSTO/LAO j% Code/ 1821/ 1815/ 2251/ 2232/ 2231/ 0752/ 0751/
;1 substrate LAO « LAO a @ LAO @
S ; E Film
© i thickness, nm 950 950 750 750 750 400 400
2 19.5[" H .
a I Annealing + + + + - - -
(] i
= f }! Target
; 1\\ compositionx 050 050 055 055 055 0.60 0.60
]\
. . . L, N Lattice
30 40 50 58 constant, 0.3972 0.3948 0.3982 0.3960 0.3954 -
ag, hm
20 (Co Kay), deg Relative
minimum 80 100 60 100 100 35 100
32 b ’i} yield, x(E), %
!
1 Temperature of
) BSTO/x {! the maximum 160 230 245 260 278 260 330
3 i e, T, K
® |
_.;? 16 !1 € (300 K) 1874 2605 3245 2391 1545 2213 3147
[7] - i
c |
o i‘} tans (300 K, 0V) 0.010 0.004 0.005 0.002 0.011 0.002 0.005
C 1]
£ i
f K (300 K) 1.20 162 140 149 21 145 1.9
i
!
. N N i N N N N \ /j . \\.4
32 40 50 58 =0.005 and® =120° or a semiconductor detector wiNE
=4 keV and® =150° was used for analysis. Two orienta-
26(Co Ko), deg tions of the ion beam relative to the low-index direction in

the crystal were used. The ion yie¥§(E) in an unoriented
beam and the yieldY (E) obtained with ion channeling
along the[100] axis were measured. For these regimes, the
energy spectra and the rat\/dE)=Y.(E)/Y,(E), called the
difference—more than a factor of 7—in the expansion coef+elative ion yield, whose minimum value for a surface layer
ficients compared with the BST@/structure, where the fac- characterized the perfection of the crystal lattice of the
tor is 1.5. Therefore the capability of preserving strain in thesamples, were measured.
BSTO/x structure is much higher, while the BSTO/LAO The investigations showed that in the initial stage of film
structure tends to form dimensional defects in the film. As agrowth on LAO substrates a highly oriented structure is
result of the high density of twinning boundaries on the LAOformed, in which ion channeling appears. BSTO/LAO struc-
substrate and the large difference of the thermal coefficientgures with film thickness-300 nm possess the highest de-
the mismatch stresses in the film find sinks in the planagree of orientation of the crystalliteg (- 30%). Figure 2a
boundaries, three-dimensional dislocations, and bloclshows the MEIS spectrum of @400 nm thick 0752/LAO
boundaries. In BSTO films grown oa substrates, on ac- sample(see Table )l where the parametgy~35%. As the
count of the matching of the temperature coefficients, thdilm thickness increased, the parameteincreased mono-
conditions for preserving the structural strains inside crystaltonically, and y~60% on a~750 nm thick film (2251/
lites are controlled better. In BSTO/LAO structures, even aLAO). For ~2000 nm thick BSTO/LAO films, ion channel-
change in the sign of the strain — from negative for smalling was completely absent in-a400 nm surface layer.
LAO film thicknesses to positive Nay=ag;— agg~0.017 Copper films with thickness-0.5 um, deposited on a
nm see Table)l— is observed. BSTO surface in the process of magnetron sputtering, were
X-ray diffraction analysis of the films did not show any used as electrodes. Planar capacitors were prepared, using
deviations in the orientation of the crystallites from fi€0] photolithography and chemical etching, to measure the di-
direction or differences in the structural orientation of theelectric characteristics of the FEFs. An E7-12 meter at 1
films. At the same time, MEIS diagnosticsrevealed differ- MHz was used to measure the dielectric characteristics of the
ences in the structural perfection of the samples. We inveszapacitors. The geometric dimensions of the planar capaci-
tigated the energy distributions of ions scattered by an anglers were determined under a microscope: the gap width
after the primary beam of H He", or N* ions with was 7-15um and the length was=100-1000um. The
initial energy 180-230 keV interacted with the surface. Ei-measurements of the temperature dependence of the capaci-
ther an electrostatic analyz€ESA) with resolutionAE/E  tance and ta@ were performed in the range 77—-400 K. A

FIG. 1. X-Ray diffraction patterns of BSTO film§200) reflections.
a — LaAlQ; substrate, b —a-Al,0,.
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P .\ voltage for a planar capacitor.
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- on the surface was different from that in the interior volume

T M v M T r T T

140 150 180 470 180 180 200 210 f the BSTO films. In the same 223d/ample the coeffi-
E, keV cientx~0.52 in the interior of the film 400 nm into the

FIG. 2. MEIS spectra: a — Random, channeled measurement regime adﬁltenor of the sample from the surfgceras determined us-

relative ion yield (sample 0752 b — spectrum of sample 2231 in the NG H" ions (~190 keV) and reference samples. Figure 2c
random regime with irradiation with 230-keV"Nions, ¢ — spectrum of  shows the MEIS spectrum of sample 22316n the basis of

sample 2231 with irradiation with 190-keVHions. which the composition in the volume of the sample was de-
termined and found to correspond, on the whole, to the initial
composition of the targesee Table)l
bias voltage ranging from-200 to —200 V was applied to The fairly diffuse leading edge of the experimental
the capacitor. The relative resolution with respect to the caMEIS spectra should be noted. This could attest to develop-
pacitance and voltage was<8.0 3, and tans was measured ment of surface relief and variable content of the components
with accuracy 510 4. The formula presented in Refs. 9 in the surface layer. Thin films grown on smoaih sub-
and 12 was used to calculate the permittivity. The characterstrates(relief height not more than 10 pmwere distin-
istics of a number of the BSTO films investigated are givenguished by good agreement between the computed and ex-
in Table 1. perimental spectra. As a result of the annealing of the films,
The ratio of the components on the surface of the filmsghe MEIS spectrum was “smeared” and the barium content
was determined on the basis of the MEIS spectra measuratecreased monotonically toward the surface compared with
by irradiating a sample with-230 keV N' ions. The for- the unannealed samples. LAO substrates were distinguished
mula ratio was determined to withirr 10 at.%. The spec- by strong surface relief50 nm. However, the MEIS spec-
trum for the 22314 film (see Table)lis presented in Fig. 2b. tra of thin unannealed BSTO/LAO films did not differ much
It was established on the basis of the spectrum presented thiadom the analogous spectra for BSTOétructures.
the content of the components in a surface layer no more Table | gives the temperaturg,, corresponding to the
than 10 nm thick gives an optimal fit with the working model critical temperaturd . of the transition from the paraelectric
Ba:Sr:Ti:0=0.07:0.13:0.20:0.60, i.ex~0.35. Analysis of into the ferroelectric state. In the compaosition range consid-
the MEIS spectra showed that the content of the componenered &=0.5—-0.6), T,, varies from 160 K(1821/LAO) to
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330 K (0751k). Annealing of BSTO# films decreases , on the parameter,,. Partial relaxation of internal strains in

by 15-20 K. This effect is accompanied by an increase in théhe BSTO# films as a result of annealing in oxygen can

lattice parameter and is probably due to a decrease of thehangea, andT,, by 15—-20 K. This effect was not observed

internal strains in the film. on BSTO/LAO films, since sufficient conditions for creating
Figure 3 shows as an example the CVC and&aersus strong straingmismatch of the structure and difference of

the applied bias voltagé for a planar capacitor based on the the thermal coefficienjsare not produced in this structure.

sample 2251/LAO. The capacitor control coefficiéhtvas In summary, when choosing the composition of the tar-

determined from the measured CVCs, and its values are preget in technological processes for growing BSTO films for

sented in Table I. On the whole, the dielectric characteristicapplications in radioelectronic devices at room temperature,

achieved for the films in the present work completely satisfythe internal strains must be taken into account and a corre-

the requirements of radioelectronics. sponding correction must be made. For thesubstrates, a
As conclusions of this work, we note the following re- target withx~0.55 must be chosen, while LAO substrates

sults. The surface of the BSTO film is barium-deficient com-require an approximate composition with=0.60—0.65.

pared with the interior volume of the sample, as indicated by

the MEIS spectra. Monotonig equalization. of the surfa}ce and, + Findikoglu, Q. A. Jia, and I. H. Campbell, Appl. Phys. Le6,

volume levels of Ba occurs in & 50 nm thick layer. High- 3674(1995.

temperature annealing of the films decreases the barium corf€. Carlson and S. Gevorgian, Electron. L&®, 145 (1997.

tent on the surface of BSTO films, which can be explained3o- G. Vendik, I. G. Mironenko, and L. T. Ter-Martirosyan, Microwaves

by the high volatility of BaO complexes. A similar decrease 4 < oo’ (1999. -

y g y p_ 4L. C. Sengupta and S. Sengupta, Ferroelectricity Newsletters, No. 1—4,
of the surface barium concentration has been observed ins (1996.
magnetron sputtering and deposition of YBaCuO films on a®V. V. Lemanov, E. P. Smirnov, and E. A. Tarakanov, Fiz. Tverd. Tsla

; ; ; i Petersburg37, 2476(1995 [Phys. Solid Stat&7, 1356(1995].
substrate SUbJeCted to intense action of glOW dISCharge"S. F. Karmanenko, M. V. Belousov, and V. Ju. Davydov, Supercond. Sci.

3
plasm.al.' o _ _ _ Technol.6, 23 (1993.
Distinguishing the physical mechanisms affecting the 7v. v. Afrosimov, R. N. Ilin, S. F. Karmanenko, V. I. Sakharov, I. T.
value ofT,, is a complicated research problem, requiring the Serenk;VbA-(A)- Sem(enog [anr? D. Vi JaHO\EskFiZ- T(VGVdg]Tela(St-
- : - _ Petersburg41(4), 588 (1999 [Phys. Solid Statd1, 527 (1999)].
use of combinations of diagnostic methods. Probably the fol-o," 5 i 'S rinskt, A. . Smimov, and G. 8. Khizha, Zh. Tekh.
lowing k_)a3|c factorg influence t_he _parameTtﬁ{ in textured Fiz. 54, 772(1984 [Sov. Phys. Tech. Phy&9, 455 (1984].
BSTO films: the ratio of the cationic components Ba(he Ferroelectric Materials in Microwave Technology edited by
value ofx); the oxygen contenthe concentration of oxygen mg- §'|Yendllé(\s/0\|/3' Féa?'O'AM?SCCOWv tlﬁW; 1019(1956
. . . . H . Geller an . b. bala, Acla Crystallogy, .
vacancies in the perovsklte. structyrand the internal strains 1 acoustic Crystalsedited by M. P. Shaskol'skiNauka, Moscow, 1982
due to a m|smatgh of the film and substratg strucFures. 27|, Dedyk, S. F. Karmanenko, S. Leppavuetial, J. Phys. V8, Pro-
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Effect of dynamic surface tension on the growth rate of the Tonks—Frenkel instability
S. O. Shiryaeva and O. A. Grigor'ev

P. G. Demidov State University, Yaroslavl’
(Submitted March 25, 1999
Pis’'ma Zh. Tekh. Fiz25, 61-65(October 12, 1999

By means of a numerical analysis of the dispersion equation for capillary motions of a liquid

with a charged flat free surface subjected to relaxation of the surface tension, it is shown

that the growth rate of the instability of the free surface of the liquid decreases as the characteristic
relaxation time of the surface tension increases and the Tonks—Frenkel parameter decreases.
The instability itself occurs in a limited range of wave numbers whose width is also determined by
the value of the Tonks—Frenkel parameter. 1899 American Institute of Physics.
[S1063-785(19)01010-1

The dynamic surface tension effegelaxation of the infinite depth, subjected to surface-tension relaxation, in the
surface tension occurring at the surface of many electrically field of gravity g and an electrostatic fiel&, oriented in a
conducting liquids because of the presence of an electridirection normal to the free surface and inducing on the flat
double layer with a finite formation time and manifested as dree surface of the liquid a surface charge uniformly distrib-
dependence of the surface tension on the characteristic tim#ed with surface density. Let the liquid have density,
(frequency of the external perturbation, is of great interest in kinematic viscosityr, and surface tensioa, which is a re-
connection with numerous applications in technology andaxational function of timé
engineering®

Previous analysis® of the influence of surface tension o(t)y=o0gto, exp—t/ry), o,=0,—0y, (2)
relaxation on the realization of capillary motion of a liquid
with a charged free surface is mainly qualitative, since it wasr, is the surface tension at zero frequericg., the equilib-
performed using asymptotic and numerical methods orientedum surface of the liquig o, is the surface tension at high
toward obtaining qualitative dependences. In the numericdrequencies ¢ 7>1), 7 is the characteristic relaxation time
analysis of mathematical models of physical phenomena, thef the surface tensiotihe characteristic formation time of an
degree of detail of the information obtained depends substarelectric double layer at the surface of the liguiandw is the
tially on the method used to render the mathematical-complex frequency of capillary motions of the liquid.
physical expressions dimensionless before numerical calcu- Fourier transforming the expressi¢h) and substituting
lations are performed. In the numerical analysis performed irinto the dispersion equation obtained for the capillary mo-
Refs. 25, the frequency, growth rates, and damping decrédions of a viscous liquid with a charged free surfacela-
ments of capillary motions of the liquid were scaled either totively easily by the standard methods of hydrodynafhits
the frequency of the wave motions of a charged free surfacgives a dispersion equation for capillary motions of a liquid
of an ideal liquid or the characteristic damping decrement ofvith a charged free surface, subjected to surface tension re-
capillary waves. A dimensionless parameter depending addiaxation, in the dimensional forfn®
tively on the capillary pressure and electric-field pressure on
the free surface of the liquid and through them on the physi- wa? 2 i wa2
cal characteristics of the liquittlensity, capillary constant, (—+2ik2a2 +4k*a*\[1— 22

vK=a
i wTe0,
(0] —1

surface tension, viscosity, surface electric charge density, v

and wave numberwas taken the variable argument of the ka

desired complex frequencies of capillary and relaxation mo- -

tions of the liquid. This made it difficult to determine in the 2

numerical analysfs® the specific dependences of the char-

acteristics of the capillary motion of the liquid on quantities Introducing the dimensionless variables

such as the wave numblkeand the Tonks—Frenkel parameter

W characterizing the stability of a charged free surface of a wa?

liquid. In the present letter, purposefully rendering all ex- ~ X~=Ka& a=voo/pg, y=—-,

pressions dimensionless, we shall investigate the question of

the specific effect of the wave numblerthe parametew, 5

and the characteristic relaxation timgof the surface ten- Fo 10V _ 002 OZU_* W= Amxa

sion on the growth rate of the Tonks—Frenkel instability. a?’ pv?’ 0o 0o
We shall consider the problem of calculating the spec-

trum of capillary motions in an ideally conducting liquid of we obtain

gp+

k2— 4’77%2'() .

_i(J)TO
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The dispersion equatiof2), made dimensionless in this
manner, in contrast to previous methods used for this pur-
pose(see Refs. 2- contains the parameteWs, , and the
wave numbewx explicitly, and it is not obtained indirectly in
terms of more complicated parameters, making it possible to
investigate the dependence of the growth rate of the instabil-
ity of the free surface of the liquid on them directly.
0,25 + The dependence of the instability growth rate deter-
mined by the imaginary positive component of the dimen-
sionless frequency on the dimensionless wave nunxber
which was calculated according to E@®) with 8=1, B,
=0.3, and for various values of the characteristic relaxation
time 7 of the surface tension, is presented in Fig.(fom W
A . =3) and Fig. 1h(for W=6). It is evident that as the charac-
0 3 X teristic relaxation timer increases, the instability growth rate
decreasesapproximately by 30% for varying by a factor
- of 50, from 0.2 to 10, but the spectrum of the waves drawn
b into the unstable motion with a fixed surface charge density
on the free surface of the liquidW=cons}, does not
change. As the surface charge density increas®sir-
creasep the range of unstable wavelengths expands in the
direction of capillary wavesin the direction of large values

Imy| a

Imy

T of the wave numbejsand in the direction of gravity waves
y
(in the direction of small values of the wave numbers
lyu. A. Bykovski, E. A. Manykin, P. P. Poliktov et al, Zh. Tekh. Fiz.
0 X 46, 2211(1976 [Sov. Phys. Tech. Phy&1, 1302(1976)].

20. A. Grigor'ev, Pis'ma Zh. Tekh. Fi20(24), 7 (1994 [Tech. Phys. Lett.
20, 974 (1994].

FIG. 1. The dimensionless growth rate of the instability of a charged free38 O. Shiryaeva and O. A. Grigor'ev, Pisma zh. Tekh. F4(9), 67

surface of a liquid subjected to surface tension relaxation as a function of the

dimensionless wave number. The dependence was calculated foMa — 4(1995 [Tech. Phys. Lett21, 346 (1999]. _
=3, b —W=6, =1, B, =0.3, and various values of the characteristic O A. Grigor'ev and S. O. Shiryaeva, Izv. Ross. Akad. Nauk, Mekh. Zhid.
dimensionless relaxation time of the surface tensbr- 7=0.2,2 — 7 i Gaza, No. 1, 981996.

=1;3— 7=5;4— r=10. 5S. O. Shiryaeva, O. A. Grigor'ev, and A. |. Grigorev, Zh. Tekh. Fiz.

66(10), 31 (1996 [Tech. Phys41, 989(1996)].
6A. I. Grigorev, O. A. Grigor'ev, and S. O. Shiryaeva, Zh. Tekh. Fiz.
62(9), 12 (1992 [Sov. Phys. Tech. Phy87, 904 (1992].
P 4 iy V. G. Levich, Physicochemical Hydrodynamid®rentice—Hall, Engle-
[y+2ix“]°+4x"\[1- = wood Cliffs, NJ, 1962; Fizmatgiz, Moscow, 1959
X 81. N. Aliev and A. V. Filippov, Magn. Gidrodin. No. 4, p. 941989.
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Conversion of F= F* centers in anion—defective corundum crystals
V. S. Kurtov, I. I. Mi'man, and A. |. Slesarev

Ural State Technical University, Ekaterinburg
(Submitted May 20, 1999
Pis’'ma Zh. Tekh. Fiz25, 66—70(October 12, 1999

The method of photostimulated electron emission is used to investigate the processes responsible
for redistributing charges formed by photoionizationFo€enters in anion-defective

corundum single crystals in an external electric field. It is shown that the observed features of

the excitation spectra are due to conversion transitions betwesw F* centers, whose

probability in the surface layer of the crystal is much higher than in the interior because of the
high excitation density and the presence of an electric field. The results obtained could be

of interest for studying radiation-stimulated phenomena in dielectric materialsSLl99 American
Institute of Physicg.S1063-785(109)01110-9

Here we describe studies of how an electric currenthe decrease in the concentrationFoéenters and increase in
flowing under the action of an external electric field duringthe concentration oF © centers. However, ir-30 min the
ionization of F centers affects the ratio of the densitiesFof PSEE spectrum is transformed into the initial spectrum
andF* centers created in advance dnAl,O; crystals by  (curves3-5). The excitation of the samples by 205 nm ra-
thermochemical treatmehfTo this end the excitation spectra diation without current extraction, i.e., without applying a
of photostimulated electron emissi6RSEB were measured field, does not change the form of the PSEE excitation spec-
in an electric fieldd The PSEE current, being part of the trum (curvelin Fig. 2).
current of delocalized electrons in the interior of the crystal, ~ The experimentally observed differences in the excita-
carries information about processes occurring in layers up t§on spectra okx-Al, O3 can be explained by the action of the

~ 107 nm thick near the surface of a dielectfiand therefore ~electric field on the motion of electrons in layers of the crys-
can be used to investigate bulk trapping centers. tal near the surface. The excitation radiation ioniEesen-

ters according to the schenfre+ hy=F* +e. In an electric
Jield free electrons migrate toward the surface of the crystal.
Some of them can be trapped by shallow traps, including

The measurements were performed at a pressui@ °
Pa at room temperature. The electron emission current w.
measured with a secondary electron multipi€EM). The
intensity of the electric field between the sample and the
entrance window of the SEM was 700 V/cm. An LD-1
deuterium lamp served as the light source. An MSD-2 mono-
chromator was used to measure the PSEE spectrum in the
photon energy range 6.2—4.1 eV.

In the course of the experiments it was found that in the
process of detecting PSHe., under conditions of extrac-
tion of an electron curreptthe surface of the samples be-
comes positively charged, which leads first to slow and then
rapid decrease of the emission curréfig. 1). From these
measurements we determined the critical excitation period
(~10 min) for the samples in a field during which the charge
effects can be disregarded.

The PSEE excitation spectra of anion-defective corun-
dum crystals are presented in Fig. 2. The emission excitation
spectrum of the initial sample has a maximum near the op-
tical absorption of centers at 205 nrfcurvel). This shows
that the electrons detected are formed as a result of the
photoionization of centers>* The excitation of samples by
radiation with wavelength 205 nm, corresponding to the
maximum of the excitation spectrum of electron emission
realized with current extraction in 5 min shifts the excitation 0 1000 2000 3000
spectrum, whose maximum is recorded at 230 nm, corre- t s
sponding to the position of the absorption pealdfcenters ’
(curve 2). The data represented by curvesnd?2 illustrate  FIG. 1. Decay of the PSEE of an aluminum oxide single crystal.

J,a.u.
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,a u.

FIG. 2. PSEE excitation spectra of aluminum oxide:
1 — after irradiation with light(200 nm, 300 s, in a fiel
2-4 — 600, 1200, and 1800 s after holding in the dark,
respectively;5 — initial sample.

200 220 240 260 280 300

A,nm

empty anionic vacancies, while the rest are emitted from thevhile in Ref. 5 the corundum crystals had to be irradiated
surface of the crystal, forming the PSEE current. As a resulivith UV radiation for 30 h. The effect of an electric field was
of F=F" conversion, the concentration & centers de- not considered in these works.

creases and that ¢f " centers increases, and the PSEE ex-  The effect of an electric field on the generation Fof

citation spectrum shifts into the region of ionization®f  capters in corundum crystals was established previously. Ac-
centers. The state_\_/wt_h exceBs  centers is _unst_able W'th cording to the data presented in Ref. 6,dipAl,O; samples
respect to the equilibrium state. After the field is switched. . . -
L irradiated with 2-MeV electrons the efficiency of the forma-
off, the trapped electrons with time escape from the traps and 4 . . o .
are trapped b * centers, which are converted infocen- tion of F™ centers in a field was six times higher than For
ters. The calculations show that the areas under the carvesCeNers.
and2 are approximately the same, i.e., the concentratidh of The results obtained, confirming that the conversion pro-
centers is restored to the initial level. cessF=F™ is highly efficient in corundum crystals, are of
In the absence of a field, the free electrons appearing dsterest in themselves, but they can also be used to explain
a result of ionization ofF centers under the action of the radiation-induced electric degradation. For example, an in-
excitation radiation cannot leave the ionized centers genetivestigation of the radiation-induced conductivity®@fAl ,O4
cally related with them and are retrapped by them. Since th@stablished that the application of an electric field at the mo-
concentration of centers in the initial state is much higher ment of irradiation strongly influences the formation of de-
than that ofF~ centers, subsequent measurements of g, in the lattice of the crystal. Samples irradiated in a field

PSEE spectrum show that the spectrum does not change aBstessed higher conductivity than samples irradiated with-

corresponds to the ionization spegtrumFotent_ers. out a field® It can be inferred that during irradiation of co-
Note that the processes described occur in a layer of the

a-AlL,0; crystal with a thickness of the order of the wave- rundum crystals, when oxygen vacanci.es are formed and.the
length used to excite the PSEE radiation. A high excitatiorP€Nters creat.e.d by them become eXC'te?' at th_e same time,
density is realized in thin emission-active surface layersF=F " transitions can occur for a certain period of time
This makes it possible to increase substantially e F * after irradiation in an electric field. In this case, a high den-
conversion efficiency in an electric field. To observe it in thesity of charge defects will exist, which will degrade the di-
interior of a crystal, in Ref. 4 pulsed excitation had to usedglectric properties of a crystal.
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Nature of the transitional region during the deposition of titanium boride and nitride
films on gallium arsenide

I. B. Ermolovich, R. V. Konakova, V. V. Milenin, and A. |. Senkevich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, Kiev
(Submitted January 12, 1999
Pis'ma Zh. Tekh. Fiz25, 71-76(October 12, 1999

Photoluminescence and x-ray photoelectron spectroscopy methods were used to analyze the
compositions of the near-junction regions of titanium boridiride)—gallium arsenide
heterostructures. Data have been obtained for the first time on the formation®f GAs and
GaAsN; _, solid solutions, which play an important role in the formation of the properties

and the thermal stability of the experimental structures on the interphase boundary of these
structures. ©1999 American Institute of Physids§1063-785(109)01210-7

Titanium borides and nitrides (TiBand TiN,) find wide  the entire spectral interval in TiB-GaAs structures seems to
application as antidiffusion layers in metal-GaAs junctionsbe due to an improvement of the structural perfection near
with multilayer metallization. Considering the high chemical the junction region and the associated weakening of the non-
stability of the compounds TiBand TiN, and the possibility radiative recombination channel.
of varying their structure-phase compositioitjs of interest The centers of luminescence of the 1.20 eV band, which
to use such films not only as stabilizing layers but also as
active components of metal-semiconduc{MS) hetero-
pairs. In this case, the thermodynamic and kinetic degrada-
tion factors of the MS junctions become substantially weaker
and so the junction becomes more resistant to extremal per-
turbations.

In the present work photoluminescen@l) and x-ray
photoelectron spectrosco¥PES), combined with ion etch-
ing with Ar, showed that in the process of formation of TiB
(TiN,)—GaAs structures, thin layers of the solid solutions
GaB;_,As and GaAgN,_,, which play an important role
in the formation of the electrophysical parameters of the in-
terface and the thermal stability of the MS junctions, arise at
the interface.

Figure 1 shows the photoluminescen@d.) spectra of
TiB,—GaAs structures and the dependence of their intensi-
ties on the annealing temperature. Analogous PL spectra 0 p—lw P S
have also been observed for TiNGaAs structures. The ba-
sic PL features of the experimental structures are as follows.
Five wide, overlapping bands withv,,=1.54 (1.57 for
TiN,), 1.33, 1.20, 1.01, and 0.765 eV can be distinguished in
the spectra. In the initial state of the structures the strongest 0 06 '0.I8 ’ 1_'0 ' 1_'2 ' 1‘14 ' 16
band is the 1.01 eV band, which in the literatuigeattributed E, eV ’
to radiative capture of a free electron on an isolateg Cu
acceptor center. Copper seems to be an uncontrollable impu-
rity in the structures studied. A different PL band with

Lumin. intensity, a.u.

hvna=1.33 eV which we observed is also attributed to cop- 2
per. Its centers are the complexessgtd D, where D is an
intrinsic (Vg or impurity (Te, Sn, Si donor?
Annealing at 400 °C redistributes the PL band intensities 0 200" 200" 800" 800
in favor of the 1.20 eV band and to intensifies the bands, T,.°C

especially in the TiB—GaAs structures. This shows that the fG 1 oL - nction | A

H _ H H 1. a— spectra of the near-junction layers of S struc-
TINX GaAs StrUCtureS are_ more resistant than;FBaAs tures: initially (1) and after anneals at 40@), 600 (3), and 800 °C(4).
to thermal perturbations with respect to thg structuring of th.q, — Intensities of PL bands withv,,=1.54 (1), 1.33(2), 1.20(3), 1.01
spectrum of the defect states. The intensification of the PL im4), and 0.765 ex5) versus the annealing temperattifes 77 K.

1063-7850/99/25(10)/3/$15.00 789 © 1999 American Institute of Physics
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becomes the strongest band among the impurity-defect banties of these bands decreagbe intensity of the 1.01 eV
after annealing at 400 °C, are;\+ D complexed. This may  band increasesind are found to be essentially the same as in
be caused by enrichment of the near-junction region withthe initial state.
gallium vacancies because in the presence of interphase in- The principal feature of the PL spectra of the near-
teractions of the metallization layers with the semiconductojunction regions of the experimental structures is the pres-
gallium from the near-junction region, and possibly from theence of an emission band of a free exciton witl,,
interior, diffuses into the metallization layer. Considering the=1.54 eV in the TiR—GaAs structure and 1.57 eV in the
isoelectronic similarity of B and Ga, it can also be inferred TiN,—GaAs structure, while the band gap in GaAs at 77 K is
that the solid solution B5a,_,As (see below can form in  1.51 eV® This is direct evidence of the formation of the
the presence of excess Ga vacancies at the early stagesaafiresponding structures of thin layers of the solid solutions
boride film growth. B,Ga _,As and GaNAS; _,, respectively, on the interphase
At 600 °C the intensities of all impurity—defect bands in boundary. The sharp intensification of the exciton band in
TiB,—GaAs structures decrease, with the exception of théhe experimental structures as a result of anneals at 400 and
1.33-eV band, whose intensity seems to increase somewh@00 °C suggests that at these temperatures further formation
because of the formation of the gu-V s complexes. This of layers of the solid solutions of high crystalline perfection
is because at these temperatures the arsenic atoms startowcurs. The sharp quenching of the excitonic band as a result
interact effectively with Ti from the metallization layer, of annealing at 800 °C, just as the other bands, attests to the
forming the compound Ti—A3,and the semiconductor be- appearance of a large number of additional nonradiative re-
comes enriched with };. However, the 1.01 eV band be- combination centers.
comes weaker because some of its luminescence centers par- The formation of solid solutions on the interphase
ticipate in the formation of the complexes mentioned. Suctboundary of the experimental structures was confirmed by
antiphase behavior of the 1.01 and 1.33 eV band intensitieiddependent studies of the chemical composition of the near-
during heat treatments is also observed for (Fi$aAs junction TiB,—GaAs layers using XPES. Figure 2 displays
structures. the atomic profiles, and Table | gives the binding energies
Annealing at 800 °C causes decomposition of the comef the junction components before and after annealing at
plex centers of the 1.20 and 1.33 eV bands, and the intens600 °C, obtained by layer-by-layer etching of the junction.
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TABLE |. Core electron binding energies of the components of aelectrons of boron compared with the corresponding value in
TiB,—GaAs junction. the interior volume of the film indicates that its chemical

Etch E oV coordination changes at the interphase boundary, the most
likely reason being that a solid solution,®a _,As is
time, B1s Ga 3d Ga 2p As 3d formed. The positions of the maxima of the spectral lines of

Ga and As, characteristic for compounds of Ga with As and
solid solutions based on them, support this conclusion.
0 187.2| 187.2 - - This work was supported by the Ukrainian Science and

45 188.0| 188.3|] 19.0 19.2 11171 1117.2 410 41.2

55 188.0| 188.1 19.0 19.3 11170 1117.2 410 412

min | initial | 600 °C| initial| 600 °C| initial| 600 °Q initia] 600 °C

IH. Holleck, J. Vac. Sci. Technol. 4, 2662(1986.
2T. N. Morgan, M. Pilkuhn, and H. Rupprecht, Phys. R&&8 1551
(1965.
Based on the data in Fig. 2 and Table I, and the known3N. S. Averkiev, T. K. Ashirov, and A. A. Gutkin, Fiz. Tekh. Poluprovodn.
values of the binding energies of the core levels in the B, Ga, 1> 1970_“1983) [Sﬁv- Phys. Semicond5, 1145(1983)].
and As compound§jt can be concluded that: E. W. Willlams, Phys. Rev168 922(1968.

. L ) . 5C. E. McCants, T. Kindelevicz, and P. H. Mahovald, J. Vac. Sci. Technol.
— the deposited titanium boride layers are single-phase a 6, 1466(1988.

with component ratio 2:1; ®E. Grilli, M. Guzzi, and R. Zamboni, Phys. Rev.45, 1638(1992.
. 7 : )
— anneals at 600 °C do not radically change the chemi- V.. Nefedov,Handbook of X-Ray Electronic Spectroscopy of Chemical
cal structure of the films; and CompoundsKhimiya, Moscow, 1984

— the observed shift in the binding energy of the 1 Translated by M. E. Alferieff
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Use of lead as a neutral solvent for obtaining solid Ga 1-xInxAs ,Sb;_, solutions
I. A. Andreev, E. V. Kunitsyna, and Yu. V. Solov'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 1, 1998

Pis’'ma Zh. Tekh. Fiz25, 77-81(October 12, 1999

The first results of an experimental investigation of the phase diagram of melting of the system
Ga-In—As—Sb—Pb at temperatures 560 and 600 °C are presented. The solid solutions

Gay 8dlNp.14AS0 1251 g3 at T=600 °C and GgigilNg 10ASp 165k 84 at T=560 °C, which are
isoperiodic with the GaSh00) substrate, are obtained from fluxed lead solutions. The
experimental data are compared with theoretical calculations19@9 American Institute

of Physics[S1063-785(19)01310-3

In order to exploit solid Ga ,In,As,Sh, _, solutions for ~ GaSb are largely determined by the properties of GaSb, the
very efficient fast photodiodes with low dark reverse currentause of lead in obtaining such solid solutions by the LPE
it is necessary to use epitaxial layers in the active region wittmethod is promising from the standpoint of decreasing the
a low carrier density. Without deliberate doping gallium an-carrier density in the epitaxial layers without doping with a
timonide(GaSh and solid Ga_,In,As,Sh, _, solutions with  donor impurity.
similar composition, obtained by liquid-phase epitdk{PE) The present letter reports the first results of an experi-
at temperature$ =500—-600 °C, are alwaystype. It is as- mental investigation of phase equilibria in the system Ga-—
sumed that this is due to the high density of natural accepihn—As—Sb—Pb at temperatures 560 and 600 °C for the pur-
tors, Vg, and Ga, defects and their complexésvarious  pose of obtaining Ga In,As,Sh, _, solid solutions which
methods exist for decreasing the concentration of natural a@re isoperiodic to GaShb.
ceptors and residual impurities: doping with a donor impu-  Epitaxial layers of the solid solutions GaIn,As,Sh,
rity, use of rare-earth elements, growing from antimony-were grown by LPE with cooling of Ga-In—-As—Sb-Pb
enriched melts. It has been shdwhthat when binary solid fluxed solutions at rates of 0.3—0.6 grad/min. Single-crystal
solutions GaSb are obtained from Pb—Ga—Sb melts, the ratie- and p-type GaSb wafers, oriented in ttig&00) crystallo-
of the molar fractions of the components in the liquid phasegraphic plane, were used as the substrates. The charge con-
strongly influences the character and demsity of structuraiained the binary compounds GaSbh, InAs, and In with purity
defects. At the same time, ledEb) is a neutral solvent, i.e., 99.999 wt.%, Sb with purity 99.999 wt.%, and Pb with purity
it does not form compounds with any components of the99.9999 wt.%. The layers were not deliberately doped. The
melt, it is not incorporated into the solid phase, and thereforehemical composition of the solid solutions obtained was
it does not influence the electrophysical characteristics of theetermined by the method of quantitative x-ray spectral
material directly. This method allowed the density of char-analysis using a JXA-5 CAMEBAX x-ray microanalyzer.
acteristic defects in GaSb epitaxial layers to be reducedhe mismatch\a, /a of the lattice parameters of the epitax-
substantially—from 2.%10' to 2x10%cm®.% In indi- ial layer and the substrate was measured by two-crystal x-ray
vidual cases, even a change in the type of conductiypitty  diffractometry using a TRS-1 diffractometer. The thickness
n type) in the undoped layers was observed. Since the basiof the epitaxial layers was determined using a MIK-1 micro-
properties of the solid solutions GaIn,As,Sh; _, based on scope on the transverse cleavage surfaces of the structures.

%, Ga* Xsb x,, b jxoa’ X5
0.45
0.0025 - Jos 0.0020 | Ho.40
Joss FIG. 1. Compositions of coexisting liquid and solid
phases on a GaSb substrate in the heterogeneous sys-
0.0020 104 0.0015 | 4030 tem Ga-In-As—-Sb—Pb afT=600°C (a) and

T=560 °C (b): solid lines — calculation using the
IFLPKP model;yg, — molar fraction of Sb in the
Jo20 solid phase, 1 — molar fraction of Ga in the liquid
phase K5,), 2 — molar fraction of As in the liquid
phase (), 3 — molar fraction of Sb in the liquid
to.10 phase L), dots — our experimental data.
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TABLE |. Parameters of epitaxial layers of GgIn,As,Sh, _, .

Andreev et al.

793

Preparation
temperaturel, °C GalnAsSb—-3
Molar fraction of Pb Carrier
theory experiment in the liquid phase densityp, cm
X y x y Xpp
600 0.119 0.100 0.143 0.116 0.079 (100t
560 0.124 0.105 0.190 0.163 0.175 (1206

To reveal the interphase, the cleavage surface of the structugglic with GaSbh aff=560°C andT=600 °C in the hetero-
was first subjected to electrochemical oxidation in an elecgeneous Ga—In—As—Sb- -Pb system, and the experimental
trolytic solution withl =50 mA andU=100 V or treated in  data obtained are presented in Fig. 1. The theoretically cal-
the etchant HF : HN@: H,O=1: 3 : 3 atroom temperature culated indium and arsenic concentrations in the solid phase
for 3 s. The carrier density in the epitaxial layers was deterof the isoperiodic solid Ga «In,As,Sb; _, solutions in all
mined by the C-V method according to the capacitance-samples were less than the experimentally established values
voltage characteristics of the structures. by the amountsAx=0.024+0.005 andAy=0.016+0.005

The equilibrium values of the molar fractions of the for growth temperaturdl=600°C andAx=0.066+0.005
components in the liquid and solid phases with fixed tem-and Ay=0.058+0.005 for growth temperatur&=560°C
perature T=560, 600°G and supercooling AT=3 (see Table)l
—8 °C) were calculated by the dynamic method proposed in  According to x-ray spectral analysis data, lead was not
Refs. 5 and 6. To obtain Ga,In,As,Sb, , solid solutions  observed by this method in the solid phase in any samples,
isoperiodic to the substrate, the composition of the liquidthough it was present in the liquid phase at the level 0.08
phase, determined using a theoretical calculation, was detemolar fractions aff=600°C and 0.175 molar fractions at
mined more accurately experimentally. For this, first the gal-T=560°C. This confirms that this solvent is neutral.
lium (Ga content in the liquid phase was determined at in-  The carrier density in the epitaxial layers of the solid

tervals of 0.001 molar fractions, and then the ars€Ais) solution p-GaygdNo14ASy 1Sy s, determined from the
content was determined at intervals of 0.0001 molar fraccapacitance—voltage characteristics, was (1—2)x 10"

tions. As a result of the experiments, 600 °C with su- c¢cm~2. This value is no lower than the typical value for
percooling byAT=3 °C, we obtained epitaxial layers of the undoped Ga In,As,Shy _, layers with the same composi-
solid solutions Ga ,In,As,Sb;_, (x=0.143, y=0.116) tion, grown under the same conditions from fluxed indium
which were isoperiodic with the Ga8lD0) substrate. The splutions without using Pb on GaSb substrates
rate of growth, calculated as the ratio of the layer thickness without an intermediate IayérThis can be explained by
to the growth time, was 0:80.1 um/s, which is much higher  the fact that the Pb content in the liquid phase in this case is
than the rate of growth of epitaxial layers with the samestill insufficient for a large effect Xpy~0.08). In
composition obtained under the same conditions from fluxeg-Ga, gIny 1ASy 165 54 layers obtained from the liquid
indium solutions without using lead. According to x-ray dif- phase with lead content 0.18 molar fractions, the hole density
fractometry data, all samples showed a positive lattice misis an order of magnitude lowep=(1—2)x 10%cm 3.
match between the layer and the substiate /a=(8-9) For more detailed conclusions about the electrophysical
10" %, at room temperature. The half-widths of the diffrac- properties of Ga_,In,As,Sh; _, solid solutions obtained us-
tion reflection curves were 16-26or the layers and I0for  ing lead, the galvanomagnetic properties of the grown epi-
the substrate, indicating high structural perfection of the eptaxial layers must be investigated in detail.
itaxial layers and planarity of the substrate—layer interface.  We thank N. N. Faleev and T. B. Popova for performing
At T=560°C andAT=8 °C supercooling, epitaxial layers the measurements and discussing the results.
of the solid solutions GayIn,As,Sh_, (x=0.190,
y=0.163) isoperiodic with the Ga8t00) substrate were ob-
tained. The growth rate was 0:®.1um/min, which is
higher than the growth rate of epitaxial layers of the same
composition which were obtained &t=560 °C from fluxed
indium solutions without using lead. The mismatch for all
samples produced wasa, /a=(9—-11)x 10" % at room tem-
perature. The half-widths of the diffraction reflection curves V. V. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovod®,. 278
were in the range 10—12or the substrate in all samples and (1998 [Sov. pm}s_ Solid Stata2, 250 (1'998,]_
19-24 for the layers, which is somewhat larger than for the ®A. M. Litvak and N. A. Charykov, Zh. Fiz. Khim64, 2331(1990.
structures which we obtained &t=600°C. 6A. M. Litvak and N. A. Charykov, Izv. Akad. Nauk SSSR, Neorg. Mater.
The results of the theoretical calculation of the compo- 27, 225(1991.
sitions of the coexising liquid phase and solid phase isoperifranslated by M. E. Alferieff

1p. S. Dutta, H. L. Bhat, and V. Kumar, J. Appl. Phgd, 5821(1997.
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Kinetics of free radicals in the plasma of a spark discharge in methane
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The kinetics of reactions in the plasma of a spark discharge in methane at atmospheric pressure
is analyzed using numerical simulation, taking account of the gas-dynamic expansion of

the channel. The processes leading to the formation and annihilation pfr&titals are
investigated and the conditions under which their maximum concentration is reached

are determined. The results obtained are of interest for plasma chemical technologies for
processing natural gas. @999 American Institute of Physids§1063-785(109)01410-X]

The investigation of processes leading to the decompathe electron temperature, Boltzmann’s equation was solved
sition of methane in a gas-discharge plasma is of interest fonumerically for the electron energy distribution function.
producing new technologies for utilizing natural gas. Specifi-The plasma-chemical reactions included more than 50 pro-
cally, a gas-discharge plasma is the basis of plasma-chemicegsses involving charged and neutral partiéléswas as-
technologies for synthesizing acetylene and obtaining polysumed that Ckiradicals with one to three free bonds partici-
mer and diamond-like coatings on surfaces consisting opate in the processes leading to the formation of&tH
various materials. An important aspect of these technologieflm. Knowing the “attachment” coefficientr of these radi-
is the question of producing a plasma with a high degree ofals to the substrate and the fractiérof radicals reaching

dissociation of CH. the surface of the substrate, the film growth rate can be esti-
Experimental and theoretical investigations of the kinet-mated.
ics of the decomposition of CHin arc, barrier, corona, rf, In gas discharges the formation of Ckhdicals is deter-

and microwave discharges, as a rule, at low gas pressure®ined by the process leading to the dissociation of methane
have now been publishéd®In the present work we examine by direct electron impact:

an atmospheric-pressure spark discharge in methane with en-
ergy inputs of (1.0-4.0x10 2 J. The objective of the
present work is to investigate theoretically the conditions for
obtaining the maximum yield of CHfor developing effec-

tive plasma-chemical technologies based on a spark dis- _,cH+H,+H,

charge.

A self-consistent model of a spark discharge includes the —C+2H,. (1)
streamer propagation stage, the production of a spatial distri- . ) ) i i
bution of charged particles in the gap, and the transition oPf all channels o.f. this reaction, the most likely is the f|r§t
the discharge into the high-current stage, during which th&@"€ (thel Spr(_)bab|l|ty for the appearance of products is
main energy release and production of free radicals occuP:6—0-8-"~ Since the gas temperature in the channel is quite
The fraction of energy released at the first stage is low comPigh. the rate constants of the gas-phase reactions with a high
pared with the high-current discharge stage and is of interegctivation barrier increase and the rates of certain reverse
mainly from the standpoint of producing the initial conduc- Processes, for example,

CH,+ GHCHZHCHg‘l‘ H,

—>CH2+ H2,

tivity in the gap. In this connection, the kinetics of ¢H H+ CHs+M—CH,+M )
dissociation has been investigated only during the main en- 3 '
ergy release in the gap. conversely, decreaseAs a result, the conditions for accu-

The simulation of the spark discharge included simulta-mulation of methyl radicals arise in the spark channel. The
neous solution of the one-dimensional gas-dynamics equatecrease in the rate of the reacti®) is also due to the
tions, describing the density and temperature of the gas in thédecrease in the gas density as a result of the gas-dynamic
channel, the equations of particle kinetics in the gasexpansion of the channel.
discharge plasma, and the equations of the electric power- Figure 1 shows curves of the particle densities in the
supply circuit, which are required for calculating the inten- plasma at the end of the current pulse versus the energy input
sity E of the electric field in the gap. To solve the kinetics W, which were calculated for the experimental conditions of
equations and to determili N (N is the neutrals densityt Ref. 5. It follows from the calculations that for a high degree
was assumed th&/N, the gas temperature, and the densitiesof dissociation of methangCH, /[ CH,] >1, first CH; and
of all particles are independent of the radius of the sparkhen CH accumulate. In the presence of a large amount of
channel. To calculate the rate constants of the elementagtomic hydrogen, this radical transforms very rapidly into
processes involving electrons, the transport coefficients, anGH:
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FIG. 1. DensitiesN; of certain components 30 ns after the start of the To investigate the effect of gas-dynamic expansion and
discharge as a function of the energy inft heating of the gas in a spark channel on the generation of the
radicals CH, calculations ofv(W) under typical conditions
of a pulsed self-sustained volume discharge were performed
CH,+H—CH-+H,. (3)  (curve 3 in Fig. 2. Compared with a spark discharge, the
Soating deposition rate in a volume discharge for the energy
inputs considered is much lower and increases monotonically
with W. This is because when the gas in the bulk discharge is

Therefore, adv>20 mJ increases, methane decomposes t
CH, which leads to the synthesis of acetylene:

CH+CH+M—C,H,+ M, (4)  at atmospheric pressure and low temperature the rates of
CH+ CHy— CyHy+ H, () ?f:gﬁ’lr;igelcc)if free radicals are much higher, which decreases

According to the calculations, these processes can dominate In summary, regimes with high production rates of CH

in the range 20 m&XW<40 mJ and appreciably decreaseradicals can be obtained in an atmospheric-pressure dis-

the total concentration of all carbon levels in the dischargecharge in methane. These regimes ae due to the low density

For still higher energy inputs, methane should decompose tand high temperature of the gas in the plasma channel, which

atomic carbon and hydrogen. makes such discharges promising for coating deposition
To estimate the maximum growth rateof the coating technologies.

on the dielectric surface, we shall assume that all radicals

reaching the substrate surface participate in film formationJ.-C. Legrand, A. M. Diamy, R. Hracét al., in Proceedings of ISPC 12

(a=1). From simple geometric considerations, the coeffi- Zyignﬁzgisw/*légus;ﬁva;:(jgwpggilejg% | Phs, 70(1989

cient o for the experimental conditions of Ref. 5 is of order 5/ Tashiba, M. Nishida, and H. Harima, J. P'hyrs)glz'z 1727(1984.

0.4. The computed dependence of the growth Viltef the “Yu. N. Novoselov, V. V. Ryzhok, and A. I. Suslov, Pis'ma Zh. Tekh. Fiz.
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Possible use of two-dimensional Bragg structures in an FEL amplifier powered
by a sheet electron beam

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

Institute of Applied Physics, Russian Academy of Sciences, KNitbwgorod; Institute of Nuclear Physics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk

(Submitted July 2, 1999

Pis’'ma Zh. Tekh. Fiz25, 87-95(October 12, 1999

It is shown that two-dimensional doubly-periodic Bragg structures can be used effectively in the
amplification schemes of free electron lasers powered by sheet relativistic electron beams.

The presence of such a structure ensures spatial coherence of radiation from different parts of the
electron beam when the input signal propagates across the electron flux. Theoretical analysis
shows that the gain in the regenerative scheme can reach 50 dB99@ American Institute of
Physics[S1063-785(19)01510-4

High-power free electron lase$ELS powered by a ture will make it possible to obtain regenerative amplifica-
sheet electron beam whose width can reach 1.4 m are beiripn characterized by a high gain.
intensively studied theoretically and experimentaffyit has Let us assume that the input radiation is a quasioptical
been suggested that the two-dimensional distributed feedvave beam incident on the system in the direction transverse
back (DFB), realized using two-dimensional Bragg to the translational motion of the sheet bedfiy. 19. In the
resonators;* be used to obtain spatial coherence of the raf€generative scheme, to ensure symmetry of the output radia-
diation from different parts of the electron beam. Such dion, it is desirable to introduce radiation from two sides. The
resonator consists of two flat plates on which doub|y_field inside the Bragg structure can be represented as a set of
periodic ripples are imposed. It is found that four partialfour partial waves
electromagnetic waves are coupled and scatter one another o-ihz ihz o ihx X i ot
on these ripples. Two of the waves propagate parallel an —EoRal A e T+ AT B e T Bee™), ()
antiparallel to the translational motion of the electron beamtwo of which (A..) propagate parallel and antiparallel to the
while the other two propagate in the transverse direction. It iglirection of motion of the electron beam and twi.()
possible in principle to obtain gigawatt millimeter-range ra-propagate in the transverse directi@tig. 1b).
diation by using two-dimensional DFB and sheet electron  The mutual scattering of waves on a two-dimensional
beams produced in the U-2 accelerafimstitute of Nuclear Bragg structure and their amplification by an electron flux
Physics, Siberian Branch of the Russian Academy of Sciean be described by the following system of equatfons,
ence$. Normal operation of the new FEL scheme has beerwhere it is assumed that the electron beam can interact syn-
confirmed experimentally on a simulation beam up to 12 cnchronously only with the waved, :
wide. One-hundred megawatt radiation has been obtained at
a wavelength of 4 mm.

In this connection, it is of great practical interest to de-
velop an amplifier that uses powerful sheet relativistic elec-
tron beamgREBS. An important problem in realizing such Jzifhe*“gdao
an amplifier is the introduction of the input signal, giving ™ ’
amplification that has a controllable phase front and is uni-
form over the width of the electron beam. As shown in the
present work, this problem can also be solved by using a
two-dimensional Bragg structure. Two situations are possible
depending on the region where the undulator field is ( d dJ
switched on. If the undulator field and, correspondingly, the 'Bgf
interaction of the electron flux with the radiation field is
switched on after the electron beam has passed through the | ¢ 1
Bragg structure, then such a structure will play the role of an oz P
input device. However, if the undulator field is switched on
before the beam passes through the indicated structure, thdiere  the  following  normalized  variables  are
taking account of the fact that part of the electromagnetidised: Z= zCwlc, X=xCwlc, 7=tCw, A.=A.exul
energy propagates antiparallel to the translational motion oaymc@C2 wherex~ g, /8 is the electron—-wave coupling
the electrons, the electron—wave interaction inside the strugarameteru~ y~? is the inertial bunching parametéery is

J p)
P ,ggr ~|A.+ia(B,+B)=],

Bgr )A +ia(B,+B_)=0,

B.+ia(A,+A_)=0,

or

2
6=Re(A_ e'?). 2)

or

1063-7850/99/25(10)/4/$15.00 796 © 1999 American Institute of Physics
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FIG. 1. a — Radiation input, (1) wave and output
(A (2) wave schemes in an FEL amplifier with a
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the relativistic mass factor of the electroits; is the trans-
lational velocity of the particlesi, is the group velocity of
the waves,

|

is the gain parametdPierce parametgrl, is the beam cur-
rent, Sis the cross-sectional area of the interaction sphice,
is the norm of the synchronous wave, amds the coupling
coefficient of the waves on Bragg structures and is propor
tional to the depth of the flutin®.

For an amplifier we have the following boundary condi-
tions for the fields of the partial waves:

A,(Z=0)=0, A_(Z=L,)=0,

1/3
elo )\ZMKZ

mc 87ySN

B, (X=0)=B%(2)e'"",

B_(X=L,)=B%(2)e'’". (3)

Here 6=(w— w)/wC characterizes the detuning of the fre-
guency of the external signal from the carrying frequency,
for which the Bragg frequencw is chosen. The boundary
conditions for the electron flux in the absence of initial
modulation have the form

sheet REB(3) and a two-dimensional Bragg structure
(4. b — Diagram illustrating scattering of partial
waves by a two-dimensional Bragg structure
(h — wave vectors of the partial waves.. and B.. ,

h — translational lattice vectors

0(Z=0)=6,e[0;2m),
Jd

ot

Jd

ﬁﬂg‘(l )0(2=0)=—A, (4)
whereA =(w—h(w)v | —Qp)/wC is the initial detuning of
the synchronization of electrons with the wave &dglis the
bounce frequency of electron oscillations in the undulator
field.

We shall consider first the problem in the absence of an
interaction with the electron flux, i.e., we shall assume that
the undulator field is switched on after the electrons pass
through the Bragg structure. When the frequency of the in-
cident wave B, is the same as the Bragg frequency
5=0, andB% =0, we obtain from Eqgs(2) the following
solution for the amplitudes of the scattered waves:

B.=B%(Z)—-GX, B_=G(X-L,),

z
A+=iaLXGZ—iaJ B% (z)dz,
0

A,=—iaLXG(Z—LZ)ﬂaJzBi(z)dz, (5)
L

X

where
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FIG. 2. Structure of the partial wavés , (X,Z)| (a)
and |B, (X,Z)| (b) and the distribution of the output-
signal phase ady, (X,Z=L,) (c) in a regenerative am-
plifier scheme:L,=7.2, L,=8, «=0.09, §=-0.19,
A=0.02.
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2 L, gated in what follows. Nonetheless, E¢®). include the time
G= 72f B% (z)dz dependence of the wave amplitudes. Actually, simulation of
1+ e L Lo transient processes is used here as an effective method for
As follows from the relationg5), a two-dimensional solving the nonlinear boundary-value problem, making it
Bragg structure makes it possible to excite a wAvewhich  possible to determine at the same time the limits of self-
is synchronous with the beam and has a constant amplitudexcitation of the system.
along the coordinate (i.e., along the transverse section of  Figure 2a shows the distribution of the amplitude of the
the electron fluxand a plane phase frodA, /9X=0. The  amplified wave over the interaction space when the fre-
maximum efficiency for conversion of the incident power quency of the external signal lies at the limit of the nontrans-
B.(X=0) into the powerA, (Z=L,) of the wave synchro- mjssion band of a two-dimensional Bragg structue
nous with the electrons is obtained far’L,L,=1 and  ~+24. |t was assumed that the input signal is a Gaussian

reaches 25%. _ _beam. To ensure symmetry of the output radiation, this sig-
To analyze the regenerative scheme, we shall determing,| a5 introduced from two sides. As one can see from Fig.

below the gain as the ratio_o_f the power of the incident Wave . the amplitude of the field at the egit=L, is essentially

to the. output power amplified by the electron flux of the constant, which implies that energy extraction is almost iden-
wave. tical for all fractions of the electron flux along the coordinate
X. The phase front of the radiation at the exit is close to
planar(Fig. 29. The gain is quite high, and for a normalized
length of the interaction spade,~8 it exceeds 50 dB. The

+[B_(X=Lx,2)[*)dZ. (6) amplitudes of the partial waves different frofn. are small

It should be kept in mind that a parelatively small, as will ~ at the exit from the resonator, and the integrated power as-
be shown beloyof the output power will be associated with sociated with these waves is about 10% of the output power
other partial waves. It is also important to emphasize thaof the working wave(Fig. 2d. It should be noted that the
stationary one-frequency amplification regimes are investipresent system with maximum gain50 dB is an extremely

a

LX LZ
r= [ laxz=Lolax | (8. x=02)P
0 0
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60~ 1, dB particle energy 1 MeV, and pulse duration of aboyts Let
the period of the undulator be 4 cm, the oscillator velocity of
1 the particles3, ~0.15-0.2, angk~0.1. Then for a gap be-
tween the platega,=1 cm, the gain isC~0.003. For these
40 - values, the parameters of the curves in Fig. 2 correspond to a
Bragg structure 170 cm long and 150 cm wide, rippled with
a period of 2.8 mm and a depth of 0.05 mm. Whe#A00 kW
gyrotron radiation is used as the input sighahe output

20 signal level will reach 4 GW with an efficiency of about
10%.
o IM. A. Agafonov, A. V. Arzhannikov, N. S. Ginzburg, N. Yu. Peskov,
0 T T r T r T r 1 S. L. Sinitsky, A. V. Tarasov, irProceedings of the 11th International
-4 -2 0 2 4 Conference on High-Power Particle Beanfrague, Czech Republic,

1996,Vol. 1, p. 213.
FIG. 3. Gainl" versus the normalized detuninfjof Bragg resonance ina  2M. A. Agafonov, A. V. Arzhannikov, N. S. Ginzburg, V. G. Ivanenko,
regenerative amplifier schemie;=7.2,L,=8, a=0.09,A=0.02. P. V. Kalinin, S. A. Kuznetsov, N. Yu. Peskov, and S. L. Sinitsky, IEEE
Trans. Plasma ScR6, 531 (1998.
3N. S. Ginzburg, N. Yu. Peskov, and A. S. Sergeev, Pis'ma Zh. Tekh. Fiz.

. . . 18(9), 23 (1992 [Sov. Tech. Phys. Lettl8, 285(1992].
narrow-band SySterﬂ:'g- 3)' while at a gamn of 30 dB the 4N. S. Ginzburg, N. Yu. Peskov, A. S. Sergeev, A. V. Arzhannikov, and

bandwidth isA 5~4, which with Pierce parameter3dl0 3 S. L. Sinitsky, Nucl. Instrum. Methods Phys. Res3B8 189 (1995.
corresponds te-1—1.5% in frequency. SA. V. Arzhannikov, N. S. Ginzburg, N. Yu. Peskov, S. |. Sinitskind
; A. S. Sergeeyv, irProceedings of the All-Russia Conference on Scientific

In.summafry’ .the a.'naIySIS performed above shows that Plans MNTP “Microwave Physics, Nizhnii Novgorod (1999, p. 21.
Fhere IS promisé In using .tWO'd|menS|0nal Bragg structuressy s Ginzburg, N. Yu. Peskov, A. S. Sergeev, A. D. R. Phelps, and G. R.
in ordinary and regenerative schemes of FELs powered by M. Robb, IEEE Trans. Plasma S&4, 770 (1996.
sheet REBs. These schemes can obviously also be combined/- L- Brat"é?”' G. SEDl%”';g\Zh('l\‘é;é Ginzburg, and M. I. Petelin, IEEE J.
: . H : . uantum Electron -19, .
in which case the mtgractlon of the synchronous wave WlthgN. S. Ginzburg, N. Yu. Peskov, and A. S. Sergeev, Radiotekh. Elektron.
the electron flux continues after the Bragg structure cuts off. 4g9 401 (1995.

We conclude by estimating the parameters of a regenera?V. E. Myasnikov, S. V. Usachev, M. V. Agapow al, in Digest of the
tive FEL amplifier with Wavelengtm =4 mm based on the 23rd Internationl Conference on Infrared and Millimeter Wav@siches-

. . . ter, UK (1998, p. 24.

U-2 accelerator, forming sheet REBs with transverse dimen- " UK (1998: P

sions reaching 140 cm, current per unit length 300 A/cmTranslated by M. E. Alferieff
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Influence of phase hardening on transition broadening in a (1—x)NaNbO3;—xLiNbO 5
system

I. V. Pozdnyakova, L. A. Reznichenko, and V. G. Gavrilyachenko

Research Institute of Physics, Rostov State University
(Submitted May 12, 1999
Pis’'ma Zh. Tekh. Fiz25, 1-4(October 26, 1999

Dielectric methods are used to study phase-transition broadening i &) (MaNbOQ;—xLiNbO4
system. It is observed that the lowest values correspond to regions of transition between
implanted solid solutions and substitutional solid solutions with €05 0.07. It is shown that
the degree of broadening of the phase transition may be varied by phase hardening.

© 1999 American Institute of PhysidsS1063-785(109)01610-9

It is well-known that some broadening of the phase trann. For all these compositions the curves Bfn) have a
sition is observed in any ferroelectric ceramic. One of theminimum forn,,,=3-8. Asn increases, the phase-transition
main factors responsible for this broadening are extendetiroadening increases continuously, saturating=a20. Fig-
structural defects. The phase hardening effect, i.e., an irre4re 2 gives the phase-transition broadening after the first
versible buildup of crystal-structure defects as a result ofycle and the number of the cycle with the minimum broad-
cyclic phase transitions, may be used to influence the degregning as a function of the LiNb{concentrationP,(x) and
of broadening. Nmin(X), respectively. It can be seen that these dependences

The samples used for our investigations werecorrelate with the minima ob;(x) and nyy(X) being ob-
(1—x)NaNbO;—xLiNbO; solid solutions with B=x<0.14. served in the range 0.65<<0.07. Although the broadening
This system is interesting because its phase diagram fdehavior is qualitatively similar for all compositions, the
0<x=<0.14 contains eleven phase states, including five mortinimum of D(n) for 0.05<x=<0.07 is less sharp aritike
photropic regiong, and many compositions based on thistheé minimum of Tc) is achieved for small Ny,
system have extensive practical applicationalthough (Nmin=3-4). ) ) _
many studies have been devoted to this system, no quantita- These effects may be attributed to interaction between

tive estimates have been made of the phase-transition broa$2110us types of defects: between intringtietermined by

ening. The aim of the present study is to determine the det—he cation—anion compositiprmnd biographical defect@s-

gree of phase-transition broadening and the possibility Oisqgiated with the .ceramic preparation progearming the
varying this by phase hardening Initial defect matrix, and defects formed as a result of me-

Ceramic samples of (4x)NaNbO,—xLiNbO; were chanical stresses accompanying the phase transition, i.e.,
- 3

prepared by solid-phase synthesis followed by hot pressiné).hase. harde”'”g defeCtS-

i [ ' isti i Since the minimum values @, andn,, are observed
We studied the dielectric characteristics of 44 composmon?or 0,052 x=0.07. in the reqion of fransition from imofanted
in the range 6x=<0.145 with an average stefx~0.003. ) =YY g p

Ten compositions with an average interdad~0.015 under- to substitutional solid solutlon’san_d Dy th_en remains IOW.’
. . we can postulate that these solid solutions have a higher
went thermal cycling(up to twenty successive phase-

transition cycles The samples used for the measurements
were disks between 8 and 10 mm in diameter and 1 mm

thick. Electrodes were deposited by brazing silver paste. The 2% 1 7

experimental setup could be used to obtain curveg®j by 0,04 \\

a bridge methodf(=20 kHz, E__=10V/cm) in the tempera- 0,035 7 =t

ture range 20—600°. The phase-transition broadebivgas 0,03 = \ ///

determined by a method described in Ref. 3 using the profile . \\”

of the &(T) curves. This method was chosen because thesea '\-\\

compositions have weakly broadened phase transifiahs 002 T~ —

temperatures abovE: the behavior of the permittivity obeys 291 N

the Curie—Weiss law with the constar®,,=(2-3.5) 001 AN o — =

X 10° °C] which made it difficult to use other methods of 0005

estimating the broadening, such as those described by Grid- 0

nev and Popo¥. 0 5 10 15 2
The results are plotted in Figs. 1 and 2. Figure 1 shows n

typicgl curves of the phase-transition broade.ngasl &  FIG. 1. Phase-transition broadeniBgas a function of the number of cycles
function of the number of cycles for samples with various n for variousx: 1 — x=0.03, 2 — x=0.1175, and3 — x=0.07.
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FIG. 2. Phase-transition broadening after the first c{xjeand cycle num-
ber n,i, for which the minimum broadening is achieved as a function of the

concentratiorx in a (1—x)NaNbG;—xLiNbO; system.

degree of structural perfectiofa lower dislocation and/or
point defect densityand they also have fairly high sintering

Pozdnyakova et al. 801

increases and also by the similarity of the morphotropic
transition forx~0.1 (Ref. 1).

It therefore follows that the phase-transition broadening
in (1—x)NaNbQ;—xLiNbO5 ceramic samples depends on
the ratio of the components. For compositions with &85
=<0.07 the broadening increases monotonically after three or
four cycles whereas for all the others it increases after 6—8
cycles. Despite being highly sensitive to external influences
as a result of the small ionic radii of the cations, the system
largely demonstrated highly stable dielectric properties under
such a strong influence as thermal cycling: no significant
phase-transition broadening occurred even after the twentieth
cycle.

This work was partially supported by the Russian Fund
for Fundamental Resear¢RFBR), Grant No. 99-02-17575.
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Stable pinch in the SPEED 2 plasma focus
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(Submitted July 3, 1999
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Conditions of discharge generation in deuterium doped with heavy argon and xenon gases were
investigated in experiments in the SPEED 2 plasma focus in the micropinch plasma

compression mode and in the stable plasma formation regime. An extensive arsenal of diagnostic
techniques, including spectral techniques in the soft- x-ray range with temporal, spatial, and
energy resolution was used to achieve a controlled transition from one regime to another. The
experimental data are consistent with the assumption that the discharge is stabilized by a
gyromagnetic deuteron acceleration mechanism.1999 American Institute of Physics.
[S1063-785(19)01710-3

Studies of pinching regimes in the SPEED 2 plasma fo- The SPEED 2 plasma focus was described in detail in an
cus have shown that when heavy impuritigs, Kr) are  earlier study® The total discharge energy is up to 70kJ, the
added to the working ga&euterium, the so-called “mi-  voltage 180kV, and the current 1.5MA. The plasma dis-
cropinch plasma compression modéMPM) occurs most charge is initiated at the surface of an insulator and then
frequently!~3 This regime is characterized by the formation evolves in a deuterium atmosphere with a density of
of short-lived (having subnanosecond lifetimegplasma 10 cm 3. A fast valve is used to inject heavy géaseon or
structures emitting intensely in the x-ray range, having di-argon through a hole in the anode, synchronized with the
mensions between ten and several tens of micrometers. dieuterium discharge. The gas is injected several milliseconds
was showf? that micropinching is the result of the buildup before the beginning of the discharge and forms a conical gas
of necking instabilities under conditions of strong radiativejet along theZ axis, perpendicular to the surface of the an-
losses to line radiation from multiply charged ions of heavyode. The injected jet has a diameter of around 1cm at the
elementgradiative collapse modet This effect appeared to anode surface and a linear density of the order &f & *
be fairly general and is observed in various types of axiawhich decreases slowly along tieaxis. The axisymmetric
dischargegvacuum spark, Z pinch, exploding wires, and soionized deuterium plasma sheath usually reaches the heavy
on).’ neutral gas formed at the center of the jet around 50 ns before

However, in some experiments with added neon and alsoomplete compression on the discharge axis. The plasma
at low argon concentrations, time-integrated images of theompression time on the discharge axis depends on the linear
plasma revealed a spatially continuous pattern without angensity of the heavy gas jet which is determined by the initial
breakdown into micropinchés’ Figure 1 shows an example below-valve pressurp and the time delay between open-
of two different types of pinching, with the formation of ing the gas-injection valve and the discharge initiation time
micropinches and with a continuous plasma column. Givenn the deuterium. It was observed that the SCM regime tends
the absence of time-resolved techniques in these experio appear whenr and p decrease tor=5-6 ms and
ments, the question as to whether the observed homogeneopis-3—4 bar. The MPM regime appears when the delays in-
plasma column is the result of its simultaneous stabilizatiorcrease to 7-12 ms and the below-valve pressure increases to
over a fairly considerable length along the discharge axi8—10 bar.
remained unresolved. A homogeneous image could also ap- A characteristic feature of these investigations is the ex-
pear as a result of a fairly trivial effect, involving the time tensive arsenal of plasma diagnostic techniques used. In ad-
integration of a moving discharge “focus,” i.e., the site of dition to recording the conventional plasma electrotechnical
successive convergence of plasma sheaths on the axjzarameters such as the current derivative and the pinch volt-
known as the “zippering” effect. age, we also recorded the neutron flux in the energy range

Quite clearly, an operating regime in which a homoge-between 2.2 and 2.8 MeV with a time resolution of at least
neous stabilized pinch is formed is of considerable interestOns. The plasma radiation was investigated using various
and may have various practical applications. The present pa-ray diagnostic techniques. A pinhole camera with apertures
per examines the choice of these two possibilities and reportsetween 20 and 100m in diameter and an array of various
a detailed study of the stable column ma@&CM). A study filters was used to obtain an image of the plasma over a wide
of the possibility of achieving a controlled transition from energy range between 1 and 10 keV with a spatial resolution
one pinching regime to another was of particular interest. of 10um on Kodak DEF2 x-ray film. Figure 1 shows an

1063-7850/99/25(10)/4/$15.00 802 © 1999 American Institute of Physics
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L
5 5
o
o FIG. 1. Time-integrated images of the plasma from its self-
radiation in the rangaa<1 nm: a — MPM micropinch dis-
charge mode in deuterium—argon plasttpical micropinch
size 10um), b — stable SCM discharge mode in deuterium—
neon plasmdpinch radius 1 mm
anode edge
a b

image of the pinch integrated over the discharge time aflependently from the intensity ratio of the resonant, Ly
wavelengths shorter than 1nm, which illustrates the twaransition of Is—2pH-like neon and the 42p(‘P;)—
plasma compression regimes: MPM in ardanand SCMin  2p2(1p,) dielectronic satellite. The most convincing dem-
neon(b). o . onstration of the existence of a stable pinch regime was ob-
The plasma radiation spectra were recorded using a COMajned using a multiframe pinhole camera based on a multi-
pact CAP-crystal x-ray focusing spectrograph at wavelengthgyanne| platéMCP) detector. Figure 3 shows an image of a
between 0.8 f"md 1,'5 nm W'th, Fhe speptral res,o'“mm% neon plasma column from its self-radiation in the SCM re-
=2x10* By inserting an additional slit and suitably align- ime in the spectral range<2 nm. The exposure time for

ing the spectrograph, it was possible to record the specir ach frame was 5ns and the time delay between the frames

with a spatial resolution of 1 mm. A time resolution of 10 ns as 5ns. Additional information was obtained using a Ken-

was achieved by recording the spectra using microchannél h treak ih a ti Luti f 100
image detectors. Figure 2 shows an example of the dischar%%C x-ray streak camera with a time resolution o ps

plasma spectrum in neon for the SCM regime in the rang hich can record the discharge dynamics along the radius or

0.8—1.5nm for the plasma on the discharge axis. The spectfl0Nd theZ axis in the spectral range of the plasma radiation
containing Lyman-series transitions of hydrogen-like neor® <1 Nm. Both methods yield estimates of the plasma life-
NeX and the corresponding recombination continuum can béme in the SCM modet>30ns. A spectrally resolved,
used to estimate the main plasma parameters, the tempef&@me-by-frame image of the plasma in the SCM mode was
ture T, and the electron density,. The plasma density on Obtained by using an x-ray optical objective with a cylindri-
the discharge axibl,=2x 10?°°cm™ 2 was obtained from the cal multilayer x-ray mirror (W/S¢) having the period
Stark broadening of the high transitions in the hydrogen-liked=1.18 nm (MLM objective) and the spectral resolution
neon series. The plasma temperatlige= 250 eV was esti- A/ AXN=100. This device incorporated a temporal MCP de-
mated from the decay of the recombination hydrogen contector with 3 ns time resolution. These experiments showed
tinuum (\<<0.9 nm). A similar temperature was obtained in- that the zone of emission at the wavelength of the resonant

) T T T 1 I T
w
- H-like Ne
129 T.=250-300eV ht
20 3
N_=2.5*10"cm ) A ]
» [~ =]
> ~
@ 0.8 o
%‘ FIG. 2. Plasma radiation spectrum on axis of neon dis-
- charge for the SCM regime between 20 and 10 ns be-
.8 fore maximum compression. Exposure time 10 ns.
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O
]
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FIG. 3. Plasma images in stable SCM discharge mode in neon
at A\ <2 nm obtained using a time-resolved multiframe pinhole
camera with an MCP detector. The tifie=0 corresponds to
maximum compression of the plasma. The delay between the
frames is 5 ns and the exposure of each frame is 5ns.

e 1 cm

anode edge
t=0ns t=5ns = t=10ns

line of the hydrogen-like neon line NeX\&1.21nm) was presence of accelerated deuterons in the peripheral zone of
stable for more than 30 ns. A substantial difference for theséhe sheath can stabilize the formation of a plasma column
two compression regime@MPM and SCM was also ob- having a lifetime of up to several tens of nanoseconds, lead-
served on oscilloscope traces of the derivative of the dising to a stable SCM discharge regime. Calculations show
charge currentdl/dt) and on curves of the neutron yield as that in this case, the evolution of the SCM mode should be
the discharge develops. In the SCM regime the singularity ogharacterized by high energy density, high compression ve-
the di/dt curve at the instant of convergence of the dis-locity, and low radiative losses in the current sheath plasma.
charge plasma on the axis is considerably stronger than thdhese conditions of plasma column stabilization are
for the MPM regime. For the SCM mode, a higtibetween achieved in high-current, low-pressure discharges using a
two and ten timesneutron yield is observed, the neutron light working gas such as deuterium. Conversely, discharges
pulse has a large half-width, and the curve giving the timehaving a comparatively low energy density in the plasma
dependence of the neutron yield shows considerably lessheath, low compression velocity, and high energy losses to
structuring. heavy-ion line radiation tend to develop the micropinch
Thus, these experimental results confirm that wherMPM mode.
heavy neon and argon gases were injected in a fast dynamic Summarizing these results, we note that for a fast dy-
discharge in SPEED 2 at 1.5MA, a stable homogeneousamic pinch(SPEED 2 the discharge can develop in two
pinch of length 1020 mm and radigsl mm was observed regimes: in the micropinch mod@PM), when the initial
for the first time. Its lifetime was several tens of nanosecondgeuterium pressure is comparatively high and a large number
which is longer than the magnetic confinement time of theof neon or argon atoms are injected, and the stabilization
plasma (several nanosecondsind also exceeds the time mechanism is suppressed by rapid thermalization of the ac-
taken for propagation of the pinching focus along the discelerated ions, and in the stable SCM pinch regime when the
charge axis 10 ns) at a moderate zippering velocity of the initial deuterium pressure is low and few particles are in-
order of 18 cm/s. jected, and the mechanism of stabilization by accelerated
From an analysis of the conditions for the formation of ions is effective. The experimental observation of an in-
the SCM regime we concluded that a necessary condition igreased neutron yield and the change in the time structure of
the creation of a high plasma energy density in the fast deithe neutron pulse, and also the nature of the singularity on
terium current sheath. For SPEED 2 these conditions can J8e curve of the current derivative are consistent with the
established by reducing the initial deuterium pressure in th@ssumption that the pinch is stabilized by the gyromagnetic
chamber and also by reducing the number of injected neon gicceleration of deuterons.
argon gas particles by varying the below-valve pressure and This work was supported by NATO Grant HTECH
the valve opening time. Linear Z pinches in a plasma generkG971298 and by RFBR Grant No. 99-02-16414.
ally tend to develop macroinstabilitym(=0 modse in the
plasma column which, under conditions of high radiative
losses to multiply charged ions, leads to the formation of
micropinches(MPM discharge regime It was shown by 1\F,>\|L Kies,SB. LucasS,R. _IFSOV\;]ekaargg, i.;gchmitz, G. Ziethen, and G. Decker,
Deutsch and Kies' that in dynamic pinches with a com- 2G.aISDr:::akerc,)u\/r\(/:.eliieg,l.R.eﬁc'algoll-ny, é."Rz.kamp, F. Schmitz, G. Ziethen,
pressible current sheath, the formation of neckings can bek. N. Koshelev, Yu. V. Sidelnikov, and Yu. V. Sopkin, Plasma Sources
avoided as a result of the generation of fast accelerated delégcivT%COh;:;ﬁ,e Vllé (1'\39%imanovsk“ ‘o, Ya. Platonoy. P. Rowekam
terium ions ("runaway deuteronsy for_me(_j by interaction G.. Décker, and W -Kie.s, Plasma Sotyjrce.s Sci. Tecrﬁncﬁ.'78 (.1996. >
between deuterons and the magnetic piston of the sheathy, v vikhrev, v. V. vanov, and K. N. Koshelev, Fiz. Plazng; 1211
known as the gyromagnetic acceleration mechanism. The(1982 [Sov. J. Plasma Phy8, 688 (1982].
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Deformations and overlap of instability zones in the Mathieu—Hill equation

A. |. Grigor'ev and A. S. Golovanov

P. G. Demidov State University, Yaroslavl’
(Submitted July 2, 1999
Pis’'ma Zh. Tekh. Fiz25, 13—18(October 26, 1999

A numerical analysis of the Mathieu—Hill equation describing the time evolution of the
amplitudes of capillary waves at the interface between two liquids, the upper moving relative to
the denser lower liquid at a time-dependent velocity, is used to show that for certain

values of the characteristic physical parameters, the zones of unstable amplitude growth become
deformed and overlap to form a single, singly connected instability zone19€9

American Institute of Physic§S1063-785(19)01810-§

In the problem of the stability of a tangential discontinu- direction of the vectot) determines the orientation of the
ity between two immiscible ideal liquids of different densi- axis, « is the surface tension of the interface, anés the
tiesp, andp,, each filling a semi-infinite half-space, and the wave number.
upper liquid moving at the time-varying velocity = U{t} If we assume that
parallel to a charged interface having the constant surface
charge densityr, the differential equations describing the ~ U(1)=Uo+ U, coswgt  (Ug|U,),
time evolution of the capillary wave amplitudes are the differential equation describing the time evolution of the
Mathieu—Hill equations with time-dependent coefficients.amplitudes of fixed modes of the thermal capillary waves is
We know from theory that the Mathieu—Hill equations havethen given by:
discrete zones in which the solutions are unstabldeter- )
mining the form of these zones for the electrohydrodynamic ¢ B
problem under discussion is of interest for a wide range of E+§[F(k)—D(k)~cos<uot+L(k)-co§w0t]—0, @)
academic, technical, and technological applications of elec-
trohydrodynamic instabilitied.

1. Let us assume that the velocity fields of the upper and F(k)= (patpy) 9(p2—p1) + ak®— 4ok —kp, U
lower liquids are¢(r,t) and i,(r,t), respectively. The )
mathematical formulation of the problem of studying the kU2 P1
time evolution of the capillary wave amplitudes in this sys- % (patpy)]
tem in a Cartesian coordinate system where Xhé plane
coincides with the unperturbed interface of the media and the p1p2
Z axis is directed downward in the direction of the gravita- L(k)=k? ZUi . Dlk)=2L(K)Uo/U, .
: (p2tp1)
tional force, then has the forft
This equation is the Mathieu—Hill equation which, de-
Ay;=0; j=1,2; pending on the relationship between the coefficiéntd, L,
and the frequencw,, can either have parametrically stable
z=—o n—xU(t)=const=0; or parametrically unstable solutions which increase exponen-
tially with time. Moreover, for certain values of the param-
zZ=o,=const=0; eters[ F(k)<0 andwy=0] it also follows from Eq.(1) that
Tonks—Frenkel and Kelvin—Helmholtz instabilities may oc-
9P 9 & Iy IE cur in the system being analyzed.
z=Ex); o~V o o T o 2. In Eq.(1) we now convert to dimensionless variables

in which the capillary constant of the lower liquid, the den-
Py 1 s o sity of the lower liquid, and the frequenay, of the periodic
P17+P19§+ §P1[(V‘/’1) —U(0)] external action on the interface are unity, and retaining the

previous notation, we rewrite Eql) in the form:
2

= (9_1#2+ g§+4770'2k§—a(9— P?L
P2=g T P2 ox2’ E+§[5—a-28 cost+ 2 cos 2]=0; 2

where £(x,t) is the perturbation of the interface caused by _ . _ . _

the thermal capillary wave motion ardi= U(t) is the time- a=4Uo/U 5 6=F(k)+0.8.(k);  e=L(k)/4.
dependent velocity of the upper liquid relative to the lower  For =0, Eq.(2) yields the Mathieu equation for which
one which is uniform along th& and z coordinates. The the position of the first few zones of instability of the solu-

1063-7850/99/25(10)/3/$15.00 806 © 1999 American Institute of Physics
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FIG. 1. Boundaries of instability zone in the plane of the parameigets FIG. 3. The same dependences as in Fig. 2ofer6.
for Eq. (2) for a=0: 1 — right-hand boundary of instability zone af
=0, left-hand boundary at «; 2 — left-hand boundary of instability zone

at 8°=1; 3 — right-hand boundary of instability zone at=1;4 — left-  point of intersection corresponds to periodic instability of
hand boundary of instability zone &t=4, and5 —right-hand boundary of  {he solution of Eq(2) with exponentially increasing ampli-
instability zone ats*=4. . h . .

tude, as was confirmed by direct calculations using (B.

A further increase in the parameterieads to overlap of
tions calculated by expanding in terms of the small dimen-heighboring instability zones and results in the formation of
sionless parametes (as described in detail in Ref)4s  a single zone on the plane of,) values in which any pair
shown in Fig. 1. It can be seen that the apexes of the instf  ande values correspond to unstable solutions of 9.
bility zones begin on the abscissa at integer values of th&s can be seen from Fig. 3 which was obtaineddfer6.
parameters?, i.e., 6°=0,1,2 . ... From the mathematical point of view, the deformation

Equation(2) contains another dimensionless paramete@nd overlap of the various instability zones is caused by the
a which characterizes the ratio of the constant and variablélifference in the signs of coand cosgin Eq. (2). From the
components of the entire velocity field of the upper medium physical point of view, the formation of a single zone of
As the parametew increases, the instability zones begin to instability of Eq.(2) as the parametes increases can be
deform and for a certain value of the left and right bound- attributed to the increasing role played by the Kelvin—
aries of thes®=1 zone intersect, as shown in Fig. 2 which Helmholtz vibrational instability in the overall instability
was obtained fore=1,3. The geometric position of the pattern. This instability is established and becomes dominant
points located between the boundary curves of this zone bot#t fairly high velocitiesU, (at fairly high «) and embraces
below and above the point of intersectigimcluding the  the entire wave spectrufn.

Conclusions

3. The Mathieu—Hill equation describing the time evo-
lution of the amplitudes of capillary waves at the charged
interface between two liquids, the upper moving at a time-
dependent velocity relative to the lower, denser liquid, has
unstable solutions typical of all three possible types of insta-
bility which may occur in this system. When the physical
parameters of the problem are varied, the discrete zones of
unstable amplitude growth typical of parametric instability
become deformed and overlap, forming a single, singly-
connected zone of instability in which the Kelvin—Helmholtz
instability plays the dominant role.
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Characteristic electron energy losses in organic PTCDA films
S. A. Komolov, N. B. Gerasimova, A. G. Sidorenko, Yu. G. Alyaev, and V. A. Novolodski
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(Submitted July 1, 1999
Pis’'ma Zh. Tekh. Fiz25, 19-24(October 26, 1999

Studies are made of the characteristic energy losses of slow electrons during the formation of
thin PTCDA films on a Zn@?O00Y) surface. It is shown that at low primary electron

energies €100 eV the energy loss spectrunk{=3.0, 6.3, and 15 e)\/reflects the structure of

the transitions between the valence band and the conduction band. As the primary electron
energy increases, energy losses to the excitation of plasma oscillations become dominant
(hw;=6 eV — excitation of am-plasmon andh w,=25eV — excitation of as-plasmon.

© 1999 American Institute of Physids$1063-785(019)01910-3

Increased interest is now being shown in organic macrogen (503 eV}, and carbon(272 e\) peaks were in the ratio
molecular films which are promising new materials for ap-100:10:0.1. The films were deposited on room-temperature
plications in nano-, micro-, and optoelectronics. The forma-substrates and the process was monitored using the total cur-
tion of thin films of perylene-3,4,9,10-tetracarboxylic rent spectra. The total current spectrum of the PTCDA film
dianhydride (PTCDA) has been studied on various corresponds to that obtained in Ref. 4. In addition, the film
semiconductinty? and metal substrates in ultrahigh vacuum thickness measured in monolayers was monitored using the
in connection with the observed capacity of this material todeposition time. The monolayer deposition time was deter-
form ordered films. Studies of the electronic structure ofmined from the change in the work function of the film.
PTCDA formed when this is adsorbed are highly relevantDuring the deposition process the characteristic electron en-
because of the possible applications of this material in elecergy loss spectra were recorded at various incident electron
trical engineering and microelectronics. This possibility isenergies. These spectra were obtained by recording the de-
indicated by the interesting photoelectronic properties opendence N(E). The electron beam current did not
PTCDA, particularly when these large-bonded molecules exceed 10°A.
are adsorbed on an inorganic crystal substrate. We therefore
investigated the formation of PTCDA films on the surface of
a ZnQ000) crystal using secondary electron techniques:
total current spectroscopy, Auger spectroscopy, and charac- A series of spectra of the characteristic electron losses
teristic electron energy-loss spectroscopy. In the present pabtained during the deposition of a PTCDA fiim at
per we report new results obtained by measuring the charazEp=38 eV is shown in Fig. 1. Also shown is a structure
teristic electron energy losses of thin PTCDA layers ondiagram of the PTCDA molecule. Curvegives the spec-
ZnO(0003). trum of a pure Zn@001) surface. The main peaks are ob-
served at 4.5eMa), 7.3eV (b), and 12.5eV(c), which
shows good agreement with earlier restftsThe spectrum
of characteristic electron energy losses of the film forms dur-

The experiments were carried out in an ultrahigh-ing the deposition procegsurves2-8 in Fig. 1). It can be
vacuum system incorporating a four-grid analyzer which al-seen that at the initial stage of depositidfig. 1, curve2),
lowed a wide range of electron-spectroscopic techniques tpeakA is small while pealB has already formed. As the film
be used to study the surface of the solids. Facilities were alsthickness increases, pealdevelops. Figure 1 clearly shows
provided for depositing films of the materials being studieda difference between the intensities of the energy losses of
in situ and measuring the characteristic electron energy losthe ZnO surface and the PTCDA fimAE3.0eV,
spectra during the deposition process. A sample heater argi=6.3 eV, C=15eV), which illustrates the difference be-
electron gun were also installed to purify the surfaces beingween the cross section for inelastic scattering of slow elec-
studied. The heater was designed to provide controlled heatrons for these surfaces. Curegives the characteristic en-
ing up to 750°C. The temperature was monitored using a&rgy loss spectrum for a relatively thick film obtained 30 min
Chromel—-Alumel thermocouple. PTCDA powder was placedafter the beginning of deposition.
in a Knudsen cell and deposition was carried out at a cell As we know’ the characteristic energy-loss spectrum
temperature of 250°C after the material had undergone prazontains information on interband transitions from the
longed low-temperature outgassing. The ZnO substrate wasaxima of the valence-band electronic states to the maxima
preliminarily purified by high-temperature heating to 750°Cof the conduction-band electronic states and on collective
in vacuum. The surface purity was monitored using the Au-electronic excitationgplasmong At low excitation energies
ger spectrum where the intensities of the z{B® eV), oxy-  (Fig. 1) interband transitions predominate. Data given by Hi-

RESULTS AND DISCUSSION

EXPERIMENT

1063-7850/99/25(10)/3/$15.00 809 © 1999 American Institute of Physics
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N(E), a.u.

N(E), a.u.

1 L | L ] N | s | . 1 5

0 10 20 30 40 50

E,eV
FIG. 1. a — Series of characteristic energy loss spectra obtained during the
deposition of PTCDA film on a Zn@00J) surface. Curve corresponds to  FIG. 2. Characteristic energy loss spectra of PTCDA film obtained for vari-
the pure substrate surface. Curzes give the spectra for deposition times ous primary electron energi€s, : 1 — 40,2 — 55,3 — 90,4 — 120, and
of 4, 8, 12, 16, 20, 24, 28, and 32 min; b — schematic representation 0§ — 200 eV.
PTCDA molecule.

to the depth of penetration of the primary electrons while the
roseet al? indicate that near the top of the valence band inother reflects the energy dependence of the inelastic electron
PTCDA films there are three density-of-states peaks 5, scattering cross section. In our study a similar transformation
and 3 at distances of 0.5, 2.5, and 4 eV, respectively, fromof the losses is observed in the loss spectra of a PTCDA film
the top of this band. Ther; peak only forms finally for a measured at various primary electron energy losses. Figure 2
thick film more than 2 ML thick. The density of free states of shows the characteristic energy loss spectra measured at 38—
the PTCDA film was described in Ref. 8. According to this 200 eV. As the primary electron energy increases from 38 to
description, near the bottom of the conduction band there aré20 eV, the loss peaka, B, andC of the interband transi-
two density peaks of the free state3 and#3 at distances tions are transformed to give a single pdal, at 6 eV. This
of 0.5 and 1.5eV from the bottom of the conduction bandeffect may have a similar interpretation to that put forward in
below the vacuum level and twar; and o* above the Ref. 10. In our view, there is another possible explanation for
vacuum level, 6 and 17 eV from the bottom of the conduc-this effect. Quite clearly we observe the energy losses char-
tion band. The band gap of the film from data given in Ref.acterizing the excitation of a bulk plasmon of the carbon
9is 2.1eV. Thus, the lossés(3eV) in Fig. 1 can be attrib- #-shell. This transformation of the energy loss spectrum is
uted to an interband transition from, to 7w and these evidently related to the dependence of the inelastic scattering
losses only occur in thick films. ThR peak(6.3eV) can be  cross section on the primary electron energy via the channels
ascribed to a transition fromr, and 3 to 7w and is ob-  for plasmon excitation and interband transitions.
served in both thin and thick films, its half-width decreasing =~ When the energy of the primary electrons increases to
as the film thickness increases. T@doss peak12—15 eV 120eV and above, the loss spectrum reveals a new broad
is formed from interband transitions af, andm; to 75 . As  maximum#w, at 25-28eV. This can be attributed to the
the film thickness increases, the transitions fremmand 73  excitation of the plasma oscillation ef-bonded carbon elec-
become significantly resolved. trons which is a well-known phenomenon for carbon com-

For a film having a structure similar to PTCDA, Mo- pounds.

chidaet al!° showed how the losses to interband transitions ~ The authors thank D. R. T. ZahiTechnical University,
change as ther-shell of the carbon film is excited with in- Chemnitz for supplying the PTCDA for the investigations
creasing primary electron energy. The authors put forwarénd A. O. Morozov for fruitful discussions of the results.
two possible interpretations for these changes. One is related This work was supported by the State Program “Surface



Tech. Phys. Lett. 25 (10), October 1999 Komolov et al. 811

Atomic Structures” (Project No. 4.3.99and by the RFBR

SR. L. Hengehold and F. L. Pediotty, J. Appl. Ph¥g, 287 (1976.
(Grant No. 99-03-33427

63. Komolov, E. Lazneva, and P. J. Moller, Surf. 823 102 (1995.
"Application of Electron Spectroscopy to Surface Analysidited by
1U. Zimmermann, G. Shnitzler, N. Kark, and E. Umbach, Thin Solid Films SKh' Ibakh ['_n Russiar), nga(1989, 815 pp:

175 85(1989. J. Taborski, P. Vaterlein, H. Dietz, U. Zimmermann, and E. Umbach,
2y, Hirose, W. Chen, E. I. Haskal, S. R. Forrest, and A. Kahn, Appl. Phys. J- Electron Spectrosc. Relat. Phendff, 129 (1995.

Lett. 64, 3482(1994. 9S. R. Forrest, Chem. Re97, 1793(1997.

3K. Glockler, C. Seider, A. Soukopp, M. Sokolowski, E. Umbach, °M. Mochida, T. Shimada, and A. Koma, J. Vac. Sci. Technol1%

M. Bohringer, R. Berndt, and W.-D. Schneider, Surf. 865 491(1998. 2119(1997.
4A. O. Morozov, T. U. Kampen, and D. R. T. Zahn, Surf. Si999,
in press.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 10 OCTOBER 1999

Mechanism for thermal destruction of polystyrene grafted to fullerene C 60
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A model is proposed for the thermal destruction of polystyrene covalently bondeg, Bn@ this
is used to explain various characteristics of its experimental mass thermograni®9%
American Institute of Physic§S1063-785(19)02010-§

Results of investigations of the thermal destruction oflated that this effect is merely apparent: the presence of a
polystyrene-based fullerene-containing systems by therligh-intensity first peak could distort the true intensity of the
modesorption mass spectrometry were presented in abbrevieighboring second peak but subsequent investigati@ns
ated form in Refs. 1-3. It was observed that the grafting ofuted the possibility of this interpretation.
polystyrene chains to fullereneggstrongly influences the The mass spectrometric data obtained in ReéFigs. 1c
thermal destruction of polystyrene and the thermal behavioand 1d were obtained for the same samples as in Ref. 1 but
of Cgo. However, the mass thermograms of these systemthe thermal destruction products were analyzed at a heating
were fairly complex and only very general conclusions couldrate of 0.08 deg/s as compared with 10deg/s in Ref. 1. For
be drawn on the mechanisms for these processes. The aim jpfire polystyrene the temperature position of the maximum
the present paper was to analyze all the currently availablgields of the main thermal destruction produ@®sy. 19 was
published data, and as a result it is possible to propose shifted by ~50°C toward lower temperatures compared
model for the thermal destruction of polystyrene grafted towith that at the high heating rate. For fullerengy@vith
fullerene Gy which can explain the characteristic features ofgrafted chains merely a shoulder or a low-intensity maxi-
the experimental mass thermograms. This model may be afium was observed instead of the low-temperature peak and
general importance for polymers grafted to fullerenes. the main intensity of the yield of thermal destruction prod-

In all these studiéds® the main object of investigation ucts was observed in the second peak. The shoulder or first
was fullerene G, with six polystyrene chains grafted to it, peak is naturally ascribed to the destruction of the polysty-
having an average molecular mass of 1400—-1500. In Ref. flene grafted to &, as in Ref. 1. According to the literature
the thermal destruction was recorded from the yield of thehe reduction in the thermal stability of the polymer grafted
mass 104 product which corresponds to the polystyrene rde fullerene Gg is a result of the reduced energy of the bond
peating unit and gives the highest-intensity peak in the overin the B-position to Gy, whose breaking initiates the ther-
all mass spectrum. The thermal stability of the polymer wasnal destruction process.
characterized by the temperature at the maximum vyield rate However, the high intensity of the second peak prevents
of thermal destruction productthe temperature of the low- this from being ascribed to the destruction of the compara-
temperature maximum when there were fwbhe main re- tively small pure polystyrene impurity. In order to interpret
sult of Ref. 1 was that the formation of a covalent bondthis peak, we can assume that after the wgakond has
between G, and polystyrene leads to a reduction in its ther-been broken, the product free radicals are only partially de-
mal stability by more than 100 °Gee Figs. 1a and 1b stroyed, in which case only some of the products leave the

Since the mass thermograms qf,@ith grafted polysty- sample. The rest of the low-molecular products form asso-
rene revealed two peaks, the first peak shifted by 100 °@iation compounds with the (g fullerene and most of the
toward lower temperatureccompared with that for pure free polystyrene radicals become deactivated, forming free
polystyreng was ascribed to the destruction of polystyrenepolystyrene chains. Under subsequent heating, these “re-
grafted to Gy and the second peak shifted ;1§50 °C in the  tained” low-molecular products and chains formed by the
same direction was ascribed to the thermal destruction ofleactivation of free radicals yield repeating units and other
free polystyrene, present as an impurity in the initial productfragments in the high-temperature peak on the mass thermo-
whose concentration could be as high as 16%f. 4. The  grams.
increase in this pealcurve?2 in Fig. 1b when fullerene &, Despite the short-lived nature of the elementary events,
was added to the sample would appear to provide indiredhe overall times of these processes are comparable with the
confirmation of this assignment of the second pesikce experimental time. This is because the processes are fairly
this effect was also observed for pure polystyréc@mpare complex and include heat transfer processes, dynamic decay
curvesl and?2 in Fig. 13. However, the intensities of both and recombination processes, diffusion proces¢gesse are
peaks on the mass thermograms gf ®ith grafted polysty- only important for solid samplesand so on. In view of the
rene were almost the same, which contradicted the maximumomparability with the experimental times, the implementa-
estimate of the impurity fraction as 15%. It could be postu-tion of these processes should depend on the sample heating
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Fﬁ'—i—Ps FIG. 1. Diagram to explain characteristics of mass ther-
PS-Fu mograms.

rate. The lower the heating rate, the higher the intensity of The relative intensity of the low-temperature peak
these processes. Thus, as the heating rate decreases, thesimeuld increase as the heating rate increases, as the zip
tensity of the yield of thermal destruction products on thelength increases, and the molecular mass of the chains de-
two-humped curve should be redistributed toward the secsreases. This dependence on the heating rate and the molecu-
ond, higher-intensity peak, as was observed experimentallylar mass of the grafted chains was in fact observed in Refs. 1,

Pozdnyakowet al investigated the thermal behavior of 2, and 6: the influence of the heating rate is illustrated in

Cgo during the thermal destruction of these systems. The reFigs. 2b and 1c and an increase in the molecular mass of the
sults show that the yield of fullerenegghas two maxima ~ grafted polystyrene chains te 5000 caused a relative de-
whose temperature positions are similar to the maximun¢rease in the low-temperature shoulder on the mass
yields of polystyrene destruction products, but are far-thermograms.
removed from the maximum & yield from pure fullerene According to the proposed model, the following relation
film or a mixture of fullerene and polystyrene. These data aréhould hold:
important for representipg the overall pattern of the thermal 1 /(1,+1,)=2ZIM,
destruction processes in these systems. For instance, they
indicate that the fullerene yield in the first peak has a highewhere |, and I, are the integral intensities of the low-
intensity than the yield of polystyrene destruction productstemperature and high-temperature peaks, respectielg,
We can postulate that after the first polystyrene chain has
become detached from the fullerene, the subsequent chains
become detached more easily and the fullerene radicals are
completely released from the grafted chains.

In order to explain the characteristics of the mass ther
mograms of polystyrene covalently bonded to fullererg C
(Fig. 1a, we propose a model having the following sequence =
of elementary events: breaking of weakbonds(b); yield of S
some G, molecules released from grafted polystyrene B
chains, in the first peakc); destruction of some product
polystyrene radicals with the release of various volatile frag- )
ments in the first peakd); deactivation of most radicals and 0 {
low-molecular polystyrene fragments, formation of associa- 200 300
tion compounds with g (e); destruction of polystyrene as-
sociation compounds and its low-molecular fragments witr
Cso and destruction of polystyrene chains accompanied b
the release of g and fragments of polystyrene chains in the 12
second peakf). 10

In accordance with the proposed modeven in the ab- :1
sence of any pure polystyrene impuritiggillerene Gowith 2
grafted polystyrene chains will always give two-humpedg *]
mass thermograms for the yield of the main thermal destrucg 4—_
tion products of polystyrene. The first peak corresponds t¢ 4]
the destruction of polystyrene chains grafted tg @hile the T ,;f;-.
second corresponds to the thermal destruction of polystyrer
chains formed as a result of the deactivation of its radical
and also the release of low-molecular polystyrene fragments
retained in association compounds witk,C FIG. 2. Temperature dependences of the ditiédt of thermal destruction

The proposed model may also apply to other polymersroducts of polystyrene and polystyrene grafted tg.C(Heating rate 10b
grafted to fullerenes. The intensity ratio of the two peaks willdeg/s(@.b, release of fragments of mass 104 from: polystyreneurvel),

; . ; isture of polystyrene andgg(molecular ratio~1:1) (a, curve2), polysty-
depend on various factors: the heating rate, the nature of tHr%ne grated to G (b, curvel), and grated plystyrene with added, b,

grafted polymecthe zip length, and the length of the grafted cyrve2). Heating rate 0.08 deg/s for polystyrefe and polystyrene grated
chains. to Gy (d), release of fragments of mass 1@4, 91 (2), 78(3), and 118(4).

1

~
hoyg
(=2
3

T .%
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the molecular mass corresponding to the zip length,Mrisl 1B. M. Ginzburg, A. O. Pozdnyakov, V. N. Zgonnik, O. F. Pozdnyakov,
: : B. P. Redkov, E. Yu. Melenevskaya, and L. V. Vinogradova, Pis’'ma Zh.
the mplecular mass of the grafted chain. In order to estln?ateTekh. Fiz.22 (4), 73 (1996 [Tech. Phys. Lett22, 166(1996].
the zip length, we shall use the mass thermogram obtainedg. yu. Melenevskaya, L. V. Vinogradova, L. S. Litvinoea al, Vysoko-
for the low heating ratéFig. 19. We define the value df, Mol Soedin., Ser. A Ser. B0 (2), 247 (1998. _
A. O. Pozdnyakov, O. F. Pozdnyakov, B. P. Redkov, V. N. Zgonnik, L. V.
as the sum of the areas below all the observed lO0wW- vinogradova, E. Yu. Melenevskaya, and B. M. Ginzburg, Pisma zh.

temperature peak§shoulders”), in this case corresponding ,Tekh. Fiz.22 (18), 57 (1996 [Tech. Phys. Lett22, 759(1996].

. V. N. Zgonnik, E. N. Bykova, E. Yu. Melenevskaya, A. S. Khachaturov,
to masses 104 and 91, and we define the value afs the A. . Kipper, L. V. Vinogradova, I. V. Terent'eva, A. V. Novoselova,

sum of the areas of the high-temperature peaks for all threeE. E. Kever, L. S. Litvinova, and S. I. Klenin, Vysokomol. Soedin., Ser. A

. . er. B38, 964(1996.
dominant masses observed: 104, 91, and 78. The value ij A. Shibaev, T. A. Antonova, L. V. Vinogradova, B. M. Ginzburg, V. N.

[{/(11+15) is then ~0.22 and the zip length is=3.16, Zgonnik, and E. Yu. Melenevskaya, Zh. Prikl. Khifil 835 (1998.

: : L. A. Shibaev, Report on the “Tribol” Project of the Russian Scientific
Whlc_h agrees Wlth_ the value of 3.2 for F_)OIyStyrene _fr(_)m the and Technical Program “Fullerenes and Atomic Clusters” for
published daté.This result not only confirms the validity of ~ 1995-1997.

wr egeas 7
the proposed model but also opens up new possibilities for G- G- Cameron and I T. McWalter, Eur. Polym.6).1601(1970.

simple experimental estimates of the zip length. Translated by R. M. Durham
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A model is proposed for a solid whose mathematical form is similar to the Ginzburg—Landau
theory for superconductors. An effect involving loss of shear stability of a crystalline

medium in a field of shear stresses is discussed and the crystalline media are classified into those
of the first and second kind depending on the nature of the defect penetration in the bulk of

the material. ©1999 American Institute of Physids$$1063-785(09)02110-2

A major disadvantage of classical dislocation theory iswhich is nonzero in the solid phase and zero in the liquid
that it starts from an analysis of an ideal crystal which isphase. In order to illustrate the main ideas of the thermome-
assumed to be absolutely stable. As far as we are awarehanical model, we shall begin by analyzing a crystal—liquid
aspects of thermodynamic stability in the context of me-crystal transition. This transition does not generally involve a
chanical actions, i.e., an unmediated increase in temperatupfiange in the point symmetry of the substance and thus in
(for instance, melting as a result of a dislocation pile;up principle can be considered to be a second-order transition.
have not yet been examined in the literature. In classicahlthough crystalline media are usually converted to an iso-
dislocation theory a medium can “withstand” any defect tropic liquid as the temperature increases, Patashirsid
density and any stresses not exceeding the yield points. Eveshumild® showed that it is theoretically possible for a tran-
the attainment of the yield point is not considered in thesition to take place to an intermediate phés@ble or meta-
mechanics of continuous media as a loss of thermodynamistable which does not possess long-range translational order
stability and a transition to a different phase. However, it isbut does possess long-range orientational order; the shear
well-known that mechanical actions may lead to a loss ofmodulus of the intermediate phase is zero. Taking into ac-
thermodynamic stability which in terms of the thermody- count fluctuations, this transition may take place as a second-
namics of solids is expressed in phase diagrams in “temperarder phase transitidhWe shall subsequently analyze a
ture (thermodynamic variab)e-pressure(mechanical vari- second-order transition from the crystalline phase to this in-
able)” space. termediate phase. The model can easily be generalized to a

As the temperature increases, a medium may becomnidérst-order transition similar to the second-order @qnéth a
stable with respect to shear stresses not only as a result 8Mall jump in the order parameter and the thermodynamic
overcoming the yield point but also by melting. Both thesequantities at the transition pojnt
types of action, mechanical and thermal, are conventionally —An important assumption in the Landau phenomenologi-
analyzed independently in terms of the thermodynamics an@al theory of phase transitions is that the free energy of a
mechanics of solids. The fact that such an analysis maynedium is expanded as a series in powers of the order pa-
prove inadequate under certain conditions becomes partictiameter and its gradients. This presupposes that the order
larly obvious at the melting point: an infinitely small change Parameter can take any value near zero. Since the shear
in temperature then leads to a loss of mechanical stabilitgnodulus is always nonnegative, it cannot be taken as the
(the shear modulus vanisheand an infinitely small change Order parameter itself but may be represented as the square
in pressure or shear stress leads to a loss of thermodynanfié this parameter:
stability (melting). Thus, the mechanical properties of crys-
talline solids cannot generally be analyzed independently of =17 1)
their thermodynamic stability. In the present paper we pro-
pose a model of a crystalline solid which describes both the
mechanical and thermodynamic properties of solids using & the general case of a spatially nhonuniform distribution of
common basis. The proposed model is mathematically simithe order parametésystems where the shear modulus varies
lar to the Ginzburg—Landau thednfor superconductors. from one point to anothgrthe expansion of the free energy
Some aspects similar to the proposed model may be found icontains powers as the order parameter and its gradients. We
Ref. 2. shall subsequently confine our analysis to weakly inhomoge-

The starting point for the Landau thermodynamic theoryneous systems at temperatures close to the phase transition
of phase transitions is the choice of order paramsteshich ~ temperature, which allows us to consider only the lowest
characterizes the qualitative change in the state of a mediupowers of the order parameter and its gradients needed to
at the phase transition point. In the case of melting, the qualidescribe the stable state of the crystalline and liquid-crystal
tative change can be characterized by the shear modulus phases:

1063-7850/99/25(10)/3/$15.00 815 © 1999 American Institute of Physics
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b The specific form of the tensd;;,, depends on the struc-
an’+ 5774+ a(Vn)?f, (2)  tural characteristics of the medium. Explicit expressions for
Cijxm for media having one or three mutually perpendicular

wherea, b, andg are functions of the thermodynamic param- glide systems were derived in Refs. 4 and 5.
eters of state, i.e., temperature and pressure. We stress that, as was shown in Refs. 8 and 9, reasoning

Itis easy to show that the coefficiea{T) in the second- on the plastic distortion tensor and the dislocation density
order term should vanish at the phase-transition point. In theensor may be applied both below the phase transition point
symmetric phase, the minimum & should correspond to (in the crystalline phageand above this poirtin the liquid-
the order parametep=0, for which the conditiona>0  crystal phase This is because the “local crystalline” order
must obviously be satisfied. On the other side of the transiis also conserved in the liquid phase. In this case, the transi-
tion point, in the crystalline phase the stable state shouldion from the solid to the liquid phase is associated with the
correspond to nonzerg which is only possible foa<0. If  formation of a finite density of opefinfinitely long) dislo-
the value ofa is positive on one side of the transition point cations. In exactly the same way the existence of moment
and negative on the other, thanmust vanish at the transi- stresseqddescribed by term6) in the free energlyis not
tion point. directly related to the existence of long-range crystalline or-

In order to ensure that the phase transition point correder but it does assume that the medium possesses local an-
sponds to the stable state, i.e., that the functipinas a isotropy.
minimum (for »=0) at this pointF, the coefficient in the The total free energy thus has the form:
fourth-power term must be positive.

Since the functiora(T) vanishes at the transition point,
it can then be expanded in powers of the “distance” from
the critical temperature, with the expansion beginning with

Fiherm= f dv

Ftot= Fthermt Fert Fa:J dV[ Cijkmij ekm+9(V 7)?

: 1(/du; du; 2 1
the first-order term: Xy _p .| =2 2
+7 4(8Xj+ IX; Blj :8“) 3(UII)
AT =a(T-Ty). 3 < 5
HereT, is the phase transition temperature. At temperatures + E(u,|)2+ an’+ 5 774] : (8

close to the transition temperature, the coefficiefit) may
be replaced by(T;). The expansion of the free energy thus For comparison we recall the expression for the Ginzburg—

has the form Landau functiondlfor the free energy of a superconductor:
b B2 2 52 2e \2
F =fd%aﬂ>T)f—ﬁ+MVm2. (4) :j__ e 2, Mol vgp 28
therm c 2 F 8w+4m(v|¢|) +4m|¢| Vo ﬁCA

The functional(2) [or (4)] describes the system in the b
minimum-energy state, i.e., in the elastically undeformed +a(T-T)|y)*+ E|¢|4
state. In the crystalline phase, as a result of the nonvanishing

transverse rigidity of the system, the medium may be transThe similar structure of both functionals is obvious. More-

ferred to a deformed metastable state. In order to describgyer, the following analogies are found between the various
this state, we need to add the free energy of elastic deformagg|ds (see Table )L

dv. 9

tion to the free energy2), which generally(also in the pr)es— The main difference between the functior®) of an
ence of a nonzero plastic distortion tensbas the fornt: elastoplastic medium and the Ginzburg—Landau functional is
1/9u du. 2 that for the elastoplastic medium the vector fieldappears
| ~
Fe= f dV[ M7l o + a—; — Bij _IBJi) instead of the scalar phade Thus, the potential4) and the
j i . i .
field strength(the latter defined in both cases as curl of the
1 ) K 5 potentia) are second-rank tensors.
g W)+ W), (5) By way of an example of the effect described by the

) ) ) ~ functional (8), we shall consider a crystal in the elastic state
whereu; is the total displacement vectog;; is the plastic gt 4 temperature below the melting point in a uniform stress

distortion tensor, an& is the bulk modulus. field. The functional8) then reduces to
In a medium having a microstructufe the sense de-

fined in Ref. 4 the free energy4) must be supplemented by B , b,
the elastic deformation energy of the structural elements F_J’ AV a(T=To) 7"+ 50"+ 577, (10
which is a quadratic function of the dislocation density ten- . _ .
SOr a,y in @ medium of fixed characteristic lendth: wheree is the elastic deformation tensor.
For T<T. ande=0 the coefficient of the second power
_ f the order parameter is negative which implies that the
m—deC~ i em, 6 ° " | . .
ljem @i Hem ®) substance is in the solid state with the shear modulus
9B W(To—T
am= eijkwj_m- (7 ;L=772=(CT)¢O. (11
|
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TABLE I.

Superconductor Elastoplastic medium
Absolute value [y Absolute value [ 7|
of wave function of order parameter
Concentration of supercon- ne=|l? Shear modulus =7’
ducting electrons
Phase of wave function [ Total displacement vector u
Vector potential A Plastic distortion tensor B
Magnetic field induction B=curlA Dislocation density tensor a= curIB

As the elastic distortions increase, the modulus of thedergoes a first-order phase transition when the dislocation
coefficient in the second-order terms becomes smaller. Thuslensity tensor exceeds a certain critical value at the solid

the order parameter and the shear modulus decrease: surface.
a(ToT)— &2 _ _We note that de;pite the fact that sgcond—orde_r “crystal—
w= 7]220—. (12) liquid crystal” transitions are theoretically possibl¢his
b topic is discussed, for example, in the conclusions to Ref. 8
For the specific strain in practice these transitions are generally first-order transi-
tions. If we are dealing with a first-order transition similar to
ec=Va(T—T), (13)  a second-order one, it may be described by adding a cubic

the transverse rigidity of the medium becomes zero. We nov'\[/erm o the functionalg):

conclude that a medium can lose stability in the thermody-
namic sense, i.e., the shear modulus goes to zero and thus the Fro J 3

. . N = [ cy°dV.
medium is transferred to a “liquid-like” state, not only as a
result of an increase in temperature but also as a result of a
fairly high shear strain being created in the medium. The A detailed analysis of this more complex functional and
conclusion that the elastic modulus locally goes to zero inhe “mixed state” described by the functionéd) for x>1
regions of stress concentrators was reached earlier as a residliconsiderably more complex than that for superconductors
of analysis of experimental data made by V. E. Pas®e, because of the higher tensor rank of the dominant fields and
for example, Ref. b The corresponding solid state was cannot be made within the scope of the present letter.

called the highly excited state of a solid. The author thanks the Alexander Humboldt Foundation
On the basis of the function&8), solids like supercon- for financial support.

ductors can be classified into those of the first and second
kinds. For this purpose we introduce two characteristic
lengths: the correlation radius of the fluctuatigi{3)

E(T)= A /L (14 YFor simplicity we assume that the substance is isotropic.
a(T—T)

and the “London penetration depth5(T) which determines
the characteristic length of the nonuniformity of the disloca-
tion density near the surface of the solithis length was
introduced in Ref. ¥

(17

L. D. Landau and E. M. LifshitzStatistical PhysicsPart 2, 3rd ed(Per-

C bC gamon Press, Oxford, 1980; Part 2, Nauka, Moscow 1978
5(T)= 2_: W (15) 2J. L._ Marques, inProceedings of the 9th International Symposiqm on
M a( c ) Continuum Models and Discrete Systems (CMDO®®)rld Scientific, Sin-

. _ gapore, 1998 pp. 576-583.
HereC is the characteristic value of the tensor of the moments|” p | angdau and E. M. LifshitzStatistical PhysicsPart 1, 3rd ed(Per-

elastic constant§Cj in Eq. (6)]. The Ginzburg—Landau  gamon Press, Oxford, 1980; Part 1, Nauka, Moscow 1976

parameter is defined as the ratio of these two lengths *V. L. Popov and E. Kfaer, Phys. Mesomechaii(1), 103 (1998.
SE. Kroner and V. Popov, Comput. Mater. S€1999 in press.
8(T) bC V. E. Panin, Yu. V. Grinyaev, T. F. Elsukova, and A. G. Ivanchin, Izv.
K= —— = — (16) Vyssh. Uchebn. Zaved. Fiz. No. 6,(%982.
&(T) 29 V. L. Popov, Pis'ma zZh. Tekh. FiZ19(23), 79 (1993 [Tech. Phys. Lett.

. . ) 19, 768(1993]. |
Solids of the second kind have values of the Ginzburg—ss p. obukhov, zh. Esp. Teor. Fiz83, 1978(1982 [Sov. Phys. JETBS,

Landau parametex>1. These solids lose their stability to  1144(1982]. ’

shear deformation by means of a gradual penetration of VOI’-QA- Z. Patashinskiand B. I. Shumilo, Zh. ksp. Teor. Fiz89, 315(1985
tex filaments into the bulk of the solid. If the solid is of the [5°V- Phys- JETR2 177 (1985,

first kind (k<<1), as the external influence increases, it un-Translated by R. M. Durham
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Calculations are made of the cardinal elements of a coaxial lens when annular beams are focused
onto its axis. An empirical formula is obtained for the excitation of the lens which takes

into account its power, and the transverse and longitudinal dimensions, and can be used to obtain
simple expressions for the position of the focus and the initial radius of the axial trajectory

of the beam. ©1999 American Institute of Physid$$1063-785(19)02210-7

An electrostatic lens consisting of two coaxial cylinderscoaxial cylindrical lens withR/p = 2-1000 and length
and a planar diaphragm positioned at the entrance near the=2R. Our results showed that these formulas give signifi-
cylindrical electrodes can be used to focus hollow beams ofant errors for lenses of lengtk=3R. Thus, it is interesting
charged particles onto the optical axis of the I&f%is lens  to determine the cardinal elements over the entire range of
is strongly focusing and may replace a system of quadrupoltens lengths.
lenses and has a much simpler design. We noted some regularity which allowed us to obtain an

In previous studies the auth8metermined the optimum empirical formula for the generalized excitation of a coaxial
position of the inlet diaphragm of a coaxial cylindrical lens cylindrical lens with a planar input diaphragm, taking into
and also calculated its cardinal elements and loading charaeccount the lens power and its transverse and longitudinal
teristics for various cylinder radii, for a length not exceedingdimensions:
the diameter of the outer cylinder. In order to obtain a gen- _ 213 _
eral expression for the excitation of a lens which relates its q=(eVie)(IIRTRI(R=p). @D
electrical and geometric parameters, in the present study wié should be noted that it is desirable to minimize the lens
make calculations for a coaxial cylindrical lens having dif- power to focus beamsgespecially high-energy onesNu-
ferent lengths and ratios of cylinder radii. merical calculations have shown that a coaxial cylindrical

The calculations were made using a computer progranens having a power not exceedieg/e=0.3 can focus a
for electrostatic electron-optical systems with rotational symbeam at an arbitrary distance from the lens up~t6.5R.
metry, of which the modification of a coaxial cylindrical lens Thus, we confined ourselves to this lens power to derive the
proposed by the authors is one. The cardinal elements of tHermulas for the cardinal elements.
lens were calculated for axial focusing regimes: the focal This generalized excitation was used to obtain a very
length, the position of the principal plane, and also the radiusimple empirical formula for the position of the focus mea-
of the axial trajectory about which the focusing is achievedsured from the midplane of the lehs=f+h:

The ratio of the radii of the outer and inner cylinders was I, /R="1.8/ @)
varied in the rangé&/p=10-100 with the optimum gap be- f o
tween the diaphragm and the outer cylindrical electrede The empirical formula for the input radius of the axial beam
=0.1IR. In this case, the length of the lens was increasedrajectory about which focusing on the lens axis takes place
until the particles impinged on the inner cylindrical elec- is then:

trode.

Figures 1 and 2 gives the results of calculating the car- fo/R=0.33t@nh/R-q). ©)
dinal elements of a coaxial cylindrical lens. Figure 1 shows a'he positions of the foci determined from E@®) allowing
schematic of the lens, the profile of the axial trajectory, andor Eq. (1) differ from the numerical calculations by less than
the potential distribution along this trajectory for various lens25% over a wide range of lens lengths. Exceptions to this are
powers (the ratio of the potential difference between theregimes where the focus is close to the lens @it distance
electrodes to the beam energy/e). The brackets in these less than the diameter of the outer cylindeshen the error
figures indicate the values of the cardinal elements in rereaches 50%. The largest difference between the initial input
gimes when the particles begin to settle on the inner elecradii of the axial trajectory determined using form{® and
trode of the lens. the numerical calculations does not exceed 10-12%.

The beam focusing problem cannot be solved analyti- It is interesting to compare the powers of a coaxial cy-
cally for this modification of a coaxial cylindrical lens. Thus, lindrical lens and a quadrupole lens. If the focal length of a
we determined the cardinal elements of the lens empiricallyjuadrupole lens is approximately twice its length, the weak
by means of numerical calculations. In Ref. 2 we derivedens approximation is valid. The ratio of the focal length of
expressions for the focal length, the position of the principalcoaxial cylindrical lens to that of a quadrupole lens having
plane, and the input radius of the axial beam trajectory for dhe same longitudinal and transverse dimensions is approxi-
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FIG. 1. Focal lengthgsolid curve$, positions of principal planédashed FIG. 2. As Fig. 1 forR/p=100.

curves, and input radius of axial beam trajectofgot-dash curvesas a
function of the lens length foR/p=10. Curvel — eV/e=0.03,2 — 0.05,
3—0.1,4— 0.2, and5 — 0.3.
hollow beam is an order of magnitude higher than that of an

v (/RVYE This implies that fol = q e | axial one. Thus, in devices and equipment using annular
mately (/R)™". This implies that fol =R a quadrupole lens oo it is preferable to use a coaxial lens consisting of two

is more powerfql. However, s_,ince at Iea§t tv.vo. quadrupolecylmders and a planar input diaphragm.

lenses are required for focusing to a point, it is natural to

compare a coaxial cylindrical lens with a doublet. The cal-

culations showed that for a coaxial cylindrical lens and quad-

rupol_e dogbleF of the S_ame length, the_ focal length of thelL. P. Ovsyannikova and T. Ya. Fishkova, Pis'ma Zh. Tekh. B&15),
coaxial cylindrical lens is at least three times smaller. More- 39 (1996 [Tech. Phys. Lett22, 660 (1996].

over, if the angular intensity distribution in the source is 2L. P. Ovsyannikova and T. Ya. Fishkova, Zh. Tekh. F&z(12), 81
uniform, the optical power of a coaxial cylindrical lens is (1997; 686), 124 (1998 [Tech. Phys. Lett42, 1444(1997; ibid. 43,
substantially greater than that of a system of quadrupole 726(1998].

lenses since, for the same expansion angles, the intensity offéanslated by R. M. Durham
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Characteristics of microwave radiation from copper-containing fullerene resonators
at liquid-nitrogen temperatures

O. |. Kon’kov and A. V. Prikhod’ko

A. F. loffe Physicotechnical Institute, St. Petersburg St. Petersburg State Technical University
(Submitted July 3, 1999
Pis'ma Zh. Tekh. Fiz25, 44—47(October 26, 1999

An investigation is made of the radiative microwave propert#3GHz frequencyof an open
dielectric resonator based on a copper-containing fullerene membrane. It is established

that a broad emission peak exists in the range 90—110K caused by an increase in the resonator
Q factor in this temperature range. 99 American Institute of Physics.
[S1063-785(09)02310-1

The present paper is devoted to a study of microwaveref. 3, this singularity can be attributed to an increase
antennas based on open dielectric resonators. The use iof the conductivity of the copper-containing fullerene

these resonators, where the electric and magnetic fieldghich is accompanied by an increase in the resonator Q
extend over distances much greater than the radiatiopyctor.

wavelength, has revealed efficient transfer of electro-  Figure 3 shows the amplitude-frequency characteristics
magnetic energy to the surrounding Spacedpen of the open dielectric resonator at 225 and 110K which in-
dielectric resonators in the form of a cylinder in WhICh gicates that the width of the resonant line decreases. At

the lowest electromagnetic oscillations are excited are MOS§H5 k the line width at the 0.7 levaturve 1 in Fig. 3 is

f_requently used for these purposes. The functlopal C"’lp""b'“().32 MHz whereas at 110K it is approximately half of this
ties of these resonators can be extended appreciably by soly-

. ; 31/0.16—0.2 MHZ.
ing the problems of resonant frequency tuning and also b T it has b tablished . tallv that
controlling the radiation intensity. In order to improve the 0 Ssum up, it has been established experimentally tha

high directionality of the radiation and enhance the gain,the microwave emission of copper-containing fullerene reso-

several resonators are distributed in a space and are excit8gt°rs has a singularity in the form of a peak and an increase
so that the phases of their fields combine in the required? Q factor in the temperature range 90-110K.
direction.

Here we investigate open dielectric resonators based on
a promising new low-conductivity material — polycrystal-
line copper-containing fullerene membrahigor these mem-
branes a correlation has been observed between magnetic
and microwave experimenritsvhich indicates that a diamag-
netic anomaly exists at temperatures of 90-150 K. The aim
of this study is to determine the characteristics of the micro-
wave radiation in this temperature range. Note that when
studying the emitting properties of powder-like copper-
fullerene antennas, Master@t al* observed an abrupt in-
crease in the radiation power at temperatures below 80K as
the Q factor increased. ' N /

Figure 1 shows a schematic of the microwave experi-
ment. The measuring system is the same as that described in
Ref. 4. The exciting slit measured &8 mm, and we used
an R2-65 oscillatorand an S4-27 amplitude-frequency ana-
lyzer. The parameters of the open dielectric resonator formed
by the copper-containing fullerene membrane wedam-
eter 2.5mm and thickness in central part 2 mm. The techno-
logical parameters of the membrane fabrication process were ]
described in Refs. 2 and 3. N

Figure 2 gives the temperature dependence of the

emitted powerP which clearly reveals a singularity in the FIG. 1. Measuring systent — open dielectric resonato, — strongly
emitting quarter-wave slit3 — 8 mm waveguide, and — short-circuiting

form of a radiation p?ak in the temperature. ra-ng.eplunger. The arrows indicate the direction of the microwave incident on the
90-110K. On the basis of the results described invaveguide and emitted by the membrane.

1063-7850/99/25(10)/2/$15.00 820 © 1999 American Institute of Physics
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2V. F. Masterov, A. V. Prikhod’ko, T. R. Stepanova, V. Yu. Davydov, and
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225 K (curve 1) compared with that at 110 K at which the radiation peak is
observedcurve 2). The resonant frequency is 43 GHz. Translated by R. M. Durham
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Modeling of strain localization in the dynamics of a softening rod
N. N. Myagkov

Institute of Applied Mechanics, Russian Academy of Sciences, Moscow
(Submitted May 17, 1999
Pis’'ma Zh. Tekh. Fiz25, 48—53(October 26, 1999

An elastoplastic model with a second-order gradient is used to analyze the dynamics of a one-
dimensional rod at the deformation softening stage taking into account the nonlinearity

of the descending part of the diagram. An exact solution of this nonlinear equation is obtained
which describes the strongly inhomogeneous nonsteady-state structure of the strain
localization zone formed from an initially smooth perturbation and culminating in collapse.

© 1999 American Institute of PhysidsS1063-785(109)02410-9

It is well-known that the nonlinearity of a continuous where k= —dog(eg)/de. The descending part of the dia-
medium leads to the appearance of localized formations, i.egram (softening corresponds ta>>0. Although this system
steady-state isolated waves or solitons. It has recently bés a purely dispersive one, far> §°k? the roots of the dis-
come apparehtthat other related localized formations or persion equation2) form a complex-conjugate pair: so-
wave collapses play an equally important role. In the presentalled dispersion instability occutsee Ref. 4, for instange
paper localized solutions will be analyzed with reference toWhen «< 6%k?, neutral stability is established, i.e., the
the dynamics of a one-dimensional rod at the deformationwaves propagate as in a dispersion system. The parameter
softening stage. plays the role of the control parameter. The minimum point

Deformation softening, a reduction in stress with in-k.=0, k,=0 on the neutral curve = 5°k? is the bifurcation
creasing strain, is the stage preceding fracture. This behavi@oint and the long-wavelength mod#te=0 is the first mode
occurs in a wide range of materials including metals, conwhich becomes unstable when the parametepasses
crete, and geologic materials. Attempts to describe this effedhrough zero. Fok>0 the amplitude begins to increase and
using classical local models insensitive to the strain rate havit is clearly incorrect to neglect nonlinear terms at this stage.
the result that the system of equations ceases to be hypeiWe shall use a quadratic approximation farg(e):
bolic and the Cauchy problem becomes incorrectlydog(e)/de =—«k+fe’. Using this relation, after simple
formulated®® Various methods of regularizing this problem transformations we obtain an equation fdrfrom Eq. (1):
are available. We shall use an elastoplastic model in which

2 2 2
the yield function depends not only on the stress and strain e’ T ‘9_ Ke' — Efgl 24 52‘9 e’ -0. 3)
but also on the second-order strain gradient. In this case, the gt2  §x2 2 NG
system of equations for a one-dimensional rod has the fol- I .
Igwing form_ﬁ Note that fork<<0 Eq.(3) agrees to within the sign of the

leading derivative with the well-known Boussinesq equation
de  du  ou doge) de P which is encountered as a long-wavelength approximation in
—_—=—, —= =8, (1)  various physical applicationgor instance, waves at the sur-

gt ox at de X x® face of water, waves in discrete chaing/e know that the
Boussinesq equation can be integrated by the method of the
inverse scattering problem and hhissoliton solutions for
waves propagating to the right and to the feft.is easy to

see that the latter may serve as a formal basis for construct-
ing a class of exact nonsteady-state localized solutions of Eq.
(3) for a softening medium corresponding 4c-0.

We shall analyze Eq(3) for values of the parameters
é<>0, f<0. We shall use the Hirota methgsee Ref. 5, for
example to construct exact particular solutions. Following
this method we set

wheree is the total strainy is the strain rate, and(e) is
the diagram of the material. The systéi is dedimension-
alized using the density, the rate\E,/p, whereE, is the
elastic modulus, and the characteristic lengtbf the prob-
lem. In addition,6°=1%/L? is a small dimensionless param-
eter wherd is the internal structure parameter of the material
introduced to regularize the elastoplastic model.

Assuming that the state of the rod is homogeneous, w
shall analyze a small perturbation of this state

e’ u cexpikx—iwt),

126% 5%(In Fy)
wherew andk are the frequency and wave number, respec- CTT T Ix2
tively, ¢’ andu’ are the strain increment and rate, and lin- ) ) o
earizing Eq.(1), we find the dispersion equation for this whereF,\! is a new unk_nown functlor_L After s:ubstltut.mg into
system Eqg. (3), integrating twice, and setting the integration con-

stants to zero, after various transformations we obtain the
w?=(—k+ 6°k?)k?, (2)  quadratic form

, 4

1063-7850/99/25(10)/3/$15.00 822 © 1999 American Institute of Physics
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FIG. 1. Localization of the straifthe solution(9)] for
various values of the parameter=—exp(—A;,/2)
X cosp (indicated by the figures in the diagranThe
solution is symmetric relative to the axi®=0:
E=s'(—f/(126%?), f<0, 6O=kx+7P+An2,
e=0t+ 7, Q>0.

Frae Fn—Fat K(Frooe Fn—Fay) + 62

X(FN,XXXX'FN_4FN,X'FN,XXX+3F§,XX):O' (5)

Here we havés,=gF/dt, F,,=d°F/at?, and so on. We shall
use the family of functions which givds-soliton solutions
for the “correct” Boussinesq equation. The first function in
this family

F1=1+eX|17]1), 771=k1Xiik1\K+ 52k§t+ 7]&0)’ (6)

wherekq, 17(10) are constants, anid, is a real constant, is a
solution of Eq.(5) and gives a complex solution of E(B)

by means of the transformatidd). In this case, however,
only the real solutions of Eq3) can have any physical

e’ =

126°k?
Ot

coslikx+ 70+ Ap,) - cog Qt+ (V) exp( — A1/2) +1

[costikx+ 7+ Ay +cog Qt+ 7(V) - exp — A/2) ]2
€)

Using Eq.(4) and the first equation in the systefh), the
solution for the strain 1 ‘rate is defined as
1252 9%(InFy)
f o axot

!

u:

After substituting the solution&) into this expression,

meaning. In order to obtain a real solution, we need to use ate obtain:

least the functiori-, which generates a two-soliton solution

for the “correct” Boussinesqg equation. In our case, we have,’ —

Fo=1+exp(n1) +exp(n,) +expni+ n+ A, (7)

T =KX+ i Xmkm v k + 8%KZ - t+ 70,
36%(Ky—Ko) 2+ (x1 K+ 6%KT— x2\ K+ 67K5)?
36%(ky+Kp)2+ (x1v K+ 0%k3— xo\ k+ 6%k3)?

wherek,, are real and;) are complex constants. The func-
tion F,, being a solution of Eq(5), will only be real when
7, and 7, are complex-conjugate. Taking=k;=k,,
7= 7= (7{)*, andy,;=—x,=1, we obtain from Eq.
(7)

Fo=1+2 exgkx+ 7)) - cog Qt+ 7?)

Xm=7*1,

eXp(Arp) =

+exd 2(kx+ )+ A, (8)
where
K+ 5%k?
expAp)=————, Q=kyx+ 5K>,
P(AL) K+ 46%k2
79D=Ren®, 7O=1m 5©.

By substituting Eq(8) into Eqg. (4), we obtain a solution in

125%kQ)
f

y sinh(kx+ 70+ Ay,) - sin(Qt+ 7(9) - exp( — A1/2)
[costikx+ 79+ A, +cog Ot + 7(0) - exp(—A1/2) ]2
(10

We shall analyze the solutigi®) assuming()>0 and to
be specificy{¥)=0. We introduce the notatioi=kx+ 7{")
+A,/2. It can be seen that the solutid®) is symmetric
with respect to the axig=0 and att=0 describes a smooth
soliton-like perturbation. The growth of the strain amplitude
and subsequent collapse occurs becauselgyp{l. The
solution is localized near the poifit=0 (see Fig. 1 At this
point the amplitude increases with time as

126%k? 1

¢ 0= = I — A2 QD)

(11)

and the effective width of the localization zone decreases as

2—exp(— A;p)cog(Ot)
—exp(—A/2)cogQt) )’

—exp(A1/2)<cogQt)<O0.

AO=2 arccosr(

(12

the form of a nonsteady localized state which decays fairlySingularity of the solutioricollapse is achieved at the point

rapidly for |x|—ce:

6=0 at time
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t.=0 " 7—arccosexpA,/2))]. (13 tive mechanisms in the mode), which limit the singularity
to a specific level.

1v. E. Zakharov,Problems of Physical Kinetics and Solid-State Physics

The integrals of motion are satisfied at any pdintt. but Naukova Dumka, Kiev1990, pp. 469-486.

diverge in the limitt—t.. The singularity occurring at time  2V. Kukudzhanov, J. Opt. Technd, 207 (1998.

t:tc is nonintegrab'e_ 3V, N. Kukudzhanov, lzv. Ross. Akad. Nauk Ser. MTT NG,
104 (1998.

Real solutions of EC{'S) can be CO_nStru_Cted Slmllar_ly for 4R. K. Dodd, J. C. Eilbeck, J. Gibbon, and H. C. MorrBolitons and
N>2. FOI’. _example, fON:fl the 30|Ut|(_)n will be a nonlinear  nonlinear Wave EquationgAcademic Press, New York, 1982; Nauka,
superposition of two localized formations. Moscow, 1988, 694 pjn.

Quite clearly, when the strain increases without bound,SM- J. Ablowitz and H. SegurSolitons and the Inverse Scattering Trans-
the analysis cannot be confined to quadratic terms in the ™ (S!AM. Philadelphia, Pa., 1981; Nauka, Moscow, 1987, 479.pp.
expansionog(e) but it is more important to include dissipa- Translated by R. M. Durham
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Bulk changes in the microhardness of a solid WC-110G13 steel alloy exposed to a
low-energy, high-current electron beam

S. F. Gnyusov, Yu. F. Ilvanov, D. I. Proskurovski , and V. P. Rotshte n

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences,
Tomsk; Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences,
Tomsk

(Submitted April 28, 199p
Pis'ma Zh. Tekh. Fiz25, 54—-59(October 26, 1999

Bulk changes in the microhardness of a solid WC-110G13 steel alloy are studied as a function
of the energy density of a low-energy, high-current electron beam, the number of pulses,

and the target thickness. It is established that the beam energy density has a threshold at which
quasiperiodic changes in the microhardness occur in the bulk of the alloyl9%®

American Institute of Physic§S1063-785(19)02510-7

It was shown in Refs. 1-3 that when martensitic steelsamination increases from 0.5—1 to 8—if. In this case, an
are exposed to high-current electron beams, an extendedcrease in the number of pulses does not cause any signifi-
zone of influence nonuniformly hardened over depth iscant increase in the thickness of the molten zone. Egor
formed with layers of anomalously high microhardness. The=40J/cnt appreciable evaporation of the material is ob-
number and relative position of these layers is generally deserved, as is evidenced by the presence of solidified micro-
termined by the parameters of the stress wave or the shoakoplets on the surface and~al0% reduction in the binding
wave generated in the surface layer under pulsed heating apthase in a surface layer5 um thick.
by its conditions of reflection from the free surfaces of the At energy densitie& <30 J/cnt only surface hardening
sample’ A similar effect of nonuniform hardening over is observed regardless of the number of pulses. The maxi-
depth was observed when a solid WC-110G13 steel alloynum microhardnesbl ,~10 GPa is observed at the surface
(30wt.%9 was exposed to a low-energy, high-current elec<(in the initial stateH ,=7.5GPa and the thickness of the
tron beam of microsecond duratidihe aim of the present hardened layer is-100 um. A similar pattern of pure sur-
paper is to study the laws governing the changes in the miface hardening is also observed =40 J/cnf andN=1,
crohardness at the surface and in the bulk of this material asith the microhardness increasingtd.3 GPa at the surface.

a function of the beam energy density, the number of pulses;or N=3 the hardening pattern changes abruptly: in addition
and the target thickness. to surface hardening, quasiperiodic hardening is observed in
For the experiments we used samples of solid WC-the bulk of the materialsee Fig. 1L Thus, for a given pulse
110G13 steel alloy30 wt.%) in the form of plates measuring duration and electron energy the bulk change in the micro-
5X40x5.5 mm and cylinders 20 mm in diameter and 10 mmhardness is a threshold process depending on the energy den-

high. In the initial state the material comprised tungsten carsity and number of pulses.

bide particles having an average grain size @i3 and a hcp The experiments showed that fd,=40J/cnt and
lattice, uniformly distributed in a matrix based on an iron samples 5.5 mm thick, quasiperiodic changes in microhard-
y-solid solution* The samples were bombarded with a low- ness with a step of 0.25—1 mm are observed over the entire
energy, high-current electron beam having the parametershickness of the sample. As the number of pulses increases
electron energy 10—-40keV, energy dendity= 5, 10, 20, (from N=6) the number of microhardness peaks increases,
30, and 40J/ck) pulse duration 2.5us, and number of with the average level remaining the saf@—11 GPabut
pulsesN = 1, 3, 6, 10, 20, and 50. The beam diameter in thethe maximum(in the peaksreaching~15 GPa. FolN=50
target plane was 3—8 cm. The beam source was described rardening is observed near the back of the sar(gge Fig.

Ref. 5. After irradiation, the samples were cut along thele). When the sample thickness is increased to 10 mm, a
beam axis for the metallographic examination and measureguasiperiodic change in the microhardness is observed to
ments of the depth distribution of the microhardness. Thalepths of 7 mnm(see Fig. 1f (Ref. 4. However, an increase
measurements were made using a PMT-3 device with a 0.1 kb the thickness of the targéior N=10) leads to a reduction
load at depth intervals of 3am. On each sample we made in the number of peaks, a lower maximum, and a lower av-
three tracks, 25@m apart, in the axial part of the beam. The erage microhardnegsee Figs. 1c and Lf

structural phase state of the material was examined by means Structural analyses showed that fBg=40J/cn? and

of x-ray structural and micro-x-ray spectral analyses. N=10 a white unetched layer 1.5—+dm thick forms on the

The experiments showed thatg=5 J/cnt, clear signs  surface(with a melt thickness of~10 um). This layer has a
of melting can be detected on the surface. As the energganocrystalline structure and consists of fcc and hcp tungsten
density increases in the range 5—40 Jcthe thickness of carbide particles and complex carbides such ggQyland
the molten surface layer determined by metallographic exM,C;. At large depths within the molten layer the binder

1063-7850/99/25(10)/3/$15.00 825 © 1999 American Institute of Physics
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phase, comprising aa-Fe (bco) solid solution, is distributed reduction in the fraction of the binder as a result of selective
in the form of layers 8—10 nm thick between,®/ carbide evaporation.
crystallites? In addition to high temperatures, the surface layer is also
The structure of the material in the microhardness peaksubjected to thermal compressive and tensile stresses be-
is characterized by a high dislocation density and partiatause of the temperature gradients in the planes parallel to
(~15 vol.% y =« martensitic rearrangement of the crystal the irradiated surface. Estimatéadicate that the amplitude
lattice of the binder phase. In the tungsten carbide crystalsf these stresses may reach several gigapascals. These
the scalar density of dislocations and deformation twins instresses are localized in the zone of thermal influence and
creases and various particles disapfebiote that similar may substantially alter the structure and microhardness of
substructural changes in this materfekcept for they=«  the material at depths considerably greater than the melt
conversion are observed under static compression condithickness.
tions at loads higher than 3 GPRef. 6. The structure of the The main factor determining the state of the material in
material in the layers between the microhardness peaks the bulk is the stress wave formed as a result of the ther-
almost the same as the initial matefial. moelasticity effect and the recoil momentum of the expand-
The structure and properties of the material in the suring material vapor. Estimates show that the amplitude of the
face layer are mainly determined by the dynamics of thestress wave does not exceed 200 MPa. This wave may have a
thermal fields formed under pulsed heating. Thermal calcueomplex profile: unlike a pure elastic bipolar stress wave, it
lations reported by Proskurovsley al.” indicate that the for- may change sign several times with a period-e10™’s
mation of a nanocrystalline carbide structure in the surfacéRef. 7). When reflected from free surfaces, the wave profile
layer may be attributed to the high-speed quenching from thenay become even more complex as a result of traveling and
melt. The attainment of maximum microhardness at the surreflected waves being superposed. Since the amplitude of the
face is caused by the dispersion of the structure and by stress wave is substantially lower than the yield point of the
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Nonlinear electrodynamic properties in granular superconductors are studied for the case of
yttrium ceramic in a nonsteady-state magnetic field and in the current state. A substantial increase
in the amplitude of their even harmonics is observed. It is shown that the nonlinear

properties are determined by an ensemble of vortices in the surface layer of the superconductor
and depend on external influences. 1©®99 American Institute of Physics.

[S1063-785(09)02610-5

High-temperature superconductors are known to exhibibetween approximately four and five times those for a slowly
nonlinear effects? which account for the considerable inter- increasing fieldFig. 1). The amplitudes of the odd harmon-
est shown in the application of these materials to cryoelecics remained almost unchanged and merely increased very
tronics devices and navigation technology. slightly in fields of less than 50 Oe.

In the present study we used an inductive method to  The observed characteristics of the nonlinear properties
investigate the nonlinear properties of yttrium ceramic. Weof yttrium ceramic can be attributed to detached vortices
measured the harmonic components of the response signal starting (in the nonsteady-state cage migrate into the su-
the superconductor to a low-frequency ac magnetic field. perconductor. If the field is reducedeverse motio)) the

We used samples of Ba,Cu;O;_ s ceramic prepared vortices migrate in the opposite direction. The observed gen-
by solid-phase synthesis, having a critical temperature oération of even harmonics is determined by the processes
93 K and measuring 385xX15 mm. These were exposed to taking place in the surface layer and the vortex migration in
an ac field of amplitud&<10 2 Oe and frequenc§=10°— this layer is determined by the surface barfidhe barrier
10* Hz superposed on a dc magnetic field&= 0-500 Oe at may be reduced, for example, by depositing a normal metal
liquid nitrogen temperature. The dc magnetic field could beon the surface of the superconductor. In this case, changes
increased or decreased. should be observed in the amplitude of the even harmonics.

It was established that when the fidilincreases at a Experiments carried out using indium-coated samples re-
rate V=dH/dt higher than 10 Oe/dwe shall call this vealed a drop in the amplitude of the even harmortfos
nonsteady-stajethe profile of the response signal becomesexampleU, in Fig. 1, curve3). The amplitudes of the odd
substantially distorted with limited amplitude in one half- harmonics remained almost the same.
period. In this case, the coefficient of the response signal
harmonics reaches 30%. In a slowly-varying fiettd (V
<10 Oe/s this coefficient did not exceed 4%. The ampli- Uy, uV
tudes of the even harmoni¢especially the second,) in-

creased substantially in the nonsteady-state field and wel 2 N\
3, ' \ 2
1 n—
Uy, v \\ N\
4 Us, flLV
1
1 /
b
2
1 0.5
B INE
0 50 100 H,0e
50 100 H,0e

FIG. 1. Influence of the sweep rate of the dc field on the magnetic field

dependence of the second harmodie- 0.8 Oe/s2 — 25 Oe/s for yttrium FIG. 2. Influence of the transport current on the magnetic field dependences
ceramic,3 — 25 Oe/s for indium-coated yttrium ceramic;= 0.008 Oe,  of the U,, U; response signal a=0.8 Oe/s:1 — Iy=0, 2 — 0.3 A,

f=1 kHz. 3— 0.4 A,h=0.008 Oe, and=1 kHz.
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Thus, having established a correlation between the rethis situation no even harmonics were observed although in
sponse and the vortex motion, we applied a transport currerhe absence of current, the dependedgéH) was similar to
I+ to these in different directions. In one case, a current wathe previous one. As was predicted, the behavior of the de-
only passed along one face of the sample while in anothependence&);(H) remained the same.
current was passed over both faces but in the same direction. To sum up, these experimental investigations of the non-
We observed that for specific valueslgfandH, the second linear properties of superconductors using yttrium metal ox-
U, and thirdU5 harmonics are also generatgtg. 2). Their  ides have shown that the generation of even harmonics in the
positions are determined by the current: as the current demesponse signal to a nonsteady-state magnetic field is related
sity increases, the maxima are shifted toward lower magnetito the dynamics of an ensemble of vortices in the surface
fields (curves2 and3) and, as was to be expected, reversal oflayer of the superconductor. The phase of these harmonics is
the transport current causes the phase of the even harmonidstermined by the direction of collective motion of the vor-
to rotate through 180°, as we observed when the direction dfces. By varying the external influences, such as the mag-
the field was changed. Thus, in both experimental scenariosetic field sweep rate, the magnitude and direction of the
vortex migration stimulates the generation of even harmontransport current, and so on, it is possible to control the non-
ics. linear effects in superconductors.

In order to obtain further confirmation of this idea, we
carried out experiments in which currents of the same mag-
hitude but in the Same_ dire_ctior_1 were passed along OppOSiteV_ A. Atsarkin, G. A. Vasneva, V. V. Demidoet al, Sverkhprovodi-
faces of the sample, i.e., in this case, the transport currentmost 3, 1643(1990.
initiates vortex motion; near one of the faces the vortices?L. Ji, R. H. Sohn, G. C. Spaldinet al, Phys. Rev. A40, 10 936(1989.
migrate inward whereas at the other they migrate toward the3v. E.’ Miloshenko, I. M. Shushlebin, A. N. Dyniet al., Sverkhprovodi-
surface. The even-harmonic signals are in antiphase and™ost 3 2587(1990.
naturally should not be observed using a measuring coil. IrTranslated by R. M. Durham
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The behavior kinetics of the transition rate during free quasitwo-dimensional growth of a single
dendrite from an agueous N8I solution is studied experimentally. It is established that

the integral curves are described by a Weibull distribution and the possibility of applying the
Kolmogorov—Avrami theory to describe the kinetics of dendritic crystallization is

discussed. Small-amplitude oscillations of the growing dendrite mass are observed against the
background trend, having a quasiperiodic nature with a frequency around 0.1 Hz. The

nature of these oscillations is related to the interaction between the diffusion fields of existing
and newly forming secondary branches. 1©99 American Institute of Physics.
[S1063-785(19)02710-X

The kinetic behavior of advanced dendritic growavith dendrite® respectively and the change in the mass of the
the appearance of secondary branglines not attracted suf- growing dendrite was directly proportional to the change in
ficient attention, and it is frequently implicitly assumed thatits area in the plane of the cell. The integrated light flux
this is very similar to the dependences obtained for an acicupassing through the sample and incident on the photodetector
lar crystal* However, this viewpoint only holds in the first was proportional to the ratio of the areas occupied by the
approximation. In an experimental stfdgnd in studies us- solution and the crystal. As a result of a change in the area
ing computer modeling and numerical calculatidfist was  occupied by the crystalline phase, the light flux incident on
observed that the growth rate of the primary dendrite brancthe detector, an FD-7K photodiode, was modulated. In order
exhibits small-amplitude oscillations and the frequency ofto reduce the dark current to 04A, the photodiode was
these oscillations is related to the appearance of secondapyaced in a special thermostatically controlled, electrically
branches(here and subsequently we always have in mindshielded casing. An important factor for improving the mea-
dendrite growth in th€100 direction. The authors of Refs. surement accuracy was that the eyepiece with the photodiode
2-4 postulated that these oscillations are caused by the aeras positioned such that the exit image of the microscope
tion of the diffusion field of an incipient secondary branch oneyepiece was projected onto the photocathode surface
the local supersaturation near the primary dendrite branch. If1.0 cn?). This made it possible to follow the real area of the
the proposed mechanism is correct, it may be predicted thafrowing crystal visible in the eyepiece. The signal from the
the diffusion field of the incipient secondary branch, by in- photodetectof~20 uA), operating in the photodiode regime
fluencing the growth of existing secondary branches, mayas fed to an electrometric amplifier having a gain of.10
lead to characteristic features in the time behavior of thel'he amplifier output signal was recorded in analog and digi-
entire growing dendrite mass. However, no experimentatal forms. Additional calibration showed that the lux—ampere
data are available on the kinetics of the change in mass antharacteristic of the photodiode was linear over the working
the existence of nonrandom oscillations of the crystallizatiorsection.
rate during growth of a single dendrite. In the present paper The prepared NECI solution, having concentrations of
these kinetic growth characteristics of a dendritic structuret3.6, 41.4, and 40.(g/100 g HO), corresponding to satura-
are studied experimentally. tion temperatures of 35, 30, and 27 °C, was placed between

The dendritic growth system was an aqueous solution ofwo cover glasses on the microscope stage of a BIOLAR PI
ammonium chloride (NECI) whose morphological and ki- microscope. For the experiments we used a 1.9 cail
netic crystallization parameters were described in Refs. 2,5yhose thickness was 40—%0n. The cell was held at a tem-
and 6. We used a polarization interference microscope witlperature 2 °C higher than the saturation temperature for at
photometric adapter. As a result of a difference between thieast 10 min. The planar capillary with the sample was then
refractive indices of the dendrite and the solution, a differ-cooled rapidly to 20°C. As a result of using thin cover
ence was observed in the intensity of the interference cologlasses with a small thickness of solution between them, the
of these phases. A polarization attachment intensified the ircell acquired this temperature within 2—3s. Visible dendrite
terference contrast. Using a combined polarization-growth began within 20—30s and thus occurred under con-
interference system substantially improved the sensitivityditions of uniform concentration and temperature. The tem-
The dendrite growth took place under quasitwo-dimensionaperature fluctuations of the solution at the stage of active
conditions (using a planar capillary whose thickness wasdendrite growth did not exceed 0.01 °C. The selected magni-
much less that the diffusion lengtiD2v~400um, wherev fication (110X) was sufficient to observe a single primary
andD are the growth rate and the diffusion coefficient of thedendrite branch; the field of view contained up to 30-40
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M, 1 - . TABLE I|. Averaged parameters of experimental curves approximated by a

it o 5 ' : a two-parameter Weibull distribution.

08 |- Temperature, °C c d R F

0.6 _ : 27 0.003@-0.0030 1.6-0.4 0.993-0.006 0.25-0.18

04 | e 30 0.0008-0.0007 1.80.2 0.992-0.004 0.22:0.12
35 0.003%*0.0021 1.5-0.1 0.995-0.003 0.15-0.09

02

0,0

and the loss functiofr for the distribution used are given in
Table I. Note that the regression dependences of the experi-
mental curveql) agree with the equation obtained in the
Kolmogorov—Avrami theory for the quantity of the crystal-
lized phase during mass crystallizatibThis allows us to
formulate a hypothesis on the validity of the Kolmogorov—

0 5 10 15 20 25 Lag values ) . S .
Avrami theory to describe the growth kinetics of a single
s, 0006 — ——— 0,006 dendrite. In fact, one possible particular case described by
B osb e B T s this theory is the uniform time- and spatially-constant nucle-
S ‘ = ' ation of new-phase nuclei where the growth of each of these
0,004 : 0,004 nuclei is controlled by diffusior(the linear dimensions in-
0,003 i ] 0,003 crease proportionally with the square root of the tirhBur-
i ing free dendrite growth these developing nuclei may be con-

0,002

--1 0,002
sidered to be incipient new secondary branches. These

branches form at approximately the same time intervals on
0,000 the growing primary branch and their growth is then
001 diffusion-controllec® The shape of these branches may be
£ a.u considered to be acicular and thus these “nuclgi&condary
branches are one-dimensional. According to the
growing dendrite with time. For this curve we have=0.0016,d=1.4, Kolmogorov—Avrami- theory, th.e. exponent of the time .
R=0.999, andF=0.03 (for explanation see textThe noise curve in the should be 1.5 under these conditions. Note that the experi-
absence of growth is shown by the dashed cuayeAutocorrelation func- ~ mentally determined parameteis close to this valu¢Table
tion (b) and periodogran(c) of the oscillating component of the experimen- |), By analyzing these dependences in terms of the
tal series(a). HereK i_s the normalized autocorrelation coefficiestjs the Kolmogorov—Avrami theory, we can also explain the experi-
spectral density, anflis the frequency. .
mentally observed spread of the parametéfable )). This
parameter is responsible for the transition kinetigdike the
secondary branches. The mass measurements were made ffarameterd which is responsible for the growth geometry
a single freely-growing dendrite located at a distance of afince in each series of experiments the time dependence of
least the diffusion length from neighboring dendrites. the dendrite mass was measured at different stages of
At all the saturation temperatures used experimentallygrowth, the values of the parameterevealed a large spread.
dendrite growth was observed with secondary branches orAdditional experiments under conditions different to those of
ented in the(100 direction. No tertiary branches formed at the present study are required to determine the pararoeter
these supersaturations and no appreciable enlargement of thecurately.
interbranch gaps occurred during growth. A total of 33  In order to determine whether the observed oscillations
samples were investigated. It was reliably established that foof the transition rate are nonrandom, we made a statistical
all the supersaturations used in these experiments the tin@nalysis in which we calculated the autocorrelation functions
dependence of the dendrite mass v@shaped and all the and periodograms using the Statistica 5.0 statistical package.
experimental growth curves revealed typical small-amplitudeA typical autocorrelation function of the transition rate oscil-
oscillations of the transition rate against the backgroundations of a time series is plotted in Fig. 1b. It can be seen
trend. A typical curve of the transition rate is plotted in Fig. that eight lag values exceed the 95% confidence limit, which
la. indicates that there is some regularity in the time series. The
The Curve Expert 1.3.1 package was used to show thatverage lag values for the experimental results are shown in
the experimental curves are best approximated by a twoFable Il. The fact that the confidence limit is exceeded by an
parameter Weibull distribution: average of four lags suggests that these time series are not
q=1—exp(—ct%) (1) random. A typlc:_:ll perlodogram fo_r the _oscnlanon_ compo-

' nent of the experimental curve in Fig. 1lais plotted in Fig. 1c.
whereq is the volume fraction of the solid phaseis the  The periodograms show clearly defined isolated peaks which
time, andc andd are constants. The averaged values of théndicate the presence of a determinidiiscillating compo-
parameters and d, and also the correlation coefficien®& nent. The average periods of the oscillations responsible for

0,001 frovvoipe v ocf i b 0,001

0,000 popsRftaid L

0,001 H H i | ; : 0
0,00 0,05 0110 0,15 020 0,25 0,30 0,35 0,40 045 0,50

FIG. 1. Typical experimental curve showing the change in nMssf a
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TABLE Il. Parameters of transition rate oscillations. branches. We shall show that the time of appearance of the
next secondary branch is an order of magnitude greater
than the characteristic time of propagation of the diffusion

Average lag values,

exceeding 95% Average period . .
Temperature, °C confidence limit of oscillations, s~ field from an already-formed secondary bramnghAccording
to the experimental data, the dendrite growth rate is of the
27 6+2 9.4+0.6 :
30 41 9.0405 order of 10 um/s and the distance between the secondary
35 4+1 9.0:04 branchesL is of the order of 10um so thatt;~1s. The

diffusion coefficient of ammonium chlorid® is around
1000um?/s (Ref. 2 and thust,~L%/D=0.1s. It can there-
fore be considered that the influence of the diffusion field
the peaks having the largest amplitudes are also given igpreads almost instantaneously from the incipient secondary
Table II. branch to existing branches compared with the time of ap-
The results indicate that the time series has an oscillatingearance of the next secondary branch. As a result of this
component with an average period of 9s. Note that the tim@omplex interaction between the diffusion fields of the sec-
of appearance of the next secondary branch during the degndary branches, the time variation of the growing dendrite
drite growth varied between 6.0 and 7.5s according to thenass exhibits periodicity. This reasoning indicates that in
experimental results. Hence, the period of the observed ogrinciple, small-amplitude oscillations of the growing den-

cillating component in the experimental time series is closejrite mass may be initiated by an incipient secondary branch.
to the time interval between the appearance of neighboring

secondary branches. However, we stress that these nonran-

dom oscillations are not directly related to the appearance of A V. 1 Melnikov. Adv. Phved. 53(199
sgpondary branches since they were also obser\./ed.un_dgr COFE Réz,resr?el_ri;:on, and Ee. r;oﬁ\lj'rak,vbhys)./ Re’v40,\( 1082.(1989.
ditions where the end of the primary branch with incipient sg_gspochet, K. Kassner, E. Ben-Jacethal, Physica A187, 87 (1992.
secondary branches was outside the field of observation. Thé&r. K. Galenko, M. D. Krivilyov, and S. V. Buzilov, Phys. Rev. 15,
existence of these nonrandom oscillations may be explaineg11 (1997. _ _

as follows. It was shown in Refs. 2—4 that small-amplitude 263_51'9%1?”' H. H. Reimer, and M. Kahlweit, J. Cryst. Grow3g,
oscillations of the growth rate of the primary branch are as-¢| jan-ming, L. zhi-Guo, and W. Zhuang-Chun, Scr. Metall. Mag2,
sociated with the perturbation of the periodically appearing 445 (1995.

secondary-branch diffusion field near the primary branch.7'-- Mandel’kern, Crystallization of PolymersKhimiya, Moscow(1966),
However, the diffusion field of the incipient secondary 3¢ PP:

branch also acts periodically on the existing secondaryranslated by R. M. Durham
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Self-similarity in the kinetic growth regime of a crystal in a phase-separating medium
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An analysis is made of a simple model of the kinetic growth regime of a crystal possessing

cubic symmetry in a phase-separating medium. Impurity diffusion is neglected. It is shown that in
this approximation the crystal growth is self-similar. A cellular automaton model is used to
represent the successive stages of structural modification as the impurity concentration increases.
© 1999 American Institute of Physids$1063-785(09)02810-4

Relatively few theoretical studiegising mathematical centration near the crystal surface is the same and equal to
and computer modelindhave examined the influence of im- the concentration in the solution. The growth is stable and
purities on the morphology of a growing crystal. This is be-the crystal retains its shape. The motion of the crystal surface
cause of the major complexities involved in studying thesds uniquely determined by the boundary laws but over a wide
phenomend:3 The immensity and complexity of the analy- range of spatial scale, these are the same since we are using
sis of the growth of crystals with impurities frequently hasa macroscopic deterministic descriptidim the kinetic re-
the result that in most cases highly specialized models argime the growth kinetics are completely determined by the
constructed to describe the crystallization of a specific subkinetic crystallization coefficient® Since the impurity diffu-
stance under specific conditiofi® These models are not of sion coefficient is zero, its bulk distribution is the same and
any great practical value since the phenomenon being moaqual to the initial distribution. Impurity expulsion does not
eled has been more or less well studied experimentally andepend on scale because of the scale invariance of the laws
the modeling reduces to a more or less successful approxef motion of the crystal surface. Let us now assume that we
mation. The theoretical value is also low since particulameed to calculate the growth of the same crystal having a
solutions for a nonlinear problem are of no great (med smaller or larger characteristic sizearlier or later stages of
problems of crystal growth are nonlingaiThus, there is a growth, respectively We again divide the new characteristic
need to construct models which possess limiting asymptotisize into cells where the number of these cells remains the
properties characteristic of a wide range of crystallizationsame as beforé.e., we wish to study this crystal size with
problems. One such model is the DLA modehich is very  the same degree of detail as in the previous asewever,
convenient for describing the influence of diffusion supplysince the crystal calculation rules also remain the same, the
on crystal growth. In the present paper we propose to conealculations obviously give a structure exactly the same as
sider the kinetic growth regime as another macroscopithe previous one. Only the inhomogeneity scale changes
model of crystal growth from an impurity-containing solu- while the crystal morphology remains the same.
tion. The interaction between the impurity and the crystal is ~ Thus, in this formulation the growth of the structure is
determined only by its phase separation as a result of beingelf-similar over a wide range of spatial scales, ranging from
completely expelled by the growing surface. It is assumedairly small (several radii of the critical nucleuto relatively
that local phase separation makes it impossible for the crystdrge (the size of a stable polyhedron growing from solu-
to form at these sites and impossible for any material fluxesion). Having studied one of the scales of the structure, we
to pass through these regions. The impurity diffusion coeffitherefore know everything about the morphology in the other
cient is taken to be zero. This mechanism of crystallization irscales (under a different microscope magnification/Ve
a phase-separating medium is in particular a simple model dtress that only the central part of the crystal is self-similar
eutectic formatiorf. (specifically, when looking into the growth center we shall

This model is interesting for the following reason. Let us see the same pattern under different magnificajionkus,
assume that we wish to study the morphology of a growingpnly self-similarity exist8 and not fractality when each part
crystal, for which we need to divide the entire volume of theof the structure is similar to the wholdike aggregates in
region being studied into very small cells. We select the celDLA models. The “absolute” self-similarity of this model
size bearing in mind the required degree of detail in themust naturally be considered as a property of model com-
description, practical interest, and so on. Inside each cell thputer calculations using mesh models. In real systems crys-
crystal characteristics will be uniform. We then use thistallizing under conditions close to the model ones, the self-
model to calculate the crystal morphology and obtain a cersimilarity should be understood in the statistical sense.
tain structure with an inhomogeneity scale in the selected Self-similar regimes during crystal growth from a solu-
cell. However, because of the constraints introduced, thision were identified earlier under certain conditions. The
structure is scale-invariant. In the kinetic growth regifas-  classical problem of self-similar growth involves the growth
suming that this is conserved as the scale varibe con- of a spherical crystal under diffusion-limited conditions
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834 Tech. Phys. Lett. 25 (10), October 1999 L. M. Martyushev and V. D. Seleznev

(Scriven—Kirkaldy problemm which has been solved
analytically® In the present study self-similarity occurs in
the kinetic crystallization regime in the presence of an impu-
rity with a zero diffusion coefficient. This self-similarity oc-
curs because the characteristic lengths determining the m
crostructure scales and microstructural transitions disappe:
from the problent?!

We shall use a cellular automaton model constructed ot
the basis of the following rules to simulate the growth con-
ditions described above.

1. The calculations are made using X N square lat-
tice whereN is a positive integer. The choice of a square
lattice assumes that it is possible to model the growth of
crystals with cubic symmetry. The cell size is in some sense
arbitrary, having an upper limit of W2 of the critical stabil-
ity dimension of the forming crystal and a lower limit of the
critical nucleus. To be specific, a square, two-dimensiona
lattice is selected in the present study and by analogy th
model can be constructed for a three-dimensional lattice an
different symmetry. Testing the program showed that it is
meaningless to seledt greater than 100 since the crystal
“figure” is repeated.

2. It is assumed that the crystal begins to grow at the
center of the lattice. Since the kinetic growth regime is being
analyzed, the concentration of the solution at the apexes ar
at the center of the crystal faces is the same and equal to tf
bulk concentratiohso that an extremely simple rule can be
applied for modeling: all cells very close to the crystal are
colored black over a single cycle if this is not forbidden by
the properties of the second componésge below.

3. Each cell has a concentration of the secGnuburity)
componenC; which is the same and equal @ ;, for all the
cells. During growth(coloring the next cell blagkthe crystal
expels impurity to the nearest cells and the lower the impuFfIG. 1. Crystal morphology for various relative initial impurity concentra-
rity content in the neighboring cell, the larger the fraction oftionsC; ;,/C; ; 0.05(a), 0.10(b), 0.22(c), 0.34(d), 0.36(e), 0.41(f), and

impurity transferred to ifthe mass conservation law should 9-55 (@) The black color shows the salt distribution while the gray shows
the phase-separated impurity; in the right lower quadrant only the impurity

be satisfied for the impuri)y ) ) distribution is shown for convenience.
4. We shall assume that when the impurity reaches a

specific concentratiorC; , it is transferred to a different

phase and this is expressed as the prohibition of fluxes pasguires a clearly defined layered charadtsee Fig. 1 As

ing through this cell and the impossibility of salt crystallizing C; ;,/C; . increases further, the distance between the layers
in it. These cells are colored gray. In the present study wdormed by the phase-separated impurities decreases and their
also introduce the simplifying hypothesis that wh€y  density in these layers increas@ee Fig. 1¢ At the same
<C; . impurities have no influence on the crystallization of time the homogeneous region without impurities becomes
the salt. increasingly narrow.

The model considered here is a limiting simplification of At a relative impurity concentration in the region of 0.34
the 7-modet?*® because rules involving the calculation of the layered appearance disappears from the impurity distri-
diffusion fluxes are completely excluded. bution and pores also appeanternal regions of crystal oc-

The model constructed above has only a single controtupied by solution and surrounded by phase-separated impu-
parameter, the relative impurity conted; ;,/C;.. For rity) (see Fig. 18 The entire crystal becomes quasi-
Ci.in/Ci c—0 the crystal is ideally cubic. We shall analyze isotropic.
crystal growth as the impurity content gradually increases. A slight increase in the rati@; j,/C; . to 0.36 is accom-
ForC, jn/C; .=<0.05 the crystal, while remaining broadly ho- panied by an abrupt change in the internal structure of the
mogeneous, begins to contain small regions of phasecrystal(see Fig. lgsince the phase-separated impurity pre-
separated impurity during the growth procéssee Fig. 1a  dominantly begins to be distributed perpendicular to the
As a result of being expelled, these inclusions build up in thdaces.
central part of the growing crystal. As the relative concen- A subsequent increase in the relative concentration again
tration increases, the impurity begins to precipitate out aproduces a uniform isotropic impurity distribution. Figure 1f
increasingly early stages of growth and its distribution ac-shows a typical structure for this range of variation of the
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control parameter. When the rat@ ;,/C; . varies between similarity. On the basis of the present resuise Fig. la—
0.42 and 0.55, the impurity distribution remains as beforelc) self-similarity of the zonal impurity distribution can be
although the internal structure of the crystal becomes moré&xplained in terms of the properties of the crystallizing sys-
regular (see Fig. 1y The porosity of the crystal increases tem itself without any external influence, i.e., self-
and the growth boundary changes from relatively smooth t@®rganization.

fractal-like. As the impurity concentration increases further

(Ci,in/C; .=0.56), its separation suppresses crystal growth
at an early stage. 1G. Bakli, Crystal Growth IL, Moscow (1958.

Th If-simil Ut totic f ti 2Yu. N. Taran and V. |. MazurStructure of Eutectic AlloysMetallurgiya,
ese selr-similar solutions are asymptotic for entire Moscow (1978, 313 pp.

classes of problems, such as the kinetic growth regime in thémodern Crystallography Vol. 3, Crystal Formation Nauka, Moscow
presence of an impurity having a relatively low diffusion 4(1980,_407 pp. _ _ _

coefficient, eutectic crystallization, and rapid solidification of SEJ 'Smnzti asr;dAj SE'§°E|'{}2X i;lg ,\Z,,r;};;zi\ﬂg;g sfégg(zlggiz.

a melt. Self-similar solutiongsee Fig. 1 may be used as s; ¢ vccarthy, Acta Matess, 4077(1999. '
standards for approximate calculations and computer modelZT. A. witten and L. M. Sander, Phys. Rev. X, 5686(1983.

ing of Comp|ex Crysta”ization pr0b|ems and they accurate|y8G. |. Barenblatt Similarity, Self—SimiIarity,_and Intermediate A_symptotics
reproduce the geometric aspect of the impurity action. The (ansultants Bureau, New York, 1979; Gidrometeoizdat, Leningrad 1982,
self-similarity considered in the model has been confirmed insg ng)ér',:racms (Plenum Press, New York, 1988; Nauka, Moscow,
experimental studies of systems similar to that proposed in 1991, 260 pp.

the present study. In particular, self-similaritgelf-affine ii; E—risggiveaéfe?e?c-i Egr?- Sig(él),l; J%fg’gii)

fraqtab OC,CurS "llt?e ,banded d|str|but|on. O_f |.mpur|.t|es N a2 g, Mariyushev, V. D. Sgeylezne\et al, Pis’'ma Zh. Tekh. Fiz22(16),
various mineral$**° This growth characteristic is attributed 15 (1996 [Tech. Phys. Lett22, 648 (1996].

in Ref. 15 to fluctuations of the external geological condi-*3L. M. Martiouchev, V. D. Selezneet al, J. Stat. Phys90, 1413(1998.
tions during the entire crystal formation time. One of the..N- M- Halden and F. C. Hawthorne, Am. Minerd§, 1113(1993.

main arguments for this conclusion was the complexity of T. Holten, B. Jamtveit, P. Meakiat al, Am. Mineral. 82, 596 (1997).

developing a different model to explain the observed self-Translated by R. M. Durham
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A design of a microwave phase shifter based on a loaded microstrip line using planag SrTiO
capacitors as nonlinear elements is described. The microwave phase (shifter300 K)
demonstrated a continuous phase shift between O-&isldeg in the frequency range 8.6—9.0 GHz
with a phase error not exceeding 5deg. The quality parameter of the phase shifter in the
operating frequency range was 110 deg/dB. 1899 American Institute of Physics.
[S1063-785(109)02910-9

The nonlinear properties of ferroelectric materials suchcapacitoy/Al,0; system was annealed in airrf@ h at
as strontium titanate SrTiOand barium strontium titanate T=1050°C. The technology used to fabricate the multilayer
(Ba,SpTiO; can be used to design electrically controllable structures containing a thin SrTiCfilm was described in
microwave devices(tunable resonators and filters, phasegreater detail in Ref. 8. The nonlinearity and dielectric losses
shifters, and so C)['ilz Previous studies of ferroelectrics have of the SrTiQ Capacitors were estimated by a resonance
demonstrated their high speeahd their capacity to operate techniqué at frequencyf~10GHz andT=300K. It was
at high microwave powers without any substantial degradaestablished that as the dc bidg applied to the capacitors
tion of the dielectric propertie“sBearing in mind the rela- increased tdjb:400 V, their Capacitance decreased by a
tively low cost of ferroelectric nonlinear elements comparedfactor of 1.8. The Q factor of the capacito@~70 (Q
with similar semiconducting and ferrite components, we note=1/tans, where tans are the dielectric lossesncreased
that these may be potentially useful for the microwave rangeslightly, by no more than 10%, with increasing bias.
Ferroelectric nonlinear elements for microwave devices op-
erating at room temperature are usually based O”FOPOLOGY OF MICROWAVE PHASE SHIFTER
(Ba,SpTiO3 films. However, the fairly strong temperature . . :
dependence of the permittivity and the relatively high level _. The topology of the microwave p_hgse shifter is shown in
of microwave dielectric losses in these materidilsit their F!g. 1. TW9 parallelLF: circuits cont_almng planar.ferr.oelec-
application in the microwave range at=300 K. Strontium tric_capacitors are mcorporated in-a m'Cros”'P linko ( )
titanate films are used at cryogenic temperatufes 77 K) =50(). TheLC circuits are connected by a section of mi-

(Ref. 2. Nevertheless, the nonlinearity of the permittivity of crr?.st;ip. line hgvigg a 'Iower Wa\r/1e impedha.mcéoﬁz f"OQ)h
SITiO; in high static electric fields was recently demon- €N 1S require to Improve the matching of the phase

strated by the authors of Refs. 6—8 Bt300K and low shifter with the external microwave circuits. The length of
frequencies. The present study demonstrates for the first timtge T'C;?/S;”p Imehconnectlrr% theC cwagtg ClasHapproaq-
the use of SITiQ films in electrically controlled microwave mately near '; i cer;]tra riqueniy; : | z m{;@e
devices aff =300 K. Here we report results of an investiga- operating range of the phase shifter. The planar Sy

tion of the characteristics of a microwave phase shifter using{f‘"‘c'torsdC w;r? placed in the Igaps be:]v_vien the m|chrostrf|]p
planar SrTiQ capacitors. ine and radial quarter-wave loops which ensure that the

short-circuiting condition is satisfied for the microwave sig-
nal in this design of phase shifter. The inductan@gswere
MICROWAVE PROPERTIES OF SrTiO 3 CAPACITORS sections of microstrip line having a wave impedance
Strontium titanate films were prepared by rf magnetronzzSOQ and Ier_lgths Iess_tha)n/4 _and were s horted with
respect to the microwave signal using the radial quarter-wave

sputtering of a stoichiometric target in an 0.7-®.3 Ar at- loops. A dc biasU,, is supplied to the planar capacitors via
: b
mosphere at pressufRe=4 Pa. The substrates for the planar thin (~10.m) silver (Ag) wires soldered to the radial loops

capacitors were prepared using single-crystal sapphire : S .
(r-cut). The substrate temperaturd £700°CQ was kept and the microstrip line of the phase shifter.
constant during the film deposition process. After the re-N”CROWAVE CHARACTERISTICS OF PHASE SHIETER
quired thickness of SrTiQ film had been reachedh(

=0.8um), deposition ceased and the samples were cooled to The frequency dependences of the transmission coeffi-
room temperature at a rate 6f10 deg/min. Before deposit- cient S,; and the phase shifA¢ of the microwave phase
ing the SrTiQ film, platinum (Pt) electrodes were formed on shifter are plotted in Figs. 2a and 2b. The measurements
the substrate surface by photolithography. The gap betweenere made al=300K. A dc biasU, = 0—-400V was ap-

the electrodes wag=4 um. After the film had been depos- plied to the planar SrTiQ capacitors. At the central fre-
ited, the multilayer SrTi@Pt(electrodes of the planar quency of the operating range, the insertion losses of the

1063-7850/99/25(10)/2/$15.00 836 © 1999 American Institute of Physics
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FIG. 1. Topology of a two-element phase shifter. Substrate dimensions — C ! “f‘“““‘““f o
16.4x16.4<1.0 mm:1 — gap for planar capacito — microstrip induc- 50 Py R SRR EEaEaEEa: C 300'&.;'.;5--’--“---- .
tance,3 — quarter-wave radial loop4 — 10 um wire, 5 — substrate : i ‘ .
(p0|ik0r A|203)’ and6 — contact areas to Supply dc VOItage. 40 :‘ DU --A 'A e AA MZOO\{A ‘ __
) — 150 Ve gawnnson®®®®

phase shifter did not exceed 0.5dB and varied little with e oeef T : ]
IncreaSIng b|a$F|g 23 It ShOU|d be noted that the measure- 20 RREIEEEE IOOV' ..... "“;
o L F : ' Yy TYYTYYVIVYIYYTY

ment error for the transmission coefficient does not exceed talbaddate et Adddd e it dididd : ]
i2 dB, Measurements Of the reﬂectlon Coeff|C|8ﬂI |n the 10 :_ ..................... .............................. ............................... . .......................... _:
frequency range 8.6—9.0 GHz gaSg= — 13 dB which cor- o N T T B
responds to losses of approximately 0.2dB in the phase 36 8.7 8.8 8.9 £ GHz

shifter as a result of reflection of the microwave signal. Thus,
the additional losses of the order of 0.3 dB are caused by th&lG. 2. Microwave characteristics of two-element phase shifter using planar
losses in the planar SrTiapacitors and the microstrip line S'TiOs capacitors as nonlinear elements.

of the phase shifter. The losses in the substratg@4)l and

the radiation Ios_ses are negligible for _this d_esign. The mea1y, k. varadan, D. K. Ghodgaonkar, V. V. Varadan, J. F. Kelly, and
sured phase shift of the microwave signal in the frequency P. Glikerdas, Microwave J., 11@992.

range 8.6—9.0 GHz varied between 0 an85 deg for volt- 2G. Subramanyam, F. Van Keuls, and F. A. Miranda, IEEE Microwave

_ : : : Guid. Wave Lett8, 78 (1998.
ages of 0-400 \(Flg' Zb)' In this case, the maximum phase SA. B. Kozyrev, O. I. Soldatenkov, and A. V. Ivanov, Pis'ma Zh. Tekh.

error was less than 5deg in the operating frequency range.riz. 2419), 19 (1998 [Tech. Phys. Lett24, 755 (1998].
Taking into account the damping of the microwave signal “A. B. Kozyrev, O. I. Soldatenkov, T. B. Samoilova, A. V. lvanov, G. A.
introduced by the phase shifte8f=—0.5dB), the quality Koepf, C. H. Mueller, and T. V. Rivkin, irPower Handling Capability

. and Response Time of Microwave Controlling Devices Based on Ferro-
parameter may be determined as 110 deg/dB. electric Films, Proceedings of the International Symposium on Integrated

Ferroelectrics 1998(in press.
CONCLUSIONS SA. B. Kozyrev, V. N. Keis, G. Koepf, R. Yandrofski, O. |. Soldatenkov,
K. A. Dudin, and D. P. Dovgan, Microelectron. ErgP, 257 (1995.
It has been demonstrated experimentally that ferroelec~K. Abe and S. Komatsu, Jpn. J. Appl. Phys., PaB22L1157 (1993.
tric capacitors usin SrTig)fiIms mav be used as nonlinear "A. M. Prudan, E. K. Gol'man, A. B. Kozyrev, A. A. Kozlov, and V. L.
P . _g y_ . Loginov, Pis’ma Zh. Tekh. Fiz24(9), 8 (1998 [Tech. Phys. Lett24,
elements in electrically controlled microwave devices oper- 332 (1993].
ating at room temperature. The microwave phase shifter witlfA. M. Prudan, E. K. Gol'man, A. B. Kozyrev, A. A. Kozlov, V. E.
planar SrTiQ capacitors studied here demonstrated a con- Lfgg'ano"br?”d g- I\,ij- éteT;SOO"lrsg';-ng‘éefd- Tel®t. Petersbuiga0, 1473
tinuous phase shift0—55deg in the operating frequency (1999 [Phys. Solid Statd0, 1339(1998].

range and a quality parameter of 110 deg/dB. Translated by R. M. Durham
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Distribution of screening currents in thin superconducting films
D. Yu. Vodolazov

Nizhni Novgorod State University, Nizhilovgorod
(Submitted January 15, 1999
Pis’'ma Zh. Tekh. Fiz25, 84—88(October 26, 1999

A theoretical analysis is made of the magnetic field screening in thin superconducting films in
the Meissner state. Simple approximations are derived for the current density distribution

over the film thickness which are everywhere analytical and satisfy the initial equations with a
high degree of accuracy. This approximation can be used to determine the demagnetization
factor of the film and to estimate the magnetic field for entry of the first vortices into the sample.
© 1999 American Institute of Physids$1063-785(109)03010-4

Studies of the magnetic characteristics of thin superconthat only thex component of the vector potential is non-
ducting films in a perpendicular magnetic fidgklich as the zero: A=(A,,0,0) (since the superconducting current only
ac (field) susceptibility, magnetization, and so]aequire a  flows in thex direction and the Laplacian in Eq1) is two-
knowledge of the screening current and magnetic field disdimensional(since the system is homogeneous in thei-
tribution over the film width. At present, simplified expres- rection. The following boundary conditions are used:
sions for the screening current denSioptained using quasi- IA IA

H H X X
one-dimensional modelsee, for example, Ref.) Zare used =—He
to analyze the experimental data and for quantitative calcu- y Y+ oz
lations. The screening current distribution thus determinegyhereH® s the external magnetic field.
has a root singularity at the edge of the film which prevents  |n this case, it is convenient to convert from the differ-

from being determined. Moreover, one-dimensional model§ynction of the two-dimensional Laplace operator:
cannot be used to calculate the screening current and mag-

=0,

Z—*+x

netic field distribution in films of finite thickness ex 1 (we rdz )

In the present study, a numerical solution of the Ay, 2)=AZy)+ o2 J—W/Z _d/Z(In|(r—r )/
Ginzburg—Landau equation for the vector potenfias used
as the basis to study the Meissner state of a tiir X, W)HA(y',z")dy'dZ'. (]
where\ is the London penetration deptBuperconducting Test calculations show that for films of thicknessess

film of width W in a perpendicular magnetic field. The nu- than)\, instead of the two-dimensional equaticﬂj, we can
merical solutions obtained f@x (over a wide range of values yse the one-dimensional equation:

of the parameter 0.085\ ./W<5, \o=\2/d) were used

to construct a simple approximation for the vector potential A(y)= — Hoy ¢ wd
A(r) [and the current densitir)]. Y A ic?
For analyses of the Meissner state the Ginzburg—Landau /
equation forA(r) (in dimensionless unitsA— ®y/27¢, xfwzl Y WIAY Y 3
j—cdo/8mN2E, r— &, whered, is the magnetic flux quan- —wi2 nl(y =y )WIA(y")dy". @

tum and¢ is the coherence lengtheduces in practice to the

o This is because in thin film4&, is almost independent of
London equation:

z The difference between the numerical solution of B].
A and the solution of Eq(2) for d=\/4 is less than 1%the
AA= —, (1) largest difference arises at the edge; inside the film the error
K? is negligible. Note that Eq.(3), being differentiated with

h _\/£is the Ginzb Land diti respect tgy, is the same as the one-dimensional variant of the
where k=\/¢ is the Ginzburg—Landau parameter and it iS Maxwell—London equatioh.

assumed that the film is infinite in thedirection. In addi-
tion, Eq.(1) was obtained assuming that the order parameteﬁwation for the vector potentidl,(y) (Fig. 1) which satisfies

of _the supe_rconductlng_ condensali(r) IS everywhere_ Eq. (3) to within at least 3% here and subsequently all the
unity. Numerical calculations show that this last assumpt'orhuantities are given in dimensional foym

holds over a wide range of fieldd<Hg, whereHg is the

By solving Eq.(3) numerically, we obtained an approxi-

field for which vortices begin to enter the film. Allowance NefHEYy

for local suppression o¥ near the film edges merely yields Axly)=— > . (4)
negligible corrections, of the order of a few percent,Adr) o (V_V) 2|+ Bh W

whenH~Hy. It follows from the symmetry of the problem 2 ef

1063-7850/99/25(10)/3/$15.00 838 © 1999 American Institute of Physics
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FIG. 1. Distribution of screening current density over film
jy 0.0 thickness. The circles give the numerical calculations of Eq.
= (3), the dashed curve gives the screening current distribution
oLt obtained in Ref. 2, and the solid curve gives the approximation
’ (4), H®=0.01, andW/\ o= 20.
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The depe_ndence(W/)\eﬁ) is p_Iotted in Fig. 2 while _the 7-r~/27-r
parameterB is accurately described by the expressién =
eff

= 1/27+ \ ot/ W. For widthsW<\ ., the dependenck,(y)
is almost linearA,(y)=—H®Yy. where the coefficient before the square root is a value of the

Expression(4) also describes the current density distri- order of unity. The difference between E&) and the ex-
bution over the film width since the vector potential and thePression fory obtained using the numerical solution of Eq.
current density(in dimensionless unijsare related by the (3) may reach 30%. This is because unlike the function
expressionj,= —A,. A,(y), the derivative of Eq(4) with respect toy (i.e., the

This dependencA,(y) can be used to calculate the de- magnetic field accurately satisfies the numerical solution ev-
gree of concentration of the magnetic fiejd=H®%99H®  erywhere except for a narrow region near the edge of the
(WhereH®is the field at the edgenear the edge of the film  film.

in fields H<H,: Expression(4) can be used to estimaké,. EquatingA,
at the edge 0.8by/27¢ (which corresponds to the current
CHe 1 Ny @ W g density at the edge, which is equal to the depairing current
YT e \/__ﬁ w 48 N et ®) density, we obtain
The value ofy determines the demagnetization factor H=12-—2 Qg / B ®)
using the formulan=1—1/y. For W=\ Eq. (5) gives 2m7¢ of W'
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Modeling of a vircator with internal TEM feedback
A. E. Dubinov and V. D. Selemir

Russian Federal Nuclear Center — Research Institute of Experimental Physics, Sarov
(Submitted June 8, 1999
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The Karat electromagnetic PIC code is used for computer modeling of a vircator with internal
TEM feedback proposed by the authors. It is shown that the output power can be
effectively controlled by varying the feedback length. 1®99 American Institute of Physics.
[S1063-785(1903110-9

Virtual-cathode microwave oscillators, known as virca-the following aspects: whether the phase of the return micro-
tors, are among the most promising devices in high-powewaves and the output power can be effectively controlled by
relativistic rf electronics. Their advantages are fairly obviousregulating the length of the coaxial feedback line and
and have been elaborated in the literature on manyhether a considerably greater output power can be
occasions ™ achieved, compared with an ordinary vircator without

The main features of the electron dynamics in vircatorsfeedback.
and the mechanisms for the generation of microwave radia-
tion therein are broadly understood and it has become clear
that the onset of radiative instabilityn other words stimu- a
lated emissiojy avoiding saturation or quenching for as long I I
as possible, is required to achieve further development c
these devices and enhance their efficiency.

The basic principle for obtaining a stimulated process is
to achieve positive feedback which causes instability. It was
previously assumed that feedback could be established i
vircators by means of electrons reflected from the virtual
cathode and returned to the cathode or even by means
charge density waves in the reflected b&afmHowever, it
was shown in Refs. 6 and 7 that this feedback only plays i
positive role at the initial stage of existence of the virtual IMI
cathode and then leads to the onset of strong electron bea L I ! L
turbulence near the virtual cathddend the radiative insta- 1 2
bility is quenched. b

There is thus a need to establish feedback artificially, no
using the reflected electron beam but by some other mean|
The simplest technical solution may involve deflecting a
small fraction of the microwave radiation generated by the
vircator and transporting it by means of a waveguide to the _f -
diode region of the vircator so that the microwave phase i :
“positive” near the cathode.

Gadetski et al® and Korovinet al1° examined various
design solutions for achieving positive feedback in vircators
using waveguides, although these systems are not symmet
cal and consequently are extremely cumbersome and nono
timal in terms of the parasitic inductances of the high-voltage]|
circuits. Dubinov et al!! proposed a vircator system in
which feedback is achieved in a system of internal coaxia
lines formed by a cylindrical slot in a catho@with the T T T T - -1
cylindrical part of the anod& protruding into this slotFig. 10.0 z,em  20.0
1a. A TEM microwave can propagate in these lines for

which the absence of dispersion may be additional advantadﬁG. 1. Sche_mat.ic of virgator with TEM feedbat® and matched electron

of this feedback system. ph_ase portral'(b),_ 1 — high-voltage |_nsu|ator2 - ca_thode,‘3 — ano_d_e
. grid, 4 — solenoid,5 — anode,6 — microwave exit window; the position

The aim of the present study was therefore to check thgg the detector for the azimuthal component of the magnetic figlet) is

efficiency of the vircator proposed in Ref. 11 and to examindndicated by the asterisk; | — virtual cathode.

]

7 P —— ‘
%
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Z
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time= 1.5 ns
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For these investigations we selected a method of com- The phase portrait of the beam shown in Fig. 1b shows
puter modeling using the well-known Karat electromagneticthat immediately after the planar section of the anode a vir-
self-consistent relativistic PIC codéThe modeled region is tual cathode forms in the tubular beam, approximately at the
as shown in Fig. 1a. point shown in Fig. la.

We assumed that a high-voltage pulse in the form of a  Figure 2 shows a typical calculated “oscilloscope trace”
high-voltage wave of amplitude 300 kV having a 1 ns leadingof the azimuthal component of the magnetic field(t) at
edge is applied to the catho@eand the vircator is located in the site of the detector, which reveals two characteristic sec-
the 5T magnetic field of a soleno{ which decreases to tions: the first sectiotapproximately 1 ns<t<2 n9 corre-
zero near the exit windov for the microwave radiation. sponds to the high-voltage line-charging wave when a pulsed
This magnetic field configuration was selected first, to forcevoltage is applied to the cathode while the second section
the beam drift electrons to reach the anode taibeclose the  (t>2 n9 corresponds to the generation of microwave radia-
charging circuit and second, to separate the Coulomb field afon. This behavior indicates that a microwave propagates in
the beam from the emitted microwave field in the cross secthe coaxial feedback lines, implementing a particular locking
tion near the window in calculations of the Poynting flux regime.
vector. The emission of electrodes from the cathode was de- The value ofs was varied in the calculatior{fig. 18 so
termined assuming that the extracting electric field near théhat the difference between the depth of the slot in the cath-
cathode is zero. ode and the length of the cylindrical part of the anode was

At the point indicated by the asterisk in Fig. 1a we constant(1cm and the position of the detector varied ac-
placed a “detector” to record the time profile of all the mi- cordingly.

crowave field components in the feedback line. Figure 3 gives the average power flux after 5ns in the
100
90
4 .
80 - [
1
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NE 1
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5 ]
—-—
; 50+ FIG. 3. Average microwave power flux as a function &f
= 40 - symbols — calculated values, solid curve — smoothed depen-
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cross section near the radiation exit window plotted as a*v. E. Vatrunin, A. E. Dubinov, and V. D. Selemir, Voprosy Atonino

function of §, from which it can be seen that this dependence Nauki i Tekhniki Ser. Teoreticheskaya i Prikladnaya Fizika No. 2,
- . - : 24 (1994

has a maXImum. and minimum corresponding .tO @fferent 5V. E. Vatrunin, A. E. Dubinov, V. D. Selemir, and N. V. Stepanov, in

phases of the microwave feedback wave and differing from | ectures on Microwave Electronics and Radio Physisok 2[in Rus-

each other by, =83.6 MW-cm™2/36.7 MW-cm 2~2.3. We siar], Saratov(1996, p. 89. )

note that an ordinary vircator without a slot in the cathode °A. E. Dubinov, V. D. Selemir, and A. V. Sudovisovlektronnaya Tekh-

- - : - : nika Ser. 1, SVCh-Tekhnika, No(469), 7 (1997).
and without a cylindrical anode section only gives 7A. E. Dubinov and V. D. Selemir, Pis'ma zh, Tekh. F4(4), 41 (1998

—2
40.9 MW-cm" <. _ S [Tech. Phys. Lett24, 142 (1998].
Thus, the results of this computer modeling indicate that®v. E. vatrunin, A. E. Dubinov, and V. D. Selemir, Pis'ma Zh. Tekh. Fiz,
the vircator proposed in Ref. 11 can produce a more efficient, 2223, 92(1996 [Tech. Phys. Lett24, 994 (1996,

b o . _°N. P. GadetsKi I. I. Magda, S. I. N#steter, Yu. V. Prokopenko, and V. I.
source of microwave radiation with controllable power, dem Chumakov, Fiz. Plazmyl9, 530 (1993 [Plasma Phys. Repl9,

onstrating all the ideas inherent in it. 273(1993].
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the work. of Technical Papers of the 11th IEEE International Pulsed Power Con-
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