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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 oscillations ofU(t) in the
course of anodization. In this case, the laws governing the pore formation processes
before and after the bifurcation will obviously differ. ©1997 American Institute of Physics.
@S1063-7850~97!00103-1#

Following the observation of various unusual new prop-development of a general theory of pore formation in silico
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erties after special electrochemical treatment of silicon, c
siderable interest has been shown in studying the chara
istics of this material, since its use offers the possibility
returning to traditional, less expensive, silicon technolo
even in cases where other substances and materials have
erally been used. Many studies have therefore focused on
physicochemical properties of this new material, known
porous silicon, and on its behavior during fabrication. T
processes taking place in the course of pore formation ca
deduced from the dynamics of the main parameters of
system and from the final morphology of the porous str
ture. The dynamic behavior of the parameters of a hyd
fluoric acid ~HF!-silicon ~Si! system during the pore forma
tion processes and aspects of the morphology of the fi
porous structure have not been examined sufficie
comprehensively.1,2 The dynamics of the behavior of th
current-voltage characteristics obtained during the anod
tion of lightly dopedn-type silicon was studied in Ref. 2
The potential-time curves plotted in Ref. 2 indicate that
potential exhibits fairly complex nonlinear time behavio
The morphological aspect of the problem was considere
Refs. 3–5. The behavior of the pore formation process
determined by a potential distribution with a maximum at t
end of the pore. However the equations determining the
netics of the chemical reaction did not appear directly in
expression for the pore growth rate. Approaches based on
random walk model6 made no explicit allowance for the po
tential distribution.

An original method was proposed in Ref. 7, based o
model which was developed in Ref. 8. However, althou
the proposed model can account for the possible formatio
several types of pore morphologies, it cannot be treated
definitive because the behavior of the transverse dimens
of the micropores as a function of the applied potential d
not agree satisfactorily with the experiment when describ
the formation ofn-type porous silicon. Note that at prese
the theory of pore formation in silicon is far from complete1

This reasoning indicates that there is a definite need
further studies of the system to evolve new approaches to
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An investigation of the current-voltage characteristics a
their variation with time, as well as the time-dependent b
havior of the voltageU(t) for an electrolyte-silicon system
can provide a wealth of information for developing a gene
theory of pore formation in silicon. Information on the phys
cochemical processes taking place in an electrolyte-sili
system during anodization can be gleaned from a study
the current-voltage characteristics, their time variation, a
the behavior ofU(t).

In the present paper we investigate the dynamics of
behavior of the HF-n-type Si system during anodization i
mixtures of hydrofluoric acid and isopropanol in ratios of 1
and 1:3 by volume. Arguments are presented to support
hypothesis that the complex behavior of the dynamic va

ablesU(t) and U̇(t) (U̇(t) is the time derivative! in the
HF-Si system indicates that bifurcations of the transition
the limit cycle may exist in the system.9 Particular attention
is focused on how the morphology of the porous silicon
influenced by anodization conditions for which the behav
of the system parameters may be described by different
namics.

The experimental method was described in Refs. 10–
and the current-voltage characteristics and potential-t
curves were recorded by a standard method using KE´F-20
silicon samples. It was observed that when the followi
parameters were varied within specific ranges: tempera
(T) 20–40 °C, optical power density incident on samp
(J) 0.06–0.1 W/cm2, current densityj<50mA/cm2, and an-
odization time between 30 s and 5 min, for a specific 1
concentration of HF-isopropanol electrolyte, the curre
voltage characteristics exhibit clearly defined nonmonoto
time behavior, so that the current-voltage characteristic~or
some parts thereof! obtained at timet3 after the beginning of
anodization is situated between the characteristics obta
at timest1 andt2 ~wheret1,t2,t3, see Fig. 1!. For a 1:3
HF-isopropanol electrolyte, the current-voltage characte
tics exhibit an appreciable periodic rise and fall with tim
which is reflected in the nonmonotonic behavior of the ch
acteristics. Note that the general trend of the current-volt
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FIG. 1. Current–voltage characteristics obtained during anod
tion in a 1:3 by volume HF-isopropanol electrolyte:1— immedi-
ately after the beginning of anodization;2 — 1 min after the be-
ginning of anodization;3 — 2 min after the beginning of
anodization;4 — 3 min after the beginning of anodization. Th
stabilized voltage was swept linearly at 10 V/s.
characteristics with time is a rise along thej axis.
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The 1:1 HF-isopropanol electrolyte typically has a res
nance curveU(t) whose amplitude depends on the param
eters of the system~Fig. 2!. The curve ofU(t) corresponding
to the formation of the third type of morphology~see the
classification given in Refs. 10–12! has a clearly visible sec-
tion of oscillatingU(t). For the curves ofU(t) correspond-
ing to the formation of other types of morphology, the
oscillations still exist but are less noticeable. We stress t
the phase diagram in the coordinatesU(t), U̇(t) correspond-
ing to t→` is clearly a coiling spiral. It has been noted th
the potential-time diagrams in the form of resonant curv

FIG. 2. VoltageU versus timet in an electrolyte–n-type silicon system
obtained during anodization under various conditions for a 1:1 by volu
HF-isopropanol electrolyte:1— curve ofU(t) corresponding to the forma-
tion of porous silicon with the zeroth type of morphology,2— U(t) for the
first type of morphology,3— U(t) for the second type of morphology,4—
U(t) for the third type of morphology. Curves ofU(t) for a 1:3 by volume
HF-isopropanol electrolyte:5, 6— U(t) obtained under different conditions
of illumination of an anodized sample, where curve6 corresponds to a
higher illumination intensity than curve5.
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amplitude of these oscillations increases as the isoprop
content is increased and the illumination of the sample
creases. This effect is observed particularly clearly
j.20 mA/cm2 ~Fig. 2!.

The behavior ofU(t) changes radically when the elec
trolyte contains HF and isopropanol in the ratio 1:3 by v
ume. Under certain anodization conditions, the curveU(t)
exhibits clearly defined oscillating behavior. The amplitu
and frequency of the oscillations depend on the parame
of the system~in this case, on the illumination conditions o
the silicon sample!. On the phase diagrams ofU(t) versus

U̇(t) this motion will correspond to closed trajectories. A
the above reasoning supports the assumption that the
ation of periodic motion in a HF–n-type Si system exhibits a
bifurcation, i.e., that limit cycles exist in this dynamic sy
tem.

Note that the curvesU(t) for HF and isopropanol in the
ratio 1:1 describe the formation of a fairly uniform homog
neous structure of macropores with different types of m
phology depending on the choice of operating point on
current-voltage characteristic10–12 and the formation of the
porous structure is entirely controllable by selecting the
erating point on this characteristic.

For the strictly oscillating curveU(t), the porous struc-
ture exhibits an inhomogeneous morphology and usu
consists of layers of pores of different length with se
similar pore shapes on different scales, either a fairly unus
alternation of the ‘‘shower’’ structure and a structure co
prising a bundle of pores diverging from a common cen
~described in Ref. 14 as a ‘‘cauliflower’’ structure! or a
‘‘swallowtail’’ structure.

To sum up, we note that the transition to harmonic o
cillations during anodization ofn-type Si may exhibit a bi-
furcation for a 1:3 by volume HF-isopropanol electrolyt
This is accompanied by radical changes to the morphol
of the porous structure so that the relationships describ
pore formation before the bifurcation are clearly differe
from those describing these processes after the establish
of harmonic oscillations ofU(t).

These relationships suggest that the behavior of this

e
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tem is similar in many respects to that of a nonlinear system
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such as a van der Pol oscillator under soft excitation.This
oscillator system has been fairly comprehensively stud
and various relations have been established to link the m
parameters of the system~effective resistance, capacitanc
and so forth! with the parameters of the phase trajectori
Thus a more detailed study of the behavior described ab
as a function of changes in the parameters of the system
shed light on the essential nature of the processes respon
for pore formation. These effects also allow us to utilize t
well-developed mathematical apparatus for describing s
organizing systems to construct a theory of pore formation
silicon.

It should be stressed that further more detailed studie
this problem are required, with particular emphasis on
nature of the bifurcations and the nature of the transit
from one anodization regime to another and how they
pend on the various parameters of the system. We also
to consider how the behavior of this effect is influenced
the electrical circuit and the characteristics of the devic
171 Tech. Phys. Lett. 23 (3), March 1997
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Photoluminescence properties of Al xGa12xAs epitaxial layers grown under conditions of

t

ultrafast flux cooling
A. V. Abramov, A. G. Deryagin, N. G. Deryagin, S. I. Kokhanovski , V. I. Kuchinski ,
É. U. Rafailov, G. S. Sokolovski , and D. N. Tret’yakov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 11, 1996!
Pis’ma Zh. Tekh. Fiz.23, 8–13~March 12, 1997!

Results are presented of studies of the photoluminescence properties of epitaxial layers of
Al xGa12xAs solid solutions grown by liquid-phase epitaxy with nonequilibrium crystallization
achieved by ultrafast rates of cooling of the flux (V;102–103 °C/s!. The
photoluminescence characteristics obtained indicate that the epitaxial layers are of high quality. It
is also observed that when samples withxbuff 5 0.5–0.55 are exposed to laser radiation of
power density;1 kW/cm2 at a temperature of 77 K, the spectral composition of the radiation
undergoes irreversible changes caused by the formation of an arsenic vacancy
(VAs)-donor impurity complex. ©1997 American Institute of Physics.@S1063-7850~97!00203-6#

Solid solutions of AlxGa12xAs are widely used to fabri- transition, and 3! samples having a high AlAs conten
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cate microelectronics and optoelectronics devices. In
method of liquid-phase epitaxy AlxGa12xAs–GaAs hetero-
structures are usually grown under conditions very close
equilibrium. The last few years have seen the introduction
a method of liquid-phase epitaxy where crystallization co
ditions far from equilibrium are achieved by ultrafast cooli
of the flux.1 It was shown in Ref. 2 that these crystallizatio
conditions alter various parameters of the layers such as
thickness, the depth distribution of the composition, and
carrier concentration. In the present paper we report res
of an investigation of the photoluminescence properties
epitaxial layers of AlGaAs solid solutions grown by no
equilibrium crystallization achieved by ultrafast cooling
the flux at rates of;102– 103 °C/s ~Ref. 2!.

The photoluminescence characteristics were investig
by pumping the samples with radiation from an LG-106
gon laser (lpump>0.5mm! at temperatures of 77 K and 2 K
The pump power density was varied in the range 10–1
W/cm2. The samples consisted of a multilayer structu
formed by ann-GaAs~100! substrate, on which was grow
an AlxGa12xAs buffer layer (xbuff50.05–0.65! of constant
composition, followed by an AlxGa12xAs layer whose com-
position varied with thickness, grown under conditions
ultrafast variation in the temperature of the liquid phase
should be noted that regardless of the aluminum conten
the buffer layer, the AlAs distribution of the layer of variab
composition has a characteristic minimum.2

Figure 1 shows photoluminescence spectra of sam
having different AlAs contents in the buffer layer. The ins
shows the typical distribution of AlAs over the thickne
(d) of these structures. The samples may be divided
three groups: 1! samples having an AlAs content in th
buffer layerx<0.45, for which the value ofx near the mini-
mum corresponds to a direct band-gap structure of the

xGa12xAs solid solution; 2! samples having an AlAs conten
in the buffer layer 0.5<x<0.55, for which the value ofx
near the minimum is close to the direct-indirect band-g
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(x;0.60–0.65! in the buffer layer, for which the AlAs con-
tent near the minimum corresponds to an indirect band-
structure.

The photoluminescence spectrum shown in Fig. 1 fo
sample having an AlAs contentx>0.26 in the buffer layer is
typical of all samples in the first group. It can be seen t
the spectrum has two peaks. The short-wavelength pea
assigned to emission from that part of the sample having
minimum AlAs content while the long-wavelength peak
attributed to emission from the substrate. The spectral p
tion of the short-wavelength peak can be used to determ
the composition of the AlxGa12xAs solid solution corre-
sponding to this emission. We used the following relati
linking the photoluminescence radiation energy with t
AlAs content in the solid solution:3

Epl~77 e!51.50811.443x, ~1!

whereEpl is the photon energy at the maximum andx is the
composition of the AlxGa12xAs solid solution. The AlAs
content calculated according to formula~1! agrees well with
the value ofx determined by secondary ion mass spectr
copy. For example, for a structure withxbuff 5 0.26, whose
photoluminescence spectrum is shown in Fig. 1, the A
content calculated according to formula~1! is 12.6 mol%,
while that determined by secondary ion mass spectromet
11.8 mol%. The experimentally determined half-widths
the photoluminescence short-wavelength maximum,Dhn,
were 12–50 meV. It should be noted that the lowest val
Dhn512 meV were observed for samples having a fai
long (;0.3mm! region of almost constant composition ne
the minimum. These values ofDhn indicate that the epitax-
ial layers grown under conditions of ultrafast cooling of t
flux are of high quality.

The photoluminescence spectra of the third type
samples typically reveal a low-intensity short-waveleng
band. This band is attributed to recombination of carriers
the indirect-gap material AlxGa12xAs. Some contribution of

172172-03$10.00 © 1997 American Institute of Physics
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direct radiative transitions in the indirect-gap material fro
the G minimum of the conduction band and of indirect r
diative transitions from theX minimum of the conduction
band could also be detected in the spectrum. For exam
for the sample withxbuff 5 0.65 these are the peaks
lmax50.584mm andlmax50.607mm, respectively~Fig. 1!.

The most interesting effects in the photoluminesce
spectra were observed for the second group of samples
a value ofx near the minimum for which the compositio
dependences of the direct and indirect band gaps (Eg

G(x) and
Eg
x(x), respectively! intersect. A typical photoluminescenc

spectrum of this type of sample withxbuff50.5 recorded at a
pump power density of;50 W/cm2 is plotted in Fig. 1. The
photoluminescence spectrum of this sample is shown
greater detail in Fig. 2. It can be seen from Fig. 2 that
spectrum consists of a group of high-intensity peaks n
l;0.61mm. A similar spectral structure was observed
Ref. 4 for AlxGa12xAs layers grown by vapor-phase epitax
from metalorganic compounds and was interpreted as bo
exciton photoluminescence~in Fig. 2b,lb.ex.50.597mm! and
several phonon replicas. These spectra are characterist
high-quality layers.

An interesting feature of this second group of samp
was an irreversible change in their photoluminescence c
acteristics when the pump density was increased to 1
cm2 at 77 K. Figure 2 also shows the photoluminescen
spectrum of a sample after exposure to this ‘‘laser ann
ing.’’ The spectrum was modified by an abrupt drop~ap-
proximately twentyfold! in the intensity of the exciton line
and the photon replicas nearl;0.61mm, and by the appear
ance of a broad band (Dhn;200 meV! at lmax;0.69mm.

FIG. 1. Photoluminescence spectra measured atT 5 77 K for
Al xGa12xAs epitaxial layers with different contentsx in the buffer layer.
The inset shows a typical distribution of AlAs over the thickness of
structure.

173 Tech. Phys. Lett. 23 (3), March 1997
le,

e
ith

in
e
ar

nd

of

s
r-
/
e
l-

However, when the sample temperature was reduced to
the exciton line again dominated in the photoluminesce
spectra~Fig. 2b!. At the same time, laser annealing of th
samples at the same pump power densities at room temp
ture did not cause any significant changes to their photo
minescence characteristics. Possible mechanisms for this
havior at 77 K were examined by us in Ref. 5 and we
attributed to the optically induced annealing of defects a
also to a recombination-generation process of impurity d
fusion with the formation of an arsenic vacanc
(VAs)-donor impurity complex.

To summarize, an investigation of the photolumine
cence characteristics of epitaxial layers obtained under c
ditions of ultrafast cooling of the flux has indicated that the
layers are of high quality.

It has also been observed that when samples withxbuff 5
0.5–0.55, i.e., withxmin near the minimum close to th
direct–indirect band gap transition, are exposed to laser
diation with a power density of;1 kW/cm2 at 77 K, the
spectral composition of the radiation undergoes irrevers
changes associated with the formation of an arsenic vaca
(VAs) –donor impurity complex.

This work was supported financially by the Russi
Fund for Fundamental Research, under Project No. 96
17864a.

1A. V. Abramov, N. G. Deryagin, and D. N. Tret’yakov, Semicond. S
Technol.11, 607 ~1996!

2A. V. Abramov, B. Ya. Ber, N. G. Deryagin, A. V. Merkulov, and D. N

FIG. 2. Photoluminescence spectra of a sample withxbuff50.5 recorded at
T 5 77 K andT 5 2 K: 1— initial spectra,2— modified spectra.

173Abramov et al.



Tret’yakov, Pis’ma Zh. Tekh. Fiz.21~3!, 34 ~1995! @Tech. Phys. Lett.21,

g,

r,

D. Yan, J. P. Farrell, P. M. S. Lesser, and F. H. Pollak, Appl. Phys. Lett.
51, 505 ~1987!.

.

103 ~1995!#.

3K. H. Chang, C. P. Lee, J. S. Wu, D. G. Liu, D. C. Liou, M. H. Wan

L. J. Chen, and M. A. Marais, J. Appl. Phys.70, 4877~1991!.
4T. F. Kuech, D. J. Wolford, R. Potemski, J. A. Bradley, K. H. Kellehe
174 Tech. Phys. Lett. 23 (3), March 1997
5A. V. Abramov, A. G. Deryagin, N. G. Deryagin, V. I. Kuchinskii, M. N
Sobolev, and M. I. Papensev, Mater. Sci. Forum196–201, 1437~1995!.

Translated by R. M. Durham
174Abramov et al.



Dynamics of field dislocations and disclinations in a few-mode optical fiber. III.

Circularly polarized CP 11 modes and L disclinations

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

Simferopol State University
~Submitted November 11, 1996!
Pis’ma Zh. Tekh. Fiz.23, 14–20~March 12, 1997!

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 pure edgeLx
and Ly 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 theLx andLy disclinations are mutually orthogonal, a pure
screw dislocation is created. When the axes are collinear, theLxandLy 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 theLx andLy 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. ©1997 American Institute of Physics.
@S1063-7850~97!00303-0#

The formation of optical vortices in a few-mode fiber et5@ ê1~cos~w2db21z!1cos@w2~Db
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is directly related to the excitation of circularly polarize
fields. Known simple wave combinations are linea
polarized~the LP11 modes! ~Ref 1!. Thus the fields of the
LP11 modes must be combined with the orthogonal line
polarizations to describe the excitation of circular
polarized fields at the entrance to a fiber. This wave com
nation will subsequently be called the circularly polariz
CP11 mode.

It was shown in the first part of this work that an
change in the field of the LP11 mode is determined by th
interaction of the perturbation fields of orthogonal pure ed
circular C6 disclinations. The formation of CP11modes from
two LP11 modes can now be described by fourC6 disclina-
tions. Summation of these disclinations creates new type
vector wave defects. The evolution of these new vector
fects or disclinations will characterize the wave changes
the CP11 modes propagating in an inhomogeneous mediu

The aim of the present study is to make an experime
and theoretical investigation of the properties of vector
fects — disclinations — in the CP11 modes of a few-mode
fiber.

1. Let us analyze the optical field of a few-mode fib
which is uniformly circularly polarized at the entrance. Fro
the four possible types of LP11 modes we can construct fou
types of CP11 modes of different parity and direction of cir
culation. Without loss of generality, we shall select the ev
right-circularly polarized CP11

1en mode for our analysis. The
field of this mode, being the result of the summation of tw
orthogonally polarized LP11 modes, may be expressed in th
form:

175 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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1~Db1db21!z#exp$ iDbz%!#F1exp$ ibz%, ~1!

where

db215
db22db1

2
; b̃15b̃1

db22db1

2
;

Db5db42db2 , ~2!

ê1 and ê2 are the unit vectors of the circular polarizatio
db i are the polarization corrections of the HE21 ( i51),
TM01 ( i52), and TE01 ( i54) modes. For a graded-inde
fiber in the first approximation of perturbation theory1 we
have db25db450 and from Eq. ~1!: et5ê1

3cos(w2db21)F1(R).
A uniformly circularly polarized CP11

1en mode with a
pure edge dislocation is formed in a fiber having a parab
refractive index profile and propagates without any chang
polarization state or type of dislocation. The axis of this d
location is rotated through the angleg5db21z in the cross
section z5z0. If a graded-index fiber is excited by left
circularly polarized light, a uniformly left-circularly polar
ized wave field with a pure edge dislocation will propaga
in the fiber. The axis of the dislocation is rotated through
angleg52db21z in the cross sectionz5z0. This process is
due to the simultaneous creation of four circularly polariz
pureC6 edge disclinations in two orthogonal LP11 modes.
These disclinations rotate at the same angular velocities
the pair ofC2 disclinations are in antiphase and cancel o

175175-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Distribution patterns of the intensityI ~left! and
the degree of linear polarizationh ~right! of the field of
the circularly polarized CP11 mode. The distributions
I (r,w) andh(r,w) correspond to the fiber cross sec
tionsDbz0 in the phase interval between 0 andp. The
white on theh(r,w) patterns indicates circular polar
ization and black indicates linear polarization.
forming a pure rotating edge dislocation. The other pair of
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C1 disclinations are in phase and amplify each other
interference.

In a stepped-index fiber the polarization correctio
db2 anddb4 for the TE01 and TM01modes in the LP11 group
differ and the dynamics of the dislocations and disclinatio
is described by expression~1!. Figure 1 shows field pattern
for the intensity and polarization states of the CP11 mode. In
this field combination the termsC6 disclinations cannot be
used, since the fiber field is only circularly polarized in t
planes whereDbz5mp (m50, 1, 2 . . . ). In theother cross
sections the light does not become circularly polarized
any azimuthal anglesw. Thus for the calculations we use
the term, the degree of linear polarization, which is defin
ash5(12uQu)/(11uQu), whereQ is the eccentricity. It can
be seen from Fig. 1 that linearly polarized lines appear on
pattern of polarization states of the field cross section. Th
lines are linearly polarized at their instant of creation, o
along y and the other alongx, but as they propagate, the
rotate at different angular velocities. The directions of line
polarization of these lines also rotate but in the oppo
direction. We called these lines pureLx andLy edge discli-
nations by analogy with the disclinations of the fields in fr
space2,3 since forLx the electric field is Im@ey(z50)#50,
Re@ey(z50)#50 and for Ly it is Im@ex(z50)#50,
Re@ex(z50)#50.

In Fig. 2b the solid curves giving the degree of line
polarizationh as a function of the azimuthal coordinatew
describe the theoretically calculated evolution of the po
ization state of the CP11

1en mode. The motion of the peaks o
these curves reflects the dynamics of theLx andLy disclina-
tions. It can be seen from Fig. 1 and Fig. 2b that
Dbz5p/21mp, where the axes of theLx andLy disclina-
tions are orthogonal, a pure screw dislocation is genera
with the topological chargel511, its field being uniformly
linearly polarized with the vectore having the azimuth
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ized light, a pure screw dislocation is created withl521
and its linear polarization is oriented at an ang
c51db21z. WhenDbz5mp, the axes of theLx and Ly
disclinations are parallel and a pure edge dislocation is
ated with its axis oriented at the angleg5db21z ~this coin-
cides with the dislocation axis of an equivalent graded-ind
waveguide!. Reversal of the circular polarization of the e
citing beam changes the sign of the angleg. Figure 2a shows
a phase portrait of the evolution of theLxandLy disclinations
~by analogy with the phase portraits of theC6 disclinations
in the first part of this work!. The phase curves were obtaine
from expression~1! and the condition that the third Stoke
parameter isS35 i (ExEy*2Ex*Ey)50 for the linearly polar-
ized Lx andLy disclinations. The intersections of the spir
curves correspond to the creation of linearly polarized p
screw dislocations with the topological chargel511. The
joining points of the solid and dashed curves correspond
the creation of circularly polarized pure edge dislocations

2. An experimental investigation was made of the deg
of linear polarizationh as a function of the azimuthal angl
w in a few-mode fiber for various sections of lengthz. The
measurements were made using an experimental setup a
few-mode fiber whose parameters were described in the
part of this work. The CP11

1en mode was formed at the en
trance to the fiber by passing a Gaussian beam through
hologram of an edge dislocation and a quarter-wave pl
The results of the measurements given by the experime
points in Fig. 2 show that excitation of a few-mode fiber
circularly polarized light is associated with the creation
two linearly polarized disclinations rotating in the same
rection at different angular velocities. The angles of orien
tion of the linear polarizations rotate in opposite directions
the rotation of the disclinations. It was found experimenta
that uniform linear polarization is observed at the leng
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FIG. 2. a — Phase portrait of the evolution ofLx and Ly disclinations
plotted in polar coordinates. The fiber lengthz is taken as the polar radiu
and the anglew characterizes the azimuth of the edge disclination axis. T
solid curve corresponds to theLy disclination and the dashed curve to th
Lx disclination; b — degree of linear polarizationh versus azimuthal coor-
dinatew for various fiber lengths and the phaseF5Dbz. The solid curves
give the theory and the crosses give the experimental values.
177 Tech. Phys. Lett. 23 (3), March 1997
lengthL052p/Db. However, the azimuths of the linear po
larizations of theLx andLy disclinations could not be con
structed for fiber lengths of the order of 4 m. This is becau
four natural modes whose propagation constantsb i are irra-
tional numbers participate in the formation of theLx and
Ly disclinations.

4

It was found that no cross-sectionally uniform circul
polarization orthogonal to the initial polarization state is o
served in the emission of the CP11

1en mode. In addition, the
charge of the screw dislocations at the (2m11)L0/4 cross
sections does not change sign during evolution of the fie

An interference experiment showed that in the fib
cross sectionsz5(2m11)p/4Db pure edge dislocations ar
formed whose topological charge changes sign when the
culation of the exciting-beam polarization is reversed.

The physical mechanism for rotation of the axis of
edge disclination is explained by the optical Magnus effe5

for few-mode fibers. The rotation of the plane of linear p
larization of theLx andLy disclinations is attributed to the
Berry topological phase accompanied by a cyclic change
the direction of the disclination axis.

This work was partially supported by the Internation
Soros Program for promotion of education in the exact s
ences~ISSEP!, Grant N PSU062108.
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Atomic distribution function of macroscopically isotropic objects in diffraction analyses

n

N. I. Gulivets, A. V. Bobyl’, A. I. Dedoborets, and B. I. Peleshenko

Scientific-Industrial Organization, St. Petersburg State University
~Submitted December 4, 1996!
Pis’ma Zh. Tekh. Fiz.23, 21–26~March 12, 1997!

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.@S1063-7850~97!00403-5#

A so-called structure factora(s), wheres is the modulus whereB(s) is a positive monotonically decreasing functio
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of the change in the wave vector accompanying scatterin
widely used in various types of diffraction analysis~x-ray,
electron, and neutron diffraction analysis!. The basic equa-
tion used to study the atomic structure of macroscopic
isotropic objects1 is usually written as

a~s!511s21E
0

`

4pr ~r~r !2r0!sin sr dr, ~1!

wherer0 is the average atomic density of the sample a
r(r ) is the atomic density at the distancer from an arbi-
trarily selected atom. Relation~1! can be used to obtain th
difference radial atomic distribution function

w~r ![4pr ~r~r !2r0!5
2

p E
p

`

s~a~s!21!sin sr ds.

~2!

Since the measurements of the scattering intensity con
some error and are performed up to some upper value o
modulussm , the dependencew(r ) contains oscillating er-
rors, which are particularly appreciable for smallr ~Refs.
2–6!.

In the present paper the functionw(r ) is obtained by
transforming Eq.~1! using a weighting function in the re
sidual of the Tikhonov smoothing functional.7,8 By variation
of its parameter, this function is used to obtain the kerne
the Tikhonov equation in the form of an exponential functi
from the smoothing functional. The proposed procedure
demonstrated for the diffraction analysis of metallic melts

We transform Eq.~1! to give

E
0

`

w~r !sin sr dr5 j ~s!, ~3!

where j (s)[s(a(s)21) and we construct the zeroth-ord
Tikhonov functional

Q5E
0

sm
B2~s!S E

0

`

w~x!sin sx dx2 j ~s! D 2ds
1aE

0

`

r~r !w2~r !dr, ~4!
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on @0,sm# anda is the regularization constant. Variation o
Q with respect tow(x) reduces the problem to the followin
Tikhonov equation:

E
0

`

w~x!dxE
0

sm
B~s!sin sxsin sr ds1ar~r !w~r !

5E
0

sm
B~s! j ~s!sin sr ds. ~5!

For B(s)[1, Eq. ~5! yields

E
2`

`

w~x!
sin sm~r2x!

p~r2x!
dx1

2a

p
r~r !w~r !

5
2

pE0
sm
j ~s!sin sr ds. ~6!

The right-hand side of Eq.~6! is frequently considered to b
equal to the unknown functionw(r ), which is obviously sat-
isfied provided there is no experimental error andsm→`.

We shall take the functionB(s) in the form

B~s!5exp~2bs2/2!, 0.s.sm ~7!

and we shall assume that the error of the approximation

E
0

sm
exp~2bs2!cossx ds'kS p

4b D 1/2expS 2
x2

4b D ~8!

is no greater than the experimental error for givenk close to
unity. In addition, apart fromd.0, the following condition
is satisfied for the function~7!

H E
0

smS expS bs

2 D j ~s!2 j ~s! D 2dxJ 1/2.d, ~9!

which ensures that the experimental values of the struc
factor are moderately distorted~blurred!. The value of the
parameterb is selected as follows. First we determine t
highest value ofb satisfying condition~9! and then we
verify condition~8! for k51. If necessary, we decreasek so
as to satisfy condition~8!. It was calculated that the value o
b satisfying condition~8! for k51 and the required errord
is ;2p/sm

2 .
Then we obtain from Eq.~5!

178178-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Difference atomic distribution function of Cu
melt at 1393 K:1, 2— right-hand side and solution o
Eq. ~6!; 3, 4— right-hand side and solution of Eq.~10!,
respectively.
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~4pb! E
2`

w~x!expS 2
4b Ddx1

p
r~r !w~r !

5
2

pE0
sm
e2bs2 j ~s!sin sr ds. ~10!

The right-hand side of Eq.~10! differs from that of Eq.~6! in
that its extrema are broader, although their position and
area below the curves are the same.

The most efficient method of solving Eqs.~6! and ~10!
for w(r ) is to solve the appropriate systems of linear eq
tions. In this case, the problem reduces to solving the sys
of equations forw(r ) at the quadrature points and then i
terpolating the values obtained.9 The matrix of the system o
equations to solve Eq.~10! is simpler than that for Eq.~6!. It
is a band matrix, and experience shows that several ten
solutions of the system is sufficient to find the regularizat
constant, which is fairly economical on computing time.

The proposed procedure can be demonstrated for the
fraction analyses of the structure factor of a copper mel
T 5 1393 K ~Ref. 3!. Figure 1 shows graphs of the righ
hand sides of Eqs.~6! and~10! calculated using the results o
Ref. 3 and also the corresponding solutions forw(r ). Equa-
tion ~10! was solved using the valueb50.08 Å22, which
provided the required accuracy. The criterion for optimiz
tion of the regularization constanta was taken as9

Ia
dwa

da I5mina.0 . ~11!

According to Eq.~11!, the optimum regularization constan
to solve Eq.~6! is aopt50.49 whereas to solve Eq.~10! for
the given value ofb the optimum regularization constant
aopt50.007. This low value indicates that the introduction
the weighting function~because of its shorter-range kerne!
additionally regularizes the Tikhonov equation~5!, whereas
the kernel in Eq.~6! is a peak with oscillating slowly decay
ing wings.

A comparison of the curves plotted in Fig. 1 indicat
that althoughw(r ) obtained by solving Eq.~10! is close to

179 Tech. Phys. Lett. 23 (3), March 1997
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viations are observed on the leading edge of the first p
~for small r ) as well as less significant deviations for oth
values ofr . These deviations are caused by the right-ha
side of Eq.~6! differing from the true functionw(r ) since the
former is a convolution with an approximate form of th
Dirac d-function ~i.e., with the function sin(smr)/(pr)). As
was noted, the result of this convolution is especially noti
able on the wings of the principal peak of the right-hand s
of Eq. ~6!, where appreciable oscillations are observed an
is thus preferable to use the solution of Eq.~10!. Another
factor is that the oscillating component increases apprecia
in the solutions of Eqs.~6! and ~10! for a50, i.e., in the
absence of regularization, but for the solution of Eq.~6! this
component is fairly large even for optimum values ofa for
Eq. ~10!. A similar situation is encountered in the diffractio
analyses of other macroscopic isotropic objects.

Thus, when determining the atomic distribution functio
by regularization of the Tikhonov equation in diffractio
analyses of macroscopically isotropic objects, the introd
tion of a weighting function can significantly reduce the o
cillating component associated with the measurement e
and the existence of an upper limit for the wave vector flu
tuations. Without this weighting function the procedure lea
to broadening of the peaks of the atomic distribution fun
tion.
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Influence of the purity of the starting materials on the recording of dynamic holograms

lf-
in Bi 12TiO20 crystals

Yu. B. Afanas’ev, E. V. Mokrushina, A. A. Nechita lov, and V. V. Prokof’ev

A. F. Ioffe 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. Fiz.23, 27–32~March 12, 1997!

The parameters of Bi12TiO20 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. ©1997 American Institute of Physics.
@S1063-7850~97!00503-X#

Piezoelectric crystals with the sillenite structure exhibit intensity of the optical beams varied as a result of se
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electrooptic coefficients considerably inferior to those
ferroelectric photorefractive materials but may have com
rable two-wave mixing efficiency. This circumstance aris
from the relatively long mean free path of the photoexci
carriers, which means that holograms can be recorded
ciently in an external ac electric field.1 In this case, the field
of the recorded grating depends strongly on the material
rameters such as the diffusion length of the free carr
(Ld) and the Debye screening length (LD), so that these
parameters can be determined very accurately by a h
graphic technique. It was shown in Ref. 2 that even a sm
impurity content~less than 0.001 wt.%! originating from the
inadequate purity of the starting mix ture strongly influenc
the holographic recording efficiency in a Bi12TiO20 ~BTO!
crystal because of the reduced diffusion lengthLd . An in-
vestigation of sillenites lightly doped with chromium re
vealed that in all cases, a negligible (;0.0001 wt.%! chro-
mium content in the starting mizture reduces the diffus
length of the photoexcited carriers, but the effect of this i
purity differs very substantially for BTO and Bi12SiO20

~BSO! crystals. In BTO the two-wave mixing efficiency wa
reduced sharply whereas in BSO, it was increased slig
because of a decrease in the Debye screening length.3

In the present paper we compare how the propertie
BTO crystals are influenced by different degrees of purity
the initial bismuth oxide and by light doping with chromiu
atoms. The parameters of the materials were determined
Ref. 3 by measurements of the spatial-frequency dep
dences of the two-wave mixing efficiency. The samples w
illuminated by an interference pattern formed by two~signal
and reference! coherent light beams at 0.63mm. The optical
intensity at the surface of the crystal varied between 3 and
mW/cm2. The ratio of the signal and reference beam inte
sities was around 0.01. A square-wave ac electric field wi
periodt5160 ms and amplitude up to 6 kV was applied
the sample in the direction of the grating vector. The plane
polarization of the recording beams was oriented at an a
of 45° to the plane of incidence. In this case a volume
fractive index grating was recorded in the sample and
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diffraction ~two-wave mixing!.
It is known1 that in this case~subject to the condition

t!t;!tcs , where t is the lifetime of the photoinduced
carriers andtcs is the characteristic grating recording time!,
the two-wave gain factor is given by

G5
p

Ul/2
•

Ed

K2LD
2 •

11Qd~E/Ed!
2

11QD~E/Ed!
2 , ~1!

whereEd5K(kT/e) is the diffusion field,K is the modulus
of the wave vector of the grating,k is the Boltzmann con-
stant,T is the absolute temperature,e is the electron charge
Qd,D5K2Ld,D

2 /(11K2Ld,D
2 ), andUl/2 is the half-wave volt-

age of the material.
The dependence of the grating amplitude on the spa

frequency determined by expression~2! has a maximum at
K5Kmax and its form depends on the values ofLd and
LD , where to a first approximation the diffusion length d
termines the growth rate ofEcs(K) at low spatial frequencies
while the screening length determines the rate of decay
K.Kmax. These characteristics allow us to determine
diffusion and Debye lengths by measuringG(K) and using
these values as fitting parameters.

The BTO crystals were grown by the Czochrals
method from a high-temperature nonstoichiometric~10:1!
Bi2O3:TiO2 melt at the A. F. Ioffe Physicotechnical Institut
of the Russian Academy of Sciences. The samples were
in standard geometry: the polished faces were parallel to
^110& plane and an ac electric field was applied along
@ 1̄10# axis. The thickness of the samples and the aver
distance between the electrodes were 6 mm and 4 mm
spectively.

Four BTO single crystals were grown using starting m
terials of different degrees of purity. Crystals BTO 1, BTO
and BTO 3 were prepared using extra pure, analytical gra
and pure bismuth oxide, respectively. Crystal BTO 4 w
grown from extra pure bismuth oxide to which 0.001 wt.
Cr2O3 was added. The chromium concentration in the sta
ing material and in the as-grown crystals was determined

181181-03$10.00 © 1997 American Institute of Physics



photometric che

TABLE I. Crystal parameters.

ing
Grade of Chromium content, wt.% Diffusion length, Debye screen
bismuth oxide Initial mixture Crystal mm length,mm

BTO 1 extra pure ,531025 ,531025 0.25 0.10
BTO 2 analytic grade 1.131024 1.031024 0.07 0.11
BTO 3 pure 3.231024 3.031024 0.033 0.11
BTO 4 extra pure with 8.131024 7.631024 0.031 0.15

1023 wt.% Cr2O3
mical analysis~the minimum detectable con-
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centration was 531025 wt.%! ~Ref. 4!. The analytical re-
sults are presented in Table I.

Figure 1 shows absorption spectra of crystals BTO
through BTO 4 measured with an SF-8 spectrophotomete
can be seen that unlike BTO 1, the crystals grown from
sufficiently purified materials exhibit strong~650–880 nm!
and weaker~880–1060 nm! absorption in the near infrared
At the same time, the addition of 0.001% Cr to the extra p
bismuth oxide yields a similar absorption band profi
~BTO 4!.

Figure 2 gives the two-wave gain factor as a function
the spatial frequency of the recorded grating. The symb
give the experimental data and the solid curves show
theoretical dependences calculated according to expres
~2! using the lengthsLd and LD as fitting parameters. A
comparison of curves1, 2, and3 obtained for the same field
reveals that the two-wave gain factor depends directly on
purity of the bismuth oxide. A low chromium impurity has
similar effect~crystals BTO 3 and BTO 4 have the same p
rameters so the curves were obtained for different fields
that the curves did not merge on the figure!.

The values obtained for the diffusion length of the ph
toexcited carriers and the Debye screening length are
given in Table I.

It can be concluded from the data plotted in Figs. 1 a
2 and presented in Table I that even in small quantit
chromium is one of the main impurities strongly influenci
the absorption spectrum of BTO crystals. However, it sho
be noted that crystals BTO 2 and BTO 3 obviously cont
other types of impurities which do not have such a stro
1
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e

f
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e
ion

e

-
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-
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d
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d
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also reduce the diffusion lengthLd : the chromium concen-
tration in BTO 3 is 2.5 times lower than that in BTO 4 b
the diffusion length is the same in both crystals and is alm
an order of magnitude lower than in the pure BTO 1 crys
It was also established by means of chemical analysis
the iron content in the pure bismuth oxide fluctuates in
range (122)31023 wt.%, which is almost an order of mag
nitude higher than its content in the extra pure Bi2O3. It may
well be that iron, as well as chromium, reduces the diffus
lengthLd in crystal BTO 3.

It should be noted that in this case, the Debye screen
length, which is inversely proportional to the bulk density
free traps, is almost independent of the impurity conte
Thus in insufficiently pure BTO crystals the two-wave ga
in an ac field is low~unlike BSO:Cr crystals3 where both
Ld and LD decrease proportionately!; i.e., a low impurity
content in a BTO crystal does not influence the trap den
but other parameters of the photoinduced carriers~mobility
and trapping probability! on whichLd depends.

The following conclusions can therefore be drawn:
- chromium is most likely the main low-concentratio

impurity ~up to 1023 wt.%! influencing the absorption spec
trum of BTO crystals;

- specially introduced chromium impurities as well
insufficient purity of the initial mixture give rise to a cha
acteristic absorption band in the near infrared and subs
tially reduce the diffusion length of the photoinduced car
ers, without altering the Debye screening length in BT
crystals;

- in consequence, impurities of low concentration
de
FIG. 1. Absorption spectra of crystals grown with bismuth oxi
of different degrees of purity~BTO 1– BTO 3! and also of a crys-
tal specially doped with chromium~BTO 4!.
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BTO crystals~unlike BSO! reduce the two-wave mixing ef-
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FIG. 2. Two-wave mixing gain factor in an external ac field: curves1, 2,
and3 correspond to crystals BTO 1–BTO 3 with a fieldE 5 9 kV/cm, and
curve4 corresponds to crystal BTO 4 with a field of 14 kV/cm.
183 Tech. Phys. Lett. 23 (3), March 1997
ficiency in an ac field.
The nature of the different influence of low

concentration impurities on the properties of BTO and BS
crystals may form the subject of a further study.
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Anisotropy of 63Ni 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. Fiz.23, 33–38~March 12, 1997!

An investigation is made of the influence of a static magnetic field on the diffusion of63Ni in
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 Physics.@S1063-7850~97!00603-4#

In our view, studies of impurity diffusion in ferromag- diffusion coefficient lnD5f(1/T) become highly nonlinear
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netic metals in a static magnetic field are of major interes
connection with the diffusion magnetic anomaly whose pr
cipal features were described in a review,1 and with clarify-
ing the influence of exchange interaction on the diffus
mobility of atoms in ferromagnetic materials. According
existing models, whose development can be traced in R
2–5, the nature of the diffusion magnetic anomaly is rela
to the magnetic ordering of the ferromagnetic material.
external static magnetic field may alter the degree of m
netic order in the ferromagnetic material and thereby in
ence the diffusion mobility of the impurities.

Impurity diffusion in ferromagnetic metals such as F
Co, and Ni in a static magnetic field has been very lit
studied. In Ref. 6 we observed that grain-boundary diffus
of 63Ni in polycrystalline Armco iron at 730 °C is slowed i
a magnetic field of 399.4 kA/m. In Ref. 7 we reported t
first systematic investigations of grain-boundary and b
diffusion of 63Ni in polycrystalline Armco iron in a static
magnetic field of 0-399.4 kA/m at temperatures of 730
and 860 °C, which revealed a nonmonotonic dependenc
the diffusion parameters on the static magnetic field stren
An analysis of data on Ni impurity diffusion in iron and it
diffusion magnetic anomaly, contained in Refs. 1, 8, and
and also data on the diffusion of this isotope in a static m
netic field6,7 reveals that the diffusion coefficients are pr
dominantly measured in coarse-grained polycrystalline ir
In the present study, with a view to eliminating the struct
ally related factor associated with the presence of gr
boundaries in the samples and also to improve experime
accuracy, we have used a radioactive isotope method fo
first time to measure the diffusion coefficient of63Ni in @100#
and@110# oriented single-crystal silicon iron~2.4 at.% Si! in
a magnetic field.

The samples were prepared by the method describe
Ref. 10. The diffusion coefficient was measured by the
miliar method of residual activity proposed by P.
Gruzin.11 The measurements were made in the tempera
range 660–860°, extending into both the ferromagnetic
the paramagnetic states of silicon iron~the Curie point of
silicon iron is ;755 °C; Ref. 12!, for diffusion times of
0.75–30 h and static magnetic fields of 0–557.04 kA/m. T
measurement error for the diffusion coefficient was 6%.

When an external static magnetic field is applied at te
peratures below the Curie point, the Arrhenius curves of

184 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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and it is no longer meaningful to plot them.
Figure 1 shows field dependences of the relative dif

sion coefficientD rel(H)5DH /DH50, whereDH is the diffu-
sion coefficient of63Ni in single-crystal silicon iron at fixed
temperature and magnetic field strengthH, andDH50 is the
diffusion coefficient without a magnetic field at the sam
temperature, for two orientations of the silicon iron sing
crystals and different temperatures. These field depende
exhibit various characteristic features: in weak static m
netic fieldsD rel increases with the field but in the range ne
saturation of the magnetization,D rel decreases, and a
H5557.04 kA/m is less than unity~or D rel,1). This agrees
with the results of Ref. 7. In intermediate fieldsD rel has one
principal peak and in many cases, unlike diffusion in po
crystalline Armco iron,7 another small side peak. Note th
the average level ofD rel(H) values for the@110# orientation
under these conditions is 1.5-2 times higher than that for
@100# orientation, i.e., the static magnetic field has a grea
influence on the63Ni impurity diffusion for the@110# orien-
tation.

Measurements were usually made for from two to fo
samples at each temperature and each fixed value of the
netic field in order to verify this behavior. The resul
showed good reproducibility within measurement error.

The influence of the direction of the external static ma
netic field on the diffusion of63Ni was assessed by addition
experiments in which the plane of the diffusion front of th
samples was placed perpendicular to the magnetic field~the
usual measurements! and parallel to it~additional measure-
ments!, and also for the forward and reverse directions of
magnetic field. Measurements of the diffusion coefficie
made at fixed temperature and field strength showed
within measurement error the63Ni diffusion coefficients do
not depend on the direction of the static magnetic field.

At temperatures above the Curie point the measurem
showed that the diffusion coefficient of63Ni in single-crystal
silicon iron for either orientation does not depend on t
magnetic field strength and within measurement error is
same as its value without a field: the relative diffusion co
ficient of 63Ni under these conditions varied in the ran
0.942<D rel<1.059.

These results yield the following conclusions. The effe
of a magnetic field on63Ni impurity diffusion in single-
crystal silicon iron is determined by the annealing tempe

184184-02$10.00 © 1997 American Institute of Physics
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ture, the static magnetic field strength, the direction of the N
concentration gradient, and the crystallographic orientatio
of the sample, but does not depend on the direction of th
external magnetic field. The effect is caused to a conside
able extent by a change in the diffusion properties of th
medium when the static magnetic field is applied. This sup

FIG. 1. Field dependences of the relative diffusion coefficient of63Ni in
silicon iron: a —@100# orientation; b —@110# orientation.
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magnetic mechanism is responsible for the diffusion of m
netically active impurities in ferromagnetic materials in t
presence of a magnetic field.13 The use of single crystals in
this study allowed us to identify finer details of the behav
of the diffusion coefficient as a function of the field.

Variation of the diffusion coefficient in a static magnet
field may also be caused by changes in the magnetic orde
of the diffusion medium, changes in the defect concentrat
and their diffusion properties in the diffusion medium in
magnetic field, and by magnetostriction-induced deform
tions of the matrix and accompanying effects in a static m
netic field. These factors contribute to varying degrees an
different directions depending on the diffusion condition
which is responsible for the nonmonotonic dependence
the diffusion coefficients on the static magnetic field. At te
peratures above the Curie point, where these factors are
sent or suppressed in ferromagnetic materials, the magn
field ceases to influence the measured diffusion coeffici
Before a rigorous systematic analysis can be made of
effect, we need to construct and apply a model of the eff
tive field in a ferromagnetic material which would allo
fairly accurately and comprehensively for its temperature
pendence, the impurity concentration, and the characteris
of the domain structure of a ferromagnetic material in a sta
magnetic field at elevated temperatures. Unfortunately
such models exist at present.14 A detailed analysis of these
problems and possible mechanisms for the influence o
static magnetic field on impurity diffusion in silicon iro
requires separate consideration which is outside the scop
the present paper.

The authors are grateful to Dr. J. Kucˇera and Dr. Y.
Iijima for kindly supplying reprints of their articles.
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3J. Kučera, Czech. J. Phys.29, 797 ~1979!.
4K. Hirano and Y Iijima, Defect Diff. Forum66–69, 1039~1989!.
5G. Hettich, H. Mehrer, and K. Maier, Scripta Metall.11, 795 ~1977!.
6A. V. Pokoev, D. I. Stepanov, I. S. Trofimov, and V. I. Mironov, Pis’m
Zh. Tekh. Fiz.17~8!, 17 ~1991! @Sov. Tech. Phys. Lett.17, 282 ~1991!#.

7A. V. Pokoev, D. I. Stepanov, I. S. Trofimovet al., Phys. Status Solidi A
137, K1 ~1993!.

8B. Jönsson, Z. Metallk.83, 349 ~1992!.
9K. Hirano, M. Cohen, and B. L. Averbach, Acta Metall.9, 440 ~1961!.
10A. V. Pokoev and D. I. Stepanov, Pis’ma Zh. Tekh. Fiz.22~6!, 28 ~1996!

@Tech. Phys. Lett.22, 238 ~1996!#.
11P. L. Gruzin, Dokl. Akad. Nauk SSSR86, 289 ~1952!.
12Handbook of Tables of Physical Quantities, edited by I. K. Kikoin @in
Russian#, Atomizdat, Moscow~1976!.

13V. M. Mironov and A. V. Pokoev, Defect Diff. Forum66–69, 401~1989!.
14S. V. Vonsovski�, Magnetism, Vols. 1 and 2~Wiley, New York, 1974!

@Russ. original, Nauka, Moscow, 1971#.

Translated by R. M. Durham
185A. V. Pokoev and D. I. Stepanov



Deposition of thick YBa 2Cu3O72x films on sapphire with a sublayer of cerium oxide

er-
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. Fiz.23, 39–43~March 12, 1997!

A report is made on the results of experiments to prepare YBa2Cu3O72x films up to 2.6mm
thick on Al2O3/CeO2 with good structural perfection and electrophysical parameters. ©1997
American Institute of Physics.@S1063-7850~97!00703-9#

Films of the high-temperature superconductorinclusions may have a beneficial effect on the structural p
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YBa2Cu3O72x ~YBCO! offer great promise for application
in microwave technology. However the fabrication of micr
wave electronics devices~such as filters and phase rotator!
requires films of high structural perfection and superior cr
cal parameters, while the film thickness should be gre
than the London penetration depth, which increases as
structural perfection of the film deteriorates. According
estimates made in Ref. 1, the minimum thickness of YBC
films for microwave electronics is 0.5mm. However an in-
crease in thickness leads to the formation of a block struc
in which, above a certain thickness, blocks with the crys
c axis perpendicular to the surface (c') are displaced by
blocks with thec axis parallel to the surface (ci). Films
oriented in theci direction have critical parameters inferio
to those for films oriented in thec' direction, and the exis-
tence of blocks of different orientation leads to anisotropy
the film properties in the plane parallel to the surface a
increases the surface resistance. For different substrates
methods of deposition the thickness at which preferenti
c'-oriented growth is replaced byci growth is in the range
0.3–1.5mm ~Refs. 1–3!. This transition may be caused b
cooling of the film surface as the thickness increases,1,3 re-
laxation of mismatch stresses between the film and
substrate,4 and also by the fact thatci growth is kinetically
preferred. Aci nucleus generated on the substrate gradu
covers the entire surface of the growing film, and at a thi
ness of;1mm almost all the film isci-oriented.

2 A factor
common to all experimental observations and proposed
proaches is that the concentration of theci-oriented phase
always increases with film thickness.

In the present paper we aim to examine the possibility
obtaining YBa2Cu3O72x films of thickness greater than 0.
mm with superior electrophysical characteristics and str
tural perfection, and we shall present results demonstra
the feasibility of obtaining entirelyc'-oriented films 2.6
mm thick.

The growth of multicomponent oxide films, especia
YBCO superconductors, is accompanied by the formation
other compounds as well as the growth of the main pha
These compounds, which for YBCO are dielectric oxides
Y, Ba, and Cu, form island inclusions in the film of depo
ited material. These dielectric inclusions may well cause
deterioration and may even enhance the superconduc
properties of the films,5 depending on their dielectric prop
erties, size, and concentration. In addition, these dielec

186 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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fection of the main phase by acting as sinks for defects
stoichiometrically excess atoms. It was shown in Ref. 6 t
at the initial stages of film growth, the concentration of d
electric inclusions varies nonmonotonically in the range
tween,107 and 109 cm22 and is determined by variou
deposition conditions.

The YBCO films were deposited on Al2O3 @11̄02# sub-
strates with a CeO2 sublayer of mixed~001!/~111! orienta-
tion in a planar dc magnetron in an O2 ~100 Pa! atmosphere.7

The substrate temperature was maintained around 65
and did not increase with increasing film thickness. The d
charge current was raised from 100 to 400 mA in the first
min and was then maintained at this level. The deposit
time was between 5 and 40 h.

The thickness of the films measured with a Dektak-30
profilometer was 0.29, 0.62, 0.94, 1.3, and 2.6mm for films
grown for 5, 10, 15, 20, and 40 h, respectively. Thus the r
of deposition of the films was estimated as 10.7 Å/m
65%.

The structural perfection of the samples was analyzed
x-ray diffraction analysis ~Rigaku Geigerflex series
D/max-RC using CuKa radiation,l51.5418 Å!. The dif-
fraction patterns of all the films indicate a fairly well-ordere
c'-oriented structure: all (00l ) peaks can be seen and the fu
width at half maximum (Dv) of the rocking curve of the
~005! peak is less than 1.1°. Several (h00) peaks are also
observed~Fig. 1!, which indicates that the film contain
grains of theci-oriented phase.

The relative volume ofci-oriented grains was estimate
by a technique proposed in Ref. 1. The intensities of
~005! peak ~for c') and ~200! peak ~for ci), normalized to
the corresponding theoretical intensities measured for p
der samples, are compared and the results are plotted in
2. A decrease in the relative intensity of the~200! peak with
film thickness may be interpreted as a reduction in the re
tive volume ofci-oriented inclusions. It can be seen from th
variation of the full width at half-maximum of the~005! peak
~Fig. 2! that as the volume ofci-oriented inclusions de-
creases, the crystalline perfection of thec'-oriented phase
improves and for a film 2.6mm thick the full width at half-
maximum of the~005! peak is 0.47° with noci-oriented
inclusions.

It may be postulated that the relative volume of t
ci-oriented phase decreases with film thickness~until it dis-
appears entirely at 2.6mm! because the growth of the film i

186186-02$10.00 © 1997 American Institute of Physics
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accompanied by annealing in an O2 atmosphere and a com
ponent flux, and the process conditions ensure prefere
growth of thec'-oriented phase~possibly due to inclusions
of foreign phases!. It can therefore be concluded that und
these process conditions the structural perfection of the fi
improves with thickness. It should be noted that the qua
of the ‘‘thin’’ films ~0.3 and 0.6mm! was poor. However this
stabilization of thec' orientation and improvement in th
structural characteristics of the films with thickness is u
doubtedly of interest and has not been observed before.

The microwave properties of these films were asses
by measuring the surface resistanceRs of the samples at a
frequency of 60 GHz at 77 K using a copper cavity reso
tor. All the films showedRs,50 mV which is satisfactory
for microwave applications and also indicates that the str
ture stabilizes during the growth of thick films.

In summary, it has been shown possible to grow YBC
films up to 2.6mm thick, having good structural perfectio

FIG. 1. Relative volume ofci-oriented phase versus film thicknessd.
187 Tech. Phys. Lett. 23 (3), March 1997
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and electrophysical characteristics, acceptable for applic
tions in microwave electronics.
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029850~Germany!.
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FIG. 2. Full width at half-maximum of the~005! peak from the rocking
curve (Dv) versus film thicknessd.
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Photodeflection and photoacoustic microscopy of cracks and residual stresses induced

us
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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 44–52~March 12, 1997!

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 Physics.@S1063-7850~97!00803-3#

Studies of the mechanical properties of ceramics are now
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attracting serious attention.Interest in these materials stem
from the extensive scope for using them in a wide range
practical applications.2 One of the most effective approach
to the study of ceramics is based on the indentation meth3

The system of radial and lateral cracks, as well as the inte
stresses formed in the system may be utilized to determ
the mechanical parameters of the material. In particular,
lengths of the growing radial cracks may be used to de
mine the fracture toughness of the material.3,4

It has now been established that optical methods are
always capable of providing accurate information on
lengths of vertical cracks,4,5 and for ceramics in particula
more reliable information may be obtained by phototherm
methods. It was demonstrated in Refs. 4 and 5 that a ph
deflection method can be effectively used to determine
lengths of vertical cracks. The detection of lateral subsurf
cracks in nontransparent ceramics induced near the inde
tion zone presents serious difficulties, and it was shown
Ref. 6 that a photoacoustic gas-microphone method ma
used for this purpose.

In addition to cracks, indentation generates residual
ternal stress fields. In transparent materials these inte
stresses may be detected by polarization methods,7 but in
nontransparent materials this is a more complex problem
was demonstrated in Refs. 8 and 9 that electron acou
microscopy can be used to visualize residual stresses in
based ceramics. However, the physical mechanism for v
alization of these internal stresses was not explained. A p
toacoustic method with a piezoelectric detection techni
was used in Ref. 10 to detect internal stresses induced
Vickers indentation in Si3N4–5%Al2O3–5%Y2O3 ceramics.
In this case it was assumed that the photoacoustic signal
related to the nonlinear elastic properties of the ceramic
Ref. 11 however, the influence of the internal stresses on
photoacoustic signal was attributed to a dependence of
thermal conductivity on the internal stresses.

Unfortunately, the studies of cracks and thermal stres
in ceramics reported so far have usually been based on
one photothermal method. This considerably limits the sc
for obtaining detailed information on the mechanisms of s

188 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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methods. Only in Ref. 12 were several photothermal te
niques used to study cracks near indentation zones as we
surface defects. However, the only results obtained w
some preliminary results for zirconium-based~70%! and
TiC-based~30%! ceramics and silicon-filled SiC ceramics.

In the present paper we therefore propose to study
con nitride ceramics by means of a combined approach ba
on using both photodeflection microscopy and photoacou
microscopy with a piezoelectric method of recording the s
nal. Such a combination of methods is expedient beca
their mechanisms of signal formation are different. In t
photodeflection method the signal is formed by the therm
action of the exciting radiation on the object13,14whereas the
photoacoustic method also records information on its ela
properties.15

An experimental investigation was made of the crac
and residual stress fields induced by Vickers indentation
silicon nitride ceramic made by hot pressing.1! Typical con-
figurations of cracks and strains induced by Vickers inden
tion in ceramics are given in Refs. 1 and 6. The sample w
indented using loads between 5 and 30 kg. An image of
area of the ceramic to be studied was obtained by scan
the sample along two coordinates. The size of the scan
region was 3203320mm with a step of 5mm along the two
coordinates. Thermal waves and acoustic vibrations were
cited in the sample by radiation from an LGN-503 arg
laser modulated by an ML-201 acoustooptic modulator. R
diation from a Meles Griot 05-LHP-151 He–Ne laser w
used for readout.

Thermal-wave images of the area near the indenta
zone were obtained by a photodeflection technique us
both the normal and tangential components of the sig
Figure 1 shows an image obtained from the normal com
nent of the photodeflection signal for an area near the ind
tation zone in silicon nitride ceramic after a load of 20 kg.
can be seen that the image produced by the normal com
nent accurately reproduces the structure of the subsur
lateral cracks and is fundamentally similar to the images
tained by the gas-microphone method.5 However, unlike the
gas-microphone method, the structure of the vertical cra

188188-03$10.00 © 1997 American Institute of Physics
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is also fairly well resolved on the normal photodeflecti
image.

Figure 2 shows an image of the same indentation z
recorded with the tangential component of the photodefl
tion signal under similar conditions. A distinguishing featu
of these images is the considerably better contrast for
vertical cracks. For example, at a thermal wave frequenc
3.5 kHz, the contrast of the image of the vertical crac
obtained in the phase of the tangential component of
photodeflection signal is 30–50 times higher than that us
the phase of the normal component. At the same time, in
images obtained using the tangential component of the p
todeflection signal the sensitivity to the subsurface late
cracks is retained. However both experimental and theo
cal results show that this sensitivity is somewhat lower th
that of the normal component of the photodeflection signa
the photoacoustic signal obtained with a gas-microph
cell.

Figure 3 shows an image of the area near the indenta
zone obtained by the photoacoustic method, where the pi
electric signal is recorded using PZT ceramic. A comparis

FIG. 1. Image of silicon nitride ceramic near Vickers indentation zo
obtained from the normal component of the photodeflection signal: a
signal amplitude, b — signal phase. The modulation frequency of the ex
ing radiation was 3.5 kHz and the distance between the laser beams w
mm.

189 Tech. Phys. Lett. 23 (3), March 1997
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between this image and those obtained previously by e
tron acoustic microscopy8,9 shows that they are very similar
In particular, the bright regions near the ends of the verti
cracks correspond to zones of residual internal stress9

However, the use of both the photodeflection and phot
coustic methods in the present case allows us to draw fur
conclusions. For instance, it can be seen from Figs. 1 an
that no characteristic features are observed near the en
the vertical cracks on the photodeflection images. It can t
be stated that the thermophysical parameters of silicon
tride ceramic do not show any strong dependence on
internal stresses that might give rise to substantial change
the photodeflection signal. Thus the photoacoustic signa
this material clearly cannot be formed by the mechani
proposed in Ref. 11, but is primarily associated with t
dependences of the elastic parameters and the coefficie
thermal expansion on the residual internal stresses. Howe
further experiments are required to clarify the relation b
tween the photoacoustic signal and the elastic paramete
the coefficient of thermal expansion.

At the same time, the strongly defined characterist
observed in Fig. 3 near the end of the vertical cracks may

,

-
22

FIG. 2. Image of silicon nitride ceramic near Vickers indentation zo
obtained from the tangential component of the photodeflection signal: a
signal amplitude, b — signal phase. The modulation frequency of the exc
ing radiation was 3.5 kHz and the distance between the laser beams w
mm.
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used to pinpoint the exact position of their ends. An imp
tant advantage of the photoacoustic method over the ph
deflection method and other thermal-wave techniques is
it can produce a significantly higher-contrast image of t

FIG. 3. Image of silicon nitride ceramic near Vickers indentation zo
obtained by the photoacoustic method with piezoelectric recording of
signal: a — signal amplitude, b — signal phase. The modulation frequen
of the exciting radiation was 98.2 kHz.
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using the photoacoustic signal is that one must allow for
real distribution of the residual stresses at the surface of
sample near the ends of the cracks.

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

This work was partially supported by the United Stat
Army European Research Center.
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ration.
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Electroluminescence induced by synchronous sinusoidal variations of the electric field

ior
and uniaxial mechanical stress in a lead magnesium niobate relaxor ferroelectric
N. N. Kra nik, S. A. Popov, S. A. Sushko, and S. A. Flerova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
Dnepropetrovsk State University
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 53–57~March 12, 1997!

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 Physics.@S1063-7850~97!00903-8#

Studies of the polarization states in inhomogeneous Figure 1 shows oscilloscope traces of the time behav
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ferroelectric media exhibiting relaxor properties are attra
ing close attention among researchers because of the im
tance of the general problem of inhomogeneous states
the various technical applications of these materials, es
cially materials based on the model relaxor ferroelectric le
magnesium niobate, PbMg1/3Nb2/3 ~PMN!.

Particular interest is being directed toward studying
properties of these materials under applied electric fields
mechanical stresses at temperatures directly above tho
the macrodomain ferroelectric state, since this is the rang
which the strongest effects are observed, which are of te
nical importance and are caused by mechanisms of pola
tion switching similar to ferroelectric domain mechanism
~see, e.g., Ref. 1. These effects also include the elecctr
minescence generated as a result of adiabatic recmbinatio
nonequilibrium carriers whose formation is associated w
changes in the domain and heterophase structures.2,3

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

The crystals were grown by a modified method of spo
taneous crystallization.4 An electric fieldE5E0sinvt and
the mechanical stresss5s11s0sinvt ~the angular fre-
quency isv52p f ) were applied in the@001# pseudocubic
direction (siE) and the optical radiation was recorded in
$100% direction. The electric field was applied by means
InGa electrodes and the mechanical stress was created
method similar to that used in Ref. 5. The sample w
clamped in a special sandwich-type crystal holder under
initial uniaxial stresss1 between two piezoelements to on
of which was applied an electric voltage synchronous w
the exciting electric field. The second piezoelement was u
to determine the variable mechanical stresses develope
the crystal holder. The measurements were made at r
temperature in fields below the critical value inducing t
macrodomain state.1 The field was applied to the crystal i
an inhomogeneous state and containing local polar spont
ously deformed regions. The frequencyf of variation of the
electric field and the mechanical pressure was 3–10 kHz,
in range of intensive rela ation of the dielectric polarizatio6

and inelastic mechanical relaxation.7
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of the exciting electric field and the luminescence intens
observed without~a! and with synchronous application~b, c!
of a sinusoidal mechanical stress. A comparison of the e
troluminescence intensity tracesA(t) without and with the

FIG. 1. Synchronous oscilloscope traces of the exciting electric field
electroluminescence of a PMN crystal under various excitation conditio
Excitation and recording conditions: peak intensity of electric field excit
luminescence,E0512.7 kV/cm ~a, b, c!; static uniaxial stress,s1570
kg/cm2 ~a, b, c!; peak value of ac component of mechanical stress
s0565 kg/cm2 ~b, c!; frequencyf of sinusoidal electric field,~a, b, c! and
sinusoidal mechanical stresses in kHz: 5.0~a, b! and 8.0~c!; the channels of
the SI-77 oscilloscope recording the electric field and the luminescence
the same zero levels; the gain in the luminescence recording channel i
times higher for tracesa and b compared with tracec; temperature
T5293 K; D — section of depolarization luminescence.

191191-02$10.00 © 1997 American Institute of Physics



application of static compressions5s1 reveals that the pho-
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topulse parameters are almost the same as for excitation
pulsed electric field.8 When an ac stress of amplitud
s0>s1 is applied to the crystal, the luminescence amplitu
Amax of every second~first! pulse is reduced by 25–30% an
the kinetics ofA(t) changes~see Figs. 1b and 1c!.

In the absence of the ac component of the mechan
stress, the repetition frequency of the luminescence puls
twice the frequency of the exciting sinusoidal field and ea
individual pulse develops in the time intervals between
two closest values of the phasenp7D (n is an odd number,
D!p) ~Ref. 3!. If we disregard the negligible unipolarity o
a real sample, the conditions for the generation and deve
ment of two neighboring pulses are identical. In the expe
ments reported in the present paper the ac mechan
stresses, which are compressive on the two nearest bran
~for example, betweenp/2 and 3p/2 and between 3p/2 and
5p/2), have first time derivatives of different sign. As th
compression increases, the luminescence pulse remain
most constant but when the compression decreases, th
polarization of the crystal changes. A reduction in press
~relative dilatation of the crystal! delays the decay of the
polarized state~see Fig. 1c, partD), which determines the
change in the photopulse development kinetics and the
crease in the luminescence amplitude. These changes ex
clearly correlated amplitude-frequency dependences~see
frames b and c in Fig. 1!, which suggests that inelastic me
chanical relaxation of domain-like formations plays an i
portant role in this relaxor.

Thus, mechanical stresses varying synchronously w
an electric field significantly influence the nature and inte
sity of domain-like collective reorientations of the polariz
tion accompanied by various processes of nonequilibr
charge carrier formation. The luminescence recorded in
case cannot be considered to be the result of a simple s
mation of the electro- and tensoluminescence since thes
192 Tech. Phys. Lett. 23 (3), March 1997
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cesses of polarization switching in which the same crys
atomic groups participate. These domain-like proces
caused by synchronous variations of the electric field a
mechanical stresses are accompanied in an inhomogen
medium by interacting changes in the local electric fields a
macrodeformations, also including electrostrictive deform
tions.

Further studies of the electroluminescence induced
synchronous variations of the electric field and mechan
stress would be interesting in connection with advancing
ideas on the changes in the local electric fields and mech
cal stresses and their mutual influence in inhomogene
ferroelectric media. The strong interaction observed betw
these processes opens up the possibility of using electr
minescence for independent measurements of varying
chanical stresses.

This work was partially supported by the Russian Fu
for Fundamental Research, Grant N 96-02-16893.
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High-power HF laser pumped by an electron-beam-initiated chemical nonchain reaction

c-
É. N. Abdullin, A. M. Efremov, B. M. Koval’chuk, V. M. Orlovski , A. N. Panchenko,
É. 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. Fiz.23, 58–64~March 12, 1997!

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 of;115 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 SF6 density, the total pressure
jump in SF6–H2~D2) 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 SF6 fluorine donor pumped by an electron-beam-initiated chemical nonchain
reaction. ©1997 American Institute of Physics.@S1063-7850~97!01003-3#

1. Chemical lasers, especially the HF laser~l'2.6–3.2 with reflection coefficients of 9%, 33%, and 27%, respe
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mm!, pumped by chain and nonchain reactions have b
studied since 1965.1 The most important results obtained u
to 1982 are summarized in Refs. 2 and 3. Electron bea
discharges, optical radiation, and other methods are use
initiate the chemical reactions. The highest pulsed and s
cific output energies have been achieved for HF las
pumped by chain reactions. However, HF and DF chem
lasers pumped by nonchain reactions are more suitable
many applications because they are simpler and safer to
erate, although they have inferior energy characteristics.
cent years have seen a considerable upsurge in interest i
study of chemical lasers4–9 because of new possibilities fo
using lasers with superior energy characteristics in the in
red.

In the present paper we report results of experime
investigations of a wide-aperture SF6–H2 laser pumped by a
radially converging electron beam. A radiation energy
;115 J has been obtained with an 8% efficiency relative
the electron beam energy deposited into the gas.

2. For the experiments we used a compact laser with
active volume of;30 liters, which had previously delivere
an output energy of;100 J using XeCl* (l5308 nm! and
KrF* (l5249 nm! molecules.10 The electron accelerato
with vacuum insulation used to generate a radially conve
ing electron beam from four velvet cathodes was descri
in detail in Ref. 11. All the results presented below we
obtained for the following parameters: charging voltage
the nine-stage pulse voltage generator 80 kV, voltage ac
the vacuum diode;400 V, beam current;40 kA, and
length of beam power pulse at half-maximum;500 ns. Un-
like in Refs. 10 and 11, here the pulse voltage generator
positioned horizontally so that height of the optic axis cou
be reduced to 80 cm. The active volume of the laser cham
was ;100 cm long and 20 cm in diameter. The workin
mixtures consisting of hydrogen and SF6 were prepared in
the laser chamber. Several types of cavities were used.
opaque mirrors consisted of plane and concave spherica
mirrors, as well as a gold-coated plane mirror. The exit m
rors were plane-parallel NaCl, KRS-5, and KRS-6 pla
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The energyDW transferred to the gas from the electro

beam and from the chemical reaction was determined fr
the pressure rise in the laser chamber after injection of
beam.10,11 The pressure jumpDP was recorded with a
6MDKh-3B mechanotron. The values ofDW were calcu-
lated using the relation

DW50.36rCVDP. ~1!

Here r is the gas density at a temperature of 273 K an
pressure of 760 torr,C is the specific heat at constant vo
ume, andV is the gas volume. For SF6 we haver56.5
g/liter and the specific heat at constant pressure
C150.659 J/g•deg~Ref. 12!. SettingC1 /C'1.33, we obtain
from Eq. ~1!

DW51.15VDP, ~2!

whereDW is in joules,V is in liters, andDP is in Torr.
The laser radiation energy was determined using t

IMO-2 calorimeters positioned at different points in the las
output beam and TPI-2M calorimeters which were used
measure the energy distribution over the cross section of
output beam when studying lasing in XeCl and KrF lasers10

The radiation energy for an optimum SF6:H2 5 8:1 mixture
was measured by two IMO-2 calorimeters simultaneou
when the accelerator was first switched on, so that the di
bution of the radiation energy over the cross section of
output beam could be determined.

3. The main results are plotted in Figs. 1 and 2. Figu
1a gives the energy deposited in the gas, which was de
mined from the pressure jump in an SF6–H2 working mix-
ture and pure SF6, plotted as a function of pressure up to
atm. In SF6 the energy deposited in the gas stops increas
at;0.6 atm~curve2! whereas in the SF6–H2 mixture~curve
1!, the deposited energy is higher at the same pressures
continues to increase with pressure. The energy differe
~3! between curves1 and 2 corresponds to the energy re
leased by the chemical reaction. It can be seen that this

193193-03$10.00 © 1997 American Institute of Physics
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ergy increases almost linearly with the pressure of the wo
ing mixture and at 0.45 atm accounts for;20% of the
energy deposited by the electron beam.

Figure 1b shows the specific laser radiation energy o
SF6:H2 5 8:1 mixture plotted versus pressure. The cav
which was optimized for this experiment, was formed by
plane opaque gold-coated mirror and a plane-parallel KR
plate, and the radiation energy was measured on the ax
the laser chamber. Our task was to obtain the highest spe
radiation energy on the axis of the laser chamber. It can
seen from Fig. 1b that the highest specific radiation ene
on the axis of the laser chamber is achieved at a mix
pressure of 0.45 atm. Under these conditions, the maxim
specific laser radiation energy of;5 J/liter was recorded at
distance of 1–3 cm from the foil and the total radiation e
ergy was;115 J. An increase in the pressure of the worki
mixture from 0.45 atm to 1 atm was accompanied by
increase in the energy deposited in the gas from the chem
reaction~it was approximately doubled! and also in the en-
ergy deposited by the electron beam~by ;20%!. The total
radiation energy and the specific radiation energy near
foil also showed an increase. However, the distribution of
radiation energy over the laser output beam became m
nonuniform, and for some parts of the active volume~near

FIG. 1. Energy deposited in gas~a! and specific radiation energy on the ax
of the laser chamber~b! versus pressure of SF6:H2 5 8:1 mixture~1, 3, 4! or
SF6 ~2!: 1 — total input energy of electron beam and chemical reacti
2 — input energy from electron beam;3 — input energy from chemical
reaction.
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the wall and the axis! we needed to use exit mirrors wit
widely differing reflection coefficients. Estimates indica
that then the working mixture pressure is;1 atm and the
radiation energy is distributed nonuniformly over the las
output beam, the total laser energy should be;200 J.

Figure 2 gives the radiation energy in one portion of t
working mixture as a function of the number of pulses.
expected, the maximum radiation energy and efficiency
achieved in the first pulse. In subsequent pulses from
third onward, the drop in the laser radiation energy from o
pulse to another does not exceed 20%.

An important feature of the working mixture of HF an
DF chemical lasers pumped by an electron-beam-initia
chemical nonchain reaction in SF6 mixtures is the compara
tively small pressure jump in the gas when the electron be
is injected and the chemical reaction takes place. For
stance, when the pressure of the SF6:H258:1 mixture was
;1 atm, the pressure jump was only 0.046 atm, whereas
argon~used as the buffer gas in most electron-beam-pum
exciplex and excimer lasers: gas densityr51.78 g/liter, spe-
cific heatC50.519 J/g•deg; Ref. 12! the pressure in the lase
chamber increases substantially and may rupture the divid
foil. Assuming thatC1 /C'1.67 for argon, Eq.~1! yields for
this laser

DW50.2VDP. ~3!

That is to say, the pressure jump for the same input ener
in argon will be almost six times greater than that in SF6.

4. In summary, we have investigated a wide-aperture
laser pumped by a chemical nonchain reaction initiated b
radially converging electron beam. A pulse energy of;15 J
with an efficiency of;8% in terms of deposited energy hav
been achieved with a no more than twofold difference in
radiation energy density over the cross section of the la
output beam. It has been shown that because of the
SF6 density, the total pressure jump caused by injection
the electron beam and the chemical reaction is several ti

FIG. 2. Laser radiation energy versus pulse number in one portion
SF6:H2 5 8:1 mixture at a pressure of 0.45 atm.

;
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factor considerably simplifies the development of wid
aperture HF and DF lasers with SF6 fluorine donor pumped
by an electron-beam-initiated chemical nonchain reaction
may be predicted that with the wide-aperture laser with
active volume of 600 liter pumped by a radially convergi
electron beam11,13developed at the Institute of High-Curre
Electronics of the Siberian Branch of the Russian Acade
of Sciences, it will be possible to achieve an infrared rad
tion energy higher than 1 kJ in SF2–H2~D2) mixtures.
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Precipitation of mobile copper from Cu 22xSe samples under impact loading

t

M. A. Korzhuev

A. A. Ba�kov Institute of Metallurgy, Russian Academy of Sciences, Moscow
~Submitted November 20, 1996!
Pis’ma Zh. Tekh. Fiz.23, 65–69~March 12, 1997!

It has been found that the rate of copper precipitation from samples of the superionic conductor
copper selenide, Cu22xSe, 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 Physics.@S1063-7850~97!01103-8#

A characteristic feature of superionic conductors~solid impact loading time (Nmax;200) for our samples did no
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electrolytes! is their high ionic mobility, and thus many o
the effects observed in them are unusual for solids.1,2 Pre-
cipitation of mobile copper from the solid solutio
(Cu22xSe→Cu22x2DxSe1Cu, Dx.0) has been observe
as a result of pressing3 or plastic deformation4 of the superi-
onic conductor copper selenide Cu22xSe, which exhibits
mixed electronic (p-type! and ionic~via the copper! conduc-
tivity.

In the present study it is observed that under imp
loading the rate of copper precipitation from a Cu22xSe solid
solution may be increased substantially by the effects of
cess pressure and temperature at crystal grain bound
during the plastic deformation of the samples under impa5

Polycrystalline samples of Cu22xSe (x50.005 and 0.01,
which correspond to the boundaries of the range of homo
neity of the compound at the test temperatures! were ob-
tained by ampoule synthesis.6 Impact loads (P553107 Pa!
were applied to the samples (h58 mm! in steel dies 5 mm in
diameter~Fig. 1! at temperaturesT5300 K (T,TC) and 450
K (T.TC) ~hereTC5413 K is the temperature of the sup
rionic phase transition!. After each impact measurements
the thermoelectric powera300K were used to determine th
sample composition x8 and Dx5x82x ~to within
60.0015) ~Ref. 7!. The dies had either flat or conical end
(90° vertex angle!.8 In the former case the sample expe
enced pulsed uniaxial compression under impact, while
the second case, it also underwent additional plastic de
mation with overpressing.

Figure 2 gives the matrix composition of Cu22xSe alloys
as a function of the number of impactsN accompanied by~1,
2! and not accompanied by~3, 4! overpressing of the
samples. It can be seen from Fig. 2 that in the former ca
the matrix composition of the Cu22xSe alloys remained al
most unchanged (Dx;0) ~curves3 and 4!, which can be
explained by the short duration of the impact loadingN3t
(N is the number of impacts andt is the effective impact
time!. In fact it requires a timet*;10t to observe the escap
of mobile copper from compact Cu22xSe samples to the sur
face under the pressure,3 wheret5d2/(p2D) is the charac-
teristic diffusion time of the mobile copper in the samp
d;1 cm is the size of the sample, andD is the diffusion
coefficient of the mobile copper. Since for Cu22xSe the dif-
fusion coefficient isD300K(450K);1026(23) cm2/s, we have
t300K(450K)* ;10 days~20 min!,3 whereas the estimated tot
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When the samples were overpressed under impact,

matrix composition of the Cu22xSe alloys changed signifi
cantly (x→0.2) ~curves1 and2, Fig. 2!. The observed effec
may be caused by the excess pressure and temperature
Hertz points of instantaneous contact (p*@ p̄, T*@T̄, where
P̄ andT̄ are the average pressure and temperature! generated
when the crystal grains slip past each other because of o
pressing~curve5, Fig. 2! ~Refs. 9–11!.

The condition of sample compactness ceases to hold
ing overpressing~the diffusion lengthd decreases in the limi
to crystal grain sizes!, which reduces the characteristic co
per precipitation timet. The copper precipitated from th
samples under impact loading was observed as micropre
tates withd;1–3mm in intergranular spaces and not at t
surface of the samples and the die, as under prolonged s
loading ~Fig. 1! ~Ref. 3!. The size of the crystal grains in
these samples wasd;100mm so that the time needed fo
precipitation of copper from a grain is estimated
t300(450)K* ;100(0.01) s.

The mechanism for precipitation of copper fro
Cu22xSe under impact is therefore as follows. As t
samples undergo overpressing under impact, the pres
and temperature are increased at the Hertz points of ins
taneous contact~curve5, Fig. 2! and the mobile copper dif-
fuses preferentially toward crystal grain boundaries wher
is precipitated as a separate phase (Dx.0). After a few
minutes (t@t* ) the copper distribution over the grain equa

FIG. 1. Cylindrical die used to apply static or impact loads to Cu22xSe
samples. The light spots on the surface of the die are copper precipi
from the samples in prolonged static tests.

196196-02$10.00 © 1997 American Institute of Physics



t
FIG. 2. Composition of Cu22xSe versus number of impac
loads accompanied by~1, 2! and not accompanied by~3, 4!
overpressing of the samples. Initial composition of samplesx:
1, 4— 0.005,2, 3— 0.01; test temperatureT, K: 1, 4— 300
K, 2, 3 — 450 K; 5 — diagram showing formation of Hertz
points of instantaneous contact.
izes and the cycle is repeated under the next impact. As the
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sition and temperature.12 Using these values ofp* we find
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numberN of impacts increases, the compositionx8 of the
samples is shifted well into the homogeneous range of
compound6 and the diffusion fluxes of mobile copper from
the Hertz regions~curve5, Fig. 2! are redistributed from the
surface into the crystal grain.

Curves1 and 2 ~Fig. 2! can be used to estimate th
excess pressureP* and temperatureT* in the Cu22xSe
samples at the Hertz points of instantaneous contact. U
the valuesDx/DP; 0.01/GPa~Ref. 3! and the phase dia
gram of Cu–Se near Cu22xSe~Ref. 6!, curves1 and2 ~Fig.
2! for samples with x50.005 (dx50.07) and 0.01
(Dx50.09) yield the estimatesp*;1.5 and 0.8 GPa,I *;
1390 and 1380 K, either of which could produce the o
served effect. However these values ofT* are highly exag-
gerated and the characteristics of the Cu22xSe phase
diagram6 also show that the temperature factor is not dom
nant in this effect. In fact, the derivativeDx/DT has the
positive sign needed to explain this effect only in the te
perature rangeT5300→413 K (Dx510.005) and T
.1380 K, while in the rangeT5413–1380 K we find
Dx/DT,0 ~Ref. 6!.

From this it follows that the temperature factor can on
be important for the sample withx50.05 if the temperature
at the Hertz points increases toT*.413 K under impact.
Assuming that an instantaneous temperature rise of 100–
K at the Hertz points is quite feasible,5 and subtracting the
corresponding temperature contribution toDx, for the
sample withx50.005 we finally obtainp*; 1 GPa which is
close to the estimateP*; 0.8 GPa for the sample with
x50.01. This result can be explained if, other conditio
being equal, the value ofp* is determined by the grain hard
nessH which for Cu22xSe depends only weakly on comp
197 Tech. Phys. Lett. 23 (3), March 1997
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that the pressure factor obviously makes the dominant c
tribution to the observed effect in Cu22xSe and the efficacy
of the pressure under impact is increasedp* /p; 20 times.

It has therefore been found that the rate of copper p
cipitation from the superionic conductor Cu22xSe under im-
pact loading may be increased substantially if the impac
accompanied by plastic deformation of the samples. The
served effect should be taken into account in the mechan
treatment of Cu22xSe samples and may obviously be o
served in other superionic conductors.

1Physics of Superionic Conductors, edited by M. B. Salamon~Springer-
Verlag, New York, 1979! @Russ. transl. Zinatne, Riga, 1982#.

2V. N. Gurevich,Solid Electrolytes@in Russian#, Nauka, Moscow~1992!.
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Dynamics of field dislocations and disclinations in a few-mode fiber. IV.

d

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. Fiz.23, 70–75~March 12, 1997!

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 LP11 modes. This is because an optical vortex transfers additional angular
momentum like the CP11 modes whereas the LP11 modes do not transfer additional angular
momentum of the field. ©1997 American Institute of Physics.@S1063-7850~97!01203-2#

Smooth laser fields in free space cannot form stable vor-tions for the TE01 and TM01 modes and for the even and od
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tices. An optical vortex may be formed in the active mediu
of a laser cavity1 or when laser radiation propagates throu
a computer-synthesized hologram.2 In Ref. 3 we showed tha
the fields of the natural modes of optical fibers are carrier
optical vortices of opposite topological charge. However,
the field of a multimode fiber optical vortices of oppos
charge as well as pure edge or mixed types of dislocat
coexist.4

The aim of the present investigation was to make
experimental and theoretical study of the physical mec
nism responsible for the formation of single optical vortic
in the field of a few-mode fiber.

1. In the fields of the natural modes of a fiber, the top
logical chargel and the spinsz of the corresponding photo

basis defined by the basis vectorsê1 and ê2 of the circular
polarization cannot be analyzed separately for pure sc

dislocations.3 The pair of states (l511,ê1) and (l51,ê2)
corresponds to stable CV1 vortices with the azimuthal num

ber ul u51. The quantum states (l521,ê1) and (l511,ê2)
are characteristic of the unstable vortices IV1. In the inho-
mogeneous medium of a fiber a vortex is formed by
presence of two circularly polarized even and odd CP11

ev and
CP11

od modes. In the third part of this study we showed that
a parabolic fiber circularly polarized CP11 modes are rotating
pure edge dislocations of the field. The axis of this type
dislocation accomplishes a complete rotation about the fi
axis at the beat length. The CP11 modes are fourfold degen
erate: twofold in the direction of circulation and twofold
parity. The summation of even and odd CP11 modes with the
same circulation and the phase delay6p/2 generates a non
decaying vortex. The stability of the vortices in a parabo
fiber is determined by the equality of the polarization corr
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HE21 mode.
The vortices of a stepped-index fiber have a slightly d

ferent mechanism of formation. In this fiber the polarizati
corrections of the TE0 and TM01modes differ and the optica
vortices are divided into stable and unstable. We assume
the CP11modes are not exactly circularly polarized. We sh
express the deviation of the polarization state in terms of
phase differenceD between the orthogonal linear LP11 fields.

The fields of the elliptically polarized EV1 vortices may
be written as:

et5~ x̂@cosw@cosdbz2sin dbz exp$ iD%#

1 i sin w@cos~db1Db!z2sin~db

1Db!z exp$ iD%#exp$ iDbz%#1 ŷ@cosw@cos~db

1Db!z exp$ iD%1sin~db1Db!z#exp$ iDbz%

1 i sin w@sin dbz1cosdbz exp$ iD%#!F1~R!, ~1!

whereF1(R) are the radial functions of the fields,db is the
difference between the propagation constants of the HF21 and
TM01 modes, andDb is the difference between the propag
tion constants of the LP11y and LP11x modes. For right circu-
lar polarization we haveD5p/2 and the field~1! is trans-
formed into the stable vortex field:

et~CV11
1 !5e1exp$1 iw%F1~R!. ~2!

For left circular polarization we haveD52p/2 and the field
~1! is transformed into the unstable vortex IV1:

et~ IV11!5@ ê exp$1 iw%cosDbz2 i ê1

3exp$2 iw%sin Dbz#F1~R!. ~3!

A family of curves giving the degree of polarizationP as
a function of the fiber lengthz is plotted in Fig. 1a for dif-

198198-03$10.00 © 1997 American Institute of Physics
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ferent values of the phase differenceD. Weak perturbations
of a circularly polarized field by elliptical polarization~curve
2! typically cause small oscillations of the degree of pol
izationP and the vortex does not decay. The vortex becom
unstable for a linearly polarized pure screw dislocation of
exciting field, and forD52p/2 the optical vortex decay
into two coupled orthogonal circularly polarized waves.

2. An experimental investigation was made of the deg
of polarizationP of an optical vortex as a function of th
fiber length for various phase differencesD. A few-mode
optical fiber with the core radiusr053.5mm and the
waveguiding parameterV53.6 ~see Part I of this study! was
excited by an optical vortex field. To produce the vorte
circularly polarized laser radiation was passed throug
computer hologram of a screw dislocation with the topolo
cal chargem51 ~Ref. 2!, after which an optical vortex with
the topological charge11 became detached. The polariz
tion state of the laser vortex was regulated by means o
acoustooptic polarization modulator by altering the cont
voltage on the lithium niobate crystal. The experimen
points in Fig. 1 illustrate the dependenceP(z). For small
phase differencesD the degree of polarization is within ex
perimental error and is close to 0.9. The largest variation
P are observed for the phase differenceD52p/2, i.e., for
the casel51 and a left circularly polarized field at the en
trance. Note that the highest values ofP are obtained for
right circular polarization, and the lowest values for line
polarization. This quantum state is typical of the unsta
vortex IV1. Interference between the radiation field of a fib
18 cm long (Dbz5p/4) and a linearly polarized referenc
beam for the case of a stable vortex produces a ‘‘fork’’~Fig.
2a! with a topological charge the same as the charge of
incident vortex. For the case of an unstable vortex a p
edge dislocation is observed at this length~Fig. 2b!.

A remarkable feature of the formation mechanism o

FIG. 1. Degree of polarizationP of the field of EP11
ev6 iEP11

od modes as a
function of the optical fiber lengthz: a — D5p/2, b — D50.5p/2, c —
D50, d —D52p/2. The solid curves give the theory and the crosses g
the experimental points.
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stable vortex is that the disclination processes in two l
circularly polarized CP11modes are synchronous. In the thi
part of this article it was noted that periodic transformatio
are observed in the CP11 mode of a stepped-index fiber. Fo
instance, a right circularly polarized field with an edge d
location is transformed into a field with a screw dislocatio
the chargel51, and a cross-sectionally nonuniform line
polarization and back again. The angular momentum of
wave polarization is transferred to the angular momentum
the dislocation. Thus if the signs of the topological vort
and the circulation of the polarization are the same at
fiber entrance, the transfer taking place in the CP11 modes
forming the vortex does not alter the polarization state or
sign of the topological charge, and the vortex remains sta
as it propagates in the fiber. However, if the chargel and the
circulation have opposite signs, the transformations in
CP11 modes forming the vortex lead to the formation of
vortex whose circulation and topological charge are ortho

e

FIG. 2. Interference between an optical vortex field and a linearly polari
reference beam forDbz5p/4: a — stable vortex, b — unstable vortex.
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nal to the incident vortex at half the beat length of the
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This work was partly supported by the International So-
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CP11 mode in the fiber cross section. This vortex is unstab

We particularly note that a linearly polarized stable vo
tex cannot be formed from like polarized even and o
LP11 modes. This is first because pure edge dislocation
the field do not rotate and thus the field does not tran
additional angular momentum and second, the propaga
constants of these modes are different. The CP11 modes
transfer additional angular momentum and are capable
forming an optical vortex.
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Instability induced in a relativistic plasma flux by the excitation of surface waves

A. D. Kanare kin and I. L. She nman

St. Petersburg State Electrical Engineering University
~Submitted July 8, 1996!
Pis’ma Zh. Tekh. Fiz.23, 76–79~March 12, 1997!

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 case«1.0 and«2,0, 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 Physics.@S1063-7850~97!01303-7#

In the present paper we examine one of the physical kp1
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mechanisms for the hydrodynamic instabilities of relativis
electron beams caused by the formation of growing surf
electromagnetic waves. The most interesting case, and
that has not been sufficiently well studied, is«1,2.0, i.e.,
when the permittivities of both adjacent media~the plasma
and the flux! are positive. In this case, instability may b
caused by the excitation of longitudinal charge-dens
waves1 and also by the excitation of transverse surface e
tromagnetic waves at the interface between the moving
stationary plasma. It was shown in Ref. 2 that at a pla
tangential velocity discontinuity in a dispersion-free m
dium, surface waves exist for«1,0 and«2.0 and calcula-
tions were made of the instability growth rates for a syst
comprising a plasma flux and a stationary plasma. The
lindrical geometry of the problem only results in discretiz
tion of the set of frequencies, without altering the conditio
for the permittivities. However, the authors of Ref. 2 on
considered the case where the wave vectork' has the same
direction as the flux velocityV. However, whenk' andV
are noncollinear and a certain critical angle between them
exceeded, surface waves may also exist at a tangential v
ity discontinuity in a homogeneous medium:«15«2.0
~Ref. 3!. In cylindrical geometry the critical parameter fo
the existence of surface waves at frequencies correspon
to positive values of the permittivity on both sides of t
interface is the index of the first allowed mode, as was sho
in Ref. 4.

We shall analyze the stability of surface waves at
boundary of a relativistic plasma flux in a stationary mediu
having a permittivity«1. We shall assume that the flux is
cylinder of radiusR containing a plasma of permittivity«2,
propagating along its axis (z axis! at the velocityV5bc,
wherec is the velocity of light.

The instability growth rates of a plasma flux caused
the excitation of surface waves can be estimated analytic
by using the dispersion equation obtained in Ref. 5 for
surface waves in a waveguide formed by a relativistic fl
propagating through a plasma and substituting the follow
expressions for the permittivities of the stationary and m
ing plasmas:

201 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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«1512
k2

, «2512
g3k

*
2 ,

where

g5~12b2!21/2, k5v/c,

k*5k2bkz , kp[1,2]
2 5

4pe2n[1,2]
mc2

,

n1 andn2 are the electron concentrations outside and ins
the cylinder, respectively, andm ande are the electron mas
and charge. The dispersion equation can then be written

~«2S22«1S1!~S22S1!

5
n2k2~k~12«2'!~kz2k«1b!2kzk* ~12«1!!2

k
*
2 T1

4T2
4R4 , ~1!

where

S15
Kn8~T1R!

Kn~T1R!

1

T1R
, S25

I n8~T2R!

I n~T2R!

1

T2R
, ~2!

I n(x) is a modified Bessel function of ordern, Kn(x) is a
MacDonald function, and

«2'512
kp2
2

gk2
, T1

25kz
22k2«1,

andT2
25kz

22k2«2' .
We shall seek the complex solutions of Eq.~1! near the

frequency of the longitudinal oscillations of the beam cha
density ~nonresonant instability occurs in the frequen
range where «2,0 and is not considered here!:
k5k01k* , k05bkz , anduk* u!k0. In this case Eq.~1! is a
quadratic equation fork* :

k
*
2 S ~S22«1S1!~S22S1!2

n2

R2

~12«1!
2k0

4

T1
4T2

4b2 D
12k*

n2

R2

k0
5~12«2'!~12«1!~12«1b

2!

T1
4T2

4b2

201201-02$10.00 © 1997 American Institute of Physics
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2S k02~12«2'!

g2 S2~S22S1!

1
n2

R2

k0
6~12«2'!~12«1b

2!

T1
4T2

4b2 D 50, ~3!

whereT2
25k0

2(12«2'b2)/b2 andT1
25k0

2(12«1b
2)/b2.

For n50 we obtain

k
*
2 5

k0
2~12«2'!

g2

S2
S22«1S1

, ~4!

i.e., the conditionS22«1S1,0 must be satisfied for the
growth of surface waves in the zeroth-order mode. Assum
thatS2.0 andS1,0, we obtain«1,S2 /S1,0.

Figure 1 gives the growth rates Im(k) of the resonant
instability of a relativistic flux caused by the excitation

FIG. 1. Instability growth rate Im(k) versus transverse wave dimensio
k0R of waveguide for«150.5, g522.2,n051012 cm23: 1 — n50, 2 —
n51, and3— n52.
202 Tech. Phys. Lett. 23 (3), March 1997
g

ary plasma, plotted versus the wave dimensionsk0R of the
waveguide for«150.5, b50.999 (g522.2), andn251012

cm23. It should be noted that forn50 the dispersion equa
tion ~4! has no unstable solutions, which in planar geome
corresponds to surface waves propagating parallel to the
locity of the medium. Forn Þ 0 the conditions for the exci-
tation of waves are only satisfied for a finite set of mod
which is observed in the nonzero growth rates of the disp
sion equation forn<nk . For small flux radii,nk does not
exist; i.e., no instability occurs in the moving-stationa
plasma system. Thus, unlike the stable solutions the crit
parameter for the unstable solutions is the cylinder radius
which the first oscillation mode is excited.

It has therefore been shown that growing surface e
tromagnetic waves may exist in a system formed by a re
tivistic plasma flux and a stationary plasma at frequenc
corresponding to positive values of« on both sides of the
velocity discontinuity. It has been observed that for giv
b, «, andv the stability of the system is determined by
critical parameter — the transverse wave dimension of
flux — which in planar geometry corresponds to the an
betweenbW and k' .

The results of this study may be applied to the inter
tion between high-current relativistic beams and laborat
and astrophysical plasmas.

1A. N. Kondratenko and V. M. Kuklin,Principles of Plasma Electronics
@in Russian#, Énergoatomizdat, Moscow~1988!.

2V. D. Pikulin and N. S. Stepanov, Zh. Tekh. Fiz.45, 2288 ~1975! @Sov.
Phys. Tech. Phys.20, 1429~1975!#.

3K. A. Barsukov and A. D. Kanare�kin, Zh. Tekh. Fiz.55, 1847 ~1985!
@Sov. Phys. Tech. Phys.30, 1082~1985!#.

4A. D. Kanare�kin and I. L. She�nman, Pis’ma Zh. Tekh. Fiz.22~2!, 61
~1996! @Tech. Phys. Lett.22, 74 ~1996!#.
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted December 4, 1996!
Pis’ma Zh. Tekh. Fiz.23, 80–83~March 12, 1997!

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. ©1997 American Institute of Physics.
@S1063-7850~97!01403-1#

In contrast to the Aharonov–Bohm effect in static mag-
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netic fields, studies of this effect in ac electromagne
fields have only just begun. In Ref. 4 it was suggested th
coherent light source generating an evanescent light wav
the surface of a transparent dielectric during total inter
reflection could be used for this purpose. A theoretical ana
sis was made of the diffraction pattern with allowance for
Aharonov–Bohm effect and a suitable experimental se
was proposed. As a further development of these idea
Ref. 5 we calculated the correction to the broadening of
central diffraction peak and we proposed a modified e
perimental setup which was easier to implement. In Re
we analyzed the contrast of the interference pattern and
gested that the Aharonov–Bohm effect as influenced by e
tromagnetic waves could be studied from the change in c
trast.

Another method of investigating the effect of an elect
magnetic field on the Aharonov–Bohm effect involv
modulating this field. In Ref. 7 we examined how amplitu
modulation of the light wave influences the diffraction pa
tern with allowance for the Aharonov–Bohm effect. It w
shown that amplitude modulation narrows the central diffr
tion peak and alters the contrast~visibility ! of the diffraction
fringes. In the present paper we consider the influence
frequency and phase modulation on the two-slit electron
fraction pattern with allowance for the Aharonov–Bohm e
fect.

For both frequency and phase modulation8 the variation
of the vector potentialA may be expressed in the form

A5A0cos~vt1g cosVt !, ~1!

whereA0 is the amplitude,v andV are the fundamental an
the modulating frequencies, andg determines the amplitud
of the phase shift for phase modulation or the modulat
indexg[Dv/V for frequency modulation.

Using the results of Ref. 4, we can show~see Refs. 6–8!
that the interference pattern is described by the probab
P, where

P5
1

2 H 11cosFRF~ t !1
1

2
RF~t!2vet G J , ~2!
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F~ t !5J0~g!sin vt1v (
h51

~21! H J2n~g!

3Fsin~2nV2v!t

2nV2v
1
sin~2nV1v!t

2nV1v G1Jn~g!

3F12cos~nV2v!t

nV2v
1
12cos~nV1v!t

nV1v G J , ~3!

R52enA0 /\cv, ~4!

wheree is the positron charge,n is the electron velocity,\ is
the reduced Planck’s constant,c is the velocity of light,Jn is
annth-order Bessel function of the first kind,t is the differ-
ence in the times of incidence on the screen for electr
diffracted from the first and second slits, andve is the angu-
lar frequency of the electron wave.

In a first approximation we can confine our analysis
n50 andn51 in Eq.~3!. Then assumingV!v, we obtain:

F~ t !.J0~g!sin vt12J1~g!

3Fsin vtsin Vt2
V

v
~12cosvtcosVt !G . ~5!

It was shown in Ref. 4 that the condition corresponding
the half-height of the central peak is

vet2FRF~ t !1
1

2
RF~t!G

max

5
p

2
. ~6!

Assuming that

Fmax~ t !.J0~g!22S 2
p

2 DV

v
J1~g!, ~7!

Fmax~t!.J0~g!vt, ~8!

and performing calculations similar to those in Refs. 4,
and 7 we obtain the following expression for the relati
broadening (u2u0)/u0 of the interference maximum, wher
u0 is the half-width of the central peak~at half-height!, in the
absence of an ac electromagnetic field:
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22S 12
p

2 D V

v
J1~g!G . ~9!

A comparison with the result obtained in Ref. 5 witho
any modulation (g5V50) shows that the relative broade
ing (u2u0)/u0 is reduced. This effect is also typical of am
plitude modulation.7

We shall now analyze the change in the contrast of
diffraction pattern when allowance is made for t
Aharonov–Bohm effect caused by phase or frequency mo
lation of the optical signal. Adopting the approach develop
in Ref. 6, we can show that the probability of incidence o
screen at a given point will be

P5
1

2
$11cos~ b̃vet!J0@RJ0~g!#%, ~10!

whereb̃512vRJ0(g)/2ve , and the contrast is

K5uJ0@RJ0~g!#u. ~11!

Since J0(g),1, when the value of the paramet
RJ0(g) is less than 2.40~this is the first zero of the Besse
function Y0), an increase in the modulation indexg will
enhance the contrast of the interference pattern. Conver
in the range 2.40,RJ0(g),3.84, an increase ing will re-
duce the contrastK, and so forth.
204 Tech. Phys. Lett. 23 (3), March 1997
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Bessel function; on the ascending sections ofuJ0u an increase
of g enhances the contrastK whereas on the descendin
sectionsuJ0u the opposite effect occurs.

Thus like amplitude modulation, frequency and pha
modulation of the light beam both narrow the central int
ference peak, and for ‘‘small’’R (,2.40) enhance the con
trast of the diffraction pattern when the Aharonov–Boh
effect is taken into account.

This work was supported by the Russian Fund for Fu
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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. Fiz.23, 84–87~March 12, 1997!

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
109 W/cm2 and a pulse length of 30 ns show good agreement with the results of earlier
experiments. ©1997 American Institute of Physics.@S1063-7850~97!01503-6#

The high rate of energy input characteristic of the inter- G~x,t,z,t!5Z0~x,t,z,t!1Z~x,t,z,t!,
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action between high-power short-pulse laser radiation
metals as well as the high rates of heating and cooling, of
order of 1010 K/s, create high-pressure shock waves a
large temperature gradients inside the material. Experime
investigations of mass transport under the action of a la
induced shock were reported in Refs. 1 and 2. A theoret
analysis of the kinetic equation for mass transport with
lowance for pressure and thermal diffusion is now requir

Under certain assumptions and constraints,3 one can con-
sider a laser-induced shock wave to be planar. We shall
lyze the transport of material atoms from the surface la
into the bulk of a semi-infinite metal sample under the act
of the stress field of a planar shock wave and a tempera
gradient.

The mass transport equation with allowance for press
diffusion4 and thermal diffusion may be written as

]C

]t
5D

]2C

]x2
1

]

]x SD Kp

P
3

]p

]x D1
]

]x SD KT

T
3

]T

]x D , ~1!

whereC is the concentration,D is the diffusion coefficient,
P is the pressure,Kp3D is the pressure diffusion coeffi
cient, andKT3D is the thermal diffusion coefficient.

In operator form this equation is

L̂c50, ~2!

where

L̂52
]

]t
1D

]2

]x2
1D1

]p

]x

]

]x
1D1

]2p

]x2

1D2

]T

]x

]

]x
1D2

]T

]x2
,

D15
DV0

kT0
, D25

DQi

kT0
2 , ~3!

V0 is the partial volume,k is the Boltzmann constant,T0 is
the absolute temperature of the sample surface at the in
when the laser pulse ceases, andQi is the heat flux.

Equation~3! is a linear parabolic equation with variab
coefficients, which can be solved by the ‘‘parametrix
method.4 In the first approximation the parametrix may b
written as
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Z0~x,t,z,t!5
1

A4pD~ t2t!
H expF2

~x2z!2

4D~ t2t!G
1expF2

~x1z!2

2D~ t2t!G , ~4!

Z~x,t,z,t!5E
t

tE
0

`

Z0~x,t,h,s!L̂Z0~h,s,z,t!dhds,

where z0(x,t,z,t) is the fundamental solution of the Fic
equation for a semi-infinite sample. Using the initial cond
tions:

c~x,0!5H c0 , 0<x<d,

0, x.d,
~5!

whered is the thickness of the surface layer in which ma
rial of initial concentrationc0 is uniformly distributed, we
can find its concentration distribution after the laser action
a functional dependence of the typec5c(x,t):

FIG. 1. Calculated concentration depth distribution of material transpo
by a laser-induced shock wave into a metal sample~curve 1! and experi-
mentally determined2 concentration distributions: copper in nickel~curve2!
and carbon in iron~curve3!.
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To obtain an explicit solution of Eq.~6!, the pressure pulse
was assumed to be a soliton and the thermal wave was
scribed by the Heaviside step function:

P~x,t !5P0 cosh
22S x2nt2xs

x0
D , ~7!

T~x,t !5T0u~nT3t2x!, ~8!

wheren andnT are the propagation velocities of the sho
and thermal waves.

The results of numerical calculations using Eq.~6! for a
laser power density of 109 W/cm2 and a pulse length of 30 n
206 Tech. Phys. Lett. 23 (3), March 1997
e-

depth of around 100mm and the total depth of penetration o
the atoms is around 300mm. This agrees well with the re
sults of our earlier2 experimental investigations of the ma
transport of copper in nickel and also of carbon in iron e
posed to a laser-induced shock wave.

1V. F. Mazanko and A. E. Pogorelov, Metallofizika6~4!, 108 ~1986!.
2A. N. Bekrenev, A. V. Kamashev, and V. A. Putilin, Pis’ma Zh. Tek
Fiz. 19~13!, 14 ~1993! @Tech. Phys. Lett.19, 403 ~1993!#.

3S. I. Anisimov and V. A. Kravchenko, Preprint@in Russian#, ITF, Acad-
emy of Sciences of the USSR~1984!

4A. I. Krestelev and A. N. Bekrenev, Fiz. Khim. Obrab. Mater. No. 2,
~1985!.
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Protection of organic thin-film light-emitting diodes

lo-
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. Fiz.23, 88–90~March 12, 1997!

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 Physics.@S1063-7850~97!01603-0#

Thin-film multilayer organic light-emitting diodes have by carbazole-containing polymers or complexes of phtha
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been studied intensively following the publication of a pi
neering work on the development of polymer light-emitti
diodes.1 We investigated two-layer devices with a transp
ent electrode formed by a mixture of indium and tin oxid
~ITO!, which functioned as the anode, and an alumin
cathode. The first layer of organic material is used for tra
port of holes and the second for transport of electrons,
this also serves as the layer in which radiative recombina
takes place. We sought to solve the following problems:

1. To overcome the tendency of organic materials
oxidize and hydrolyze.

2. To reduce the sensitivity to the external temperat
caused by the instability of the amorphous state of the lay

In our attempt to select chemically stable materials,
used aluminum as the cathode material even though
choice significantly raises the barrier to electron injection
most known materials and lowers the efficiency because
device becomes ‘‘hole-only.’’2

As comparatively stable materials for the layer in
which holes are injected, we used, in addition to oligom
of the polyarylacetylene series such as polyphenylacety
and polyolane3,4, also heterocyclic compounds with a fini
system of conjugated bonds, including various polyvinylc
bazoles and carboranes, to fabricate ap-type layer. These
materials somewhat improved the stability of the cells a
substantially increased the breakdown voltage, but also
creased the barrier to hole injection. Films of me
8-hydroxyquinolinate were used as then-type layer, which
also functioned as the radiative recombination layer.

The layers were prepared by evaporation in vacuum.
thickness of the layers was between 40 and 800 nm and
monitored by the quartz-crystal oscillator method. The qu
ity of the layers was checked with polarizing optical micr
scopes or electron microscopes. The electrophysical and
tical properties of the diodes were investigated. The dio
had a luminence of around 500 cd/m2, and when calcium
was used as the cathode, this was increased to 1000 cd2.
This luminence was achieved with two-layer diodes form
207 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/030
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cyanine with aluminum hydroxyquinoline, with ITO and alu
minum electrodes. The temporal stability of these diodes w
poor: the luminescence intensity was approximately hal
within a few minutes.

Some of the materials used by us are photoresistor
was found that one of them, a polymer based on 1~9-
carboxy-anthracene!-4~furan!-divinyl, containing 9-carboxy-
anthracene radicals in the side chain,5 functions successfully
as ap-type layer. When deposited on the aluminum ele
trode, this material also provides efficient protection agai
corrosive components of the atmosphere, such as oxygen
water vapor. As a result, the operating life of the diod
without any additional measures of protection against
atmosphere was increased from a few minutes to tens
hours and the storage time was increased from one wee
six months. With this protective layer, laboratory investig
tions can be carried out without using an inert atmosphe

The hermetic sealing may also solve the problem
chemical instability.6 Our proposed method is technolog
cally simpler and also yields satisfactory results.

This work was supported by the Los Alamos Nation
Laboratory under Agreement N 8990Q0004-35 with the
stitute of Radio Engineering and Electronics of the Russ
Academy of Sciences and by the Russian Fund for Fun
mental Research under Grants N 94-02-04019a and No.
02-17663. This work also forms part of the A. M. Prokhoro
Program on Laser Physics.
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55 ~1994!.
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Conversion of heat into work using thermally inhomogeneous systems (revised)

ing
G. V. Skornyakov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted January 31, 1997!
Pis’ma Zh. Tekh. Fiz.23, 91–95~March 12, 1997!

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.@S1063-7850~97!01703-5#

A fundamentally new cycle for conversion of heat into heat-insulating pistons. One of these pistons is a mov
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work using thermally inhomogeneous systems as an inter
diate heat reservoir was proposed by the author in Ref
The intermediate heat reservoir is a closed cylinder wh
volume is divided into two parts by a freely-sliding adiaba
piston, one part being filled with gas and the other with
two-phase gas-liquid system. The presence of the adiab
piston in the intermediate heat reservoir ensures that the
tem is nonintegrable~nonholonomic!. The working medium
of the engine is a gas.

However, an error was made in Ref. 1 when analyz
the behavior of the thermodynamic curve of the engine
cause it escaped the author’s attention that as the mass o
increases in the intermediate heat reservoir, the rang
variation of its volume is reduced in the first stage of t
cycle and consequently the temperature drop at this stag
smaller. As a result, when the working medium in therm
contact with the gas in the intermediate heat reservoi
compressed to the initial volume, its temperature is alw
higher than the initial temperature and the work produced
cycle is negative.

Only one part of the intermediate heat reservoir w
used to cool the working medium during its compressi
Although this part is cooled at the first stage of the proces
temperatures considerably lower than that of the two-ph
system, its stored cold is comparatively small and is mai
concentrated in the other part. In addition, the use of part
a system separated by an adiabatic barrier exclusively
heat reservoir restricts their possible application in the p
cess.

With the aim of utilizing more efficiently all the cold
stored at the first stage of the process and all the scope
fered by a nonintegrable system with controllable thermo
namic characteristics for the complete conversion of h
into work, both the conversion system itself and the cy
performed should be modified as follows.

Let us consider a system in which all three parts cont
arbitrary quantities of material. The only constraint impos
on the parameters of the two-phase system and the gas fi
the intermediate heat reservoir is

g221

g2
•

qp
T0

.1. ~1!

The design of the system may be represented as a cyli
with a working piston connected to an external load, wh
the volume of the cylinder is divided into three parts by tw
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adiabatic barrier separating the two-phase system and the
in the intermediate heat reservoir, and the other, loca
close to the working piston, may be fixed. The gas enclo
between these two pistons, identical to the gas in the h
reservoir, may be considered to be the working medium
the engine. Thermal contact may be established and bro
between all three parts of the system. Thermal contact m
also be established and broken between the system
whole and a heater.

In the initial state, the system is in thermal contact w
the heater, both pistons dividing the cylinder volume a
free, and the pressure in all three parts of the system is
same,P0. At the heater temperatureT0, the liquid phase is
completely vaporized and the corresponding volumeV1 is
filled with saturated vapor. At the first stage of the proce
the position of the piston separating the intermediate h
reservoir from the engine is fixed, the system is therma
insulated from the heater, and thermal contact is establis
between the saturated vapor and the engine gas enclose
tween the fixed and working pistons. As a result of the e
pansion of this gas accompanied by the production of w
by means of the working piston, the vapor is cooled a
completely condenses. The temperature of the gas and
liquid is T1. As a result of adiabatic expansion of the g
filling the other part of the intermediate heat reservoir,
volume is increased almost to the entire volume of the r
ervoir and the temperature drops toT2,T1. At the second
stage of the process, thermal contact between the engine
the reservoir is broken and the subsequent production
work and expansion of the engine gas proceeds adiabatic
as far as temperatureT2. Then, at the third stage therma
contact is established between the engine and the gas pa
the heat reservoir, and the engine gas is compressed with
expenditure of work. However, the gas is not compresse
the initial volume, as was assumed in Ref. 1, but as far as
temperatureT1, after which thermal contact is establishe
between all parts of the system, and at the fourth and fi
stage, compression continues as far as the initial volume
a result, all the stored cold created at the first stage of
process is utilized to cool the engine gas.

Since the gas fills the entire volume of the heat reserv
at the end of the first stage, its heating to temperatureT1
takes place at constant volume. Thus the influence of ther
contact with this gas on the compression behavior of
engine gas amounts to a corresponding increase in the

208208-02$10.00 © 1997 American Institute of Physics



cific heat of this gas at constant volume. As a result of the
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establishment of thermal contact between all parts of the
tem at temperatureT1, the specific heat of the liquid is als
added to that of the gas. Since the saturated vapor pressu
temperatureT1 is equal to the pressure of the gas filling t
entire volume of the heat reservoir at temperatureT2, the
compression of the gas following the establishment of th
mal contact between all parts of the system will initially ta
place with the quantity of liquid phase kept constant. Ho
ever, heating causes the saturated vapor pressure to inc
more rapidly than the gas pressure at constant volume. T
the liquid phase begins to vaporize soon after reaching
temperatureT1. Forqq /T0@1 and comparable masses of g
and two-phase system in the intermediate heat reser
most of the stored cold is concentrated in the liquid ph
and is released as the latter vaporizes. This is observed
ticularly clearly if the numberN2 of gas molecules in the
reservoir is considerably lower than the numberN1 of mol-
ecules in the two-phase system.

However, for any mass ratios in all three parts of t
converter, return of the engine gas to the initial volum
causes the temperature of all the parts to return to its in
value. This is because all the stages of the process are re
ible and heat exchange between the different parts of
system takes place under equilibrium conditions. Althou
we cannot talk of the entropy of a nonintegrable system, e
part of the system possesses its own entropy. At the fi
stage of the process and in the initial state, the system
thermally uniform and its entropy is equal to the sum of t
entropies of its parts. Since the sum of the entropies of all
parts of the system is conserved in a reversible adiab
process, when the volume of the engine returns to its in
value the temperature also returns to its initial value.

The work done when the engine gas expands is o
ously exactly equal to the work expended on its compr
sion. Any reduction in the work expended on compress
reduces the energy and final temperature of the system.
work expended on returning the working piston to its init
state may be reduced by decreasing the volume of the in
mediate heat reservoir and thus increasing the volume of
engine as a result of compression.

After equal pressures have been achieved in all part
the system by compression of the engine gas, the previo
fixed piston separating the intermediate heat reservoir f
the engine may be released. As a result, the compressib
of the system is increased, and when the working pis
returns to its initial position, the volume of the engine will b
209 Tech. Phys. Lett. 23 (3), March 1997
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will be smaller. In this case, conservation of the total entro
of the system parts does not result in the system tempera
being equal to its initial value. The work expended on co
pression is necessarily reduced and return of the work
piston to its initial state will cause the temperature and pr
sure in the system to be lower than their initial values. T
initial volumes of the system parts and the temperature
pressure therein are restored by the establishment of the
contact between all parts of the system and a constant
perature bath.

However, whereas the previously analyzed cycle with
fixed volume of intermediate heat reservoir and return to
initial temperature can be achieved for any ratios of mate
mass in the different parts of the system, a cycle with cool
of the system achieved by return of the working piston to
initial state imposes constraints on the system parame
Although total condensation of the vapor at the first stage
the process can be achieved for an arbitrarily small mas
gas in the engine by means of a sufficiently large increas
its volume, in this case the gas pressure in the engine wil
so low that equalization of the pressures in the system
attain the initial volume of the engine will prove impossibl
However subject to the condition

P~T1 ,N,N1 ,N2!.
N2T1
V1

, ~2!

which is certainly satisfied for fairly largeN (N2!N1!N),
the pressures in the system are equalized at the third sta
the cycle. HereP(T1 ,N,N1 ,N2) is the pressure in the engin
at the end of the first stage andN is the number of molecules
in the engine. Return of the system to the initial state
accompanied by redetermination of the entropy.

If the volume of the intermediate heat reservoir chang
during the conversion of heat into work, the engine canno
clearly separated from that part of the system involved o
in the heat exchange process. Not only the parameters o
individual parts of the system but also its overall structu
change in the course of the process. Thus a graphical plo
the thermodynamic diagram in terms of two variables is
strictly speaking permissible.

The author would like to thank V. I. Perel’ for stimula
ing discussions.

1G. V. Skornyakov, Pis’ma Zh. Tekh. Fiz.21~23!, 1 ~1995! @Tech. Phys.
Lett. 22, 949 ~1995!#.
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Electrical characteristics of thin-film emitters with excitation of electroluminescence

f

by an ac voltage
M. K. Samokhvalov

Ulyanovsk State Technical University
~Submitted October 22, 1996!
Pis’ma Zh. Tekh. Fiz.23, 1–4 ~March 26, 1997!

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 Physics.@S1063-7850~97!01803-X#

Thin-film electroluminescent metal–insulator– tation,g5(4A2m*w t)/3eh is the transmission coefficient o
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phosphor–insulator structures with a transparent electr
operating with an ac voltage, are among the most promis
display devices. To discover the best conditions for exc
tion of the electroluminescence and work out circuits
controlling display devices it is necessary to study the e
trical characteristics of multilayer structures, and the eff
on them due to the properties of the material and const
tion of the device, and the parameters of the excitation v
age.

The field-effect mechanism for generating free cha
carriers in the phosphor layer~ordinarily a high-resistivity
wide-gap semiconductor! in a strong electric field makes fo
a high rate of the electronic processes.1 Experimental inves-
tigations have shown that the rate of change of the cha
teristics of the electroluminescent capacitors is determi
by the rate of change of the external voltage.2 An electric
field is generated in the phosphor higher than that for
onset of field emission. The cause is the self-screening ef
which produces quasi-steady-state conditions.3 The self-
screening effect involves a reduction of the electric field
the region of generation as a result of its screening by
charge created by field emission. The quasi-steady-s
screening occurs when the rate of change of the external
equilibrates with the rate of generation of free carriers.
study the general behavior of the quasi-steady-state e
tronic processes it is necessary to determine the depend
of the electron flux and of the field in the phosphor on t
form of the excitation voltage.

Charge carriers are generated in the phosphor laye
tunneling field emission of electrons from states of t
phosphor–insulator interface into the conduction band of
semiconductor.4 Therefore the current flowing in the pho
phor layer at voltages corresponding to the excitation of
electroluminescence can be expressed as

j L5
Qn

t
expS 2

g

ELT
D , ~1!

whereQn is the charge density of the states at the phosph
insulator interface,t is the time constant for recharging o
the interface states,ELT is the steady-state electric field in th
phosphor for given conditions of electroluminescence ex
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the ~triangular! potential barrier,e andm* are the electron
charge and effective mass,w t is the distance of the surfac
traps below the bottom of the conduction band of the se
conductor, andh is Planck’s constant.

Under operating conditions the total current through
thin-film structure is equal to the conduction current in t
phosphor layer under quasi-steady-state conditions of s
screening plus the charge current associated with the cap
tance of the insulating layers:2

JL5CD

dV

dt
, ~2!

whereCD is the capacitance of the insulating layer andV is
the applied voltage.

From relations~1! and ~2! we can derive an expressio
for the threshold electric field in the luminescent layer:

ELT5
g

ln@Qn/~tCDdV/dt!#
. ~3!

It follows that a high rate of change of the voltage co
responds to higher electric fields in the phosphor film. As
frequency of the excitation voltage increases, the thresh
voltage corresponding to the onset of emission from the t
film emitter also increases.

In an analysis of the equivalent circuit of the thin-film
electroluminescent emitter the electrical properties of
phosphor, which for low voltages are characterized by
capacitance, which is the geometric capacitance of the lu
nescent film, and at high voltages by an active resista
RL ~Ref. 4!. From relations~2! and ~3! we can derive an
expression to calculate the resistance of the phosphor in
equivalent circuit for a voltage above the threshold value

RL5
ELTdL

Cd ~dV/dt!
5

gdL
CD ~dV/dt!ln@Qn/~CDdV/dt!#

. ~4!

For a linearly varying voltage the resistanceRL for a
constant rate of sweep will be constant, while for a sin
soidal sweep the resistance will increases with increas
voltage from the threshold to the peak value. The resistan

210210-02$10.00 © 1997 American Institute of Physics
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The relations derived here allow one to determine how

the

from 100 to 10 kV for an increase in the rate of linear swe
from 105 to 107 V/s.

The expression for the electrical power dissipated in
phosphor film of the electroluminescent capacitor due t
conduction current under the operating conditions can
written as

PL5JL•ELT•dL5
g•dL•CD•dV/dt

ln@Qn/~t•CD•dV/dt!#
. ~5!

Since the electric field is constant under quasi-stea
state conditions of self-screening of the phosphor in a th
film electroluminescent capacitor, the kinetics of the chan
of the dissipated power is mainly determined by the ti
dependence of the conduction current in the phosphor.
211 Tech. Phys. Lett. 23 (3), March 1997
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the electrical characteristics (j L , ELT , RL , and PL) of
thin-film electroluminescent radiation sources depend on
excitation conditions (dV/dt), the construction of the
multilayer capacitor (CD ,dL), and the properties of the
phosphor–insulator interface (g,t, andQn).

1D. H. Smith, J. Lumin.23, 209 ~1981!.
2M. K. Samokhvalov, Pis’ma Zh. Tekh. Fiz.20~6!, 67 ~1994! @Tech. Phys.
Lett. 20, 246 ~1994!#.

3N. F. Kovtonyuk,Electronic Elements Based on Semiconductor–Insulator
Structures@in Russian# ~Énergiya, Moscow, 1976!.

4M. K. Samokhvalov, Pis’ma Zh. Tekh. Fiz.19~9!, 14 ~1993! @Tech. Phys.
Lett. 19, 264 ~1993!#.
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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. Fiz.23, 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. ©1997 American Institute of Physics.
@S1063-7850~97!01903-4#

1. A new class of materials — ultradisperse media — ]I ~z,m! ^us
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consisting of an ensemble of particles smaller than 0.1mm in
size have unique thermal, mechanical, magnetic, and o
properties.1 However, the interaction of ionizing radiatio
with ultradisperse media has scarcely been studied.2

In the description of the propagation of x rays in mat
three main mechanisms are taken into account: photoele
absorption and coherent and incoherent scattering by ato3

Because the particle size in ultradisperse media (; 2–10
nm! ~Refs. 1 and 2! is commensurate with the waveleng
l of the ionizing radiation (; 0.1 nm!, coherent scattering
of the x rays by the ultradisperse particles is possible, wh
can be considered as a distinct mechanism for the interac
of x rays with ultradisperse media in addition to the thr
mentioned above. The effective single-scattering angleu1 of
photons by irregularities of sizea is u1;l/a!1 ~Ref. 4!.
After being scattered byN randomly located irregularities
the angle of inclination of the radiation from the initial d
rection,uN;u1N

1/2, can become large if there is a high co
centration of scatterers. Coherent scattering of x rays by
tradisperse particles increases the optical path length
photons in the ultradisperse medium and results in additio
absorption over that for ordinary polycrystalline samples.

The present work gives a theoretical estimate of the
ference between the attenuation of x rays by an ultradisp
medium and by the ordinary polycrystalline material
which the size of the individual grains is;102 mm ~Ref. 5!.

2. For clarity we shall make some simplifying assum
tions. It is assumed that the ultradisperse medium is in
form of a plane-parallel plate with a thicknessL, which con-
tains identical spherical particles of radiusa, held in place by
a nonabsorbing and nonscattering binder~Fig. 1!. This model
realistically describes various ultradisperse media such
bulk ultradisperse powder, powder of a heavy metal~W, Pb,
etc.! compacted by a polymer binder, or an aerosol in
atmosphere. A radiation flux with a wavelengthl impinges
perpendicularly on the surface of the plate. We shall cons
only two mechanisms of interaction of the photons with m
ter: atomic photoabsorption and small-angle elastic cohe
scattering of photons by the ultradisperse particles~this will
give a lower estimate for the difference!. We denote by
Nscatthe concentration of particles in the ultradisperse me
Using the fact thatu1 is small, we write the transport equa
tion for the radiation in differential form4
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~1!

whereI (z,m) is the flux density of photons with a directio
of propagationV at a given depthz; m5V•V5cosu; V8
andV are the unit vectors of the photon velocity before a
after scattering,(F is the attenuation coefficient due t
photoabsorption, ^us

2&52p*0
pu83w(u8)du8, and

w(u8)5Nscatds(u8) is the probability of scattering a photo
by an angle u85cos21(V8•V) per unit path length,
ds50.5(e2n/mc2)2(11cos2u8)u*dV8exp(2iq•r 8u2dV is the
cross section for coherent elastic scattering of a photon b
ultradisperse particle,e andm are the electron charge an
mass,c is the speed of light,n is the total electron density o
the material,q 5 k2k8, andk8 andk are the wave vectors
of the photon before and after scattering and the integra
is carried out over the volume of the ultradisperse partic
Using the relationka@1, we find

^uS
2&>pNscat~ka!243~4pr eZnata

3!23@ ln~4ka!1g21#,

wherek52p/l, r e5e2/mc2.2.82310213 cm is the classi-
cal electron radius,Z andnat are the atomic number and th
concentration of atoms of the ultradisperse particle mate
andg50.5772 . . . .

Assuming that the thicknessL is such that the probabil
ity that a photon will be deflected by a large angleu is small,
we obtain4 the solution of Eq.~1! in the diffusion approxi-
mation

I ~z,u!>I 0expS 2(
F

zD ~pz^us
2&!21

3expH 2F0.5(
F

z1~z^us
2&!21Gu2J .

Integrating I (z,u) over all angles to determine the photo
flux density at depthz regardless of the direction of motion
we find I (z)2I 0exp(2(Fz)(110.5̂ us

2&(Fz
2)21.

We now introduce the coefficientb, which denotes the
excess factor by which the x-ray beam is attenuated a
passing through the ultradisperse media as compared wit
ordinary polycrystalline sample of the same thickness. In t
model the attenuation of the x rays by the ordinary sam

212212-02$10.00 © 1997 American Institute of Physics
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will be I * (z)5I 0exp(2(Fz), so that b5I * (z)/I (z)
5110.5̂ us

2&(Fz
2. Again it should be noted: our approx

mation gives a lower limit onb.
3. Let us make a numerical estimate ofb for l 5 0.1 nm

as a function of the size of the ultradisperse tungsten
ticles. We assume a monodisperse powder compacted
plate of thicknessL51 mm ~Fig. 1!, which has as mas
thickness equivalent to a 0.5 mm plate of ordinary polycr
talline tungsten. For 10 nm particles we have a concentra
Nscat51018 cm23; for 6 nm particles Nscat54.631018

cm23, and for 3 nm particlesNscat53.731018 cm23. Using
the photoabsorption data from Ref. 6, we obtainb 5 1.2,
1.3, and 1.5, respectively, for the three ultradisperse par
sizes. Thus the use of materials in an ultradisperse stat
creases their shielding properties by tens of per cent
more, which is in accord with experimental data.7–9

FIG. 1. 1—x rays,2—ultradisperse media,3—ultradisperse particles.
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r-
a

-
n

le
in-
d

mechanism of coherent scattering of photons by the ultra
perse particles is in addition to all the existing mechanis
of coherent and incoherent scattering of radiation by ato
of the material, and all the foregoing discussion also app
to ordinary polycrystalline materials. However, since the a
erage grain sizeD in a polycrystalline sample is;102 mm
~for example, D in Al and W are 80 and 60mm,
respectively!,5 and the angle of coherent scattering of ph
tons from individual grains (;l/D), and the concentration
of grains (Nscat) are much smaller than in an ultradisper
medium~for samples with the same mass thickness!. There-
fore b for ordinary polycrystalline materials is essential
unity compared to material having a completely disorde
~amorphous! structure.

In conclusion it should be mentioned that ultradispe
media may also be more effective shields for thermal n
trons with wavelengths;0.1 nm and greater.
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Two-section InGaAsP/InP Fabry-Perot laser with a 12 nm tuning range

xi-
N. A. Pikhtin, A. Yu. Leshko, A. V. Lyutetski , V. B. Khalfin, N. V. Shuvalova,
Yu. V. Il’in, and I. S. Tarasov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 10–15~March 26, 1997!

Wavelength tuning over a 12 nm range is obtained for a two-section InGaAsP/InP Fabry-Perot
laser~l51.55mm!. The method used to vary the gain profile of the laser allows one to
predict the range of possible wavelength tuning. ©1997 American Institute of Physics.
@S1063-7850~97!02003-X#
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range 1.3–1.55mm are irreplaceable sources of coherent o
tical communication lines, optical frequency-division mul
plexing systems, and also for gas-analysis devices. M
over, the absorption wavelength of many molecules lies n
1.55mm.

There are several methods of tuning the wavelength
semiconductor laser. Electrical tuning is one of the m
simple and reliable. In most cases a multisection laser is u
for this purpose.1 The possibility of wavelength tuning of
multisection Fabry-Perot laser having a high optical powe
of definite interest.

In this investigation we have studied the wavelength t
ing of the radiation from a two-section Fabry-Perot hetero
ser fabricated on the basis of InGaAsP/InP quantum-w
separate-confinement double heterostructure (l51.55 mm!.
The use of this type of heterostructure with an active la
thickness 100–20 Å in lasers of the ‘‘small-mesa’’ type pr
vides highly reliable single-mode lasers with a high outp
power.2 As mentioned previously,3 lasers of this design hav
an anomalously wide lasing and spontaneous emission s
trum. A wide gain profile permits tuning of the waveleng
in these lasers over a wide range.4

To prepare the two-section laser, an isolating groove w
formed on the heterostructures by means of photolithogra
and plasmachemical etching. The width and depth of
groove were 5 and 3mm, respectively. The resistance b
tween the sections of the laser was 0.5 kV. The lasers were
mounted on a heat sink with the flat side up, and were m
sured in pulsed and cw operation. Figure 1 shows a diag
of the two-section laser.

In Fig. 2 we show the lasing spectrum of the InGaAs
InP two-section laser (l51.55mm! for various ratios of the
pump currents through sections1 and2, of lengthL15300
mm and L25100 mm, respectively. The maximum wave
length shift was found to be 12 nm for the maximum atta
able current densityJ1 through section1 and correspond-
ingly the minimum current through section2. It must be
emphasized that the radiated power of the two-section l
was maintained constant at 5 mW. At this power the la
lases on one longitudinal mode, corresponding in wavelen
with the threshold value. This amount of tuning can be
plained by a change in the position of the maximum to
gain (G(l)) of the two-section laser when the pump curre
ratio of its sections is varied.
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mum tuning range in the two-section laser, we measured
gain spectrumg(l) as a function of the current density. Fo
this purpose we used a method we have modified for de
mining the gain from the spontaneous emission spectr
Measurements were carried out for the spontaneous emis
spectrum of the two sections of the two-section laser
various pump currents. The two sections were of quite qu
different lengths. The spontaneous emission was observe
the outputs from the end of one of the sections, while
other section of the laser was operated back-biased. N
rally, the emission intensity did not depend on the reve
bias on the other section of the laser. In this case the em
sion intensityI (l) from the end of the section of lengthL is
given by the following expression

I ~l!;
$exp@g~l!* L#21%*R~J,l!

g~l!
~1!

whereR(J,l) is the local intensity of spontaneous emissio
which we shall assume is uniform over the length of t
section.

The ratio of the emission intensities for the two end
I 1(l) and I 2(l), takes the form

FIG. 1. Diagram of the two-section Fabry-Perot InGaAsP/InP la
(l51.55mm!.

214214-03$10.00 © 1997 American Institute of Physics
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I 1~l!

I 2~l!
5
exp@g~l!L1#21

exp@g~l!L2#21
. ~2!

For normalizingI 1(l) and I 2(l) the spontaneous emis
sion spectra were matched at short wavelengths, wh
exp(g(l)L)!1, and consequentlyI 1(l)5I 2(l).

The gain spectra calculated from formula~2! from the
measured spontaneous emission spectra for various p
current densitiesJ in the wavelength range important fo
tuning are shown in Fig. 3. The experiments carried out w

FIG. 2. Emission spectrum of the two-section InGaAsP/InP laser for a c
stant emission powerP5 5 mW and various current densitiesJ1 and J2
through sections1 and2, respectively:1— J153 kA/cm2, J253 kA/cm2;
2 — J155 kA/cm2, J252 kA/cm2; 3 — J157 kA/cm2, J251.5 kA/cm2;
4 – J1510 kA/cm2, J251 kA/cm2.
re

mp

h

samples with a different ratio of the lengths of the sectio
give the same results. The error in the determination of
gain is not higher than 10%.

Since the measurements were made for pump curr
not much above threshold, we did not take into account
effect of the optical power on the gain spectrum. Theref
the net gain profileG(l) of a two-section laser is given b
the expression

G~l!;exp@g1~l!L11g2~l!L2#, ~3!

n-
FIG. 3. Measured gain spectrum of an InGaAsP/InP laser diode for var
pump current densities:1 — J51 kA/cm2; 2 — J52 kA/cm2; 3 — J53
kA/cm2; 4— J55 kA/cm2; 5— J57 kA/cm2; 6— J510 kA/cm2.
er
s

n of
FIG. 4. Total gain profile of a two-section InGaAsP/InP las
with the pump current densities listed in Fig. 2. The arrow
show the measured lasing wavelength for each combinatio
currents:1 — J153 kA/cm2, J253 kA/cm2; 2 — J155
kA/cm2, J252 kA/cm2; 3 — J157 kA/cm2, J251.5
kA/cm2; 4— J1510 kA/cm2, J251 kA/cm2.
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section1 and g2(l) is the gain for a current densityJ2
through section2.

In Fig. 4 we show the calculated dependence of the t
gain for the InGaAsP/InP two-section heterolaser with s
tion lengthsL15300 mm andL25100 mm for the current
densities through the laser sections as listed in Fig. 2. It
be seen that the maximum in the total gain curve is in go
agreement with the experimentally determined lasing wa
lengths for those current densities through the section.

To summarize, we have obtained a tuning range of
nm while maintaining the radiated optical power in a tw
section Fabry-Perot InGaAsP/InP laser (l51.55mm! based
on a single-mode InGaAsP/InP structure with a thin act
region. The proposed method of measuring the gain pro
in the two-section laser is well-justified by experiment. T
measuredg(J,l) curve will be used in the future for calcu
lating the optimal ratios of the section lengths and of
216 Tech. Phys. Lett. 23 (3), March 1997
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Degenerate four-wave mixing spectroscopy excited by ultrashort laser pulses

, etc.
A. O. Morozov, Yu. A. Golikov, and I. E. Mazets

M. V. Lomonosov St. Petersburg State Technical University
A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 16–19~March 26, 1997!

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 Physics.@S1063-7850~97!02103-4#

The physics of processes associated with degeneratecesses, energy transport processes, molecular kinetics
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four-wave mixing~DFWM! in nonlinear media has been a
tively studied in connection with the potential diagnost
capabilities inherent in this interaction. These capabilit
stem from the resonance nature of the interaction, wh
makes possible highly sensitive and selective measurem
and also from the conjugate nature of the signal wave, wh
opens up new possibilities for obtaining images of obje
and spatial measurements without scanning.1,2 These capa-
bilities of DFWM in a number of cases allows this method
compete with and even surpass such powerful spectrosc
methods as coherent anti-Stokes scattering~CARS! and
laser-induced fluorescence, which allows measurement
the region of high pressures and temperatures.2 In addition,
the useful information on the sample with DFWM is e
tracted from the spectrum of the signal wave, which is u
ally obtained by scanning the narrow line of a tunable las
This circumstance inhibits the study of highly transient o
jects, for example, processes associated with combustion
explosions at comparatively high pressures. To record
spectra of the signal wave in a single laser pulse, it has b
proposed3,4 that a ‘‘broad-band modeless laser’’ be used,
more precisely, a pulse of radiation amplified in a homo
neously broadened inversion medium. However, the am
tude and phase distribution in the spectrum of a single p
of this sort of radiation has a random nature, and is
reproducible from pulse to pulse, which adds difficulties
the interpretation of the results.

In this paper we propose a new method of spectrosco
diagnostics of combustion and explosion products, based
the use of ultrashort picosecond and femtosecond l
pulses with DFWM to generate the spectrum of the sig
wave. These pulses by their nature have a regular ampli
and phase distribution in the spectrum, which simplifies
theoretical model and makes it possible to take an insta
neous ‘‘snapshot’’ of the population distribution over th
vibrational-rotational states of the molecules at selec
points within the sample~for example the flame of a burner!.
Reliable data are also provided by individual measureme
in a single laser pulse, without averaging over a statist
ensemble of such spectra. Another advantage in the us
these pulses with DFWM may be separation of the contri
tions to the signal wave at the primary and secondary g
ings, and the related possibility of studying relaxation p
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This favorable property is due to the fact that the duration
a picosecond pulse, and even more so, a femtosecond p
is considerably shorter than the phase and energy relaxa
times in the gases, even at high pressures and temperat

Experiments on four-wave phase conjugation a
DFWM in the picosecond range have been carried out p
viously for condensed media5–7 and were limited to the ob-
servation of the conjugated signal wave and measurem
of its energy and time parameters. No measurements or
culations have been carried out regarding the spectral asp
of the interaction of ultrashort laser pulses with molecu
gases with DFWM. However, the solution of this proble
will promote considerable progress in the spectroscopic
agnostics of flames and will contribute to the understand
of the physical nature of the fast nonequilibrium kinetic pr
cesses occurring in them.

For a theoretical analysis, the most simple case is tha
unsaturated transitions, where the product of the maxim
Rabi frequency, which characterizes the interaction of
molecule with the laser pulse, times the pulse length is m
less than unity, i. e., when perturbation theory is applicab
Moreover, at short times we may neglect relaxation p
cesses, i. e., the vector states formalism can be used.

We denote by the numbers 1 and 2 the pump pulses,
3 is the probe pulse, which initiates the DFWM signal~the
fourth wave!. The relation between the wave vectors of t
waves has the form1

k11k35k21k4 . ~1!

We assume that the wave vectors lie in a common pl
and the light is linearly polarized perpendicular to that pla
The simplest spectra to interpret are obtained if the pulse
2, and 3 do not overlap in time, but act sequentially. All thr
pulses are obtained from a single initial pulse by means
beam splitters, while the required time delay in the picos
ond range is produced by small path differences. Of cou
the time intervals between the pulses must be short comp
to the relaxation timesT1 andT2 of the medium.

By way of example, we calculated the relative intensit
I J
(Q) of the lines of theQ branch of the vibrational band o
the transition between the ground state1(1 and the excited
state1P of the heteronuclear diatomic molecule

217217-02$10.00 © 1997 American Institute of Physics
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whereSi(vJ) is the spectral intensity of thei th mode at the
frequencyvJ of this transition,J is the rotational quantum
number~identical for the initial and final states!, wJ is the
population of the Zeemann sublevels of the initial state~it is
assumed that the medium is isotropic and thatwJ does not
depend on the projection of the angular momentum!. The
expressions for the dipole moments of the transitions w
taken from Ref. 8. In the derivation of Eq.~2! it was assumed
that the width of the spectrumSi(vJ) is much smaller than
the vibration frequency of the molecule, so that we can
glect interference of the channels of excitation of DFW
with different intermediate vibrational states.

It should be emphasized that in Eq.~2! all the values of
wj refer to the same instant of time, when an instantane
snapshot of the state of the medium is taken with a sin
ultrashort pulse. This is how our method differs from t
method of slow scanning of the frequency of a laser with
narrow spectrum. Moreover, methods exist whereby one
218 Tech. Phys. Lett. 23 (3), March 1997
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trashort pulses.Consequently in our case the instantaneo
populations of the rotational states can in principle be fou
from the results of individual measurements correspond
to the same laser pulse.
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The ‘‘negative trapping’’ effect in the magnetic-field dependence of absorption in high-
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temperature superconductors
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This paper reports the first study of the absorption of an rf electromagnetic field in high-
temperature superconducting samples of YBa2Cu3O72x 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 Physics.@S1063-7850~97!02203-9#

The ‘‘negative trapping’’ of a magnetic field in
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YBa2Cu3O72x ceramics observed by Rostamiet al. appears
as a nonmonotonic field dependence of the trapped mag
flux. It is observed in magnetizing fieldsHm below the lower
critical magnetic field for the granules,Hc1g . Because of the
high sensitivity of rf absorption in YBCO ceramics to a
external magnetic field, it is a matter of interest to expla
how the negative trapping effect affects the rf absorption

It is well known that qualitatively the magnetic field de
pendence of the rf absorptionP(Hm) in samples with mag-
netic flux trapping2,3 correlates fully with the field depen
dence of the trapped magnetic fluxHtr(Hm).

4,5 The plateaus
on the curves ofP(Hm) are separated by segments where
absorption increases, while on theHtr(Hm) curves the pla-
teaus are separated by segments whereHtr increases. The
values ofHm corresponding to the end points of the plate
on the two curves coincide, and correspond to the crit
fields of the sample.

A typical curve of the magnetic field dependence of t
rf absorption measured by the induction method3 at 2.5 MHz
at the boiling point of liquid nitrogen,T577 K, is shown in
Fig. 1 ~curve1!. The powerP absorbed in the sample no
malized to the powerP0 absorbed in the sample without th
magnetic field is plotted along the vertical axis. The cur
was measured for a ceramic sample prepared from h
quality powder containing at least 95–97% YBa2Cu3O72x

by standard hot pressing atT5580 °C with annealing in air
at T5930 °C for 5–6 h. The sample density wasr54.6
g/cm3, and the critical current density wasJc5120 A/cm2 at
T577 K.

To observe the negative trapping effect, the work
ported in Ref. 1 used a special technology. In our case,
used the ordinary technology with higher pressures or lon
annealing times and found that the magnetic field dep
dence of the rf absorptionP(Hm) also was nonmonotonic
over the regions of magnetizing fieldsHc1 j<Hm<Hc1g

~whereHc1 j is the lower critical field for the intergranula
medium!. For example, in Fig. 1~curve 1! we show the
curveP(Hm) for a higher-density sample,r55.4 g/cm3. The
magnetizing field at which the Abrikosov vortices begin
penetrate the granule is the same for both samp
Hc1g531 Oe. However, curve1 ~Fig. 2! has a prominent
absorption peak in the regionHc1 j<Hm<Hc1g and an ex-

219 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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When the sample with the initial densityr54.6 g/cm3

was annealed again atT5930 °C for 6 h~Fig. 1, curve2!
and then one more time for 26 h~curve3! the magnetic field
dependence became nonmonotonic. A noteworthy aspe
these curves is the wide plateau following the absorpt
peak with increasingHm , on which the rf loss is essentiall
the same as the absorption on the plateau before the a
tional annealing.

Since contact with water or water vapor degrades ma
the intergranular medium,6 it was important to observe how
degradation of the high-Tc ceramic affects the characteristic
of the rf absorptionP(Hm). When the sample with the initia
densityr55.4 g/cm3 was exposed to water the rf absorptio
increased over the entire range of magnetic fields. The n
monotonic variation of P(Hm) in the range
Hc1 j<Hm<Hc1g is flattened out. For an example, we ha
shown in Fig. 2~curve2! the results of measurements of th
rf absorption after exposure of the sample to water for 185
It can be seen that curve2 is qualitatively similar to curve1
in Fig. 1. However, with a regenerating annealing of th
sample atT5930 °C for 6 h the curve is no longer mono
tonic ~see curve3 in Fig. 2!. It is noteworthy that these
operations have a large effect on the value ofHc1 j , whereas
Hc1g is scarcely changed.

Hence the segment of the curveP(Hm) corresponding to
the onset of the magnetic-field negative trapping effe
which occurs between the magnetizing fiel
Hc1 j<Hm<Hc1g , is shifted along the plateau fromHc1 j to
Hc1g when the properties of the intergranular medium a
changed, while the segments of the plateau are preser
These investigations on controlling the intergranular links
additional annealing or by degradation support the main
nets of the negative-trapping model, which assumes that
system contains both Josephson weak links belonging
most of the loops, and stronger junctions, belonging to lo
of smaller dimensions. However, in contrast to the opin
expressed in Ref. 1, we believe that this effect is due no
the suppression of superconductivity in the large chains
the fields of smaller loops, but simply to the destruction
the larger loops by the fields of Josephson weak links, wh
are trapped in more stable small loops with increasingHm .

219219-02$10.00 © 1997 American Institute of Physics
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That is, with the trapping of hypervortices in the intergran
lar medium as the magnetization field increases, two p
cesses occur: a! gradual trapping of the magnetic flux by a
the smallest loops and b! the destruction of the larger loop
both by the external field and by the fields trapped in
sample. In Ref. 1 it was shown clearly that the field of t
trapped magnetic flux near the trapping peak is 3–4 Oe; i
it can exceedHc1 j'3 Oe, characteristic of these samples

We believe that the additional annealing generates m
Josephson links between the granules, but these links
weaker than those between the granules formed when
sample was synthesized. The enhancement of the magn
ing field on the negative trapping section increases
trapped field, facilitating the breaking of large closed loo
which can reduce the general pinning of the magnetic fl
However, thereafter the only trapped magnetic flux fixed
the sample is that in closed loops formed during the stand
synthesis before the additional annealing. In this connect
the rf absorptionP directly beforeHm5Hc1g can reach the
same level, which is confirmed by the curves in Fig. 1.

FIG. 1. Relative absorptionP/P0 versus the magnetizing fieldHm after
additional annealing of the sample:1— sample in the initial state,2— after
additional annealing for 6 h,3— after additional annealing for 26 h.
220 Tech. Phys. Lett. 23 (3), March 1997
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With the degradation of the ceramic samples the weak
links are destroyed first. Then the negative trapping eff
may disappear.
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FIG. 2. Relative absorptionP/P0 versus the magnetizing fieldHm for the
sample:1— in the initial state,2— after degradation due to contact wit
water,3— after regenerating annealing.
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Lagrange–Euler description of discontinuous flows of a two-phase reacting medium
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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 Physics.@S1063-7850~97!02303-3#

We have carried out a numerical analysis of the structure
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of discontinuous flows of two-phase reacting media, ba
on the Lagrange–Euler~L–E! description.1

The algorithm permits one to analyze interphase tra
port processes and homogeneous and heterogeneous c
cal reactions, in particular, the combustion of disperse inc
sions.

1. In the modeling of the motion of the carrier phase~the
Euler step of the algorithm!, we use the system of Eule
equations supplemented by source terms that describe i
phase exchange of mass, momentum, and energy, and
describe homogeneous chemical reactions. Using the
ventional notation, we write these equations as

]r

]t
1

]ru

]x
52^Jgp&np ,

]ru

]t
1

]~ru21p!

]x
52@^Fgp&1^Jgp•Vp&#np ,

]e

]t
1

]~eu1pu!

]x
52F ^Fgp•Vp&1^Qgp&

1K JgpSCp
0
•Tp1

Vp
2

2 D L Gnp ,
]rci
]t

1
]rciu

]x
52^Jgpi&np1W,

wheree5CnT1ru2/2.
2. In the Lagrange–Euler algorithm the evolution of t

disperse phase~the Lagrange step of the algorithm! is de-
scribed by a system of ordinary differential equations of m
tion of the test particles:

dr p
dt

5Vp ,
dmp

dt
5Jgp ,

dmpVp

dt
5Fgp ,

dCp
0mpTp
dt

5Qgp .

3. The effect of the disperse phase on the carrier pha
taken into account by a special space–time averaging of
parameters of the test particles over sections of the traje
ries within the calculation cells:
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4. The relevant set of homogeneous and heterogene
chemical reactions induced by a shock wave appears as
lows: homogeneous reaction

CO21M�CO1O1M

O21M�2O1M

CO21O�CO1O2

where

M: O, O2, CO, CO2; ~1!

heterogeneous reaction

C1O2�CO2

C1CO2�2CO. ~2!

5. The description of interphase transport are based
phenomenological models using well-known approximatio
for the drag coefficient and the Nusselt number.2 The rates of
the chemical reactions determining the composition of
carrier phase and interphase mass exchange were applie
the corresponding investigations in Ref. 3 for homogene
processes and in Ref. 4 for heterogeneous processes.

6. The algorithm for the calculation within one iteratio
is the following:

i. calculation of the flow of the carrier phase, witho
taking into account the disperse phase; ii! calculation of the
trajectories of the test particles, iii! calculation of the source
terms by space-time averaging; iv! calculation of the flow of
the carrier phase with allowance for the source terms. In
later iterations the sequence of steps starts from the se
one.

7. In the Euler step of the algorithm the numerical so
tion is constructed using separation by physical process.5 The
complete step in time looks as follows

Ui
n125L~2Dt !Ui

n5Lx~Dt !Lc~Dt !Lc~Dt !Lx~Dt !Ui
n ,

where the operatorLx describes the solution of the equatio

221221-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Intensity of a shock wave moving in a powder-lad
gas.
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and is constructed with the aid of the TVD scheme,6 while
the operatorLc describes the solution of the equation

dU

dt
5W1Qp .

To construct the operatorLc and also to calculate the trajec
tory of the test particles we used the Adams second-o
implicit scheme of approximation.

8. The algorithm described above was used to solve
problem of the interaction of a planar shock wave propag
ing in oxygen with a cloud of carbon particles located to t
left of the closed end of the shock tube. The shock wa
moves from right to left.

In Fig. 1 we show a comparison between the experim
tal data and test calculations of the variation of the inten
of the shock wave and the dependence on the path travel
the dust-laden gas. The experimental conditions a7
er

e
t-
e
e

-
y
in

e

a50.6, the Stokes number, which characterizes the rate
interphase exchange, isSk5tgp /tg , wheretgp is the char-
acteristic interphase relaxation time, andtg is the character-
istic gasdynamic time, which was set equal to 0.01. A cal
lation using the proposed model shows good agreement
experiment.

In Fig. 2 we present on anx–t plot the density of the
carrier gas. The simulation was carried out for the followi
conditions:M55.8,p0 5 0.01 atm, the length of the particl
cloud 0.3 m, the particle diameterdp51 mm, and for a mass
fractiona50.25 and these parameters, the flow is charac
ized by a Stokes numberSk50.15 and is close to equilib
rium. The normalization scales of the variables,x0 and t0,
are, respectively, 0.5 m and 3.5831026 s.

The diagram shows1 — the incident shock wave tha
initiates the combustion of the carbon particles,2 — the
waves detached from the outer boundary of the cloud, car
away by a supersonic accompanying flow,3,4— the trailing
FIG. 2. x–t diagram of the carrier gas (Sk50.15).
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FIG. 3. x–t diatram of the density of the carrier ga
(Sk53.75).
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from the combustion of the particles,5 — the shock wave
I reflected from the wall and refracted by nonuniformities
the oncoming accompanying flow,6— the wave formed as
the result of the interaction of the reflected shock wave5
with the boundary of the hot gas, and the contact disco
nuities7 and8 represent the trajectory of the contact disco
tinuities4 and3 after their interaction with the shock wave
5 and6. The system of waves included between1 and4 and
which are formed as the result of the generation of the co
bustion products, augments the incident wave1 and in-
creases its velocity.

In Fig. 3 we show on anx–t diagram the density of the
carrier gas for particles of diameterdp55 mm, which corre-
sponds to a Stokes numberSk53.75. This shows1,5— the
incident shock wave and that reflected from the wall, an2
— the waves that have reflected from the outer boundarie
the particle cloud. Unlike the preceding case, the flow
characterized by the development of relaxation zones:3 —
the zone of interphase relaxation behind the incident sh
wave. The boundary between zones2 and3 corresponds to a
trajectory of the front of the particle cloud with which th
wave 5 interacts and is reflected as a jump7. In this case,
because of the low rate of the interphase relaxation p
cesses, the combustion of the particles starts only behind
reflected shock wave5, and4 denotes the region of hot ga
formed from the combustion of the particles. The generat
of the combustion products initiates a system of waves6 that
supplement and accelerate the reflected shock wave.
223 Tech. Phys. Lett. 23 (3), March 1997
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reacting two-phase mixture distinguishes two regimes of
tiating combustion: behind the incident shock wave and
hind the reflected shock wave. The critical Stokes numb
which characterizes the parameters of the mixture and
flow in the transition from one regime to another, can
written as

Sk*5S ln T02Tg
T*2Tg

D 21

,

whereT0, Tg , andT* are, respectively, the initial tempera
ture of the disperse phase, the characteristic temperatu
the carrier phase, and the temperature at which combustio
initiated. For the mixture and flow parameters given abo
Sk*'1.6.

This work received partial support from grants RFFI 9
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Self-excited oscillations in a fiber-optic laser–collimator–microresonator system
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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 output. ©1997
American Institute of Physics.@S1063-7850~97!02403-8#

It has been shown1,2 that in a laser with an additional h(u(t)). The collimator consisted of quarter-period grade
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mirror in the form of an optically excited micromechanic
resonator~MR! it is possible to set up self-excited oscilla
tions at the resonant frequencyf of the mechanical oscilla
tions of the micromechanical resonator. The properties of
system can be accounted for qualitatively within a mode
passiveQ-switching of the optical cavity: the oscillations o
the micromechanical resonator cause modulations in the
fective reflection coefficientR of the Fabry-Perot interferom
eter formed by the mirror of the optical cavity and the r
flecting surface of the micromechanical resonator. Beca
of the complicated dependence of the spectral characteri
of a three-mirror optical cavity on its geometrical para
eters, the reflection coefficient of the interferometer is
only amplitude modulated, but also phase modulated.
cause of the dependence ofR on the phase change, the
exist discrete regions of existence of self-excited oscillatio
periodic with the period of the interferometer, equal tol/2
~wherel is the lasing wavelength!. As the result of externa
perturbations the operating point of the self-excited osci
tion can drift on the interference pattern away from the
gion of existence, and the self-excited oscillator will the
fore be cut off. In this investigation we have proposed a
investigated experimentally a design for pass
Q-switching of a laser with the use of a micromechani
resonator, in which amplitude modulation of the reflecti
coefficient plays a major role.

The design is shown in Fig. 1. Its operation is based
Q-switching of a two-mirror optical cavity by the photoin
duced angular deflection of one of the mirrors, which is
micromechanical resonator. ActiveQ-switching of lasers by
tilting a mirror has been analyzed in Ref. 3, where t
method was shown to be highly effective: a tilt angle of8
results in 100% modulation of the output power of the las
The experiments were carried out with an erbium fiber-op
laser, whose main parameters are listed in Ref. 1. In
present case, the mirrorM1 was the fiber-air interface
(R1'3.2 %!, and the intermode beat frequency of the fib
optic laser was 12 MHz. Some of the power in the opti
beam formed by the collimator C is reflected from the s
face of the micromechanical resonator, making an anglu
with the axis of the beam, and is returned back into
fiber-optic cavity of the laser. Because of the photoinduc
deformation, the variation of the laser powerW1 incident on
the micromechanical resonator causes modulation of the
flection angleu(t) of the reflected beam, i. e., modulatio
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index rod lenses, which form Gaussian beams with the
rameters 1! beam waist diameter 2w05780mm, divergence
angle 2u0'2.631023 deg, 2! 2w05440 mm,
2u0;4.031023 deg. The residual reflection coefficient o
the lens did not exceed 0.2%, while the insertion loss w
.0.4 dB. The state of the laser was monitored by an as
metric ~1 : 3! single-modeX coupler with'0.5 dB losses.
The micromechanical resonator was made of silicon
cromembranes, microbridges, and microcantilevers, prep
by anisotropic etching; their parameters are described in R
1. The experimental curveh(u) is shown in Fig. 2. The
variation in the distanceH between the lens and the reson
tor did not make any significant change in the output opti
signalsW2 andW3, which indicates the absence of larg
interference effects.

The main experimental results are as follows. Regard
of the topology and construction of the mechanical resona
when certain conditions are satisfied in this system, s
excited oscillations are set up with a frequencyF, which is
nearly the same as the resonant frequency,f'F. These con-
ditions reduce to the following: 1! in the initial state the tilt
angleu i of the mirror is in the rangeu1<u i<u2, where the
ends of the interval (u1 ,u2) depend on the characteristics
the mechanical resonator of the laser; 2! the resonant fre-
quency of the resonator is near the frequencyf rel of the
relaxation oscillations of the laser or its harmonic
f'n• f rel , wheren51,2,3, . . . . We note thatf rel is deter-
mined by the relative pump powerr5Pp /Ppl , wherePpl is
the threshold pump power of the laser~Ref. 4!; 3! the aver-
age radiation powerW̄1 exceeds a certain threshold lev
W̄1th that depends on the characteristics of the mechan
resonator and the optical fiber cavity.

Figure 2 shows the experimental results obtained fo
mechanical resonator in the form of a microbridge of dime
sions 1650340036 mm, with a nickel~Ni! film as the re-
flecting coating, with a reflection coefficient of 72%~the film
thicknesshNi was'0.3mm!. Because the resonator is qui
wide, it coupled efficiently with the optical beam. In th
situation described here, the self-excited oscillations w
induced with frequenciesF1'35.5 kHz andF2'112.2 kHz,
corresponding to the resonant frequencies of the fundame
and third harmonics of the mechanical resonator, measu
with a fiber-optic interferometer.1 The average powerW̄1

was 1.5–4.0 mW, and the signal-to-noise ratio in the sys

224224-03$10.00 © 1997 American Institute of Physics



FIG. 1. Diagram of the experimental setup.
was 40–50 dB. The amplitude of the oscillations was&30
s
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modulation of the inclination angle of the beam, and not

elf-
on
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idth
nm. TheQ of these modes, measured by means of acou
excitation, was 90 and 120, respectively. As one can
from Fig. 2, the region of existence of the self-excited os
lations (u1 ,u2) for the fundamental is located entirely on on
branch of the curveh(u). This means that theQ-switching
of the optical cavity is accomplished principally throug
tic
e
-

additionally by its focusing~defocusing! due to bending of
the surface of the mechanical resonator during the s
excited oscillations. We note that for the higher oscillati
modes, depending on the type of mechanical resonator, t
regions can consist of separated intervals. In Fig. 2 the w
of the intervalDu5u22u1 is '431023 deg, which gener-
FIG. 2. Experimentally measuredh(up) andF(r ).
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FIG. 3. Experimentally measuredF(T).
ally decreases with increasing divergence angle of the beam.
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It is worth pointing out that when the variation ofH is in the
submicron range or when it is large, (61.5 mm! the self-
excited oscillations are not cut off, and the frequency ins
bility is DF/F<331024. In the interval (u1 ,u2) we find a
weak functional dependenceF(u i), which may or may not
be monotonic, depending on the angular and linear geom
parameters that characterize the spatial orientation of the
tical beam relative to the mechanical resonator. The dep
dence of the frequencyF(r ) of the self-excited oscillations
on the pump power, determined for fixed spatial parame
of the system, is shown in Fig. 2. We believe that this mo
tonic dependence can be explained by the pulling of the
quency of the mechanical resonator by the relaxation os
lations of the laser, whose frequency increases w
increasingPp . When the parameters of the system are v
ied, the kind of excitation of the self-excited oscillation
~‘‘soft’’ or ‘‘hard’’ ! depends on the specific type of param
eter that is varying.

Figure 3 shows the frequency of the self-excited osci
tions versus the microbridge temperatureT, which is varied
by means of a Peltier element in the temperature ra
10–70 °C. The micromechanical resonator with the Ni fi
had dimensions of 1400330036 mm, and the fundamenta
resonant frequency at room temperature wasf'56.3 kHz.
When the temperature was varied in the stated interval,
system remained at all times in the range of stable s
excited oscillations. It is shown in Fig. 3 that the functio
F(T) is nearly linear, with a temperature coefficie
KT5(1/F)dF/dT'20.08% K21. The negative sign ofKT

is probably related to the fact that the effective thermal
pansion coefficientaeff of the micromechanical resonato
which is a layered structure of silicon and nickel, is high
than the thermal expansion coefficientaSi of the silicon base
of the microbridge
226 Tech. Phys. Lett. 23 (3), March 1997
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21,

whereENi , ESi , hNi , andhSi are the Young’s modulus an
thickness, respectively, of the nickel and the silicon m
chanical resonator, respectively.

SinceaNi513.031026 K21 and aSi52.331026 K21,
it is obvious thataeff.aSi . As a consequence, a temperatu
rise of the microbridge induces longitudinal stresses that
duce the resonant frequency.5 The dependence of the com
posite mechanical resonator on the physical parameter
the films thus allows us to study their properties.

In this investigation it has been shown that 1! amplitude
modulation of the reflectance of the optical cavity of t
laser is sufficient to generate self-excited oscillations in
system composed of a laser and a micromechanical res
tor; 2! the proposed method for obtaining optical feedba
between the laser and the mechanical resonator makes
operating point of the self-excited oscillator very stable; 3! a
fiber-optic system will allow one to measure the paramet
of the surrounding medium~for example, the temperature!
and study the physical properties of the thin-film structur

1V. D. Burkov, F. A. Egorov, and V. T. Potapov, Pis’ma Zh. Tekh. Fi
22~18!, 16 ~1996! @Tech. Phys. Lett.22, 738 ~1996!#.

2V. D. Burkov, F. A. Egorov, and V. T Potapov, Pis’ma Zh. Tekh. Fi
22~19!, 18 ~1996! @Tech. Phys. Lett.22, 785 ~1996!#.

3G. N. Belova and E. I. Remizova, Kvantovaya Elektron.~Moscow! 11,
192 ~1984! @Sov. J. Quantum Electron.14, 131 ~1984!#.

4V. N. Tsikunov, Zh. Éksp. Teor. Fiz.58, 1646 ~1970! @Sov. Phys. JETP
31, 882 ~1970!#.

5D. Walsh and B. Culshaw, Sensors and Actuators A25–27, 711.
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Model of a two-dimensionally focusing ultrasonic x-ray lens based on Bragg–Fresnel

d,
optics
A. M. Egiazaryan

Institute of Applied Problems in Physics, Armenian National Academy of Sciences, Erevan
~Submitted November 12, 1996!
Pis’ma Zh. Tekh. Fiz.23, 40–43~March 26, 1997!

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 Physics.@S1063-7850~97!02503-2#

The rapid development of microelectronics has been dueis satisfied, wherek is the wave number of the ultrasoun
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to the conception and development of new x-ray elements
Refs. 1 and 2 a one-dimensionally focusing x-ray lens w
devised, whose operating principle is based on the ide
Bragg–Fresnel optics — a newly developing field of x-ray
optics. A one-dimensional microstructure is produced on
entrance surface of a perfect single crystal in such a way
only even Fresnel zones participate in the Bragg reflectio
the incident x-ray beam and focus the beam in a single
rection.

In the present paper a model is proposed for a tw
dimensionally focusing x-ray lens, whose operation is l
that described above. The two-dimensional microstructur
the entrance surface of the single crystal is created by
interference of ultrasonic waves.

We assume that the beam of monochromatic x r
comes from a point source located at the point (x0 , 0,z0) and
is incident on the entrance surface (x, 0,y) of a perfect
single crystal with parallel faces~see Fig. 1!. The reflecting
planes are parallel to the entrance surface. Simultaneo
point sources of coherent ultrasonic waves are produce
pairs at the points (2x1 ,0,2t0), (x1,0,2t0), (0,2y1 ,2t0)
and (0,y1 ,2t0) of the exit surface of the single crysta
These waves interfere inside the crystal where they supe
pose, and because of this interference a corresponding
crostructure is produced on the entrance surface of the si
crystal. When this microstructure matches the geometry
the one-dimensional Fresnel zones in theX andY directions
the reflected x-ray beam is focused in these directions at
point (xf , 0, zf).

The surfaces of constant intensity in the interferen
field of ultrasonic waves, generated at the poi
(2xj ,0,2t0) and (xj ,0,2t0), are hyperboloids that satisf
the equation

d12d25const, ~1!

where

d15A~x1x1!
21t0

2 ,

d25A~x2x1!
21t0

2 . ~2!

When the condition

k
x4

d3
!1 ~3!
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Eq. ~1! takes on the form

2xx1
d

5const. ~4!

It is easy to see that the corresponding regions of
surfaces of maximum and minimum intensity, where t
points (2x1,0,2t0), (x1,0,2t0), (0,2y1 ,2t0), and
(0,y1 ,2t0) are excited, are evenly distributed, mutually pe
pendicular planes parallel to theZY and ZX planes. The
function ū of the inclination of the crystal at the entranc
surface of the single crystal varies according to the arran
ment of these planes, which are responsible for the co
sponding microstructure on this surface.

From the condition for the reflection of the x rays

x0
d0

52
xf
f 0

~5!

and the condition for the formation of themth Fresnel zone

d01 f 01ml,d011 f 01,d01 f 01ml1
l

2
~6!

we obtain for the coordinatesxm of the boundaries of this
zone in an approximation that includes up through seco
order terms

mal,xm
2 ,mal1

al

2
, ~7!

wherel is the wavelength of thex rays and

1

a
5

1

d01
1

1

f 01
2
2x0

2

d01
3 2

2xf
2

f 01
3 . ~8!

A numerical evaluation of condition~7! shows that the
dimensions of neighboring zones beginning with the th
zone coincide to the second decimal place. Consequent
can be stated that the corresponding regions of the bou
aries of the Fresnel zones are mutually perpendicular
equally spaced straight lines parallel to theZY and ZX
planes. The frequency of the ultrasonic waves can be cho
so that the planes of maximum intensity of the interferi
fields, given by condition~4!, pass through the middle of th
even Fresnel zones, which, because of the interaction
the ultrasound, are incident in the angular range for Bra
reflection. In this case the odd Fresnel zones lie outside
range, and only the even Fresnel zones, which reinforce

227227-02$10.00 © 1997 American Institute of Physics



FIG. 1. X–Z cross section of the proposed lens.
another, take part in the reflection of the x rays. As a result,
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the x rays are focused at the focal point (xf , 0, zf) in theY
andX directions. Calculations show that the relative x-r
intensity at this point~relative to the intensity of the radiatio
reflected from the single crystal without the ultrasound! is
proportional to the parameterN, whereN is the number of
participating Fresnel zones. In this way the proposed mo
of a two-dimensionally focusing ultrasonic x-ray lens, who
operation is based on the principle of Bragg–Fresnel opt
also has a large relative aperture.
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Ultraviolet HeCd laser pumped by a high-frequency electron beam

t to
Yu. N. Novoselov and V. V. Uvarin

Institute of Electrophysics, Russian Academy of Sciences, Ekaterinburg
~Submitted November 20, 1996!
Pis’ma Zh. Tekh. Fiz.23, 44–47~March 26, 1997!

An electron beam with a large cross section and with a repetition rate of 33105 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. ©1997 American Institute of Physics.
@S1063-7850~97!02603-7#

A high-pressure helium-cadmium mixture has a low las-
1

are no changes in the behavior of the current pulses ou

g
5

n
g
s
in

th
he

se

im
a

s
al
an
o
o
nd
ic
r,
s.
tio

m
de
ro
et

iti
ro
e
n
c
w
m
u
u
t i

de

ed
. In
the
as
ser
ing

of

re.
the
l-
able
the

30
ing threshold, which applies also to the threshold for lasin
at the ultraviolet line at 325 nm.2 Pulsed generation at 32
nm on the 5s2 2D3/2–5p

2P1/2 transition of the cadmium ion
was obtained with electron beam pumping at nanoseco3

and microsecond2,4 pulse lengths. However, with pumpin
by a quasi-steady-state beam with a pulse length of ten
microseconds, lasing was obtained only in a mixture conta
ing the electronegative component CCl4 ~Ref. 4!. In Ref. 5
model calculations were carried out that showed that
pulse repetition rate in a HeCd laser with excitation of t
mixture by a picosecond electron beam can reach 106 pulses
per second. The purpose of the work reported in the pre
article was to obtain high-frequency lasing at 325 nm.

To carry out the experiments we used an apparatus s
lar to that described in Refs. 2 and 4. The mixture w
pumped by an electron beam with a cross section of 2370
cm and an electron energy of 180 keV. The laser cell wa
cm in diameter, it had pieces of cadmium affixed to the w
was filled with helium to a pressure of 1–2 atmospheres,
could be heated to 450 °C. The apparatus provided for c
tinuous cleaning of the helium, by flowing the gas at a rate
;0.1 cm/s through a liquid-nitrogen-cooled zeolite filter a
the laser cell. The laser cavity was formed from a spher
mirror with a 5 mradius of curvature and a plane exit mirro
with a reflection coefficient of 99.5% for the two mirror
The power and time characteristics of the laser radia
were measured by a calibrated FE´U-22SPU photomultiplier,
with the signal displayed on an S9-27 oscilloscope.

The electron source was an accelerator with a plas
cathode and grid control of the emission current, as
scribed in Ref. 6, which could generate a packet of elect
pulses with a pulse length of 200 ns at half-height, a rep
tion rate of 100 kHz, and a packet length of 200ms. This
accelerator was modernized to increase the pulse repet
rate in the packet to 300 kHz. For this purpose the cont
grid pulse generator was equipped with a switching elem
including the previously used tasitron and in addition, a ba
of 10 GMI-6 oscillator tubes connected in parallel. To rea
the generation threshold in each pulse, the pulse length
increased to 1ms. An oscilloscope trace of the electron bea
pulse packet is shown in Fig. 1a. It can be seen that the p
amplitude comes to a steady value in a period of time eq
to the rise time of the plasma-forming discharge curren
the emitter. Figure 1a shows the first 60ms; thereafter there
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140ms. The maximum steady-state current pulse amplitu
was 30 A.

Ultraviolet lasing at 325 nm, as in Ref. 4, was obtain
only when carbon tetrachloride was added to the mixture
the experiments we determined the main parameters of
operating mixture for which the radiation pulse energy w
the highest. An oscilloscope trace of the packet of la
pulses is shown in Fig. 1b. The maximum specific las
power in a single pulse was 4 mW/cm3. For this output the
helium concentration was 1.231019 cm23, and the tempera-
ture of the medium was 390 °C, i.e., the concentration
cadmium vapor was;331016 cm23, and the concentration
of CCl4 was 331015 cm23.

It can be seen from the oscilloscope readouts~Fig. 1!
that the first few pulses fail to produce lasing in the mixtu
We believe the reason has to do with the pumping of
5s2 2D3/2 upper laser level of the cadmium ion. It is wel
known that the Penning reaction between the metast
states of the helium and cadmium atoms contribute to

FIG. 1. Oscilloscope traces of the electron beam pulses~a! and the laser
pulses~b!.

229229-02$10.00 © 1997 American Institute of Physics



population of this level.1,5 It is probable that under our ex-
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laser by an electron beam with a repetition rate 33105

time
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perimental conditions the pump power of the first 3–4 pul
of the electron beam is insufficient to create a concentra
of metastable helium atoms for which the lasing thresh
can be reached. Lasing starts when the accumulation
metastable heliums in the active medium is sufficient.

A characteristic feature of this oscilloscope trace of
radiation is the background emission in between the in
vidual pulses. This can also be explained by the rather h
concentration of metastable helium that cannot decrease
much in the intervals between the pump pulses. It is sugg
tive that the amplitude of the first lasing pulse is about eq
to the background level.

In this figure one can see that the amplitude peak of
individual lasing pulses~b! is offset in time relative to the
peak of the electron beam~a!. This delay is about 0.5ms, and
is due to the recombination nature of the population of
upper laser level.1,5

To summarize, in this investigation we have obtained
the first time pumping of a high-pressure helium-cadmi
230 Tech. Phys. Lett. 23 (3), March 1997
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pulses per second, and also have obtained for the first
high-frequency ultraviolet lasing in this laser.
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Photorefractive surface waves in sillenite crystals in an alternating-sign electric field

f

S. M. Shandarov and N. I. Nazhestkina

Tomsk State Academy of Control and Radioelectronics Systems
~Submitted September 2, 1996!
Pis’ma Zh. Tekh. Fiz.23, 48–53~March 26, 1997!

A theoretical model is proposed for photorefractive TE surface waves in a sillenite crystal
located in an alternating-sign electric field ©1997 American Institute of Physics.
@S1063-7850~97!02703-1#

The nonlinear self-channeling of light in photorefractive
1–7
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crystals is observed at low beam intensities,and therefore
is of considerable interest for developing optical switch
shutters, and other optoelectronic elements. The s
channeling effect can be observed in the formation of thr
dimensional solitons, acting as a channel for the propaga
of a light beam, in which the diffraction-related divergence
compensated by self-induced variations in the refrac
index.1–3Nonlinear surface waves in photorefractive cryst
with a strong diffusion response have been predicted in R
4. The first experimental observation of such photorefrac
surface waves in BaTiO3 crystal was reported in Ref. 5.

In sillenite crystals ~Bi12SiO20, Bi12GeO20, and
Bi12TiO20) the small electrooptical constant (;5310212

m/V! entails a weak diffusion response. However, photo
fractive variations in the refractive index can be greatly
creased by applying to the crystal an external alternat
sign electric field.8 The redistribution of the light beam
intensity at the exit face of a fiber sample of Bi12SiO20 at-
tached to one of the electrodes used to apply the alterna
sign field has been studied in Refs. 6 and 7. This eff
results in a substantial reduction in the time of the photo
fractive response and is interpreted as the self-channelin
light in the form of surface photorefractive waves. T
present communication presents as theoretical analysis o
photorefractive variations in the refractive index by the a
tion of a light beam on a crystal of a group of sillenit
placed in an alternating-sign electric field and an analysis
the photorefractive surface waves in these crystals.

Let us consider a sillenite sample1 in which a light
beam travels with uniform intensityI (x) along the @110#
crystallographic axis~the Z axis in Fig. 1!. The external
alternating-sign field in the form of a square wave with
amplitudeE0 and a periodT is applied to the electrodes2
along theX axis. The photoexcitation of charge carriers a
their redistribution over the impurity centers by way of d
fusion and drift in an electric field create a space-charge fi
Esc(x). This field through the electrooptical effect chang
the refractive index of the crystal by an amou
Dn(x);Esc(x), and under certain conditions induces se
screening of the initial light beam. For crystals with a sing
partially compensated optically active donor level and o
type of carrier the space-charge fieldEsc(x) can be found
from an analysis of the known constitutive equations fo
model of zone transport.9 We linearized these equations wi
the conditions]n/]t50, n!NA , gRNA@SI, ND@NA , and
]Esc /]x!eNA /«, wheren is the electron concentration i
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compensating acceptors and donors,e is the electron charge
« is the dc permittivity of the crystal,gR is the two-particle
recombination coefficient and theS-cross section for photo
ionization of the donor center. The first four approximatio
are frequently used for analyzing photorefractive effects~see,
e. g., Ref. 10!, and the last term corresponds to a field (x)
small in comparison with the trap saturation field. The line
equation forE(x) can be written as

]

]tHEsc2LE
]Esc

]x
2LD

2 ]2Esc

]x2 J 1d~b1SI!

3HEsc2
LS
2

LD
2 LE

]Esc

]x
2

LS
2

~b1SI!

]

]xF ~b1SI!
]Esc

]x G J
52dSIFE01

kBT

e

1

I

dl

dxG , ~1!

where LE5mtRE0 is the drift length,
LS5@kBT«/(e2NA)#

1/2 is the Debye screening length
LD5(mtRkBT/e)

1/2 is the diffusion length,d5emtRND /«,
b is the thermal ionization rate,tR5(gRNA)

21 is the recom-
bination time,m is the electron mobility,kB is Boltzmann’s
constant, andT is the absolute temperature.

For the Bi12TiO20 crystal with the typical parameter
m/gR51.731012m21

•V21 andNA51023m23 ~Ref. 6!, and
an electric field amplitudeE0510 kV/cm we have
LS50.025mm, LD50.66mm, andLE517mm. In this case,
when the size of the nonuniformities of the light distributio
are a.5 mm, we can neglect terms containing second d
rivatives with respect to the spatial coordinate in Eq.~1!.
Using thereafter the well-known procedure for averaging
field Esc(x) over the periodT of the applied voltage8 and
neglecting trap saturation, we obtain an expression for
average space-charge fieldẼsc(x) in the form

Ẽsc~x!5S mtRE0
21

kBT

e D 1

~b1SI!

d

dx
~SI!. ~2!

If the thermal conductivity is negligible,b!SI, then
expression~2! for Esc(x) corresponds to the logarithmi
model of photorefractive nonlinearity,4,5 but with a response
that can be much faster than the diffusion response in c
tals with LE@LD . In this case the transverse field distrib
tion in the photorefractive surface TE wav
Ey(x,y)5A(x)exp(ibz) satisfies the linear equation4,5

231231-02$10.00 © 1997 American Institute of Physics
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22b2!A12q
dA

dx
50 for 0>x>2L, ~3!

wherek252pn2 /l, l is the wavelength of the light wave,
n2 is the refractive index of the unperturbed crystal, and th
parameterq takes into account the change in the refractiv
index due to the photorefractive effect. In our model it take
the form

q5S 2p

l
n2
2D 2r effS mtRE0

21
kBT

e D , ~4!

where r eff is the effective electrooptical coefficient of the
crystal.

For a sample with metal electrodes~Fig. 1!, if we use the
boundary conditionsEy(0,z)5Ey(2L,z)50, the transverse
field distribution in the photorefractive surface wave can b
brought to the form

A~x!5exp~qx!sin~Ak222q22bx! ~5!

with a propagation constant

b5Ak2
22q22

~m11!2p2

L2
, ~6!

wherem50,1,2, . . . is the index of the eigenmode. Strictly
speaking, the optical activity and the linear birefringence in
duced by the external field results in elliptical polarization o
the light wave in the sillenite crystals, which is not accounte
for in Eq. ~3!. However, when an external fieldE0;10
kV/cm is applied in the@1̄11# direction in the Bi12TiO20 crys-
tal, the polarization eigenvectors have very little ellipticity
with the ellipse axes parallel and perpendicular to thi
direction.11 Therefore we can assume that if the input ligh
beam is polarizede'

i @1̄11# ~Fig. 1!, photorefractive TE sur-
face waves will be excited in the crystal.

FIG. 1. Configuration of the sillenite crystal with an applied square- wav
voltageU(t) and a light beam that excites the photorefractive surface wav
1— crystal,2— metal electrodes.
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e

s

e

-
f
d

s
t

The transverse distributions of the optical field (l 5 633
nm! for the mode withm5150 in a Bi12TiO20 crystal with a
thicknessL51 mm forE0510 kV/cm andE058 kV/cm are
shown in Fig. 2. In the calculations we used the crystal
rameters cited above andr eff52310212 m/V, which is de-
termined with allowance for the photoelastic contributi
from the data of Refs. 12. As one can see from Fig. 2, as
amplitude of the external field increases, the photorefrac
surface of the TE wave close to the crystal boundaryz50
becomes more localized. At an amplitudeE0510 kV/cm
most of the energy in the wave is transported in a layer
thickness;15 mm. Hence we have in this paper shown
simple theoretical model for the photorefractive surfaces
the TE waves for a sillenite crystal placed in an alternatin
sign electric field.

This work was carried out with the partial support of th
‘‘Stek’’ company.
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New potential applications of scanning electron microscopy to studying InAsSb/

InAsSbP lasers

V. A. Solov’ev, M. P. Mikha lova, M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 54–60~March 26, 1997!

New potentials are demonstrated for the application of scanning electron microscope methods to
identifying heteroboundaries, monitoring the sharpness of interfaces, and determining the
positions ofp–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 currents (I th<25 mA atT5 77 K! for lasing wavelengths
l53–3.5mm. © 1997 American Institute of Physics.@S1063-7850~97!02803-6#

A great deal of interest has recently been focused on thewaveguide, grown by liquid-phase epitaxy on an InAs~100!
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laser diodes for the mid infrared region of 3–5mm, based on
narrow-gap semiconducting III–V compounds.1–5 Such la-
sers operating at room temperature are very important
laser diode spectroscopy and ecological monitoring, si
the absorption bands of many industrial and natural gase
in this wavelength range.6 However, the highest operatin
temperature for lasers based on the solid solutions InAs
InAsSbP has been 180–200 K~Refs. 1 and 4!.

The problem of obtaining better laser structures havin
correspondingly higher operating temperature is directly
lated to the development of methods of monitoring the
rameters of the internal geometry of the structure, such as
layer thickness, the sharpness of the heteroboundary, the
sition of thep–n junction relative to the heteroboundary, e
The last parameter is particularly important, since it det
mines to a large degree the threshold current of injec
heterolasers. Methods that have gained wide use for diag
tics of heterostructures involve scanning electron microsc
techniques, which have a high spatial resolution and are
to record a number of different signals, including second
electron emission, reflected electrons, the current induce
the electron probe, etc.7 To determine the position of th
p–n junction relative to the known positions of the hete
oboundaries one can use simultaneous measurements o
current induced by the electron probe and the reflected e
trons, or the current induced by the electron probe and
ondary electrons. However, an attempt to use the stan
approaches of secondary electron microscopy to study la
based on solid solutions of InAsSb and InAsSbP encounte
a number of problems, whose solution is the subject ma
of this paper.

Such heterostructures, as a rule, will have a large le
age current at 300 K, so that in most cases it is not poss
to record the signal current induced by the electron prob
room temperature. Difficulties also arise in measuring
reflected electron signal because of the low signal-to-no
ratio. In addition, the reflected electron signal profile has
unusual shape, which is difficult to explain from a compa
son with previously published information.

We investigated double heterostructures w
InAsSb0.15P0.3 wide-gap emitters and an InAsSb0.05active re-
gion, as well as structures with a broadened InAsSb0.05P0.1

233 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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substrate. The line profiles of secondary electrons, refle
electrons, and the current induced by the electron probe w
measured by scanning the electron beam over a clea
surface of the sample in the direction perpendicular to
epitaxial layers. The accelerating voltage in our experim
was set atU510–15 kV, and probe current wasI b5(1–5!
310210 A.

To solve the problem of the identification and accura
determination of the position of the heteroboundary, we st
ied the formation of the secondary electron signal and
reflected electron signal because these signals are also
for measuring the thickness of the layers with differe
chemical composition.

It was found that the contrast in the secondary emiss
measurements was not stable. With a single scan of a pr
ously unirradiated portion of the sample, we observed sh
contrast, opposite in sign to the contrast observed in the
flected electron measurements~Fig. 1!. With multiple scan-
ning this contrast decreased, reversed its sign, and bec

FIG. 1. Line profiles of the reflected electron signals~1! and of the second-
ary electron signals~2! for a double heterostructure.

233233-03$10.00 © 1997 American Institute of Physics
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similar to that in the secondary electron measureme
Therefore it is better to use the reflected electron metho

A feature of the structures based on the multicompon
solid solutions is that the average atomic numbersZ for
neighboring epitaxial layers are nearly the same. There
the contrast of the reflected electrons is small even comp
to the system AlGaAs–GaAs~Ref. 8!, and is,2% in rela-
tive units. To eliminate artifacts and determine accurately
location of the heteroboundary, the reflected electron profi
were studied on freshly cleaved structures before apply
the contacts, with the cleaves made close to the crysta
graphic planes with a minimum of defects.

In Ref. 9 the structure AlGaAs–GaAs was used to de
onstrate that the reflected electron signal varies nonmo
tonically near the heterojunction. The line profiles of the
flected electrons have a maximum and minimum in
intensity on opposite sides of the interface, which is due
the anisotropy of the energy spectrum of the reflected e
trons at the heterojunction.9 For the structures studied in th
investigation, the analogous reflected electron profiles w

FIG. 2. Line profiles of the reflected electron signals near the InAsSb
InAsSb heterojunction~a! and the InAs–InAsSbP heterojunction~b!.
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observed only for the heterojunctions between InAsSbP
ers with different phosphorous content.

As one can see from Fig. 1, the reflected electron yi
for the InAsSbP layers is greater than for the compou
InAs or InAsSb. However, the profile of the reflected ele
tron signal measured at sharp InAsSbP–InAs or InAsSb
InAsSb heterojunctions is considerably different from t
profiles of the reflected electrons for the system AlGaA
GaAs and has the form of a zigzag curve~Fig. 2a!. We shall
show that these variations in the reflected electron signa
the electron beam moves towards the interface are due to
difference in the stopping power of the materials compos
the heteropair,9 whereas the jump in the reflected electr
signal at the heterojunction is related to the forwa
scattering properties of the electrons in the quatern
InAsSbP solid solutions compared to the binary and tern
compounds. It should be noted that the zigzag shape of
reflected electron profile with the jump at the heterojunct
is characteristic of sharp interfaces. The less sharp the in
face the smaller and more washed out is the jump in
reflected electron signal. For smooth~diffused! heterojunc-
tions the jump not there at all~Fig. 2b!.

To execute the method for determining the position
thep–n junction in structures based on narrow-gap semic
ductors, we propose to make the measurements at low
peratures, near the temperature of liquid nitrogen. At low
temperatures the leakage current in these structures is
siderably lower, which permits measurements of the curr
signal induced by the electron probe.

To measure the current signal induced by the elect
probe we used a highly accurate low-noise amplifier, w
which it is possible to measure the current signal induced
the electron probe for probe currentsI b,10212 A. The ex-
periments were carried out at temperatures in the ra
T581–300 K by an automated apparatus based on a C

–

FIG. 3. Line profiles of the reflected electron signals~1! and the current
induced by the electron probe, atT581 K ~2! and 300 K~3! for a double
heterostructure.

234Solov’ev et al.
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structures based on InAsSb/InAsSbP and obtain record low
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a cooling stage to cool samples toT577 K. The laser we
studied was clamped on a specially designed attachm
which then was affixed to the regular stage.

Even in those rare situations where it was possible
measure the signal current induced by the electron prob
T5300 K, cooling of the sample greatly enhanced the sign
to-noise ratio, and consequently the accuracy of the dete
nation of the position of thep–n junction~Fig. 3!. Of course,
by applying the method used to process the curve of
current induced by the electron probe, one can obtain in
mation on the diffusion lengths, the surface recombinat
velocity, and the interface recombination velocity of the m
nority carriers. A positive aspect is that these parameters
be determined for the temperatures at which the laser o
ates.

In summary, we have demonstrated new potentials
identifying heteroboundaries, monitoring the sharpness o
terfaces, and also determining the position of thep–n junc-
tion in lasers based on InAsSb/InAsSbP by using scann
electron microscope methods. By the proposed method
possible to optimize the parameters of long-wavelength la
235 Tech. Phys. Lett. 23 (3), March 1997
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threshold currents (I th<25 mA at 77 K! in the lasing wave-
length rangel53–3.5mm ~Ref. 5!.
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One-dimensional chain of maps with unidirectional threshold coupling

he
A. A. Koronovski 

N. G. Chernyshevski� Saratov State University, State Educational Science Center ‘‘Kolledzh’’
~Submitted November 19, 1996!
Pis’ma Zh. Tekh. Fiz.23, 61–66~March 26, 1997!

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. ©1997 American Institute of Physics.
@S1063-7850~97!02903-0#

Systems with a discrete time are widely studied by
1,2

two equilibrium states will be set up in it, depending on t
0 0
s

nd
o
ag
nd
an
tic
g
pl
t

p

u-
s

ai

te
s
s

th
an
c
oin

a

e

-

ite
o

on-
m

h a
kes
rtain
the
ow
fi-

ter-
to
ity

ch a
the
r-
nt
tely
in

ain
ion
n
ill

ulse

m

t-
that
the
ill

er
will
the
the

ios

30
physicists and mathematicians.The interest in system
with a discrete time is due first to their relative simplicity a
the possibility of being studied quickly for a broad range
variation of the control parameters; second, in the langu
of systems with discrete time, the possibility of clearly a
transparently elucidating the nature of chaotic dynamics
the scenarios for the transition from periodic to chao
oscillations.3,4 In addition, by means of maps, includin
those based on the logistic map, a broad class of cou
maps have been constructed, chains and lattices of maps
modulate distributed systems and play an important role
helping to understand the dynamics of similar systems.5–8

In this paper we shall investigate a chain of logistic ma
~semi-infinite or closed in a ring! with a fundamentally new
type of coupling, which I call unidirectional threshold co
pling. The dynamics of such a chain is described by map
the form

xi j115xi j @a2xi j6s•tanh~k~xi21 j2xs!!#,

where i is the spatial coordinate of an element of the ch
and j is the discrete time. If the chain consists ofN elements
and is closed in a ring, then we have the relation

x1 j115x1 j@a2x1 j6s•tanh~k~xNj2xs!!#.

Since the coupling is fundamentally new, it may be expec
that the behavior of the chain will differ from that of chain
of logistic maps with the ‘‘traditional’’ types of coupling
~for example, with dissipative coupling!, which are widely
discussed in the literature~see, e.g., Ref. 9!. The parameters
a ands are chosen so that in the absence of the coupling
behavior of each element of the chain does not exhibit
complex dynamics. With the coupling the behavior of ea
element of the chain corresponds to the attracting p
xi j11* 5a216s • tanh(k(xi21j2xs)) ~ask→`,xi*5a216s)
if the value in the adjacent (i21) element is less than
certain thresholdxs . If the value of xi21 j exceeds this
threshold, the behavior of thei th element corresponds to th
attracting point xi j11* 5a217s•tanh(k(xi21j2xs)) ~for
k→`, xi*5a217s). Later we shall examine a chain de
scribed by the map

xi j115xi j @a2xi j1s•tanh„k~xi21 j2xs!…#.

It is entirely understandable that if a given semi-infin
chain is left to itself, then after a transition process one

236 Tech. Phys. Lett. 23 (3), March 1997 1063-7850/97/0
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value of the first element:xi j.xs if x1 j.xs and xi j,xs if
x1 j,xs . Indeed, such a chain is a sequence of unidirecti
ally coupled bistable elements, for which the transition fro
one of the states to the other occurs after a finite time~in the
present case we have in mind a discrete time!. It is also clear
that if an external agent is applied at the entrance to suc
chain~since the chain consists of bistable elements, it ma
sense hereafter to consider a rectangular pulse of a ce
duration!, then the perturbation begins to propagate from
entrance of the chain, initiated by this external agency. H
will the external perturbation introduced into the semi- in
nite chain evolve ast→`? At first we can envision three
scenarios for the development of the events: First, an ex
nal agency in the form of a rectangular pulse can begin
propagate almost without distortion with a constant veloc
in the direction determined by the~unidirectional! coupling
of the previous element with the succeeding element. Su
situation is possible if the leading and trailing edges of
pulse travel with the same velocity, which in turn, is dete
mined by the time required for the transition of any eleme
of the chain from one state to the other, and thus, ultima
by the parameters of the medium. If our system is closed
a ring, then the introduced pulse will circulate over the ch
forever if the length of the chain is greater than the durat
of the perturbation multiplied by the velocity of propagatio
of the pulse; otherwise all the elements of the chain w
remain in the ‘‘perturbed’’ state.

Second, it may happen that the leading edge of the p
propagates faster than the trailing edge~in other words, the
time for an element of the chain to make the transition fro
the unperturbed state (xi j

0,xs) to the perturbed state
(xi j

0.xs) is shorter than the reverse!; then the leading edge
‘‘runs away’’ from the trailing edge and an expanding rec
angular pulse travels over the chain. One can understand
in a chain of elements closed in a ring the leading edge of
pulse will overtake the trailing edge and all the elements w
end up in the perturbed state.

Finally, the leading edge of the pulse can travel slow
than the trailing edge, and then the propagating pulse
steadily shrink until the trailing edge of the pulse reaches
leading edge, and then the pulse collapses. Obviously,
same thing will happen for a chain closed into a ring.

As one can infer from this discussion, all three scenar
are possible for the development of events in a chain~which,

236236-03$10.00 © 1997 American Institute of Physics
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FIG. 1. An external perturbation transformed into a solita
pulse propagating thereafter in a chain~a!. Profile of the soli-
tary pulse at three sequential discrete times~b–d!.
in fact can be considered as a discrete model of some me-
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pulse travels faster than the leading edge, but when the trail-
s not
ain
ial

r-
ced
to
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dium!, depending on the parameter values: forxs50.095 the
pulse travels along the chain with a constant length an
constant velocity; forxs50.08 the pulse expands as it trave
and forxs50.22 the pulse shrinks, and after a certain inter
of discrete time it collapses.~the parameter values area5
1.5 ands50.45!.

However, there is yet one more possible scenario for
propagation of a perturbation introduced into a chain, wh
is realized for the parameter valuesa51.5, s50.45, k→`,
and 0.096,xs,0.215. The trailing edge of the rectangul
a
,
l

e
h

ing edge catches up with the leading edge, the pulse doe
collapse, but rather a solitary pulse travels over the ch
~Fig. 1a!. This pulse is stable in the sense that any init
perturbation that has an amplitude larger thanxs and a dura-
tion longer than that of the solitary pulse, which is dete
mined by the parameters of the medium, and is introdu
into the chain over a certain interval time is converted in
this solitary pulse. It is noted that the solitary pulse cannot
called ‘‘stationary’’ ~by analogy with stationary waves i
continuous media; see, e.g., Ref. 10!, since its profiles at
ter
FIG. 2. Histograms of a solitary pulse for different parame
values~a–d!.
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In conclusion, I would like to thank D. I. Trubetskov for
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k 2
profiles of a solitary pulse propagating over a chain at th
consecutive discrete times,j , ( j11), and (j12) for
xs50.1. From these figures it can be seen that the soli
pulse is stable spatial structure that varies periodically
discrete time with a period 2. A similar situation occurs
the cells of an automaton~see, e. g., the game of ‘‘life’’; Ref.
11!. It should be pointed out, however, that the profile o
solitary pulse can change with a complex period, or cha
cally. Figure 2 shows histograms for the characteristic po
of the pulse profile for various parameter values: Fig.
shows the histogram for the peaks of the solitary pulse
the parameter valuesa51.5, s50.45, k→`, and xs50.1,
while Fig. 2b shows the histogram for a point of the solita
pulse two spatial units away from the peak of the pulse~for
the same parameter values!. Figure 2c and d show histo
grams for these same two points for parameter val
a51.5,s50.45,k→`, andxs50.15, and Fig. 2f is a histo
gram for the peak of the solitary pulse fora51.5, s50.45,
k5100, andxs50.19. This figure shows that the profile o
the solitary wave is a stable structure with chaotic dynam
propagating in the chain.
238 Tech. Phys. Lett. 23 (3), March 1997
e

ry
n

i-
ts
a
r

s

s,

his steady interest and support, and also V. I. Ponomare
for valuable advice that I used in writing this paper.

1K. Kaneko, Theory and Applications of Coupled Map Lattices~John
Wiley and Sons, Chichester, 1993!.

2A. N. Sharkovski�, S. F. Kolyada, A. G. Sivak, and V. V. Fedorenko
Dynamics of One-Dimensional Maps@in Russian# ~Naukova Dumka,
Kiev, 1989!.

3A. P. Kuznetsov and S. P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved. P
1~1,2!, 15 ~1993!.

4A. P. Kuznetsov and S. P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved. P
1~3,4!, 17 ~1993!.

5A. P. Kuznetsov and S. P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved.
diofiz. 34~10, 11, 12! ~1991!.

6A. P. Kuznetsov, S. P. Kuznetsov, and I. R. Sataev, Izv. Vyssh. Uche
Zaved. Radiofiz.34, 357 ~1991!.

7S. P. Kuznetsov, Pis’ma Zh. Tekh. Fiz.9, 94 ~1983! @Sov. Tech. Phys.
Lett. 9, 41 ~1983!#.

8A. P. Kuznetsov and S. P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved.
diofiz. 34, 142 ~1991!.

9V. V. Astakhov, B. P. Bezruchko, V. I. Ponomarenko, and E. P. Selezn
Lectures on Microwave Electronics and Radiophysics, 10th Winter
School-Seminar: Inter-University Collection of Scientific Papers, Boo
~Published by GosUNTs ‘‘Kolledzh,’’ Saratov, 1996!.

10A. Scott,Active and Nonlinear Wave Propagation in Electronics~Wiley,
New York, 1970! @Russ. transl., Sov. Radio, 1977#.

11M. Gardner,Krestiki-Noliki @Russian translation# ~Mir, Moscow, 1988!.

Translated by J. R. Anderson
238A. A. Koronovski 



Frictional self-oscillations caused by deformation of the irregularities of the contacting

ck
surfaces
F. M. Borodich and I. V. Kryukova

Moscow Institute of Radio Engineering, Electronics, and Automation
~Submitted November 27, 1996!
Pis’ma Zh. Tekh. Fiz.23, 67–73~March 26, 1997!

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 linearly. ©1997
American Institute of Physics.@S1063-7850~97!03003-6#

The theoretical and experimental study of the dynamicalspring. This system permits the motion of the sliding blo
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processes due to the friction generated when two nor
planes slide past each other has been the subject of a
number of papers~see, e.g., the review, Ref. 1!. In the theo-
retical models the following assumptions are almost alw
made: the irregularities of the body can be neglected;
motion occurs only along the nominal contact plane; the f
tion is described by the modified Amantons law. The l
assumption means that the static and dynamic coefficien
friction differ, and the coefficient of friction as a function o
the relative velocity of the sliding bodies has the followin
form: it is antisymmetric, it has vertical segments cor
sponding to resting friction, and then it falls off monoton
cally or discontinuously, always concave to the horizon
axis. This dependence has also been applied in a some
different form: it falls off at first and then begins to rise.2,3

Within these assumptions, simulations have been car
out, with greater or lesser thoroughness, for a numbe
complex physical processes, up to self-oscillations of vio
strings and chaotically oscillating systems undergoing ex
nal and internal excitations.2–5 Nevertheless, no detailed de
scription exists for the underlying causes of the differen
between static and kinetic friction.

Many experiments have been done that support the
pothesis that the basic cause for this difference is the mo
~oscillation! of the body in the plane perpendicular to th
sliding plane.6,7 Of these hypotheses, the one that has b
developed to the greatest extent is presented in Ref. 1, w
considered the classical system: a sliding block, slides w
friction over moving conveyor belt that pulls on a horizon
al
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in two directions~vertically and horizontally!. A numerical
simulation showed that self-oscillations of the block can o
cur even in the absence of local maxima corresponding
resting friction. The main feature of this model, that whi
permits the system to exhibit this behavior, was the prese
of a phenomenological nonlinear viscous-elastic depende
between the proximity of the two bodies and the cont
force.

We present here the results of a numerical simulati
that show that frictional self-oscillations can arise even in
purely elastic system, in which no artificial differences b
tween the static and dynamic coefficients of friction are
troduced, and the material at each point of the rough surf
deforms according to a linear-elastic law. This seemin
paradoxical result is obtained within one of the models
vanced in Ref. 8. This model, like the model of Ref. 1, pe
mits motion in two mutually perpendicular directions an
rejects the Amanton law. However, unlike in Ref. 1, t
present model explicitly introduces a function that describ
the roughness of the contacting surfaces.

Let us consider a sliding block of length 2a and unit
massM lying on a belt moving with a constant velocityU.
As the block moves it pulls on a horizontal spring with
spring constantkx . In the calculations we use the followin
coordinate system: absolute coordinates (x,y) and local co-
ordinates (js ,hs) for the block and the belt, respectivel
~Fig. 1!.

We assume that the block and the belt are rigid a
planar, but each surface is covered with a deformable ro
of
FIG. 1. General diagram of the model and the system
coordinates.
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he
FIG. 2. Schematic depiction of the contact between t
block and the belt.
layer. In the local coordinate system the rough surfaces of
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functions of the belt and of the block areab5as51.0, the
belt

is

n’s
re
the block and the belt are described by the functionsf s and
f b , respectively. The first approximation in the calculatio
is taken as

f b~x!5ab sin~vbx!, f s~x!5as sin~vsx!. ~1!

In this model it is also assumed that these surfaces c
sist of linearly elastic springs all with the same stiffnesse. It
is clear that if the distance between the belt and the bloc
small, then the irregularities of the two surfaces partia
overlap~Fig. 2!.

Then the force of elastic interactionFely will be equal to
the integral of all the local elastic interaction forces over
entire length of the block

Fely5E
2a

a

F~j!dj, ~2!

where

F~j!5besC~ f b~j1x2Ut !2 f s~j!2y!.

One can readily see that the local deformation funct
vanishes if the irregularities at a given point do not intera
i.e.,

C~x!5x for x.0 andC~x!50, x,0.

In a numerical modeling the functionC(x) is described
by the smoothed function

C~x!5x~1/p arctan~a2x!11/2!11/p, a251.

Similarly, for the numerical modeling, the jump in th
force of friction is smoothed out and the coefficient of fri
tion in the Coulomb law is taken as

sign~x!52/p arctan~a1x!, a15100.

Thus the dynamic behavior of the system for a slidi
block of unit mass is described by the system of equatio

ẍ~ t !5F f rx~Fy ,ẋ2U !1Felx~x2a0!, a050, ~3!

ÿ~ t !5Fely2g, g59.813103, ~4!

whereFelx is the elastic resistance force of the spring,F f rx is
the force of friction.

In the calculations we used the following parameter v
ues: the stiffness of the springs representing the irregular
is e510 per spring, the width of overlap of the contactin
surfaces isb54.0, the amplitudes of the surface roughne

240 Tech. Phys. Lett. 23 (3), March 1997
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frequencies of the surface roughness functions on the
and on the block arevb51.03105 and vs53.03105, re-
spectively, and the stiffness of the horizontal spring
kx510. The system of equations~3!–~4! was solved by the
Runge-Kutta method with the integration done by Simpso
rule at each step of the iteration. The initial values we

FIG. 3. Time dependence of the coordinatex of the center of mass of the
block: a —U50.0, b —U50.3, c —U51.0.
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x(0)51.0, ẋ(0)50.0, y(0)52.0, andẏ(0)50.0.
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In Fig. 3 we show some results of the calculations, s
cifically the time dependence of thex coordinate of the cen
ter of mass of the block for various belt velocities.

One can see that forU50.0 the horizontal oscillations
are quickly damped, while forU50.3 they are damped mor
slowly. For U51.0, frictional self-oscillations arise which
are sinusoidal.

It is obvious that this model permits one to analyze a
arbitrary surface roughness function, and not only a funct
of the form~1!. It is also easy to model the roughness not
a layer of springs of the same stiffness, but by a layer
elastic rods of equal height, as proposed in Ref. 8.

We note that in almost all investigations of the deform
tion of the irregularities of contacting surfaces the mod
that are used are based on the Greenwood-Williams mo1

This model is based on the solution of the Hertz problem
which the contact between two curved surfaces reduce
the problem of contact between a planar surface and
equivalent curved surface. While this model gives good
sults in the static case, when it is applied to dynamical pr
lems it may omit certain important details, since the dep
dence of the force of contact on the proximity of the bod
is the same for any relative displacement of the bodies al
the contact plane. One of the important features of t
model, in contrast to those used previously, is that both
faces are rough, and therefore with a relative displacemen
the contacting surfaces the distribution of the mutually ov
241 Tech. Phys. Lett. 23 (3), March 1997
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grated dependence of the contact force on the proximity
the bodies will vary with the displacement of the block fro
point to point.

By taking the surface roughness and the vertical osci
tions of the block into account explicitly, we were able
demonstrate that frictional self-oscillations are possible in
elastic system in which no artificial differences between
static and dynamic coefficients of friction are introduced.

The authors wish to thank A. P. Kryukov for his kin
attention to this investigation and for stimulating discussio
The first author thanks the Alexander von Humboldt Fou
dation for financial support of his work at Hannover Unive
sity, where this work was completed.
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Minimum concentration of surface-active material required for damping

liq-
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. Fiz.23, 74–79~March 26, 1997!

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 Physics.@S1063-7850~97!03103-0#

The damping of capillary waves by surface-active mate-the liquid surface. We denote the surface tension of the
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rial has been known for a long time. The basic theory of
phenomenon has been described in Ref. 1, and the numb
papers concerned with the study of this phenomenon con
ues to grow steadily. Nonetheless, some aspects of the d
ing effect have not yet been studied. The first is the relat
between the effective elasticity of the film and its ability
damp capillary waves. There has been little study of the
fect of inactive surface materials on the motion of capilla
waves with a surface electric charge or the possible inte
tion of surface-active material with a surface electric fie
which the free surface of a liquid can maintain.2

We shall study the problem of calculating the spectr
of capillary motion in an ideally conducting medium of infi
nite depth in a gravitational fieldg and an electrostatic field
E, both normal to the free surface. We assume that the liq
has a densityr, a kinematic viscosityn, and a surface-active
material dissolved in it to a concentrationC. This material
will emerge by diffusion to the surface and form a film on
with a surface concentrationG0 in the unperturbed state. Thi
film is assumed to be completely entrained into the motion
e
r of
n-
p-
n

f-

c-
,

id

f

uid with the surface-active medium ass, andmn andmp are
the chemical potentials of its volume and surface phases.
relaxation time of the active material between the surfa
and the bulk region of the solvent adjacent to the surfac
small compared to the period 2p/v0 of the perturbation,
which is produced by a wave with a frequencyv0. This
means that the surface and bulk solutions are always
state of equilibrium. The electric fieldE at the liquid surface
is determined by the potential difference between the e
trodes: the lower electrode is the conducting liquid itself
one can apply a potentialF150(z→2`), and parallel to
the surface of the liquid in the absence of any perturbatio
and the upper counter electrode, located a distanceb from
the surface, and having a potentialF25V.

Consider now a Cartesian coordinate system arrange
that thez axis is points upward:nzi2g ~herenz is the unit
vector of the Cartesian coordinatez), and thex axis is along
the direction of motion of the planar capillary wav
;exp(st1ikx). We have the planez50 coincide with the
free unperturbed surface of the liquid (s is the complex fre-
ter
al-
FIG. 1. Curves of Res5 Res(W) and Ims5 Im
s(W) for a liquid covered with a film of surface-active
material, plotted against the dimensionless parame
W, which characterizes the surface charge density, c
culated for k51, n50.1, L5500, D5331026, and
D*5331025. a — x0520.097, b —x0520.11.
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quency,k is the wave numbert is the time, andi is the
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imaginary unit!. The function j(x,t)5j0 exp(st1ikx) de-
scribes a small disturbance of the equilibrium plane of
liquid surface, caused by thermal capillary wave motion
extremely small amplitude (j0;(kT/g)1/2); k is Boltz-
mann’s constant,T is the absolute temperature;U„r t), the
velocity field of the liquid caused by the perturbatio
j(x,t), has the same order of smallness.

In dimensionless variables, whereg5r5s51, the dis-
persion equation of the capillary motion of the liquid has t
form2

2s2~s12nk2!2$s1D* k
21LAD~s1Dk2!%1v0

2$x0k
2s

3~k2Ak21s/n!2s2~s1D* k
21LAD~s1Dk2!!%

14n2k3s2$s1D* k
21LAD~s1Dk2!%Ak21s/n

2s3x0k
2Ak21s/n50; ~1!

x05
]s

]G
G0 ; L5S ]mn

]G0
D Y S ]mp

]C0
D ; W5

«E0
2

4p
;

E05V/b; v0
25k31K2Wk2coth~kb!,

whereD* is the surface diffusion coefficient of the surfac
active material,W characterizes the pressure of the elec
field on the charged surface of the liquid, or, equivalen
the surface charge density. The quantityx0 has the meaning
of the elastic constant of the surface film of this material, a
varies between21 and11. The range of valuesx0,0 cor-
responds to an ordinary active material, which reduces
surface tensions of the free surface, while the rang
x0.0 corresponds to the inactive materials, which incre
s; the quantityL is the reciprocal characteristic length
variation of the bulk concentration of the surface-active m
terial near the surfaceL;(sD2/rg3)21/4 and in practice is
determined by the slope of the adsorption isothe
G5G(C).

A numerical analysis of the dispersion equation~1!
shows that in addition to the usual capillary motion of t
liquid, which occurs in the absence of the material, two
ditional damping waves appear in this situation: one ass
ated with wave motion in the elastic film and the other w
the flow of material diffusing to the surface from the bulk
the liquid.2 The rangex0,0 corresponds to damping of th
surface waves by the film, and is due to waves that form
the film, as has been shown theoretically and experiment
in Refs. 3–6. However, numerical calculations show that
wave motion in the film~and thus the damping effect! exists
not for just any values ofx0, but only forx0,20.11. The
reason for this lies in the negative feedback between
concentrationG0 of the surface-active material on the fre
surface of the liquid and the bulk concentrationC0: for low
G0 ~small values ofx0) the inhomogeneities induced in it
concentration distribution over the surface by the therm
capillary wave do not create a surface wave associated
the redistribution, but are rapidly compensated by flows t
arise from the bulk of the liquid normal to the free surfac
The presence of uncompensated electric charge on the
surface extends the region where the damping effect occ

243 Tech. Phys. Lett. 23 (3), March 1997
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For example, with a high enough surface charge densityW,
wave motion appears in the film even forx0.20.11, or
more precisely, atx0520.097. Whenx0 decreases from
x0520.097 tox0520.11, the region of existence of wav
motion in the film expands along theW axis toW50.

The results of a numerical analysis of the dispers
equation~1! are illustrated in Fig. 1a,b, where the real part
the complex frequency, Res, and the imaginary part Ims are
plotted as functions of the parameterW for various negative
values ofx0.

Figure 2 shows Res5 Res(x0) for the region of inac-
tive materials:x0.0, which, as shown in Ref. 2, are able
destabilize the free surface of a liquid. The range of valu
Res.0 determines the growth increment of the correspo
ing instability as a function ofx0. However, for small values
of x0, because of the negative feedback, destabilization
the free liquid surface by inactive materials does not occ
the curve Res5 Res(x0) for x0→10 moves from the re-
gion Res.0 to the region Res,0, to the right of the origin,
and falls off monotonically tox050, passes into the regio
x0,0, in which there is essentially no change up
x0521, and stops at parameter values that are compar
in absolute magnitude with the bulk diffusion coefficie
D.

The conclusion common to the usual and inactive s
face materials reduces to the damping of their effect on c
illary oscillations at low concentrations and the stability
the free liquid surface due to the formation of liquid flows
the bulk, normal to the free surface. This effect does
occur for insoluble surface-active materials.
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FIG. 2. Curve of Res5 Res(x0) for a liquid containing a dissolved
surface-inactive materials, plotted against the dimensionless parametex0,
which is the elastic constant of the film of the active material, calculated
k51, n50.1,L5500,D5331026, andD*5331025; W52.
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Control of the morphology of n -type porous silicon

ilar
É. Yu. Buchin and A. V. Prokaznikov

Institute of Microelectronics, Russian Academy of Sciences, Yaroslavl’
~Submitted April 26, 1996!
Pis’ma Zh. Tekh. Fiz.23, 80–84~March 26, 1997!

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 structures. ©1997
American Institute of Physics.@S1063-7850~97!03203-5#

Porous silicon has attracted the attention of scientists oframeter values noted is shown in Figs. 1 and 2; it is sim
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many groups because of the broad range of its phys
chemical properties, as well as the multitude of properties
the structures produced by a single silicon technology. M
of its physical-chemical characteristics are closely link
with the properties of the morphology of its porous structu
The morphological aspect of the complex of problems
not yet been investigated adequately.1 Despite the existence
of papers reporting studies of preparing porous silicon
controlling its properties, there is still no common theory f
pore formation in silicon or other semiconductors.1

Possible ways to control the morphology of lightl
dopedn-type porous silicon have been sought in Refs. 2
Macropores in the form of vertical channels perpendicula
the surface have been observed in Ref. 2. In Ref. 4 it
been shown that with an increase in such parameters a
illumination intensity and the anodization time, and with
decrease in the current density, the amorphization of the
face is enhanced during the anodization in concentrated
drofluoric acid~HF!, while the pores branch out into a lowe
part to form microstructures.5 In Ref. 3 it was noted tha
when the wavelength of the illumination was changed dur
anodization in dilute HF solutions the external profile of t
macrochannels can change from cylindrical to conical.

It has been observed6–8 that in the anodization o
n-type silicon in a mixture of HF with isopropyl alcoho
~1 : 1 by volume!, four types of pore morphology appea
which are formed with specific combinations of the para
eters involved in the anodization, a correlation was obser
between the type of morphology and the properties of
photoluminescence spectra, and it was shown possibl
control the generation of porous silicon consisting of alt
nating structures with different types of morphology.

We have studied the current-voltage characteris
(I –V characteristics! taken under various conditions of an
odization corresponding to the formation of the four ma
types of pore morphology, and also advanced a theore
explanation of the behavior of the characteristics and
formation of the main types of morphology.

The experimental method and the method for taking
I –V characteristics for a system consisting of a silicon an
~type KÉF silicon! and the electrolyte~a mixture of HF with
alcohol! were carried out in the standard way, described
Refs. 4–7. The rate of linear sweep of the stabilized volt
was 10 V/s.

The general shape of theI –V characteristics for the pa
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to that published in Refs. 4, 9, and 10. TheI –V characteris-
tics can nominally be divided into four sections. The first
the initial part of sharp rise, the second is the upper par
the sharp rise, the third is the current saturation~plateau!
region, and the fourth is the second part of rise. The exte
shape of theI –V characteristics is determined by the follow
ing parameters: the sample doping, the composition and c
centration of the electrolyte, the illumination conditions, a
the temperature; this is the object of the present study. Inv
tigations show that in the classification scheme used in R
6–8, the zeroth type of morphology of the porous structur
formed with the operating point on the first section of t
I –V characteristic, the first type of morphology is forme
with the operating point on the second section, and so fo
Consequently structures with a given morphology can
formed in the following way. In taking theI –V characteristic
one can select the operating point according to the cur

FIG. 1. Current-voltage characteristics taken during anodization in a s
tion consisting of HF and isopropanol in the ratio 1 : 1 by volume for va
ous anodization parameters — illumination power densityJ, electrolyte
temperaturet, °C, anodization time,t: 1 — J50.06 W/cm2, t530 °C,
t51 min; 2 — J50.12 W/cm2, t530 °C, t51 min; 3 — J50.12
W/cm2, t560 °C, t51 min; 4— J50.1 W/cm2, t560 °C, t53 min. The
stabilized anode current during anodization before taking theI –V charac-
teristic was j525 mA/cm2. The Roman numerals for curve1 show the
sections of theI –V characteristic on which the porous structures with t
different pore morphologies are formed.

244244-02$10.00 © 1997 American Institute of Physics
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FIG. 2. Current-voltage characteristics, taken duri
anodization 1 min after the start of the process w
stabilized anode currentj 5 25 mA/cm2 for various
electrolyte compositions:1 — concentrated HF~48%
by weight!, 2 — a mixture of HF and water~1 : 1 by
volume!, 3 — a mixture of HF and isopropanol~1 : 1
by volume!.
and voltage in the four regions of theI –V characteristic
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mentioned above, and form any one of the four basic m
phological structures or any of them in combination,
moving along theI –V characteristic during the anodizatio

It can be seen on Fig. 2 that theI –V characteristic de-
pends strongly on the concentration and composition of
electrolyte. We note that the experiments carried out in R
4 used concentrated HF, while in Ref. 11, a very dilute
lution of HF was used. Figure 2 also shows that with t
alcohol addition theI –V characteristic takes on a shape f
which the sections of theI –V characteristic corresponding t
the formation of porous silicon with the different morphol
gies are very well resolved for certain light intensities, a
consequently the conditions for controlled formation of p
rous silicon with different morphology become optimum.

The overall form of theI –V characteristic is on the
whole well accounted for by the theory of kinetics with th
generation of minority carriers in the space-charge region9,10

as applied to the pore formation processes. The distribu
of the total potential drop depends on the doping level in
semiconductor, the concentration and composition of
electrolyte, and the potential difference applied to t
system.9 The initial region of increase in theI –V character-
istic is described by the Tafel law. The saturation section
described by the formulaj } w1/2 ~wherej is the current den-
sity andw is the applied potential difference. The seco
section of growth of theI –V characteristic is explained b
breakdown phenomena.9

The morphology of the porous structure is determined
the scattering of charge carriers by scattering centers in
semiconductor~impurities, phonons, dislocations, etc.!. The
probability of scattering of a carrier by scattering cent
varies with the carrier energy. For example, in scattering
charged impurities, the scattering cross section decre
with increasing carrier energy, which corresponds to
more elongated shape of the pores with increasing volta
Thus when the anodization is done with the operating po
chosen on the second rise, the porous structure is for
with less branching, with a ‘‘shower’’ morphology.

In this investigation we have presented detailed, syst
atic data from which one can relate the different morpholo
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~HF!-semiconductor (n-type silicon! system used in the an
odization. It is thus possible to generate controlled morph
ogy of the porous structure. It has been shown that the m
phology of the porous structure is determined by the posit
of the operating point on the current-voltage characteristic
the electrolyte~HF!-semiconductor (n-type silicon! system.
The shape of theI –V characteristic is determined by th
parameters of the system: the doping level of the sample,
temperature, the composition and concentration of the e
trolyte, and the illumination of the sample. The overall sha
of the I –V characteristic is described by kinetic theory wi
the generation of minority carriers in the space-charge
gion. It is concluded that the morphology of the porous str
ture is determined by scattering of the charge carriers
scattering centers, which affords the possibility of simplif
ing quantitative models reflecting the laws for the formati
of various types of morphology of the porous structure.

1R. L. Smith and S. D. Collins, J. Appl. Phys.71, R1 ~1992!.
2G. Bomchil and R. Herino, L’Echo Recherches131, 25 ~1988!.
3V. Lehmann and H. Foll, J. Electrochem. Soc.137, 653 ~1990!.
4Y. Arita and Y. Sunohara, J. Electrochem. Soc.124, 285 ~1977!.
5S. O. Izidinov, A. P. Blokhina, and L. A. Isma�lova Fiz. Khim. Obrab.
Mater.2, 92 ~1987!.
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245É. Yu. Buchin an A. V. Prokraznikov



Basic rules and effects of structural conditioning

G. E. Skvortsov

M. V. Lomonosov St. Petersburg State University
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The law of structural conditioning of disequilibrium is discussed. ©1997 American Institute of
Physics.@S1063-7850~97!03303-X#

Four basic rules describing highly nonequilibrium pro- u e ė
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cesses were stated in Ref. 1. The application of these rule
a wide range of systems and processes has demonst
various new aspects and possibilities. The original rules h
been modified accordingly and have essentially been
evated to the status of laws.

In this paper we examine the first of these laws: the l
of structural conditioning of disequilibrium. We discuss d
ferent manifestations of this law: behavioral regularities a
structurally conditioned effects.

A characteristic feature of highly nonequilibrium pro
cesses is that the effects that arise depend importantly on
structure and its changes in the course of the process.
circumstance is reflected symbolically in the formulation
the law of structural conditionality of disequilibrium: ‘‘dis
equilibrium is structurally conditioned.’’

1. The structure of a system is formed by structur
kinetic elements and the relations between them. In an ini
simplified statement the structure is characterized by qua
ties such as~for structural-kinetic elements! the massme ,
the size~diameter! l1, the rms velocityvT ~energy of ran-
dom motion«T5mevT

2/2), the binding energy«1, the ‘‘life-
time’’ ~relaxation time! t1, and the chargeqe ; ~for bonds!
the average distance between structural-kinetic elem
l2, the time between ‘‘collisions’’t2 (t2vT5l3 is the
‘‘mean free path’’!, and the interaction energy«2. These
average structural characteristics depend on the external
ditions and the intensities of the external influences~‘‘ac-
tions’’! and are functions of the coordinates and time.

The characteristics of the structure are used for mak
estimates, determining the similarity of processes, class
ing systems, and finding structurally conditioned effects.

2. On the basis of the general dynamical equations
the controlling macroscopic quantitiesan(xt) ~Ref. 2!, after
forming the corresponding structural quantitiesans(xt) from
the structural characteristics, we will obtain, in analogy w
Ref. 3, a complete system of suitable dimensionless con
ling quantitiesAn5(an2ane)/ans , whereane is the equilib-
rium value ofan .

Using a system of suitable controlling quantities supp
mented appropriately to allow for the natural conditio
~such as positivity, ‘‘consistency with the action,’’ compl
ance with known similitarity relations, and the ‘‘normed n
ture of the transition’’!, we obtain expressions for a set
degrees of disequilibrium. They have the form of a dime
sionless products of action factorsg and the corresponding
structural factorss@g#:
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ugsu:uAnu:V5UvTU, Ei5U« iU, Pi5U
«̇ i
U , ~1.1!

Jn5u~ j n2 j ne!/ j nsu, . . . ;

Fi5U t i f

mėvT
U , resn5F11kn

6Uan2anc
anc

UG21

,

resFi5@11 l i
6u . . . u#21, . . . ; ~1.2!

Win, j5ut i] tln~ uAnu,F j !u, Hin, j5ul i]xln~ uAnu,F j !u,
~1.3!

whereu is the velocity,e andė are the energy and power o
the action on the structural-kinetic elements,j n is the flux of
an , andanc is the threshold value ofan ~resonance, critical
point!.

Together with the degree of disequilibrium, as a meas
of the action and a measure of the change in structure
appropriate to use the quantities

G5gs0 , S5s@g#/s0 , s05s@0#. ~2!

The values ofgs are subdivided, according to the natu
of the actions, into active, neutral, and scale~1.3!. Active
structural disequilibria involve fluxes of mass, momentu
and energy; they appear in the quality boundary law.1

3. The setgs ~1!, describing an ‘‘action–object’’ system
has the fundamental properties of universality, completen
and constructivity. The completeness property means tha
the basic relations — the equations of state, the control
relations, the response functions — can be expresse
terms ofgs.

For small values ofgs these properties lead to a unive
sal ~for any system and any type of action! representation of
the basic relations in the form of the linear relations

F~gs!'F01( KFngsn , KFn5
]F

]gs
/g50. ~3!

We will call the quantitiesKFn the susceptibility coeffi-
cients, which are structurally conditioned quantities; they
realized as the specific heat, the kinetic coefficients, the
constants, etc. Relations~3! in essence represent the enti
classical theory of slightly nonequilibrium processes.

Using the setgswith allowance for it fundamental prop
erties, one can construct a theory of similarity of large d
equilibria of process, a generalized Kutateladze dynam
theory of similarity ~scaling!.3 Here the set of degrees o
disequilibrium specifies a universal scale of disequilibriu

246246-02$10.00 © 1997 American Institute of Physics
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systems and to ‘‘carry over’’ effects observed in one syst
to other systems.

The form ofgs shows that at a constant action factor t
degrees of disequilibrium increase in magnitude as the st
tural factor increases. This circumstance makes it possib
determine the potential disequilibrium of systems by me
of the ratios of the corresponding structural factors for
different systems. An essentially similar scale of the pot
tial disequilibrium was used in a classification of fluids2 ac-
cording to their structural complexity: a larger value of t
structural factors corresponds to a more complex structu

The universality of similarity is ensured by the ‘‘norme
transition’’ condition, which means that a structural tran
tion corresponds to equality of the active structural diseq
librium to unity. For example,V51 corresponds to a
subsonic–supersonic transition (vT is the local speed o
sound!. Essentially, it was universal similarity that was us
in Ref. 4 to carry over to all gases the anomalous relaxa
observed for xenon.4 On this same basis it can be stated th
for fluids and solids in shock waves there will be anomalo
relaxation atE151.

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

According to the general expressions for the kine
coefficients5,2 we obtain approximate formulas for the vi
cosity and conductivity:

h;
mevT

se~12g!F11
t1
t2

1F G , s;
nqq

2

nmevTse@ . . . #
, ~4!

t251/nevTse , g.pl1
3ne , ne,q are the number densities o

the structural-kinetic elements and charges, a
se(T,P,F);pr 1

2 is the interaction cross section of the stru
tural kinetic elements.

It is clear from Eq.~4! that the behavioral features of th
kinetic coefficients are conditioned by the same structu
characteristics. Obvious behavioral features are substant
smaller or larger values~in comparison with the averag
value for the given class of system! or a sharp change~jump!
in the characteristics.

4.1. A decrease~increase! in the cross section will lead
to an increase~decrease! in the relaxation timet2 and in the
mean free path and, with them, in the corresponding st
tural disequilibria; here the kinetic coefficients obviously i
crease~decrease!. An effect of this nature, in consequence
an increase in the cross section as a result of the ionizatio
argon, is in evidence in the results of Ref. 6.

The effect of a minimum of the cross section, in the fo
of a maximum of the current, can be observed in a wea
ionized inert-gas plasma at the energies of Ramsauer sca
ing. In the case of shock waves there are data indicatin
sharp increase in the~previously increasing! relaxation time
with increasing shock wave velocity.7 This indicates that the
corresponding regime (u'9 km/s in air! must be anomalous
~it correlates with the regime of shock wave instability th
was pointed out in Ref. 8!.
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elements leads to diverse nonequilibrium effects.
Rapid dissociation of a gas~e.g., in consequence of reso

nant laser irradiation! will, according to Eq.~4! with allow-
ance for the approximate formulase;me

2/3, lead to a de-
crease in the viscosity ash;me

1/3.
The Gunn effect, as we know, is conditional on a sha

increase in the effective massmf(E) for E.Ec . This leads
to a drop in conductivity and the onset of a traveling ‘‘d
main.’’

4.3. Effects of ‘‘turbulization’’~the formation of macro-
scopic stochasticized structural-kinetic elements! can be re-
garded as being due to a very strong growth inme and a
strong decrease invT .

An estimate of the turbulent viscosityhT relative to the
molecular viscosity according to Eq.~4! gives (l1T;0.1 cm!

hT

h
;SmT

m D 1/3vTTvT ;~1019!1/3
u•1022

3•104
;

at a flow velocityu5103 cm/s this has a value of the order o
103, which is consistent with experience.

Upon an ordinary complex change in the structural p
rameters, a characteristic indicator of a possible effect
substantial decrease in the kinetic coefficients upon an
crease in the effective action, leading to negativity of t
differential kinetic coefficient:

Kd5S ]K

]g Dg1K,0. ~5!

Effects of negativity of a differential coefficient — th
onset of instabilities and inhomogeneities — are forem
among the set of disequilibria of effects. This circumstan
is directly related to the law of anomalous behavior.1
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Influence of heterogeneity of an insulating film on its activation process and on the

ted
parameters of the thermally stimulated exoelectron emission observed from it
A. I. Vilenski , V. A. Klyuev, and Yu. P. Toporov

Institute of Physical Chemistry, Russian Academy of Sciences, Moscow

E. S. Revina

Institute of Crystallography, Russian Academy of Sciences, Moscow
~Submitted November 20, 1996!
Pis’ma Zh. Tekh. Fiz.23, 90–93~March 26, 1997!

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. ©1997 American Institute of Physics.
@S1063-7850~97!03403-4#
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application for studying the structure and properties of va
ous materials.1 In order to observe thermally stimulated
photostimulated exoemission of electrons from a surface
necessary to carry out a preliminary activation of that s
face. One means of activation of solid surfaces to be inv
tigated by exoemission methods is to treat them in a nega
corona in air or in a stream of electrons in vacuum. Here i
assumed that the entire surface to be investigated is irr
ated uniformly and that the activating charged particles
localized at biographical defects~traps!, which are character
istically present throughout the entire subsurface volume
the sample material, and that the exoemission observe
the subsequent photo- or thermal stimulation character
the integrated defect density of the surface under study.

However, there are conditions under which the activ
ing particles can be selectively trapped by individual regio
of the surface. In particular, this can occur in activation
insulating films in which there are local charged regions
regions having an increased electrical conductivity. In t
case activation occurs only for these local regions, and
observed exoelectron spectrum~curves of the intensity of the
exoelectron current versus temperature or versus the en
of the stimulating agent! will be characterized solely by th
properties of these individual regions and decidedly not
the surface as a whole.

To check this very important conclusion, which can a
fect the interpretation of the results of exoelectron investi
tions, we undertook a special study.

We studied thermally stimulated exoelectron emiss
from the surface of polyimide films with thicknesses
10–20mm. To create local regions with increased electri
conductivity in the film, the latter was irradiated by a strea
of Xe16 ions with an energy of 1 MeV/nucleon. The studi
showed that in the region where an ion has passed thro
there is complete destruction of the polymer, with the form
tion of low-molecular products. Around this zone a polym
region with a modified structure appears. It has been fou2

that the material in the track region has an increased ele
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in the polymer film. The diameter of these regions in a po
imide film can reach 60 nm.3 The initial ~control! films and
the films that had been irradiated by high-energy ions w
activated by means of a negative corona in air. For this
film was placed on a grounded metal plate.

The experiments showed that the thermally stimula
exoemission spectra of the initial and irradiated films a
substantially different, even though the combined surfa
area of the parts of the film with an irradiation-modifie
structure comprises an insignificant fraction of the total s
face area. As an example, Fig. 1 shows the glow curves
the initial polyimide film and for a film irradiated by a strea
of Xe16 ions. At the fluence employed~107 cm22), there
were 107 structural altered regions created per square ce
meter of the surface, each having an area of 3310215 cm2.

Thus the total area of the surface regions with alte
structure per square centimeter of the surface was o
331028 cm2, which is an insignificant part of the whol
surface of the film. If the stream of charged particles dur
activation in a corona had uniformly activated the entire s
face, then the contribution of the current from the track
gions with altered structure to the total thermally stimulat
current from the surface of the film would amount to a sm
fraction~proportional to the modified fraction of the surface!.
In that case there would be no noticeable difference in
spectra.

On the other hand, if it is assumed that the entire flux
activating particles selectively acts on the track regions, t
the observed difference in the character of the glow cur
finds a logical explanation.

We note that selectivity of the effect of charged partic
on the current-conducting regions of a nonconducting fi
lying on a grounded metal plate is due to the correspond
configuration of the electric field lines, which curve the tr
jectories of the charged particles near the surface of the fi

Further confirmation of this conclusion comes from t
fact that etching of the damaged layer of the polymer arou
the track to a depth greater than 35 nm~i.e., the entire layer

248248-02$10.00 © 1997 American Institute of Physics
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FIG. 1. Glow curves of the thermally stimulated emi
sion of polyimide films:1— The initial film, 2— after
irradiation by a stream of Xe16 ions,3— after a sub-
sequent etching of the irradiated film for 200 min in
30% solution of hydrogen peroxide.
with disrupted structure!, with the formation of ‘‘through’’

tu
itia

e
uc
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defects will be created, and the results of the measurements

channels, restores the character of the glow curve~see curve
3 in Fig. 1!. We note that the reason why curves1 and3 are
not identical is that the etchant acts not only on the struc
ally damaged polymer but also, to some extent, on the in
material.

Thus the data presented here demonstrate that in
ploying exoemission analysis to study the density of str
tural defects in insulating materials one must allow for t
possibility that conditions of nonuniform activation of th
249 Tech. Phys. Lett. 23 (3), March 1997
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must be interpreted accordingly.
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