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The dynamics of the morphology of porous silicon during anodization in hydrofluoric acid has
been investigated. The current-voltage characteristics and their variation with time as

well as the time dependence of the voltage in an electrolyte—silicon system are highly informative
for the construction of a general theory of pore formation in silicon. Attention is drawn to

the possible existence of a bifurcation in the transition to harmonic oscillatiohg ©)fin the

course of anodization. In this case, the laws governing the pore formation processes

before and after the bifurcation will obviously differ. ®97 American Institute of Physics.
[S1063-785(17)00103-1

Following the observation of various unusual new prop-development of a general theory of pore formation in silicon.
erties after special electrochemical treatment of silicon, conAn investigation of the current-voltage characteristics and
siderable interest has been shown in studying the characteheir variation with time, as well as the time-dependent be-
istics of this material, since its use offers the possibility ofhavior of the voltageJ(t) for an electrolyte-silicon system
returning to traditional, less expensive, silicon technologycan provide a wealth of information for developing a general
even in cases where other substances and materials have gémeory of pore formation in silicon. Information on the physi-
erally been used. Many studies have therefore focused on tltwchemical processes taking place in an electrolyte-silicon
physicochemical properties of this new material, known assystem during anodization can be gleaned from a study of
porous silicon, and on its behavior during fabrication. Thethe current-voltage characteristics, their time variation, and
processes taking place in the course of pore formation can ktee behavior olJ(t).
deduced from the dynamics of the main parameters of the In the present paper we investigate the dynamics of the
system and from the final morphology of the porous strucbehavior of the HR-type Si system during anodization in
ture. The dynamic behavior of the parameters of a hydromixtures of hydrofluoric acid and isopropanol in ratios of 1:1
fluoric acid (HF)-silicon (Si) system during the pore forma- and 1:3 by volume. Arguments are presented to support the
tion processes and aspects of the morphology of the findlypothesis that the complex behavior of the dynamic vari-
porous structure have not been examined sufficienthyblesU(t) and U(t) (U(t) is the time derivativein the
comprehensively” The dynamics of the behavior of the HF-Sj system indicates that bifurcations of the transition to
current-voltage characteristics obtained during the anodizahe limit cycle may exist in the systefrParticular attention
tion of lightly dopedn-type silicon was studied in Ref. 2. s focused on how the morphology of the porous silicon is
The potential-time curves plotted in Ref. 2 indicate that theinfluenced by anodization conditions for which the behavior
potential exhibits fairly complex nonlinear time behavior. of the system parameters may be described by different dy-
The morphological aspect of the problem was considered ipamics.

Refs. 3-5. The behavior of the pore formation process was The experimental method was described in Refs. 10-13
determined by a potential distribution with a maximum at theand the current-voltage characteristics and potential-time
end of the pore. However the equations determining the kicurves were recorded by a standard method using-R&
netics of the chemical reaction did not appear directly in thesjlicon samples. It was observed that when the following
expression for the pore growth rate. Approaches based on thgarameters were varied within specific ranges: temperature
random walk modé&made no explicit allowance for the po- (T) 20-40 °C, optical power density incident on sample
tential distribution. (J) 0.06-0.1 W/crR, current density <50mA/cn?, and an-

An original method was proposed in Ref. 7, based on adization time between 30 s and 5 min, for a specific 1:3
model which was developed in Ref. 8. However, althoughconcentration of HF-isopropanol electrolyte, the current-
the proposed model can account for the possible formation ofoltage characteristics exhibit clearly defined nonmonotonic
several types of pore morphologies, it cannot be treated afme behavior, so that the current-voltage characterigtic
definitive because the behavior of the transverse dimensiorsome parts therepbbtained at timer; after the beginning of
of the micropores as a function of the applied potential doeganodization is situated between the characteristics obtained
not agree satisfactorily with the experiment when describingt times7; and v, (where ;< 1,<73, see Fig. L For a 1:3
the formation ofn-type porous silicon. Note that at present HF-isopropanol electrolyte, the current-voltage characteris-
the theory of pore formation in silicon is far from compléte. tics exhibit an appreciable periodic rise and fall with time,

This reasoning indicates that there is a definite need fowhich is reflected in the nonmonotonic behavior of the char-
further studies of the system to evolve new approaches to thacteristics. Note that the general trend of the current-voltage
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FIG. 1. Current—voltage characteristics obtained during anodiza-
tion in a 1:3 by volume HF-isopropanol electrolyte:— immedi-
ately after the beginning of anodizatioh;— 1 min after the be-
ginning of anodization;3 — 2 min after the beginning of
anodization;4 — 3 min after the beginning of anodization. The
stabilized voltage was swept linearly at 10 V/s.
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characteristics with time is a rise along thaxis. exhibit oscillations on the descending partft) and the

The 1:1 HF-isopropanol electrolyte typically has a reso-amplitude of these oscillations increases as the isopropanol
nance curvel (t) whose amplitude depends on the param-content is increased and the illumination of the sample de-
eters of the systertFig. 2). The curve oU(t) corresponding creases. This effect is observed particularly clearly for
to the formation of the third type of morphologgee the j>20 mA/cn? (Fig. 2.
classification given in Refs. 10—)1Bas a clearly visible sec- The behavior ofU(t) changes radically when the elec-
tion of oscillatingU(t). For the curves ot(t) correspond- trolyte contains HF and isopropanol in the ratio 1:3 by vol-
ing to the formation of other types of morphology, theseume. Under certain anodization conditions, the cudyg)
oscillations still exist but are less noticeable. We stress thagxhibits clearly defined oscillating behavior. The amplitude
the phase diagram in the coordinaté&), U(t) correspond- and frequency of the oscillations depend on the parameters
ing tot—co is clearly a coiling spiral. It has been noted that of the systentin this case, on the illumination conditions of
the potential-time diagrams in the form of resonant curveghe silicon sample On the phase diagrams bf(t) versus
U(t) this motion will correspond to closed trajectories. All
the above reasoning supports the assumption that the cre-
ation of periodic motion in a HFa-type Si system exhibits a
! ? bifurcation, i.e., that limit cycles exist in this dynamic sys-

tem.
150 Note that the curvebl(t) for HF and isopropanol in the
ratio 1:1 describe the formation of a fairly uniform homoge-

120 neous structure of macropores with different types of mor-
phology depending on the choice of operating point on the

100 current-voltage characteristfc!? and the formation of the

% porous structure is entirely controllable by selecting the op-
erating point on this characteristic.

60 For the strictly oscillating curvél(t), the porous struc-
ture exhibits an inhomogeneous morphology and usually

40 consists of layers of pores of different length with self-
similar pore shapes on different scales, either a fairly unusual

20 alternation of the “shower” structure and a structure com-
prising a bundle of pores diverging from a common center

0 > - T . e 7 - (described in Ref. 14 as a ‘“cauliflower” structyrer a
1 2 3 4 5 6 7 8 PR “swallowtail” structure.

To sum up, we note that the transition to harmonic os-
cillations during anodization ofi-type Si may exhibit a bi-

FIG. 2. VoltageU versus timet in an electrolyten-type silicon system furcation for 1:3 by volume HF-i r nol electrolvt
obtained during anodization under various conditions for a 1:1 by volume urcation for a 1. y volume -isopropanol electrolyte.

HF-isopropanol electrolytet — curve ofU(t) corresponding to the forma-  1hiS is accompanied by radical changes to the morphology
tion of porous silicon with the zeroth type of morpholo@y— U(t) forthe  of the porous structure so that the relationships describing
first type of morphology3 — U(t) for the second type of morphologd—  pore formation before the bifurcation are clearly different

U(t) for the third type of morphology. Curves bf(t) for a 1:3 by volume i :
HF-isopropanol electrolytes, 6 — U(t) obtained under different conditions from those describing these processes after the establishment

of illumination of an anodized sample, where cur§ecorresponds to a  Of harmonic os_cillatigns ob(t). . _
higher illumination intensity than curve These relationships suggest that the behavior of this sys-
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Results are presented of studies of the photoluminescence properties of epitaxial layers of
Al,Ga _,As solid solutions grown by liquid-phase epitaxy with nonequilibrium crystallization
achieved by ultrafast rates of cooling of the fluX~10°—1C° °C/s). The

photoluminescence characteristics obtained indicate that the epitaxial layers are of high quality. It
is also observed that when samples withz = 0.5—0.55 are exposed to laser radiation of

power density~1 kW/cn? at a temperature of 77 K, the spectral composition of the radiation
undergoes irreversible changes caused by the formation of an arsenic vacancy

(Vag)-donor impurity complex. ©1997 American Institute of Physid$1063-785(7)00203-4

Solid solutions of AlGa, _,As are widely used to fabri- transition, and B samples having a high AlAs content
cate microelectronics and optoelectronics devices. In théx~0.60—0.65% in the buffer layer, for which the AlAs con-
method of liquid-phase epitaxy &ba,_,As—GaAs hetero- tent near the minimum corresponds to an indirect band-gap
structures are usually grown under conditions very close tstructure.
equilibrium. The last few years have seen the introduction of ~ The photoluminescence spectrum shown in Fig. 1 for a
a method of liquid-phase epitaxy where crystallization con-sample having an AlAs contert=0.26 in the buffer layer is
ditions far from equilibrium are achieved by ultrafast cooling typical of all samples in the first group. It can be seen that
of the flux? It was shown in Ref. 2 that these crystallization the spectrum has two peaks. The short-wavelength peak is
conditions alter various parameters of the layers such as ti@ssigned to emission from that part of the sample having the
thickness, the depth distribution of the composition, and théninimum AlAs content while the long-wavelength peak is
carrier concentration. In the present paper we report resu|@_ttributed to emission from the substrate. The spectral pqsi-
of an investigation of the photoluminescence properties ofion of the short-wavelength peak can be used to determine
epitaxial layers of AlGaAs solid solutions grown by non- the composition of the AlGa _,As solid solution corre-
equilibrium crystallization achieved by ultrafast cooling of SPOnding to this emission. We used the following relation
the flux at rates of- 10°— 10% °C/s (Ref. 2. linking the photolumlnescenqe radiation energy with the

The photoluminescence characteristics were investigated!AS content in the solid solutiof:
by pumping the samples with radiation from an LG-106 ar-
gon laser K pym=0.54m) at temperatures of 77 K and 2 K. Ep(77 ©=1.508+1.44%, (1)

The pump power density was varied in the.range 10_1009vhereE | is the photon energy at the maximum and the
Wicn?. The samples consisted of a multilayer structure P

‘ db GaA<100 sub hich composition of the AlGa _,As solid solution. The AlAs
ormed Dby ann- 4100 substrate, on which was grown content calculated according to formuB agrees well with
an Al Ga, _,As buffer layer ,,+=0.05—0.6% of constant

“ the value ofx determined by secondary ion mass spectros-
composition, followed by an AGa, _,As layer whose com-

F k X ’ h copy. For example, for a structure wity = 0.26, whose
position varied with thickness, grown under conditions Ofphotoluminescence spectrum is shown in Fig. 1, the AlAs

ultrafast variation in the temperature of the liquid phase. lt;ontent calculated according to formul®) is 12.6 mol%,
should be noted that regardless of the aluminum content igpile that determined by secondary ion mass spectrometry is
the buffer layer, the AlAs distribution of the layer of variable 11 .8 mol%. The experimentally determined half-widths of
composition has a characteristic minimém. the photoluminescence short-wavelength maximurhy,
Figure 1 shows photoluminescence spectra of samplegere 12—50 meV. It should be noted that the lowest values
having different AlAs contents in the buffer layer. The insetAhy=12 meV were observed for samples having a fairly
shows the typical distribution of AlAs over the thickness long (~0.3um) region of almost constant composition near
(d) of these structures. The samples may be divided intghe minimum. These values dfhv indicate that the epitax-
three groups: 1L samples having an AlAs content in the jal layers grown under conditions of ultrafast cooling of the
buffer layerx=<0.45, for which the value af near the mini-  flux are of high quality.
mum corresponds to a direct band-gap structure of the Al The photoluminescence spectra of the third type of
xGa_4As solid solution; 2 samples having an AlAs content samples typically reveal a low-intensity short-wavelength
in the buffer layer 0.5:x=<0.55, for which the value ok band. This band is attributed to recombination of carriers in
near the minimum is close to the direct-indirect band-gaghe indirect-gap material AGa, _,As. Some contribution of
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FIG. 1. Photoluminescence spectra measured Tat= 77 K for i~
AlL,Ga,_,As epitaxial layers with different contentsin the buffer layer. 0.55 0.59 0.63 067 071 075
The inset shows a typical distribution of AlAs over the thickness of the A, UM,
structure.

FIG. 2. Photoluminescence spectra of a sample wjth=0.5 recorded at

T =77 KandT = 2 K: 1 — initial spectra,2 — modified spectra.
direct radiative transitions in the indirect-gap material from

theI' minimum of the conduction band and of indirect ra-

diative transitions from théX minimum of the conduction However, when the sample temperature was reduced to 2 K,
band could also be detected in the spectrum. For exampl&€ €xciton line again dominated in the photoluminescence
for the sample withx,s = 0.65 these are the peaks at SPectra(Fig. 2b. At the same time, laser annealing of the
A ma=0.584um andA ;= 0.607«m, respectively(Fig. 1). sampl_es at the same pump power densities at room tempera-
The most interesting effects in the photoluminescencéure did not cause any significant changes to their photolu-
spectra were observed for the second group of samples witijinescence characteristics. Possible mechanisms for this be-
a value ofx near the minimum for which the composition havior at 77 K were examined by us in Ref. 5 and were
dependences of the direct and indirect band 951556)0 and Aattributed to the optically induced annealing of defects and
Ex(x), respectively intersect. A typical photoluminescence also to a recombination-generation process of impurity dif-
spectrum of this type of sample with = 0.5 recorded at a fusion WI'[h. the. formation of an arsenic vacancy
pump power density of-50 W/cn? is plotted in Fig. 1. The (Vas)-donor impurity complex. ,
photoluminescence spectrum of this sample is shown in To summarize, an IHV?StIgatlon of the .photolummes-
greater detail in Fig. 2. It can be seen from Fig. 2 that the?®nce characteristics of epitaxial layers obtained under con-
spectrum consists of a group of high-intensity peaks neafitions of ultrafast cooling of the flux has indicated that these
A~0.61um. A similar spectral structure was observed inl@yers are of high quality. _
Ref. 4 for Al Ga _,As layers grown by vapor-phase epitaxy 't has also been observed that when samples xyj =
from metalorganic compounds and was interpreted as bourfgt>—0-55, i-€., withxy, near the minimum close to the
exciton photoluminescend@ Fig. 2b,\;, o= 0.597«m) and direct—indirect band gap transition, are exposed to laser ra-
several phonon replicas. These spectra are characteristic @tion with a power density of-1 kwien? at 77 K, the
high-quality layers. spectral composition of the radiation undergoes irreversible
An interesting feature of this second group of Samp|e§hanges associated with the formation of an arsenic vacancy
was an irreversible change in their photoluminescence chaf-Yas) —donor impurity complex. _ _
acteristics when the pump density was increased to 1 kw/ 1his work was supported financially by the Russian
cn? at 77 K. Figure 2 also shows the photoluminescencézund for Fundamental Research, under Project No. 96-02-
spectrum of a sample after exposure to this “laser anneall 7/8642a.
ing.” The spectrum was modified by an abrupt drGap-
proximately twentyfoldl in the intensity of the exciton line

. 1A, V. Abramov, N. G. Deryagin, and D. N. Tret'yakov, Semicond. Sci.
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Dynamics of field dislocations and disclinations in a few-mode optical fiber. Ill.
Circularly polarized CP 1, modes and L disclinations

A. V. Volyar, T. A. Fadeeva, and Kh. M. Reshitova
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(Submitted November 11, 1996
Pis'ma Zh. Tekh. Fiz23, 14-20(March 12, 199Y

It has been found experimentally and theoretically that when a stepped-index few-mode optical
fiber is excited by a circularly polarized Gaussian beam, linearly polarized pureLgdge

and L, disclinations are generated in the guided wave fields. The azimuths of the linear
polarization of these disclinations rotate in the direction opposite to the rotation of the
disclination axes. When the axes of theandL, disclinations are mutually orthogonal, a pure
screw dislocation is created. When the axes are collineat, taed L, disclinations

annihilate and a pure uniform circularly polarized edge dislocation is generated, its axis coinciding
with the axis of the disclinations. Reversal of the circular polarization of the excitation

changes the sign of the angles of orientation of the pure edge dislocations and disclinations, and
also reverses the azimuth of the linear polarization and reverses the sign of the topological
charge of the pure screw dislocation. The physical mechanism for the rotation of the disclination
and dislocation axes is attributed to the optical Magnus effect in a few-mode fiber. The

rotation of the plane of polarization of thg andL, disclinations and the screw dislocation

reflects the appearance of the Berry topological phase accompanied by a cyclic change in the
orientation of these disclination axes. ®97 American Institute of Physics.
[S1063-785(17)00303-7

The formation of optical vortices in a few-mode fiber et=[é+(003<p—5,821Z)+Coi(p—(A,8
is directly related to the excitation of circularly polarized
fields. Known simple wave combinations are linearly +5B21)z]exp{iA,82})+é‘(cos(<p+ 6B212) —cog ¢
polarized (the LP;; mode$ (Ref 1). Thus the fields of the . .
LP;; modes must be combined with the orthogonal linear T(ABT 5Bz z]expliA Bz} IFrexpli Bz}, @
polarizations to describe the excitation of circularly ynhere
polarized fields at the entrance to a fiber. This wave combi-

nation will subsequently be called the circularly polarized 0B2,—0B1 ~ ~ OB~
CP,; mode. Bu=——% 1 Pi=Bt——5
It was shown in the first part of this work that any
change in the field of the LR mode is determined by the AB=6B4—58B5, 2

interaction of the perturbation fields of orthogonal pure edge
circular C" disclinations. The formation of GPmodes from e* ande™ are the unit vectors of the circular polarization,
two LP;; modes can now be described by fa@i disclina- JB; are the polarization corrections of the HEi=1),
tions. Summation of these disclinations creates new types dfMo; (i=2), and Tk, (i=4) modes. For a graded-index
vector wave defects. The evolution of these new vector defiber in the first approximation of perturbation thebr\Aye
fects or disclinations will characterize the wave changes ohave 6B8,=688,=0 and from Eq. (1): e=e"
the CR; modes propagating in an inhomogeneous medium.X €0s(— 3521 F1(R).

The aim of the present study is to make an experimental A uniformly circularly polarized CP® mode with a

and theoretical investigation of the properties of vector dePure edge dislocation is formed in a fiber having a parabolic
fects — disclinations — in the GP modes of a few-mode refractive index profile and propagates without any change in
fiber polarization state or type of dislocation. The axis of this dis-

1. Let us analyze the optical field of a few-mode fiper 10€ation is rotated through the angje= 5,z in the cross

which is uniformly circularly polarized at the entrance. From sectionz=z. If @ graded-index fiber is excited by left

he f i) ; ; circularly polarized light, a uniformly left-circularly polar-
the four possible types of Lipmodes we can construct four o yave field with a pure edge dislocation will propagate

types of CR, modes of different parity and direction of cir- j, the fiber. The axis of the dislocation is rotated through the
culation. Without loss of generality, we shall select the everyngle y= — 58,z in the cross section=z,. This process is
right-circularly polarized CP™ mode for our analysis. The due to the simultaneous creation of four circularly polarized
field of this mode, being the result of the summation of twopure C* edge disclinations in two orthogonal LPmodes.
orthogonally polarized LR modes, may be expressed in the These disclinations rotate at the same angular velocities but
form: the pair of C™ disclinations are in antiphase and cancel out,
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FIG. 1. Distribution patterns of the intensityleft) and
the degree of linear polarizatiom (right) of the field of
the circularly polarized CR mode. The distributions
I(p,¢) and n(p,¢) correspond to the fiber cross sec-
tions A Bz, in the phase interval between 0 and The
white on the#(p,¢) patterns indicates circular polar-
ization and black indicates linear polarization.

forming a pure rotating edge dislocation. The other pair ofyy= — §8,,z. If the fiber is excited by left circularly polar-
C* disclinations are in phase and amplify each other byized light, a pure screw dislocation is created with—1
interference. and its linear polarization is oriented at an angle
In a stepped-index fiber the polarization correctionsy= + 58,.z. When A Bz=mr, the axes of the, andL,
88, and 58, for the TEy, and TMy; modes in the LR group  disclinations are parallel and a pure edge dislocation is cre-
differ and the dynamics of the dislocations and disclinationsated with its axis oriented at the angje= 58,z (this coin-
is described by expressidf). Figure 1 shows field patterns cides with the dislocation axis of an equivalent graded-index
for the intensity and polarization states of the;CRode. In  \aveguide. Reversal of the circular polarization of the ex-
this field combination the term@™* disclinations cannot be citing beam changes the sign of the angléFigure 2a shows
used, since the fiber field is only circularly polarized in the phase portrait of the evolution of theandL , disclinations
planes wheré\ fz=ma (m=0, 1, 2...). In theother cross py analogy with the phase portraits of thé disclinations
sections the light does not become circularly polarized for, the first part of this work The phase curves were obtained

any azimuthal angleg. T_hus for the_ ca_lculatio_ns we us_ed rom expressior(1) and the condition that the third Stokes
the term, the degree of linear polarization, which is defineq,_ . o iS,=i(E,E* —EXE,)=0 for the linearly polar-
x=y X =y

asz=(1-|Q[)/(1+]Ql), whereQ is the eccentricity. Itcan j L, andL, disclinations. The intersections of the spiral

be seen from Fig. 1 that linearly polarized lines appear on the ) : .
2 ! ; curves correspond to the creation of linearly polarized pure

pattern of polarization states of the field cross section. Thesgcrew dislocations with the topological charge +1. The

lines are linearly polarized at their instant of creation, one ) . Polog '

alongy and the other along, but as they propagate, they joining points of the solid and dashed curves correspond to

| ’ the creation of circularly polarized pure edge dislocations.

rotate at different angular velocities. The directions of linear 5 ) i L de of the d
polarization of these lines also rotate but in the opposite - An experimental investigation was made of the degree

direction. We called these lines puig andL, edge discli- of linear polarizationy as a function of the azimuthal angle

nations by analogy with the disclinations of the fields in free® In @ few-mode fiber for various sections of lengthThe
spac&? since forL, the electric field is Irfe,(z=0)]=0 measurements were made using an experimental setup and a

Ree,(z=0)]=0 and for L, it is Im[e(z=0)]=0, few-mode fiber whose parameters were described in the first
Ree,(z=0)]=0. part of this work. The CB®” mode was formed at the en-

In Fig. 2b the solid curves giving the degree of lineartrance to the fiber by passing a Gaussian beam through the
polarization# as a function of the azimuthal coordinage  hologram of an edge dislocation and a quarter-wave plate.
describe the theoretically calculated evolution of the polar-The results of the measurements given by the experimental
ization state of the CF* mode. The motion of the peaks of points in Fig. 2 show that excitation of a few-mode fiber by
these curves reflects the dynamics of theand Ly disclina-  circularly polarized light is associated with the creation of
tions. It can be seen from Fig. 1 and Fig. 2b that fortwo linearly polarized disclinations rotating in the same di-
ABz=ml2+mm, where the axes of the, andL, disclina- rection at different angular velocities. The angles of orienta-
tions are orthogonal, a pure screw dislocation is generatetion of the linear polarizations rotate in opposite directions to
with the topological charge= + 1, its field being uniformly  the rotation of the disclinations. It was found experimentally
linearly polarized with the vectoe having the azimuth that uniform linear polarization is observed at the length
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FIG. 2. a — Phase portrait of the evolution bf and L, disclinations
plotted in polar coordinates. The fiber lengtlis taken as the polar radius

2=003m

Z2=076m

2=020m

so=18 cm, which is approximately a quarter of the beat
lengthA,=27/A B. However, the azimuths of the linear po-
larizations of theL, andL, disclinations could not be con-
structed for fiber lengths of the order of 4 m. This is because
four natural modes whose propagation constghtare irra-
tional numbers participate in the formation of the and

L, disclinations’

It was found that no cross-sectionally uniform circular
polarization orthogonal to the initial polarization state is ob-
served in the emission of the ¢ mode. In addition, the
charge of the screw dislocations at then{(2 1)A /4 cross
sections does not change sign during evolution of the field.

An interference experiment showed that in the fiber
cross sectiong= (2m-+ 1)w/4A B pure edge dislocations are
formed whose topological charge changes sign when the cir-
culation of the exciting-beam polarization is reversed.

The physical mechanism for rotation of the axis of an
edge disclination is explained by the optical Magnus e¥fect
for few-mode fibers. The rotation of the plane of linear po-
larization of theL, andL, disclinations is attributed to the
Berry topological phase accompanied by a cyclic change in
the direction of the disclination axis.

This work was partially supported by the International
Soros Program for promotion of education in the exact sci-
ences(ISSEB, Grant N PSU062108.
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L, disclination b — degree of linear polarization versus azimuthal coor-
dinate ¢ for various fiber lengths and the phade= A Bz. The solid curves

give the theory and the crosses give the experimental values.
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Atomic distribution function of macroscopically isotropic objects in diffraction analyses
N. I. Gulivets, A. V. Bobyl’, A. I. Dedoborets, and B. |. Peleshenko

Scientific-Industrial Organization, St. Petersburg State University
(Submitted December 4, 1996
Pis’'ma Zh. Tekh. Fiz23, 21-26(March 12, 199y

When the atomic distribution function is determined by regularization of the Tikhonov equation

in diffraction analyses of macroscopically isotropic objects, the introduction of a weighting
function can significantly reduce the oscillating component associated with the measurement error
and the existence of an upper limit on the wave vector fluctuations. The proposed procedure

is demonstrated for the diffraction analyses of metallic melts. 1997 American Institute of
Physics[S1063-785(17)00403-3

A so-called structure facta@(s), wheres is the modulus  whereB(s) is a positive monotonically decreasing function
of the change in the wave vector accompanying scattering, isn [0,s,,] and « is the regularization constant. Variation of
widely used in various types of diffraction analysisray,  Q with respect top(x) reduces the problem to the following
electron, and neutron diffraction analysiThe basic equa- Tikhonov equation:
tion used to study the atomic structure of macroscopically . .
isotropic objectis usually written as J gD(X)de "B(s)sin sxsinsr ds+ ap(r)e(r)

0 0

a(s)=1+s‘1f:4wr(p(r)—po)sin sr dr, (1) _ FmB(s)j(s)sinsr ds -
0

where pg is the average atomic density of the sample and-, B(s)=1, Eq.(5) yields
p(r) is the atomic density at the distancefrom an arbi- '

trarily selected atom. Relatiofl) can be used to obtain the [* Sin s, (r—x) 2a
difference radial atomic distribution function (¥ (r—x) dx+—p(r)e(r)
2 * . 2 Sm., .
(p(l’)E47TI’(p(I’)—p0)=; j s(a(s)—1)sinsr ds. =;j j(s)sinsr ds. (6)
L 0

2
@ The right-hand side of Ed6) is frequently considered to be

Since the measurements of the scattering intensity contaf@qual to the unknown functioq(r), which is obviously sat-
some error and are performed up to some upper value of thgfied provided there is no experimental error &g .

moduluss,,, the dependence(r) contains oscillating er- We shall take the functioB(s) in the form
rzo_rz), which are particularly appreciable for small(Refs. B(s)=exp — Bs2), 0>s>s,, @

In the present paper the functigp(r) is obtained by and we shall assume that the error of the approximation
transforming Eq.(1) using a weighting function in the re- 2 )
sidual of the Tikhonov smoothing functionaf.By variation fsm 2 ( m ) ;{ X )
exp(— Bs7)cossx dss=k|—| exp —-— 8
of its parameter, this function is used to obtain the kernel of 0 M= ps) 4 4B ®
the Tikhonov equation in the form of an exponential function

from the smoothing functional. The proposed procedure jdS no greater than the experimental error for gikeclose to

demonstrated for the diffraction analysis of metallic melts. Unity- In addition, apart from>0, the following condition

We transform Eq(1) to give is satisfied for the functio7)

Sm BS ) ) 2 1/2
foc(p(r)sinsr dr=j(s), 3 |f0 (GXI{7)j(S)—j(S)> dX] >4, (9

0
which ensures that the experimental values of the structure
where j(s)=s(a(s)—1) and we construct the zeroth-order factor are moderately distorte@lurred. The value of the
Tikhonov functional parameters is selected as follows. First we determine the
highest value of3 satisfying condition(9) and then we
verify condition(8) for k=1. If necessary, we decreaseso

Sm 0 2
= 2 i a
Q fo B (s)(J' e(x)sinsx dx—j(s)| ds

0 as to satisfy conditioni8). It was calculated that the value of
B satisfying condition(8) for k=1 and the required erraf
o ; 2
+ N e(r)dr, 4 is ~2m/sy,.
aJo PN @ Then we obtain from Eq5)
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FIG. 1. Difference atomic distribution function of Cu
melt at 1393 K:1, 2 — right-hand side and solution of
Eq. (6); 3, 4 — right-hand side and solution of E(L0),

respectively.
[ (r—x)? 2u the _values of the right-hand side o_f E®), appreciabl_e de-
(4mpB) __e(x)exp — a3 dx+—p(r)e(r) viations are observed on the leading edge of the first peak

(for smallr) as well as less significant deviations for other
2 (Sm s . values ofr. These deviations are caused by the right-hand
:;fo e " j(s)sinsrds (10 side of Eq.(6) differing from the true functiomp(r) since the
former is a convolution with an approximate form of the
The right-hand side of Eq10) differs from that of Eq(6) in  Dirac §-function (i.e., with the function sirg,y)/(a)). As
that its extrema are broader, although their position and th@/as noted, the result of this convolution is especially notice-
area below the curves are the same. able on the wings of the principal peak of the right-hand side
The most efficient method of solving Eq$) and(10)  of Eq. (6), where appreciable oscillations are observed and it
for ¢(r) is to solve the appropriate systems of linear equais thus preferable to use the solution of Ef0). Another
tions. In this case, the problem reduces to solving the systefactor is that the oscillating component increases appreciably
of equations fore(r) at the quadrature points and then in- in the solutions of Eqs(6) and (10) for a=0, i.e., in the
terpolating the values obtainéd:he matrix of the system of apsence of regularization, but for the solution of E&).this
equations to solve Eq10) is simpler than that for Eq6). It~ component is fairly large even for optimum valuesdafor
is a band matrix, and experience shows that several tens @fq. (10). A similar situation is encountered in the diffraction
solutions of the system is sufficient to find the regularizationanalyses of other macroscopic isotropic objects.
constant, which is fairly economical on computing time. Thus, when determining the atomic distribution function
The proposed procedure can be demonstrated for the diby regularization of the Tikhonov equation in diffraction
fraction analyses of the structure factor of a copper melt ahnalyses of macroscopically isotropic objects, the introduc-
T = 1393 K (Ref. 3. Figure 1 shows graphs of the right- tion of a weighting function can significantly reduce the os-
hand sides of Eqs6) and(10) calculated using the results of cillating component associated with the measurement error
Ref. 3 and also the corresponding solutions¢gr). Equa-  and the existence of an upper limit for the wave vector fluc-
tion (10) was solved using the valug=0.08 A"%, which  tuations. Without this weighting function the procedure leads
provided the required accuracy. The criterion for optimiza-to broadening of the peaks of the atomic distribution func-
tion of the regularization constant was taken &s tion.
de, The authors would like to thank S. G. Konnikov, R. N.
QH’ =min,~g. (11 Kyutt, and R. A. Suris for useful comments. This work was
supported by the Russian Fund for Fundamental Research,
According to Eq.(11), the optimum regularization constant Project No. 18563.
to solve EQ.(6) is aq,=0.49 whereas to solve EGLO) for
the given value of the optimum regularization constantis ' - '
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Influence of the purity of the starting materials on the recording of dynamic holograms
in Bi 1,TiO,, crystals

Yu. B. Afanas’ev, E. V. Mokrushina, A. A. Nechitailov, and V. V. Prokof'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg; University of Joensuu,
P.O. Box 111, SF-80101, Joensuu, Finland
(Submitted November 27, 1996

Pis'ma Zh. Tekh. Fiz23, 27-32(March 12, 199y

The parameters of BjTiO,, crystals grown with bismuth oxide of different degrees of purity
were measured by a holographic recording technique in an external ac electric field and

were compared with a crystal specially doped with chromium. Various crystal parameters such
as the diffusion length of the photoexcited carriers and the Debye screening length were
determined. It was found that the absorption spectrum of the material and the holographic
recording efficiency were strongly influenced by light chromium doping and by

insufficient purity of the starting mixture. €997 American Institute of Physics.
[S1063-785(M®7)00503-X

Piezoelectric crystals with the sillenite structure exhibitintensity of the optical beams varied as a result of self-
electrooptic coefficients considerably inferior to those ofdiffraction (two-wave mixing.
ferroelectric photorefractive materials but may have compa- It is known' that in this casgsubject to the condition
rable two-wave mixing efficiency. This circumstance arisesr<7._<r7.5, Where 7 is the lifetime of the photoinduced
from the relatively long mean free path of the photoexcitedcarriers andr. is the characteristic grating recording time
carriers, which means that holograms can be recorded effthe two-wave gain factor is given by
ciently in an external ac electric fiefdn this case, the field
of the recorded grating depends strongly on the material pa- . 7 Eq 1+Qu(E/Eg)?
rameters such as the diffusion length of the free carriers ~  U,, K2L2 1+Qp(E/Eg)?’
(Ly) and the Debye screening lengthy), so that these
parameters can be determined very accurately by a holovhereE =K(kT/e) is the diffusion field K is the modulus
graphic technique. It was shown in Ref. 2 that even a smalbf the wave vector of the grating, is the Boltzmann con-
impurity content(less than 0.001 wt.%originating from the  stant,T is the absolute temperaturejs the electron charge,
inadequate purity of the starting mix ture strongly influenceQq4 p= KZLS,D/(1+ KZL(Z,’D), andU, , is the half-wave volt-
the holographic recording efficiency in aBliO,, (BTO)  age of the material.
crystal because of the reduced diffusion length An in- The dependence of the grating amplitude on the spatial
vestigation of sillenites lightly doped with chromium re- frequency determined by expressi@®) has a maximum at
vealed that in all cases, a negligible-0.0001 wt.% chro- K=K5 and its form depends on the values lof and
mium content in the starting mizture reduces the diffusionLp, where to a first approximation the diffusion length de-
length of the photoexcited carriers, but the effect of this im-termines the growth rate &_((K) at low spatial frequencies
purity differs very substantially for BTO and BBiO,, while the screening length determines the rate of decay for
(BSO) crystals. In BTO the two-wave mixing efficiency was K>Kp.«. These characteristics allow us to determine the
reduced sharply whereas in BSO, it was increased slightlgiffusion and Debye lengths by measurihigK) and using
because of a decrease in the Debye screening léngth. these values as fitting parameters.

In the present paper we compare how the properties of The BTO crystals were grown by the Czochralski
BTO crystals are influenced by different degrees of purity ofmethod from a high-temperature nonstoichiometd®:1)
the initial bismuth oxide and by light doping with chromium Bi,O3:TiO, melt at the A. F. loffe Physicotechnical Institute
atoms. The parameters of the materials were determined as ¢f the Russian Academy of Sciences. The samples were cut
Ref. 3 by measurements of the spatial-frequency deperin standard geometry: the polished faces were parallel to the
dences of the two-wave mixing efficiency. The samples weré110 plane and an ac electric field was applied along the
illuminated by an interference pattern formed by tig@gnal [110] axis. The thickness of the samples and the average
and referencecoherent light beams at 0.68m. The optical  distance between the electrodes were 6 mm and 4 mm, re-
intensity at the surface of the crystal varied between 3 and 38pectively.
mW/cn?. The ratio of the signal and reference beam inten-  Four BTO single crystals were grown using starting ma-
sities was around 0.01. A square-wave ac electric field with derials of different degrees of purity. Crystals BTO 1, BTO 2,
period =160 ms and amplitude up to 6 kV was applied to and BTO 3 were prepared using extra pure, analytical grade,
the sample in the direction of the grating vector. The plane ofind pure bismuth oxide, respectively. Crystal BTO 4 was
polarization of the recording beams was oriented at an anglgrown from extra pure bismuth oxide to which 0.001 wt.%
of 45° to the plane of incidence. In this case a volume reCr,O; was added. The chromium concentration in the start-
fractive index grating was recorded in the sample and théng material and in the as-grown crystals was determined by

@
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TABLE I. Crystal parameters.

Grade of Chromium content, wt.% Diffusion length, Debye screening
bismuth oxide Initial mixture Crystal pum length,um
BTO 1 extra pure <5x107° <5x107° 0.25 0.10
BTO 2 analytic grade 1410°* 1.0x10°* 0.07 0.11
BTO 3 pure 3.x10°* 3.0x1074 0.033 0.11
BTO 4 extra pure with 8%10* 7.6x10°* 0.031 0.15

107 3 wt.% CI’203

photometric chemical analysfthe minimum detectable con- influence on the absorption spectrum as chromium but do
centration was %107 ° wt.%) (Ref. 4. The analytical re- also reduce the diffusion length,: the chromium concen-
sults are presented in Table I. tration in BTO 3 is 2.5 times lower than that in BTO 4 but

Figure 1 shows absorption spectra of crystals BTO 1the diffusion length is the same in both crystals and is almost
through BTO 4 measured with an SF-8 spectrophotometer. Bin order of magnitude lower than in the pure BTO 1 crystal.
can be seen that unlike BTO 1, the crystals grown from indt was also established by means of chemical analysis that
sufficiently purified materials exhibit stron@50—-880 nm  the iron content in the pure bismuth oxide fluctuates in the
and weakel(880—1060 nmabsorption in the near infrared. range (+2)x 10 3 wt.%, which is almost an order of mag-
At the same time, the addition of 0.001% Cr to the extra purenitude higher than its content in the extra purg@j. It may
bismuth oxide yields a similar absorption band profilewell be that iron, as well as chromium, reduces the diffusion
(BTO 4). lengthL, in crystal BTO 3.

Figure 2 gives the two-wave gain factor as a function of It should be noted that in this case, the Debye screening
the spatial frequency of the recorded grating. The symbolgength, which is inversely proportional to the bulk density of
give the experimental data and the solid curves show th&ee traps, is almost independent of the impurity content.
theoretical dependences calculated according to expressidmus in insufficiently pure BTO crystals the two-wave gain
(2) using the lengthd 4 and Lp as fitting parameters. A in an ac field is low(unlike BSO:Cr crystafswhere both
comparison of curves, 2, and3 obtained for the same fields Ly and Ly decrease proportionatejyi.e., a low impurity
reveals that the two-wave gain factor depends directly on theontent in a BTO crystal does not influence the trap density
purity of the bismuth oxide. A low chromium impurity has a but other parameters of the photoinduced carrigrebility
similar effect(crystals BTO 3 and BTO 4 have the same pa-and trapping probabilifyon whichL 4 depends.
rameters so the curves were obtained for different fields so  The following conclusions can therefore be drawn:
that the curves did not merge on the figure - chromium is most likely the main low-concentration

The values obtained for the diffusion length of the pho-impurity (up to 10 2 wt.%) influencing the absorption spec-
toexcited carriers and the Debye screening length are algoum of BTO crystals;
given in Table 1. - specially introduced chromium impurities as well as

It can be concluded from the data plotted in Figs. 1 andnsufficient purity of the initial mixture give rise to a char-

2 and presented in Table | that even in small quantitiesacteristic absorption band in the near infrared and substan-
chromium is one of the main impurities strongly influencing tially reduce the diffusion length of the photoinduced carri-
the absorption spectrum of BTO crystals. However, it shoulcers, without altering the Debye screening length in BTO
be noted that crystals BTO 2 and BTO 3 obviously containcrystals;

other types of impurities which do not have such a strong - in consequence, impurities of low concentration in

FIG. 1. Absorption spectra of crystals grown with bismuth oxide
of different degrees of purityBTO 1—- BTO 3 and also of a crys-
tal specially doped with chromiugBTO 4).

560 640 720 800 880 960 1040 1120 A, nm
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FIG. 2. Two-wave mixing gain factor in an external ac field: curteg,
and3 correspond to crystals BTO 1-BTO 3 with a fiddd= 9 kV/cm, and
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BTO crystals(unlike BSO reduce the two-wave mixing ef-
ficiency in an ac field.

The nature of the different influence of low-
concentration impurities on the properties of BTO and BSO
crystals may form the subject of a further study.

The work was partially supported by the Russian Fund
for Fundamental Research.
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Anisotropy of ®3Ni diffusion in single-crystal silicon iron in a static magnetic field
A. V. Pokoev and D. I. Stepanov

Samara State University
(Submitted September 27, 1996
Pis’'ma Zh. Tekh. Fiz23, 33—38(March 12, 199y

An investigation is made of the influence of a static magnetic field on the diffusiéiNofin
single-crystal silicon iron. It is established that the diffusion coefficient depends on the
annealing temperature, the external magnetic field strength, the direction of the Ni concentration
gradient, and the crystallographic orientation of the sample, but does not depend on the
direction of the field. ©1997 American Institute of Physid$$1063-785(17)00603-4

In our view, studies of impurity diffusion in ferromag- diffusion coefficient IID="f(1/T) become highly nonlinear
netic metals in a static magnetic field are of major interest irand it is no longer meaningful to plot them.
connection with the diffusion magnetic anomaly whose prin- Figure 1 shows field dependences of the relative diffu-
cipal features were described in a revitand with clarify-  sion coefficientD,(H) =Dy /Dy o, WhereDy, is the diffu-
ing the influence of exchange interaction on the diffusionsjon coefficient of*Ni in single-crystal silicon iron at fixed
mobility of atoms in ferromagnetic materials. According to temperature and magnetic field strengthandD,_, is the
existing models, whose development can be traced in Refgjiffusion coefficient without a magnetic field at the same
2-5, the nature of the diffusion magnetic anomaly is relatedemperature, for two orientations of the silicon iron single
to the magnetic ordering of the ferromagnetic material. Ancrystals and different temperatures. These field dependences
external static magnetic field may alter the degree of magexhibit various characteristic features: in weak static mag-
netic order in the ferromagnetic material and thereby influnetic fieldsD , increases with the field but in the range near
ence the diffusion mobility of the impurities. saturation of the magnetizatior),, decreases, and at
Impurity diffusion in ferromagnetic metals such as Fe,H=557.04 kA/m is less than unityor D,,<1). This agrees
Co, and Ni in a static magnetic field has been very littlewith the results of Ref. 7. In intermediate fielBs, has one
studied. In Ref. 6 we observed that grain-boundary diffusiorprincipal peak and in many cases, unlike diffusion in poly-
of %Ni in polycrystalline Armco iron at 730 °C is slowed in crystalline Armco irorf, another small side peak. Note that
a magnetic field of 399.4 kA/m. In Ref. 7 we reported thethe average level db(H) values for thg110] orientation
first systematic investigations of grain-boundary and bulkunder these conditions is 1.5-2 times higher than that for the
diffusion of ®Ni in polycrystalline Armco iron in a static [100] orientation, i.e., the static magnetic field has a greater
magnetic field of 0-399.4 kA/m at temperatures of 730 °Cinfluence on thé3Ni impurity diffusion for the[110] orien-
and 860 °C, which revealed a honmonotonic dependence @étion.
the diffusion parameters on the static magnetic field strength. Measurements were usually made for from two to four
An analysis of data on Ni impurity diffusion in iron and its samples at each temperature and each fixed value of the mag-
diffusion magnetic anomaly, contained in Refs. 1, 8, and 9netic field in order to verify this behavior. The results
and also data on the diffusion of this isotope in a static magshowed good reproducibility within measurement error.
netic field’ reveals that the diffusion coefficients are pre- The influence of the direction of the external static mag-
dominantly measured in coarse-grained polycrystalline ironnetic field on the diffusion 0¥*Ni was assessed by additional
In the present study, with a view to eliminating the structur-experiments in which the plane of the diffusion front of the
ally related factor associated with the presence of grairsamples was placed perpendicular to the magnetic (bl
boundaries in the samples and also to improve experimentalsual measurementand parallel to it(additional measure-
accuracy, we have used a radioactive isotope method for theents, and also for the forward and reverse directions of the
first time to measure the diffusion coefficient®Ni in [100] magnetic field. Measurements of the diffusion coefficients
and[110] oriented single-crystal silicon irof2.4 at.% Sj in made at fixed temperature and field strength showed that
a magnetic field. within measurement error tH&Ni diffusion coefficients do
The samples were prepared by the method described inot depend on the direction of the static magnetic field.
Ref. 10. The diffusion coefficient was measured by the fa- At temperatures above the Curie point the measurements
miliar method of residual activity proposed by P. L. showed that the diffusion coefficient &Ni in single-crystal
Gruzin!! The measurements were made in the temperatursilicon iron for either orientation does not depend on the
range 660—860°, extending into both the ferromagnetic andhagnetic field strength and within measurement error is the
the paramagnetic states of silicon ir@ime Curie point of same as its value without a field: the relative diffusion coef-
silicon iron is ~755 °C; Ref. 12, for diffusion times of ficient of ®Ni under these conditions varied in the range
0.75-30 h and static magnetic fields of 0-557.04 kA/m. TheD.942<D =<1.059.
measurement error for the diffusion coefficient was 6%. These results yield the following conclusions. The effect
When an external static magnetic field is applied at temof a magnetic field orf*Ni impurity diffusion in single-
peratures below the Curie point, the Arrhenius curves of therystal silicon iron is determined by the annealing tempera-
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ports our previously expressed opinion that a concentration
magnetic mechanism is responsible for the diffusion of mag-
90000 - ggg :g netically active impurit_ies. in ferromagneti(? materials in .the
4o80s — ;gg :g presence of a magnetic field The use of single crystals in
xkxes — 740 °C this study allowed us to identify finer details of the behavior
of the diffusion coefficient as a function of the field.

Variation of the diffusion coefficient in a static magnetic
field may also be caused by changes in the magnetic ordering
of the diffusion medium, changes in the defect concentration
and their diffusion properties in the diffusion medium in a
S magnetic field, and by magnetostriction-induced deforma-
&~ 7 Tt A tions of the matrix and accompanying effects in a static mag-
netic field. These factors contribute to varying degrees and in
different directions depending on the diffusion conditions,
which is responsible for the nonmonotonic dependence of
the diffusion coefficients on the static magnetic field. At tem-
peratures above the Curie point, where these factors are ab-
sent or suppressed in ferromagnetic materials, the magnetic
H, kA/m field ceases to influence the measured diffusion coefficient.
Before a rigorous systematic analysis can be made of this
effect, we need to construct and apply a model of the effec-
tive field in a ferromagnetic material which would allow

. fairly accurately and comprehensively for its temperature de-
%‘3‘}2: 328 »8 pendence, the impurity concentration, and the characteristics
ehaes T 199 :g of the domain structure of a ferromagnetic material in a static
rewkx ~ 740 ° magnetic field at elevated temperatures. Unfortunately no
such models exist at preséfitA detailed analysis of these
problems and possible mechanisms for the influence of a
static magnetic field on impurity diffusion in silicon iron
requires separate consideration which is outside the scope of
the present paper.

The authors are grateful to Dr. J. Kara and Dr. Y.
lijima for kindly supplying reprints of their articles.
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Deposition of thick YBa ,Cuz;0O5_, films on sapphire with a sublayer of cerium oxide

E. K. Hollmann, V. I. Gol'drin, V. E. Loginov, D. A. Plotkin, S. V. Razumov,
and A. V. Tumarkin

St. Petersburg State Electrical Engineering University
(Submitted December 6, 1996
Pis'ma Zh. Tekh. Fiz23, 39—-43(March 12, 199y

A report is made on the results of experiments to prepare,€B#D,_, films up to 2.6um
thick on AlL,O;/CeO, with good structural perfection and electrophysical parameters19@r
American Institute of Physic§S1063-785(17)00703-9

Films of the high-temperature superconductorinclusions may have a beneficial effect on the structural per-
YBa,Cu;0,_, (YBCO) offer great promise for applications fection of the main phase by acting as sinks for defects and
in microwave technology. However the fabrication of micro- stoichiometrically excess atoms. It was shown in Ref. 6 that
wave electronics devicgsuch as filters and phase rotajors at the initial stages of film growth, the concentration of di-
requires films of high structural perfection and superior criti-electric inclusions varies nonmonotonically in the range be-
cal parameters, while the film thickness should be greatetween <10" and 1§ cm 2 and is determined by various
than the London penetration depth, which increases as thgeposition conditions. L
structural perfection of the film deteriorates. According to  The YBCO films were deposited on AD; [1102] sub-
estimates made in Ref. 1, the minimum thickness of YBCOstrates with a CePsublayer of mixed001)/(111) orienta-
films for microwave electronics is 0.am. However an in-  tion in a planar dc magnetron in an, .00 Pa atmospheré.
crease in thickness leads to the formation of a block structur®he substrate temperature was maintained around 650 °C
in which, above a certain thickness, blocks with the crystaland did not increase with increasing film thickness. The dis-
c axis perpendicular to the surface,( are displaced by charge current was raised from 100 to 400 mA in the first 30
blocks with thec axis parallel to the surfacec(). Films  min and was then maintained at this level. The deposition
oriented in thec| direction have critical parameters inferior time was between 5 and 40 h.
to those for films oriented in the, direction, and the exis- The thickness of the films measured with a Dektak-3030
tence of blocks of different orientation leads to anisotropy ofprofilometer was 0.29, 0.62, 0.94, 1.3, and 2 for films
the film properties in the plane parallel to the surface andyrown for 5, 10, 15, 20, and 40 h, respectively. Thus the rate
increases the surface resistance. For different substrates apfl deposition of the films was estimated as 10.7 A/min
methods of deposition the thickness at which preferentially+ 59%.

c, -oriented growth is replaced kg growth is in the range The structural perfection of the samples was analyzed by
0.3-1.5um (Refs. 1-3. This transition may be caused by x-ray diffraction analysis (Rigaku Geigerflex series
cooling of the film surface as the thickness incredses-  D/max-RC using Cuk radiation, \=1.5418 A. The dif-
laxation of mismatch stresses between the film and théraction patterns of all the films indicate a fairly well-ordered
substraté, and also by the fact thaty growth is kinetically ¢, -oriented structure: all (0) peaks can be seen and the full
preferred. Ac| nucleus generated on the substrate graduallyidth at half maximum fw) of the rocking curve of the
covers the entire surface of the growing film, and at a thick{005) peak is less than 1.1°. Severdl0Q) peaks are also
ness of~1um almost all the film iscH—orientedZ. A factor  observed(Fig. 1), which indicates that the film contains
common to all experimental observations and proposed aggrains of thec-oriented phase.

proaches is that the concentration of teoriented phase The relative volume ot-oriented grains was estimated
always increases with film thickness. by a technique proposed in Ref. 1. The intensities of the

In the present paper we aim to examine the possibility o{005 peak(for ¢,) and (200 peak(for c), normalized to
obtaining YBaCu;0;_, films of thickness greater than 0.5 the corresponding theoretical intensities measured for pow-
pum with superior electrophysical characteristics and strucder samples, are compared and the results are plotted in Fig.
tural perfection, and we shall present results demonstrating. A decrease in the relative intensity of tt890) peak with
the feasibility of obtaining entirelyc, -oriented films 2.6 film thickness may be interpreted as a reduction in the rela-
um thick. tive volume ofc;-oriented inclusions. It can be seen from the

The growth of multicomponent oxide films, especially variation of the full width at half-maximum of th@05) peak
YBCO superconductors, is accompanied by the formation ofFig. 2) that as the volume ofj-oriented inclusions de-
other compounds as well as the growth of the main phase&reases, the crystalline perfection of tbg-oriented phase
These compounds, which for YBCO are dielectric oxides ofimproves and for a film 2.aum thick the full width at half-

Y, Ba, and Cu, form island inclusions in the film of depos- maximum of the(005 peak is 0.47° with noc-oriented
ited material. These dielectric inclusions may well cause nanclusions.

deterioration and may even enhance the superconducting It may be postulated that the relative volume of the
properties of the films,depending on their dielectric prop- cj-oriented phase decreases with film thicknasstil it dis-
erties, size, and concentration. In addition, these dielectriappears entirely at 2.6m) because the growth of the film is
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ponent flux, and the process condmons ensure preferentlzgllnd electrophysical characteristics, acceptable for applica-
growth of thec, -oriented phasépossibly due to inclusions tions in microwave electronics

of foreign phases It.c.:an therefore be concludgd that under This work was supported by BMDF/VDI, Project No.

these process conditions the structural perfection of the f|Im6

) ; . . 029850(Germany.

improves with thickness. It should be noted that the quality

of the “thin” films (0.3 and 0.6um) was poor. However this

stabilization of thec, orientation and improvement in the ;F- Vassenden, G. Linker, and J. Geerk, Physici76 566 (1991).
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doubtedly of interest and has not been observed before.  3g sjevers, F. Mattheis, H. U. Krebs, and H. C. Freyhardt, J. Appl. Phys.
The microwave properties of these films were assessed7s, 5545(1995.

by measuring the surface resistariRgof the samples at a 4@-714(-1335)“’ S. N. Basu, and R. E. Muenchausen, Appl. Phys. Béft.

frequency of 60 GHz at 77 K using a copper cavity résona-sy y rian” | p. Guo, L. Liet al, Appl. Phys. Lett65, 234 (1994.
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films up to 2.6um thick, having good structural perfection Translated by R. M. Durham
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Photodeflection and photoacoustic microscopy of cracks and residual stresses induced
by Vickers indentation in silicon nitride ceramic

K. L. Muratikov, A. L. Glazov, D. N. Rose, J. E. Dumar, and G. H. Quay

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996
Pis'ma Zh. Tekh. Fiz23, 44-52(March 12, 199y

The feasibility of using photodeflection and photoacoustic microscopy to detect subsurface lateral
and vertical cracks, as well as residual internal stresses induced by Vickers indentation in

silicon nitride ceramic has been investigated. It is shown that the normal component of the
photodeflection signal can be used to detect lateral subsurface cracks and the tangential
component to detect vertical cracks. It is established that the sensitivity of the photoacoustic
method to residual internal stresses arises from the dependence of the elastic parameters or the
coefficient of thermal expansion of the silicon nitride ceramic on the internal stresses.

© 1997 American Institute of PhysidsS1063-785(07)00803-3

Studies of the mechanical properties of ceramics are nowal formation and for comparing the effectiveness of various
attracting serious attentidrinterest in these materials stems methods. Only in Ref. 12 were several photothermal tech-
from the extensive scope for using them in a wide range ohiques used to study cracks near indentation zones as well as
practical application$.One of the most effective approaches surface defects. However, the only results obtained were
to the study of ceramics is based on the indentation methodsome preliminary results for zirconium-bas€@0% and
The system of radial and lateral cracks, as well as the interndliC-based(30%) ceramics and silicon-filled SiC ceramics.
stresses formed in the system may be utilized to determine In the present paper we therefore propose to study sili-
the mechanical parameters of the material. In particular, theon nitride ceramics by means of a combined approach based
lengths of the growing radial cracks may be used to deteren using both photodeflection microscopy and photoacoustic
mine the fracture toughness of the matetial. microscopy with a piezoelectric method of recording the sig-

It has now been established that optical methods are natal. Such a combination of methods is expedient because
always capable of providing accurate information on thetheir mechanisms of signal formation are different. In the
lengths of vertical crack&® and for ceramics in particular photodeflection method the signal is formed by the thermal
more reliable information may be obtained by photothermakction of the exciting radiation on the obj&tt*whereas the
methods. It was demonstrated in Refs. 4 and 5 that a photghotoacoustic method also records information on its elastic
deflection method can be effectively used to determine th@roperties:®
lengths of vertical cracks. The detection of lateral subsurface An experimental investigation was made of the cracks
cracks in nontransparent ceramics induced near the indentand residual stress fields induced by Vickers indentation in
tion zone presents serious difficulties, and it was shown irsilicon nitride ceramic made by hot pressiidypical con-

Ref. 6 that a photoacoustic gas-microphone method may biggurations of cracks and strains induced by Vickers indenta-
used for this purpose. tion in ceramics are given in Refs. 1 and 6. The sample was

In addition to cracks, indentation generates residual inindented using loads between 5 and 30 kg. An image of the
ternal stress fields. In transparent materials these internakea of the ceramic to be studied was obtained by scanning
stresses may be detected by polarization metfiduls, in  the sample along two coordinates. The size of the scanned
nontransparent materials this is a more complex problem. Itegion was 328 320 um with a step of Sum along the two
was demonstrated in Refs. 8 and 9 that electron acousticoordinates. Thermal waves and acoustic vibrations were ex-
microscopy can be used to visualize residual stresses in Si@ited in the sample by radiation from an LGN-503 argon
based ceramics. However, the physical mechanism for visuaser modulated by an ML-201 acoustooptic modulator. Ra-
alization of these internal stresses was not explained. A phddiation from a Meles Griot 05-LHP-151 He—Ne laser was
toacoustic method with a piezoelectric detection techniqueised for readout.
was used in Ref. 10 to detect internal stresses induced by Thermal-wave images of the area near the indentation
Vickers indentation in 3N,—5%Al,0;—-5%Y,0; ceramics. zone were obtained by a photodeflection technique using
In this case it was assumed that the photoacoustic signal wé®th the normal and tangential components of the signal.
related to the nonlinear elastic properties of the ceramic. Ifrigure 1 shows an image obtained from the normal compo-
Ref. 11 however, the influence of the internal stresses on theent of the photodeflection signal for an area near the inden-
photoacoustic signal was attributed to a dependence of th@tion zone in silicon nitride ceramic after a load of 20 kg. It
thermal conductivity on the internal stresses. can be seen that the image produced by the normal compo-

Unfortunately, the studies of cracks and thermal stressesent accurately reproduces the structure of the subsurface
in ceramics reported so far have usually been based on onlgteral cracks and is fundamentally similar to the images ob-
one photothermal method. This considerably limits the scopéained by the gas-microphone mettolowever, unlike the
for obtaining detailed information on the mechanisms of sig-gas-microphone method, the structure of the vertical cracks
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FIG. 2. Image of silicon nitride ceramic near Vickers indentation zone,

FIG. 1. Image of silicon nitride ceramic near Vickers indentation zone, . A - . .
obtained from the normal component of the photodeflection signal: a —O.bta'nEd frqm the tangentlal component of the PhOtOdEﬂECt'On signal: a—
signal amplitudeb — signal phase. The modulation frequency of the excit- signal amplitudeb — signal phase. The modulation frequency of the excit-

ing radiation was 3.5 kHz and the distance between the laser beams was ﬂﬁ%rad'at'on was 3.5 kHz and the distance between the laser beams was 22
mm.
am.

between this image and those obtained previously by elec-

is also fairly well resolved on the normal photodeflectiontron acoustic microscopy shows that they are very similar.
image. In particular, the bright regions near the ends of the vertical

Figure 2 shows an image of the same indentation zoneracks correspond to zones of residual internal strésses.
recorded with the tangential component of the photodeflecHowever, the use of both the photodeflection and photoa-
tion signal under similar conditions. A distinguishing feature coustic methods in the present case allows us to draw further
of these images is the considerably better contrast for theonclusions. For instance, it can be seen from Figs. 1 and 2
vertical cracks. For example, at a thermal wave frequency athat no characteristic features are observed near the ends of
3.5 kHz, the contrast of the image of the vertical cracksthe vertical cracks on the photodeflection images. It can thus
obtained in the phase of the tangential component of thée stated that the thermophysical parameters of silicon ni-
photodeflection signal is 30—50 times higher than that usingride ceramic do not show any strong dependence on the
the phase of the normal component. At the same time, in thaternal stresses that might give rise to substantial changes in
images obtained using the tangential component of the phdahe photodeflection signal. Thus the photoacoustic signal in
todeflection signal the sensitivity to the subsurface laterathis material clearly cannot be formed by the mechanism
cracks is retained. However both experimental and theoretiproposed in Ref. 11, but is primarily associated with the
cal results show that this sensitivity is somewhat lower thardependences of the elastic parameters and the coefficient of
that of the normal component of the photodeflection signal othermal expansion on the residual internal stresses. However,
the photoacoustic signal obtained with a gas-microphonéurther experiments are required to clarify the relation be-
cell. tween the photoacoustic signal and the elastic parameters or

Figure 3 shows an image of the area near the indentatiothe coefficient of thermal expansion.
zone obtained by the photoacoustic method, where the piezo- At the same time, the strongly defined characteristics
electric signal is recorded using PZT ceramic. A comparisorobserved in Fig. 3 near the end of the vertical cracks may be
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region. However, an additional difficulty encountered when

using the photoacoustic signal is that one must allow for the
real distribution of the residual stresses at the surface of the
sample near the ends of the cracks.

On the whole, these results show that a combination of
the photodeflection and photoacoustic methods of studying
indentation zones in silicon nitride ceramics can provide im-
portant information on the structure of subsurface lateral and
radial cracks, and also on the residual internal stresses. To
study the vertical cracks, it is best to use the tangential com-
ponent of the photodeflection signal and for the subsurface
lateral cracks it is best to use the normal component.

This work was partially supported by the United States
Army European Research Center.

Ywe used NC132 silicon nitride ceramic made by Norton Ceramics Corpo-
ration.
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Electroluminescence induced by synchronous sinusoidal variations of the electric field
and uniaxial mechanical stress in a lead magnesium niobate relaxor ferroelectric

N. N. Krainik, S. A. Popov, S. A. Sushko, and S. A. Flerova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
Dnepropetrovsk State University
(Submitted December 17, 1996

Pis'ma Zh. Tekh. Fiz23, 53-57(March 12, 199y

Changes in the electroluminescence intensity and kinetics are recorded in lead magnesium
niobate crystals excited by a sinusoidal electric field and the synchronous action of uniaxial
mechanical stresses in the frequency range of inelastic mechanical relaxation. The results
are of interest for the development of optoelectronic tensometry and new lines of research on
relaxor ferroelectrics. ©1997 American Institute of Physids$$1063-785(17)00903-9

Studies of the polarization states in inhomogeneous Figure 1 shows oscilloscope traces of the time behavior
ferroelectric media exhibiting relaxor properties are attract-of the exciting electric field and the luminescence intensity
ing close attention among researchers because of the imparbserved withoufa) and with synchronous applicatigh, o
tance of the general problem of inhomogeneous states arf a sinusoidal mechanical stress. A comparison of the elec-
the various technical applications of these materials, espdroluminescence intensity tracégt) without and with the
cially materials based on the model relaxor ferroelectric lead
magnesium niobate, PbMgNb,,; (PMN).

Particular interest is being directed toward studying the
properties of these materials under applied electric fields and
mechanical stresses at temperatures directly above those of
the macrodomain ferroelectric state, since this is the range in
which the strongest effects are observed, which are of tech-
nical importance and are caused by mechanisms of polariza-
tion switching similar to ferroelectric domain mechanisms
(see, e.g., Ref. 1. These effects also include the elecctrolu-
minescence generated as a result of adiabatic recmbination of
nonequilibrium carriers whose formation is associated with
changes in the domain and heterophase strucfures.

In the present paper data are reported for the first time on
the electroluminescence in PMN crystals exposed to the syn-
chronous effect of sinusoidal variations of the electric field
and mechanical stress.

The crystals were grown by a modified method of spon-
taneous crystallizatioh.An electric field E=Egsin ot and
the mechanical strese=o+ ogSinwt (the angular fre-
guency isw=27f) were applied in th¢001] pseudocubic
direction (o||E) and the optical radiation was recorded in a
{100 direction. The electric field was applied by means of
InGa electrodes and the mechanical stress was created by a
method similar to that used in Ref. 5. The sample was
clamped in a special sandwich-type crystal holder under the
initial uniaxial stresso; between two piezoelements to one
of which was applied an electric voltage synchronous with
the exciting electric field. The second piezoelement was used
to determine the variable mechanical stresses developed mG. 1. Synchronous oscilloscope traces of the exciting electric field and
the crystal holder. The measurements were made at rooﬁlleqtro!uminescence pf a PMI_\l_crystaI unc_ier va'rious excite}tiop condit.ipns.
temperature in fields below the critical value inducing FheE’;f;;?g;ﬁ:gé::ﬁf;gﬁzgﬁ'“gﬁ;’pfj?ks'tr:t?:s:r{i;);iz:egg:sg?f:e;g'“ng
macrodomain stateThe field was applied to the crystal in kgicn? (a, b, 0; peak value of ac component of mechanical stresses,
an inhomogeneous state and containing local polar spontane;=65 kg/cn? (b, o); frequencyf of sinusoidal electric field(a, b, ¢ and
ously deformed regions. The frequentyf variation of the sinusoidal me;chanical stresses in kHz: Gapb) gnd 8.0(c); the channels of
electric field and the mechanical pressure was 3-10 kHz, i_e:_Ee SI-77 oscnloscop(.e record‘mg_ the electrlc field and the Iumlnescence _have
. . . . . . s e same zero levels; the gain in the luminescence recording channel is 2.5
in range of intensive rela ation of the dielectric polarization (imes higher for tracesa and b compared with tracec; temperature
and inelastic mechanical relaxation. T=293 K; D — section of depolarization luminescence.
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application of static compressier= o, reveals that the pho- fects in PMN crystals are caused by strongly interacting pro-

topulse parameters are almost the same as for excitation bycasses of polarization switching in which the same crystal

pulsed electric fiel§. When an ac stress of amplitude atomic groups participate. These domain-like processes

oo=0 is applied to the crystal, the luminescence amplitudecaused by synchronous variations of the electric field and

Annax Of every secondfirst) pulse is reduced by 25—-30% and mechanical stresses are accompanied in an inhomogeneous

the kinetics ofA(t) changegsee Figs. 1b and ]lc medium by interacting changes in the local electric fields and
In the absence of the ac component of the mechanicahacrodeformations, also including electrostrictive deforma-

stress, the repetition frequency of the luminescence pulses i®ns.

twice the frequency of the exciting sinusoidal field and each  Further studies of the electroluminescence induced by

individual pulse develops in the time intervals between thesynchronous variations of the electric field and mechanical

two closest values of the phaser+ A (n is an odd number, stress would be interesting in connection with advancing our

A <) (Ref. 3. If we disregard the negligible unipolarity of ideas on the changes in the local electric fields and mechani-

a real sample, the conditions for the generation and develomwal stresses and their mutual influence in inhomogeneous

ment of two neighboring pulses are identical. In the experiferroelectric media. The strong interaction observed between

ments reported in the present paper the ac mechanic#iese processes opens up the possibility of using electrolu-

stresses, which are compressive on the two nearest branch@imescence for independent measurements of varying me-

(for example, betweem/2 and 37/2 and between 3/2 and  chanical stresses.

57/2), have first time derivatives of different sign. As the This work was partially supported by the Russian Fund

compression increases, the luminescence pulse remains & Fundamental Research, Grant N 96-02-16893.

most constant but when the compression decreases, the de-

polarization of the crystal changes. A reduction in pressurela. g. Glazounov, A. K. Tagantsev, and A. J. Bell, Phys. Re%3811281

(relative dilatation of the crystpldelays the decay of the 2(81926-F| < Ap NN, Kk O, E. Bochk d AP

pOIanzeq statgsee Fig. 1c, parD), which .det.ermmes the Lz'ize{rev,e::(?\z/é"rvérd.. Tecl)g_oz;/r;ingirad 27, 3&92.(15850[(:80\7\/;3??;3. Solid

change in the photopulse development kinetics and the de-giae27 2108(1985],

crease in the luminescence amplitude. These changes exhilfi§. A. Flerova, A. Yu. Kudzin, O. E. Bochkov, and N. N. Km, Fiz.

clearly correlated amplitude-frequency dependen¢sse Tverd. Tela(Leningrad 31, 123 (1989 [Sov. Phys. Solid Stat81, 243

framgs b and ¢ .m Fig.)L WhI.Ch .SqueStS t.hat inelastic m.e_ 4I(.lElit.g?\/l].yl’nikova and V. A. Bokov,Crystal Growth[in Russian, Vol. 3,

chanical relaxation of domain-like formations plays an im- ayad. Nauk SSSR, Moscowd 961, pp. 438—446.

portant role in this relaxor. 5S. A. Flerova, A. Yu. Kudzin, O. E. Bochkov, and N. N. Knék, Pis’'ma
Thus, mechanical stresses varying synchronously with Zh- Tekh. Fiz.14, 1960(198§ [Sov. Tech. Phys. Letll4, 850(1988].

an electric field significantly influence the nature and inten- ;gf]]Pfgﬁ;ﬁzrggffgg'ec"'c Effectedited by G. A. Smolensk(in Rus-

sity of domain-like collective reorientations of the polariza- 7p_vieniand, S. J. Jang, E. Cross, and M. Wuttig, Philos. Maty.835

tion accompanied by various processes of nonequilibrium (1991).

charge carrier formation. The luminescence recorded in thisN- N- Krainik, S. A. Flerova and S. A. Popov, Fiz. Tverd. Telznin-

case cannot be considered to be the result of a simple sum9ra9 2 2845(1987 [Sov. Phys. Solid Stat29, 1636(1987)

mation of the electro- and tensoluminescence since these effranslated by R. M. Durham
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High-power HF laser pumped by an electron-beam-initiated chemical nonchain reaction

E N. Abdullin, A. M. Efremov, B. M. Koval'chuk, V. M. Orlovskil, A. N. Panchenko,
E. A. Sosnin, V. F. Tarasenko, and A. V. Fedenev

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted December 4, 1996
Pis'ma Zh. Tekh. Fiz23, 58—64(March 12, 199Y

The development of a high-power HF laser pumped by a chemical nonchain reaction initiated by
a radially converging electron beam is reported. A radiation energy 1f5 J with an

efficiency of ~8% in terms of deposited energy has been achieved in a mixture with an active
volume of ~30 liters. It is shown that because of the high; SIEnsity, the total pressure

jump in S—H,(D,) mixtures caused by the electron beam injection and the chemical reactions
is several times smaller than that in the active mixtures of exciplex lasers for the same

input energies. This factor considerably facilitates the development of wide-aperture HF and DF
lasers with an Sffluorine donor pumped by an electron-beam-initiated chemical nonchain
reaction. ©1997 American Institute of Physids$1063-785(107)01003-3

1. Chemical lasers, especially the HF lage~2.6—3.2  with reflection coefficients of 9%, 33%, and 27%, respec-
pm), pumped by chain and nonchain reactions have beetively in the ~3 um range.
studied since 1965The most important results obtained up The energyAW transferred to the gas from the electron
to 1982 are summarized in Refs. 2 and 3. Electron beam$&eam and from the chemical reaction was determined from
discharges, optical radiation, and other methods are used tbe pressure rise in the laser chamber after injection of the
initiate the chemical reactions. The highest pulsed and spdeam'®!! The pressure jumpAP was recorded with a
cific output energies have been achieved for HF laser6MDKh-3B mechanotron. The values &fW were calcu-
pumped by chain reactions. However, HF and DF chemicalated using the relation
lasers pumped by nonchain reactions are more suitable for
many applications because they are simpler and safer to op- AW=0.36oCVAP. @

erate, although they have inferior energy characteristics. Re- : .
cent years have seen a considerable upsurge in interest in fﬁgrep Is the gas den§|ty ata ter.n.perature of 273 K and a
pressure of 760 toriC is the specific heat at constant vol-

study of chemical lasets® because of new possibilities for )
y P ume, andV is the gas volume. For $Fwe havep=6.5

using lasers with superior energy characteristics in the infra- . . .
re dg P 9y g/liter and the specific heat at constant pressure is

In the present paper we report results of experiment 1=0.659 J/gdeg(Ref. 12. SettingC,/C~1.33, we obtain

investigations of a wide-aperture &H, laser pumped by a rom Eq. (1)

radially converging electron beam. A radiation energy of AW=1.15VAP, )
~115 J has been obtained with an 8% efficiency relative to

the electron beam energy deposited into the gas. whereAW is in joules,V is in liters, andAP is in Torr.

2. For the experiments we used a compact laser with an  The laser radiation energy was determined using two
active volume of~ 30 liters, which had previously delivered |MO-2 calorimeters positioned at different points in the laser
an output energy of-100 J using XeCl (A=308 nm and  output beam and TPI-2M calorimeters which were used to
KrF* (=249 nm molecules® The electron accelerator measure the energy distribution over the cross section of the
with vacuum insulation used to generate a radially convergoutput beam when studying lasing in XeCl and KrF lasérs.
ing electron beam from four velvet cathodes was describedthe radiation energy for an optimum $R, = 8:1 mixture
in detail in Ref. 11. All the results presented below werewas measured by two IMO-2 calorimeters simultaneously
obtained for the following parameters: charging voltage ofwhen the accelerator was first switched on, so that the distri-
the nine-stage pulse voltage generator 80 kV, voltage acrossution of the radiation energy over the cross section of the
the vacuum diode~400 V, beam current~-40 kA, and  output beam could be determined.
length of beam power pulse at half-maximurb00 ns. Un- 3. The main results are plotted in Figs. 1 and 2. Figure
like in Refs. 10 and 11, here the pulse voltage generator waga gives the energy deposited in the gas, which was deter-
positioned horizontally so that height of the optic axis couldmined from the pressure jump in an &, working mix-
be reduced to 80 cm. The active volume of the laser chambeure and pure S§ plotted as a function of pressure up to 1
was ~100 cm long and 20 cm in diameter. The working atm. In Sk the energy deposited in the gas stops increasing
mixtures consisting of hydrogen and SWwere prepared in - at~0.6 atm(curve2) whereas in the Sf~H, mixture (curve
the laser chamber. Several types of cavities were used. Thg, the deposited energy is higher at the same pressures and
opaque mirrors consisted of plane and concave spherical Adontinues to increase with pressure. The energy difference
mirrors, as well as a gold-coated plane mirror. The exit mir-(3) between curved and 2 corresponds to the energy re-
rors were plane-parallel NaCl, KRS-5, and KRS-6 platedeased by the chemical reaction. It can be seen that this en-
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FIG. 2. Laser radiation energy versus pulse number in one portion of
2r o [’ SF;:H, = 8:1 mixture at a pressure of 0.45 atm.
(k X the wall and the axiswe needed to use exit mirrors with
widely differing reflection coefficients. Estimates indicate
| % that then the working mixture pressure-sl atm and the
radiation energy is distributed nonuniformly over the laser
ot 0‘5 bt 1' 4 Pl atm output beam, the total laser energy should-b200 J.
. ’

Figure 2 gives the radiation energy in one portion of the
working mixture as a function of the number of pulses. As
FIG. 1. Energy deposited in g& and specific radiation energy on the axis expected, the maximum radiation energy and efficiency are
of the laser chambeb) versus pressure of g, = 8:1 mixture(, 3, 4) or  gchjeved in the first pulse. In subsequent pulses from the
SF; (2): 1 — total input energy of electron beam and chemical reaction; , . . L
2 — input energy from electron bears; — input energy from chemical third onward, the drop in the laser radiation energy from one
reaction. pulse to another does not exceed 20%.

An important feature of the working mixture of HF and
DF chemical lasers pumped by an electron-beam-initiated

ergy increases almost linearly with the pressure of the workehemical nonchain reaction in $Eixtures is the compara-
ing mixture and at 0.45 atm accounts fer20% of the tively small pressure jump in the gas when the electron beam
energy deposited by the electron beam. is injected and the chemical reaction takes place. For in-

Figure 1b shows the specific laser radiation energy of astance, when the pressure of the;$7=8:1 mixture was
SK;:H, = 8:1 mixture plotted versus pressure. The cavity,~1 atm, the pressure jump was only 0.046 atm, whereas for
which was optimized for this experiment, was formed by aargon(used as the buffer gas in most electron-beam-pumped
plane opaque gold-coated mirror and a plane-parallel KRS-gxciplex and excimer lasers: gas densgity 1.78 glliter, spe-
plate, and the radiation energy was measured on the axis effic heatC=0.519 J/gdeg; Ref. 12the pressure in the laser
the laser chamber. Our task was to obtain the highest specifigthamber increases substantially and may rupture the dividing
radiation energy on the axis of the laser chamber. It can bévil. Assuming thatC, /C~1.67 for argon, Eq(1) yields for
seen from Fig. 1b that the highest specific radiation energyhis laser
on the axis of the laser chamber is achieved at a mixture
pressure of 0.45 atm. Under these conditions, the maximum AW=02VAP. 3)
specific laser radiation energy of5 J/liter was recorded ata That is to say, the pressure jump for the same input energies
distance of 1-3 cm from the foil and the total radiation en-in argon will be almost six times greater than that iy SF
ergy was~ 115 J. An increase in the pressure of the working 4. In summary, we have investigated a wide-aperture HF
mixture from 0.45 atm to 1 atm was accompanied by arlaser pumped by a chemical nonchain reaction initiated by a
increase in the energy deposited in the gas from the chemicahdially converging electron beam. A pulse energy-df5 J
reaction(it was approximately doublgdand also in the en- with an efficiency of~8% in terms of deposited energy have
ergy deposited by the electron bedby ~20%). The total been achieved with a no more than twofold difference in the
radiation energy and the specific radiation energy near theadiation energy density over the cross section of the laser
foil also showed an increase. However, the distribution of theoutput beam. It has been shown that because of the high
radiation energy over the laser output beam became moi®8F; density, the total pressure jump caused by injection of
nonuniform, and for some parts of the active volutnear the electron beam and the chemical reaction is several times
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Precipitation of mobile copper from Cu  ,_,Se samples under impact loading
M. A. Korzhuev

A. A. Bakov Institute of Metallurgy, Russian Academy of Sciences, Moscow
(Submitted November 20, 1996
Pis’'ma Zh. Tekh. Fiz23, 65—-69(March 12, 199y

It has been found that the rate of copper precipitation from samples of the superionic conductor
copper selenide, Gu,Se, exposed to impact loading is substantially higher than that

under static pressure. This effect is attributed to the action of excess pressures and temperatures
at crystal grain boundaries during the plastic deformation of the samples under impact.

© 1997 American Institute of PhysidS1063-785(107)01103-§

A characteristic feature of superionic conduct@slid  impact loading time I~ 200) for our samples did not
electrolyte$ is their high ionic mobility, and thus many of exceedt=0.2—1 s.
the effects observed in them are unusual for sdifi®re- When the samples were overpressed under impact, the
cipitation of mobile copper from the solid solution matrix composition of the Gu,Se alloys changed signifi-
(Cup_Se—Cu,_,_,,Set Cu, Ax>0) has been observed cantly (x— 0.2) (curvesl and2, Fig. 2. The observed effect
as a result of pressif@r plastic deformatichof the superi-  may be caused by the excess pressure and temperature at the
onic conductor copper selenide £ySe, which exhibits Hertz points of instantaneous contapt&p, T*>T, where
mixed electronic p-type) and ionic(via the copperconduc-  p gndT are the average pressure and temperatererated

tivity. o ] when the crystal grains slip past each other because of over-
In the present study it is observed that under impachyessing(curve5, Fig. 2 (Refs. 9-11
loading the rate of copper precipitation from a,CySe solid The condition of sample compactness ceases to hold dur-

solution may be increased substantially by the effects of exing overpressingthe diffusion lengtid decreases in the limit
cess pressure and temperature at crystal grain boundarigs crystal grain sizes which reduces the characteristic cop-
dUring the plastic deformation of the Samples under imﬁact.per precipitation timer. The copper precipitated from the
Polycrystalline samples of Gu,Se (x=0.005 and 0.01, samples under impact loading was observed as microprecipi-
which correspond to the boundaries of the range of homogeates withd~1—3 wm in intergranular spaces and not at the
neity of the compound at the test temperatunesre ob-  syrface of the samples and the die, as under prolonged static
tained by ampoule synthesismpact loads P=5x10" P8 |oading (Fig. 1) (Ref. 3. The size of the crystal grains in
were applied to the sample {8 mm) in steel dies 5 mmin  these samples was~100um so that the time needed for
diameter(Fig. 1) at temperature =300 K (T<T¢) and 450  precipitation of copper from a grain is estimated as
K (T>Tc) (hereT¢c=413 K is the temperature of the supe- t3o0(4s0y— 100(0.01) s.
rionic phase tranSitidnAfter each impaCt measurements of The mechanism for precipitation of copper from
the thermoelectric power***¢ were used to determine the cy, Se under impact is therefore as follows. As the
sample compositionx’ and Ax=x'—x (to within  samples undergo overpressing under impact, the pressure
+0.0015) (Ref. 7). The dies had either flat or conical ends and temperature are increased at the Hertz points of instan-
(90° vertex anglg® In the former case the sample experi- taneous contadurves, Fig. 2 and the mobile copper dif-
enced pulsed uniaxial compression under impact, while ifyses preferentially toward crystal grain boundaries where it
the second case, it also underwent additional plastic defolg precipitated as a separate phadex$0). After a few

mation with overpressing. minutes (>t*) the copper distribution over the grain equal-
Figure 2 gives the matrix composition of £y Se alloys

as a function of the number of impadtsaccompanied byl,

2) and not accompanied by3, 4) overpressing of the

samples. It can be seen from Fig. 2 that in the former case,

the matrix composition of the Gu,Se alloys remained al-

most unchangedAx~0) (curves3 and 4), which can be

explained by the short duration of the impact loadh t

(N is the number of impacts andis the effective impact

time). In fact it requires a timé&* ~ 107 to observe the escape

of mobile copper from compact Gu,Se samples to the sur-

face under the pressuteyhere r=d?/(#?D) is the charac-

teristic diffusion time of the mobile copper in the sample, b e B S

d~1 cm is the size of the sample, af is the diffusion L SEEE R s

coe_ff|C|ent O.f Fhe mOb;!)(e)KC‘%%Eer' S_Irgc_e3for £ySe the dif- FIG. 1. Cylindrical die used to apply static or impact loads to, GGe

fusion coefficient isD30%X(450K)~10-6("3%) cn?/s, we have samples. The light spots on the surface of the die are copper precipitated

t;OOK(450K)~ 10 days(20 min),® whereas the estimated total from the samples in prolonged static tests.
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2 FIG. 2. Composition of Cu ,Se versus number of impact
loads accompanied bfl, 2) and not accompanied b3, 4)
overpressing of the samples. Initial composition of samples
1, 4 — 0.005,2, 3 — 0.01; test temperaturg, K: 1, 4 — 300
K, 2, 3 — 450 K; 5 — diagram showing formation of Hertz
points of instantaneous contact.

0 50 100 150 200 250

izes and the cycle is repeated under the next impact. As theition and temperatur. Using these values gi* we find
numberN of impacts increases, the compositigh of the  that the pressure factor obviously makes the dominant con-
samples is shifted well into the homogeneous range of th&ibution to the observed effect in Gu,Se and the efficacy
compounf and the diffusion fluxes of mobile copper from of the pressure under impact is increaggdp~ 20 times.
the Hertz regiongcurve5, Fig. 2) are redistributed from the It has therefore been found that the rate of copper pre-
surface into the crystal grain. cipitation from the superionic conductor £y Se under im-
Curves1 and 2 (Fig. 2 can be used to estimate the pact loading may be increased substantially if the impact is
excess pressur®* and temperaturel* in the Cy_,Se accompanied by plastic deformation of the samples. The ob-
samples at the Hertz points of instantaneous contact. Usingerved effect should be taken into account in the mechanical
the valuesAx/AP~ 0.01/GPa(Ref. 3 and the phase dia- treatment of Cy_,Se samples and may obviously be ob-
gram of Cu—Se near Gu,Se(Ref. ), curvesl and?2 (Fig. served in other superionic conductors.
2) for samples with x=0.005 ©$x=0.07) and 0.01
(Ax=0.09) yield the _estlmatep* 71'5 and 0.8 GPa,* ~ 1Physics of Superionic Conductoredited by M. B. SalamortSpringer-
1390 and 1380 K, either of which could produce the ob- Verlag, New York, 1979[Russ. transl. Zinatne, Riga, 1982
served effect. However these valuesTdf are highly exag- iV. N. Gurevich,Solid Electrolytegin Russiaf}, Nauka, Moscow(1992.
gerated and the characteristics of the ,Ci$e phase M. A. K_orzhuev, N. Kh. Abrikosov, and I. V. Kuznetsova, Pis'ma Zh.
diagran? also show that the temperature factor is not domi- 4Tekh' Fiz.13, 9 (1987 [Sov. Tech. Phys. Letl3 4 (1987
M. A. Korzhuev, Fiz. Khim. Obrab. Mater. No. 5, 153993.
nant in this effect. In fact, the derivativax/AT has the  53.-p. PoirierCreep of Crystal§Cambridge University Press, Cambridge,
positive sigh needed to explain this effect only in the tem-eb%z- Korshuey. V. V. Baranchikou. N. Kh Abrikesov. and V. E
perature rang_eT=.300—>413 K (Ax=-+0.005) and .T Bi.anki.na, Fiz. Tvérd.. TeiaLeningrad 26, 2é09(i98£9 [Sov. l]:’hys. Sollid.
>1380 K, while in the rangeT=413-1380 K we find  giate26 1341 (1984].
Ax/AT<O0 (Ref. 6. M. A. Korzhuev, Pis'ma zh. Tekh. Fiz15(21), 24 (1989 [Sov. Tech.
From this it follows that the temperature factor can only Phys. Lett-rl]S, 839(1989]-k_ N K. Abrik a2 Tk
be important for the sample witk=0.05 if the temperature M'zéif%réstjgé; '[g.o\l;p’.a?elcnhé’lDa;ys'.\lll_(eKtﬂ.'lja\zgzc()ig;él]a.ls ma Zh. Tekh.
at the Hertz points increases 0" >413 K under impact. sy N sirota, M. A. Korzhuev, M. A. Lobzov, N. Kh. Abrikosov, and
Assuming that an instantaneous temperature rise of 100—200v. F. Bankina, Dokl. Akad. Nauk SSSE81, 75 (1985 [Sov. Phys. Dokl.
K at the Hertz points is quite feasib'iaand subtracting the mﬁlo’l(z:lA(]t;Sr)iﬁ?ilov M. A. Korzhuev, V. F. Bankina, and |. V. Kuznetsov
corresponding temperature contribution X, for the 7 "5 "o 671406 (1987 [Sov. Phys. Tech. PhyS2, 835(1987].
sample withx=0.005 we finally obtairp* ~ 1 GPa which is 11\ A Korzhuev and L. M. Sergeeva, Pis'ma zh. Tekh. Fiz, 301
close to the estimat®* ~ 0.8 GPa for the sample with (1988 [Sov. Tech. Phys. Letl4, 133(1988].
x=0.01. This result can be explained if, other conditionslz'\"- A. Korzhuev, I. G. Korol’kova, and N. Kh. Abrikosov, lzv. Akad.
being equal, the value gf* is determined by the grain hard- \auk- SSSR Ser. Neorg. Matet3, 1962(1987).

nessH which for Cy,_,Se depends only weakly on compo- Translated by R. M. Durham
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Dynamics of field dislocations and disclinations in a few-mode fiber. IV.
Formation of an optical vortex

A. V. Volyar, T. A. Fadeeva, and Kh. M. Reshitova

Simferopol State University
(Submitted November 11, 1996
Pis'ma Zh. Tekh. Fiz23, 70—-75(March 12, 199y

The physical mechanisms responsible for the formation of an optical vortex in the field of a few-
mode fiber have been investigated experimentally and theoretically. In an optical fiber with

a parabolic refractive index profile an optical vortex is formed as a result of interaction between
circularly polarized rotating pure edge dislocations of circularly polarized even and odd CP

11 modes. In a stepped-index fiber the formation of an optical vortex is also related to the
simultaneous propagation of even and odd modes. The fields of these modes alter their
structure over the fiber length and are not manifested by rotating edge dislocations. It has been
found experimentally that a stable vortex does not alter its degree of polarization of the

field at fiber lengths greater than 10 m. An unstable vortex, for which the product of the spin
and the topological charge is always less than zero, periodically decays and recovers at

a beat length of 0.65 m. It is noted that a stable optical vortex cannot be formed by orthogonally
polarized LR, modes. This is because an optical vortex transfers additional angular

momentum like the CR modes whereas the LPmodes do not transfer additional angular
momentum of the field. ©€1997 American Institute of Physids$S1063-785(07)01203-2

Smooth laser fields in free space cannot form stable vortions for the Tk; and TM,; modes and for the even and odd
tices. An optical vortex may be formed in the active mediumHE,; mode.
of a laser cavity or when laser radiation propagates through ~ The vortices of a stepped-index fiber have a slightly dif-
a computer-synthesized hologrérn Ref. 3 we showed that ferent mechanism of formation. In this fiber the polarization
the fields of the natural modes of optical fibers are carriers oforrections of the Tizand TM,; modes differ and the optical
the field of a multimode fiber optical vortices of opposite '€ CR1modes are not exactly circularly polarized. We shall
charge as well as pure edge or mixed types of dislocationEXPress the deviation of the polarization state in terms of the
coexistt phase differencé between the orthogonal linear LHields.
The aim of the present investigation was to make arl) The fields of the elliptically polarized EMvortices may
experimental and theoretical study of the physical mecha’® written as:
nism responsible for the formation of single optical vortices &= (X[ cos ¢[cos §8z—sin 58z exp{iA}]

in the field of a few-mode fiber. . .
+ + —
1. In the fields of the natural modes of a fiber, the topo- | sin glcod 5+ AB)z—sin( 5B

logical chargd and the spinr, of the corresponding photon +AB)z exp{iA}]exp{iABz}]+y[cos [ cog 68
basis' defined by the basis vectas ande™ of the circular +AB)z expliA}+sin( 88+ AB)z]expliA Bz}
polarization cannot be analyzed separately for pure screw o _ _

dislocations’ The pair of statesl&+1,e") and (=1.7) +i sin g[sin 58z+cos 5Bz exgiA}])F1(R), (1)

corresponds to stable GWortices with the azimuthal num- whereF,(R) are the radial functions of the field§g is the
ber |l|=1. The quantum state$£ —1,e") and (=+1,e") difference between the propagation constants of thg bifd
are characteristic of the unstable vortices.IVh the inho-  TMg; modes, and\ § is the difference between the propaga-
mogeneous medium of a fiber a vortex is formed by thefion constants of the Lff and LR, modes. For right circu-
presence of two circularly polarized even and odd{Gihd  lar polarization we haved=#/2 and the field(1) is trans-
CP9modes. In the third part of this study we showed that informed into the stable vortex field:

a parabolic fi.ber cirF:uIarIy polar?zed Qﬁnodgs are r.otating &(CV' ) =e"expl+ig}F1(R). )
pure edge dislocations of the field. The axis of this type of

dislocation accomplishes a complete rotation about the fibffOr I€ft circular polarization we have= — /2 and the field
axis at the beat length. The GFmodes are fourfold degen- (1) is transformed into the unstable vortex,V

erate: twofold in the direction of circulation and twofold in e(IV ) =[eexp +iplcos\Bz—i&"

parity. The summation of even and odd ¢Rodes with the o

same circulation and the phase detayr/2 generates a non- xexp{ —ig}sin ABZ]F4(R). ©)
decaying vortex. The stability of the vortices in a parabolic A family of curves giving the degree of polarizatifhas
fiber is determined by the equality of the polarization correc-a function of the fiber lengtl is plotted in Fig. 1a for dif-
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FIG. 1. Degree of polarizatio® of the field of EB}+iEFY modes as a
function of the optical fiber lengtk: a — A=#/2, b —A=0.57/2, ¢ —
A=0,d—A=—=/2. The solid curves give the theory and the crosses give
the experimental points.
ferent values of the phase differenae Weak perturbations
of a circularly polarized field by elliptical polarizatidcurve
b

2) typically cause small oscillations of the degree of polar-
ization P and the vortex does not decay. The vortex becomes
unstable for a linearly polarized pure screw dislocation of the
exciting field, and forA = — /2 the optical vortex decays
into two coupled orthogonal circularly polarized waves.

2. An experimental investigation was made of the degree
of polarizationP of an optical vortex as a function of the
fiber length for various phase differencds A few-mode
optical fiber with the core radiugpy=3.5um and the
waveguiding parametér=3.6 (see Part | of this studywas
excited by an optical vortex field. To produce the vortex,
circularly polarized laser radiation was passed through
computer hologram of a screw dislocation with the topologi-
cal chargem=1 (Ref. 2, after which an optical vortex with
the topological charge-1 became detached. The polariza-
tion state of the laser vortex was regulated by means of astable vortex is that the disclination processes in two like
acoustooptic polarization modulator by altering the controlcircularly polarized CIg, modes are synchronous. In the third
voltage on the lithium niobate crystal. The experimentalpart of this article it was noted that periodic transformations
points in Fig. 1 illustrate the dependenBéz). For small are observed in the GPmode of a stepped-index fiber. For
phase differencedA the degree of polarization is within ex- instance, a right circularly polarized field with an edge dis-
perimental error and is close to 0.9. The largest variations ofocation is transformed into a field with a screw dislocation,
P are observed for the phase differente- — /2, i.e., for the charged=1, and a cross-sectionally nonuniform linear
the casd =1 and a left circularly polarized field at the en- polarization and back again. The angular momentum of the
trance. Note that the highest values Pfare obtained for wave polarization is transferred to the angular momentum of
right circular polarization, and the lowest values for linearthe dislocation. Thus if the signs of the topological vortex
polarization. This quantum state is typical of the unstableand the circulation of the polarization are the same at the
vortex V. Interference between the radiation field of a fiberfiber entrance, the transfer taking place in the, {QRodes
18 cm long A Bz==/4) and a linearly polarized reference forming the vortex does not alter the polarization state or the
beam for the case of a stable vortex produces a “fofkig.  sign of the topological charge, and the vortex remains stable
23 with a topological charge the same as the charge of thas it propagates in the fiber. However, if the chdrged the
incident vortex. For the case of an unstable vortex a pureirculation have opposite signs, the transformations in the
edge dislocation is observed at this len@tig. 2b). CP;; modes forming the vortex lead to the formation of a

A remarkable feature of the formation mechanism of avortex whose circulation and topological charge are orthogo-

5IG. 2. Interference between an optical vortex field and a linearly polarized
reference beam fak Bz= 7/4: a — stable vortexb — unstable vortex.
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nal to the incident vortex at half the beat length of the  This work was partly supported by the International So-

CP,; mode in the fiber cross section. This vortex is unstableros Program for Promotion of Education in the Exact Sci-
We particularly note that a linearly polarized stable vor-€nces(ISSEB, Grant N PSU062108.

tex cannot be formed from like polarized even and oddiy yapis, c. A. Hill, and J. M. Vaughan, Opt. Commui06, 161 (1994).

LP;; modes. This is first because pure edge dislocations ofl. V. Basistiy, M. S. Soskin, and M. V. Vasnetsov, Opt. Commuf9,

the field do not rotate and thus the field does not transfer,504 (1999.

. . °A. V. Volyar and T. A Fadeeva, Pis'ma Zh. Tekh. FB2(8), 63 (1996
additional angular momentum and second, the propagation[tech. phys. Lett22, 333(1996].

constants of these modes are different. The;;Ofodes  “B. Ya. Zel'dovich, N. F. Pilipetski and V. V. ShkunovPhase Conjuga-
transfer additional angular momentum and are capable offion lin Russiafl, Nauka, Moscow(1985.
forming an optical vortex. Translated by R. M. Durham
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Instability induced in a relativistic plasma flux by the excitation of surface waves
A. D. Kanareikin and I. L. Sheinman

St. Petersburg State Electrical Engineering University
(Submitted July 8, 1996
Pis’'ma Zh. Tekh. Fiz23, 76—79(March 12, 199y

An analysis is made of the instability of a plasma flux caused by the excitation of a new type of
cylindrical surface electromagnetic waves at the interface between the flux and a stationary
plasma. It is shown that, unlike the conventional cage-0 ande,<<0, at the interface of a
relativistic plasma beam there exist growing surface waves at frequencies corresponding to
positive values of the permittivities on both sides of the discontinuity. For a given geometry and
plasma density the critical parameter for the excitation of these waves is the wave radius

of the flux. © 1997 American Institute of Physids$$1063-785(17)01303-1

In the present paper we examine one of the physical K2, K2,
mechanisms for the hydrodynamic instabilities of relativistic ~ &,=1— ?pg— g,=1— ﬁi
electron beams caused by the formation of growing surface Y%
electromagnetic waves. The most interesting case, and omnghere

that has not been sufficiently well studied, dg,>0, i.e.,

when the permittivities of both adjacent medtae plasma y=(1-p%"2 k=uwlc,

and the flux are positive. In this case, instability may be

caused by the excitation of longitudinal charge-density 47e?n
s _ 2 _ [1,2]

waves and also by the excitation of transverse surface elec- K« =K=BkKz,  Kppg=——2"",

tromagnetic waves at the interface between the moving and

stationary plasma. It was shown in Ref. 2 that at a planaP1 andn; are the electron concentrations outside and inside
tangential velocity discontinuity in a dispersion-free me-the cylinder, respectively, amd ande are the electron mass
dium, surface waves exist fe, <0 ande,>0 and calcula- and charge. The dispersion equation can then be written as

tions were made of the instability growth rates for a system

comprising a plasma flux and a stationary plasma. The cy(8252_8131)(52_51)

lindrical geometry of the problem only results in discretiza- 2K2(K(1— &5, )(k,— ke, B) — kK, (1—&1))?

tion of the set of frequencies, without altering the conditions = K2 TATIR? ) (1)

for the permittivities. However, the authors of Ref. 2 only x 102

considered the case where the wave vektohas the same where

direction as the flux veIOC|ty_/. prvever, wherk, andV . K/(T,R) 1 I"(T,R) 1

are noncollinear and a certain critical angle between themis g -_"_- - = —

exceeded, surface waves may also exist at a tangential veloc- Ky(T1R) T1R 1,(T2R) T2R

ity discontinuity in a homogeneous mediuna;=z,>0 | (x) is a modified Bessel function of order, K,(x) is a

(Ref. 3. In cylindrical geometry the critical parameter for MacDonald function, and

the existence of surface waves at frequencies corresponding

to positive values of the permittivity on both sides of the

interface is the index of the first allowed mode, as was shown W

in Ref. 4. 2 o

We shall analyze the stability of surface waves at theandTZ:kZ_kzszi' .

boundary of a relativistic plasma flux in a stationary medium We shall seek thg cqmplex s_olu_tlons of Ef) near the

frequency of the longitudinal oscillations of the beam charge

having a permittivitye,. We shall assume that the flux is & yongity (nonresonant instability occurs in the frequency
cylinder of radiusR containing a plasma of permittivity,, range where e,<0 and is not considered hére
propagating along its axisz(axis) at the velocityV= Bc, k=Ko+K, , ko=Bk,, and|k, |<k,. In this case Eq(l) is a
wherec is the velocity of light. quadratic equation fok, :

The instability growth rates of a plasma flux caused by
the excitation of surface waves can be estimated analytically ) -
by using the dispersion equation obtained in Ref. 5 for thekz (Sp—£151)(S,— Sy) — v (1-e1)%kg
surface waves in a waveguide formed by a relativistic flux * =1 YVOR? TITSR?
propagating through a plasma and substituting the following
expressions for the permittivities of the stationary and mov-

ing plasmas:

@

2
2
82l=1_ P Ti=k§—k281,

12 K3(1—e2,)(1—e1)(1—&,8%)
T2k TR
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surface waves at the interface between the flux and a station-
ary plasma, plotted versus the wave dimensikgi? of the

0.10 Im(K), Vem
i waveguide fore;=0.5, 8=0.999 (y=22.2), andn,=10%
o.o8f- . s 3 cm 3. It should be noted that for=0 the dispersion equa-

s l/" "‘*-».M-_'."' tion (4) has no unstable solutions, which in planar geometry
0.06 |- / S N corresponds to surface waves propagating parallel to the ve-
- ; ; T locity of the medium. Fow # O the conditions for the exci-

i H / tation of waves are only satisfied for a finite set of modes,
0.04 |- 0 ! o ; ;

R : i which is observed in the nonzero growth rates of the disper-

[ : i sion equation forv<y,. For small flux radii,», does not
0.02|- : ,' exist; i.e., no instability occurs in the moving-stationary

5 ,' i plasma system. Thus, unlike the stable solutions the critical
] A R S A parameter for the unstable solutions is the cylinder radius for

0.00 1.25 2.5 3.75 5.00 kgR which the first oscillation mode is excited.
It has therefore been shown that growing surface elec-

FIG. 1. Instability growth rate Ink) versus transverse wave dimensions tromagnetic waves may exist in a system formed by a rela-
tivistic plasma flux and a stationary plasma at frequencies

koR of waveguide fore;=0.5, y=22.2,n,=10% cm % 1 — v=0,2 —
v=1,and3—v=2. corresponding to positive values efon both sides of the
velocity discontinuity. It has been observed that for given
B, e, and w the stability of the system is determined by a
critical parameter — the transverse wave dimension of the
flux — which in planar geometry corresponds to the angle

K3(1—e
-« 2 2 s8-8y i
betweeng and k .

2 k§(1—e,,)(1—&,8%) The results of this study may be applied to the interac-

+Q TH7282 =Y, (3 tion between high-current relativistic beams and laboratory
12 and astrophysical plasmas.
whereT3=k3(1—¢,, 8%)/ 8% andT2=k3(1—&,82)/ B>.
For v=0 we obtain
L o .
,_ko(l-e2) () (i Russian, Encrgontomizdal MoscOMSED.
* ¥? S,—e,S;’ 2y, D. Pikulin and N. S. Stepanov, Zh. Tekh. Fi5, 2288(1975 [Sov.
Phys. Tech. Phy=0, 1429(1975].

i.e., the conditionS,—¢;S;<0 must be satisfied for the sk a. Barsukov and A. D. Kanatkin, zh. Tekh. Fiz.55, 1847 (1985

growth of surface waves in the zeroth-order mode. Assuming [Sov. Phys. Tech. Phy80, 1082(1985].

thatS,>0 andS;<0, we obtains;<S,/S;<0. “A. D. Kanarekin and 1. L. Shénman, Pis'ma Zh. Tekh. Fi22(2), 61
Figure 1 gives the growth rates li)( of the resonant (1999 [Tech. Phys. Lett22 74 (1996].

instability of a relativistic flux caused by the excitation of Translated by R. M. Durham
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Influence of phase and frequency modulation of a light beam on electron diffraction
as a result of the Aharonov—Bohm effect

S. Yu. Davydov and A. N. Ageev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 4, 1996
Pis'ma Zh. Tekh. Fiz23, 80—-83(March 12, 199y

It is shown that the phase and frequency modulation of the vector potential responsible for the
Aharonov—Bohm effect causes changes in the interference pattern that may be used to

study this effect under conditions of an ac magnetic flux. 1897 American Institute of Physics.
[S1063-785(17)01403-1

In contrast to the Aharonov—Bohm effect in static mag- *
netic fields'=® studies of this effect in ac electromagnetic d(t)=Jg(y)sin wt+w2 (—1)”(J2n(7)
fields have only just begun. In Ref. 4 it was suggested that a h=1
coherent light source generating an evanescent light wave on
the surface of a transparent dielectric during total internal +JIn(y)
reflection could be used for this purpose. A theoretical analy-
sis was made of the diffraction pattern with allowance for the
Aharonov—Bohm effect and a suitable experimental setup ] )
was proposed. As a further development of these ideas in
Ref. 5 we calculated the correction to the broadening of the
central diffraction peak and we proposed a modified e xx- R=2evAy/fico, ()
perimental setup which was easier to implement. In Ref. 6

we analyzed the contrast of the interferenc;e pattern and SUGzheree is the positron charge; is the electron velocity is
gested that the Aharonov—Bohm effect as influenced by eleGne requced Planck’s constantis the velocity of light,J, is
tromagnetic waves could be studied from the change in €O nth-order Bessel function of the first kind,is the differ-
trast. ence in the times of incidence on the screen for electrons

Another method of investigating the effect of an electro- yitra cted from the first and second slits, atd is the angu-
magnetic field on the Aharonov—Bohm effect involves lar frequency of the electron wave

modulating this field. In Ref. 7 we examined how amplitude
modulation of the light wave influences the diffraction pat-
tern with allowance for the Aharonov—Bohm effect. It was
shown that amplitude modulation narrows the central diffrac- _ :
tion peak and alters the contrdstsibility) of the diffraction PH=Jo(y)sin wt+2J,(7)
fringes. In the present paper we consider the influence of
frequency and phase modulation on the two-slit electron dif-
fraction pattern with allowance for the Aharonov—Bohm ef-
fect. It was shown in Ref. 4 that the condition corresponding to
For both frequency and phase modulafitine variation  the half-height of the central peak is
of the vector potentiah may be expressed in the form

sin(2nQ)—w)t  sin(2nQ+ w)t
2nQ)—w 2N+ w

1-cognQl—w)t 1—cognQ+w)t
nQ—ow * nQ+w

In a first approximation we can confine our analysis to
n=0 andn=1 in Eq.(3). Then assumin§) < w, we obtain:

Q
X | sin wtsin Qt—;(l—COSwtCOSQt) . (5

R<I>(t)+%R<D(T) = (6)

WeT—

E .

A=A cog wt+ y cost), 1)

max

. . Assuming that
whereA, is the amplitudew and(} are the fundamental and ¢

the modulating frequencies, anddetermines the amplitude QO
pf the phase shift for phase modulati.on or the modulation (I)mw(t)zjo(»y)—Z( - E)_Jl( Y), (7)
index y=Aw/Q for frequency modulation. w
Using the results of Ref. 4, we can sh¢see Refs. 68
that the interference pattern is described by the probability =~ Pmad 7)=Jo(y)@T, (8

P, where
and performing calculations similar to those in Refs. 4, 5,

and 7 we obtain the following expression for the relative
broadening ¢— 6y)/ 6, of the interference maximum, where
0, is the half-width of the central pedfkt half-height, in the

1
P=3 absence of an ac electromagnetic field:

2

1
1+CO{ R®(t)+ > RO (7)— wer

] , )
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0— 60y 4evAq T
=— 1+——
0o ThCw 4 we

This effect stems from the oscillating behavior of the
Jo() )

Bessel function; on the ascending sectionglgff an increase
of vy enhances the contragt whereas on the descending
_2( 1— Z) ng(y)} ©) sections|J,| the opposite effect occurs.
2] @ Thus like amplitude modulation, frequency and phase

A comparison with the result obtained in Ref. 5 without Modulation of the light beam both narrow the central inter-
any modulation = =0) shows that the relative broaden- ference peak, and for “smallR (<2.40) enhance the con-
ing (60— 6,)/ 6, is reduced. This effect is also typical of am- trast of the diffraction pattern when the Aharonov—-Bohm
plitude modulatior. effect is taken into account.

We shall now analyze the change in the contrast of the  This work was supported by the Russian Fund for Fun-
diffraction pattern when allowance is made for thedamental ReseardGrant RFFI 95-02-04064a
Aharonov—Bohm effect caused by phase or frequency modu-
lation of the optical signal. Adopting the approach developed
in Ref. 6, we can show that the probability of incidence on a
screen at a given point will be

1 - 1J. Aharonov and D. Bohm, Phys. ReM5, 485 (1959.

P= —{1+cogﬁweT)Jo[RJO( 7)]}, (10 23, Olariu and 1. I. Popescu, Rev. Mod. Phg3, 339 (1985.

2 3M. Peskin and A. Tonomura, Lecture Notes PH§40, 115(1989.
~ 4 ; ;

where B=1— wRJ(y)/20., and the contrast is I(B’l.glée;e., E. Yin, T. K. Gustafson, and R. Chiao, Phys. Rev43\ 4319

K:|JO[RJO( 7)]| (11) 5A. N. Ageev and S. Yu. Davydov, Pis'ma zh. Tekh. F1(23), 71

(1995 [Tech. Phys. Lett21, 982 (1995)].

Since Jo(y)<1, when the value of the parameter SA. N.AgeevandS. Yu. Davydov, Pisma Zh. Tekh. F22(4), 70 (1996

RJy(y) is less than 2.4Qthis is the first zero of the Bessel [Tech. Phys. Lett22, 165(1996].

function Y,), an increase in the modulation index will "A.N. Ageev and S. Yu. Davydov, Pis'ma Zh. Tekh. Fiz. in prét897.
enhance the contrast of the interference pattern. Conversely: V: Potemkin, Radiophysicqin Russiad, Moscow State University,
. . - (1988.

in the range 2.48RJy(y)<3.84, an increase iry will re- (1589

duce the contradt, and so forth. Translated by R. M. Durham
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Analysis of the kinetic equation for mass transport induced by short laser pulses
V. A. Putilin and A. V. Kamashev

Samara State Technical University
(Submitted September 9, 1996
Pis’'ma Zh. Tekh. Fiz23, 84—87(March 12, 199y

The interaction between high-power short-pulse laser radiation and a metal target is considered.
An analysis is made of the transport of material atoms from the surface layer into the

bulk of a semi-infinite sample under the action of the stress field of a plane shock wave and a
temperature gradient. The results of numerical calculations for a laser power density of

10° W/en? and a pulse length of 30 ns show good agreement with the results of earlier
experiments. ©1997 American Institute of Physid$§1063-78517)01503-9

Zo(X,t,g, T) =

: 4

The high rate of energy input characteristic of the inter-  T'(x,t,, 7)=Z(x,t,¢,7) + Z(X,1,{,7),

action between high-power short-pulse laser radiation and

metals as well as the high rates of heating and cooling, of the 1 (x=0)?

order of 13° K/s, create high-pressure shock waves and Ja7D(t—7) &R~ aDt-n

large temperature gradients inside the material. Experimental

investigations of mass transport under the action of a laser- (x+¢)?

induced shock were reported in Refs. 1 and 2. A theoretical * - 2D(t—17)

analysis of the kinetic equation for mass transport with al-

lowance for pressure and thermal diffusion is now required. Z(x,t,¢,7) = ftfoczo(x,t,77,0')f§€20(7],0',§,7)d7]d0,
Under certain assumptions and constrairisg can con- Jo

sider a laser-induced shock_ wave to be planar. We shall ango ore 24(%,1,¢,7) is the fundamental solution of the Fick

lyze the transport of material atoms from the surface Ia.yeréquation for a semi-infinite sample. Using the initial condi-

into the bulk of a semi-infinite metal sample under the act|on[i

of the stress field of a planar shock wave and a temperature

gradient.

0
The mass transport equation with allowance for pressure C(X'O):{o, x>d, 5)
diffusion* and thermal diffusion may be written as

Ky 4 d Ky T
07

whered is the thickness of the surface layer in which mate-
rial of initial concentrationcy is uniformly distributed, we
T 7 ox )’ (1) can find its concentration distribution after the laser action as
a functional dependence of the type c(x,t):

aC Dazc+a
gt ooxZ Tox\ P T oax] | ax

whereC is the concentratior) is the diffusion coefficient,
P is the pressureK,xD is the pressure diffusion coeffi-
cient, andK X D is the thermal diffusion coefficient.

In operator form this equation is ¢/e
(-]
=0, 2)
&
where =
S5
7= &+Da2+D P2 b . E
T et Tox® ) Tloxoax T tox?
+D aT a9 +D aT
Zoxox  2ax?’
DVj DQ;
Dl—k—TO, Dz—k—_l_g, 3
V, is the partial volumek is the Boltzmann constanty is 50 100 150 200

the absolute temperature of the sample surface at the instant
when the laser pulse ceases, &idis the heat flux.
Equation(3) is a linear parabolic equation with variable

coefficients. which can be solved by the “parametrix” FIG. 1. Calculated concentration depth distribution of material transported
! by a laser-induced shock wave into a metal sanfpleve 1) and experi-

methOd‘} In the first apprOXimation the parametrix may be mentally determinédconcentration distributions: copper in nickelirve 2)
written as and carbon in iror{curve 3).

&, pPm
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are plotted in Fig. 1. A concentration peak is observed at a
c(x,t)=f I'(x,1,£,0)c(£,0)d¢. (6)  depth of around 10@m and the total depth of penetration of
the atoms is around 30@m. This agrees well with the re-

To obtain an explicit solution of Eq6), the pressure pulse gt of our earliér experimental investigations of the mass
was assumed to be a soliton and the thermal wave was dgunsport of copper in nickel and also of carbon in iron ex-

scribed by the Heaviside step function:

X— vt —Xg
Xo '

posed to a laser-induced shock wave.

_ 2
P(x,t)=Py cosh ( ) V. F. Mazanko and A. E. Pogorelov, Metallofiziléé4), 108 (1986.

2A. N. Bekrenev, A. V. Kamashev, and V. A. Putilin, Pis'ma zh. Tekh.
T(x,t)=To0(vXt—X), (8) Fiz. 19(13), 14 (1993 [Tech. Phys. Lett19, 403(1993].
3S. 1. Anisimov and V. A. Kravchenko, Preprifin Russian, ITF, Acad-
wherev and vy are the propagation velocities of the shock emy of Sciences of the USSR984
and thermal waves. 4A. 1. Krestelev and A. N. Bekrenev, Fiz. Khim. Obrab. Mater. No. 2, 58

The results of numerical calculations using ). for a (1989.
laser power density of 0n/cn? and a pulse length of 30 ns  Translated by R. M. Durham
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Protection of organic thin-film light-emitting diodes

B. A. Chayanov, G. M. Pleshkov, P. P. Kisilitsa, V. N. Bochenkov, Yu. O. Yakovlev,
and V. F. Zolin

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Moscow
(Submitted December 5, 1996
Pis'ma Zh. Tekh. Fiz23, 88—90(March 12, 199Y

It is demonstrated that the lifetime of organic thin-film electroluminescent light-emitting diodes
can be increased many times by the deposition of protective coatings during the fabrication
cycle. © 1997 American Institute of PhysidsS1063-78517)01603-7

Thin-film multilayer organic light-emitting diodes have by carbazole-containing polymers or complexes of phthalo-
been studied intensively following the publication of a pio- cyanine with aluminum hydroxyquinoline, with ITO and alu-
neering work on the development of polymer light-emitting minum electrodes. The temporal stability of these diodes was
diodes! We investigated two-layer devices with a transpar-poor: the luminescence intensity was approximately halved
ent electrode formed by a mixture of indium and tin oxideswithin a few minutes.

(ITO), which functioned as the anode, and an aluminum Some of the materials used by us are photoresistors. It
cathode. The first layer of organic material is used for transwas found that one of them, a polymer based d@-1
port of holes and the second for transport of electrons, andarboxy-anthracenet(furan)-divinyl, containing 9-carboxy-
this also serves as the layer in which radiative recombinatiomnthracene radicals in the side chaiunctions successfully
takes place. We sought to solve the following problems: as ap-type layer. When deposited on the aluminum elec-

1. To overcome the tendency of organic materials tarrode, this material also provides efficient protection against
oxidize and hydrolyze. corrosive components of the atmosphere, such as oxygen and

2. To reduce the sensitivity to the external temperaturavater vapor. As a result, the operating life of the diodes
caused by the instability of the amorphous state of the layeravithout any additional measures of protection against the

In our attempt to select chemically stable materials, weatmosphere was increased from a few minutes to tens of
used aluminum as the cathode material even though thisours and the storage time was increased from one week to
choice significantly raises the barrier to electron injection forsix months. With this protective layer, laboratory investiga-
most known materials and lowers the efficiency because thigons can be carried out without using an inert atmosphere.
device becomes “hole-only?’ The hermetic sealing may also solve the problem of

As comparatively stable materials for the layer intochemical instability. Our proposed method is technologi-
which holes are injected, we used, in addition to oligomersally simpler and also yields satisfactory results.
of the polyarylacetylene series such as polyphenylacetylene This work was supported by the Los Alamos National
and polyolan&”, also heterocyclic compounds with a finite Laboratory under Agreement N 8990Q0004-35 with the In-
system of conjugated bonds, including various polyvinylcar-stitute of Radio Engineering and Electronics of the Russian
bazoles and carboranes, to fabricat@-type layer. These Academy of Sciences and by the Russian Fund for Funda-
materials somewhat improved the stability of the cells andnental Research under Grants N 94-02-04019a and No. 96-
substantially increased the breakdown voltage, but also in82-17663. This work also forms part of the A. M. Prokhorov
creased the barrier to hole injection. Films of metalProgram on Laser Physics.
8-hydroxyquinolinate were used as theype layer, which
also functioned as the radiative recombin'.atio.n layer. 1J. H. Burroughes, D. D. C. Bradley, A. R. Brovet al, Nature(London)

The layers were prepared by evaporation in vacuum. The 347 539(1990.
thickness of the layers was between 40 and 800 nm and wa3. D. Parker, J. Appl. PhysZ5, 1656(1994.
monitored by the quartz-crystal oscillator method. The qual—jA- A. Berlin et al, Izv. Akad Nauk SSSR Ser Khim. No. 10, 187865.
ity of the layers was checked with polarizing optical micro- Pl'gg'?) Kisiltsaet al, Izv. Akad Nauk SSSR Ser Khim. No. 11, 2453
scopes or electron microscopes. The electrophysical and OpT. ishii, Y. Tezuka, S. Kawamotet al, J. Photochem. Photobiol. 83,
tical properties of the diodes were investigated. The diodes 55 (1994.
had a luminence of around 500 ccf/,rrand when calcium 8p. E. Burrows, V. Bulovic, S. R. Forrest al., Appl. Phys. Lett65, 2922
was used as the cathode, this was increased to 100¢.cd/m (1999.

This luminence was achieved with two-layer diodes formedrranslated by R. M. Durham
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Conversion of heat into work using thermally inhomogeneous systems (revised)
G. V. Skornyakov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 31, 1997
Pis’'ma Zh. Tekh. Fiz23, 91-95(March 12, 199y

An error, made when constructing an example of a quasistatic cyclic process for the complete
conversion of heat into work using a nonintegrable thermodynamic system with
controllable thermodynamic characteristics, is eliminated. 1997 American Institute of
Physics[S1063-785(07)01703-3

A fundamentally new cycle for conversion of heat into heat-insulating pistons. One of these pistons is a moving
work using thermally inhomogeneous systems as an intermediabatic barrier separating the two-phase system and the gas
diate heat reservoir was proposed by the author in Ref. In the intermediate heat reservoir, and the other, located
The intermediate heat reservoir is a closed cylinder whoselose to the working piston, may be fixed. The gas enclosed
volume is divided into two parts by a freely-sliding adiabatic between these two pistons, identical to the gas in the heat
piston, one part being filled with gas and the other with areservoir, may be considered to be the working medium of
two-phase gas-liquid system. The presence of the adiabatihe engine. Thermal contact may be established and broken
piston in the intermediate heat reservoir ensures that the sybetween all three parts of the system. Thermal contact may
tem is nonintegrablénonholonomig¢. The working medium also be established and broken between the system as a
of the engine is a gas. whole and a heater.

However, an error was made in Ref. 1 when analyzing  In the initial state, the system is in thermal contact with
the behavior of the thermodynamic curve of the engine bethe heater, both pistons dividing the cylinder volume are
cause it escaped the author’s attention that as the mass of gase, and the pressure in all three parts of the system is the
increases in the intermediate heat reservoir, the range &ame,P,. At the heater temperatufg,, the liquid phase is
variation of its volume is reduced in the first stage of thecompletely vaporized and the corresponding voluvheis
cycle and consequently the temperature drop at this stage fifled with saturated vapor. At the first stage of the process,
smaller. As a result, when the working medium in thermalthe position of the piston separating the intermediate heat
contact with the gas in the intermediate heat reservoir iseservoir from the engine is fixed, the system is thermally
compressed to the initial volume, its temperature is alwaysnsulated from the heater, and thermal contact is established
higher than the initial temperature and the work produced pepetween the saturated vapor and the engine gas enclosed be-
cycle is negative. tween the fixed and working pistons. As a result of the ex-

Only one part of the intermediate heat reservoir waspansion of this gas accompanied by the production of work
used to cool the working medium during its compressionpy means of the working piston, the vapor is cooled and
Although this part is cooled at the first stage of the process t@ompletely condenses. The temperature of the gas and the
temperatures considerably lower than that of the two—phasmquid is T,. As a result of adiabatic expansion of the gas
system, its stored cold is comparatively small and is mainlyilling the other part of the intermediate heat reservoir, its
concentrated in the other part. In addition, the use of parts ofojume is increased almost to the entire volume of the res-
a system separated by an adiabatic barrier exclusively as &voir and the temperature drops To<T;. At the second
heat reservoir restricts their possible application in the prostage of the process, thermal contact between the engine and
cess. the reservoir is broken and the subsequent production of

With the aim of utilizing more efficiently all the cold \york and expansion of the engine gas proceeds adiabatically
stored at the first stage of the process and all the scope ofx far as temperatur€,. Then, at the third stage thermal
fered by a nonintegrable system with controllable thermody¢ontact is established between the engine and the gas part of
namic characteristics for the complete conversion of heafhe heat reservoir, and the engine gas is compressed with the
into work, both the conversion system itself and the CyC|eexpenditure of work. However, the gas is not compressed to
performed should be modified as follows. the initial volume, as was assumed in Ref. 1, but as far as the

Let us consider a system in which all three parts containemperatureT,, after which thermal contact is established
arbitrary quantities of material. The only constraint imposedyetween all parts of the system, and at the fourth and final
on the parameters of the two-phase system and the gas fillingage, compression continues as far as the initial volume. As

the intermediate heat reservoir is a result, all the stored cold created at the first stage of the
y,—1 q process is utilized to cool the engine gas.
y—- T—p> 1. 1) Since the gas fills the entire volume of the heat reservoir
2 0

at the end of the first stage, its heating to temperaiure
The design of the system may be represented as a cylindéakes place at constant volume. Thus the influence of thermal
with a working piston connected to an external load, wherecontact with this gas on the compression behavior of the
the volume of the cylinder is divided into three parts by twoengine gas amounts to a corresponding increase in the spe-
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cific heat of this gas at constant volume. As a result of thegreater than its initial value and the volume of the reservoir
establishment of thermal contact between all parts of the sywill be smaller. In this case, conservation of the total entropy
tem at temperaturé,, the specific heat of the liquid is also of the system parts does not result in the system temperature
added to that of the gas. Since the saturated vapor pressurebating equal to its initial value. The work expended on com-
temperaturel ; is equal to the pressure of the gas filling the pression is necessarily reduced and return of the working
entire volume of the heat reservoir at temperatilise the  piston to its initial state will cause the temperature and pres-
compression of the gas following the establishment of thersure in the system to be lower than their initial values. The
mal contact between all parts of the system will initially take initial volumes of the system parts and the temperature and
place with the quantity of liquid phase kept constant. How-pressure therein are restored by the establishment of thermal
ever, heating causes the saturated vapor pressure to increasmtact between all parts of the system and a constant tem-
more rapidly than the gas pressure at constant volume. Thyserature bath.

the liquid phase begins to vaporize soon after reaching the However, whereas the previously analyzed cycle with a
temperaturd . Forq,/Ty>1 and comparable masses of gasfixed volume of intermediate heat reservoir and return to the
and two-phase system in the intermediate heat reservoimitial temperature can be achieved for any ratios of material
most of the stored cold is concentrated in the liquid phasenass in the different parts of the system, a cycle with cooling
and is released as the latter vaporizes. This is observed past the system achieved by return of the working piston to its
ticularly clearly if the numbeN, of gas molecules in the initial state imposes constraints on the system parameters.
reservoir is considerably lower than the numbgrof mol-  Although total condensation of the vapor at the first stage of
ecules in the two-phase system. the process can be achieved for an arbitrarily small mass of

However, for any mass ratios in all three parts of thegas in the engine by means of a sufficiently large increase in
converter, return of the engine gas to the initial volumeits volume, in this case the gas pressure in the engine will be
causes the temperature of all the parts to return to its initiao low that equalization of the pressures in the system to
value. This is because all the stages of the process are revegdtain the initial volume of the engine will prove impossible.
ible and heat exchange between the different parts of thelowever subject to the condition
system takes place under equilibrium conditions. Although N.T
we cannot talk of the entropy of a nonintegrable system, each  p(T, N,N;,N,)> 2 1, 2
part of the system possesses its own entropy. At the final Vi
stage of the process and in the initial state, the system iwhich is certainly satisfied for fairly larghl (N,<N;<N),
thermally uniform and its entropy is equal to the sum of thethe pressures in the system are equalized at the third stage of
entropies of its parts. Since the sum of the entropies of all théne cycle. Herd®(T;,N,N;,N,) is the pressure in the engine
parts of the system is conserved in a reversible adiabatigt the end of the first stage ahbis the number of molecules
process, when the volume of the engine returns to its initialn the engine. Return of the system to the initial state is
value the temperature also returns to its initial value. accompanied by redetermination of the entropy.

The work done when the engine gas expands is obvi- |f the volume of the intermediate heat reservoir changes
ously exactly equal to the work expended on its compresduring the conversion of heat into work, the engine cannot be
sion. Any reduction in the work expended on compressiortiearly separated from that part of the system involved only
reduces the energy and final temperature of the system. The the heat exchange process. Not only the parameters of the
work expended on returning the working piston to its initial individual parts of the system but also its overall structure
state may be reduced by decreasing the volume of the intethange in the course of the process. Thus a graphical plot of
mediate heat reservoir and thus increasing the volume of thge thermodynamic diagram in terms of two variables is not
engine as a result of compression. strictly speaking permissible.

After equal pressures have been achieved in all parts of  The author would like to thank V. I. Perel’ for stimulat-
the system by compression of the engine gas, the previouslyg discussions.
fixed piston separating the intermediate heat reservoir from
the engine may be released. As a result, the compressibilityC- V- Skomyakov, Pis'ma Zh. Tekh. Fi21(23), 1 (1999 [Tech. Phys.
of the system is increased, and when the working piston Lett. 22, 949 (1993,
returns to its initial position, the volume of the engine will be Translated by R. M. Durham
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Electrical characteristics of thin-film emitters with excitation of electroluminescence
by an ac voltage

M. K. Samokhvalov

Ulyanovsk State Technical University
(Submitted October 22, 1996
Pis'ma Zh. Tekh. Fiz23, 1-4 (March 26, 199y

A study is made of the electrical characteristics of multilayer structures and the effect on them
due to the properties of the materials, the design of the device, and the parameters of the
excitation voltage. Expressions are derived from which one can estimate the dependence of the
electrical characteristics of thin-film electroluminescent emitters on the excitation

conditions, the construction of the capacitor, and the properties of the phosphor—insulator
interface. ©1997 American Institute of Physid$S1063-785(17)01803-X]

Thin-film electroluminescent metal—insulator— tation, y=(4/2m* ¢,)/3eh is the transmission coefficient of
phosphor—insulator structures with a transparent electrodéhe (triangula) potential barriet, e andm* are the electron
operating with an ac voltage, are among the most promisingharge and effective masg; is the distance of the surface
display devices. To discover the best conditions for excitatraps below the bottom of the conduction band of the semi-
tion of the electroluminescence and work out circuits forconductor, and is Planck’s constant.
controlling display devices it is necessary to study the elec- Under operating conditions the total current through the
trical characteristics of multilayer structures, and the effecthin-film structure is equal to the conduction current in the
on them due to the properties of the material and construgghosphor layer under quasi-steady-state conditions of self-
tion of the device, and the parameters of the excitation voltscreening plus the charge current associated with the capaci-

age. tance of the insulating layefs:
The field-effect mechanism for generating free charge
carriers in the phosphor laydordinarily a high-resistivity dv
wide-gap semiconductpin a strong electric field makes for JL:CDE’ )

a high rate of the electronic processe&xperimental inves-
tigations have shown that the rate of change of the charaswhereCy is the capacitance of the insulating layer ands
teristics of the electroluminescent capacitors is determinethe applied voltage.
by the rate of change of the external voltdgan electric From relationg(1) and (2) we can derive an expression
field is generated in the phosphor higher than that for thdor the threshold electric field in the luminescent layer:
onset of field emission. The cause is the self-screening effect,
which produces quasi-steady-state conditibrihe self- v
screening effect involves a reduction of the electric field in ELT:In[Qn/(TCDdV/dt)]'
the region of generation as a result of its screening by the
charge created by field emission. The quasi-steady-state It follows that a high rate of change of the voltage cor-
screening occurs when the rate of change of the external fieldsponds to higher electric fields in the phosphor film. As the
equilibrates with the rate of generation of free carriers. Tofrequency of the excitation voltage increases, the threshold
study the general behavior of the quasi-steady-state elewoltage corresponding to the onset of emission from the thin
tronic processes it is necessary to determine the dependeniiien emitter also increases.
of the electron flux and of the field in the phosphor on the  In an analysis of the equivalent circuit of the thin-film
form of the excitation voltage. electroluminescent emitter the electrical properties of the
Charge carriers are generated in the phosphor layer byhosphor, which for low voltages are characterized by the
tunneling field emission of electrons from states of thecapacitance, which is the geometric capacitance of the lumi-
phosphor—insulator interface into the conduction band of th@escent film, and at high voltages by an active resistance
semiconductof. Therefore the current flowing in the phos- R, (Ref. 4. From relations(2) and (3) we can derive an
phor layer at voltages corresponding to the excitation of thexpression to calculate the resistance of the phosphor in the

()

electroluminescence can be expressed as equivalent circuit for a voltage above the threshold value:
. _Qn Y _ Erdy _ ydy
JL_TeXp( - E_LT) @ RL= &, (dVidD) ~ Cp (dVIdDINOJ(CodVidn]

whereQ, is the charge density of the states at the phosphor— For a linearly varying voltage the resistanBg for a
insulator interfaces is the time constant for recharging of constant rate of sweep will be constant, while for a sinu-
the interface stateg, 7 is the steady-state electric field in the soidal sweep the resistance will increases with increasing
phosphor for given conditions of electroluminescence excivoltage from the threshold to the peak value. The resistances
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R, determined from the experimental measurements varied The relations derived here allow one to determine how

from 100 to 10 K) for an increase in the rate of linear sweepthe electrical characteristicsj,(, E.+, R., and P.) of

from 1P to 10 V/s. thin-film electroluminescent radiation sources depend on the
The expression for the electrical power dissipated in theexcitation conditions ¢V/dt), the construction of the

phosphor film of the electroluminescent capacitor due to anultilayer capacitor Cp,d;), and the properties of the

conduction current under the operating conditions can b@hosphor—insulator interfacey(r, andQ,).

written as

IN[Q,/(7-Cp-dV/dt)]" ) ID. H. Smith, J. Lumin23, 209 (1987).
2M. K. Samokhvalov, Pis'ma zh. Tekh. Fi20(6), 67 (1994 [Tech. Phys.

. N . . Lett. 20, 246 (1994].
Since the electric field is constant under quasi-steady-N. F. Kovtonyuk Electronic Elements Based on Semiconduehasulator

state conditions of self-screening of the phosphor in a thin- Structuresin Russiaf (Energiya, Moscow, 1976

film electroluminescent capacitor, the kinetics of the change'M: K- Samokhvalov, Pisma Zh. Tekh. Fi29(9), 14 (1993 [Tech. Phys.
of the dissipated power is mainly determined by the time Lett. 15, 264(1993].

dependence of the conduction current in the phosphor.  Translated by J. R. Anderson

PL=J-Er-d.=
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Attenuation of x rays by ultradisperse media
V. A. Artem’ev

State Scientific Research Center for Materials Technology
(Submitted July 25, 1996
Pis’'ma Zh. Tekh. Fiz23, 5-9 (March 26, 1997

Theoretical estimates are made for the enhancement of the absorption of x rays by ultradisperse
media over that by ordinary polycrystalline materials of the same mass thickness. It is

concluded that the use of materials based on ultradisperse powders can improve the characteristics
of shielding against x rays and thermal neutrons. 1897 American Institute of Physics.
[S1063-785(17)01903-4

1. A new class of materials — ultradisperse media — j|(z, 4) (62)( o L 9 (Z,)
consisting of an ensemble of particles smaller thangntin =~ #———= —%: Hz.u)+— i 1-p on |
size have unique thermal, mechanical, magnetic, and other 1)
properties: However, the interaction of ionizing radiation
with ultradisperse media has scarcely been stutlied. wherel(z, 1) is the flux density of photons with a direction

In the description of the propagation of x rays in matterof propagation() at a given depttz; u=Q-Q=cosé, Q'
three main mechanisms are taken into account: photoelectrimd Q are the unit vectors of the photon velocity before and
absorption and coherent and incoherent scattering by atomsafter scattering,S4 is the attenuation coefficient due to
Because the particle size in ultradisperse mediaZ—10  photoabsorption, (0§>=21-rf30’3w(6’)d0’, and
nm) (Refs. 1 and 2is commensurate with the wavelength w(68')=N..,do(#’) is the probability of scattering a photon
\ of the ionizing radiation £ 0.1 nm), coherent scattering by an angle #’=cos }(Q'-Q) per unit path length,
of the x rays by the ultradisperse particles is possible, whicltlo=0.5(*n/mc?)?(1+cog#')|fdV exp(—iq-r'|>dQ is the
can be considered as a distinct mechanism for the interactio#ross section for coherent elastic scattering of a photon by an
of x rays with ultradisperse media in addition to the threeultradisperse particlee and m are the electron charge and
mentioned above. The effective single-scattering afiglef ~ Massg is the speed of light is the total electron density of
photons by irregularities of siza is 6;~\/a<1 (Ref. 4.  the materialg = k—k’, andk’ andk are the wave vectors
After being scattered b randomly located irregularities Of the photon before and after scattering and the integration
the angle of inclination of the radiation from the initial di- 1S carried out over the volume of the ultradisperse particle.
rection, gy~ 6;NY2 can become large if there is a high con- USing the relatiorka>1, we find
centration of scatterers. Coherent scattering of x rays by ul- , 4 3.2
tradisperse particles increases the optical path length P9 = TNscal ka) ~ "X (47T eZng@”) "X [In(4ka) + y— 1],
photons_ in the uItradlsperse_ medium and res_ults in add'tlonavlvherek=2w/)\, r=e¥m@=2.82<10"1 cm is the classi-
absorption over that for ordinary polycrystalline samples. : .

The present work gives a theoretical estimate of the dif-Cal electron radiusz andn, are the ?“’m'c numb_er and th(_e
. : concentration of atoms of the ultradisperse particle material,
ference between the attenuation of x rays by an ultradisperse

medium and by the ordinary polycrystalline material in andy=0.572. .. .
A ing that the thicknedsi h that th babil-
which the size of the individual grains is10° um (Ref. 5. Ssuming that the thicknedss such that the probasl

ity that a photon will be deflected by a large angles small,

. 2. qu clarity we shall make some simplifyipg assump-\ye optairt the solution of Eq(1) in the diffusion approxi-
tions. It is assumed that the ultradisperse medium is in the, 54i0n

form of a plane-parallel plate with a thickndsswhich con-

tains identical spherical particles of radiasheld in place by

a nonabsorbing and nonscattering bindég. 1). This model I(z, 9)E|oeXD< - ; Z) (mz(62)) "
realistically describes various ultradisperse media such as

bulk ultradisperse powder, powder of a heavy méfd| Pb, 1| o
etc) compacted by a polymer binder, or an aerosol in the Xexp — 05% z+(2(05)) 7| 6% -

atmosphere. A radiation flux with a wavelengthimpinges

perpendicularly on the surface of the plate. We shall COﬂSidelrntegratingl(z,a) over all angles to determine the photon
only two mechanisms of interaction of the photons with mat-flux density at deptiz regardless of the direction of motion,
ter: atomic photoabsorption and small-angle elastic cohererye find I (z) — | jexp(—=¢2)(1+0.5 0§)E¢22)’1.

scattering of photons by the ultradisperse parti¢tas will We now introduce the coefficieq®, which denotes the
give a lower estimate for the differenceWe denote by excess factor by which the x-ray beam is attenuated after
Nscatthe concentration of particles in the ultradisperse mediapassing through the ultradisperse media as compared with an
Using the fact tha®, is small, we write the transport equa- ordinary polycrystalline sample of the same thickness. In this
tion for the radiation in differential forfh model the attenuation of the x rays by the ordinary sample

212 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/030212-02%$10.00 © 1997 American Institute of Physics 212



2 4. The attenuation of rays in ultradisperse media by the
PN mechanism of coherent scattering of photons by the ultradis-
perse particles is in addition to all the existing mechanisms
of coherent and incoherent scattering of radiation by atoms
of the material, and all the foregoing discussion also applies
to ordinary polycrystalline materials. However, since the av-

@ erage grain siz® in a polycrystalline sample is-10? um
D

O+

(for example, D in Al and W are 80 and 60um,
4 respectively,®> and the angle of coherent scattering of pho-
. 3 z tons from individual grains ¢ \/D), and the concentration
° of grains (Ng.;) are much smaller than in an ultradisperse
medium(for samples with the same mass thickne3$ere-
fore B for ordinary polycrystalline materials is essentially
unity compared to material having a completely disordered
(amorphous structure.
In conclusion it should be mentioned that ultradisperse
media may also be more effective shields for thermal neu-
trons with wavelengths-0.1 nm and greater.

Y
%

X rays

S O ©

3

FIG. 1. 1—x rays,2—ultradisperse medi@@—ultradisperse particles.

1. D. Morokhov, L. I. Trusov, and S. P. Chizhiljltradisperse Metal
. . N Media[in Russian (Atomizdat, Moscow, 1979
will be 1*(z)=Il¢exp(—=42), so that B=I1*(z)/1(z) 2|, D. Morokhov, L. I. Trusov, and V. N. Lapovolehysical Phenomena in

= 1+0_5< 0§>E®22_ Again it should be noted: our approxi- Ultradisperse Medidin Russian (Energoatomizdat, Moscow, 1984
mation gives a lower limit orpB. K. N. Mukhin, Experimental Nuclear Physic¥ol. 1 (Energoatomizdat,

. . Moscow, 1983.
3. Let us make a numerical estlmate[bfor A=0.1nm 4N. P. Kalashnikov, V. S. Remizovich, and M. I. Ryazan@®allisions of

as a function of the size of the ultradisperse tungsten par- Fast Charged Particles in Solidin Russiaf (Energoatomizdat, Moscow,

ticles. We assume a monodisperse powder compacted in 5al980- _ . _ _

plate of thicknesd. =1 mm (Fig. 1), which has as mass Ya. S. Ume}nsm B. N. Finkel sht_én, M. E. Blanteret al, in Physical
. . . Metallurgy[in Russian (Metallurgizdat, Moscow, 1955

thlqkness equivalent to a 0.5 mm plate of ordinary p0|ycrYS'GHandbook of Physical Quantitig$n Russiad edited by I. S. Grigor'ev

talline tungsten. For 10 nm particles we have a concentrationand E. z. M&likhov (Energoatomizdat, Moscow, 1991

Ngea= 10 cm™3; for 6 nm particles Ngc,=4.6x 10' V. 1. Tkachenko, V. A. Yupenkov, Yu. A. Krikiret al, Bulletin VAK,
-3 ; _ 8 -3 . Russian Federation, 1994, Nos. 5,6, p. 44. 3

cm-*, and for 3 n_m particle®lsca=3.7x 10" cm 2. Using 8V. A. Artem’ev, S. V. Chuklyaev, Yu. A. Kurakiet al, At. Energ.78(3),

the photoabsorption data from Ref. 6, we obtg@in= 1.2, 186 (1995.

1.3, and 1.5, respectively, for the three ultradisperse particlés. V. Chuklyaev, M. Ya. Grudski and V. A. Artem’ev, Secondary-

sizes. Thus the use of materials in an uItradisperse state in-Emission Detectors of lonizing Radiatigim Russian (Energoatomizdat,

creases their shielding properties by tens of per cent and“oSco": 1995

more, which is in accord with experimental datd. Translated by J. R. Anderson
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Two-section InGaAsP/InP Fabry-Perot laser with a 12 nm tuning range

N. A. Pikhtin, A. Yu. Leshko, A. V. Lyutetskit, V. B. Khalfin, N. V. Shuvalova,
Yu. V. Il'in, and I. S. Tarasov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996
Pis’'ma Zh. Tekh. Fiz23, 10-15(March 26, 199y

Wavelength tuning over a 12 nm range is obtained for a two-section InGaAsP/InP Fabry-Perot
laser(A\=1.55 um). The method used to vary the gain profile of the laser allows one to

predict the range of possible wavelength tuning. 1@97 American Institute of Physics.
[S1063-785(1®7)02003-X]

Tunable semiconductor lasers that lase in the wavelength To account for the experiment and to estimate the maxi-
range 1.3—1.5%um are irreplaceable sources of coherent op-mum tuning range in the two-section laser, we measured the
tical communication lines, optical frequency-division multi- gain spectrung(A) as a function of the current density. For
plexing systems, and also for gas-analysis devices. Morehis purpose we used a method we have modified for deter-
over, the absorption wavelength of many molecules lies neanining the gain from the spontaneous emission spectrum.
1.55 um. Measurements were carried out for the spontaneous emission

There are several methods of tuning the wavelength of apectrum of the two sections of the two-section laser for
semiconductor laser. Electrical tuning is one of the moswarious pump currents. The two sections were of quite quite
simple and reliable. In most cases a multisection laser is usedifferent lengths. The spontaneous emission was observed at
for this purposé. The possibility of wavelength tuning of a the outputs from the end of one of the sections, while the
multisection Fabry-Perot laser having a high optical power isother section of the laser was operated back-biased. Natu-
of definite interest. rally, the emission intensity did not depend on the reverse

In this investigation we have studied the wavelength tun-bias on the other section of the laser. In this case the emis-
ing of the radiation from a two-section Fabry-Perot heterola-sion intensityl (\) from the end of the section of lengthis
ser fabricated on the basis of InGaAsP/InP quantum-welgiven by the following expression
separate-confinement double heterostructare .55 xm).

The use of this type of heterostructure with an active layer

thickne;s 100—20 A iq lasers of the “small—_mesa”_ type pro- fexgg(\)*L]—1*R(JI,N)
vides highly reliable single-mode lasers with a high output  I(\)~

power? As mentioned previouslyJasers of this design have g(™)
an anomalously wide lasing and spontaneous emission spec-
trum. A wide gain profile permits tuning of the wavelength

in these lasers over a wide ran‘be, whereR(J,\) is the local intensity of spontaneous emission,

To prepare the two-section laser, an isolating groove wawhich we shall assume is uniform over the length of the
formed on the heterostructures by means of photolithographgection.
and plasmachemical etching. The width and depth of the The ratio of the emission intensities for the two ends,
groove were 5 and 3:m, respectively. The resistance be- 11(\) andl,(\), takes the form
tween the sections of the laser was 0(%.K he lasers were
mounted on a heat sink with the flat side up, and were mea-
sured in pulsed and cw operation. Figure 1 shows a diagram
of the two-section laser.

In Fig. 2 we show the lasing spectrum of the InGaAsP/ J | S um _ | A A

@

InP two-section laserN=1.55 um) for various ratios of the
pump currents through sectiodisand 2, of lengthL ;=300
um and L,=100 um, respectively. The maximum wave-
length shift was found to be 12 nm for the maximum attain- N
able current densityl; through sectionl and correspond-
ingly the minimum current through sectidh It must be 1 2
emphasized that the radiated power of the two-section laser
was maintained constant at 5 mW. At this power the laser
lases on one longitudinal mode, corresponding in wavelength
with the threshold value. This amount of tuning can be ex- L L
plained by a change in the position of the maximum total

gai_n (GO\)) of Fhe tV_VO'Se(Ftion laser when the pump currentri. 1. Diagram of the two-section Fabry-Perot InGaAsP/InP laser
ratio of its sections is varied. (A=1.55 um).

214 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/030214-03%$10.00 © 1997 American Institute of Physics 214



4 i 6 iy
i p.d> Y
B 3 v ] //‘/ E&
WAV e —
i ayd
/

p——
~N
8 om’’

8 & &4 8 o 8 2 g 2
~

1 4{/ / y
b 1
100 /
AN RN AR AR R LRSS S R 120 T r ' T | | T r r r
. 1.545 1.550 1.555
1533 1340 142 144 146 148 150 152 1S4 156 1.8 160 162

pm
’ l., pm

FIG. 2. Emission spectrum of the two-section InGaAsP/InP laser for a con-

stant emission poweP= 5 mW and various current densitids and J, FIG. 3. Measured gain spectrum of an InGaAsP/InP laser diode for various
through sectiond and2, respectively:l — J;=3 kA/cn?, J,=3 kA/cn?; pump current densitiest — J=1 kA/cn?; 2 — J=2 kA/cn?; 3 — J=3

2 — J;=5 kAlen?, J,=2 kAlen®; 3 — J,=7 KA/en®, J,=1.5 kA/en?;  kA/em?; 4 — J=5 kA/en?; 5 — J=7 kA/cn?; 6 — J=10 kA/cn?.

4 — J,=10 kAlcn?, J,=1 kA/cn?.

samples with a different ratio of the lengths of the sections
[{(N) exdg(M)L.]—-1 . . L
r(\)= = ) 2) give the same results. The error in the determination of the
l2(N)  exgg(M)Lz]—1 gain is not higher than 10%.

For normalizingl {(\) andl,(\) the spontaneous emis- Since the measurements were made for pump currents
sion spectra were matched at short wavelengths, wherot much above threshold, we did not take into account the
exp@(\)L)<1, and consequently (\)=1,()\). effect of the optical power on the gain spectrum. Therefore

The gain spectra calculated from formu from the  the net gain profileG(\) of a two-section laser is given by
measured spontaneous emission spectra for various puntpe expression
current densities] in the wavelength range important for
tuning are shown in Fig. 3. The experiments carried out with ~ G(A)~exgd g:(N)L1+92(N)Ls], 3

1.2

1.0 ]

/A// \\\\
/ / / \ FIG. 4. Total gain profile of a two-section InGaAsP/InP laser
with the pump current densities listed in Fig. 2. The arrows

show the measured lasing wavelength for each combination of
currents:1 — J;=3 kA/cn?, J,=3 kAlen?; 2 — J;=5
kAlem?, J,=2 kAlen?; 3 — J;=7 KkAlen?, J,=15
kA/cm?; 4 — J;=10 kA/cn?, J,=1 kAlcn?.
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where g4(\) is the gain for a current density; through  pump currents in order to broaden the tuning range.
sectionl and g,(\) is the gain for a current density, In conclusion, the authors would like to thank N. D.
through sectior?. I'inskaya, T. N. Drokina, and E. |. Kukhareva, for assistance
In Fig. 4 we show the calculated dependence of the totaih preparing the samples, and also S. F. Kharlapenko for
gain for the InGaAsP/InP two-section heterolaser with secassistance in the computer analysis of the results, and Zh. I.
tion lengthsL ;=300 um andL,=100 um for the current Alferov for his steady interest in this work.
densities through the laser sections as listed in Fig. 2. It can
be seen that the maximum in the total gain curve is in good
agreement with the eXpenmen,t,a”y determined Iasmg Wave_lH. Hillmer, A. Grabmaier, S. Hansmann, H. -L. Zhu, H. Burkhard, and
lengths for those current densities through the section. K. Mazagi, IEEE J. of Selected Topics in Quant. Elet{r356 (1995.
To summarize, we have obtained a tuning range of 122M. A. lvanov, Yu. V. Ilin, N. D. Ilinskaya, Yu. A. Korsakova, A. Yu.
nm while maintaining the radiated optical power in a two- Leshko, A. V. Lunev, A. V. Lyuteskj A. V. Murashova, N. A. Pikhtin,
section Fabry-Perot InGaAsP/InP lasar<{1.55 um) based ﬁgg 'éls'lggﬁsgg‘g]ms ma Zh. Tekh. F21(5), 70 (1999 [Tech. Phys.
on a single-mode InGaAsP/InP structure with a thin activesy; A. pikntin, I. S. Tarasov, and M. A. Ivanov, Fiz. Tekh. Poluprovodn.
region. The proposed method of measuring the gain profile 28, 1983(1994 [Semiconductor28, 1094(1994].
in the two-section laser is well-justified by experiment. The “D- Huhse, M. Schell, J. Kaessner, D. Bimberg, I. S. Tarasov, A. V. Gor-
measuredy(J,\) curve will be used in the future for calcu- 2oV and D. Z. Garbuzov, Electron. L0, 157(1994.
lating the optimal ratios of the section lengths and of theTranslated by J. R. Anderson
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Degenerate four-wave mixing spectroscopy excited by ultrashort laser pulses
A. O. Morozov, Yu. A. Golikov, and I. E. Mazets

M. V. Lomonosov St. Petersburg State Technical University
A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996

Pis'ma zZh. Tekh. Fiz23, 16—19(March 26, 199y

A new method is described for spectroscopic diagnostics of combustion and explosion products,
which makes it possible to study processes occurring at short times in hot and dense
molecular gases. €1997 American Institute of Physids$$1063-785(107)02103-4

The physics of processes associated with degeneratesses, energy transport processes, molecular kinetics, etc.
four-wave mixing(DFWM) in nonlinear media has been ac- This favorable property is due to the fact that the duration of
tively studied in connection with the potential diagnosticsa picosecond pulse, and even more so, a femtosecond pulse,
capabilities inherent in this interaction. These capabilitiedS considerably shorter than the phase and energy relaxation
stem from the resonance nature of the interaction, whicimes in the gases, even at high pressures and temperatures.
makes possible highly sensitive and selective measurements, Experiments on four-wave phase conjugation and

and also from the conjugate nature of the signal wave, whicfPm WM in the picosecond range have been carried out pre-

opens up new possibilities for obtaining images of objects\’ious‘Iy for condensed media and were limited to the ob-

and spatial measurements without scandidghese capa- servation of the conjugated signal wave and measurements

. . f its ener nd tim rameters. No m rements or cal-
bilities of DFWM in a number of cases allows this method toO S energy a d time parameters. Mo measurements or ca
) culations have been carried out regarding the spectral aspects
compete with and even surpass such powerful spectroscopb

! f the interaction of ultrashort laser pulses with molecular
methods as coherent anti-Stokes scatteri@hRS) and  jases with DFWM. However, the solution of this problem

laser-induced fluorescence, which allows measurements ;) promote considerable progress in the spectroscopic di-
the region of high pressures and temperatéesaddition,  agnostics of flames and will contribute to the understanding
the useful information on the sample with DFWM is eX- of the physical nature of the fast nonequilibrium kinetic pro-
tracted from the spectrum of the signal wave, which is usucesses occurring in them.

ally obtained by scanning the narrow line of a tunable laser.  For a theoretical analysis, the most simple case is that of
This circumstance inhibits the study of highly transient ob-unsaturated transitions, where the product of the maximum
jects, for example, processes associated with combustion afthbi frequency, which characterizes the interaction of the
explosions at comparatively high pressures. To record thgiolecule with the laser pulse, times the pulse length is much
spectra of the signal wave in a single laser pulse, it has bedfss than unity, i. e., when perturbation theory is applicable.
proposed” that a “broad-band modeless laser” be used, orMoreover, at short times we may neglect relaxation pro-
more precisely, a pulse of radiation amplified in a homoge £€SSes, i. e., the vector states formalism can be used.
neously broadened inversion medium. However, the ampli- = e denote by the numbers 1 and 2 the pump pulses, and

tude and phase distribution in the spectrum of a single puls is the probe pulse, Wh'Ch initiates the DFWM sigigie
of this sort of radiation has a random nature. and is no ourth wave. The relation between the wave vectors of the

reproducible from pulse to pulse, which adds difficulties toVaVES has the forfn
the interpretation of the results.

In this paper we propose a new method of spectroscopic
diagnostics of combustion and explosion products, based on
the use of ultrashort picosecond and femtosecond laser
pulses with DFWM to generate the spectrum of the signal

) . We assume that the wave vectors lie in a common plane
wave. These pulses by their nature have a regular amplitude ST : .
and the light is linearly polarized perpendicular to that plane.

and ph-ase distribution in the s.pectrulm, which Slmp|l-erS theI'he simplest spectra to interpret are obtained if the pulses 1,
theoretical model and makes it po_ssmlg tq take an mstantaz-, and 3 do not overlap in time, but act sequentially. All three
neous “snapshot” of the population distribution over the , ises are obtained from a single initial pulse by means of
vibrational-rotational states of the molecules at selecteghoym splitters, while the required time delay in the picosec-
points within the sampléfor example the flame of a burner  onq range is produced by small path differences. Of course,
Reliable data are also provided by individual measurementge time intervals between the pulses must be short compared
in a single laser pulse, without averaging over a statisticajo the relaxation time3, and T, of the medium.
ensemble of such spectra. Another advantage in the use of By way of example, we calculated the relative intensities
these pulses with DFWM may be separation of the contribung) of the lines of theQ branch of the vibrational band of
tions to the signal wave at the primary and secondary grathe transition between the ground sti®" and the excited
ings, and the related possibility of studying relaxation pro-stateIl of the heteronuclear diatomic molecule

g p y ying p

ki+kz=Kko+Kg. @
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1 obtain nearly 100% reproducibility in the spectra of the ul-
constw;- REESNE trashort pulse$.Consequently in our case the instantaneous
populations of the rotational states can in principle be found
from the results of individual measurements corresponding
><M21 M. S;(w3)Sy(wy) S wy), (2 to the same laser pulse.

- The authors wish to expression their gratitude to Prof.

whereS;(w;) is the spectral intensity of thigh mode at the  Yu. A. Tolmanchev and Prof. T. Neger for helpful discus-

frequencyw; of this transition,J is the rotational quantum sjons.

number(identical for the initial and final statgsw; is the

population of the Zeemann sublevels of the initial sfatés "W, J. Eicher. P. Gunt 4 D. W. Pohe Lisser-Induced D i« Grat
. L . . J. elcher, P. Gunter, an . W. Ponhe er-lnauce ynamic Grat-

assumed that the med!um is isotropic and thgtdoes not ings Springer-Series in Optical Scienc&pringer-Verlag Berlin, 1986

depend on the projection of the angular momentuthe 2R L. Farow and D. J. Rakestraw, Sciers6, 1894(1992.

expressions for the dipole moments of the transitions were’D. R. Meacher, P. G. R. Smith, P. Ewart, and J. Cooper, Phys. Ré6, A

taken from Ref. 8. In the derivation of E€®) it was assumed ~,2718(1992..

. . P. G. R. Smith and P. Ewart, Phys. Rev5A, 2347(1996.

that t_he V\_"dth of the spectrur§i(w;) is much smaller than 5J. L. Ferrier, Z. Wu, X. Nguyen Phu, and G. Rivoire, Opt. Commif.

the vibration frequency of the molecule, so that we can ne- 207(1982.

glect interference of the channels of excitation of DFWN °N. S. Vorobiev, I. S. Ruddock, and R. lllingworth, Opt. Comma, 216

T ; ; ot (1982.
with different mtermedlat.e V|brat|qnal states. "H, Coic, M. L. Roblin, F. Gires, and R. Grousson, J. Opt. Soc. Amer. B
It should be emphasized that in HQ) all the values of 17 5232(1994,.
w; refer to the same instant of time, when an instantaneousL. D. Landau and E. M. LifshitzQuantum Mechanics: Non-Relativisic
snapshot of the state of the medium is taken with a single Lheify f,:d ed-(PiBQS%mon Press, Oxford, 197Russ. original 4th ed.,
FPR H auka, Moscow,

ultrashort pulse. This is how our method differs from.the 9. J. Choi and M. R. Topp, irProceedings of the 2nd International

method of slow scanning of the frequen?y of a laser with & conference on Picosecond PhenoméBaringer-Verlag, Berlin, 1980

narrow spectrum. Moreover, methods exist whereby one canpp. 12-16.
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The “negative trapping” effect in the magnetic-field dependence of absorption in high-
temperature superconductors

G. V. Golubnichaya, A. Ya. Kirichenko, and N. T. Cherpak

Institute of Radiophysics and Electronics, Ukrainian National Academy of Sciences, Kharkhov
(Submitted November 21, 1996
Pis'ma Zh. Tekh. Fiz23, 20—-25(March 26, 199Y

This paper reports the first study of the absorption of an rf electromagnetic field in high-
temperature superconducting samples of YBaO,_, in the range of magnetic fields
corresponding to the onset of the “negative trapping” effect. It is shown how additional
annealing and degradation of the sample influence the onset of the effect. A modification of the
model of dynamic interaction of superconducting loops is used to explain the observed
phenomena. ©1997 American Institute of Physid$$1063-785(17)02203-9

The “negative trapping” of a magnetic field in tended region of reduced loss in the sample from 12 to 30
YBa,Cu;0;_, ceramics observed by Rostastial® appears Oe.
as a nonmonotonic field dependence of the trapped magnetic When the sample with the initial densip=4.6 g/cn?
flux. It is observed in magnetizing field$,, below the lower was annealed again at=930 °C for 6 h(Fig. 1, curve2)
critical magnetic field for the granulel,;4. Because of the and then one more time for 26(burve 3) the magnetic field
high sensitivity of rf absorption in YBCO ceramics to an dependence became nonmonotonic. A noteworthy aspect of
external magnetic field, it is a matter of interest to explainthese curves is the wide plateau following the absorption
how the negative trapping effect affects the rf absorption. peak with increasingf,,, on which the rf loss is essentially

It is well known that qualitatively the magnetic field de- the same as the absorption on the plateau before the addi-
pendence of the rf absorptidd(H,,) in samples with mag- tional annealing.
netic flux trapping® correlates fully with the field depen- Since contact with water or water vapor degrades mainly
dence of the trapped magnetic flt#, (H,,).*® The plateaus the intergranular mediufhjt was important to observe how
on the curves oP(H,,) are separated by segments where thedegradation of the highzTceramic affects the characteristics
absorption increases, while on thi,(H,,) curves the pla- of the rf absorptiorP(H,,). When the sample with the initial
teaus are separated by segments whegeincreases. The densityp=5.4 g/cni was exposed to water the rf absorption
values ofH, corresponding to the end points of the plateauincreased over the entire range of magnetic fields. The non-
on the two curves coincide, and correspond to the criticamonotonic  variation of P(H,) in the range
fields of the sample. HeijsHm=<Hcq is flattened out. For an example, we have

A typical curve of the magnetic field dependence of theshown in Fig. 2(curve2) the results of measurements of the
rf absorption measured by the induction methatl2.5 MHz  rf absorption after exposure of the sample to water for 185 h.
at the boiling point of liquid nitrogenT =77 K, is shown in It can be seen that cun&is qualitatively similar to curve
Fig. 1 (curve 1). The powerP absorbed in the sample nor- in Fig. 1. However, with a regenerating annealing of this
malized to the poweP, absorbed in the sample without the sample afT=930 °C for 6 h the curve is no longer mono-
magnetic field is plotted along the vertical axis. The curvetonic (see curve3 in Fig. 2). It is noteworthy that these
was measured for a ceramic sample prepared from higteperations have a large effect on the valuggf; , whereas
quality powder containing at least 95-97% Y,Ba,O;_, Hcyg is scarcely changed.
by standard hot pressing @580 °C with annealing in air Hence the segment of the curl?éH,,,) corresponding to
at T=930 °C for 5-6 h. The sample density was4.6 the onset of the magnetic-field negative trapping effect,
g/cn?, and the critical current density wds=120 Alcnf at  which  occurs  between the magnetizing fields
T=77 K. Heij<Hm=Hcq, is shifted along the plateau froki.,; to

To observe the negative trapping effect, the work re-H. ;4 when the properties of the intergranular medium are
ported in Ref. 1 used a special technology. In our case, wehanged, while the segments of the plateau are preserved.
used the ordinary technology with higher pressures or longefhese investigations on controlling the intergranular links by
annealing times and found that the magnetic field depenadditional annealing or by degradation support the main te-
dence of the rf absorptioR(H,,) also was nonmonotonic nets of the negative-trapping model, which assumes that the
over the regions of magnetizing fieldd j<H<Hcq system contains both Josephson weak links belonging to
(whereH.,; is the lower critical field for the intergranular most of the loops, and stronger junctions, belonging to loops
mediunm). For example, in Fig. 1(curve 1) we show the of smaller dimensions. However, in contrast to the opinion
curveP(H,,) for a higher-density sample="5.4 g/cni. The  expressed in Ref. 1, we believe that this effect is due not to
magnetizing field at which the Abrikosov vortices begin tothe suppression of superconductivity in the large chains by
penetrate the granule is the same for both sampleghe fields of smaller loops, but simply to the destruction of
Hc1g=31 Oe. However, curvd (Fig. 2) has a prominent the larger loops by the fields of Josephson weak links, which
absorption peak in the regiof ;;<H,<H.4 and an ex- are trapped in more stable small loops with increasihg
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FIG. 1. Relative absorptiof?/P, versus the magnetizing field,, after

additional annealing of the sample:— sample in the initial state — after
additional annealing for 6 I8 — after additional annealing for 26 h.

g
g--

FIG. 2. Relative absorptio®/P, versus the magnetizing field ,, for the
] ] ] ) ] ] sample:1 — in the initial state,2 — after degradation due to contact with
That is, with the trapping of hypervortices in the intergranu-water,3 — after regenerating annealing.

lar medium as the magnetization field increases, two pro-

cesses occur;)gradual trapping of the magnetic flux by all With the degradation of the ceramic samples the weakest

the smallest loops and) Ithe destruction of the larger loops . : . )
both by the external field and by the fields trapped in the“nks are destroyed first. Then the negative trapping effect

. ; may disappear.
sample. In Ref. 1 it was shown clearly that the field of the y bp
trapped magnetic flux near the trapping peak is 3—4 Oe; i. e.
. PP gd-| ~30 h pp .g pf h | ’ 1Kh. R. Rostami, A. A. Sukhanov, and V. V. Mantorov, Fiz. Nizk. Temp.
it can exceed q~ e, c _a_ractenstlc of these samples. 55 55 (1996 [Low Temp. Phys22, 42 (1996].

We believe that the additional annealing generates moréa. va. Kirichenko and N. T. Cherpak, Pis'ma zZh. Tekh. FI(12), 85
Josephson links between the granules, but these links arg1990 [Sov. Tech. Phys. Letll6, 476 (1990). .
weaker than those between the granules formed when theS: V: Golubnichaya, A. Ya. Kirichenko, N. T. Cherpak, V. T. Zagoskin,

. ._Yu. G. Litvinenko, S. V. Lobas, and G. Kh. Rozenberg, Sverkhprovodi-
;ample was syntheS|zeq. The en_hancemgnt o_f the magnetizposy (KIAE) 5, 486 (1992 [Superconductivitys, 484 (1992)].
ing field on the negative trapping section increases the*Cao Xiaowen, Han Guchang, and Zhang Tingyu, Mod. Phys. Lett, B
trapped field, facilitating the breaking of large closed loops, 383 (1988.
which can reduce the general pinning of the magnetic flux. A+ A Zhukov, D. A. Komarkov, G. Karapetrov, S. N. Gordeev, and R. |.

. . " Antonov, Supercond. Sci. Technd, 338 (1992.

However, th_ereaftgr the only trapped magne_tlc flux fixed insg. v. Golubnichaya, A. Ya. Kirichenko, V. I. Nitsevich, N. T. Cherpak,
the sample is that in closed loops formed during the standardv. T. zZagoskin, Yu. G. Litvinenko, V. A. Murakhovskiand Yu. B.
synthesis before the additional annealing. In this connection, Poltoratski, Sverkhprovodimost(KIAE) 5, 348 (1992 [Superconductiv-
the rf absorptiorP directly beforeH,=H;4 can reach the fty 5, 348 (1992,
same level, which is confirmed by the curves in Fig. 1. Translated by J. R. Anderson
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Lagrange—Euler description of discontinuous flows of a two-phase reacting medium
Yu. A. Kurakin and A. A. Shmidt

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 29, 1996
Pis’'ma Zh. Tekh. Fiz23, 26—32(March 26, 199y

Novel methods for calculating hydrodynamic behavior are used to analyze the propagation of
shock waves in two-phase reacting mixtures. New data are reported on the detailed

structure of shock-wave two-phase flow, and criteria are proposed to determine the conditions for
the initiation of combustion, which is important for explaining the characteristic features of

such flows. ©1997 American Institute of Physid$S1063-785(07)02303-3

We have carried out a numerical analysis of the structure (T
of discontinuous flows of two-phase reacting media, based 2(:0 ﬂfo @ dt S s
on the Lagrange—Euldt.—E) description: (¢)i= . Np= e 771

The algorithm permits one to analyze interphase trans- 2 77 AxiAt
port processes and homogeneous and heterogeneous chemi- l'e(i)
cal reactions, in particular, the combustion of disperse inclu-
sions.

1. In the modeling of the motion of the carrier phate
Euler step of the algorithin we use the system of Euler
equations supplemented by source terms that describe inter- CQO,+M=CO+0O+M
phase exchange of mass, momentum, and energy, and also
describe homogeneous chemical reactions. Using the con- O,+M=20+M
ventional notation, we write these equations as

4. The relevant set of homogeneous and heterogeneous
chemical reactions induced by a shock wave appears as fol-
lows: homogeneous reaction

CO,+0=C0O+ 0,
dp dpu
LS where
at " ax — e
; M: O, O,, CO, CQ; @)
dpu  d(pu+p) .
T [(Fgp)+{(Igp- Vp)INp, heterogeneous reaction
C+0,=CO,

de d(eu+pu)
o~ |{Fap Ve H(Qqp) C+C0,=2CO. 2

|

2

Y
0 p
+<Jgp(cp-Tp+ >

5. The description of interphase transport are based on

Ny, phenomenological models using well-known approximations
for the drag coefficient and the Nusselt numb@&he rates of

the chemical reactions determining the composition of the

ﬁpci &pCiU

v —(Jgpi)anrW, carrier phase and interphase mass exchange were applied by
X the corresponding investigations in Ref. 3 for homogeneous
wheree=C,T+ pu?/2 processes and in Ref. 4 for heterogeneous processes.

2. In the Lagrange—Euler algorithm the evolution of the 6. The algorithm for the calculation within one iteration

disperse phaséhe Lagrange step of the algorithris de- S the following:

scribed by a system of ordinary differential equations of mo- - c@lculation of the flow of the carrier phase, without
tion of the test particles: taking into account the disperse phasggcalculation of the

trajectories of the test particles,)iitalculation of the source

dr dm terms by space-time averaging) salculation of the flow of
P_y P_3 ‘ .
dat LRI gp’ the carrier phase with allowance for the source terms. In the
later iterations the sequence of steps starts from the second
dm,V dCom, T one.
pVp _ pp'p_ i i -
ot =Fgp. T_Qgp_ 7. In the Euler step of the algorithm the numerical solu

tion is constructed using separation by physical proc@$se

3. The effect of the disperse phase on the carrier phase &omplete step in time looks as follows
taken into account by a special space—time averaging of the UM 2= (2AH)UM=L (AL (At)L (AL (ADUD
parameters of the test particles over sections of the trajecto- ' b ¢ ¢ X ’
ries within the calculation cells: where the operatdr, describes the solution of the equation
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FIG. 1. Intensity of a shock wave moving in a powder-laden

gas.
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AAAAA Experiment (Sommerfeld, 1985)
1,1 |YIIIIIV|I|lllll['ll[llll]llll]llrll!rl[—l

0 25 50 75 100
X ’ mm

U  9F M=1.5, pg=1 atm, concentration of particles by weight is
E*‘ [?_XZO a=0.6, the Stokes number, which characterizes the rate of

interphase exchange, 8= 7,,/74, wWherery, is the char-
acteristic interphase relaxation time, angis the character-
istic gasdynamic time, which was set equal to 0.01. A calcu-
lation using the proposed model shows good agreement with
experiment.

and is constructed with the aid of the TVD schefnehile
the operatoL . describes the solution of the equation

du
——=W+Q,.

dt
. In Fig. 2 we present on ar-t plot the density of the
To construct the operatdr, and also to calculate the trajec- . g b . b Y .
carrier gas. The simulation was carried out for the following

tory of the test particles we used the Adams second-order” = =" "~ _ .
implicit scheme of approximation. conditions:M =5.8, pg = 0.01 atm, the length of the particle

8. The algorithm described above was used to solve th(e‘IOU(_j 0.3 m, the particle diametdp=1 um, and f9f a mass
problem of the interaction of a planar shock wave propagat?fraCt'O” a=0.25 and these parameters,.the flow is chargcter-
ing in oxygen with a cloud of carbon particles located to theiZ€d by @ Stokes numbe8k=0.15 and is close to equilib-
left of the closed end of the shock tube. The shock wavdium. The normalization scales of the variableg,andt,
moves from right to left. are, respectively, 0.5 m and 3,880 ° s.

In Fig. 1 we show a comparison between the experimen- ~ The diagram showd4 — the incident shock wave that
tal data and test calculations of the variation of the intensityinitiates the combustion of the carbon particl@s,— the
of the shock wave and the dependence on the path traveled waves detached from the outer boundary of the cloud, carried
the dust-laden gas. The experimental conditions’ areaway by a supersonic accompanying fl@&w — the trailing

FIG. 2. x—t diagram of the carrier gasSk=0.15).
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FIG. 3. x—t diatram of the density of the carrier gas
(Sk=3.75).
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and leading edges of the region of hot gas that is formed An analysis of the propagation of the shock wave over a
from the combustion of the particleS,— the shock wave reacting two-phase mixture distinguishes two regimes of ini-

| reflected from the wall and refracted by nonuniformities intiating combustion: behind the incident shock wave and be-
the oncoming accompanying flow,— the wave formed as hind the reflected shock wave. The critical Stokes number,
the result of the interaction of the reflected shock wave which characterizes the parameters of the mixture and the
with the boundary of the hot gas, and the contact discontiflow in the transition from one regime to another, can be

nuities 7 and8 represent the trajectory of the contact discon-written as

tinuities 4 and 3 after their interaction with the shock waves To_T.\-1

5 and6. The system of waves included betwekeand4 and Sk = ( In f g) ,
which are formed as the result of the generation of the com- 5 =T,

bustion products, augments the incident waveand in-  whereT,, Ty, andT* are, respectively, the initial tempera-
creases its velocity. . _ ture of the disperse phase, the characteristic temperature of
In Fig. 3 we show on am—t diagram the density of the the carrier phase, and the temperature at which combustion is

carrier gas for particles of diametdg=5 wm, which corre-  initiated. For the mixture and flow parameters given above,
sponds to a Stokes numb8k=3.75. This showd,5—the Skg~1.6.

incident shock wave and that reflected from the wall, and This work received partial support from grants RFF| 95-
— the waves that have reflected from the outer boundaries @1-00521 and INTAS 94-4348.

the particle cloud. Unlike the preceding case, the flow is

characterizeq by the development of (elaxatio_n goBes+ 16.T. Crowe, J. Fluids Engl04 207 (1982

the zone of interphase relaxation behind the incident shocl@R: v Nigmat'u”'n’DynamiCS of Mumphasé Meditin Russiai (Nauka,
wave. The boundary between zorand3 corresponds to &  gscow, 1987,

trajectory of the front of the particle cloud with which the 3yu. P. GolovacheviNumerical Simulation of Flows of a Viscous Gas in a
wave 5 interacts and is reflected as a jurfpin this case, 4hsﬂh%?ﬁn:aéefélslé?a&(’\,ij‘gr':gevt'\g?scKOSV\’()l égﬁi 167(1990

because of the IOW_rate of the |r_1terphase relaxatlor_] pro'5A.‘I. ZhrT’1ak.in, Preprir‘n A F. loffe Pf;ysicotechﬁi(‘:al Institute,‘Academy of
cesses, the combustion of the particles starts only behind thesciences of the USSR, No. 642980.

reflected shock wavB, and4 denotes the region of hot gas °S. A. llin and E. V. Timofeev, Preprint A. F. loffe Physicotechnical In-
formed from the combustion of the particles. The generation_stitute, Russian Academy of Sciences, No. 161993.

of the combustion products initiates a system of wavdgat - Sommerfeld, Exp. in Fluids No. 3, 192985

supplement and accelerate the reflected shock wave. Translated by J. R. Anderson
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Self-excited oscillations in a fiber-optic laser—collimator—microresonator system
V. D. Burkov, F. A. Egorov, and V. T. Potapov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino
(Submitted November 1, 1996
Pis’'ma Zh. Tekh. Fiz23, 33—-39(March 26, 199y

This paper proposes and studies experimentally a design for a fiber-optic self-excited oscillator,
characterized by high stability of the operating point. The design appears promising for
developing fiber-optic transducers of physical quantities with a frequency outpuf.993@
American Institute of Physic§S1063-785(17)02403-§

It has been showhf that in a laser with an additional #7(6(t)). The collimator consisted of quarter-period graded-
mirror in the form of an optically excited micromechanical index rod lenses, which form Gaussian beams with the pa-
resonator(MR) it is possible to set up self-excited oscilla- rameters 1beam waist diametervi,= 780 um, divergence
tions at the resonant frequen€yof the mechanical oscilla- angle 2,~2.6x10°% deg, 2 2wy=440 um,
tions of the micromechanical resonator. The properties of th@ 9,~4.0x 102 deg. The residual reflection coefficient of
system can be accounted for qualitatively within a model ofthe lens did not exceed 0.2%, while the insertion loss was
passiveQ-switching of the optical cavity: the oscillations of =0.4 dB. The state of the laser was monitored by an asym-
the micromechanical resonator cause modulations in the efnetric (1 : 3) single-modeX coupler with~0.5 dB losses.
fective reflection coefficierR of the Fabry-Perot interferom- The micromechanical resonator was made of silicon mi-
eter formed by the mirror of the optical cavity and the re-cromembranes, microbridges, and microcantilevers, prepared
flecting surface of the micromechanical resonator. Becausgy anisotropic etching; their parameters are described in Ref.
of the complicated dependence of the spectral characteristias The experimental curvey(6) is shown in Fig. 2. The
of a three-mirror optical cavity on its geometrical param-yariation in the distancel between the lens and the resona-
eteI’S, the I’ef|ecti0n Coefﬁcient Of the interferometer iS noﬁor d|d not make any signiﬁcant Change in the output optica|
only amplitude modulated, but also phase modulated. BesignaIsW2 and W5, which indicates the absence of large
cause of the dependence Bfon the phase change, there jhterference effects.
exist discrete regions of existence of self-excited oscillations,  The main experimental results are as follows. Regardless
periodic with the period of the interferometer, equalM2  of the topology and construction of the mechanical resonator,
(whereN is the lasing wavelengihAs the result of external - \yhen certain conditions are satisfied in this system, self-
perturbations the operating point of the self-excited oscillauycited oscillations are set up with a frequerfeywhich is
tion can drift on the interference pattern away from the "early the same as the resonant frequefieyf. These con-
gion of existence, and the self-excited oscillator will there-giinns reduce to the following:)lin the initial state the tilt
st o e retawirge0, i 1 e <1<ty hers

tgat P tally gn PasSIVeangs of the interval 4, , 6,) depend on the characteristics of
Q-switching of a laser with the use of a micromechanicaly,o achanical resonator of the lase);tBe resonant fre-
resonator, in which amplitude modulation of the reflectionquency of the resonator is near the frequerigy of the
coef_rﬂrc]ler(;t p_Iays_ a rrrllajor TOIIE:'. 11t tion is based relaxation oscillations of the laser or its harmonics,

ne design 1s shown in F1g. 1. 1S operation IS based ofy _ frel, Wwheren=1,2,3, ... . We note thdft.,, is deter-
Q-switching of a two-mirror optical cavity by the photoin- mined by the relative pump power= P, /P, , whereP, is
duced angular deflection of one of the mirrors, which is p " Pl pl

. ) ) o ! %he threshold pump power of the lag&ef. 4); 3) the aver-

micromechanical resonator. Activ@-switching of lasers by diati W, d wain threshold level
titing a mirror has been analyzed in Ref. 3, where the2d® radiation powewy; exceeds a c_er. ain thresho evg
method was shown to be highly effective: a tilt angle f 9 Wy, that depends on the_charact_erlsncs of the mechanical
results in 100% modulation of the output power of the laserf€Sonator and the optical fiber cavity.

The experiments were carried out with an erbium fiber-optic ~ Figure 2 shows the experimental results obtained for a
laser, whose main parameters are listed in Ref. 1. In th8echanical resonator in the form of a microbridge of dimen-

present case, the mirrob, was the fiber-air interface Sions 1656400x6 um, with a nickel(Ni) film as the re-
(R;~3.2 %), and the intermode beat frequency of the fiber-flecting coating, with a reflection coefficient of 72%e film

optic laser was 12 MHz. Some of the power in the opticalthicknesshy; was~0.3 um). Because the resonator is quite
beam formed by the collimator C is reflected from the sur-Wwide, it coupled efficiently with the optical beam. In the
face of the micromechanical resonator, making an amgle situation described here, the self-excited oscillations were
with the axis of the beam, and is returned back into thénduced with frequencieB;~35.5 kHz andF,~112.2 kHz,
fiber-optic cavity of the laser. Because of the photoinduce@orresponding to the resonant frequencies of the fundamental
deformation, the variation of the laser pow&% incident on ~ and third harmonics of the mechanical resonator, measured
the micromechanical resonator causes modulation of the devith a fiber-optic interferometér.The average powew,
flection angled(t) of the reflected beam, i. e., modulation, was 1.5-4.0 mW, and the signal-to-noise ratio in the system
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FIG. 1. Diagram of the experimental setup.

E°
Ri=327,
My
te,
b/4
]\p =0.98 pm

was 40-50 dB. The amplitude of the oscillations wa80  modulation of the inclination angle of the beam, and not
nm. TheQ of these modes, measured by means of acoustiadditionally by its focusingdefocusing due to bending of
excitation, was 90 and 120, respectively. As one can sethe surface of the mechanical resonator during the self-
from Fig. 2, the region of existence of the self-excited oscil-excited oscillations. We note that for the higher oscillation
lations (0, , 8,) for the fundamental is located entirely on one modes, depending on the type of mechanical resonator, these
branch of the curvey(6). This means that th@®-switching  regions can consist of separated intervals. In Fig. 2 the width
of the optical cavity is accomplished principally through of the intervalA 6= 6,— 6, is ~4x 103 deg, which gener-

F, kHz

34971

i 38

3y r

FIG. 2. Experimentally measureg(,) andF(r).

4 8 12 8-10°deg
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FIG. 3. Experimentally measurde(T).
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ally decreases with increasing divergence angle of the beam. o «/ag=(1+ Ephyiani/Eshsiasi)
It is worth pointing out that when the variation Hf is in the

submicron range or when it is larger (.5 mm) the self- X (1+Eyihni/Eshs) ™4,
excited oscillations are not cut off, and the frequency insta
bility is AF_/F$3X1O *. In the mterv_al 01.0,) we find a thickness, respectively, of the nickel and the silicon me-
weak functional dependend®(6;), which may or may not .nqnical resonator, respectively.

be monotonic, depending on the angular and linear geometric  gjnce ani=13.0<107% K1 and ag=2.3x107% K1,

parameters that characterize the spatial orientation of the opris obvious thatx > as. As a consequence, a temperature
€ I ]

tical beam relative to the mechanical resonator. The depenjse of the microbridge induces longitudinal stresses that re-
dence of the frequenck(r) of the self-excited oscillations 4o the resonant frequentythe dependence of the com-

on the pump power, determined for fixed spatial parameter§gjte mechanical resonator on the physical parameters of
of the system, is shown in Fig. 2. We believe that this monoihe fiims thus allows us to study their properties.

tonic dependence can be explained by the pulling of the fre-
quency of the mechanical resonator by the relaxation oscily, jqulation of the reflectance of the optical cavity of the

lations of the laser, whose frequency increases With,ger js sufficient to generate self-excited oscillations in a
increasingP, . When the parameters of the system are varyy stem composed of a laser and a micromechanical resona-
ied, the kind of excitation of the self-excited oscillations tor; 2) the proposed method for obtaining optical feedback
(“soft” or “hard” ) depends on the specific type of param-eyeen the laser and the mechanical resonator makes the
eter that IS varying. ) . operating point of the self-excited oscillator very stablea3

~ Figure 3 shows the frequency of the self-excited oscillajper_gptic system will allow one to measure the parameters
tions versus the microbridge temperatdrewhich is varied of the surrounding mediuntfor example, the temperature

by means of a Peltier element in the temperature ranggnq stdy the physical properties of the thin-film structures.
10-70 °C. The micromechanical resonator with the Ni film

had dimensions of 1400300x6 wm, and the fundamental

resonant frequency at room temperature Was56.3 kHz.

When the temperature was varied in the stated interval, the

SySFem rerr?aln.ed at a,” times II’.l th? range of stable _self_lv. D. Burkov, F. A. Egorov, and V. T. Potapov, Pis'ma Zh. Tekh. Fiz.
excited oscillations. It is shown in Fig. 3 that the function 22(18), 16 (1996 [Tech. Phys. Lett22, 738(1996)].

F(T) is nearly linear, with a temperature coefficient 2V. D. Burkov, F. A. Egorov, and V. T Potapov, Pis'ma Zh. Tekh. Fiz.
Ky=(1/F)dF/dT~—0.08% K 1. The negative sign ok;  ,2219. 18(1996 [Tech. Phys. Lett22, 785(1996].

. . G. N. Belova and E. I. Remizova, Kvantovaya Elektrgkloscow) 11,

is probably related to the fact that the effective thermal ex- |9, (1984 [Sov. J. Quantum Electrorid, 131 (1984].

pansion coefficientr of the micromechanical resonator, 4v. N. Tsikunov, Zh. Ksp. Teor. Fiz58, 1646(1970 [Sov. Phys. JETP
which is a layered structure of silicon and nickel, is higher 531, 882(1970].

than the thermal expansion coefficient; of the silicon base ~D: aish and B. Culshaw, Sensors and Actuator5A27, 711.
of the microbridge Translated by J. R. Anderson

whereEy;, Egj, hyi, andhg; are the Young's modulus and

In this investigation it has been shown thatanplitude
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Model of a two-dimensionally focusing ultrasonic x-ray lens based on Bragg—Fresnel
optics
A. M. Egiazaryan

Institute of Applied Problems in Physics, Armenian National Academy of Sciences, Erevan
(Submitted November 12, 1996
Pis'ma Zh. Tekh. Fiz23, 40—-43(March 26, 199Y

A model is proposed for a two-dimensionally focusing x-ray lens, whose operation is based on
the principle of Bragg—Fresnel optics. It is shown that the lens has a large aperture.
© 1997 American Institute of Physidss1063-785(07)02503-3

The rapid development of microelectronics has been dués satisfied, wherd is the wave number of the ultrasound,
to the conception and development of new x-ray elements. l&q. (1) takes on the form
Refs. 1 ad 2 a one-dimensionally focusing x-ray lens was

) : L) : XXq
devised, whose operating principle is based on the idea of ~Z"=_gnst. (4)
Bragg—Fresnel opt&c— a newly developing field of x-ray
optics. A one-dimensional microstructure is produced onthe |t js easy to see that the corresponding regions of the
entrance surface of a perfect single crystal in such a way thajyrfaces of maximum and minimum intensity, where the
only even Fresnel zones participate in the Bragg reflection ofoints  (—x;,0,—t,), (X1,0,—to), (0,—y;,—to), and
the -inCident X-ray beam and focus the beam in a Single di(olyl,_to) are excited, are evemy distributed, mutua”y per-
rection. pendicular planes parallel to th2Y and ZX planes. The

In the present paper a model is proposed for a twofunction u of the inclination of the crystal at the entrance

dimensionally focusing x-ray lens, whose operation is likesyrface of the single crystal varies according to the arrange-
that described above. The two-dimensional microstructure éﬁ‘]ent of these p|anes' which are responsib|e for the corre-

the entrance surface of the single crystal is created by thgponding microstructure on this surface.

interference of ultrasonic waves. From the condition for the reflection of the x rays
We assume that the beam of monochromatic x rays

comes from a point source located at the poiqt, (0,2,) and Xo_ Xt (5)

is incident on the entrance surfacg, Q0,y) of a perfect do fo

single crystal with parallel facesee Fig. 1 The.reflecting and the condition for the formation of theth Fresnel zone
planes are parallel to the entrance surface. Simultaneously,

point sources of coherent ultrasonic waves are produced in
pairs at the points<{x;,0,—tg), (X1,0,—tg), (0,—y1,—tp)

and (Oy;,—ty) of the exit surface of the single crystal.
These waves interfere inside the crystal where they superi
pose, and because of this interference a corresponding
crostructure is produced on the entrance surface of the sing
crystal. When this microstructure matches the geometry of

A
do+f0+m)\<d01+f01<d0+fo+m)\+E (6)
nive obtain for the coordinates,, of the boundaries of this
one in an approximation that includes up through second-
Perder terms

2
the one-dimensional Fresnel zones in ¥randY directions Mok <Xp<mMa + o @)
the reflected x-ray beam is focused in these directions at the )
point (x;, 0, ;). where\ is the wavelength of th& rays and
~The surfaces of constant intensity in the interference 1 1 7 232 242
field of ultrasonic waves, generated at the points —=d—+f——d—3—fT. (8)
(—x;,0,—tg) and ;,0,—t,), are hyperboloids that satisfy @ Mo Tor Gor  To
the equation A numerical evaluation of conditiofi7) shows that the

dimensions of neighboring zones beginning with the third

d; —d,=const, (1) 2one coincide to the second decimal place. Consequently it
where can be stated that the corresponding regions of the bound-
aries of the Fresnel zones are mutually perpendicular and
dlz\/m, equally spaced straight lines parallel to tdeY and ZX
planes. The frequency of the ultrasonic waves can be chosen
dy=(x—x7)2+12 . (2)  so that the planes of maximum intensity of the interfering
fields, given by conditiori4), pass through the middle of the
When the condition even Fresnel zones, which, because of the interaction with
. the ultrasound, are incident in the angular range for Bragg
kx—<1 3) reflection. In this case the odd Fresnel zones lie outside this
d? range, and only the even Fresnel zones, which reinforce one
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dl FIG. 1. X—Z cross section of the proposed lens.
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another, take part in the reflection of the x rays. As a result, | would like to extend my thanks to Academician A. R.

the x rays are focused at the focal poimt,(0, z;) in theY Mkrtchyan for valuable discussions.

and X directions. Calculations show that the relative x-ray

intensity at this pointrelative to the intensity of the radiation

reflected from the single crystal without the ultrasoursd

proportional to the paramet®, whereN is the number of

participating Fresnel zones. In this way the proposed modelV. V. Aristov et al, JETP Lett.44, 265(1986.

of a two-dimensionally focusing ultrasonic x-ray lens, whose V- V- Aristov, Yu. A. Basov, and A. A. Snigerev, Pis'ma Zh. Tekh. Fiz.
operation is based on the principle of Bragg—Fresnel optics, > 1141987 [Sov. Tech. Phys. Letd3, 49 (1987

also has a large relative aperture. Translated by J. R. Anderson
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Ultraviolet HeCd laser pumped by a high-frequency electron beam
Yu. N. Novoselov and V. V. Uvarin

Institute of Electrophysics, Russian Academy of Sciences, Ekaterinburg
(Submitted November 20, 1996
Pis’'ma Zh. Tekh. Fiz23, 44—47(March 26, 199y

An electron beam with a large cross section and with a repetition rate<d3 pulses per

second in a packet has been obtained for the first time. With this beam a HeCd high-pressure laser
has been developed and high-frequency lasing on the Cd ion at a wavelength of 325 nm has

also been achieved for the first time. ®97 American Institute of Physics.
[S1063-785(17)02603-1

A high-pressure helium-cadmium mixture has a low las-are no changes in the behavior of the current pulses out to
ing threshold, which applies also to the threshold for lasing 140 us. The maximum steady-state current pulse amplitude
at the ultraviolet line at 325 nmPulsed generation at 325 was 30 A.
nm on the 52 2D,,,—5p?P,,, transition of the cadmium ion Ultraviolet lasing at 325 nm, as in Ref. 4, was obtained
was obtained with electron beam pumping at nanosecondnly when carbon tetrachloride was added to the mixture. In
and microsecorfd pulse lengths. However, with pumping the experiments we determined the main parameters of the
by a quasi-steady-state beam with a pulse length of tens @fperating mixture for which the radiation pulse energy was
microseconds, lasing was obtained only in a mixture containthe highest. An oscilloscope trace of the packet of laser
ing the electronegative component GCRef. 4. In Ref. 5  pulses is shown in Fig. 1b. The maximum specific lasing
model calculations were carried out that showed that thgpower in a single pulse was 4 mW/énFor this output the
pulse repetition rate in a HeCd laser with excitation of thehelium concentration was 210" cm™3, and the tempera-
mixture by a picosecond electron beam can readpifses ture of the medium was 390 °C, i.e., the concentration of
per second. The purpose of the work reported in the presesadmium vapor was-3x 10* cm™3, and the concentration
article was to obtain high-frequency lasing at 325 nm. of CCl, was 3x 10" cm™ 3.

To carry out the experiments we used an apparatus simi- It can be seen from the oscilloscope readalg. 1)
lar to that described in Refs. 2 and 4. The mixture wasghat the first few pulses fail to produce lasing in the mixture.
pumped by an electron beam with a cross section»7@ We believe the reason has to do with the pumping of the
cm and an electron energy of 180 keV. The laser cell was $s° “Ds)2 upper laser level of the cadmium ion. It is well-
cm in diameter, it had pieces of cadmium affixed to the wall,known that the Penning reaction between the metastable
was filled with helium to a pressure of 1-2 atmospheres, angtates of the helium and cadmium atoms contribute to the
could be heated to 450 °C. The apparatus provided for con-
tinuous cleaning of the helium, by flowing the gas at a rate of
~0.1 cm/s through a liquid-nitrogen-cooled zeolite filterand ~ J, A 30 a
the laser cell. The laser cavity was formed from a spherical ]
mirror with a 5 mradius of curvature and a plane exit mirror,
with a reflection coefficient of 99.5% for the two mirrors. 20 -
The power and time characteristics of the laser radiation 1
were measured by a calibrated B-22SPU photomultiplier, 10
with the signal displayed on an S9-27 oscilloscope. \

The electron source was an accelerator with a plasma
cathode and grid control of the emission current, as de- o ) T v } -
scribed in Ref. 6, which could generate a packet of electron mw
pulses with a pulse length of 200 ns at half-height, a repeti-P,., 3
tion rate of 100 kHz, and a packet length of 208. This em
accelerator was modernized to increase the pulse repetition
rate in the packet to 300 kHz. For this purpose the control-
grid pulse generator was equipped with a switching element 2
including the previously used tasitron and in addition, a bank N
of 10 GMI-6 oscillator tubes connected in parallel. To reach ’ “
the generation threshold in each pulse, the pulse length was
increased to Jus. An oscilloscope trace of the electron beam y T T T T | AR
pulse packet is shown in Fig. 1a. It can be seen that the pulse 20 40 60 ¢ ps
amplitude comes to a steady value in a period of time equal

to the '_'ise time of the plasma-forming discharge current ingg. 1. Oscilloscope traces of the electron beam pu(sesnd the laser
the emitter. Figure 1a shows the first G8; thereafter there pulses(b).

4 —
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population of this levet:® It is probable that under our ex- laser by an electron beam with a repetition rate 13°
perimental conditions the pump power of the first 3—4 pulsepulses per second, and also have obtained for the first time
of the electron beam is insufficient to create a concentratiohigh-frequency ultraviolet lasing in this laser.
of metastable helium atoms for which the lasing threshold
can be reached. Lasing starts when the accumulation of
metastable heliums in the active medium is sufficient.

.A.Cha.raCtenStIC feature of th_IS QSCIl_lOSCOpe trace Of. th? 1A. V. Karelin and S. I. Yakovlenko, Kvantovaya Elektraitoscow 20,
r§d|at|on is the b_ackground emission in between the |nQ|- 631 (1993 [Quantum Electron23, (1993].
vidual pulses. This can also be explained by the rather hightv. A. Makeev, Yu. N. Novoselov, M. Yu. Staro#tov, and V. V. Uvarin,
concentration of metastable helium that cannot decrease ver FiS(‘sm% Zh. Tekh-\'/:izll%(9), %19(19'33(£T§Chhalfhy&lLeétlS), 263(199E?Jk

H H H _F. G. Goryunoy, V. | berzniev, N. G. idkost al., Kvantovaya Elek-

r.nUCh in the Imer\./als between. the pgmp pU|Se.S' It is sugges tron. (Moscow) 16, 2039 (1989 [Sov. J. Quantum Electrorl9, 1312
tive that the amplitude of the first lasing pulse is about equal (19g9).
to the background level. 4Yu. N. Novoselov and V. V. Uvarin, Pis'ma zh. Tekh. Fi21(23), 15

In this figure one can see that the amplitude peak of thes(slg\?sh/[ITECh- Pfys- 'N-Et,{lzl 95?(1995(]1-\/ V. Osinoy. Kuant o
. . ) . . . . . V. Makarov, Yu. N. Novoselov, an . V. Osipov, Kvanitovaya klek-
individual lasing pulsegb) is offset in t_|me relative to the ron. (Moscow 17, 974 (1990. [Sov. J. Quantum Electror20, 891
peak of the electron beafa). This delay is about 0.s, and (1990)].

is due to the recombination nature of the population of the®V. I. Gushenets, N. N. Koval’, D. L. Kuznetsov, G. A. Mesyats, Yu. N.
upper laser level® Novoselov, V. V. Ufarin, and P. M. Shchanin, Pis’'ma Zh. Tekh. Fiz.

To summarize, in this investigation we have obtained for 2223 261993 [Sov. Tech. Phys. Let@1, 834 (1991},

the first time pumping of a high-pressure helium-cadmiumTranslated by J. R. Anderson
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Photorefractive surface waves in sillenite crystals in an alternating-sign electric field
S. M. Shandarov and N. I. Nazhestkina

Tomsk State Academy of Control and Radioelectronics Systems
(Submitted September 2, 1996
Pis’'ma Zh. Tekh. Fiz23, 48—53(March 26, 199y

A theoretical model is proposed for photorefractive TE surface waves in a sillenite crystal
located in an alternating-sign electric field ®97 American Institute of Physics.
[S1063-785(0®7)02703-1

The nonlinear self-channeling of light in photorefractive the conduction bandN, and Ny are the concentrations of
crystals is observed at low beam intensifiesand therefore compensating acceptors and donerss the electron charge,
is of considerable interest for developing optical switchesg is the dc permittivity of the crystalyg is the two-particle
shutters, and other optoelectronic elements. The selfrecombination coefficient and ti&cross section for photo-
channeling effect can be observed in the formation of threeionization of the donor center. The first four approximations
dimensional solitons, acting as a channel for the propagatioare frequently used for analyzing photorefractive effést®,
of a light beam, in which the diffraction-related divergence ise. g., Ref. 10, and the last term corresponds to a field (
compensated by self-induced variations in the refractivesmall in comparison with the trap saturation field. The linear
index~3Nonlinear surface waves in photorefractive crystalsequation forE(x) can be written as
with a strong diffusion response have been predicted in Ref.

4. The first experimental observation of such photorefractived IEse PEge
) . . — —L -L +8(B+S))
surface waves in BaTiQcrystal was reported in Ref. 5. agt] 7S¢ TE gx D sx?
In sillenite crystals (Bi;,Si0,y, Bi;,GeGy, and
g : -12 L2 oE LZ 9 9E
Bi1,TiO,o the small electrooptical constant-6x10 E __S sc s 7 (B+S)) sc
m/V) entails a weak diffusion response. However, photore- s¢ L% E ox  (B+SI) ox X

fractive variations in the refractive index can be greatly in-
c_reased by_ applying to the_crysta_l an externa_l alternating- _ —6SI[E0+ kB_Tlﬂ
sign electric fielf The redistribution of the light beam I dx
intensity at the exit face of a fiber sample of,BiO,, at-
tached to one of the electrodes used to apply the alternatinguhere  Le=pu7rEq is  the drift  length,
sign field has been studied in Refs. 6 and 7. This effecks=[KsTe/(e°Ny)]¥ is the Debye screening length,
results in a substantial reduction in the time of the photoreLo=(x7rksT/€)" is the diffusion lengths=eursNp /e,
fractive response and is interpreted as the self-channeling ¢ is the thermal ionization rategr=(ygNa) ~* is the recom-
light in the form of surface photorefractive waves. The bination time,u is the electron mobilitykg is Boltzmann's
present communication presents as theoretical analysis of tig@nstant, and is the absolute temperature.
photorefractive variations in the refractive index by the ac-  FOr the Bi,TiOy crystal with the typical parameters
tion of a light beam on a crystal of a group of sillenites 4/ Yr=1.7%10m"*.V~! andN,=10*m? (Ref. 6, and
placed in an alternating-sign electric field and an analysis ofn electric field amplitudeE,=10 kv/iem we have
the photorefractive surface waves in these crystals. Ls=0.025um, Lp=0.66um, andLg=17 um. In this case,
Let us consider a sillenite samplein which a light when the size of the nonuniformities of the.llghtdlstrlbutlon
beam travels with uniform intensity(x) along the[110] &€a>5 um, we can neglect terms containing second de-
crystallographic axigthe Z axis in Fig. 2. The external rlve_mves with respect to the spatial coordinate in E—'_h)
alternating-sign field in the form of a square wave with anL_Jslng thereafter the well-_known procedur_e for averaging the
amplitudeE, and a periodT is applied to the electrodezs  field Es(x) over the periodT of the applied voltag_ﬁaand
along theX axis. The photoexcitation of charge carriers andn€dlecting trap saturation, we obtain an expression for the
their redistribution over the impurity centers by way of dif- average space-charge fidid (x) in the form
fusion and drift in an electric field create a space-charge field
E.J(X). This field through the electrooptical effect changes
the refractive index of the crystal by an amount
An(x)~Es(x), and under certain conditions induces self-
screening of the initial light beam. For crystals with a single  If the thermal conductivity is negligible3<SI, then
partially compensated optically active donor level and oneexpression(2) for Eg(x) corresponds to the logarithmic
type of carrier the space-charge fidid(x) can be found model of photorefractive nonlinearify, but with a response
from an analysis of the known constitutive equations for athat can be much faster than the diffusion response in crys-
model of zone transpoftWe linearized these equations with tals with Lg>Lp . In this case the transverse field distribu-
the conditionsgn/dt=0, n<N,, ygNa>SI, Np>N,, and tion in the photorefractive surface TE wave,
JEsc/dx<eNple, wheren is the electron concentration in Ey(X,y) =A(x)exp(pz) satisfies the linear equatidh

; ()

keT
%“'RE(Z)+i

1 d
e larsn ax SV 2

EsclX)= (BT S)) dx
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FIG. 2. Typical profiles of the transverse distribution of the optical field in
a photorefractive surface wave for the=150 TE mode for an external field

amplitudeEq,= 10 kV/cm (1) andE,=8 kV/cm (2).
FIG. 1. Configuration of the sillenite crystal with an applied square- wave
voltageU(t) and a light beam that excites the photorefractive surface wave: The transverse distributions of the optical field € 633
1 — crystal,2 — metal electrodes. . _ . e .
nm) for the mode withm= 150 in a Bi,TiO,, crystal with a
thicknesd. =1 mm forEy= 10 kV/cm andEy=8 kV/cm are
shown in Fig. 2. In the calculations we used the crystal pa-
d2 dA rameters cited above angy=2x10"? m/V, which is de-
WﬂL(k%—BZ)AﬂL 2055 =0 for 0=x=-L, ()  termined with allowance for the photoelastic contribution
from the data of Refs. 12. As one can see from Fig. 2, as the
wherek,=2mn,/\, \ is the wavelength of the light wave, amplitude of the external field increases, the photorefractive
n, is the refractive index of the unperturbed crystal, and theurface of the TE wave close to the crystal boundas0
parameterq takes into account the change in the refractivehecomes more localized. At an amplituig=10 kV/cm
index due to the photorefractive effect. In our model it takesmost of the energy in the wave is transported in a layer of
the form thickness~15 um. Hence we have in this paper shown a
27 \2 keT simple theoretical model for the photorefractive surfaces of
q= (Tng) reﬁ(,erEéJr T)’ (4)  the TE waves for a sillenite crystal placed in an alternating-
sign electric field.
wherer o is the effective electrooptical coefficient of the This work was carried out with the partial support of the
crystal. “Stek” company.
For a sample with metal electrod@sg. 1), if we use the |
boundary ConditionEY(O,Z) — Ey(_ L,Z) :0' the transverse a.ggéDuree, J. L. Shultz, G. | Salanat al., Phys. Rev. Letterg1, 533
field distribution in the photorefractive surface wave can bezy taya M. Bashaw, M. M. Fejeet al, Phys. Rev. A52, 3095(1995.

brought to the form 3M. Morin, G. Duree, G. Salamo, and M. Segev, Opt. L&, 2066
(1995.
A(x)=exp(gx)sin(+/ k22_ q°— Bx) (5) 4G. S. Garcia Quirino, J. J. Sanchez Mondragon, and S. Stepanov, Phys.
. ) Rev. A.51, 1571(1995.
with a propagation constant 5M. Cronin-Colomb, Opt. Lett20. 2075(1995.
> 6A. A. Kamshilin, E. Raita, V. V. Prokifiev, and T. Jaaskelainen, Appl.
_ 2 o, (M+1L)%m Phys. Lett.67, 3242(1995.
B= kz_q - Tv (6) "E. Ratia, A. A. Kamshilin, and A. V. Khomenk&econd International
Conference on Optical Information Processing: Adv. Tech. Progr. and
wherem=0,1,2, ... is the index of the eigenmode. Strictly _Abstr, 1996. p. 21-22.

; : T : ; : - 85|, Stepanov, and Petrov, Opt. Comm&8, 292 (1985.
speaking, the optical activity and the linear birefringence in-g 0\ KuEhtaren M.V, Markovpand s.G. Odulof/ Fe?roelectrl’&s949.

ducgd by the e_Xtemal_ ﬁelq results in eIIip_tice}I polarization ofop Gynter and J.-P. Huignard, edBhotorefractive Materials and Their

the light wave in the sillenite crystals, which is not accounted Applications | and Il V. 61 and 62 of Topics in Applied Physics

for in Eq. (3). However, when an external fiel#,~10 (Springer-Verlag, Berlin, 1988 and 1989

kV/cm is applied in thé111] direction in the Bj;TiOq Crys- 1R, V. Litvinov, Investigation of the Interaction of Optical Waves with the
pp, . h 217-20 _y_ . Photorefractive Nonlinearity of Noncentrosymmetric Crystals, Based on a

ta.L the p0|a_r|za“0n eigenvectors have very “t_t'e e”'DUCV[y; Modal Approach Candidate’s dissertation, Fiz. Material. Nauk, Tomsk,

with the ellipse axes parallel and perpendicular to this 1996.

direction?t Therefore we can assume that if the input |ight 125, M. Shandarov, V. V. Shapelevich, and N. D. Khat'kov, Opt. Spektrosk.

beam is polarizeet! [111] (Fig. 1), photorefractive TE sur-  '* 1068(1991 [Opt. SpectrosdUSSR 70, 627 (199D

face waves will be excited in the crystal. Translated by J. R. Anderson
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New potential applications of scanning electron microscopy to studying InAsSb/
INASSbP lasers

V. A. Solov'ev, M. P. Mikhailova, M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996
Pis'ma Zh. Tekh. Fiz23, 54—-60(March 26, 199Y

New potentials are demonstrated for the application of scanning electron microscope methods to
identifying heteroboundaries, monitoring the sharpness of interfaces, and determining the
positions of p—n junctions in laser structures based on InAsSb/InAsSbP, including at low
temperatures. The method permits optimization of the parameters of long-wavelength

lasers and to obtain record low threshold curreh§s<(25 mA atT= 77 K) for lasing wavelengths
A=3-3.5um. © 1997 American Institute of PhysidS$1063-785(07)02803-4

A great deal of interest has recently been focused on theaveguide, grown by liquid-phase epitaxy on an [(1&¥)
laser diodes for the mid infrared region of 3u®n, based on substrate. The line profiles of secondary electrons, reflected
narrow-gap semiconducting IlI-V compounts.Such la-  electrons, and the current induced by the electron probe were
sers operating at room temperature are very important fomeasured by scanning the electron beam over a cleavage
laser diode spectroscopy and ecological monitoring, sinceurface of the sample in the direction perpendicular to the
the absorption bands of many industrial and natural gases liepitaxial layers. The accelerating voltage in our experiment
in this wavelength rang®However, the highest operating was set atl=10-15 kV, and probe current wag=(1-5
temperature for lasers based on the solid solutions INAsSbX 10 1°A.
INAsSbP has been 180—200(Refs. 1 and % To solve the problem of the identification and accurate

The problem of obtaining better laser structures having aletermination of the position of the heteroboundary, we stud-
correspondingly higher operating temperature is directly reied the formation of the secondary electron signal and the
lated to the development of methods of monitoring the pafeflected electron signal because these signals are also used
rameters of the internal geometry of the structure, such as tHer measuring the thickness of the layers with different
layer thickness, the sharpness of the heteroboundary, the pehemical composition.
sition of thep—n junction relative to the heteroboundary, etc. It was found that the contrast in the secondary emission
The last parameter is particularly important, since it deterimeasurements was not stable. With a single scan of a previ-
mines to a large degree the threshold current of injectiorpusly unirradiated portion of the sample, we observed sharp
heterolasers. Methods that have gained wide use for diagnogentrast, opposite in sign to the contrast observed in the re-
tics of heterostructures involve scanning electron microscopiected electron measuremerisg. 1). With multiple scan-
techniques, which have a high spatial resolution and are abking this contrast decreased, reversed its sign, and became
to record a number of different signals, including secondary
electron emission, reflected electrons, the current induced by
the electron probe, efcTo determine the position of the

p—n junction relative to the known positions of the heter- ’ ' N
oboundaries one can use simultaneous measurements of the InASSbP
current induced by the electron probe and the reflected elec- InAsSbP : "; S
trons, or the current induced by the electron probe and sec- InAs% glnAsSbi

ondary electrons. However, an attempt to use the standard

approaches of secondary electron microscopy to study lasers WJWAM
based on solid solutions of INnAsSb and InAsSbP encountered

a number of problems, whose solution is the subject matter W \

of this paper. 1 i

Such heterostructures, as a rule, will have a large leak-

age current at 300 K, so that in most cases it is not possible
to record the signal current induced by the electron probe at 2
room temperature. Difficulties also arise in measuring the
reflected electron signal because of the low signal-to-noise / 4
ratio. In addition, the reflected electron signal profile has an W
L i
4 8 7]

unusual shape, which is difficult to explain from a compari- R
son with previously published information. 0
We investigated double heterostructures  with

In.ASSQ)_15PO_3 wide-gap emitter_s and an InAsgig active re- £ 1. Line profiles of the reflected electron signédlsand of the second-
gion, as well as structures with a broadened InAs3® 1  ary electron signal§?) for a double heterostructure.

m
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- - induced by the electron probe, &t=81 K (2) and 300 K(3) for a double
: heterostructure.

InAsShP observed only for the heterojunctions between InAsSbP lay-
ers with different phosphorous content.
- As one can see from Fig. 1, the reflected electron yield
for the InAsSbP layers is greater than for the compounds
InAs or InAsSbh. However, the profile of the reflected elec-
- tron signal measured at sharp InAsSbP—InAs or InAsSbP—
INAsSb heterojunctions is considerably different from the
profiles of the reflected electrons for the system AlGaAs—
4 A L A 4 i GaAs and has the form of a zigzag curf¥ég. 23. We shall
00 02 04 06 08 1.0ym show that these variations in the reflected electron signal as
the electron beam moves towards the interface are due to the
FIG. 2. Line profiles of the reflected electron signals near the InAsShP-difference in the stopping power of the materials composing
InAsSb heterojunctioifa) and the InAs—InAsSbP heterojunctidm). the heteropai?, whereas the Jump in the reflected electron
signal at the heterojunction is related to the forward-
scattering properties of the electrons in the quaternary
similar to that in the secondary electron measurementdnAsSbP solid solutions compared to the binary and ternary
Therefore it is better to use the reflected electron methods.compounds. It should be noted that the zigzag shape of the
A feature of the structures based on the multicomponenteflected electron profile with the jump at the heterojunction
solid solutions is that the average atomic numb&rdor is characteristic of sharp interfaces. The less sharp the inter-
neighboring epitaxial layers are nearly the same. Thereforéace the smaller and more washed out is the jump in the
the contrast of the reflected electrons is small even comparegflected electron signal. For smodftiffused heterojunc-
to the system AlGaAs—GaA&Ref. 8, and is<2% in rela- tions the jump not there at alFig. 2b.
tive units. To eliminate artifacts and determine accurately the To execute the method for determining the position of
location of the heteroboundary, the reflected electron profilethe p—n junction in structures based on narrow-gap semicon-
were studied on freshly cleaved structures before applyingluctors, we propose to make the measurements at low tem-
the contacts, with the cleaves made close to the crystallgperatures, near the temperature of liquid nitrogen. At lower
graphic planes with a minimum of defects. temperatures the leakage current in these structures is con-
In Ref. 9 the structure AlGaAs—GaAs was used to demsiderably lower, which permits measurements of the current
onstrate that the reflected electron signal varies nonmoncignal induced by the electron probe.
tonically near the heterojunction. The line profiles of the re-  To measure the current signal induced by the electron
flected electrons have a maximum and minimum in theprobe we used a highly accurate low-noise amplifier, with
intensity on opposite sides of the interface, which is due tavhich it is possible to measure the current signal induced by
the anisotropy of the energy spectrum of the reflected eleahe electron probe for probe currertg<10 12 A. The ex-
trons at the heterojunctichior the structures studied in this periments were carried out at temperatures in the range
investigation, the analogous reflected electron profiles werd=81-300 K by an automated apparatus based on a Can-
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Scan Series 4-88 DV100 scanning electron microscope witbtructures based on InAsSb/InAsSbP and obtain record low

a cooling stage to cool samples Te=77 K. The laser we threshold currentsl{,<25 mA at 77 K in the lasing wave-

studied was clamped on a specially designed attachmengngth range\ =3-3.5um (Ref. 5.

which then was affixed to the regular stage. This work was carried out with the partial support of the
Even in those rare situations where it was possible tdJnited States European Division of Aerospace Research and

measure the signal current induced by the electron probe &evelopment, Contract No. F61708-96-W0078.

T=300 K, cooling of the sample greatly enhanced the signal-

to-noise ratio, and consequently the accuracy of the determi-

; i ; ; ; IA. N. Baranov, A. N. Imenkov, V. V. Sherstnev, and Yu. P. Yakovlev,
nation of the position of the—n junction(Fig. 3). Of course, Appl. Phys. Lett 64, 2482 (1994,

by applying the method used to process the curve of they k. choi, s. v. Eaglash, and Turmer, Appl. Phys. Léd, 812 (1994
current induced by the electron probe, one can obtain infor23y. H. zhang, Appl. Phys. Letts6, 118(1995.

mation on the diffusion lengths, the surface recombination®T- N. Danilova, O. G. Ershov, A. N. Imenkov, M. V. Stepanov, V. V.
velocity, and the interface recombination velocity of the mi- [Ssr':r:ﬁtcr(‘;‘guac':gr;g' gég agogvéﬁv* Fiz. Tekh. Poluprovdif 1244(1996
nority Cam_ers- A positive aspect is that the_se parameters cas Popov, V. Sherstnev, Yu. Yakovlev, R. Muecke, and P. Werle Spec-
be determined for the temperatures at which the laser oper-trochimica Acta Part A52, 863 (1996.

ates. 6A. 1. Nadezhdinski, and A. M. Prokhorov SPIE724 2 (1992.

I summary, we have demonstated new pofentials for %, SOSSeR 8 Scannig leero Meroseon and ey -
identifying heteroboundaries, monitoring the sharpness of insy_ A solovev, S. A. Solovev, and V. E. Umangkilzv. Akad. Nauk
terfaces, and also determining the position of phen junc- SSSR Ser. Fiz54, 232(1990.

tion in lasers based on INAsSb/INAsSbP by using scanning L A Bakalanikov, S. G. Konnikov, V. A. Solobev, and V. E. Umanski
electron microscope methods. By the proposed method it is 2/ Akad- Nauk SSSR Ser. Fisl, 458 (1987.

possible to optimize the parameters of long-wavelength laserranslated by J. R. Anderson
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One-dimensional chain of maps with unidirectional threshold coupling
A. A. Koronovskit

N. G. ChernyshevskBaratov State University, State Educational Science Center “Kolledzh”
(Submitted November 19, 1996
Pis’'ma Zh. Tekh. Fiz23, 61-66(March 26, 199y

A study is made of a loop of logical transformations, semi-infinite or closed in a ring, with a
fundamentally new type of coupling, which we call unidirectional threshold coupling.

The chain is a unidirectional series-coupled union of bistable elements, whose switching from
one state to the other requires a finite time. 1897 American Institute of Physics.
[S1063-785(107)02903-0

Systems with a discrete time are widely studied bytwo equilibrium states will be set up in it, depending on the
physicists and mathematiciah$.The interest in systems value of the first elementx>Xxs if X1;>X and x{j <X if
with a discrete time is due first to their relative simplicity and x,;<xs. Indeed, such a chain is a sequence of unidirection-
the possibility of being studied quickly for a broad range ofally coupled bistable elements, for which the transition from
variation of the control parameters; second, in the languagene of the states to the other occurs after a finite tiime¢he
of systems with discrete time, the possibility of clearly andpresent case we have in mind a discrete }irtteis also clear
transparently elucidating the nature of chaotic dynamics anthat if an external agent is applied at the entrance to such a
the scenarios for the transition from periodic to chaoticchain(since the chain consists of bistable elements, it makes
oscillations®* In addition, by means of maps, including sense hereafter to consider a rectangular pulse of a certain
those based on the logistic map, a broad class of coupleduration), then the perturbation begins to propagate from the
maps have been constructed, chains and lattices of maps thaitrance of the chain, initiated by this external agency. How
modulate distributed systems and play an important role inwill the external perturbation introduced into the semi- infi-
helping to understand the dynamics of similar systéffis.  nite chain evolve as—®? At first we can envision three

In this paper we shall investigate a chain of logistic mapsscenarios for the development of the events: First, an exter-
(semi-infinite or closed in a ringwith a fundamentally new nal agency in the form of a rectangular pulse can begin to
type of coupling, which I call unidirectional threshold cou- propagate almost without distortion with a constant velocity
pling. The dynamics of such a chain is described by maps o the direction determined by th@nidirectiona) coupling
the form of the previous element with the succeeding element. Such a
situation is possible if the leading and trailing edges of the
pulse travel with the same velocity, which in turn, is deter-
wherei is the spatial coordinate of an element of the chainmined by the time required for the transition of any element
andj is the discrete time. If the chain consistshoklements  of the chain from one state to the other, and thus, ultimately
and is closed in a ring, then we have the relation by the parameters of the medium. If our system is closed in
a ring, then the introduced pulse will circulate over the chain
forever if the length of the chain is greater than the duration
Since the coupling is fundamentally new, it may be expectedf the perturbation multiplied by the velocity of propagation
that the behavior of the chain will differ from that of chains of the pulse; otherwise all the elements of the chain will
of logistic maps with the “traditional” types of couplings remain in the “perturbed” state.
(for example, with dissipative couplingwhich are widely Second, it may happen that the leading edge of the pulse
discussed in the literatur@ee, e.g., Ref.)9 The parameters propagates faster than the trailing edgeother words, the
a ands are chosen so that in the absence of the coupling théme for an element of the chain to make the transition from
behavior of each element of the chain does not exhibit anyhe unperturbed statexi((<xs) to the perturbed state
complex dynamics. With the coupling the behavior of eacr‘(xﬂ >x.) is shorter than the revensehen the leading edge
element of the chain corresponds to the attracting pointruns away” from the trailing edge and an expanding rect-
Xjj1=a—1xs - tanhk(x_y—x)) (ask—=,x" =a—1*s)  angular pulse travels over the chain. One can understand that
if the value in the adjacenti{-1) element is less than a in a chain of elements closed in a ring the leading edge of the

certain thresholdxs. If the value of x;_;; exceeds this pulse will overtake the trailing edge and all the elements will
threshold, the behavior of theh element corresponds to the end up in the perturbed state.

Xij +1=Xjj[a—Xj; £ s-tanh(K(X; - 1j—Xs)) ],

X1j+1= Xgj[@—Xg; = s- tanh(K(Xnj;—Xs)) ]

attracting point xj,;=a—1+s-tanhk(x_,j—x)) (for Finally, the leading edge of the pulse can travel slower
k—o, x*=a—1%s). Later we shall examine a chain de- than the trailing edge, and then the propagating pulse will
scribed by the map steadily shrink until the trailing edge of the pulse reaches the

leading edge, and then the pulse collapses. Obviously, the
same thing will happen for a chain closed into a ring.

It is entirely understandable that if a given semi-infinite As one can infer from this discussion, all three scenarios
chain is left to itself, then after a transition process one ofare possible for the development of events in a claimch,

Xij +1= Xij[a—=X;; + s- tanh(k(X; - 1; = Xs))].
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in fact can be considered as a discrete model of some meulse travels faster than the leading edge, but when the trail-
dium), depending on the parameter values:Xgr 0.095 the  ing edge catches up with the leading edge, the pulse does not
pulse travels along the chain with a constant length and aollapse, but rather a solitary pulse travels over the chain
constant velocity; fox;=0.08 the pulse expands as it travels, (Fig. 13. This pulse is stable in the sense that any initial
and forxg=0.22 the pulse shrinks, and after a certain intervalperturbation that has an amplitude larger thhamnd a dura-
of discrete time it collapsegthe parameter values ase= tion longer than that of the solitary pulse, which is deter-
1.5 ands=0.45). mined by the parameters of the medium, and is introduced
However, there is yet one more possible scenario for thénto the chain over a certain interval time is converted into
propagation of a perturbation introduced into a chain, whictthis solitary pulse. It is noted that the solitary pulse cannot be
is realized for the parameter valuas-1.5, s=0.45, k—wo, called “stationary” (by analogy with stationary waves in
and 0.096:x,<<0.215. The trailing edge of the rectangular continuous media; see, e.g., Ref.),18ince its profiles at
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different discrete times are different. Figures 1b—d show the In conclusion, | would like to thank D. I. Trubetskov for
profiles of a solitary pulse propagating over a chain at thredis steady interest and support, and also V. I. Ponomarenko
consecutive discrete timesj” (J + 1)' and 0+2) for for valuable advice that | used in ertlng this paper.
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Frictional self-oscillations caused by deformation of the irregularities of the contacting
surfaces

F. M. Borodich and I. V. Kryukova

Moscow Institute of Radio Engineering, Electronics, and Automation
(Submitted November 27, 1996
Pis'ma Zh. Tekh. Fiz23, 67—73(March 26, 199Y

A numerical simulation is carried out for the dynamic processes caused by friction during the
sliding of solid bodies. It is shown that frictional self-oscillations can arise even in a

purely elastic system, in which there is no difference between the static and dynamic coefficients
of friction, and the material at each point of a rough surface is deformed linearly19%7

American Institute of Physic§S1063-785(17)03003-9

The theoretical and experimental study of the dynamicabpring. This system permits the motion of the sliding block
processes due to the friction generated when two normah two directions(vertically and horizontally A numerical
planes slide past each other has been the subject of a largamulation showed that self-oscillations of the block can oc-
number of papergsee, e.g., the review, Ref).1n the theo- cur even in the absence of local maxima corresponding to
retical models the following assumptions are almost alwaysesting friction. The main feature of this model, that which
made: the irregularities of the body can be neglected; th@ermits the system to exhibit this behavior, was the presence
motion occurs only along the nominal contact plane; the fric-of a phenomenological nonlinear viscous-elastic dependence
tion is described by the modified Amantons law. The lastbetween the proximity of the two bodies and the contact
assumption means that the static and dynamic coefficients dérce.
friction differ, and the coefficient of friction as a function of We present here the results of a numerical simulations
the relative velocity of the sliding bodies has the following that show that frictional self-oscillations can arise even in a
form: it is antisymmetric, it has vertical segments corre-purely elastic system, in which no artificial differences be-
sponding to resting friction, and then it falls off monotoni- tween the static and dynamic coefficients of friction are in-
cally or discontinuously, always concave to the horizontaltroduced, and the material at each point of the rough surface
axis. This dependence has also been applied in a somewhdgforms according to a linear-elastic law. This seemingly
different form: it falls off at first and then begins to ri$8.  paradoxical result is obtained within one of the models ad-

Within these assumptions, simulations have been carriedanced in Ref. 8. This model, like the model of Ref. 1, per-
out, with greater or lesser thoroughness, for a number ofnits motion in two mutually perpendicular directions and
complex physical processes, up to self-oscillations of violinrejects the Amanton law. However, unlike in Ref. 1, the
strings and chaotically oscillating systems undergoing exterpresent model explicitly introduces a function that describes
nal and internal excitatiorfs.> Nevertheless, no detailed de- the roughness of the contacting surfaces.
scription exists for the underlying causes of the difference  Let us consider a sliding block of lengthaZand unit
between static and kinetic friction. massM lying on a belt moving with a constant velocity.

Many experiments have been done that support the hyAs the block moves it pulls on a horizontal spring with a
pothesis that the basic cause for this difference is the motioapring constank, . In the calculations we use the following
(oscillation of the body in the plane perpendicular to the coordinate system: absolute coordinatesyj and local co-
sliding plane®’ Of these hypotheses, the one that has beepordinates &,7) for the block and the belt, respectively
developed to the greatest extent is presented in Ref. 1, whidlirig. 1).
considered the classical system: a sliding block, slides with  We assume that the block and the belt are rigid and
friction over moving conveyor belt that pulls on a horizontal planar, but each surface is covered with a deformable rough

»Fclv

FIG. 1. General diagram of the model and the system of
coordinates.
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FIG. 2. Schematic depiction of the contact between the
a & block and the belt.
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layer. In the local coordinate system the rough surfaces dfunctions of the belt and of the block aeg=a;=1.0, the

the block and the belt are described by the functibpand  frequencies of the surface roughness functions on the belt

fy, respectively. The first approximation in the calculationsand on the block ares,=1.0x10° and ws=3.0xX 10°, re-

is taken as spectively, and the stiffness of the horizontal spring is

B . B . k,=10. The system of equatior{8)—(4) was solved by the

fo(x) =2 si(wpx),  F4(x)=as Sin(wex). @ Runge-Kutta method with the integration done by Simpson’s
In this model it is also assumed that these surfaces conule at each step of the iteration. The initial values were

sist of linearly elastic springs all with the same stiffnest

is clear that if the distance between the belt and the block is

small, then the irregularities of the two surfaces partially

overlap(Fig. 2). 15 Z
Then the force of elastic interactidh,, will be equal to \
the integral of all the local elastic interaction forces over the 0.6 \ A
entire length of the block 0.2 1 JIR
a T AN
Feiy= f D(£)de, 2 ook [ /
e / Y
where -06 \\
D(&)=beW(fy(§+x=-Ut)—=f(£)—y). ); 7 3 L —"
One can readily see that the local deformation function
vanishes if the irregularities at a given point do not interact, 1 5\
ie., \ 3
W (x)=x for x>0 and¥(x)=0, x<O0. 06 EY \
3 v
In a numerical modeling the functio#f (x) is described 0.2 \\ / \ / A
by the smoothed function 0 1 7 N //
-02
W (x)=x(1/ arctaia,X) +1/2)+ 17,  a,=1. [
Similarly, for the numerical modeling, the jump in the -0.6. \
force of friction is smoothed out and the coefficient of fric- 5 L L "
tion in the Coulomb law is taken as s ’ 20
sign(x) =2/ arctarfa1xX), «,=100. 7 a 7
l
Thus the dynamic behavior of the system for a sliding 06:\ I \ y
block of unit mass is described by the system of equations MY [1\ [
. - LA 1 lle
X(t):Ffrx(Fan_U)+Felx(x_a’0)x ag=0, ©) a02 \ l I [
whereF, is the elastic resistance force of the spriRg,, is 06 \ \ 1/ \ 1/
the force of friction. Rt AN \ AV
In the calculations we used the following parameter val- 0 y y 7 73 30

ues: the stiffness of the springs representing the irregularities

is €=10 per spring, the Wi(:_ith of overlap of the contacting riG. 3. Time dependence of the coordinatef the center of mass of the
surfaces i®9=4.0, the amplitudes of the surface roughnessslock: a —U=0.0, b —U=0.3, ¢ —U=1.0.
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x(0)=1.0,x(0)=0.0, y(0)=2.0, andy(0)=0.0. lapping irregularities changes, and consequently the inte-
In Fig. 3 we show some results of the calculations, spegrated dependence of the contact force on the proximity of
C|f|ca||y the time dependence of thxecoordinate of the cen- the bodies will vary with the displacement of the block from
ter of mass of the block for various belt velocities. point to point.
One can see that fdd=0.0 the horizontal oscillations By taking the surface roughness and the vertical oscilla-

are quickly damped, while fdd =0.3 they are damped more tions of the block into account explicitly, we were able to
slowly. For U=1.0, frictional self-oscillations arise which demonstrate that frictional self-oscillations are possible in an

are sinusoidal. elastic system in which no artificial differences between the
It is obvious that this model permits one to analyze anystatic and dynamic coefficients of friction are introduced.
arbitrary surface roughness function, and not only a function ~ The authors wish to thank A. P. Kryukov for his kind

of the form(1). It is also easy to model the roughness not byattention to this investigation and for stimulating discussions.
a layer of springs of the same stiffness, but by a layer offhe first author thanks the Alexander von Humboldt Foun-
elastic rods of equal height, as proposed in Ref. 8. dation for financial support of his work at Hannover Univer-
We note that in almost all investigations of the deforma-sity, where this work was completed.
tion of the irregularities of contacting surfaces the models
that are used are based on the Greenwood-Williams rhodel
This model is based on the solution of the Hertz problem, intJ. A. C. Martins, J. T. Oden, and E. M. E. Sieg Int. J. Eng. Sci8, 29
which the contact between two curved surfaces reduces tg(Al920\-N_ Zh. Tekh. Fiz.6, 1459(1936
. A. Witt, Zh. Tekh. Fiz.6, .
the 'problem of contact betwe.en a planar sqrface and Al Wit Tekhn, Phys. of USSRA, 261 (1937
equivalent curved surface. While this model gives good re-s+i pmagnus,SchwingungeriTeubner, Stuttgart, 1961
sults in the static case, when it is applied to dynamical prob-°K. Popp and P. Stelter P. Philos. Trans. R. Soc. London. Se332.89
lems it may omit certain important details, since the depen-_ (1990 _ _
dence of the force of contact on the proximity of the bodies ©:.v: Budanov, V. A. Kudinov, and D. M. Tolstp Trenie 1znosl, 79
is the same for any relative displacement of the bodies along . g. Levinshtén and S. L. Rumayntsev, Pis'ma zh. Tekh. F8(5), 42
the contact plane. One of the important features of this (1992 [Sov. Tech. Phys. Letil8, 144(1992].
model, in contrast to those used previously, is that both Sur-sF- M. Borodich, inAbstracts of the First European Nonlinear Oscillations
faces are rough, and therefore with a relative displacement of COnerenceTU Hamburg-Harburg, 1993, p. 20.
the contacting surfaces the distribution of the mutually over-Translated by J. R. Anderson
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Minimum concentration of surface-active material required for damping
of capillary waves

D. F. Belonozhko, A. I. Grigor'ev, and S. O. Shiryaeva

Yaroslavl’ State University
(Submitted December 9, 1996
Pis'ma zh. Tekh. Fiz23, 74-79(March 26, 199Y

It is shown that for low concentrations of surface-active and surface-inactive materials dissolved
in a liquid, their effect on the behavior of capillary wave motion differs from the case of

standard concentrations: the surface-active material does not cause the capillary wave damping,
while the surface-inactive material does not destroy the stability of the free surface of the

liquid. The presence of an electric charge on the free surface of the liquid weakens the
phenomenon. ©1997 American Institute of Physids$$1063-785(07)03103-0

The damping of capillary waves by surface-active matethe liquid surface. We denote the surface tension of the lig-
rial has been known for a long time. The basic theory of theuid with the surface-active medium as andu,, andu, are
phenomenon has been described in Ref. 1, and the number tiife chemical potentials of its volume and surface phases. The
papers concerned with the study of this phenomenon contirelaxation time of the active material between the surface
ues to grow steadily. Nonetheless, some aspects of the damand the bulk region of the solvent adjacent to the surface is
ing effect have not yet been studied. The first is the relatiorsmall compared to the periodn2w, of the perturbation,
between the effective elasticity of the film and its ability to which is produced by a wave with a frequenay. This
damp capillary waves. There has been little study of the efmeans that the surface and bulk solutions are always in a
fect of inactive surface materials on the motion of capillarystate of equilibrium. The electric fiel at the liquid surface
waves with a surface electric charge or the possible interads determined by the potential difference between the elec-
tion of surface-active material with a surface electric field,trodes: the lower electrode is the conducting liquid itself —
which the free surface of a liquid can maintain. one can apply a potentiab;=0(z— —), and parallel to

We shall study the problem of calculating the spectrumthe surface of the liquid in the absence of any perturbations,
of capillary motion in an ideally conducting medium of infi- and the upper counter electrode, located a distdmé®m
nite depth in a gravitational field and an electrostatic field the surface, and having a potentiby=V.

E, both normal to the free surface. We assume that the liquid Consider now a Cartesian coordinate system arranged so
has a density, a kinematic viscosity, and a surface-active that thez axis is points upwardn,|| —g (heren, is the unit
material dissolved in it to a concentrati@ This material  vector of the Cartesian coordinatl and thex axis is along

will emerge by diffusion to the surface and form a film on it the direction of motion of the planar capillary wave,
with a surface concentratidry, in the unperturbed state. This ~exp@t+ikx). We have the plang=0 coincide with the

film is assumed to be completely entrained into the motion ofree unperturbed surface of the liquid is the complex fre-

Resk Re s b
a
fF
! 2

0 0

___T_/E 4 W 4 w

. FIG. 1. Curves of Re= Res(W) and Ims= Im

\ s(W) for a liquid covered with a film of surface-active
material, plotted against the dimensionless parameter

~14 N . - .
N -1 W, which characterizes the surface charge density, cal-

Im s‘f Im s | culated fork=1, »=0.1, L=500, D=3x10"°, and

2
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quency,k is the wave numbet is the time, and is the ; \
imaginary unil. The function &(x,t) =&, expEt+ikx) de- 10"Re s
scribes a small disturbance of the equilibrium plane of the 4
liquid surface, caused by thermal capillary wave motion of
extremely small amplitude &~ (kT/y)Y?); k is Boltz-
mann’s constantT is the absolute temperaturb(rt), the
velocity field of the liquid caused by the perturbation 0 5 (', g T
&(x,t), has the same order of smallness.

In dimensionless variables, whege=- p=o=1, the dis-
persion equation of the capillary motion of the liquid has the
form? -4t

—s%(s+2vk?)?(s+ D, k?*+ L /D(s+Dk?)} + w3{ xok?s

FIG. 2. Curve of Rs= Res(y,) for a liquid containing a dissolved

X (k— k2 +s/v)—s?(s+ D,k®>+L\D(s+ Dkz))} surface-inactive materials, plotted against the dimensionless paraggter
which is the elastic constant of the film of the active material, calculated for
+4v%k3s%{s+D, k?+ L D(s+Dk?)}Vk?+s/v k=1, »=0.1,L=500,D=3x10"5, andD, =3x10"% W=2.
—®xok? k2 +s/v=0; ()
2 For example, with a high enough surface charge denity
do i p eE . . ;
Xo===T9; L= ( ") (_p) - W= 2. wave motion appears in the film even fgg>—0.11, or
ar al'g dCo 4w more precisely, alyo=—0.097. Wheny, decreases from

xo=—0.097 toy,= —0.11, the region of existence of wave
motion in the film expands along th& axis toW=0.

whereD* is the surface diffusion coefficient of the surface- ~ 1h€ results of a numerical analysis of the dispersion
active material W characterizes the pressure of the electriceauation(1) are illustrated in Fig. 1a,b, where the real part of
field on the charged surface of the liquid, or, equivalently,th® complex frequency, Re and the imaginary part Irnare

the surface charge density. The quanjityhas the meaning plotted as functions of the paramet&ffor various negative

of the elastic constant of the surface film of this material, and’@/U€s Ofxo- . _

varies between-1 and+1. The range of valueg,<0 cor-  Figure 2 shows Re= Res(x,) for the region of inac-
responds to an ordinary active material, which reduces thlve materialsiyo>0, which, as shown in Ref. 2, are able to
surface tensiono of the free surface, while the range destabilize the _free surface of a liquid. The range of values
¥o>0 corresponds to the inactive materials, which increas&€S>0 determines the growth increment of the correspond-
o; the quantityL is the reciprocal characteristic length of INd instability as a function ok,. However, for small values
variation of the bulk concentration of the surface-active ma°f Xo. because of the negative feedback, destabilization of
terial near the surface~ (0D?/pg3) ¥4 and in practice is the free liquid surface by inactive materials does not occur:

determined by the slope of the adsorption isothermil® curve R&s= Res(xo) for xo—+0 moves from the re-
r=T(C). gion Res>0 to the region Re<0, to the rlghF of the origin,

A numerical analysis of the dispersion equatié) and falI; off m.onotonlcaII.y thO:O,'passes into the region
shows that in addition to the usual capillary motion of theXo<0, in which there is essentially no change up to
liquid, which occurs in the absence of the material, two ad-Xo= — 1, and stops at parameter values that are comparable
ditional damping waves appear in this situation: one associl? @bsolute magnitude with the bulk diffusion coefficient
ated with wave motion in the elastic film and the other with - ) ] ]
the flow of material diffusing to the surface from the bulk of 1€ conclusion common to the usual and inactive sur-
the liquid2 The rangey,<0 corresponds to damping of the face matgna_ls reduces to the dampmg of their effect on cap-
surface waves by the film, and is due to waves that form ifllary osc_lllayons at low concentrauons.and the ;tablhty pf
the film, as has been shown theoretically and experimentalg)"e free liquid surface due to the formatloq of liquid flows in
in Refs. 3—6. However, numerical calculations show that thdn® Pulk, normal to the free surface. This effect does not
wave motion in the filmand thus the damping effaxists ~ °ccur for insoluble surface-active materials.
not for just any values ok, but only for y,<—0.11. The
reason for. this lies in the negatl\{e feedba.Ck between thelV. G. Levich, Physico-Chemical Hydrodynamig Russiarn (Fizmatgiz,
concentrationl’, of the surface-active material on the free poscow, 1959,
surface of the liquid and the bulk concentratiGp: for low 2D. F. Belonozhko, S. O. Shiryaeva, and A. I. Grigor'ev, Pis’ma Zh. Tekh.
I’y (small values ofyo) the inhomogeneities induced in its Fiz. 2215, 60 (1996 [Tech. Phys. Lett22, 626(1996].
concentration distribution over the surface by the thermahi' ?OEZCf;:";nzrcg' va'.NvefgeAkﬁfacW?@ffoﬁiﬁﬁg'n Ser86 219
capillary wave do not create a surface wave associated with ;95 ' I
the redistribution, but are rapidly compensated by flows that°E. H. Lucasen-Reynders and J. Lucasen, Adv. Colloid Interface2Sci.
arise from the bulk of the liquid normal to the free surface. ;347 (1969. )

The presence of uncompensated electric charge on the fred" AlPers and H. Hoerfuss, J. Geophys. Re®4, C5, 6251(1994).
surface extends the region where the damping effect occursranslated by J. R. Anderson

Eo=V/b; w3=k3®+K—WIKcothkb),
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Control of the morphology of  n-type porous silicon
E. Yu. Buchin and A. V. Prokaznikov

Institute of Microelectronics, Russian Academy of Sciences, Yaroslavl’
(Submitted April 26, 1996
Pis’'ma Zh. Tekh. Fiz23, 80—84(March 26, 199y

The morphology of layers obtained by anodic etching is related to the current-voltage
characteristics of the electrolytic cell during the etching. By etching at various points of the
current-voltage characteristic one can obtain porous silicon with various structure$99®
American Institute of Physic§S1063-785(17)03203-5

Porous silicon has attracted the attention of scientists ofameter values noted is shown in Figs. 1 and 2; it is similar
many groups because of the broad range of its physicao that published in Refs. 4, 9, and 10. TheV characteris-
chemical properties, as well as the multitude of properties ofics can nominally be divided into four sections. The first is
the structures produced by a single silicon technology. Mosthe initial part of sharp rise, the second is the upper part of
of its physical-chemical characteristics are closely linkedthe sharp rise, the third is the current saturatiplateau
with the properties of the morphology of its porous structureregion, and the fourth is the second part of rise. The external
The morphological aspect of the complex of problems hashape of thé -V characteristics is determined by the follow-
not yet been investigated adequateRespite the existence ing parameters: the sample doping, the composition and con-
of papers reporting studies of preparing porous silicon andentration of the electrolyte, the illumination conditions, and
controlling its properties, there is still no common theory for the temperature; this is the object of the present study. Inves-
pore formation in silicon or other semiconductdrs. tigations show that in the classification scheme used in Refs.

Possible ways to control the morphology of lightly- 6—8, the zeroth type of morphology of the porous structure is
dopedn-type porous silicon have been sought in Refs. 2—5formed with the operating point on the first section of the
Macropores in the form of vertical channels perpendicular td =V characteristic, the first type of morphology is formed
the surface have been observed in Ref. 2. In Ref. 4 it hawith the operating point on the second section, and so forth.
been shown that with an increase in such parameters as tke@nsequently structures with a given morphology can be
illumination intensity and the anodization time, and with aformed in the following way. In taking the-V characteristic
decrease in the current density, the amorphization of the supne can select the operating point according to the current
face is enhanced during the anodization in concentrated hy-
drofluoric acid(HF), while the pores branch out into a lower
part to form microstructures.In Ref. 3 it was noted that
when the wavelength of the illumination was changed during Tnhacm? A
anodization in dilute HF solutions the external profile of the 50
macrochannels can change from cylindrical to conical.

It has been observed that in the anodization of
n-type silicon in a mixture of HF with isopropyl alcohol
(1:1 by volume, four types of pore morphology appear,
which are formed with specific combinations of the param- 30 |
eters involved in the anodization, a correlation was observed
between the type of morphology and the properties of the
photoluminescence spectra, and it was shown possible to
control the generation of porous silicon consisting of alter-

U

nating structures with different types of morphology. 10 ; E
We have studied the current-voltage characteristics ! '
(I-V characteristicstaken under various conditions of an- o J L !
odization corresponding to the formation of the four main i 20 40 60‘ IBO '100 AY,
types of pore morphology, and also advanced a theoretical In m v

explanation of the behavior of the characteristics and the
formation of the main types of morphology. EIG. 1. (;urrent—voltage characteristics_ taken d_uring anodization in a so_lu—
. . tion consisting of HF and isopropanol in the ratio 1 : 1 by volume for vari-
The exper!mgntal method and th? methOd fo.rl taking theous anodization parameters — illumination power densityelectrolyte
| -V characteristics for a system consisting of a silicon anod@&mperaturet, °C, anodization time;: 1 — J=0.06 Wicn?, t=30 °C,
(type KEF silicon) and the electrolytéa mixture of HF with =1 min; 2 — J=0.12 Wi/enf, t=30°C, r=1 min; 3 — J=0.12
alcoho) were carried out in the standard way, described inW/cn®, t=60 °C,r=1 min; 4— J=0.1 W/cnf, t=60 °C, 7=3 min. The

- . tabilized anode current during anodization before takingl tié charac-
Refs. 4—7. The rate of linear sweep of the stabilized VOItagéeristic wasj =25 mA/cn?. The Roman numerals for curve show the

was 10 V/s. o sections of thd —V characteristic on which the porous structures with the
The general shape of tHhe-V characteristics for the pa- different pore morphologies are formed.

244 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/030244-02%$10.00 © 1997 American Institute of Physics 244



i;\A/cmz 4
30

W

FIG. 2. Current-voltage characteristics, taken during
anodization 1 min after the start of the process with
20 | stabilized anode currerjt = 25 mA/cn? for various
electrolyte compositionsl — concentrated HF48%

by weighy, 2 — a mixture of HF and wate(l : 1 by
volume), 3 — a mixture of HF and isopropandl : 1

10 | by volume.

0 20 40 60 80 100 V'A%

and voltage in the four regions of the-V characteristic Of the porous structures with the parameters of the electrolyte
mentioned above, and form any one of the four basic mor{HF)-semiconductor rf-type silicor) system used in the an-
phological structures or any of them in combination, byodization. It is thus possible to generate controlled morphol-
moving along thd -V characteristic during the anodization. ogy of the porous structure. It has been shown that the mor-
It can be seen on Fig. 2 that theV characteristic de- phology of the porous structure is determined by the position
pends strongly on the concentration and composition of the the operating point on the current-voltage characteristic of

electrolyte. We note that the experiments carried out in Refy electrolyte(HF)-semiconductor if-type silicon system.

4 used concentrated HF, while in Ref. 11, a very dilute SO0 e shape of thé—V characteristic is determined by the

lution of HF was used. Figure 2 also shows that with the i .
alcohol addition thd =V characteristic takes on a shape for parameters of the system: the doping level of the sample, the
temperature, the composition and concentration of the elec-

which the sections of thie-V characteristic corresponding to
the formation of porous silicon with the different morpholo- trolyte, and the illumination of the sample. The overall shape
gies are very well resolved for certain light intensities, andof the | -V characteristic is described by kinetic theory with
consequently the conditions for controlled formation of po-the generation of minority carriers in the space-charge re-
rous silicon with different morphology become optimum.  gion. It is concluded that the morphology of the porous struc-
The overall form of thel-V characteristic is on the ture is determined by scattering of the charge carriers by
whole well accounted for by the theory of kinetics with the scattering centers, which affords the possibility of simplify-
generation of minority carriers in the space-charge region ing quantitative models reflecting the laws for the formation

as applied to the pore formation processes. 'I_'he dlstnpunogf various types of morphology of the porous structure.
of the total potential drop depends on the doping level in the
semiconductor, the concentration and composition of the
electrolyte, and the potential difference applied to the
systen? The initial region of increase in thie-V character-
istic is described by the Tafel law. The saturation section is, . .
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Basic rules and effects of structural conditioning
G. E. Skvortsov

M. V. Lomonosov St. Petersburg State University
(Submitted November 28, 1996
Pis’'ma Zh. Tekh. Fiz23, 85—-89(March 26, 199y

The law of structural conditioning of disequilibrium is discussed. 1@97 American Institute of
Physics[S1063-785(07)03303-X

Four basic rules describing highly nonequilibrium pro- u
cesses were stated in Ref. 1. The application of these rules to |gs|:|A,|:V= ‘—
a wide range of systems and processes has demonstrated v
various new aspects and possibilities. The original rules have In=1Gn=inin
been modified accordingly and have essentially been el-
evated to the status of laws.

In this paper we examine the first of these laws: the lawFi=
of structural conditioning of disequilibrium. We discuss dif-
ferent manifestations of this law: behavioral regularities and reF=[1+1;7]...]17%...; (1.2
structurally conditioned effects.

A characteristic feature of highly nonequilibrium pro- Wini=I7iddn([Al,Fpl,  Hinj=INiddIn([AqlF))l,
cesses is that the effects that arise depend importantly on the 3

structure and its changes in the course of the process. Thig,arey is the velocity,e ande are the energy and power of
circumstance is reflected symbolically in the formulation of o 5ction on the structural-kinetic elemeritsis the flux of
the law of structural conditionality of disequilibrium: “dis- a,, anda,. is the threshold value ai,, (resonance, critical
equilibrium is structurally conditioned.” poin).

1. The structure of a system is formed by structural- Together with the degree of disequilibrium, as a measure
kinetic elements and the relations between them. In an initialpf the action and a measure of the change in structure it is
simplified statement the structure is characterized by quantgppropriate to use the quantities
ties such agfor structural-kinetic elementsthe massm,,
the size(diametey \,, the rms velocityvt (energy of ran- G=9gs, S=s[gl/sp, So=5[0]. @

dom motionet=mv?/2), the binding energy;, the “life- The values ofys are subdivided, according to the nature

time” (relaxation tim¢ 7, and the chargele; (for bond$  of the actions, into active, neutral, and scéle3). Active

the average distance between structural-kinetic elementgryctural disequilibria involve fluxes of mass, momentum,

A2, the time between “collisions” 7, (7,vr=A3 is the  and energy; they appear in the quality boundary Yaw.

“mean free path’), and the interaction energy,. These 3. The segs (1), describing an “action—object” system,

average structural characteristics depend on the external coRas the fundamental properties of universality, completeness,

ditions and the intensities of the external influen¢esc-  and constructivity. The completeness property means that all

tions”) and are functions of the coordinates and time. the basic relations — the equations of state, the controlling
The characteristics of the structure are used for makingelations, the response functions — can be expressed in

estimates, determining the similarity of processes, classifyterms ofgs.

ing systems, and finding structurally conditioned effects. For small values ofjs these properties lead to a univer-
2. On the basis of the general dynamical equations fosal (for any system and any type of actjorepresentation of

the controlling macroscopic quantitieg(xt) (Ref. 2, after  the basic relations in the form of the linear relations

forming the corresponding structural quantitegg(xt) from

Tif

- Ja.-
—1, res=|1+ky|——

eUT

the structural characteristics, we will obtain, in analogy with @ (gs)~®,+ 2 KondSh K(bnzﬁ/gzo_ &)

Ref. 3, a complete system of suitable dimensionless control- dgs

ling quantitiesAn=(an—ane)/ans, Wherea,. is the equilib- We will call the quantitieX 4, the susceptibility coeffi-
rium value ofa,. cients, which are structurally conditioned quantities; they are

Using a system of suitable controlling quantities supplerealized as the specific heat, the kinetic coefficients, the rate
mented appropriately to allow for the natural conditionsconstants, etc. Relatior(8) in essence represent the entire
(such as positivity, “consistency with the action,” compli- classical theory of slightly nonequilibrium processes.
ance with known similitarity relations, and the “normed na- Using the setys with allowance for it fundamental prop-
ture of the transition), we obtain expressions for a set of erties, one can construct a theory of similarity of large dis-
degrees of disequilibrium. They have the form of a dimen-equilibria of process, a generalized Kutateladze dynamical
sionless products of action factogsand the corresponding theory of similarity (scaling.® Here the set of degrees of
structural factors[g]: disequilibrium specifies a universal scale of disequilibrium,
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which allows one to compare processes occurring in different  4.2. A sharp change in the mass of the structural-kinetic

systems and to “carry over” effects observed in one systenelements leads to diverse nonequilibrium effects.

to other systems. Rapid dissociation of a gdg.g., in consequence of reso-
The form ofgs shows that at a constant action factor thenant laser irradiationwill, according to Eq.(4) with allow-

degrees of disequilibrium increase in magnitude as the struance for the approximate formuka,~mZ*, lead to a de-

tural factor increases. This circumstance makes it possible terease in the viscosity ag~ mé’3.

determine the potential disequilibrium of systems by means The Gunn effect, as we know, is conditional on a sharp

of the ratios of the corresponding structural factors for theincrease in the effective mass(E) for E>E.. This leads

different systems. An essentially similar scale of the potento a drop in conductivity and the onset of a traveling “do-

tial disequilibrium was used in a classification of fllfidge-  main.”

cording to their structural complexity: a larger value of the 4.3 Effects of “turbulization” (the formation of macro-

structural factors corresponds to a more complex structure scopic stochasticized structural-kinetic elemgan be re-
The universality of similarity is ensured by the “normed garded as being due to a very strong growthmig and a

t_ransmon" condition, Whlc_h means tha_lt a structural transi-strong decrease iny .

tion corresponds to equality of the active structural disequi-  Ap estimate of the turbulent viscosity; relative to the

librium to unity. For example,V=1 corresponds 10 a molecular viscosity according to E() gives (\;7~0.1 cm
subsonic—supersonic transitiow{( is the local speed of

sound. Essentially, it was universal similarity that was used
in Ref. 4 to carry over to all gases the anomalous relaxation 3
observed for xenofh On this same basis it can be stated that ﬁw(ﬁ) vTT (10923
for fluids and solids in shock waves there will be anomalous 7 m
relaxation atE;=1.

4. Let us indicate several classes of disequilibria of ef-
fects, according to the features of the behavior of differen
sorts of kinetic coefficients.

According to the general expressions for the kinetic
coefficients? we obtain approximate formulas for the vis-
cosity and conductivity:

u-lO*Z_
3-10*

Ur

tat a flow velocityu=10° cm/s this has a value of the order of
10%, which is consistent with experience.

Upon an ordinary complex change in the structural pa-
rameters, a characteristic indicator of a possible effect is a
substantial decrease in the kinetic coefficients upon an in-
crease in the effective action, leading to negativity of the

2
7~ Mevr . o~ Mo , (4 differential kinetic coefficient:
(gl nMeutogl - .. ]
oo(l—y)| 1+ —=+F
72
=110, v= w)\fne, Ne,q are the number densities of Kd:(% g+K<O0. (5)
the structural-kinetic elements and charges, and 79

ao(T,P,F)~ wrf is the interaction cross section of the struc-
tural kinetic elements.

It is clear from Eq.(4) that the behavioral features of the Effects of negativity of a differential coefficient — the

kinetic coefficients are conditioned by the same structura,set of instabilities and inhomogeneities — are foremost

characteristics. Obvious behavioral features are substantiall_g(mong the set of disequilibria of effects. This circumstance
smaller or larger valuesin comparison with the average jg girectly related to the law of anomalous behaior.
value for the given class of syste¢mr a sharp changgump)
in the characteristics.
4.1. A decreaséincrease in the cross section will lead
to an increasédecreasgin the relaxation timer, and in the
mean free path and, with them, in the corresponding struc.g ¢ Skvortsov, Pis'ma zh. Tekh. Fi6(17), 15 (1990 [Sov. Tech.
tural disequilibria; here the kinetic coefficients obviously in-  phys. Lett.16, 647 (1990)].
creasgdecrease An effect of this nature, in consequence of *G. E. Skvortsov, Vestn. Leningr. Gos. Univ., No. 13, pp. 94879
an increase in the cross section as a result of the ionization ofS- S- KutateladzeSimilarity Analysis and Physical Modefin Russiar,
argon, is in evidence in the results of Ref. 6. 4NaUKa’- Moscow(1939.
! - ' . G. I. Mishin, A. P. Bedin, N. I. Yushchenkova, G. E. Skvortsov, and A. P.
The effect of a minimum of the cross section, in the form Rryazin, zh. Tekh. Fiz51, 2315(1981) [Sov. Phys. Tech. Phy&6, 1363
of a maximum of the current, can be observed in a weakly (1981]. ,
ionized inert-gas plasma at the energies of Ramsauer scattefS: E- Skvortsov, Zh. Esp. Teor. Fiz68, 956(1975 [Sov. Phys. JETRL,

ing. In the case of shock waves there are data indicating aé?i(.lsz?k]' Teplofiz. Vys. Tempo, 431 (1971,

sharp increase in th@reviously increasingrelaxation time 7\, B. zheleznyak and A. Kh. Manatsakanyan, Teplofiz. Vys. Tefp.
with increasing shock wave velocifyThis indicates that the 8390(1968)- _

corresponding regimeue=9 km/s in aij) must be anomalous 4. S- Baryshnikov and G. E. Skvortsov, Zh. Tekh. F48, 2483(1979

. . . . - [Sov. Phys. Tech. Phy&4, 1401(1979].

(it correlates with the regime of shock wave instability that

was pointed out in Ref.)8 Translated by Steve Torstveit
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Influence of heterogeneity of an insulating film on its activation process and on the
parameters of the thermally stimulated exoelectron emission observed from it
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E. S. Revina
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(Submitted November 20, 1996
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The influence of surface heterogeneity of an insulating film on its exoelectron emission is
investigated. It is shown experimentally that the thermally stimulated exoemission spectra of
control samples and samples irradiated for the purpose of creating local regions with a

higher electrical conductivity are substantially different, even though the combined surface area
of the regions of the film having an irradiation-modified structure comprises an insignificant
fraction of the total surface area of the film. ®97 American Institute of Physics.
[S1063-785(107)03403-4

Methods of exoelectron spectroscopy are finding widecal conductivity. Thus current-conducting regions are created
application for studying the structure and properties of variin the polymer film. The diameter of these regions in a poly-
ous materiald.In order to observe thermally stimulated or imide film can reach 60 nmThe initial (contro) films and
photostimulated exoemission of electrons from a surface it ishe films that had been irradiated by high-energy ions were
necessary to carry out a preliminary activation of that sur-activated by means of a negative corona in air. For this the
face. One means of activation of solid surfaces to be invesfilm was placed on a grounded metal plate.
tigated by exoemission methods is to treat them in a negative The experiments showed that the thermally stimulated
corona in air or in a stream of electrons in vacuum. Here it isexoemission spectra of the initial and irradiated films are
assumed that the entire surface to be investigated is irradsubstantially different, even though the combined surface
ated uniformly and that the activating charged particles ar@area of the parts of the film with an irradiation-modified
localized at biographical defecfsapg, which are character- structure comprises an insignificant fraction of the total sur-
istically present throughout the entire subsurface volume oface area. As an example, Fig. 1 shows the glow curves for
the sample material, and that the exoemission observed ife initial polyimide film and for a film irradiated by a stream
the subsequent photo- or thermal stimulation characterizesf Xe*® ions. At the fluence employetl0’ cm ?), there
the integrated defect density of the surface under study. were 10 structural altered regions created per square centi-

However, there are conditions under which the activatmeter of the surface, each having an area ®f18 ° cn.
ing particles can be selectively trapped by individual regions  Thus the total area of the surface regions with altered
of the surface. In particular, this can occur in activation ofstructure per square centimeter of the surface was only
insulating films in which there are local charged regions or3x10°8 cn?, which is an insignificant part of the whole
regions having an increased electrical conductivity. In thissurface of the film. If the stream of charged particles during
case activation occurs only for these local regions, and thactivation in a corona had uniformly activated the entire sur-
observed exoelectron spectryourves of the intensity of the face, then the contribution of the current from the track re-
exoelectron current versus temperature or versus the energyons with altered structure to the total thermally stimulated
of the stimulating agentwill be characterized solely by the current from the surface of the film would amount to a small
properties of these individual regions and decidedly not byfraction(proportional to the modified fraction of the surface
the surface as a whole. In that case there would be no noticeable difference in the

To check this very important conclusion, which can af-spectra.
fect the interpretation of the results of exoelectron investiga- On the other hand, if it is assumed that the entire flux of
tions, we undertook a special study. activating particles selectively acts on the track regions, then

We studied thermally stimulated exoelectron emissionthe observed difference in the character of the glow curves
from the surface of polyimide films with thicknesses of finds a logical explanation.
10-20um. To create local regions with increased electrical ~ We note that selectivity of the effect of charged particles
conductivity in the film, the latter was irradiated by a streamon the current-conducting regions of a nonconducting film
of Xe™® ions with an energy of 1 MeV/nucleon. The studieslying on a grounded metal plate is due to the corresponding
showed that in the region where an ion has passed througtonfiguration of the electric field lines, which curve the tra-
there is complete destruction of the polymer, with the forma-jectories of the charged particles near the surface of the film.
tion of low-molecular products. Around this zone a polymer  Further confirmation of this conclusion comes from the
region with a modified structure appears. It has been foundfact that etching of the damaged layer of the polymer around
that the material in the track region has an increased electrthe track to a depth greater than 35 (ime., the entire layer
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N, counts/s

70 |
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50 4 FIG. 1. Glow curves of the thermally stimulated emis-

80 sion of polyimide films:1 — The initial film, 2 — after
irradiation by a stream of X¢ ions, 3 — after a sub-

30 sequent etching of the irradiated film for 200 min in a

20 30% solution of hydrogen peroxide.

10 J

with disrupted structupe with the formation of “through”  defects will be created, and the results of the measurements
channels, restores the character of the glow c@see curve must be interpreted accordingly.

3in Fig. 1). We note that the reason why curveand3 are

not identical is that the etchant acts not only on the structur-'V. S. Kortov, A. I. Slesarev, and V. V. Rogoxoemission Monitoring of

a”y damaged ponmer but also, to some extent, on the initial the Surfac_e of Manufactured Items After Treatnj@nRussian, Naukova
Dumka, Kiev(1986.

material. A1 Vilenskit, V. A. Oleinikov, B. V. Mchediishviliet al, Khim. Vys.
Thus the data presented here demonstrate that in em-Energ.26(4), 12 (1992.

ploying exoemission analysis to study the density of struc-sg- L;Vg%gs'f;g’\'- G. Markov, V. A. Olénikov et al, Khim. Vys. Energ.
tural defects in insulating materials one must allow for the 8(6), 507(1992.
possibility that conditions of nonuniform activation of the Translated by Steve Torstveit
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