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Equilibrium between free and bound hydrogen in amorphous hydrogenated carbon has been
investigated by infrared spectroscopy. A quasireversible departure of hydrogen from the bound
state is observed. The activation energy of the bound—quasifree hydrogen chemical reaction

and the rate of return of hydrogen to the bound state are estimated. An energy diagram is proposed
for the bound—quasifree hydrogen reaction. 1897 American Institute of Physics.
[S1063-785(17)00104-3

Hydrogenated amorphous carboa-C : H) is widely  son, Fig. 2 also shows published data on the temperature
used in technology because of its remarkable properties, suatependence of the hydrogen concentratiomi€ : H (Ref.
as high electrical resistance, chemical stability, optical trans2). It can be seen that our temperature dependences of the
parency over a wide range of wavelengths, and attractivlydrogen concentration agree reasonably well with the pub-
tribological characteristics. These characteristics are comnlished data obtained by direct determination of the hydrogen
monly attributed to the hydrogen contentanC : H in dif-  concentration. Assuming that the decrease in the bound hy-
ferent states. Bound hydrogen can easily be detected from ittrogen concentration, obtained from the infrared spectra, is
infrared vibrational spectrurhput free hydrogen can be de- caused by its transition to a different state, we can write the
tected only in thick films because of the low sensitivity of thetemperature dependence of the hydrogen concentration in
nuclear magnetic resonance technique. In addition, the protshis stateN in the form
lem of the “free” state of hydrogen im-C : H remains un- N=No(1—exg — E, /KT)), i
resolved.
In the present paper we attempt to explain the “free” whereE;, is the activation energy of the transitidNg is the
state of hydrogen im-C : H by making an infrared spectro- concentration of bound hydrogeR, is the temperature, and
scopic analysis of the equilibrium between bound and fre&k is Boltzmann’'s constant. Fitting curves for
hydrogen. The optical transmission in the region of the vi-E;~0.5+0.2 eV, shown by the solid curves in Fig. 2, gives
brational frequency of carbon—hydrogen bondsakt : H reasonable agreement with experiment. Bearing in mind the
was measured as a function of the aftergrowth annealingmorphous nature of the material and the limited temperature
temperature. Layers @&-C : H were prepared by magnetron range of the measurements, we were forced to confine our-
sputtering in an argon—hydrogen plasfda 1) at a pressure selves to the accuracy given above. It can also be seen that
of 10 mTorr in the working chamber. The substrate temperathe bound hydrogen state disappears as a result of annealing
ture was 200 °C. The argon ion energy was about 100 eVat temperatures of the order of 400—450 °C for 1 h, which
The a-C: H layers were deposited on silicon substratesalso agrees reasonably well with publistfed.
Measurements of the direct transmission were made using a However, after some time, the hydrogen bound state was
Specord 751R dual-beam spectrophotometer. found unexpectedly to be restored, even at room tempera-
A typical fragment of the transmission spectra of ture. This circumstance indicated that, as a result of thermal
a-C: H in the region of stretching vibrations of the C—H annealing in vacuum, hydrogen leaving the bound state re-
bonds is shown in Fig. 1. The band structure indicates thamains in the sample, without moving very far from its initial
sp® carbon bonds predominate in the material. position. Figure 3 shows time dependences of the optical
The samples were annealed in vacuum at temperaturekensity near the vibrational frequency band of bound hydro-
of 100—-450 °C in both isochronous and isothermal regimesgen at two temperatures, fa-C : H samples annealed first
The effect of annealing on the hydrogen state in theat T=450 °C until the band disappeared completélig. 2).
a-C: H layers was assessed by converting the transmissidih can be seen that the rate of recovery of the optical density
spectra to the optical densityhe logarithm of the transmis- increases with temperature. This recovery of the band sug-
sion coefficient at the wavelength corresponding to the gests that a quasireversible process takes place under anneal-
maximum of the absorption band. It was assumed that thing, which may involve the thermal excitation of bound hy-
film thickness does not depend on the annealing time androgen to a state whose characteristic frequencies are not
that the absorption coefficient depends linearly on the conrecorded in the spectral range studied. Note that not only the
centration of C—H bonds in tha-C : H film, i.e., the tem- intensity, but also the profile of the band is restored.
perature dependence of the optical density corresponds to the The activation energi, correlates reasonably well with
temperature dependence of the bound hydrogen concentrthe difference between the energy for the detachment of hy-
tion. Figure 2 shows the optical density of the vibrationaldrogen from molecules such as ethylengHg; 5.2 eV, and
band of bound hydrogen as a function of the temperature ahe energy of formation of a free hydrogen molecule, 4.5 eV
isochronous annealingfd h for two samples. For compari- (Ref. 3. Assuming that the activation energy is the barrier
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FIG. 1. Optical density ¢d) of the vibrational band of the C—H bond in FIG. 3. Kinetics of recovery of the optical density of the band normalized to

a-C:H. its maximumea,. The squares and triangles give the experimental data for
the recovery of the sample at room temperature and 150 °C, respectively.
The solid curves give the result of an exponential interpolation.

separating the bound and unbound hydrogen states, we can
construct an energy diagram of the process, as shown in Fig.
4. The value ofE,, which determines the barrier height for

the reverse reaction of recovery of the hydrogen bound statgye attribute the reverse reaction to hydrogen tunneling to the
can be estimated using the equation for the absolute reactigfyynd state, we can estimate the order-of-magnitude width
rate of the barrier between statésand2 shown in Fig. 4. For this
V(T)=Voexp —E, /kT). purpose, we write the frequency of the tunneling events as
_ _ o _ 0= weexp(~didy), wheredy=#/(2m,E,)°* (# is Planck’s
The exponentlal behaylor of the curves in Fig. 3 agrees W'tl?:onstant andn, is the proton mags The frequencyw, can
this equation. Assuming that the preexponential fadtgr be taken as the natural frequency of an oscillator with the
does not depend gn temperature, we have for the two tenb'inding energy E, corresponding to state 2:
peraturesT; andTy: wo=E,/h=2.2x10" s 1. This procedure gives the barrier
E,=K(T{To/(T1—T5))In(V/V,). width d~1.5 A, which corresponds to the distance between
hydrogen in the excited state and its initial position. The
similarity between the estimate and the half-width of a
graphite ring suggests that fragments of the planes of the
graphite-like component of thee-C : H structure may act as a
possible storage area for the thermally excited hydrogen. The

The ratioV,/V, can be determined from the data plotted in
Fig. 3. As a result, we obtain the estimate 0.15 eVEgr If

od 0'7—_ - 10[H], arb. units order-of-magnitude excited-state binding energy of hydrogen
0.6— :9 (~0.15¢eV is typical of the van der Waals forces. Such a
. -8 bond may be expected in the interaction between hydrogen
0.5+ ~7 and an easily-polarizable-electron system of graphite clus-
0.4—- 6 ters. As a result of this interaction, hydrogen is adsorbed on
4 -5 graphite-like structure fragments, formed by carbon atoms in
0.3+ fk A -4 spP-states. With decreasing temperature, the hydrogen is
02_: [ 3 transferred to the ground state, becoming bound to carbon
- *_2 atoms in thes p*-state by tunneling through the barrier. Thus,
0.1- ’/‘ 4 at temperatures below 450 °C the hydrogen does not leave
1 - thea-C : H but is in bound or adsorbed states. We may thus
00 ' T J 1 T 0 assume that in the normal sta#,C:H contains no free
1 2 108 3 4 hydrogen.
T, K It should be stressed that these estimates of the param-

ld he band A | eters of the proposed model do not claim to be material con-
FIG. 2. Optical density of the band versus one-hour annealing temperatur : :
The squares and circles gives the experimental points for awd: H %tants’ since they depend very much on the sample hIStory’

samples and the triangles give the published data. The solid curves give tRHCh @s the substrate temperature during growth of th@f.”r.n_-
result of fitting 1 to the experimental points. These estimates merely serve to demonstrate the plausibility
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FIG. 4. Energy diagram showing the transition of
hydrogen from the quasifree stafeto the bound
statel.

of the model and its suitability for interpolation for a given !A. Grill and V. Patel, Appl. Phys. Let60, 2089(1992.
material technology_ 2A. Grill, in Synthetic Diamond: Emerging CVD Science and Technology
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An analysis is made of the limiting possibilities for adding complexity to chaotic oscillations in
high-order filters. It is found that the limiting dimension of chaotic oscillation attractors in

linear filters may increase to infinity, so that deterministic chaotic test oscillations with any desired
dimension can be generated. 97 American Institute of Physid$1063-785(07)00204-§

It has been establish&d that linear radiophysical and oscillations of a chain of recursive filters can be analyzed
digital filters may add complexity to chaotic oscillations, i.e., either qualitatively, using the attractor projections, or quan-
they may cause the attractor trajectories to become entangleithatively, using their correlation dimension. However, nei-
and increase their dimensions. Two ways of making attracther method can reliably identify the level of complexity of
tors more complex are feasible) for finite-response filters, the oscillations because of the increase in the dimension of
the attractor trajectories reconstructed from output oscillathe phase space and the substantial mixing of the attractor
tions become elongated and repeatedly folded but their finpoints. We therefore selected a method of visual analysis of
structure is conserved and their dimension only increases the attractor structure using multiple Poincaress sections.
finite scales of observation and is conserveddes~ (ob- Clearly, the cross section of a volume gives a surface,
servable increase in dimensijor2) for infinite-response fil-  the cross section of this surface gives a line, and the cross
ters, the trajectories of the reconstructed attractor becomeection of the line gives a point. By making successive cross
stratified in a fractal fashion and their dimension actuallysections, we can therefore obtain simple geometric trans-
increase$. The increase in dimension for first-order filters is forms suitable for visual identification. The results of an
postulated to be unity, according to the hypothesis put foranalysis of the structure of the reconstructed attractors can be
ward by Badii and Politi, and this is supported by experi- summarized as follows. A single recursive filter transforms
mental observations>®For higher-order filters however, the an attractor from a line witle=0 (see Figs. 1a and 1do a
increase in dimension is unclear. In the present paper, wéurface witha—1 (see Figs. 1b and leThe resulting at-
analyze the limiting possibilities for adding complexity to tractor, reconstructed in three-dimensional phase space

chaotic osciIIations in high-order filtgrs. _ (Zn1Zn+1,Zn+2), is a parabolic trouglisee Fig. 1f, whose
By analogy with Ref. 6, we consider the simplest chaoticstructure is formed by lines of Poincaceoss sections. The
oscillations generated by a quadratic map entire surface is only realized fax—1 (the filter cutoff

1) frequency tends to)0At higher filter cutoff frequencies, the
surface of the trough becomes widely spaced and its struc-
For A =1.9 advanced chaotic oscillations occur in the systenture is not observed so clear{gee Fig. 1h In estimates of
(1), and the serie$x,} covers the interval —1,1] almost the correlation dimension, this has the result that a local
everywhere. The dimension of the attractor of these oscillaslope, rather than a plateau, will be observed on the correla-
tions clearly tends to 1 from below. tion interval, i.e., the dimension will increase from 1 on ob-
The simplest first-order recursive filter has the form  servation scales comparable with the attractor size to 2 for
e—0. It is thus clear that such complexity is impossible for
periodic oscillations, since the finite number of points of
wherez, is the output signalx, are the input oscillations, which the periodic attractor consists, no matter how they are
ande is a coefficient determining the cutoff frequency of the rearranged in phase space, cannot produce any fractal struc-
filter. This type of digital filter corresponds to radio filters of ture and thus does not add complexity to the attractor, and its

the typez= 7z+x. The mechanism for increasing the com- dimension is conserved. _

p|ex|ty of chaotic oscillation attractors as they propagate- |t t-hen follows that oscillations whose attracto.r IS Clearly
through a first-order recursive filter, resulting in fractal strati-identified as a surface must be present at the exit of the first
fication of the attractor, was ana|yzed in Ref. 6. Because Oﬁlter in order to |dent|fy the transformation of the attractor

the linearity of these filters, the transition itth-order filters ~ structure by a second-order filter. The propagation of oscil-
can be made by a simple series connectiori oécursive lations through a second-order filter was therefore analyzed

Xn=1—AX2_,.

Zn=az,_1+Xg, (2

first-order filters. We then obtain the chain for «;=0.8. Fora,=0.1, the filter gives a pattern of fractal
stratification of the attractor surfadeee Fig. 1t in the re-
Zni= @iZn-1iF Znji-1, (3 constructed three-dimensional space, similar to the fractal

stratification of the line for the first-order filtésee Fig. 1
The relative stratification increases with increasiagand
wherei is the order number of the filter in the chain. Attrac- for a,= 0.8, the double cross section of the four-dimensional
tors reconstructed by the time delay methédam the output  embedding spacez{,z,. 1,Zn+2,Zn+3) again yields a line

Zn,0= Xn s
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FIG. 1. Evolution of the attractor of a quadratic map during linear filtering: & attractor of the input signétjuadratic parabojab — attractor of the signal
after passage through a single recursive filter, in the spage(. 1,X,+») (for convenience of observation, the attractor is rotated relative to the, aviés
the filter parametery;=0.1; e — attractor of the signal after passage through a single recursive filter in the space {,x,.») (the attractor is rotated
relative to the axes with the filter parameter; =0.8, showing several cross sections along the coordiqatg ¢ — attractor of the signal after passage
through two recursive filters, in the space, (X, 1,Xn+2) (the attractor is rotated relative to the akesith the filter parametera;=0.8, «,=0.1, and the
cross section coordinate, , ;= 0.2; f — attractor of the signal after passage through two recursive filters in the spagg.(;,X,+ ) (the attractor is rotated
relative to the axes with the filter parametera;=0.8, @,=0.8, the coordinate of the first cross sectiorxis;=0.2 and that of the second cross section
Xn+1=0.2.

(parabola, which indicates that the single cross section is a It can therefore be confirmed that the limiting dimension
parabolic trough and the entire attractor is a three-of the attractors of chaotic oscillations after passage through
dimensional volumésee Fig. 1f. This qualitative similarity  a filter is

between the topological structures of the attractors of initial S Dot @
unfiltered chaotic oscillations and the Poincaress sections out—=in T
of the attractor of chaotic oscillations after propagationwherei is the order of the filter. Consequently, the dimen-
through the filters, clearly illustrates the recurrence period okion of the attractors of chaotic oscillations in linear filters
the increase in complexity of the chaotic oscillations as theymay be increased to infinity, so that determinate test chaotic
propagate through high-order filters. The addition of eactoscillations can be generated with any desired dimension.
successive recursive filter yields qualitatively similar pat- At this point, the concept of limiting dimension should
terns of increasing complexity: the first first-order filter be specified, since an attractor generated as a result of recur-
transforms a line into a surface by superfractalization, thesive filtering is an inhomogeneoiar multifracta) structure,
second filter fractally stratifies the surface, transforming iti.e., having different scales in different directions. This inho-
into a three-dimensional volume, and théh filter causes mogeneity is uniquely related to the filter coefficients,
fractal stratification of the-dimensional volume, and trans- and becomes smaller as they increase. In addition, the di-
forms it into ann+ 1-dimensional volume. The self-similar mension (capacity, information dimension, correlation di-
fractal structure of the attractor complexity as the order ofmension, and so forjhis by definition the exponem in the

the recursive filter increases, indicates that the nature of theimilarity relationN(e)=keP, ase—0. Thus, the limiting
initial signal is of fundamental importance in the filtering of dimension is taken here to mean the dimension which may
chaotic oscillations. The mixing of the attractor trajectoriesbe obtained for largey; (weak inhomogeneijyand ¢ —0
(point9 characteristic of chaos is selected by the filter as dfine structure resolution|f the length of the data represen-
fractal stratification of the attractor, where this stratificationtation and their accuracy are finite, the dimension is deter-
takes place in the direction of an additional degree of freemined in a bounded range of variationgfand for inhomo-
dom coupled to the filter. geneous attractors reconstructed after recursive filters, the
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The phase composition and electrical properties of H00, —PrQ, 5 systems have been
determined. Studies have been made to identify how the specific electrical properties of these solid
solutions are influenced by praseodymium oxide additives when the yttrium oxide content is
constant, and how they are influenced by the interchangeability of praseodymium oxide with
yttrium oxide when the hafnium dioxide content is kept constant. 1997 American

Institute of Physicg.S1063-785(07)00304-3

As a result of recent investigations it has been showrsolutions were constructed in this three-component system.
that HfO,(Zr0O),—Ln,0O5 solid solutions can be used to ob- The boundaries of a heterogeneous region of coexisting
tain a wide range of materials exhibiting different propor- fluorite-type and pyrochlore-type cubic solid solutions were
tions of electron and ionic conductivity. According to our determined.
preliminary studies of the Hf@-YO, —PrQ, 5 system, the The phase relationships in this system are fairly similar
solid solutions exhibit fairly high electrical conductivity and to those of the Hf@-DyO,s—PrO 5 system described
a high proportion of electron conduction, which is importantearlier!
for the development of materials for high-temperature engi- The “blocking electrode” methot® was used to mea-
neering. In addition, purely ionic conductors, used as solidsure the conductivity in the 800—1400 °C range, separated
electrolytes in high-temperature fuel cells and as oxygen dento the ionic and electron components.
tectors, have also been observed in this system. Isotherms of the electron, ionic, and total conductivity as

The phase composition and electrical properties wera function of the sample composition were constructed for
determined for the following pseudobinary sections:the first pseudobinary section of the three-component system
(HfO2)05(Pr1-yYyO1 505, (HfO2)075Pri_yYO;150.25 and  at 1400 °C(Fig. 2). It can be seen that the sample having the
(YO1.9)0.095[(HfO2) 1 (YO1 5] 0.905- composition (HfO5) o 5—(PrO, 5)05 exhibits predominantly

The calculated mixtures of the initial oxides were electronic conductivity. When praseodymium is replaced by
pressed into tablets using a polyvinyl alcohol solution andyttrium, an increase in the ionic component is observed. This
were baked in an SShVL vacuum furnace at 1800 °C for 3 ktontinuous increase in the ionic component confirms that this
(~0.1 Pa vacuum The furnace and samples were thensystem has a wide range of existence of fluorite-structure
cooled rapidly and the samples subjectedxtoay phase solid solutions. In the region rich in hafnium dioxide, the
analysis. Figure 1 shows the results obtained assuming that
the HfO, monoclinic phase fixed at room temperature was in

the tetragonal modification at 1800 °C. .
A wide range of fluorite-type solid solutions is charac- ! re00°e
teristic of this system. 1
Regions of existence of a tetragonal solid solution and a
two-phase region of existence of tetragonal and cubic solid 2
2 3
HFO, =
Q
B I,
4
@'\
2
4 S
5 . . . . .
40 ‘: Q,é 40 10 20 30 40 50
AA“'AW;M%‘"Q Y9, 5 mol. %
DY AVAVANAY W) 7AVA AN '
Y01,5 Pro FIG. 2. Electrical properties of solid solutions for(HfO,)q5

(Pr;_yY,0; 55 Section (1400 °C, high-purity heliumNotation:1 — total
FIG. 1. Isothermal section (1800 j®@f HfO,—YO, s—PrQ 5 phase dia-  conductivity,2 — ionic conductivity, and3 — electronic conductivity.
gram.
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/A

the current-voltage characteristic of a&HfO,)q.g08
(PrO; 5)0.07{YO1 5)0.0905 Sample in a high-purity helium at-
mospherdgdc current. The dissociation potential of 2.3 V is
typical of ZrO, and HfO, fluorite-type solid solution$.

These investigations have shown how the specific elec-
trical characteristics of these ternary solid solutions are in-
fluenced by praseodymium oxide additives when the yttrium
oxide content is kept constant, and also how they are influ-
enced by the interchangeability of praseodymium oxide and
yttrium oxide when the hafnium dioxide content is kept con-
stant.

Thus, once we know the specific relationships between
the structure and the properties, we can produce materials
with controllable properties for different applications in
modern technology.

FIG. 3. Current-voltage characteristic of a sample having the composition

(HfO3) 082 YO1 5 0.00d PrO; 5) 9077 in @ high-purity helium atmosphere at
1000 °C.
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fluorite-type solid solutions are solid electrolytes, i.e., they Labor. No. 7(1978.

possess predominantly ionic conductivity.
This behavior is also confirmed by the current-voltage
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characteristics for the appropriate samples. Figure 3 showBanslated by R. M. Durham
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Rearrangement of the shock wave structure in a decaying discharge plasma
A. S. Baryshnikov, I. V. Basargin, E. V. Dubinina, and D. A. Fedotov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996
Pis'ma Zh. Tekh. Fiz23, 18—-22(April 12, 1997

A study has been made of the change in the structure of a shock wave in a decaying discharge
plasma with Mach numbers between 1.2 and 2. A novel method is proposed to investigate

the rearrangement of the shock wave structure under transient conditions. The times of the main
processes responsible for this effect are determined19@7 American Institute of
Physics[S1063-78507)00404-7

Rearrangement of the shock wave structure in a glowcomputer using well-known mathematical methods of pro-
discharge plasma is a well-known efféct. The main den- cessing experimental informatidn.
sity discontinuity, whose amplitude decreases in the plasma, Figures 1 and 2 show typical pressure distributions in a
is accompanied by additional regions of abruptly increasingghock wave in a glow discharg&ig. 13 and the pressure
pressure and density. If the physical mechanism responsibiéstribution in air without a dischargéig. 1b, as well as
for the effect were understood, it would be possible to findthe change in the amplitude of the first and second harmonics
methods of predicting and Controning it. In the present paperpf a Fourier-series eXpanSion of the distribution as a function
we study the structure of a shock wave in a discharge wittpf the decay timgFigs. 2a and 2b
Mach numbers between 1.2 and 2. Such an analysis will help  The most important result is that the time taken to con-
towards understanding the physical mechanism of the effect
for a moderate-intensity shock wave. Once the mechanism
has been clarified, the main characteristics of the effect can
. . . mV
then be determined quite easily for strong shock waves. a
Various hypotheses have now been put forward as to the
nature of the physical mechanism. In broad terms, these hy- 20+
potheses can be divided into pure electrodynamic Sfies,
which merely attribute the effect to the presence of a charged
component, especially electrons, and physicochemical _ |
hypotheses,which explain the effect by means of complex
physicochemical kinetics for conversion of heavy particles in
the plasma. In order to unravel the complex pattern of the
effect, we note that, under transient conditions, processes of20-
a different nature usually have different time scales. By
studying the entire spectrum of characteristic times for rear- us
rangement of the structure, we can draw some conclusions 0 100
on the main processes and the principal components respomV b
sible for the effect.
Transient conditions are created experimentally by éo-
switching off an external power supply whereby, after a cer-
tain time, the various components, electrons, ozone, and ex-g |
cited atoms, gradually disappear and the air regains its initial
composition. The decay time is the sum of the delay time for 201
launching the shock wave and the time taken for it to propa-
gate to a particular spatial point. In each series of experi-
ments, the delay time is increased and the shock wave struc-2 7
ture is studied after every increase in the decay time. The
amplitude of the structure peaks and the amplitudes of its~207
harmonics are studied after the distribution has been ex-
panded as a Fourier series. Only the change in the amplitude ¢ t
of the first peak at maximum shock wave velocity was in- 100
vestigated in Ref. 6. The analysis is complicated by the fact
that a large amount of information must be processed be-IG. 1. Pressure distributiqn in ashoc_k waedr, shock wave velocity 625
. /s, pressure 33 torra — in aglow discharge plasmévoltage on elec-
cause the results of separate experiments are analyzed des 650 V, discharge current 1.0;A4 — in air without a discharge under
each time interval. The analysis is performed on a personahe same conditions.

4

us
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The second characteristic time which could be accu-
1.00 a rately identified was 10 ms. After this decay time, the second
harmonic of the Fourier series expansion changes abruptly
and the amplitude of the harmonic is reduced by an order of
magnitude(Fig. 2b. It should be noted that when the pres-

- 080 sure in the plasma ahead of the shock wave is 33 torr, this
time is the same as the characteristic deactivation time for
most excited states in a decaying dischdrgghis abrupt
decrease in the amplitude of the second harmonic while the
first remains the same, means that the depth of the pressure

0% : 2 2 4 5 dip after the first pressure hump falls by an order of magni-
k/w@'ms tude in the pressure distribution profile of the wave and the
distribution is converted from a double-hump to a virtually
single-hump profile.
~0s0 - In addition, there are various other time intervals over
030 . which the harmonic amplitude decreases, but not so abruptly
b as that at 10 ms. It may be postulated that these intervals

correspond to secondary processes of excited component for-

. /‘\/"\ mation, after which the concentration of these excited com-
.00 + '

H 2 3 T - s ponents falls sharply and the effect disappears. On the basis
log Ty, ms of these investigations, we will be able to identify the spe-
cific mechanism responsible for the effect at a later date.
-630 In conclusion, the authors would like to express their
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Qualitative boundary, abnormality, and structural transition
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A qualitative boundary law and an abnormality relationship are formulated and their genetic link
with the phenomenon of structural transition is demonstrated. This phenomenon includes
phase transitions, dissociation and ionization, turbulence, and explosion. The formulated
relationships are used to indicate classes of possible nonequilibrium effects99®

American Institute of Physic§S1063-785(M17)00504-]

Highly nonequilibrium processes are becoming increasscale influenceg1.3) express the ratios of the space-time
ingly important in physics, chemistry, and biology. Studiesscales of these influences to the corresponding structural
of these processes are generating new concepts, and theharacteristics.
application is providing the basis of new technologies. These 2. The qualitative boundary law can be formulated in
processes are extremely difficult to describe and qualitativgeneral terms as follows: when an influence incredses
analyses are especially valuable, for which fairly comprehendecreaseso a certain specific level, the system undergoes a
sive and constructive relationships are required, such agualitative change. An influence causing a qualitative change
those formulated in Ref. 1. is active and its corresponding value is described as the

In the present paper, as a continuation of Ref. 2, whichqualitative boundary.
was concerned with the law of structural conditionality, we In an analytic description of a syste(lmy means of equa-
examine a quality boundary law and an associated abnormatiions of state, determining relations, responsagjualitative
ity relationship. The initial formulations of these relation- change is observed as specific features in the main behavior:
ships are extended and investigated in greater depth. Thgiumps in quantities and their derivatives, bifurcation points,
correlations with the phenomenon of structural transitionand inversion intervals. These features reflect the abnormal-
and also with the phenomenon and effects of instability araty.
demonstrated. The phenomenon of instability, its properties, An abnormality in the form of an inversion is character-
and criteria were discussed earlier in great détail. istic of most highly nonequilibrium effects, such as the decay

1. An analysis is made of open systems in which pro-of a thermal flux with increasing temperature difference for a
cesses are initiated by internal and external influences. Thioiling crisis? the decrease in current with increasing volt-
systems are characterized by a layer of structure, which dexge (as in the Gunn effegt and anomalous relaxation in
pends on these influences and varies in the course of thehock waves with a whole range of inversions.
process, so that we are dealing with a dynamic system, These effects and similar ones in terms of abnormality
process. are directly related to the phenomenon of structural transition

The fundamental characteristic of the process is the deand ensuing instabilit§.’
gree of nonequilibrium, which is defined, according to the 3. The qualitative boundary is usually achieved by a
law of structural conditionality,by the dimensionless prod- transition from one structure to another. This includes the
uct of the action factog and a corresponding structure factor phenomenon of structural transition, which is a generaliza-
s[g]: tion of various effects such as phase transitions, disintegra-
tion (dissociation and ionizatignturbulence, nuclear fission,

lgsl: V:i . Ei= A o fast chemical reactions, cell multiplication, and so forth.
vr &j The natural qualitative criteria for a structural transition
a in accordance with the condition of transition normalization
Wi,= 7|4, In Bl | (1) for active processes have the form
ns
whereu is the velocity of the medium; is the rms velocity gs=1: u=vy, e=g,... 3

of a structure-kinetic element, any is its coupling and in-
teraction energy .. (the complete set of these expressionsThe first condition implies a transition from subsonic to su-
and the corresponding notation are given in Rgfl2 addi-  personic, and the second condition covers almost all the tran-
tion to the degree of equilibrium, the measure of action angition effects noted above.
the measure of change in structure should be used In connection with the phenomenon of structural transi-
G=lgs. S=Islglsol, so=[0] @ lows: & siiciral tansiion s accompanied by anomalou
: panied by anomalous
According to their nature, the influences are subdividedbehavior of the determining quantities. The reverse statement
into active and scale: active influenddsl), (1.2) determine  usually also holds: anomalous behavior of the determining
the gain and loss of mass, momentum, and energy while thguantities is caused by a structural transition. These state-
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ments are extremely valuable for heuristic and experimentathange in the results of the impact such as a decrease in the

purposegsee Ref. V. particle cloud, an abrupt shift of the luminescence spectrum
4. The criterion for negative differential susceptibility is toward shorter wavelengths, a change in the duration of the
a manifestation of abnormality. postcollision process, fluctuations @y, and so on. The

The basic relations for moderate nonequilibrium may beinstability is mainly observed as a spread in the threshold
expressed in the quasilinear fordn(gs) =K(gs)gs, where  values ofv., inhomogeneities of the explosion pattern, and

K is the susceptibility. The criterion has the form fluctuations of the radiation intensity.
ab oK The author is not aware of any experiments in which
KdE@sz @Sgs+ K<O0. (4) such observations have been made. However, some results

are available on the piercing of platesl mm thick by a
It was shown in Ref. 3 that for a single determining similar-diameter projectilé® which demonstrate various ab-
quantity, this condition implies instabilitythe principle of normalities: for example, the breakdown “flare” decreases
abnormality was used for the first time in Ref. 3 to indicatewith increasing velocity and also the piercing by the flare
the region of stability. In general, the susceptibility criterion decreases to zer@ef. 10, pp. 125-154 It should be as-
is the only necessary condition for stability. sumed that the step dependence of the relative crater depth
Logically, if the differential susceptibility is negative for on the velocity for a thick targdsee pp. 323—-331s related
small degrees of nonequilibrium, the sign in criterig)  to criterion (5).
should be reversed. In particular, positive compressibility  To conclude, we note that the initial application of these
can explain the propagation of a stress-relief shock waveelationships, including the law of structural conditionafity,
predicted by Ya. B. Zel'dovich. In this context, mention to natural evolving systemsyields broadly consistent re-
should also be made of the instability of a compressive shockults. However, in Ref. 11, no mention is made of the inver-
wave under conditions of positive compressibility along thesion abnormality of the structural transition. A closer com-
Hugoniot adiabatic curve, indicated in Ref. 6. parison of the results will undoubtedly yield a whole range
5. Among the wide range of applications of these rela-of interesting conclusions.
tionships, we select the high-velocity impact of two small
bodies. This effect may be expressed in terms of the ratio

e_T= er/e of the kinetic energye after impact to the impact

energy e, as a function of the degree of nonequilibrium G, E. skvortsov, Pisma zh. Tekh. FiZ6(17), 15 (1990 [Tech. Phys.
E;=ele;, whereg; is the structural transition threshold clos- Lett. 16, 1647(1990].
est toe 2G. E. Skvortsov, Pis'ma Zh. Tekh. Fi23(6), 85 (1997 [Tech Phys. Lett.
i . 23, 246(1997)].
I;or t2he case of head_(?n impagt= (mym,/(m, + m2))_ 3E. N. Perevoznikov and G. E. Skvortsov, Zh. Tekh. B2, 2353(1982
X(vit+vsy+2v4v,), for bodies of equal mass and velocity, [Sov. Phys. Tech. Phy&7, 145 (1982].

criterion (3.2) becomes 4S. S. KutateladzeAnalysis of Similarity and Physical Model: Rus-
sian], Nauka, Leningrad1986.
2mv§= g (5) 5G. I. Mishin, A. P. Bedin, N. I. Yushchenkova, G. E. Skvortsov, and A. P.

Ryazin, Zh. Tekh. Fiz51, 2315(1981) [Sov. Phys. Tech. Phy&6, 1363
We first apply this criterion to the collision between xe- (1981)].
non atoms in a shock wave to determine the loieterms G[A- S. Baryshnikov and G. E. S'zvmtgc]w, Zh. Tekh. F8, 2483(1979
; ; ; Sov. Phys. Tech. Phy24, 1401(1979].
of VelOCIt)?n abnormal _ relaxation m.Ode' Assuming "G. E. Skvortsov and N. Yu. Vasil'ev, Zh. Tekh. F&5, 230(1985 [Sov.
£,=0.5¢[ Xe™ =4.15 eV (Ref. 8, we obtain the threshold Phys. Tech. Phys30, 137 (1985)].
velocity v .= 1.2 km/s, which is the same as the value for the 8A. A. Radtsig and B. M. SmirmowReference Data on Atoms, Molecules,
observed abnormal regirﬁe. and lons(Springer-Verlag, Berlin, 1989Russ. original, Atomizdat, Mos-

o . . cow, 1984.
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Magnetic sensitivity of protein
E. G. Rapis

Ichilov Hospital, Sourasky Medical Center, Sackler Faculty of Medicine, Tel-Aviv University,
63249 Tel Aviv, Israel
(Submitted September 23, 1996

Pis'ma zZh. Tekh. Fiz23, 28—38(April 12, 1997

It is shown for the first time that protein acquires magnetic sensitivity when it condenses. A
visual optical method is used to observe the dynamics of the formation of the magnetic properties.
The magnetic sensitivity is established by a modified method of decoration with ferromagnetic

iron. © 1997 American Institute of Physid$51063-785(1®7)00604-4

1. The present paper reports results of experimental studvere connected to a single rounded zone of considerable size
ies which have demonstrated for the first time the magneti¢or nucleus, Figs. 3b and B each block or domain. Di-
sensitivity of protein. A direct method of assessing the exisviding rectilinear defects appeared along the domain bound-
tence of magnetic properties during the condensation of praaries(Fig. 3a. The motion of the lines was either slow and
tein was used to determine the magnetic sensitivity, by decagradual or abruptavalanche-like These discretely packed
rating the protein with ferromagnetic iron and lines of spiral turns spawned three-dimensional funnel-
simultaneously monitoring nonmagnetic metallic materialsshaped vortex structures. The number of turns increased as
such as copper, aluminum, and so on. they changed from liquid to dense vortex funnels. We stress

The apparatus proposed by the author earlier was used,that a pair of vortices always had the opposite direction of
which the condensation of protein is observed optically in arfotation with a rectilinear defect in betweéfig. 3a.
aqueous system as it undergoes evaporatiositro at room In the sample we frequently observed a phenomenon
temperaturé:® whereby the fieldor centey of the “mother” spiral split into

By studying the dynamics of the condensation of puretwo oval blocks, linked by a single dividing line, similar to
protein at the macroscopic level in an open system far fronthe division of an egg or cell of a living organis(figs. 3a
thermodynamic equilibrium, using an optical polarizing mi- and 3B. The division was initiated at the center of the field
croscope(monitoring the observations with a video appara-Width from a single curving line. Each oval could then be
tus), more detailed information was obtained regarding predivided again into two, then four in a geometric progression.
vious experimental investigatiods. In addition to the 3. After a few weeks, the process of change in the pro-
previously described spiral, anisotropic, dichromic, coherentt€in structure typically continued in the later phases. For ex-
and synchronous autowave oscillations, more than thredMple, after a few days, weeks, and months, new structural
cycles of diffusion activity processes were found, corre-forms, given the name filaments, appeared in the optical sur-
sponding to several different time scales. face zone of dense protein mass. These filaments were

2. In the initial phase, the process developed rapidly andpounded by lines which appeared dashed with alternating
its various manifestations could be observed for a few secdarker and lighter zonegig. 4).
onds, minutes, hours, and for the first few days. Over these Quite frequently, two or four “daughter” spirals rotating
times, zones of merging, shallow centers appeared in a liquid
droplet of the solution, accompanied by the formation of
light fields, which then acquired clearly defined boundaries.
These effects were observed against a background of previ-
ous and remaining traces of global autowaves. The fields
became semitransparent hemispheres, which gradually un-
derwent diffusion spreadingFig. 1), moving counter to an
opposite field.

The first penetrating dislocation cracks suddenly ap-
peared through the center of a still liquid homogeneous mass
of protein, dividing it dichotomously into two partsght/left
division in Figs. 2a and 2b, top/bottom division in Figs. 2c
and 2d, according to the opposite motion of the fields.

The thin film of protein(liquid crystal phaseexhibited
an “optical pulsation” consisting of a sudden consistent
color change in the zone of a single domain. Two-colored
autowaves generated so-called fingerprints on either side of
defects.

Then, curved moving lines, forming the turns of a spiral,
appeared in the denser, viscous mass of protein. These lin€s. 1. Formation of transparent hemispheres with defined outer deges
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FIG. 2. The first dislocation&racks divide the still liquid homo-
geneous protein mass dichotomously through the central zone
(right/left division — a, b into two parts, upper and lowéc, d),
according to the distribution of the counterpropagating fields.

in the opposite direction, were formed inside a mother spiralines and division in the active regions begins with bending
at the point where the ovals dividg&ig. 3 and these re- of these lines at the center of the magnetic field width,
sembled the familiar spiral-in-spiral structures. which is attributed to the law of opposite polarization.

4. On reviewing the morphological and functional mani- It is also worth noting that, according to new data, the
festations of the specific ordering of the protein as it con-spiral vortex structures of DNA resembles the vortices of
densed, we noted that, strange as it may seem, many of thgpe |l superconductors:*’
properties are the same as those in méfdiaremoved from 5. A modified versiof of the familiar method of deco-
biology) with strong magnetic fields. For example, on com-rating with iron was used to identify the magnetic sensitivity
paring the data obtained and described above on the behaviof protein during its condensation process.
of the curved lines and vortices in condensing protein  The method was as follows: iron filings were placed on
with the familiar lines and vortices in type Il the surface of a viscous solution of protdlgsozyme in a
superconductors-~®the following common properties were Petri dish. Exactly the same experiments were used as a con-
observed: athe motion of the lines is gradu@iffusive) or  trol, except that copper and aluminum filings were placed on
avalanche-liké¢!'? and discretely packed lines form vortex the surface of the lysozyme. All the experiments were carried
spiral structures, initially liquid and then den9el®b) itwas  out under the same macroconditions using the technique de-
established that the appearance of the lines depends aoribed above. The differences were that the protein hard-
changes in temperatutél? c) curved defects are formed in ened in the presence of the filings.
the line zoné? d) the spiral turnglines) of each vortex in The experiments revealed that when iron, possessing
one domain are linked to a common centeucleus;!! e) magnetic properties, was added to the protein, unlike the
rectilinear fracturegdefects$ are formed at the boundary of copper and aluminum additives, which are nonmagnetic met-
each domain; )f pairs of three-dimensional funnel-shaped als, the structure of the vortices and filaments changed quali-
vortices are observed with a defect between th&Hf g) tatively as the protein condensed. For example, the number
these structures are highly anisotropici®h) a cycle of new  of spiral turns in the vortices fell sharplfig. 53, and the

FIG. 3. Formation of a pair of opposite-rotating vorti-
ces(B, C) with an interspersed defe@). The primary
mother spiralB) begins to split into two oval elliptical
blocks(a, b from curved lines at the center of the field
width (c), similar to the division of a living egg or cell
(downward division of a living snake egg — Pateria
minaitg. Optical phase(to 1895 (By courtesy of Dr.
Richard Boolootian BSCS, Boulder, Coloraddhin
optical lines at an angle of 45° to the vertical axis were
formed on the inside of the pair of vorticdd) and
zones of attraction consisting of solid black rings
lines) appeared in the vortices, where rotating funnels
(and thin lineg merged(e).

264 Tech. Phys. Lett. 23 (4), April 1997 E. G. Rapis 264



FIG. 4. Fields of equalized filaments with lines having
contrasting dark and light zones, resembling dashed
lines (a).

nucleus of the vortex became enlarged and changed shapee now classified as turbulent and chaotic efféttd:?2

(Fig. 5b. The filaments and their bounding lines became In the denser phase, domain copies appear synchro-
disordered, they diverged from a piece of iron like a “Me- nously, in which more ordered zones in the form of straight
dusa’s head”(Fig. 6), acquiring a coarse dashédroken lines (defects alternate with less ordered sections of clearly
appearancéFig. 63. New structures were also observed inincreasing branching, in the form of spiral anisotropic lines
the form of thin semitransparent fibrous filameffsy. 73, and vortices, within each domain. Discretely and regularly
encircling particles of ironFig. 7b. packed turns and circles are replaced by irregularly distrib-

However, the most important result of this experimentuted sections, where thin lines and turns clearly merge into
was that sudden changes in the vortices and filaments, armblid black rings and bands, in other words, zones of attrac-
structures not observed by us previously in protein, werdion (Figs. 3 and 4 similar to those described in oscillating
only observed when the protein condensed in the presence sfnchronous chads.
the ferromagnetic iron filings and not the nonmagnetic met-  Dual behavioral features are also identified in the tem-
als. It may be postulated that this pattern reflects the interagoral dynamics: gradual motion of the lines clearly alternates
tion between the magnetic fields of the protein and the ironwith a sudden avalanche-like appearance of copies.

6. Another factor, no less unexpected, was that many of These spatial and temporal characteristics and features
the effects observed during the condensation of protein aref the process are characteristic of systems exhibiting chaotic
similar and analogous to the known turbulent and chaotibehaviort®-23
behavior of various systems. The appearance of the structural forms descrifseath

This observation particularly applies to the autowave osas helical vortices, and so pdoes not depend on the size
cillations described previously in the liquid phdséwhich  and scale of the domain, being repeated at the microscopic

FIG. 5. Change in the structure of the vortices when
iron filings are added to the protein: the number of turns
and their decoration with iron decreas@s while the
nucleus becomes larger and changes sliape
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FIG. 6. Damage to the structure of the filaments and
their bounding lines. They become disordered, encir-
cling pieces of iron like a “Medusa’s head” and ac-
quiring a coarse dashed pattéay.

and macroscopic levelG.e., when observed under the mi- nied by internal transport of the angular momentum, which is
croscope and with the naked @yend is repeated on any not the case in simple turbulent hydrodynanfiés.
level, which is consistent with the generally accepted data on In this respect, the following observation was made:
the helical structure of protein at the molecular level. when a mass of protein begins to condense, the appearance
When discussing these structural characteristics of proef a rectilinear defect, separating pairs of domains, is imme-
tein and attempting to understand their role, it should beliately followed by the formation of thin discrete lines in
borne in mind that the formation of helical vortices in any each domain. These lines move in opposite directions, ex-
material, or the creation of strongly rotating fields, is atending from the outside inward on either side of a defect,
source of turbulence at any structural le¥8land is also an near its upper boundary and are therefore distributed inside
analog of magnetic fields and a key factor in theireach of the two pair domains and two vortices. These dashes
generatiorf! (lines) are most frequently positioned at an angle of 45° to
7. On this basis, it may be hypothesized that in energythe defect. Twisting linegFigs. 3d and % spiral turns, and
terms, the transition of a protein from the liquid to the solidan internal elbow begin to be formed from these lines. A
state may be associated not only with turbuléchiaotio  thick black angular line, or attraction zone, often at an angle
hydrodynamics, generating pairs of vortex structures, bubf 60° and sometimes more, frequently appears suddenly in
also with the magnetic properties of the protein, comprisinghis zone at the site of the discrete lines or replaces them.
MHD turbulent instability and dynamics. Thus, a pair of contrarotating vortices is formed with an
However, in order to refine this hypothesis, we also neednterspersed fracture and two differently directed angular
to determine the direction of transport of the angular momenzones on the inside of each vortex. This structure was a basic
tum, since it is known that MHD turbulent instability and one in the solid phase of protein.
dynamics caused by MHD turbulent instability, is accompa-  Itis possible that the internal distribution of the optically

FIG. 7. Formation of new structures in the form of thin
white semitransparent fibrous filamen@ encircling
pieces of iron(b).
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observable lines reflects the unknown direction of transporM. Amus’, A. Arel’, M. Klinger, Yu. Neaman, and

of the angular momentum, and may serve as an additionadl Prigozhin for their moral support in these studies, for dis-

argument in support of the hypothesis. cussions of the results and proposed hypotheses, and for
However, even more important confirmation is providedvaluable comments.

by the observation that condensing protein is magnetically

sensitive(see experimental data
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This paper is a continuation of an analysis regarding an increase in the lifetimes of
nonequilibrium electrons;, and holesr,, by several orders of magnitude, observed with
increasing concentration of recombination centers. It is shown that a substantial incregse in
and 7, may also occur for three charge states of the recombination imputiesd the
curvest,=f(N) and 7,=f(N) may each have two minima and maxima. 1©97 American
Institute of Physicg.S1063-785(07)00704-0

It has been reportéd* that in semiconductors with im- Ri=Woin No+ W N_ — W85 'ngN_
purity recombination of nonequilibrium carriets’ the de- B
pendences of the electron and hole lifetimgsand 7,, on —Wi2616, NeN_3, 2

the recombination impurity concentratidh) which generally
decrease with increasinly, may have a section where the
lifetimes increase by several orders of magnitude because of R,=WigpN_+wW,;pN_,—W;08:PeNo
the nonequilibrium filling of the recombination level. A 1

model of two possible charge statés be specific, neutral ~W2101 " 05PN - @)

and negative singly-charged states with the concentrations |n the steady-state case, the charge state of the recombi-
No and N_) of the recombination impuritiegsingle-level  nation impurity atoms is determined by

approximation was used in Refs. 1-4. However, this effect

is observed whens;=N°®/Ng>1 (Refs. 2 and % where Ra=Rp, 4

N® and Ng are the corresponding equilibrium concentra- N

tions. This implies that capture of electrons by negative Wz—w01nN0+w0161_1neN_+w10pN_

singly-charged centers may play a significant role, which

was neglected in Refs. 1-4. Given the feasibility of obtain- —W;08;PeNg=0. (5)

ing long lifetimes for largeN, as demonstrated in Refs. 1—4,
our aim in the present paper is to study how critical the
single-level approximation is to the existence of this effect.
A slight deviation from the equilibrium state is analyzed, as
in Refs. 1-4. This may be achieved by recording weak op-

and that of the holes is

The equation of neutrality for a nondegenerate semicon-
ductor in thermodynamic equilibriutn® may be expressed in
the form

tical radiation by semiconductors. N= ?tl[lﬂL 01+ 62(61)]Y(61),
Let us assume that nonequilibrium electrons and holes,
having the concentratiorSn=n—n, andAp=p—p,, are (B1+A6,— 6
. . . . . . Y 8 — , 6
only formed by interband excitation or by injection from (61) 51-[0.125,(51)] (6)

contacts, wher@ andp are the electron and hole concentra-
tions, andn, andp, are their equilibrium values. As in Refs. where
1-4, we assume that there are shallow, completely ionized n N by
donors with the concentratidd, and that the recombination 5,(81)= 55_”, A :2_D, B; :4J, (7)
impurities are acceptors, which, unlike the model used in N2 N Nij
Refs. 1-4, are in a negative doubly-charged stateyith the n; andp,; are the equilibrium carrier concentrations when
concentration the Fermi level coincides with the recombination level

N_,=N—Ng—N_ 1) (j=1 corresponds to the lower level afne2 corresponds

to the upper level To derive expressioné) and (7), we

with the equilibrium valueN® ,= §,Ng (two-level approxi- assumed, as in Refs. 2 and 4, that the degeneracy factors of
mation). Neutral atoms capture electrons with probability the acceptor levels a, =g,=1/2 (Refs. 6-8.
wg; and thermally generate holes; singly charged centers If the carrier concentrations and the concentrations of
capture both electrons and holes with probabilities and  their trapping centers have small deviations from their equi-
Wy, respectively, and also thermally generate both types ofibrium values, ANy=Ny,—Ng, AN_=N_—N¢%, and
carriers; doubly charged centers capture holes with probabiAN_,=N_,—N¢,, respectively, Eqs(1)—(5) can be lin-
ity w,, and thermally generate holes. Thus, the rate of reearized with respect to these deviations. Then, using the
combination of the electrons is Poisson equation
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FIG. 1. Lifetimes of electrons,, and holesr, versus concentratioN of

two-level recombination impurities for large and small differences between

the energies of the upper and lower recombination le¥glsand #,: 1 —
Fro— 1 =23KT, 2 — #,,— #;,=5KT, wherek is Boltzmann’s constant,
and T is the temperature. It is assumed that;=10"*n;, Np=10Cn;,
W1o/Woi= 107, Wyo/Wy1,=10%, andw,y/w,;=10"1. The times are measured
in units of 1/(n;w,g) andN is measured in units af; .

. 4mq
d|v(AE)=T-(Ap—An—AN_—ZAN_z), (8)
as in Ref. 4, we obtain

An _ Ap .
R“:r_n +a,div(AE), Rp=T—p +apdiv(AE), (9

where
LA _W_)
Tn( 51) 2 011 12 51 2
01 _
—W125—2X3+(W0151 1+W12)Y(51)} (10
1 2P o

2
WXzt | Wip— W215_1) Xp—W1001X1

75( 1) a 01Xy .

Nyg
+ (W1051+W2152)7Y( 01), (11

the dependences af;, X,, X3, andx, on §; are determined
by the system of equations

X1+X2+ X3:0, (12)
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FIG. 2. Electron lifetimesr, versus recombination impurity concentration
N: a — for a two-level system with average spacifig— #,,=17kT (I)
and %, — £, =16 KT (Il) between the upper and lower levets— for the
single-level system&ly, N_ (Il) andN_, N_, (I): 1 — £,— &1 =25T,

2 — L= %1 =17.XT, and 3 — #£,— #,;=5KT. It is assumed that:
nu=10"%n;, Np=10n;, Wyo/We =10, wyo/w;,=1C, and
Wi/W,=10"1. The times are measured in units of ;o) and N is
measured in units af; .

X2
(Wp101+W;0B1) - (5—1 —Xq | + W10, Y(61)Xa=Wo1Y (1),
(13
Xq4— 2Xg—Xp=1, (14)
o, L0 (51 o 22v(s
WioTWpg 5} : 52X3 X2 W2151 (01)Xq4
=Wy,Y(6), (15

a,(d1) anda,(s,) are coefficients, andE is the change in
the electric field strength caused by the deviations,0p€,
No, N_, andN_, from their equilibrium values. We use the
same terminology for the lifetimes, and 7,, even when
quasineutrality is violate8l.This is justified because in the
equation(fourth-ordej for the spatial distribution oAn (or
Ap), the coefficient preceding the term ikn (or Ap) is
always 1f, (or 1l/r,) (Ref. 10, as in interband
recombinatiort?
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By defining the values obf;, we can obtain the curves
m(N) and7,(N) using Egs(6), (7), and(10)—(15). It can be
seen from Fig. 1 that, as in the single-level probfettthese

A detailed physical interpretation of these results can be
made by using the principle of partial components of recip-
rocal carrier lifetime$:* However, this requires a large

may have a section where the lifetimes increase by more thaamount of journal spaéeand thus will be reported sepa-

two or three orders of magnituder even morg Unlike the
single-level approximatiofi;* the maxima of these functions
are not generally observed at the pai#= N and their po-
sitions do not coincide for,(N) and 7,(N). Two maxima
and two minima may even be observéeg. 23. This be-
havior is caused by the nonequilibrium filling of the levéls
and by the different curves af,(N) and 7,(N) for single-
level Ng, N_ (lower leve) andN_, N_, (upper level sys-
tems because of the additional charge2gN_5,) in the lat-
ter case. For example, a maximum @f(N) for the Ny,
N_ system can only occur foN=Np (Refs. 2 and %
whereas for theN_, N_, system, maxima can occur for
N=Np and for N=Np/2 (Fig. 2b. Whenn,/n; is fairly
large andn;;<<n;, wheren; is the intrinsic carrier concen-
tration, maxima ofr,(N) are obtained for both systems for
N=Np (Fig. 2b. Thus in a two-level system,(N) has one
maximum for N=Np (Fig. 1). With decreasingn;,, two
maxima of 7,(N) are observed for th&l_, N_, system
(Fig. 2b), so that in a certain range of valuesrg$/n;4, two

minima and two maxima are formed in a two-level systemg

(Fig. 29. As n,, decreases further, the curvg(N) for the
N_, N_, system has only one maximum Bt=Np/2, and
the curver,(N) for N=Np for theN_, N_, system is lower
than that for theNgy, N_ system(Fig. 2b. Thus, there is
again one peak but &8=Np/2 (Fig. 1).
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Numerical simulation of a porous cooling effect observed when a hypersonic stream
of viscous gas with a decaying shock wave flows round a wall

S. A. Isaev, A. |. Leont’ev, V. V. Nosatov, and G. S. Sadovnikov

Academy of Civil Aviation, St. Petersburg; N. Bauman State Technical University, Moscow
(Submitted December 16, 1996
Pis’'ma Zh. Tekh. Fiz23, 46—50(April 12, 1997

The concept of porous cooling observed when a hypersonic stream of viscous gas with a
decaying shock wave flows round a wall is substantiated by means of a finite-difference solution
of the Reynolds equations, closed by using a two-parameter dissipative turbulence model.

© 1997 American Institute of Physidss1063-785(07)00804-3

A numerical analysis of the influence of blowing on the are made using high-order approximation schemes, espe-
thermophysical characteristics of the hypersonic flow of acially the MacCormack schenfethe solution must be made
viscous gas near a wall with a thermally stressed section imonotonic because pulsations of a nonphysical, purely com-
an oblique shock wave incidence test is aimed at substantputational, nature are usually observed in the ranges of high
ating the prospects offered by the concept of porous coolingradients of the flow-determining parameters. In the present
for the development of new heat protection systems fopaper, as in Ref. 4, we use a procedure which involves in-
power installations on modern aircraft. A software packagedroducing a diffusion constant exclusively at points of non-
was developed for solving the Navier—Stokes equations fomonotonicity, i.e., in regions of computational “ripple.” Os-
laminar flow using a method of determination, and solvingcillations originating from the scheme are thereby
the Reynolds equations, closed by means of a two-parametetiminated.
model of dissipative turbulence for turbulent flow, and this In our investigations, the calculation region was divided
software was tested for a set of calculations of continuouby a mesh dense near the walls, especially near the lower
and stalled supersonic and hypersonic flows of a viscouwall, and in the region of incidence of the shock wave, where
gas? The classical problems of flow in plane-parallel anda separation zone was formed. The mesh contained6g1
expanding channels, in a stepped channel with a rear-facincalculation points. The minimum mesh size at the lower wall
step, and in a hypersonic air intake were also considered. Was selected as around 1D It should be noted that the
should be noted that the MacCormacéxplicit—implicit  height of the channel through cross section at the exit from
scheme is used to discretize the convective terms of ththe region was taken as the characteristic linear dimension,
equations. and the velocity and density of the incoming stream were

In the present study this software package is used tgelected as the scales for making the variables dimensionless.
analyze the laminar flow of a hypersonic stream of viscousThe results of calculations of the flow of a hypersonic stream
gas around a planar wall when a generated oblique shoalf viscous gas around an impermeable wall and around a
wave is incident on it, as in Ref. 1, in the calculation zonewall with a porous cooling section, in the presence of a de-
between the wall and the wedge-shaped surface of the shoclaying shock wave were compared assuming laminar flow
generator. To reduce the size of this region, it is assumed théthe Reynolds number is 5000rhe Mach number was set at
the stream is symmetric about an upper reference plane, it 8.2 and the ratio of the wall temperature to that of the gas
parallel to the wall, and emerges from the sharp edge of ablown across the porous section was assumed to be 0.27. The
obliqgue shock wave generator. Thus, an analysis is made @orous cooling section was located at the most thermally
the evolution of a hypersonic flow of viscous gas in a chanstressed pointbetweenx= 14 andx=16), corresponding to
nel of variable through cross section with a central converthe point where the shock impacts on the wall. The blown
gent section. The physicochemical conversions which magas pulse was fixed at 5%.
take place at these flow velocities, are neglected in this so- Figures 1 and 2 give the results of a comparative analy-
lution of the problem. The initial conditions are defined as-sis of the flow around a wall without and with blowing. The
suming that the stream is uniform within the calculationfields of the flow characteristic near the wall were analyzed
zone. Moreover, the gas parameters at all the calculatiowhen the solution had stabilized, i.e., after steady-state gas
points are assumed to be equal to those in the unperturbdidw had been achieved. This state was obtained for dimen-
stream. The stream parameters are kept constant at the esienless times greater than 15. The steady-state flow pattern
trance to the zone, while “soft” boundary conditions or con- of the viscous gas in the boundary layer reveals a zone of
ditions for continuation of the solution, are imposed at theflow stagnation near the wall at the most thermally stressed
exit. Conditions of attachment are satisfied in the calculatiorpoint, i.e., at the point of incidence of the shock wave. A
process at the lower wall, and the wall temperature is kepseparation zone is formed at this point although this is fairly
constant. Conditions corresponding to those at a thermallyeakly defined when there is no blowing. As was to be ex-
insulated wall are assumed at the upper surface of the shoglected, the presence of a cooled insert does not have any
generator. significant influence on the flow field. This is confirmed by a

When calculations of supersonic flows with shock wavescomparative analysis of the pressure and temperature distri-
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FIG. 1. Comparative analysis of calculated isobar patterns ob-
tained when a hypersonic stream of viscous gas with a decay-
ing shock wave flows around a wall wiifa) and without(b)
blowing across part of the wall. The lines are plottad— with

step 1 between 1 and 17éb — with step 1 between 1 and 18
(the pressures are relative to the pressure in the incoming
strean.

e

bution patterns in the boundary layer with and without blow-profile at the wall. Only a slight increase in pressure is ob-
ing. The transformation of the surface distributions of theserved at the point when gas blowing is initiated. An analysis
relative values of the static pressure and heat flux with timef the calculated distributions of the thermal characteristics
demonstrates the establishment of the process in flow aroung the wall shows that blowing across a porous insert can
a wall without blowing, with the formation of a thermally gggentially remove the thermal load on the wall, which is

stressed zone, corresponding to the point of interaction bq”esponsible for the efficiency of this type of cooling. This

tween the shock and the boundary layer at the plate. From an clusion is supported by physical experiménEhis nu-

analysis of the curves in Fig. 2, it is interesting to note that | vsis has theref firmed th t of
the flow pattern and the distribution pattern of the force andnerical analysis has therelore confirmed the concept of po-

thermal loads is broadly established by the tiffie10. rous cooling of thermally stressed sections of streamlined
Blowing has very little influence on the relative pressurecomponents in objects of various types. It has been noted

P/Pinf § &%, 0B

if f
N

Add il

FIG. 2. Comparison of the distributions of the relative pressure
@ e T T T T T T T T T T T T ) ; )
R A A 6 5 20 P/PInf (a)‘and thg relative heat qulS{J_/Q,nf (b)‘along the wall at
: X various times withoui{(1-4) and with blowing(5). Here the
subscript “inf” describes the flow parameter for hypersonic

1 flow along a planar plate. The numbered curves correspond to

] b the following times:1 — T=3; 2— 10;3 — 15;4 — 20; and
Q/Qinf /(\ o-5
, |

5—20.

35 4320000 Uw,
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that this type of cooling has a local effect, which does not in Power Machinery (HTEPM’' 95)MSTU, Moscow 1995. Vol. 2.
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Fabrication of indium arsenic-antimony-bismuthide multilayer heterostructures
by “capillary” liquid-phase epitaxy
R. Kh. Akchurin, V. A. Zhegalin, T. V. Sakharova, and S. V. Seregin

M. V. Lomonosov State Academy of High-Precision Chemical Technology, Moscow;
Institute of Chemical Problems in Microelectronics, Moscow

(Submitted November 10, 1996

Pis'ma Zh. Tekh. Fiz23, 51-55(April 12, 1997

Low-temperature “capillary” liquid-phase epitaxy is used to grow IpAs ,ShBi, /InSh, _Bi,
multilayer epitaxial heterostructures on I$b)A substrates. The heterostructures

contained up to sixty epitaxial layers of thickness between 0.05 anduhi,5which was

controlled by the epitaxial growth conditions. The heterostructures were investigated by scanning
electron microscopy and secondary-ion mass spectrometry, and results are presented.

© 1997 American Institute of Physid$$1063-785(07)00904-X

Solid solutions of indium arsenic-antimony-bismuthide fully from presupercooled solutions, at epitaxy temperatures
(InAs, _,_,ShBiy) are attractive materials for the sensing no higher than 300°C, under isothermal conditions, where
elements of far-infrared\(=8— 14 um) photodetectors uti- the time of contact between the solution and the substrate
lizing the intrinsic photoconduction effect. However, the should not exceed 1-3 s. The uniformity of the thickness and
scope for epitaxial deposition of materials wily(77 K)  composition of the epitaxial layers over the substrate length
<0.15 eV is limited by the increased technological difficul- can be improved by increasing the flux velocity of the liquid
ties involved in obtaining solid solutions of the required in the gap and by using “relaxation” types of epitagyhere
composition &~0.6—0.7), the limited solubility of bismuth  the flux is stopped briefly after the solutions are exchanged
in solid solutions y=<0.005), and also by defects in the ep- in the working space between the substrat&se epitaxial
itaxial layers because of the lack of suitable substrate matgyrowth processes were carried out in an S-3348 liquid-phase
rials to fab_ricate ispperiodic heterostryctu?és. epitaxy system in a high-purity hydrogen atmosphere. A

Numerical estimates were made in Ref. 3 to show thatfoy.-through type of graphite container was used with a
in principle, a material having the fundamental optical ab-growth channel 25@m thick. The InSKL11)A substrates
sorption edge ak=12um at 77 K can be fabricated using \yere subjected to standard chemical treatment. Immediately
multilayer elastically stressed INfgSky 61/INAS; SB SU- petore epitaxial growth, the substrates underwent additional
perlattice heterostructuret0.73), formed on InSb sub- 4 oaiment in the reactor of the liquid-phase epitaxy system to
strates. Recent success in the fabrlcatlon of these hetero,StrL@Tminate any defects from the pre-epitaxial treatment and to
tures by molecular-beam epitaxy and gas-phase EEp'ta)ﬁyemove the oxide film. This treatment involved slightly dis-

using organometallic compounds and in the development Oéolving the surface layer 5—Zm thick by contact between
efficient photodetectors utilizing these materials has stimur; .
the substrate and an unsaturated In—-Sb-Bi flux at

lated !ncreased mte_rest n the;g solid solutl‘bﬁsﬁ.\ccordmg 270—280°C. Subsequent cooling in the range of 10—20°C at
to estimates made in Ref. 7, it is preferable to use elastlcalltyi N . .
rate of 0.4°C/min resulted in the growth of an

stressed InAlSLX‘ySh‘BI.y/me heterostructgres for this InSh, _,Bi, buffer layer 3—5um thick. The heterostructures

purpose. In order to achieve values®f(77 K) = 0.12-0.14 y=y ; o .

eV, the predicted composition of the InAs, . ShBi, solid were formed by a relaxation type of liquid-phase epitaxy
’ o Y under the following conditions: epitaxy temperature

solutions will be in the range~0.86—0.92, allowing for the °C. initial ling of soluti °C
maximum solubility of bismuth as a function of temperature, 230~ 260°C, initial supercooling of solutions 5-20°C, flow-
thrugh time 1 s, and pause time 1.4 s.

and the critical thicknesses of the epitaxial layers to conserv X
the elastic stresses will be in the range of G-@51 um. By regulating the number of flow-through cycles, we
The feasibility of using “capillary” liquid-phase epitaxy ©Ptained heterostructures with between eight and sixty lay-
to form multilayer elastically stressed InAs,,ShBi, het-  €rS- The composition of the InAs,,ShBi, layers was in-
erostructures was analyzed in Ref. 8. In accordance with thkestigated by secondary ion mass spectrometry with layer-
calculated data, epitaxial layers of uniform composition withPy-layer ion etching using an IMS-3F system. We used a
sharp heteroboundaries are best achieved by forming heter&S™ primary ion source, with a primary beam energy of 6.5
structures  with  alternating  epitaxial layers  of keV, a beam current of 100 nA, and a secondary ion sam-
InAs; __,ShBi, (active layers and InSh_,Bi, (auxiliary pling zone of 60um. The reference samples were epitaxial
stretching layens grown on an InSb substrate from fluxes of layers of known compositionx= 0.96—0.92) determined by
indium and bismuth alloys. x-ray spectral analysis. The distribution of the concentrations
In the present paper, we report results of experimentadf the main components, arsenic, tin, and antimony, was in-
studies on the development of these structures by the methostigated over the thickness of the epitaxial layers. The sur-
described above. According to estimates made in Ref. 8, eface and cleaved sections of the heterostructures were exam-
itaxial layers of subcritical thickness can be grown successined using a Hitachi-800 field-emission scanning electron
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FIG. 1. Electron micrograph of a cleaved section of a -
InAs, _,_,ShBi, /InSb, _,Bi, heterostructure grown on afl11)A InSh ]
substrate. ] !
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microscope with incident electron beam enerdies1—20

keV. . , .
. L é'ZIG. 2. Concentration profile of a multilayer
The thickness of .the epitaxial layer was.t_)etween 0.0 nAs, _,_,ShBi, /InSh,_,Bi, heterostructure, measured by secondary ion
and 0.15um, depending on the growth conditions, and nomass spectrometr§f — coating layer]l — main layers, andll — buffer

appreciable spread was observed over the area of the hetefayen.

structuregFig. 1). The distribution profiles of the main com-

ponents over the thickness of the epitaxial layers obtained by ~This work was partially supported financially by the
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oboundaries are fairly abrugFig. 2). The InAs concentra- 1994.
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Hydrodynamic characteristics of the propagation of polymerization waves
in liquid media
A. S. Segal’ and A. V. Kondrat'ev

State Institute of Precision Mechanics and Optics, St. Petersburg (Technical University)
(Submitted December 12, 1996
Pis’'ma Zh. Tekh. Fiz23, 56—61(April 12, 1997

An analysis is made of the hydrodynamic characteristics of the propagation of thermal
polymerization waves in liquid media without hardening of the final polymer product. The process
is described mathematically using a system of equations for the dynamics and the heat and
mass transfer in a reacting liquid medium, written in the Boussinesq approximation and assuming
the simplest overall polymerization reaction. 97 American Institute of Physics.
[S1063-785(107)01004-5

Thermal waves of polymerization reactions, observedwve report a numerical simulation of the propagation process
and studied for the first time by Chechilo and colleagtfes, of a polymerization wave, which can reproduce some of
demonstrate a particular example of wave chemical phenonthese effects.
ena in condensed media. Compared with other similar phe- The process is described mathematically by using a sys-
nomena(see, for example, Ref.) 3they have many charac- tem of equations for the dynamics and for the heat and mass
teristic features, which were studied in detail by Pojman andransfer in a reacting medium, written in the Boussinesq ap-
colleagues in a series of experiments and allow the process fgoximation and implying the simplest “monomes poly-
be visualized directly:® In particular, when a wave propa- mer’overall kinetic polymerization reaction:
gates in the direction of the gravitational force, the following
effects are observed:) the wavefront remains planar and
horizontal, despite any slope of the reactor and/or heat losses
through the side walls;)2he front may be preceded by pow-
erful vortex motion of the liquid; B pulsation or “spin”
wave propagation regimes may be established; arub¥/-
mer “fingers” may grow near the front. In the present paper, + BuoM), 3

M/ t+(V-V)M=V-(DVM)—W, 1)
pc[dT/ot+(V-V)T]=V-(AVT)+ QpW, ()

plVIot+(V-V)V]= =V +V(2uS)+ pg(BrST

FIG. 1.
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FIG. 2.

V.V=0, (4) at all walls(V = 0). At zero time, the reactor is assumed to
. . . . be filled with cold monomerN =1, T=T,).
where V is the velocity vector of the mediuniy is the The system(1)—(5), with the appropriate initial and

monomernmass fractionconcentrationT is the temperature,
W is the reaction ratep is the dynamic pressure,is the

time, p is the densityc is the specific hea) is the reaction
energy, D is the binary diffusion coefficient of the
monomer—polymer mixture) is the thermal conductivity,
w is the dynamic viscosity3t and 8y, are the coefficients of

thermal expansion and concentration compression, respe L di h its of th lculati W
tively, g is the vector of the acceleration due to gravRyijs et us now ISCUSS the results 0 t €se calcu .atlons.. e
analyze the behavior of a polymerization wave in a tilted

Hamilton’s vector operator, an8 is the strain rate tensor. CHE . A
The dependence of the reaction rate on the temperature af@2Cctor inclined at an angle of 45° to the vertical. The calcu-

monomer concentration is expressed in the form lations were made for a range of kinetic parametgyrsind
E of the reaction which ensures diffusion and thermal stabil-

W=k, exp(—E/RT)M, (5 ity of the proces(no pulsation or spin regimgs
wherek, is a preexponential factoE is the activation en- In the first series of galcula‘uons, allpwance was only
ergy, andr is the universal gas constant. made for thermal expansion of the medium caused by the
An analysis is made of the propagation of a wave in aheat released during the polymerization reaction. From the
plane rectangular reactor, initiated from the hot upper wallvery beginning of the process, the heated liquid was ob-
Then, the “ignition” boundary conditions are set at this served to rise along the hot upper wall, transferring heat to

boundary conditions, was solved using a partially implicit
finite-difference system with an approximation of the spatial
derivatives on a spaced MAC-mesee, for example, Ref.
6), which linearizes the initial problem. The transition to a
new time layer was made by a method of splitting by physi-
¢al processes and coordinates.

wall: M=0, the upper corner of the reactor. This caused a buildup of
L more vigorously heated liquid in this zone and generated a
T=Tn=To+Qlc, 6) plane horizontal reaction front, which then began to propa-

whereT, is the initial temperature of the medium afig, is  gate downwardsee Fig. 1a, which shows the temperature
the temperature of adiabatic propagation of the reaction. Théield contours at one point in timeln Fig. 1b, which shows
other walls are assumed to be impermeable to the mediuthe current contours at the same time, the lower
and adiabaticoM/dn=0, dT/9n=0, wheren is the normal  counterclockwise-rotating vortex is caused by this rise of un-
coordinate to the corresponding wall. For the velocity vectorreacted liquid along the hot upper wall. The upper vortex is
we use standard conditions of attachment and impermeabilitiormed because the temperature in the reaction zone is
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slightly higher than the temperatuig, maintained at the fingers at the wavefront, followed by the decay of these fin-
upper wall(this can be seen from Fig. ldn this context, gers into droplets, which sink slowly to the bottom of the
the upper wall was “cold” for the reacted liquid behind the reactor. Figure 2 gives the contours of the monomer concen-
front, which resulted in a downward flow of liquid, forming tration field, which show the growth of polymer fingers and a
a clockwise vortex. layer of heavy cold polymer deposited at the bottom.

Note that the vortex motion of the liquid near the front The results of this numerical simulation have therefore
rapidly equalizes the temperature field and stabilizes thgualitatively reproduced the main experimentally observed
front in the horizontal direction. This behavior occurs be-characteristics of the propagation of a polymerization wave
cause the characteristic time for natural convection is shortan a liquid medium in the range of diffusion thermal stability.
than the characteristic times for conduction and chemical re-
action, so that free convection is the dominant processlN. M. Chechilo, R. Ya. Khvilivitski, and N. S. Enikolopyan, Dokl. Akad
(simple ‘?St.‘mat?s yield the following values for these ZH?l&(_Scshiﬁ(i)lg :ELl]r-lEcSiOl(\ll.gg.Z).Enikolopyan, Dokl. Akad Nauk SSSE4,
characteristic  times: Txee com™0-25S, Teond™=57 S, and 1131(1974).

Tehent=5.6 9. 30scillations and Traveling Waves in Chemical Systeedited by R. J.

Allowance for concentration compression of the medium Field and M. Burger(Wiley, New York, 1985 [Russ. transl., Mir, Mos-
in the course of polymerizatiofshrinkage abruptly alters I IlD?)?nawén, 3. Am. Cherm. Sa£13 6264(1990.
the pattern of wave propagation. In this case, stability is l0Sts;. a. pojmaret al, J. Phys. Cher6, 7466(1992.
because of the interaction between two opposing trends, thel®C. A. F. FletcherComputational Methods in Fluid DynamidRuss.
mal expansion and concentration compression. It has beeplransl., Mir, Moscow, 1991
established that this interaction may give rise to double- ~ Ba/liss and B. J. Matkowsky, J. Comput. Phys, 147 (1987.

diffusion convectior?, which induces the growth of polymer Translated by R. M. Durham
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Thick-layer glycerin-containing bichromated gelatin for recording volume holograms
Yu. N. Denisyuk, N. M. Ganzherli, I. M. Maurer, and S. A. Pisarevskaya

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 17, 1996
Pis'ma Zh. Tekh. Fiz23, 62-65(April 12, 1997

A thick-layer light-sensitive material consisting of glycerin-containing bichromated gelatin has
been prepared and used to record real-time volume holograms with (h#4
helium—cadmium laser radiation. The thickness of the layers is 400#600The holographic
sensitivity of the material is 1 J/dnThe highest diffraction efficiency of holograms

recorded using a symmetric system with parallel beams is 32%198¥ American Institute of
Physics[S1063-785(017)01104-X

In earlier studies, we proposed and investigated a thickfraction efficiency being observed at the second peak. For
layer light-sensitive material consisting of gel-like bichro- 0.5 mm thick layers, this maximum diffraction efficiency is
mated gelatin, designed to record volume holografishis ~ 32% for an exposure of 5.4 J/émWith allowance for the
material has the advantage that the image is reconstructgmirameters of the exposing radiation, the holographic sensi-
directly in the hologram recording process, and in layers ofivity of this material can be estimated as 1 Jfemwhich is
around 2 mm thick, and the diffraction efficiency of holo- better than that of the gel-like bichromated gelatin layers
grams recorded using a symmetric system with paralleflescribed by us previously.
beams may be 17-18%. However, the inadequate diffraction An increase in the angle of convergence of the interfer-
efficiency and the limited information storage time rendering beams during the hologram recording process reduces
this material unsuitable for many practical applications.  the highest attainable diffraction efficiency to 21%, when

Another type of self-developing layer of bichromated this angle is 20%(spatial frequency =790 mmi 1), 6% for
gelatin with glycerin additives of up to 93% by weight of dry 30° (1180 mni %), and 2% for 40%(1330 mni *). Assuming
glycerin, having a layer thickness of around 5—i after ~ that a hologram diffraction efficiency of 1% is sufficient, the
drying, is described in the literatufeThe glycerin in these resolution of the self-developing layers of glycerin-
layers functions as a plasticizer and is also used to storeéontaining bichromated gelatin may be taken to be 1200
some water molecules which, because of the presence onm L.
hydrogen bonds, perform the developing process. In addi- Measurements were also made of the angular selectivity
tion, a higher rate of accumulation of photogenerated/Cr Of the holograms recorded with an angle of convergence of
ions can be achieved because of the good electron-dondé® as a function of the exposure. The readout wavelength
properties of glycerin. was\A=0.63 um. Figure 2 gives the diffraction efficiency as

We prepared and investigated self-developing glycerine@ function of the angle of incidence of the reconstructing
containing layers of bichromated gelatin, which were aroundadiation for exposures of 5.4 J/érteurvel), 1 J/enf (curve
400- 600 wm thick after drying. The layer fabrication tech- 2, and 0.5 J/cth(curve3). The angular selectivity improves
nology differed very little from the casting technology for With increasing exposure and is ‘48t the half-maximum of
these thin |ayersl A molten solution of 6% bichromated ge]a_the distribution for the hOlOgram with the hlghest diffraction
tin, to which we added 93% glycerin and 5% ammoniumefficiency (curve 1). The thickness of the bichromated gela-
bichromate by weight of the dry gelatin, was poured onto a
glass substrate at 40 °C. After being left to gel in a refrigera-
tor for 24 h, the layers were then dried at room temperature
for several days, during which they decreased in thickness;
for example, layers having an initial thickness of 2 mm de-
creased to 40@.m. 25 ]

The main holographic characteristics of the layers were 5 4
determined by recording holograms of two plane waves, g 20
formed from 0.44um helium—cadmium laser radiation. The g 15 ]
interfering beams propagated symmetrically with respect tog g
the normal to the surface of the layer and the angle of con—g 10
vergence of the beams was 14°. The diameter of the exposeff |
spot was 10 mm. The power density of the radiation in the
plane of the hologram was of the order of 4 mWfcriihe 0
reconstructed wave appeared in the first few seconds of the 0 2 4 6 8
hologram recording process. A typical curve of the diffrac- Exposure, Jiem”
tion efficiency versus the exposure is plotted in Fig. 1. It can
be seen that this curve has two peaks with the highest difFIG. 1. Diffraction efficiency of the holograms as a function of exposure.
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tin layer on which the hologram was recorded wasfairly long time also causes no significant changes in the
400 um. An estimate of the effective layer thickness corre-holographic characteristics.
sponding to an angular selectivity of 40nade using a for- This light-sensitive material is fairly easy and cheap to
mula derived in Ref. 4 in an approximation valid for low produce. The layers may be used for recording three-
diffraction efficiency, yields a value of the order of dimensional images by the method of referenceless selecto-
150 um. Having regard to the approximate nature of thisgrams and also for investigations of optical memories.
theoretical estimate of the effective layer thickness, the  This work was supported by the Russian Fund for Fun-
agreement between the theoretical estimate and the redhmental ResearcliGrant 95-02-03887 and also by the
thickness may be considered to be satisfactory. CRDF Fund(Grant RE2-162

It should be noted that, as well as having the capacity for
self-development of a latent image, the proposed thick-layer vu. N. Denisyuk, N. M. Ganzherli, and I. A. Maurer, Pis'ma Zh. Tekh.
light-sensitive material can also store recorded holographic,Fiz. 21(17), 51 (1995 [Tech. Phys. Lett21, 703 (1995].
information for a fairly long time without any appreciable Ylgg';')' Denisyuk, N. M. Ganzherli, and I. A. Maurer, Proc. SRA8g 42
deterioration in the diffraction efficiency because water mol- sy v. .herstyuk, A. N. Malov, S. M. Maloletov, and V. V. Kalinkin, Proc.
ecules are stored as complexes with glycerin in the dried SPIE1238 218(1989.
layer of gelatin. The layer thickness only decreases negligi- Yu- N- Denisyuk, Zh. Tekh. Fiz0(6), 59 (1990 [Sov. Phys. Tech. Phys.
bly over time as a result of drying out. Exposure of the 35 669(1990].
recorded holograms to radiation from a mercury lamp for arranslated by R. M. Durham
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Growth of delta-doped silicon layers by molecular beam epitaxy with simultaneous low-
energy ion bombardment of the growth surface

Sh. G. Shengurov, V. N. Shabanov, and A. V. Shabanov

N. I. LobachevskiPhysicotechnical Scientific-Research Institute, Nizhavgorod State University
(Submitted September 23, 1996
Pis’'ma Zh. Tekh. Fiz23, 67-72(April 12, 1997

It is shown that high-quality structures may be fabricated by applying a potential to the substrate
to obtainn- and p-type delta-layers during low-temperature growth of epitaxial layers from
subliming silicon sources doped with antimony or gallium. 1©97 American Institute of Physics.
[S1063-785(17)01204-4

Delta-doped layers are attracting interest among retential relative to the sourcé/=30-300 V, was then ap-
searchers because of the possibility of producing fundamerplied to the substrate for time=3 s and the layer growth
tally new electronic devices? Delta-doped silicon layers are continued. A layer 30—-200 nm thick was grown after the
usually obtained by molecular-beam epitaxy, either compotential was switched off.
bined with solid-phase epitaky* or with low-energy ion Figure 1 gives the results of a secondary ion mass spec-
implantation>® These techniques are used because of th&oscopic(SIMS) analysis of the antimony distribution over
need to suppress segregation effects inherent in conventiondie depth of an epitaxial structure grown o190 with the
molecular beam epitaxy, as a result of which it is impossiblebrief application of a potentia/=—100 V. The structure
to obtain layers with an dopant concentration close to theonsisted of a um thick buffer layer, as-layer, and a 60
solid-phase solubility limit and abrupt transition regions. nm thick upper layer. The profile has one peak caused by an
However, these methods use relatively high temperatureiscrease in the dopant concentration at the instant when the
(=650°0 to anneal the layers, which increases the diffusionpotential is applied, and another peak near the surface of the
spreading of the dopant concentration profile in the deltalayer, which is caused by the buildup of antimony on the
layer. growth surface as a result of its segregation and is a fraction

However, it has been establisfédhat segregation of of a monolayer thick?
the dopant can be reduced by applying a negative potential to The thickness of thé-layer cannot be estimated directly
the substrate during the growth process when silicon idbecause of the ion mixing effect of the SIMS profile. How-
evaporated using an electron gun. The low-energyiBhs  ever, it can be seen that the peak inside the epitaxial structure
formed by ionization of the molecular flux activate trapping and the peak near the surface are of similar width and height,
of dopant(mainly donor$ from the adlayer. Appreciable which suggests that the thickness of the internal doped layer
thermionic emission was also established during the sublimas small(less than 8 nmand the dopant concentration in it is
tion of silicon®° We observed an increase in the transportfairly high.
coefficient of donor and acceptor dopants during the epitax- The SIMS data also indicate that the boundary of the
ial growth of silicon, when a negative potential was applieds-layer is abrupt. It should be noted that the impurity con-
to the substraté?~13 centration in the upper layer is close to the concentration in

In the present paper, we demonstrate the feasibility othe buffer layer.
applying a potential to the substrate to obtain and Similar SIMS profiles were obtained for the gallium-
p-type delta-layers during the low-temperature growth of ep-doped layers. Figure 2 gives the calculated hole concentra-
itaxial layers from subliming silicon sources doped with an-tion profile in the 6-layer for a two-dimensional concentra-
timony or gallium. tion of electrically active dopaiis=5.64x 10 cm 2 and a

The layers were grown by a procedure described in Refsbackground acceptor concentratidg=5x 10'° cm™3. Also
10-13. The sources of the silicon and dopant fluxes werelotted are the experimentally measured concentrations de-
rectangular silicon blocks cut from KE0.01, KDG-0.06, termined from capacitance-voltage measurements. In our
and KDG-0.005 single crystals. The substrates were rectarview, satisfactory agreement is observed between the calcu-
gular wafers of (110 and (100) oriented KE--0.005 or lated and measured values, particularly at high concentra-
KDB-0.01 silicon. The substrate and the source were placetions. The asymmetry of the measured profile is probably
parallel to each other in a growth chamber and were heatechused by some asymmetry in the doping of Shkayer. In
by passing a current. The growth rate of the layers wasddition, thes-doping approximation is evidently not satis-
~0.8—0.9 nm/s and the residual gas pressure during growtfied at low dopant concentrations<6x 10’cm%).

did not exceed 1.810 ° Pa. It was also established that as the applied potential is

After high-temperature (13309@urification of the sub- increased, the maximum dopant concentration increases
strate surface from any passivating oxide film, the temperasomewhat. For example, for layers doped with gallium, ap-
ture was reduced to 700°C and~al um thick buffer layer plication of the potentiaV=—300 V to the substrate in-
was grown. During this growth process, the substrate temereased the concentration by a factor of approximately 2.7
perature continued to decrease~+t®20°C. A negative po- compared with the casé=—100 V.
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Capacitance-voltage measurements of structures witHopant is always present on the surface of the growing layer.
S5-doped layers showed that the maximum concentration§Vhen a negative potential is applied to the substrate, dopants
were ~1.5x10" cm 2 for n-type layers and %10  from the adlayer begin to be efficiently trapped by the grow-
cm 2 for p-type layers. According to the C—V data, the car-ing layer under the ion bombardment. We established
rier concentration profiles are very steéhe half-width of  earliet® that the degree of ionization of the silicon flux inci-
the hole profile is~2 nm). dent on the substrate is 16— 10 . Thus, during growth of

All the layers were single-crystal, regardless of the dopthe doped layer, the ion dose did not exceet? tn™ 2, i.e.,
ing level, and the electron diffraction patterns only containedhere are~50 atoms trapped by the dopant layer per incident
Kikuchi lines. When examined under a transmission electrorion. Some of the atoms become embedded in the layer as a
microscope, layers having a surface concentratiomesult of doping with recoil atom¥. However, a substantial
N,=<1.5x 10" cm 2 revealed a low dislocation density increase in the concentration of implanted dopant cannot be
(~10® cm ?), whereas layers having the concentrationexplained by a negligible flux of low-energy ions. A more
N~4x 10 cm? revealed a pileup of dislocation loops likely mechanism is the activation of dopant trapping, for
with the density~10° cm™2. example, by rearrangement of the surface and the generation

The formation of sharp dopant concentration peaks irof surface defects. Similar conclusions were reached by other
epitaxial layers grown under the pulsed application of a poresearchers who performed similar experiments using high
tential may be explained as follows. It is known that gallium energies and ion fluxé€ The increase in the maximum dop-
and antimony are dopants which segregate at the surface ant concentration with increasing potential is most likely
low growth temperatures!*®As a result, a thin adlayer of caused by an increase in the density of defects generated in

the surface layer under bombardment by higher-energy ions,
and may also be caused by an ion focusing effect.

M em’® Thus, by using the ion component of the molecular flux
P from the subliming silicon source and applying a small nega-
07T tive potential,5-doped layers having a surface concentration
of ~1.5x 10" cm2 for n-type layers and~4x 10 cm™2
/048 B for p-type layers can be obtained at low growth temperatures
(~520°0.

07 1
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Irregular dynamics of a chain of circle maps with quasiperiodic excitation
T. E. Vadivasova, O. Sosnovtseva, and V. S. Anishchenko

Saratov State University
(Submitted December 16, 1996
Pis'ma Zh. Tekh. Fiz23, 73-79(April 12, 1997

An analysis is made of the spatial evolution of quasiperiodic regimes in a chain of coupled circle
maps. Mechanisms for the appearance of strange nonchaotic dynamics and the properties of
irregular attractors are analyzed. ©97 American Institute of Physics.
[S1063-785(17)01304-9

Chains and grids of individual elements possessing noneoupling coefficienty. The cell having the numbgr=1 is
trivial dynamics represent a very simple model of a distrib-influenced by the cell of numbgr=0, possessing the rota-
uted medium and have thus been studied fairlytion numberé,. If 6, is irrational, this influence is quasip-
intensively’~® Compared with other one-dimensional maps,eriodic (in a flow system this corresponds to two-frequency
the circle map excitation with the frequency ratie,/w,= 6,). The excita-

_ _ : tion intensity is characterized by the parameter
x(n+1)=x(n)+ Q= (K2m)sin2ax(n)), mod 1 We briefly list the effects observed in the chain for dif-
possesses far richer dynamics. This map demonstrates vaférent parameters.
ous periodic, quasiperiodic, and chaotic regimes. A chain 1. In the supercritical regiork(>1), whenA=0, chaos
consisting of such elements provides greater scope for studynay be observed as a result of a finite number of doubling
ing various scenarios in the evolution of nontrivial dynamicspifurcations along the chaisimilar to the results obtained in
but so far, has been very little studied. Refs. 3 and b However, a very weak gausiperiodic excita-

It may be postulated that, under certain conditions, th&jon destroys the chaos and leads to the formation of noncha-
unidirectional influence of preceding elements on subsequentic strange attractors. Figure 1a showg- X;) projections
ones, assuming the existence of quasiperiodic oscillations igf the phase trajectories for cells wijk=4, 5, 6. The pa-
these elements, should generate so-called nonchaotic stranggneters werek =1.55,Q0=0.5, y=0.13, andA=0. In this
attractors, i.e., fractal sets possessing no mixing propertyase, chaotic dynamics appear in the fifth cell. The Lyapunov
The concept of nonchaotic strange attractors was introduc@ponem for this subsystem is= +0.0434. The following
in Ref. 10. Studieks*? have shown that the strange noncha-celis do not add positive Lyapunov exponents and appear to
ofic attractor is typical of systems with quasiperiodic excita-re|ay the chaotic dynamics formed in the fifth cell. Figure 1b
tion. Various mechanisms are known for the destruction Obives phase portraits for the same cells, for the same param-
ergodic gausiperiodic oscillations, resulting in nonchaoticeters, and the same initial conditions, but with a weak qua-
strange attractors:)la torus crisis, where a fractal structure siperiodic excitationA=0.001 having the rotation number
is formed at the instant when a stable invariant cuwhkich equal to the golden meaﬁb=0.5(\/§—1). Instead of chaos,
is a mgthematical t.ransform of_two—frequency quagiperiodica nonchaotic strange attractor regime=(—0.0516) is ob-
oscillations comes in contact with an unstable one in a cer-seryed in the fifth and following cells. A further increase in
tain set of point$***and 2 loss of torus smoothnes§Thus,  the excitation leads to fractalization of the invariant curve in
the concept of irregular dynamics should include not onlyqg|is with j <5.
chaotic regimes but also regimes corresponding to strange 2 A quasiperiodic influence on the elements of the chain

nonchaotic behavior. . in the rangeKk >1 may not only destroy but may also induce
~ The aim of the present paper is to analyze the mechane evolution of chaotic dynamics along the chain. For
nisms for the evolution of chaotic and nonchaotic OSC'”a'exampIe, when K=1.65, Q=05 A=0.15 and

tions in a_chain of unidirectit_)nally coupled_circlt_a maps. 9o=0.5(;/5— 1), a nonchaotic strange attractor regime is es-
The discrete model studied may be written in the form ‘tapjished in the first cell j=1), whereas in the following

Xo(N+1)=Xq(n)+ 6y, mod 1 cells, the development of chaos may be observed for a cer-
tain range of variation of the coupling parameter
X1(N+1)=x1(n)+Qy —(K4/27)sin(2mxy(N)) e [0.13,0.29. For y=0.2 each successive cgh=2, 3...9
+A cog2mxg(n)), mod 1 adds_a positive Lyapunov exponent to the Lyapunov chara_c-
teristic exponent. Thus, hyperchaos evolves along the chain.
Xj(n+1)=x;(n)+Q;—(K;/2m)sin(2x;(Nn)) Outside this range of values, no chaos appears in any cell.

3. Under conditions of fairly strong coupling along the
chain, chaos stabilization may be observed, similar to that
wherej=2, 3,...,mis the number of the partial cefthe studied in Ref. 4. For example, for the parametérs 2.0,
spatial coordinate and n is the discrete time. All partial (=0.5, A=0.15, and smally~0.1-0.2, an almost linear
cells (>1) are assumed to be identical. The influence of thencrease in the Kolmogorov entrop';tJ:E{:l)\i+ with in-
preceding cell on the subsequent one is described by thereasing is observed in the first thirty cells. With increasing

+ 7y cog2mx;_1(n)), mod 1
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a FIG. 1. (xo—X;) projections of phase portraits for
j=4, 5, 6 forK=1.55,(0=0.5, andy=0.13: a —
without any external excitatioA=0; b — with exter-
nal quasiperiodic excitatioA=0.001.

coupling parametey, the following cells cease to add posi- 5. It should be noted that in the subcritical region

tive Lyapunov exponents and the entropy ceases to increag < 1), a strange nonchaotic attractor may appear not only

along the chairtfor example, fory=0.4 the entropy is sta- as a result of the destruction of two-frequency quasiperiodic

bilized from the second cell onward oscillations(invariant curve but also as a result of the de-
4. Whereas in the supercritical regiokiX-1), two types gy ction of three-frequency quasiperiodic oscillatidasd

of nontrivial dynamics may develop along the chain, forclearly, in the general case bf-frequency quasiperiodic os-

K<1 chaotic behavior is excluddfbr K<1 the partial cell ilations). Fi 24 qi B iecti f the ph
is a reversible one-dimensional map, which cannot possescé a |0n§. !gure a 9'\,/65)(0 X;) projections of the p a;e
ectories in cells with =4, 5, 6 for the case of a quasip-

chaotic dynamics either in its own right or under externalt™
excitation. Studies have shown that this case is typified byeiodic influence with the rotation numbeg= 22— 1 (silver

the evolution of nonperiodic, nonchaotic oscillations alongmean on the first element of the chain with the excitation

the chain. This evolution takes place for various values of th@mplitudeA=0.058. The parameters of the chain elements
cell parameters and degrees of coupling. areK=0.8 and()=0.610074, which corresponds to a qua-

FIG. 2. a — Ko—X;) projections of phase portraits;
b — Poincarecross section in the plane,=0.5 for
j=4, 5, 6 whereK=0.8, 1=0.610074,y=0.2, and
A=0.058.
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siperiodic regime in a partial cell with a rotation number A chain of circle maps also provides scope for introduc-
approximately equal to the golden mean. The coupling paing mismatch between the cell parameters which control
rametery is 0.2. A three-frequency quasiperiodic regime istheir rotation numbers, so that multifrequency, quasiperiodic
established in the first elements of the chain. Its evolutiorregimes may be obtained and their destruction may be stud-
with increasingj is difficult to identify from the two- ied. Such an investigation will form the subject of further
dimensional projection of the phase portrait. Thus, a crosexperiments.
section of the phase portrait in a plane, which can reduce the This work was partially financed by a grant from the
dimensionality of the set to unity, is introduced to analyzeRussian State Committee on Higher Education in Fundamen-
the dynamics. Figure 2b shows,(—x;) projections of the tal Natural SciencéGrant No. 95-0-8.3-66
phase portrait cross sections in the plarg=0.5 for
j=4, 5, 6. The cross sections are constructed with an aCCUtA. V. Gaponov-Grekhov, M. I. Rabinovich, and I. M. Starobinets, JETP
racy of 10°%. It can be seen that fgr=4, 5 the curve ob- ,Lett.-39 688(1984.

. . . . . S. P. Kuznetsov, Izv. Vyssh. Uchebn. Zaved. RZ6), 87 (1984).
tained in the cross section is smooth, which corresponds tGS. P. Kuznetsov and A. S. Pikovkizv. Vyssh. Uchebn. Zaved. Radiofiz.
the three-frequency quasiperiodic regime. The sixth cell re- 28 308(1985. )
veals fractalization of the curve in the cross section, similar®V. S. Anishchenko, D. EPostnov, and M. A. Safonova, Pis'ma Zh. Tekh.

At ; ; : Fiz. 12, 1505(1989 [Sov. Tech. Phys. Letll2, 622 (1985].
to the fractalization of the invariant curve corresponding to 5v. 5. Anishohenko, 1. S. Aranson, B. Bostnov. and M. 1. Rabinovich.

two-frequency quasiperiodic oscillations. Dokl. Akad. Nauk SSSRe86 1120 (1986 [Sov. Phys. Dokl.31, 169

In summary, these investigations have shown that a (1986].
chain of circle maps is typically characterized by effects al- 6\].' P. Crutchfield and K. Kanek®irections in ChaogWorld Scientific,
ready studied for chains with different partial elemefstsch ~ ,S"gapore, 1987

. . . . . K. Kaneko, Physica 87, 60 (1989.

as period dOUbl_mg b|furqat|ons and_ the _?VOquon Of. chaossa p. kuznetsov and S. P. Kuznetsov, lzv. Vyssh. Uchebn. Zaved. Ra-
along the spatial coordinate, multistability, saturation of diofiz. 34(2), 142(199.
chaos along the chain, and so fortas well as by new ef- °S. P. Kuznetsov, Chaos Solitons Frac|281(1992.

. P L . 10C. Grebogi, E. Ott, S. Pelikan, and J. Yorke, Physica3261 (1994.
fects arising from the possibility of quasiperiodic regimes. Ay Ding, C. Grebogi, and E. Ott, Phys. Rev.39, 2593(1989.

typical consequence of defining a quasiperiodic regime every. Feudel, J. Kurths, and A. Pikovsky, Physica8B, 176 (1995.
in the zeroth element of the chajguasiperiodic excitation  *2J. F. Heagy and S. M. Hammel, Physica7D, 140 (1994).

: ) u ; ‘
is the appearance of coarse nonchaotic strange attractoréS/éZ’é?(slhgggnkov T. E. Vadivasova, and O. Sosnovtseva, Phys. Rev. E
over a wide range of parameters in cells from a certain ™ ’

numberj. Translated by R. M. Durham
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Free oscillations in a ferroelectric liquid crystal
A. P. Fedoryako, M. N. Pivnenko, E. V. Popova, and V. P. Seminozhenko

Institute of Single Crystals, National Academy of Sciences of Ukraine, Kharkov
(Submitted November 27, 1996
Pis'ma Zh. Tekh. Fiz23, 80—-85(April 12, 1997

A description is given of experimental investigations in which free electromechanical oscillations
are obtained for the first time in ferroelectric liquid crystals. 1®97 American Institute of
Physics[S1063-785(17)01404-3

Resonance effects have been observed in studies @llse (Fig. 1a; AT=T*—T is the difference between the
forced electromechanical oscillations in a ferroelectric liquidSmA— SmC* phase transition temperature and the observa-
crystal® The authors supposed that these effects were causeidn temperature The instant of reversal of the electric field
by a chevron texture in the sample, but this supposition wapolarity is taken as the origin in Fig. 1a.
not substantiated. Since the chevrons divide the crystal single  The maximum amplitude and power of these oscillations

domain into separate elements, the discreteness of the matgre comparable with the amplitude of the current and the
rial and the interaction between structural elements must bgower of the polarization reversal pulse. The oscillations
taken into account in the deformation process. Itis extremely,gyve the highest intensity atAT=1.75°C and

important to estimate the parameters of the statistical ens—g 754 16® V/em. In this case, the oscillation power is at
semble of molecules which is involved in the oscillatory mo-|east three orders of magnitude higher than the noise of the
tion and determines the inertial properties of the resonanteasuring apparatus. The frequency spectrum covers be-
structure. We propose to study free oscillations rather thageen 4 and 16 kHz. The decay time of the oscillations is
forced oscillations to determine thg inertial properties Ofaround 10 ms. The high temporal stability of all the oscilla-
resonant structures. We then describe experimental VS characteristics should be noted. The oscillatory response

gathns, n Wh'Ch fre_e elv_actromechanlc_al _03(_:|Ilat|ons WeTSs each pulse repeats the previous one with a relative devia-
obtained for the first time in a ferroelectric liquid crystal and . 3 ; " .
tion of less than 10°. This stability allowed us to acquire

were observed as a honmonotonic relaxation to bulk polar- . . .
o A . . data for 100 or more cycles, and increased the signal-to-noise
ization equilibrium. The moment of inertia of a structural

ratio by more than an order of magnitude. This is necessary

element is estimated. Oscillatory resonant structures are in- o
y at the edges of the temperature range of the oscillations,

teresting as a new direction in the study of dynamic pro- T<1°C andAT>3 °C, where the amplitude of the oscil-

cesses in these crystals, and may extend the range of pracll-. . .
cal application of liquid crystals. lations does not exceed the noise level. The transient nature
For the investigations we used a binary mixture 0fof the process rules out simple methods of spectral analysis.

the achiral smectic C  2-(4-octyloxyphenyl-5-octyl- Thus, the entire time interval of the oscillations was divided
pyrimidine and  the chiral additive bis-4.4 nto overlapping segments, of duration such that the assump-

-(2-s-methylpenty)-terphenyldicarboxylate. These com- tion of a ste_ad_y—state process was v_alid, to some degree _of
pounds have frequently been used to study the nature &ccuracy, within each segment. Fou'rler analysis was used in
spontaneous polarizatiénThe composition usedadditive  an individual segment. The frequencies and amplituiedf

concentration= 19.7 wt.% has the following phase transi- the spectral components obtained referred to the time at the
tion temperatures: center of the segment. The oscillation spectrum for the initial

time (Fig. 1b characterizes the establishment of the oscilla-
tions i.e., the mechanism for transfer of energy from the field
reversal pulse to the free decaying oscillations. Most of the

where | is the isotopic phase, SWnis a smecticA, and energy is_ transferred to the rapidly decaying compone_nts at
SMC* is a chiral smecticC. The spontaneous polarization frequencies of 6.6 and 8.1 kHz, which decay over a perlod of
P is 9 nC/cn? at T=58 °C. The crystal was placed between UP to 1.5 ms. The spectral components at freque.nC|es of 4.7
glasses having a transparent conducting coating. Plan&hd 5.9 kHz have a decay rate an order of magnitude lower.
boundary conditions were achieved by applying an orientant. We obtained temperature dependences of the amplitude
The layer thickness was 24m and was normalized by of the various spectral components of the oscillations in or-
means of spacers. The lower glass was clamped firmly to ger to study the conditions for the establishment of these
heating element, while the upper glass was left free. To thé@scillations(Fig. 2a. Each spectral component has a value of
cell we applied rectangular heteropolar voltage pulses of 1@ T for which the amplitude is largest at the onset of oscil-
ms duration, which generated an electric fi@dof up to  lation. This value ofAT corresponds to the point where the
10* Vicm. Measurements were made of the polarization reperiod of the oscillations coincides with the half-height
versal current induced by reversal of the electric field polarwidth of the polarization reversal pulsé ¢). The duration

ity in the sample. In the temperature rany& <4 °C, we of the polarization reversal pulse depends on the relation
observed complex, multifrequency, slowly decaying oscilla-between the rotational viscosity,, the electric field
tions against the background of the polarization reversastrength, and the spontaneous polarizafion:

66 °C 60 °C
| - SMA — SnC*,
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0.0 !
15 f kHz

FIG. 1. Time dependence of the polarization reversal cur@rand oscil-
lation spectrum(b) for AT=1.7 °C andE=8.75x 10° V/cm.

1.8y,
Ar= PE 1)

As AT increases at constaht, the rotational viscosity

The time behavior of the oscillation amplitude is expo-
nentially decaying, and is described by the damping agte
which has different values for the different spectral compo-
nents. Two oscillation modes may be identified according to
the value ofe, which are probably associated with different
structures in the crystal. The first oscillation mode includes
rapidly decaying oscillationsa(>2x 10* s™1), which have
an initial amplitude comparable with the polarization rever-
sal pulse. These are the spectral components with frequen-
cies of 6.6 and 8.1 kHz in Fig. 1b. According to the inertial
theory of the dynamic behavior of a liquid crystal, the equa-
tion of motion for the directon has the fornf

Po  Pe  de
752 ~KGa Ve ~PETe @

where o is the moment of inertia per unit volume, is the
azimuthal angle of the director, ard is the elasticity con-
stant. It is easy to see that the damping rate is related to the
viscosity and the moment of inertia as follows:

_Ye

o= 20_ .
For the first oscillation mode, Eq3) yields o~3x10 8
g/cm, which corresponds to a structural element having the
characteristic size~20um. Since the diameter of zigzag
defects on a chevron structure is 22—2d, it may be pos-
tulated that these determine the parameters of the first oscil-
lation mode. The second oscillation mode~10® s™1) is
not described by Eq2), since the density of the moment of

()

increases monotonically aniiT increases, causing redistri- inertia, in accordance with Eq3), is ~3x10 ° g/cm,
bution of energy from the high-frequency components of thevhich increases the characteristic size of a structural element
oscillation spectrum to the low-frequency components. Inby an order of magnitude. Temperature dependences of
this case, the frequencies of the spectral components revere obtained for this oscillation mode. Figure 2b gives the
mained the same, which suggests that a resonant structugarves ofa(AT) for the spectral components at frequencies

may exist with a set of natural frequencies.

A, nA —x—8.1kHz
600 ——66
—a-—5.9

—a—q7

300
0 |
05 1.0 15 2.0 25 AT °C
a
o, 103s™
--=— 5.9KkHz 4
. —a— 4.7 /»
" 4
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FIG. 2. Temperature dependences of the oscillation amplitedand the
damping rateb) at different frequencies.
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of 4.7 and 5.9 kHz. Assuming that the oscillation energy is
dissipated as heat on account of the viscosity of the crystal, a
monotonic increase in the damping rate may be expected
with increasing coefficient,. However, the damping rate
decreases near the 8m SmC* phase transition and has a
minimum for AT around 2.5 °C. This behavior @f(AT) is
typical of all spectral components of the second oscillation
mode. Components whose decay is determined by the iner-
tial properties of the moving glass substrate are also ob-
served.

In this report, we have confined ourselves to qualitative
reasoning. The results of a more detailed and quantitative
analysis will be published separately.

The authors are grateful to L. A. Kutulya and V. V.
Vashchenko for synthesizing the ferroelectric liquid crystals
and chiral additive, and also for valuable discussions during
this work.
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A negative-feedback garnet laser
N. V. Bystrov and S. M. Zakharov

P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow
(Submitted December 15, 1996
Pis'ma Zh. Tekh. Fiz.23, 86—88(April 12, 1997

A reduction in the time taken to achieve cw lasing from milliseconds to microseconds is

obtained in an actively mode-locked Nd:YAG laser when weak, slow-response, negative feedback
was inserted. The laser is designed to illuminate the photoinjector cathode of an electron
accelerator. ©1997 American Institute of Physid$$1063-785(17)01504-9

Photoinjectors are being increasingly widely used in-sponse time is governed by the lifetime of the conduction
stead of thermionic cathodes and bunchers in electroelectrons. Active feedback is achieved using electrooptic
accelerator$.Electron bunching is achieved by appropriate materials, it usually has a slow response, and is suitable for
laser illumination of a photocathode. Depending on the fre-operation with long trains.
guency of the accelerating field and the duration of the ac- In the laser described, quasi-cw pumping of up to 1.5 ms
celeration cycles, the requirements for the laser vary widelyduration was provided by a uniform artificial line. Its wave
micropulse length between 1 and 200 ps, pulse repetition ratenpedance(0.5 1) was matched with an 800 J flashlamp.
between 50 MHz and 3 GHz, and traimacropulsglength  The garnet crystal used had a diameter of 0.5 cm and a
between a few and hundreds of microseconds. The paranength of 6 cm. The cavity formed by a 40% plane mirror
eters required for our acceleratavere 100 ps, 150 MHz, and a nontransmitting spherical mirroR€280 cm) was
and>100 us, respectively. Such long trains can be cut fromtuned to the 150 MHz intermode beat frequency. A thermo-
a continuous series of micropulses generated by a modetatically controlled acoustooptic modulator was supplied
locked, cw-pumped laser. Pulsed quasi-cw pumping is enewith a power of up to 20 W by a 75 MHz pulse generator.
getically more favorable, but then the duration of the tran-The percent modulation was 10%. A KDP electrooptic
sient processes must be taken into account. Calculdtionsnodulator with a double-pass half-wave voltage of 200 V
have shown that when initially disordered modes are activelyand a photodiode with a time resolution ojxs and an out-
mode-locked, the lasing in a Nd:YAG laser becomes cwput signal amplitude of less than 10 V formed a negative
within milliseconds, whereas in a single-mode field, this isfeedback loop. This weak feedback was sufficient to alter
achieved within microseconds. Mode disorder is especiallfundamentally both the nature of the free running and the
observed in the spiky structure characteristic of free runningnode-locked lasing. The spiky structure usually observed for
in solid-state lasers and before mode locking is implementeftee running(Fig. 18 completely disappearé-ig. 1b and
it is desirable to achieve nonspiky free running. This condi-the time taken to reach cw lasing under active mode locking
tion can be achieved by incorporating passive or active negas reduced from approximately a millisecoriflig. 19 to
tive feedback. Amplitude feedback is implemented, but themicrosecondgFig. 1d. Note that the oscilloscope traces in
frequency and phase structures of the cavity modes ar€ig. 1c are remarkably similar to those in Fig. 4 in Ref. 3, in
clearly efficiently influenced. Passive feedback is based omhich the cavity tuning precision and the time taken to reach
nonlinear effectdconversion to the second harmonic, two- cw lasing were determined from the nature of the oscilla-
photon absorption it has an almost instantaneous responsetions.
and is effective for shortof the order of 1us) trains® The time resolution of the traces in Fig. 1 is inadequate
However, if the two-photon absorption is accompanied by aro identify the micropulses. To observe these pulses, the sig-
appreciable buildup of conduction electrons, the slow-nal from a coaxial photocell was fed directly to the deflection
response component may dominate in the response. The rplates of an S1-75 oscilloscope, which were swept by a 75

MHz sinusoidal signal from the same generator as the acous-
tooptic modulator. Thus, two pulses can be identified in Fig.
2, one formed by the superposition of all even micropulses in
the train and the other formed by the superposition of all odd
a micropulses(some hundreds of thousands of pujsesl-
though the exact pulse profile cannot be determined because

100 us
c M

d 6.67 ns

FIG. 1. FIG. 2.
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of the time resolution of the oscilloscope, the clear superpo-*D. J. Kuizenga, Opt. Commui22, 156 (1977).

sition of the pulses indicates that they are fairly identical, at ‘A V- Babushkinet al, Kvantovaya Elektron(Moscow 16, 2036(1989
[Sov. J. Quantum Electrol9, 1310(1989].

Igast in terms of energy. Note that the duration of illumina- 5S. A. Bakhramovet al, Kvantovaya Elektron (Moscow 23(5), 479
tion of the electron-beam tube was selected so as to cut out1ggg.

the laser pulse tail and avoid the associated blurring of the’K. P. Komarovet al, Kvantovaya Elektron(Moscow 13, 802 (1986
micropulse image. [Sov. J. Quantum Electrori6, 520(1986)].
K. Burneika et al, Kvantovaya Elektron(Moscow 15, 1658 (1989

[Sov. J. Quantum Electrori8, 1034(1988].

1C. Travier, Nucl. Instrum. Meth. Phys. Res.3%0, 25 (1994).
2A. Agafonovet al, Nucl. Instrum. Meth. Phys. Res. 241, 375(1994. Translated by R. M. Durham
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Investigation of inhomogeneous kinetic processes in a gaseous medium excited
by multiply charged ions
A. P. Budnik, I. V. Dobrovol'skaya, P. P. D'yachenko, and S. V. Kozel

A. . Lepunski Physics and Power Institute, State Science Center of the Russian Federation, Obninsk
(Submitted November 22, 1996
Pis’'ma Zh. Tekh. Fiz23, 89—94(April 12, 1997

The space—time characteristics of track structures in a gaseous medium excited by multiply
charged ions have been studied theoretically for the first time and the influence of these structures
on the quality of the radiation beam from lasers has been assessed. A model has been
developed to describe the diffusion and drift of heavy particles at all stages of the track evolution
process. ©1997 American Institute of PhysidsS1063-78507)01604-2

It has recently been showthat in the active media of 19
gas lasers excited by multiply charged idirluding fission T o (TB)=—4me(Ne—Ny), €)
fragment$, strong fluctuations in the concentration of some
components of the medium may be observed as a result efheret is the time,r is the distance from the axis of the
track effects. Studies of track effects are of scientific andrack, v is the electron velocityfq(r,v,t) is the electron
practical importance because the optical microinhomogenerelocity distribution function,Ng(r,t) and N;(r,t) are the
ities of the active media, induced by these fluctuations, maglectron and total ion concentratiomé, (r,t) is the concen-
determine the quality of the radiation beam produced by theration of particles of speciels, E(r,t) is the electric field
high-energy wide-aperture quantum amplifiers now beingstrength,e andm are the electron charge and masés) is
developed, whose active media are excited directly by fis- the electron—atom collision frequenay,is the electron en-
sion fragments. ergy,So(fo,N;y) is the collision integralD;, and u;, are the
We shall briefly explain the fundamental reasoning be-diffusion coefficient and mobility of particles of speciks
hind this model. Following Ref. 1, we represent the pumpingandf;, are terms describing the creation and annihilation of
process as a superposition of deterministic continuous anplarticles of speciek.
random pulse components. The pulse component simulates The system of equatior(d)—(3), with appropriate initial
the near transits of the multiply charged ions, and the conand boundary conditiorfs’ can be used to simulate the evo-
tinuous component simulates the distant transits. The nedution of the track core. Calculations were made for a mix-
transit of the multiply charged ions is a random process andure of helium and cadmium vapor. The helium atom con-
the time of incidence of the ions near a selected point icentration was assumed to be close to the optimum for
described by a Poisson distribution. We shall then investigatpumping by a hard ionizer, while the Cd atom concentration
the case where most of the track cdtetecay sooner than was slightly exaggerated (2<110'7 cm™3) to permit appli-
the next multiply charged ion transit closest to the core, andability of the model. The system of plasma-chemical pro-
the track sheaths overlap repeatedly within the core lifetimecesses and radiative transitions in He-Cd was constructed
We only take into account the strong fluctuations induced bysing data from Refs. 6 and 7 and was described in detail in
the track cores and we neglect the weak ones induced by thRefs. 1 and 8. In total, the model allowed for 19 plasma
sheaths. The evolution of the core of a multiply charged iorcomponentgelectrons, He and Cd atoms, Hand Cd ions
track can then be approximated as a process taking plade the ground and excited states, Hmolecules, and He
against a background of constant homogeneous pumpingnd Cd molecular iong 54 plasma-chemical reactions, and
This approximation imposes upper and lower limits on thel6 radiative transitions.
permissible values of the specific pump power. A typical result of the mathematical simulation is plotted
Assuming that the ion track is axisymmetric, and ne-in Fig. 1. After the transit of the multiply charged ions, the
glecting any inhomogeneity along the axis of the track, weHe* ion concentration undergoes the strongest perturbation.
shall describe its evolution in the plane perpendicular to th&he concentration of the molecular Heons is less per-
axis of the track using the systen: turbed. It increases initially as a result of the conversion of
atomic He' ions to molecular ions, and then decreases be-
eE. of, cause of charge transfer and diffusion. An increase in the
—) concentration of molecular Hehelium ions as a result of
charge transfer between the Héons and cadmium atoms

ALINCES vV fo+
gt 37 v T mey v

1 9 [E%* ,ofg increases the concentration of Tdbns in the upper laser
t 2 a3t g T SofouNi) =0, (1) level for thex =441.6 nm transition. The track core decays

as a result of plasma-chemical processes, radiative transi-
tions, and diffusion.

Allowance for the diffusion of heavy particles reduces
the amplitude of the fluctuations compared with the calcula-
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10" 3 for varioust (1 — t=0ns, 2—t=40ns, 3 — t=60ns, and4 —
3 1 t=100 ng for a helium—cadmium medium. The parameters of the medium
10™ 1 and the pumping are the same as in Fig. 1.
3
10" 3 ’ , : o
] ¢ M =exp(g)2); z is the distance traveled by the radiation in
1 4 the medium, andg) is the average linear amplification of
10"y 3 the radiation.
1 Thus, for moderate values &fl and a high Cd vapor
10" , reeprreres e . concentration, the fluctuations of the radiation are small and
00.1 0.5 1.0 1.50 the angular divergence caused by the track structures only
c10% em exceeds the diffraction limit when the amplifier aperture is

around 1 m. When the Cd vapor concentration is reduced,
FIG. 1. Concentrations of various ions as a function of distance from thedthe influence of track effects on the radiation fluctuations can
track axis of multiply charged ions in a helium—cadmium plasma at variousobviously increase considerably because of the increased

times after transit of the multiply charged iorls— 200 ps,2 — 1.3 ns, |ifetime of the cores. However, the overlap of the core tracks
3 — 7.8 ns,4 — 26 ns, andd — 57 ns. lon charg& =15, mass number

A=144, and kinetic energlf =80 MeV. The concentration of helium atoms must be taken into account for an accurate estimate of this
is 5.86< 10" cm™2 and the concentration of cadmium atoms isx1p?  €ffect.
cm™ 3, The average pump power is 60 WfRni(a) — dashed curve — It has therefore been shown for the first time that the
concentration of Hé ions, continuous curve — total ion concentratiéth) discrete nature of nuclear pumping imposes fundamental
1 i . I+ i . - . . .

(_X‘iozzi”é'::;” of Hg fons; and1(c) — Cd" ions in upper laser level  ¢onstraints on the quality of the radiation beam in lasers

. whose active media are excited directly by multiply charged

ions (especially fission fragments of heavy nuglei
The authors would like to thank the Russian Fund for

tions made earlier in Ref. 1. However, the main conclusiorFundamental Research for supporting this w@@ant No.
reached in Ref. 1, that the parameters of the medium mag6-02-17443n
undergo strong fluctuations, still holds.

The_ results Qf the simulation were US.e.d .to.calculate the)In radiation chemistry, the region near the axis of a heavy, charged particle
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“Bioceramic—titanium nickelide” functional composites for medicine

V. L. Itin, N. A. Shevchenko, E. N. Korosteleva, A. A. Tukhfatullin, M. Z. Mirgazizov,
and V. E. Gyunter

V. D. Kuznetsov Siberian Physicotechnical Institute, Tomsk State University
(Submitted December 15, 1996
Pis'ma Zh. Tekh. Fiz23, 1-6 (April 26, 1997

“Bioceramic—titanium nickelide” functional composites are proposed and investigated. It is
shown that the incorporation of an all@gtanium nickelide possessing superelasticity and shape
memory enhances the strength properties of the composite while the porosity through the
material needed for the ingrowth of living tissue is maintained. These composites are
biocompatible and exhibit a property similar to the superelasticity characteristic of living tissue.
© 1997 American Institute of Physids$1063-785(07)01704-7

From the biomechanical point of view, functional mate- were then used to select the optimum sintering regime.
rials for implantation in the body should have properties  The chemical compatibility between titanium nickelide
similar to those of living tissue, i.e., they should possessind bioceramic was studied usingQ@1500 drift indicator
elasticity and have a stress—strain diagram similar to that ofHungary and a DRON-1 x-ray diffractometer using cobalt
tissue, with its characteristic hysteresis on the loading—radiation.
unloading diagram. Among existing materials, only alloys  gtatic compression testing was carried out using an In-
with shape memory exhibit similar properties under isother<yon 1185 testing device. The true flow stresses, yield

mal conditions. Thg bioceramics used in medicine do not strength, and the relative deformation before damage were
have these properties, although they do have the advanta%termined

of high mechanical strength, nontoxicity, and maximum bio- In studies of the chemical compatibility between tita-

compatibility compared with other materials. A serious dis-_. : : . . ;

. . : . nium nickelide and stomatological porcelain using thermog-
advantages of bioceramics, particularly porous ones, is thelir .
brittleness raphy and drift indication, the curves reveal no thermal or

In the present paper we propose a new class ofass effects up tq temperatures of 1120-1130 °C. As a re-
“bioceramic—titanium nickelide” composites for medicine. Sult Of further heating, thermal effects do occur but they are
One componenttitanium nickelide of these composites ex- small. These results agree with the x ray phase analysis data
hibits superelasticity and shape memory, while the othefor the sintered samples, which reveal new, undecipherable
component provides the bioceramic properties. lines in addition to those assigned to the components. The

Porcelain, which is a brittle material widely used in or- intensity of these lines increases with the sintering tempera-
thopedic stomatology, was selected as the ceramic compddre. We postulate that the chemical interaction between the
nent. Porcelain is highly brittle because of the contactporcelain mass and oxides on the surface of the titanium
stresses formed at various phase and grain boundaries, whiaickelide particles results in the formation of new phases,
are considerably greater than the average applied stressggssibly of the spinel type, and an oxide bond is created as
The contact stresses in the ceramic may undergo relaxationyfell as the mechanical borgarticle coupling,.
energy is dissipated in this stress zone through a phase trans- An investigation of the sintering behavior of mixtures of
formation in the titanium nickelide. A change in temperature,stomatological porcelain and titanium nickelide powders in-
or the application of a load, induces a martenistic transforgjicated that the following sintering regime was the optimum
mathn in the titanium n!ckellde, Whlch causes eff|C|ent_ r€-for the composite: sintering temperatdre: 1150 °C and sin-
laxation of the stresses in Fhe matrix when the composite Bering timet=2 h. This regime ensures fairly high porosity
under load, so that the solid component can sustain the a‘f’ﬁrough the sample, combined with good strength properties.

plied load? g ) ) .
. o e strength properties of porcelain and composites are
The samples were prepared using PN55T45 titanium g™h prop P P

nickelide powder and “Gamma” stomatological porcelain presented in Tab!e I.' An 'mcr('aase n the. density of the
mass. which were dried. measured out. and mixed in théamples and the titanium nickelide content in the composite

following ratios: porcelaint 25 wt.% (13 vol.% TiNi and |s_ accompanied by an increase _in the true flow stresses, the

porcelain+ 50 wt.% (30 vol.% TiNi. Cylindrical samples  Yi€ld strength, and the deformation before fracture. .

10 mm in diameter and 5—7 mm thick, with an initial poros-  1hree types of load diagram are obtained for composites

ity of 40—43%, were pressed from the mixture. ~ sintered under different conditions. As well as load diagrams
The samples were placed in the chamber of an SNVEVith @ normal smooth profiléFig. 1, curvel), for compos-

1.3.1/16ICh electric furnace and were sintered in a vacuurff€s having different compositions, porosities, or deformation
of 133x10 “Pa at various temperatures and times. Afterrates, we observed irregular stress fluctuations on the stress—

sintering, the loss of mass, final porosity, and the linear andgtrain curvesFig. 1, curve2) or elongated sectionsteps
bulk changes in the samples were measured, and these datih very different rates of change in stress with increasing
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TABLE I. Strength properties of sintered porcelain and porcelain—titanium nickelide composites.

Final Compressive, Relative deformation
Material porosity, % yield strength, MPa before damage, %
Porcelain 47 19 3.1
Porcelain—25 wt.%TiNi 45 39 3.0
Porcelain—50 wt.%TiNi 41 106 5.1
Porcelain—25 wt.%TiNi 25 500 20.1

*The samples were prepared by a pressing—sintering—grinding—pressing—sintering process.

strain (Fig. 1, curve3). Moreover, the amplitude of these Figure 2 shows a typical loading—unloading diagram for
irregular fluctuations varied randomly. a porous sample of porcelain—50 wt.% TiNi composite. The

These irregular stress fluctuations in highly porous maioading and subsequent unloading curves do not match, but
terials are caused by processes, which, according to the clafrm a loop. It has been established that the elastic recovery
sification put forward by V. I. Vladimiro, develop on a of the volume of porous compressed samples of superelastic
structural level with a characteristic size of-2000um and titanium nickelide powder is caused by the breaking of inter-
are determined by the distribution, size, and morphology oparticle contacts and is determined by the strength of the
the pores, and by the chemical composition of the contadbriquet, which depends on the porosity and on the contact
zone of the powder particlésThe main type of fracture coupling force$. Weakening these forces by adding other
mechanism involves the formation and evolution of micro-components, such as finely disperse tungsten or silicon car-
scopic cracks in regions containing pores and interparticlgide, to the titanium nickelide powder appreciably enhances
necks. Fracture is also promoted by microcracks in the cethe elastic effect, since strong like-contacts between titanium
ramic component, which are formed during pressing and argnd nickel are replaced by unlike oreSince the elastic
inherited after sintering. Merging of microcracks to form aeffect decreases as the titanium nickelide content in the com-
main crack under high stressing leads to fracture of thyact is reduced, the concentration dependence of the elastic
sample. recovery of the volume usually has an extrentum.

The step-profile load diagrams correspond to the level at | 5 porcelain—titanium nickelide composite, the compo-
which independent macroscopic cracks are foreaiusing nents interact weakly, and after sintering the contacts be-
fracture in various parts of the sample. After fracture hagween the ceramic and metallic components are weakened.
occurred at the weakest points, where the stresses haygder loading, these contacts are the main ones to break and
reached the yield strength, the stresses are redistributed. R@e elastic recovery of the volume increases. As a result, the
gions which have not undergone fracture are additionallyjeformation is reversible and the composite exhibits proper-
loaded, and the deformation continues to increase. Thus &{sg similar to superelasticity.
increase in the deformation of the porous composite is  The piocompatibility of this stomatological porcelain—
caused by the sequential fracture of various parts of the M;ianjum nickelide composite was studied by a histological

terial. method, by evaluating the reaction of rat tissue to samples of
the compositdtest group and porcelair(contro) implanted
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FIG. 1. Stress—strain diagram of porous composifes— porcelain—50 1 2 3 &, Yo
wt.% TiNi, 7¢0n=35%, Vg4e=0.5 mm/min;2 — porcelain—50 wt.% TiNi,
Teon= 35%, Vger= 0.1 mm/min;3 — porcelain—25 wt.% TiNi,7¢,,= 30%, FIG. 2. Stress—strain diagram of porous composite porcelain—50 wt.% TiNi,
Vge= 0.5—0.6 mm/min. Neon=35%, Tgn=1150 °C, and=2 h.

295 Tech. Phys. Lett. 23 (4), April 1997 Itin et al. 295



beneath the skin of the anterior abdominal wall. In both v. E. Gyunter, V. I. Itin, L. A. Monaseviclet al, Shape Memory Effects

cases, the nature of the tissue reactions, their incidence, andnd Their Application in Medicindin Russiad, Nauka, Novosibirsk
. . . (1992.

the CharaCte”Stl_CS _Of t_he Cel.IUIar_ Changes Were Ident'?ales. N. Kul'kov, T. M. Poletika, A. Yu. Chukhlomirt al, Porosh. Metall.

Thus, bioceramic—titanium nickelide composites are bio- No. 8, 88(1984.

compatible. 3V. 1. Vladimirov, The Physical Nature of Fracture of Metdl® Russiai

. N (Metallurgiya, Moscow, 1984
) Thes? .an?Stlga‘tlonS' have demonstrated tI_']at“Yu. V. Mi'man, A. M. Leksovski, and R. K. lvashchenko, Porosh. Met-
bioceramic—titanium nickelide porous permeable composites all. No. 1-2, 77(1994.
are biologically compatible with living tissue, they possess °S. M. Solonin, I. F. Martynova, V. V. Skorokhoet al, Porosh. Metall.
properties similar to superelasticity, and may be used in No. 9, 14(1986.

medicine. Translated by R. M. Durham
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Application of statistical methods to solve global reconstruction problems
A. N. Pavlov, N. B. Yanson, and V. S. Anishchenko

N. G. ChernyshevskBtate University, Saratov
(Submitted December 10, 1996
Pis'ma Zh. Tekh. Fiz23, 7-13(April 26, 1997

A solution of the problem of reconstructing a mathematical model using statistical methods to
specify the evolution operator is optimized. It is shown that this procedure can be used

for modeling with short time series, so that the metric and dynamic characteristics of an attractor
can be determined with a knowledge of the reconstructed model equations. Direct methods

of analyzing scalar time series are less effective in this situation19@7 American Institute of
Physics[S1063-785(07)01804-1

One method of mathematical modeling is the global rethat a more rigorous approach to the problem will involve
construction of dynamic systems, i.e., the reconstruction o$tudying the dependences®f ,, . 1, On the parameters.
the evolution equations of a system using experimental tim¢n  the present paper, we propose to consider
series. The concept of reconstruction is primarily linked withc, | (N).

o Loy
Packard and Takens,who demonstrated and verified math- 11,5 the aim of the present paper is to study the feasi-

ematically the feasibility of reconstructing the phase portraitbi”ty of obtaining a rough mathematical model whose coef-

of an attractor in terms of the one-dimensional realization oficients are selected by statistical methods. We also propose
some procesa(t), discretized with the stept, i.e., using 4 show that this procedure can specify the evolution opera-
the. time serleaiza(mt): In 1986, Ref.. 3 was DUb“S_hEd: N tor even when very short time series are used, so that the
which the authors described an algorithm to establish corrémetric and dynamic characteristics of an attractor can be de-
spondence between a real signal and a mathematical modglmined fairly accurately by using the reconstructed model

in the form of a system of ordinary differential equations. g ations. Direct methods of calculation using scalar time
The concept of this algorithm is broadly as follows. DeT series are less effective under these conditions.

fining dynamic systems involves specifying a set of quanti-  The glopal reconstruction algorithm has recently begun
ties, that uniquely determine the state, and specifying the, pe applied to realizations of processes of biological origin.
evolution operator. Defining in this way presupposes thespecifically, the reconstruction of a mathematical model for
presence of two stages in the reconstruction of the maths gingle period of an electrocardiogram of a healthy person

ematical model — reconstruction of the phase coordinates Qf 5 analyzed in Ref. 7. An arbitrarily selected section, con-
the vector of state, and writing the specific form of the &V0-taining P,Q,R,S, and T waves and a pause, was repeated

lution equations. _ many times to obtain a sufficiently long periodic time series
The conventional approach to the reconstruction of &rjq 14 Integrals with variable upper limits taken from the

phase trajectory involves using the Packard—Takens delgytia| time series were selected as the first two coordinates of
method. However, when a mathematical model is to be 0bge yector of state. A similar procedure for definition of the

tained, most researchers prefer to use a method of successivge vector may be implemented as followsa(t) is the
differentiation, since this can yield a simpler modéi,spe- initial time series. we calculate
cifically: ’

t t
X1=Xa,  Xp=Xz, ... Xn=T(X1, X0, « . Xn), (1) b(t)zfoa(r)dr, c(t)zfob(t)dr. 3

wheref is a nonlinear function, definea priori, which, in

the simplest case, may be represented by a polynomial of Then,c(t) is used as the initial realization. The method
some degree: of successive differentiation is then used to reconstruct the

remaining coordinates of the state vector in phase space,
which thus has the following form:

n n
f(x)= > C|1,|2,..,|n_H X:i, 2 lisv. (2
=0 =1 =1 xi={c;,dc;/dt, ... . d" e, /dt" B ={xX{ Xz, ... Xp},

In the global reconstruction algorithri{, unknown coef- 4
ficients of the polynomiaCy ,, ..., |, are approximated by \yherec, =c(iAt), i is the number of the point, ant is the
the least squares method, i.e., a systerN dihear algebraic  sampling time. Clearly,d?c;/dt?> is the initial signal
equations is solved witK unknowns, wheré\ is the num-  a(jAt). Since the coordinates of the state vector are deriva-
ber of points of the initial time serie =(n+»)!/(n!?»!).  tives of the signalc(t), the reconstructed mathematical
As a result, we obtain a model system of first-order ordinarymodel has the forntl).
differential equations. However, in practical applications of e fix all the parameters of the global reconstruction
the algorithm,C, , ..., will depend on the choice of pa- algorithm apart fronN, and we approximate the coefficients
rameters of the numerical system, ¢,N, and so forth, so Ci, I, of the functionf by varyingN. We construct the
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FIG. 1. a — Initial signal obtained by repetition of a single ECG period; y c X1 d
. X 17.0 17.0
b — solution of a model system of equatioftke valuesC, |, i, i, corre-
sponding to the maximum of the probability density distribution, calculated
using the dependence of each coefficient on the pararNeteere used for 0.0 0.0
the specific form of the evolution operafor
. -170g 70 140 -7, 70 140
dependenceﬁ:w2 ,,,,, |n(N) and calculate the probability t, S t, S
distribution density for each of these. For the specific form of
the evolution operator, we select those values of Oglog(m) e 0.14)\1 f
Ciyo, I, which correspond to the maximum probability
density.
. . . -2.0 0.10
By integrating the model system thus obtained, we can
confirm (Fig.1b that the maximum of the probability density
corresponds to an approximate solution which highly accu- =% =1z oo 0.08 Sy
rately reproduces the initial signal. It should also be noted log(e) T

that variation ofC|1,,2 ,,,,, 1, overa fairly wide range relative

to the probability maximum does not impair the dynamicF'G' 2. a b — Typical dependences of the approximation coefficients of the

. polynomials on the number of periods of the initial signal for a Van der Pol
regime. o ] generator and a Rsler system in the chaotic regime, respectivi@ythe
A characteristic feature of the global reconstruction al-second case, an arbitrary oscillation period corresponding to the base fre-

gorithm where statistical methods are used to specify th@uency in the spectrum is considered, d — initial signal(curve ofy(t)
evolution equations is that the modeling can be performeabtamed by integrating the syste(§)) and solution of the reconstructed

. .. : . . model system of equations, respectively — curve of logfn) versus
over a fairly short realization. We shall illustrate this using log(e), which can be used to estimate the Hausdorff dimensiis (the

specific examples. dimension of a dividing cell in the phase space ani the number of filled
If the global reconstruction algorithm is applied to the cells; f — oldest Lyapunov characteristic exponent, calculated by the
periodic signal obtained by integrating the equations for gnethod described in Ref. 9, versus the delay timeneasured in units of
. At (the Packard—Takens method for reconstruction of the attractor phase
Van der Pol oscillator =2, »=3), the curves

Al . portrait was used to calculaig).
C|11,2 ,,,,, ,n(N) for most coefficients have the form shown in
Fig. 2a, i.e., they exhibit a clear tendency to converge with
increasingN. If an accuracy of up to 1-2% is convenient
when determining the coefficiefitye can confine ourselves
to a realization of the order d¥l =10 periods of the initial

the mathematical model, reconstructed using 2200 points,
sufficiently accurately reproduces the initial dynamic regime.

. . L 2) Thus, by using the model, we can determine the metric and
signal (or less depending on the sampling tid¢).

Simil It I btained for oth iodi Idynamic characteristics of the attractor, which is an ex-
imilar resulls are aiso obtained for other periodic rea.’tremely difficult task for such a short scalar time series.

izatior_13., especiglly for the example of the process of biologi- In practice, calculations of the Hausdorff dimen$iois-
gal ongin de'S(.:r_|bed' aboven€ 4, V:.s)’ whereM ~20 pe- ing the slope of the linear section of the grajplig. 26 yield
riods of the initial signal were required to achieve the samq1ighly inaccurate estimates of the dimensibealculations
—20
aCCl\J/(/acy(hl "2 A. | haotic sianal obtained by int of the oldest Lyapunov characteristic exponent using a
i € sha tnow inéglze ac at_o Ic §|gna obtained by I nethod described in Ref. 9 can yield a value close to the true
grating a system o er equations. value for this particular example, but these results must be

X=—(y+z), y=x+ay, z=b+z(x—c). (5)  treated with extreme caution because of the absence of any
o ) “shelf” on the curve (Fig. 2f).
The realization of the coordinagefor the values of the If we have the reconstructed mathematical model at our

parameter®=0.15,b=0.2, andc=10 was used as the ini- gisnosal, we can calculate these characteristics with a high
tial realization(Fig. 29. For this example, one can only talk degree of accuracy. In particular, the spectrum of the char-
about an arbitrary oscillation periogtorresponding to the ,teristic exponent\;=0.07, \,=0, 3= —10.22) calcu-
base frequency of the spectrunAn average oM=~22 of  |3te4 using the reconstructed dynamic system by the Benettin
these periodsN~2200,n=3, v=2) is required to deter- eihodl® has values close to the true ones,€0.09,
mine .C|1,|2 _____ 1, With an accuracy of 1-2%. A,=0, A3=—10), so that the information dimension of the
Figure 2b shows a typical curve & ,, ... (N) for  attractor can also be estimated by using the Kaplan—Yorke
this example. It can be seen from Fig. 2d that a solution oformula'® for the Lyapunov dimensiod, . Using the spec-
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trum of the model system gau®, =2.007, whereas the ac- c?, ., ,, is the corresponding maximum of the probability density.
curate value of the dimension i =2.01 (Ref. 9. 2For this particular example, we used a sample of approximately 100 points
To conclude, we have studied dependences of specifigoer period.

s 3 ; . . . .
values OfC| | . on the choice of the paramelﬂr We The same |s_a|so o_bserved for other generalized dimensions, especially the
112 n correlation dimension.
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Mutual synchronization of switching processes in coupled Lorenz systems
V. S. Anishchenko, A. N. Sil'chenko, and I. A. Khovanov

Saratov State University
(Submitted December 23, 1996
Pis'ma Zh. Tekh. Fiz23, 14-19(April 26, 1997

A numerical analysis is made of the synchronization of the mean switching frequencies in two
symmetrically coupled Lorenz systems functioning in a chaotic regime. The observed

effect on the coupling—mismatch parameter plane corresponds to a region of synchronization of
the switching processes, within which the mean switching frequencies coincide to a given
accuracy. ©1997 American Institute of PhysidsS1063-785(07)01904-9

One mechanism for the self-organization of nonlinearr,=28.8, andb=28/3) that a Lorenz attractor exists in each
oscillatory systems is synchronization, as a result of whictof them. In accordance with the “two states” methbih-
the interacting subsystems demonstrate a tendency to oscttoducing the quantities
late at equal(or rationally coupledl frequencies. A “fre-
quency locking” effect occurs in weak interactions, whereas s _ X! =
one of the natural frequencies is suppressed in fairly strong -1, %<0, "% |-1, x,<0,

interactions. It has been established in physical and numeq’Ne shall analyze this model as a system of two symmetri-

cal experiments that mutual and forced synchronization Eféally coupled chaotic bistable systems. The switching pro-
fects also occur in the interaction of chaotic and stochasti%ess in the subsystems may be characterized by the distribu-
systems. . o , . tion density of the residence timggr) in one of the states,

A stochastic synchronization effect via locking of the . taq by us as 1 and—1. By analogy with a stochastic
mean switching frequ_ency by an external excitation SignaEistable system, we can introduce the mean transition fre-

o . ) ) auency(f>, having determined the switching period as the
external periodic force and white noi$&tochastic synchro- first moment of a steady-state random process with the dis-
nization of switching processes was observed in Ref. 3 in allibution densityp(7):

analysis of two symmetrically coupled bistable systems
driven by statistically independent noise sources.

In Refs. 5 and 6, the classical concept of the synchroni-
zation of dynamic systems was generalized to the case of
systems having a saddle-focus chaotic attractor, whose spec- The results of calculations of the switching frequencies
trum contains a clearly discernible base frequency. Forcedfi) and(f,) as a function of the degree of coupling are
synchronization of switching processes induced by “chaos-plotted in Fig. 1a. Fory=0 the switching frequencies of the
chaos” intermittence in a Chua circuit was analyzed insubsystems are nonidentical, because the values of the pa-
Ref. 7. rametersr, andr, differ. At this point, it is appropriate to

With this in mind, it seems quite logical to analyze the note that increasing the parameteof a subsystem causes a
synchronization process of two symmetrically coupledslow monotonic increase in its mean switching frequency.
bistable systems, in which switching is not induced by theWith increasing coupling, the mean switching frequencies
action of noise sources, as in Ref. 3, but by the interna{f;) and (f,) initially decrease, reaching a minimum for
dynamics of the subsystems themselves. We selected a Lo=2.8. A further increase in coupling causes these frequen-
renz systefias a subsystem possessing these properties. cies to increase gradually and converge, andyat6 the

+1, x>0 , +1, X,>0

(T)=lim 1/T :Tp(T)dT, (f)=1LT).
T—oo

The dynamic system studied has the form switching frequencies coincide. It should be noted that the
} steady-state mean switching frequency in the synchroniza-
X1=0(Y1—21) + y(Xa—Xq), tion regime ¢/>6) differs from the initial values off) and

. (f,) for y=0.

YimrXa=Xiza = Y1, By analogy with the classical theory of oscillations, this

convergence of the switching frequencies in the subsystems

Z1=X1y1—7;b, e . S :
1=XY1m A with increasing coupling is logically described as the mutual

Xo= (Vo= Xo) + Y(X1—Xo), synchronization of the mean switching frequencies of sym-
metrically coupled bistable systems.
Vo=l oXo—XpZy— Yo, The increase in the degree of correlation of the switching
. processes in the subsystems may be illustrated by means of
Zy=Xzy2— Z3b. (1) the coherence function:
It can be seen from Eq(l) that the interacting sub- 1S (@)]
systems are mismatched in terms of the parametérhe I'’(w)= 12 ,
parameters of the subsystems are suet=10, r;=28, S, (@)S,(@)
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FIG. 2. Regions of switching synchronization — regiband total synchro-
nization — region2 on the mismatch—coupling parameter plane.

the principal characteristic feature of the synchronization ef-
fect is the existence of a region of coherent behavior of the
subsystems on the coupling—mismatch parameter space. By
analogy with the classical case, it seems quite logical to en-
visage the construction of a similar region for the case where
the subsystem is a bistable system with switching processes
induced by its complex internal dynamics. The parameter
was selected as the parameter ‘“controlling” the mean
switching frequency in the subsystem. In this case, we take
the mismatch of the systems to pe=r,/r,, wherer,; and

r, are the parameters of the first and second subsystems,
respectively.

Since the time scales characterizing the subsystems in
FIG. 1. a — Mean switching frequencies versus coupling— coherence  this case are associated with random quantitiesse being
function for various degrees of coupling. the mean switching frequenciesve cannot strictly talk of

the construction of a clearly defined region on the
mismatch—coupling parameter space. In our view, it is more
where S, , () is the mutual power spectrum of the pro- reasonable to envisage the construction of a region within

cesses; (t) andx,(t), andS, (@) andS, (w) are the spec- which the; switching processes are more cohe(t® mean
1 2" . frequenciegf,) and(f,) coincide to a given accurarihan
tra of the processes (t) andx,(t), respectively. It is easy to

- . those outside this region. The results are plotted in Fig. 2.
see that the coherence function varies between 0 and 1. T 9 P 9

fact thatl' tends to unity i tain f ol e mean switching frequenciés;) and(f,) are synchro-
act thatl tends to unily in a certain frequency range Implies iz o 4 \yithin regionl, differing by 0.5%. Regior2 is the

S . . Fggion of total synchronization of the subsystermg={x.,
plotted in Fig. 1b. For zero coupling we fint=0 (see curve 1=V, 21=2,). It can be seen from the figure that regin

1 '?] Fig. 1b)'fA g{_adu_al erl]crelasefln the coupling |ncrﬁgshe§'[(jh ies within regionl, i.e., synchronization of the switching
coherence function in the low-irequéncy range, which in I'Fhrocesses in the subsystems with varying coupling precedes

F:ates an enhanced degree of correlation between the switc e total synchronization of the chaotic oscillations of the

ing processes in the subsystefosrves2, 3, 4, 5 and6 were subsystems

calculated fo.ryz.o.5,1.5,3.0,4.1.5, and 5.5, respectn&ely This work was partially financed by Russian Fund for
The qualitative changes in the dynamics of the system- | damental Natural Scien¢rant 95-0-8.3-65

are caused by bifurcations which take place as the coupling '

IS I.ncreased’ I'e." symmetry-loss blfurcatlor?s’ as a re;ult Ofll. I. Blekhman, Synchronization of Dynamical Systerfis Russiar,

which an attracting family of saddle cycles is formed in the \;;ka Moscow1972.

neighborhood of a symmetric halfspace, as well as Hopf bi-2B. shulgin, A. Neiman, and V. Anishchenko, Phys. Rev. L@g,. 4157

furcations of equilibrium states. A detailed analysis of the _(1995.

; : : : : SA. B. Neiman, Phys. Rev. B9, 3484(1994.
bifurcation mechanism of the effect is outside the scope of4H. A. Kramers, Physicd, 28 (1940,

the prgsent article. . o 5V. S. Anishchenko, T. E. Vadivasova, D. Bostnov, and M. A. Safonov,
It is known from the classical theory of oscillations that Radiotekh. Elektron36, 338 (1991).
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Time modulation of the input signal during recording of holograms on hydrogenated
amorphous silicon—liquid crystal structures

A. N. Chaika, N. L. lvanova, and A. P. Onokhov

S. I. Vavilov State Optical Institute, All-Russian Scientific Center, St. Petersburg
(Submitted December 18, 1996
Pis’'ma Zh. Tekh. Fiz23, 20—25(April 26, 1997

It is shown that the resolution and diffraction efficiencypfi —na— Si:H—liquid crystal

structures can be improved without causing any deterioration in the other parameters, by
introducing amplitude modulation of the recording light beam synchronous with the

supply voltage. ©1997 American Institute of Physid$1063-78517)02004-]

A prerequisite for the development of various architec-the interfering beams. The recorded holograms were read out
tures of optical neuron networks is the rapid recording ofusing cw radiation from a semiconductor injection laser
holograms, with the capacity for erasure and subsequent réxg=0.845um) and the first diffraction order was recorded
recording within short time intervals®> The feasibility of ~ with a photomultiplier. When a time-constant interference
developing a holographic recording element with a nonlineapattern reaches the-i-n a-Si:H—nematic liquid crystal
transfer characteristic is also an interesting proposition. Witlstructure, the leading edge of the positive supply pulse erases
the success achieved in the development of optically adthe previously recorded information and the incoming trail-
dressed light modulators based on hydrogenated amorphoirgy edge triggers the visualization of the latent image formed
silicon (a-Si:H) with a modulating liquid-crystal layer, one by the photogenerated carriers during exposure of the struc-
can now obtain a good combination of the principal param+ure (Fig. 13. Under these conditions, an important part is
eters — resolution, speed, and sensitivity — required foplayed by the carrier diffusion along the boundary of the
reversible recording of holograms in real time. By incorpo-n-layer and the liquid crystal, which leads to erosion of the
rating a photoconducting layer in the form opai-n diode  potential relief and consequently reduces the percent modu-
made ofa-Si:H, the speed of the modulator can be improvedlation of the pattern formed in the liquid-crystal layer. This is
without causing any deterioration in its other parameters.observed as a deterioration in the resolution and the diffrac-
The aim of the present paper is to further improve the comtion efficiency of the holographic recording element. Ampli-
bination of parameters of optically addressed light modulatude time-modulation of the recording light beam was intro-
tors by increasing the spatial resolution and the diffractiorduced with the aim of utilizing more fully the capabilities
efficiency. This has been accomplished by amplitude modueffered by thep-i-n a-Si:H-liquid crystal structure. For this
lation of the recording light beam. purpose we developed a liquid-crystal switch utilizing a

To study hologram recording process on liquid-crystalferroelectric liquid crystal, which operated on the basis of the
structures, the interference pattern between two plane wavedark—Lagervoll effect, giving an on/off time of less than 30
of equal intensity ;—1,) was formed in the plane of the us. The switch, together with a polarizing element, incorpo-
photoconductor—liquid crystal interface using He—Ne laser
radiation (,,=0.633um). In this case, the spatial frequency
of the pattern is determined by the angle of convergence Ot‘/"'lma "

10 » - > ] - 1

Diffraction efficiency 06 |
of optically controlled ]
transparency ’ ]
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. - I e 04 ]

I M m
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FIG. 2. Diffraction efficiency versus spatial frequency of recorded holo-
FIG. 1. Response of p-i-n a-Si:H-liquid crystal structure with a time- grams:1 — with a time-constant input signal arel — with amplitude
constant input signala) and with amplitude modulatioftb). modulation of the input signal.
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TABLE I.

n,%
w2t Diffraction efficiency, %
L Speed, Hz without modulation(Ref. 1) with modulation
0r 8.3 55 12.8
i 11.9 4.6 12.2
8 27.8 23 7.0
8r
e A B for an exposing pulse of 7:610~7 J/cn?, i.e., without any
loss in the sensitivity of the structure. Figure 3 gives the
2r diffraction efficiency of the response formed bypai-n
a-Si:H—liquid crystal structure, plotted as a function of the
A 1 e 1 A 'l A 1 A ) . . .
%,o 02 04 06 28 1.0 exposure to the recording pulsery,, wherel; is the inten-

sity of one of the two beams forming the interference pattern.
The threshold sensitivity of the optically addressed modula-
FIG. 3. Diffraction efficiency of holograms versus exposure to recordingtors is at least 10° J/cnt. Particular attention is drawn to
pulsel ;7 (the spatial recording frequency ig=85 mni %). the nonlinear behavior of the transfer characteristic, which
consists of two regionsA and B in Fig. 3 with different

) o ) ) ) slopes. This behavior not only avoids cutoff of the upper
rated in the circuit to achieve amplitude modulation, wasinformation frequencies of the joint Fourier transformation
placed directly ahead of the He—Ne laser. In the experimenfyo|ogram? but also ensures that they increase nonlinearly.
the ratio of the recording pulse duratiey to the repetition  Thjs characteristic, like the previous one, was obtained for
period t,, was maintained at 1/3 and the amplitude of the»[W= 40 ms andry, /ty=1/3.
supply voltage pulse was kept at 45 V. The pulsed supply to \yhen the repetition frequency of the recording pulses
the p-i-n a-Si:H—liquid crystal structure and the liquid a5 increased, the drop in the diffraction efficiency was not
crystal switched were synchronized by ensuring that the supsg great as for the holograms recorded without modulation.
ply to the optically addressed modulator was in phase withrgpje | gives comparative data on the speed op-&n
the pulsations of the interference pattern reaching the.sj:H—liquid crystal structure in the write—erase mode.
photoconductor—liquid crystal interface, and the electrooptic 14 conclude, by incorporating amplitude modulation of
response was formed with a phase delay relative to the inpyhe recording beam synchronized to the supply, we can ob-
signal (Fig. 1b. Figure 2 shows the behavior of the maxi- t4in high values of the parameters of rewritable optically
mum diffraction efficiency of the response formed by theaqgdressed modulators, which are required to construct opti-

p-i-n a-Si:H—liquid crystal structure to a time-constant test ca| neuron networks and for various applications of real-time
interference pattericurve 1) and when amplitude modula- pojographic recording.

tion was introduced in both interferometer artosrve2). It The authors would like to thank E. I. Shubnikov for
can be seen that modulation substantially improved the resgjiscussions of this work.
lution of the structure. The fact that the response does not  Thjs work was supported by the Russian Fund for Fun-

depend on the spatial frequency in the operating frequencyamental ReseardiGrant No. 95—-02-05892-a

range ensures that the correlators of the combined transfor-

mation, and optical neuron networks based on these, are in-

variant to shift wherp-i-n a-Si:H—liquid crystal structures ﬁg\g;a\/lw and E. |. Shubnikov, Opt. Memory Neural NBtNo. 4, 245

are used to record. Fourier holograms in regl time, since any ¢ " "shubnikov, Opt. Zh. No. 4, 101995 '

displacement relative to the etalon of the image being pro-sa.N. chaka, N. L. Ivanova, A. P. Onokhov, and &. Nefed'eva, Pis'ma

cessed in the entry window always alters the spatial fre- zh. Tekh. Fiz.21(19), 83 (1995 [Tech. Phys. Lett21, 808(1995].

quency of the Fourier holograf‘n. 4G. I. Vasilenko and L. M. Tsibul’kinHolographic Discriminating De-
When modulation was introduced, the maximum diffrac- V1°eS[in Russiad. Radio i Svyaz', Moscow1985.

tion efficiency increased to more than 12% and was achievetranslated by R. M. Durham

Ly s wdiem?
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Room-temperature lasing in structures with CdSe quantum islands in a ZnMgSSe matrix
without external optical confinement

A. V. Sakharov, S. V. lvanov, S. V. Sorokin, I. L. Krestnikov, B. V. Volovik,
N. N. Ledentsov, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 17, 1997
Pis'ma Zh. Tekh. Fiz23, 26—-30(April 26, 1997

It has been shown that lasing may be achieved in structures with submonolayer CdSe inclusions
in a ZnMgSSe matrix at above-room temperatures without additional optical confinement

of the active region by thick layers of lower refractive index. The temperature dependence of the
excitation density at the lasing threshold is typical of structures with three-dimensional

carrier localization. ©1997 American Institute of Physid$S1063-785(07)02104-§

Structures based on [1-VI compounds and group-thredy 28 A ZnMgSSe barriers, was grown on a G&K¥) sub-
nitrides have recently been studied intensively in connectioistrate by molecular-beam epitakyThe superlattice was
with the development of light-emitting diodes and lasers op-separated from the substrate and the surfaceuay &nd 500
erating in the blue—green part of the spectrum. The laseh thick ZnMgSSe layers, respectively, having lattice param-
structures are usually grown in a standard geometry devekters matched with the GaAs. Superlattices of ZnS/MgSe,
oped for IlI-V lasergthe active region is confined by wider- 100 A thick, were used for electronic confinement of the
gap layers of lower refractive indgxin many cases, how- carriers in the superlattice region.
ever, it is difficult to obtain thick wide-gap layers because of It was shown in Ref. 1 that lasing via exciton states is
the lack of a suitable heteropair or because of the difficultieseasible because of the lifting of the momentum selection
involved in doping a wide-gap compourifbr instance, for rules, caused by the spatial localization of the exciton and
p-ZnMgSSe layers In our previous studies? we showed lowering of the symmetry of the system. In our case, the
that there is no strict need for additional optical confinementistance between the lasing energy and the photolumines-
to obtain lasing in structures with CdSe quantum islands in &ence energy of the submonolayer superlattice is 28 meV at
ZnSe matrix because a waveguiding effect may be producesom temperature, whereas in ZnCdSe/ZnSe quantum-well
by an increase in the refractive index in the exciton resostructures, the lasing energy is usually shifted by 30—-60 meV
nance range, and the lasing is achieved via the localizedn the long-wavelength direction. This shift is caused by an
exciton ground state. Lasing occurs even if the average CdSaectron—phonon amplification mechanism in free-exciton
content in the quantum island regions is only 3—4%. structured, since a “hot” exciton with a large waveguide

In the present paper we investigate a structure whoseector cannot recombine radiatively.
active region has no additional optical confinement by thick It was demonstrated in Ref. 2 that lasing may be
layers of lower refractive index. A short-period superlattice,achieved in a structure formed by CdSe submonolayers in a
of twenty periods, consisting of submonolayer CdSe incluZnSe matrix. In this case, however, the lasing was only ob-
sions with an average thickness of 0.4 monolayer, separatddined at fairly low temperature§ & 120 K). A sharp rise in
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the threshold excitation density was observed with increasingeals three sections which match the sections on the tem-
temperature, which may be caused by thermal ejection oberature curve of the threshold excitation density. At low
carriers into the matrix or by an increase in the width andtemperatures, the main contribution to the photolumines-
decrease in the amplitude of the exciton modulation of theence is made by large islands with a high localization en-
refractive index. In the present study, we placed the CdSergy. Then, as the temperature increases, the carriers become
submonolayers in a wider-gap ZnMgSSe matrix, which ap+edistributed between the islands and the higher-energy
preciably increased the localization energy and suppressesdates become populated, and at temperatures above 260 °C,
the thermal ejection. the photoluminescence peak follows the temperature curve

Figure 1 gives the photoluminescence intensity of a douef the band gap.
bly cleave sample as a function of the excitation density, as To sum up, we have demonstrated that phonon-free las-
well as the lasing spectra for various excitation densities ing may be achieved at above-room temperat€s’C) in
corded at 300 K It can be seen that at excitation densities ofstructures with CdSe quantum islands without additional op-
the order of 80 kW/crh the half-width of the photolumines- tical confinement. We attribute the retention of high gain to
cence line falls sharply to 6 meV, which suggests a transitioran increase in the carrier localization energy when the is-
to lasing. lands are incorporated in the matrix of a wider-gap material.

Figure 2a gives the threshold excitation density versust has also been shown that the exciton-induced modulation
temperature. At low temperatures we observe a section witbf the refractive index is sufficient to produce a waveguiding
a negative temperature dependence, typical of structures witkffect and sustain it up to above-room temperatures.
three-dimensional carrier localizatiBnAs the temperature This work was supported by grant INTAS-94-481 and
increases, the threshold excitation density increases slowlyy a grant from the Russian Fund for Fundamental Research
but at temperatures above 260 °C, it begins to rise sharply dso. 95-02-04056.

a result of thermal ejection of carriers into the matrix.

.F.Igure 2b shows temperaFure dependences of the energyN_ N. Ledentsov, I. L. Krestnikov, M. V. Maximov, S. V. lvanov, S. V.
position of the edge photoluminescence lines for a ZnMgSSe gokin, p. S. Kop'ev, zh. 1. Alferov, D. Bimberg, and C. M. Sotomayor
matrix, and the photoluminescence from the CdSe submono-Torres, Appl. Phys. Lett69, 1343(1996.
layer superlattice, recorded from the surface of the sample’l- L. Krestnikov, N. N. Ledentsov, M. V. Maximov, A. V. Sakharov, S. V.
Also plotted is the temperature dependence of the lasing en-:;’i"’s‘,”rg‘; ZSH.\#eiﬁ'roll‘i'znz'&l)"\'égﬂ‘ggg‘ﬁzéfpﬁ‘;@?‘[éﬁg égl'ég)ffmv*
ergy. It can be seen that the edge photoluminescence energy v. anov, S. v. Sorokin, P. S. Kop'ev, J. R. Kim, H. D. Jung, and
agrees with the temperature dependence of the ZnMgSSeH. S. Park, J. Cryst. Growtii59, 16 (1996.
band gap. The small difference observed at low temperatureASY._Kawakami, I. Hauksson, H. Stewart, J. Simpson, |. Galbraith, K. A.
can be attributed to the localization of excitons at_fluctua—sg_”ir_’ ;‘gfmiégr'ogf"‘éﬁ;it_t’smﬁ g;;gg‘lgl?f;%?g&
tions in the composition of the quaternary solid-solution. Thesa . zhukov, A. Yu. Egorov, A. R. Kovsh, V. M. Ustinov, N. N. Le-
lasing energy follows the temperature dependence of thedentsov, M. V. Maksimov, A. F. Tsatsul'nikov, S. V. Zsev, N. Yu.
band gap, which indicates that the lasing mechanism remainscordeev, P. S. Kop'ev, D. Bimberg, and Zh. I. Alferov, Fiz. Tekh. Polu-

rovodn.[in press(1997].
unchanged. However, the temperature dependence of thd
photoluminescence from the submonolayer superlattice refranslated by R. M. Durham
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Influence of multilevel crystallization on the intensity oscillations of diffracted high-
energy electrons during growth of aluminum arsenide by molecular beam epitaxy

A. N. Alekseev, S. Yu. Karpov, M. A. Maiorov, and V. V. Korablev

Advanced Technology and Development Center, St. Petersburg; St. Petersburg State Technical University
(Submitted January 17, 1997
Pis’'ma Zh. Tekh. Fiz23, 31-36(April 26, 1997

Theoretical and experimental investigations are made of the influence of multilevel crystallization
on oscillation of the specular reflection intensity of diffracted high-energy electrons during
growth of aluminum arsenide by molecular beam epitaxy. The kinematic approximation is used
to construct a model to analyze the profile of the oscillation curve and its dependence on

the filling of the excess layers. The theoretical predictions are compared with the experimental
data. © 1997 American Institute of Physid$$1063-785(17)02204-(

Since the eighties, recording of oscillations of the high-at the point Corresponding to the VECtQP, measured from
energy electron diffraction intensity has been widely used tahe last filled layer withy,=0), ande, is the unit vector
study the mechanisms of growth of semiconductor crystalgperpendicular to the crystal growth plane.
using molecular beam epita>’<)?. The interpretation of the We shall assume that layers witt»0 are only partially
profile of the oscillation curves has been discussed mosilled, and then each layer may be characterized by its degree
comprehensively for GaAs. In particular, it was shown inof filling or by the coverage of the given lay&,=N,/N,
Refs. 2 and 3 that a two-level surface model, which On|ywhereNV is the number of atoms in theth layer andN is
allows for the formation and growth of two-dimensional one-the total number of atoms on the plane sections of the sur-
monolayer-high islands, yields good agreement with the exface. Provided that there are no structures where the next
perimental observations. According to Ref. 3, the decrease i[ayer “overhangs” the previous one, the number of atoms of
the specular reflection intensit¥l in this case is propor- the vth layer contributing to the scattering of an electron
tional to 6(1—6), where ¢ is the degree of filling of the wave will obviously beN(8,— 6,_;). Then, assuming that
upper, growing monolayer. However, the behavior of the osthe scattering amplitudé,, does not depend on the layer
cillation curves obtained during growth of AlAs and InGaAs number or the position of the atofon the plane section of

on GaAs(Ref. 4 differs appreciably from that predicted by the surface or near a stepexpression(l) may be trans-
the two-level model. This difference may be explained byformed to give

multilevel crystallization effects, whereby nucleation and
growth of nuclei take place in several upper layers simulta- , 2
neous]y =1 0 E [0v+1_ 0V]9XF(| 2¢V) ) (2)
' v=0
The aim of the present study is to identify, theoretically
and experimentally, the main aspects of the influence of mulwhere 2= (K - e,))a, andl, is the electron diffraction inten-
tilevel crystallization on the profile and behavior of the sjty at an atomically smooth surface.
specular reflection oscillation curves of diffracted high- For purposes of clarity, we introduce various simplifying
energy electrons. assumptions relating to the filling of the layers on a multi-
The analysis was performed using a kinematic model ofevel surface. We shall assume that the coverages of adjacent
diffraction which allows for scattering of an electron beammonolayers satisfy the universal relatiép, ;= y6,, where
by surface atoms distributed in different layers of the grow-v is a parameter which does not depend on the layer number
ing crystal. In the kinematic approximation, the intensity of ;, and the coverage of the first layér= 6 varies arbitrarily
the diffracted high-energy electrons scattered by surface atind is unrelated to the filling of the preceding layers. The
oms is given by casey=0 clearly corresponds to the two-level system ana-
lyzed in Ref. 3. Asy increases, the surface becomes multi-
level and the casg~1 (6<1) in fact describes a system of
(1) h . . . . e
ree-dimensional isolated islands distributed over the crystal
surface.
where the vector,, describes the position of threh atom on Under these assumption, the coverage of ithie layer
the rough surface of the growing cryst&=k—kg is the  may be expressed a&,=#6-y" "1, and after summation in
scattering vectork, andk are the wave vectors of an inci- Eg. (2), the diffraction intensity has the form
dent and scattered wave, respectiyebndf, is the scatter-
ing amplitude of a single atom. The vectgy may be ex- 4sirt ¢
pressed in the form,=r.+av,-e,, wherer.® is a vector I=lo) 1= (1+ 7)2—4y-co€e
lying in the plane of the uppermost completely filled crystal
layer,av, describes the local height of the surface roughnes#t can be seen from Ed4) that the intensity at the maxima
(a is the monolayer thickness ang is the number of layers and minima of the oscillation curve are respectively given by

2
| =

> fa-expliK-rp)

[6-(1-6)+v6]. (3

307 Tech. Phys. Lett. 23 (4), April 1997 1063-7850/97/040307-02%$10.00 © 1997 American Institute of Physics 307



| AlAs (001)
Vg = 0.44 MU/s
Al4s (001)
]
®
~
2
c
3
o
5 Vg =031 MUs
~
b
L i A A 'l A ']
g 0 20 Ls
FIG. 1. Oscillations of the specular reflection intensity after the onset of yy =053 ML/s
AlAs growth: a — for an anti-Bragg diffraction geometrig — with devia-
tion from anti-Bragg diffraction conditions.
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(1- 'y)z FIG. 2. Oscillations of the specular reflection intensity obtained at various

| (49 AlAs growth rates.

max:IO(1+ y)2—4y-cos¢’

| (1—7)%-cos¢ (ab)
min .
*(1+y)°~4y cos' The model predicts that the intensity of the diffracted elec-

Let us examine various consequences of the proposetions at the minima of the oscillation curve will remain al-
model. Let us assume that=0 before the onset of growth most constant while the maxima decay as a result of the
and thaty increases slowly with time during the growth gradual evolution of a multilevel surface during the growth
process, characterizing the evolution of a multilevel surfaceprocess. Figure 1b is plotted for a small deviation from anti-
Then, if the anti-Bragg conditions are exactly satisfied, theBragg geometry. It can be seen that, the intensity of both the
intensity of the minima is zero, and the maxima of the oscil-maxima and the minima decay.

lation curve decay with increasing as Figure 2 shows oscillation curves obtained at 525 °C and
1-y\2 various growth rates under conditions close to anti-Bragg
|maX:|0(1T) . (5 geometry. It can be seen that at a low growth rate

Y (Vg=0.14 ML/9, the maxima show little decay; i.e., the

If the anti-Bragg conditions are not exactly satisfied, thendegree of filling of the layers formed above the main grow-

according to Eq.(4), the intensity of the maxima and the ing surface ¢=1) is negligible. Conversely, at a high

minima of the oscillation curve will decay at the same rate.growth rate 4= 0.53 ML/9 the surface becomes essentially
Another consequence of the model is a sharp fall in thenultilevel in the first three oscillations. Estimates made us-

intensity of the diffracted electrons at the first period of theing expressiori5) show that for a few periods after initiation

oscillations, accompanying the formation of three-of the aluminum flux,y increases linearly as a function of

dimensional islands on the surfacg~1, #<1). This be- the number of deposited monolayers. At a growth rate of

havior of the oscillation curves is typical of the growth of 0.14 ML/s the rate of increase inis 0.025 ML/s, whereas at

strained InGaAs structures on GaAs. 0.53 ML/s the rate of increase is three times higher. Thus,
For the experimental investigations we selected AlAs, dhe rate of evolution of multilevel crystallization is deter-

material exhibiting a tendency toward multilevel crystalliza- mined to a considerable extent by the rate of crystal growth.

tion when grown by molecular-beam epitaxy. The experi-  This work was supported by the International Science

ments were carried out on Ga@91) substrates after a Foundation(Grant R1630D

0.5um thick buffer layer of gallium arsenide had been grown

on them. The As flux was kept constant 2 ML/s)

throughout the experiment. The specular reflection intensity,

of the diffracted high-energy electrons was measured in the T'(‘l]éggbson’ B. A Joyce, J. H. Neave, and J. Zhang, J. Cryst. GRinth

(110 azimuthal direction at an electron beam energy of 1023 . van Hove, C. S. Lent, P. R. Pukite, and P. I. Cohen, J. Vac. Sci.
keV. Technol. B1, 741 (1983.

Figure 1a and 1b shows oscillation curves obtained forj‘N3- é '—eé‘_t and Pd Ij C'\‘/The”_' SUJ”- CS‘LB? éﬂﬁf‘g}i 165
AlAs, which demonstrate multilevel crystallization effects. - Grandiean and J. Massies, J. Cryst. Gron#, 51 (1993.
Figure la corresponds to anti-Bragg scattering geometrytranslated by R. M. Durham
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Laser-chemical gas-phase synthesis of highly disperse titanium carbide
ceramic powders

G. I. Kozlov

Institute of Problems in Mechanics, Russian Academy of Sciences, Moscow
(Submitted November 21, 1996
Pis’'ma Zh. Tekh. Fiz23, 37—41(April 26, 1997

Gas-phase synthesis of titanium carbide powders is described. A thermodynamic analysis is

made to optimize the process parameters. Preliminary experiments were carried out using a system
incorporating a cw gas-discharge multibeam, Q&ser and these demonstrated the advantages

of the laser-chemical process over other methods.1997 American Institute of
Physics[S1063-78507)02304-5

The aim of the present study is to develop a new effi-propane containing a small quantity of butane. The second
cient technological process for the continuous laser-chemicakagent was titanium tetrachloride.
gas-phase synthesis of highly disperse titanium carbide Experiments to synthesize ceramic powders were carried
ceramic powders, possessing good hardness and weant using an apparatus incorporatim 6 kW, diffusion-
resistance. cooled, cw gas-discharge multibeam £@ser. The laser

It is known that the carbon—titanium system has onlyradiation, with a divergence of810 2 rad, was focused by
one carbide phase, TiC, which is high-melting{=3420 a potassium chloride lens of 110 cm focal length onto the
K) and possesses good microhardnest, 3200 kgf/  edge of a special burner. The diameter of the focusing spot,
mn?). These characteristics have promoted the widespreaice., the characteristic size of the zone of interaction between
use of titanium carbide in industry to fabricate various fire-the laser beam and the reagent flux from the burner, was
resistant components and metal-ceramic instruments. Hovapproximately 6.5 mm. The burner had a rectangular cross
ever, the existing technological processes for obtainingection, 30 mm long in the direction of the laser beam and 10
silicon carbide in a discharge plashi@o not meet contem- mm in width and incorporated a special container filled with
porary requirements for a high-purity product with specificliquid titanium tetrachloride. Propane supplied to the burner
properties. bubbled through the Ti¢] becoming saturated with vapor,

The process of laser-chemical gas-phase synthesis aihd the resultant vapor—gas reagent mixture was fed to the
highly dispersed titanium carbide powders, as developed bgxit cross section of the burner. The laser beam crossed the
us, is based on the laser pyrolysis of suitable reagents in @agent jet at the edge of the burner, thereby fixing the reac-
high-power CQ laser radiation field. For the implementation tion zone in space. Since in this case, the reaction zone has
of such a process, it is important to know what are the opti-quite specific dimensions, which are determined by the di-
mum conditions required to synthesize titanium carbideameter of the focusing region of the laser beam, the growth
Thermodynamic calculations indicate that titanium carbide isof the forming titanium carbide particles can be reliably con-
formed only in the condensed phase, over a wide range dfolled by varying the residence time of the reagents in the
temperatures, roughly between 1200 and 3000 K. Howevereaction zone. The reagent flux leaving the burner was iso-
the optimum temperature range for the production of purdated from the atmospheric air by a coaxial shield of helium
titanium carbide is considerably narrower. In fact, at tem-gas.
peratures up to approximately 2200 K, a considerable The temperature in the reaction zone was measured by
amount of carbon is formed in the condensed phase as wedn optical pyrometer, which recorded the brightness tem-
as the titanium carbide. In practice, a sufficiently pure prodperature of the reagent flux.
uct can only be obtained at temperatures above 2300 K. A  Finally, the titanium carbide particles formed in the gas-
high-temperature limit is also imposed, since at temperatureghase synthesis reaction were collected on a cold metal sur-
above 2500 K significant quantities of hydrocarb@sisch as  face by briefly inserting special metallic “mushrooms” in
C,H,, and so oh are formed in the system. A thermody- the stream of reaction products directly above the reaction
namic analysis therefore indicates that the optimum temperazone. These mushrooms could be mounted on the stage of an
ture range for the production of titanium carbide at atmo-electron microscope.
spheric pressure is approximately 2300—2500 K. Preliminary At the first stage of the process development, we inves-
experiments have shown that these conditions may bggated the action of the high-power laser radiation on the
achieved with a fairly high-power CQaser, capable of de- propane jet alone, in order to determine the intensities at
livering a high intensity(higher than 16 W/cn?) in a reac-  which the propane dissociated to form the active atoms and
tion zone of the order of a few millimeters. radicals needed to synthesize the titanium carbide. In the

A prerequisite for the laser-chemical gas-phase synthesisourse of these experiments, it was observed that at intensi-
of titanium carbide powder is that at least one of the reagenties of approximately X 10* W/cn?, a brightly luminous jet
should fairly strongly absorb the laser radiation. In our ex-of laser pyrolysis products of propane is produced, accom-
periments to synthesize titanium carbide, this reagent waganied by the profuse formation of carbon particles. Mea-
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FIG. 2. Electron micrograph of laser-synthesized powderpfOper divi-
sion.

FIG. 1. Photograph showing the region of interaction between the laser
beam and the stream of gas—vapor mixture leaving the burner. chemical process over other methods: the laser beam can
form a strictly defined, fairly narrow reaction zone in space,
which is difficult to accomplish as efficiently by other meth-

surements indicated that the temperature of the jet burning ifds.

the laser beam was 2800 K, which creates favorable condi- The titanium carbide powder synthesized in the laser

tions for the gas-phase pyrolysis of titanium carbide par-beam was analyzed under an electron microscope. Figure 2

ticles, as is deduced from the analysis of the results of théhows a photograph of the powder, which shows that the

thermodynamic calculations presented above. average size of the particles synthesized by laser pyrolysis is
After these measurements, TiClas poured into the less than a micron and the particles are nearly spherical.

burner and the propane jet became saturated with this ré=urther experiments will allow us to determine the condi-

agent. At the exit from the burner, the stream of vapor—ga#ions for producing nanosize powder, as well as the degree of

mixture crossed the region of the laser beam, where the réurity, which is extremely important for applications.

agents were pyrolyzed and titanium carbide particles were To conclude, the author would like to thank V. A. Laku-

synthesized. The reaction zone in the laser beam glowetn for assistance with this work.

with a dazzling brightness, and can be identified, together

with the trail of forming particles, in the photograph shown

in Fig. 1. The particles were collected on a metal surface’R. L. Stephens, J. S. Me Featers, and B. L. WeRbstracts of Papers

directly beyond the reaction zone, where the glOW and there- Presented at the _11th_ International Symposium on Plasma Chemistry,

fore the temperature of the reaction products were already-°!9nPorough University, 1993, pp. 65-70.

reduced. This is one of the main advantages of the laseffranslated by R. M. Durham
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Numerical simulation of the extraction of ions from a magnetized plasma
N. S. Demidova and V. A. Mishin

Institute of General Physics, Russian Academy of Sciences, Moscow
(Submitted October 22, 1996
Pis'ma Zh. Tekh. Fiz23, 42—-46(April 26, 1997

The extraction of ions from a magnetized plasma in laser isotope separation systems is analyzed
using one-dimensional, time-dependent equations of two-fluid magnetohydrodynamics. It is
suggested that electron emission from the cathode may be used to compensate for the ion space
charge which limits the rate of extraction. It is shown that at an accelerating voltage of

25 V and an emission current of 2.5 mA/&na plasma with a density of 3bcm™2 is accelerated

to a velocity of 1.5<10° cm/s in 3us. In this case, the maximum temperature of the plasma
electron component does not exceed 1.5 eV. 1997 American Institute of Physics.
[S1063-785(7)02404-X]

A method of isotope separation based on the isotopicallynethod of isotopically selective photoionization were exten-
selective photoionization of atom{&VLIS method has re-  sively developed in Ref.)1 For ytterbium, the main contri-
cently been developed intensively. The method is based obution to the heat losses is made by inelastic collisions,
the idea of photoionization of a particular isotope by lasemwhich excite atoms from the’&, ground state to the '®,
radiation during free-molecular flow of vapor of the material and 7P, states, with energieSE=3.1 and 5.02 eV, respec-
being separated through the irradiation zone, followed bytively. The rate constanfv o) for excitation of a transition
extraction of the resultant plasma ions. The basic problem iwvith the energyAE was estimated according to a formula
the extraction process is that the laser-produced ions rapidigroposed in Ref. 2. It was assumed that the neutral atom
exchange charge with neutral atoms of other isotopes, whictensity is so high that they form an infinite energy reservoir.
lowers the enrichment factor. Thus the development of an  The system of equations has the form:
efficient method of ion extraction is one of the basic prob-
lems for the practical implementation of the process. -1

The ions may be extracted by a method based on the Jt
electric-field-induced acceleration of the ions in a magnetic
field perpendicular to_the electri.c fielthall plasma accelera- M ni(ivix"_vixivix) = kTioﬂ +enE,, ®)
tor). If the electron drift current is closed, the charges cannot at IX IX
be separated in thE direction within times of the order of
the period of the plasma frequency and the electric field pen- %+ i(n Vey) =0 3
etrates into the plasma. The acceleration process is only 9t X e ’
slowed when an ion space charge is formed. To compensate
for this, we propose that electrons should be emitted fromthe ¢ 9o _ Kk MeTe € B..— Vex =

’ neﬁX CweTUexne 0z T mn.=0, (4

&ni J _
+ &(nivix)_oy 1

cathode. 2

We give some typical plasma parameters in the extrac- P
tor. The neutral atom density is 8- 10'* cm™2 and the 7P _ 4 _ 5
S o . 2 me(N;—Ne), 5
initial plasma density is 7 cm™3. The plasma is neutral Ix
and the initial temperature of the electron and ion compo- 3 oT oT oy, oT .9 P
nents,T, andT;, is 0.1 eV. The interelectrode gap is 2 cm. e ne(_e+vex_e) __XL %% Ix neTe&(
It is assumed that the plasma is generated by laser radiation 2 ot X X dx oy X

in an external magneti_c fieIB(_)Z . The magne_ti_c field is as- — (V0 YNLAEN,. (6)
sumed to be 33 G, which satisfies the conditions for magne-
tization of the electrons without magnetization of the ions.  Herey, ando, are the transverse electron thermal con-
We neglect the magnetic self-field of the plasma currentsductivity and the transverse conductivity, respectively. As
The potential difference is assumed to be 25 V. For the sethe initial conditions we haven;=n.=10"cm 3 and
lected magnetic field, the Hall paramew@gr is 10, where v;=v,=0. As the boundary conditions we have:
7 is the total frequency of electron collisions and is given byn(0)=n(L)=0 (for the electrons and ions ¢(0)= ¢,
Ur=v¢itVea- ¢(L)=0, andT¢(0)=T.(L)=0.1 eV. The emission current
For the numerical simulation we used a system of onefrom the cathode was given by.=n.;/(we7). The emis-
dimensional, transient equations of two-fluid magnetohydrosion process is self-consistent with the solution of the Pois-
dynamics. The plasma electron component is heated by passen equatior(5) and electrons are only emitted in the pres-
ing a current through the discharge gap and is cooled bgnce of an electric field at the cathode. The syst&m(6)
inelastic interaction with neutral atoms. The numerical simu-was solved by a method of conservative difference schemes
lation was performed for ytterbium vapdthe system and in Lagrangian coordinates.
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arb. units

FIG. 1. Extraction dynamics allowing for hgat.ing and cooling of the plasma:g 2 potential distribution at various times. The numbers on the curves
1 — dynamics of ion extraction, arb. unit& — dynamics of emission  giye the time in microseconds. The extractor parameters are: anode—cathode

current, mA; 3 — mass-averaged ion velocitys 10° cm/s; 4 — mass- gap 2 cm, accelerating voltage 25 V, initial plasma densifst &3, and
averaged electron temperature, eV. The extractor parameters are: anOdﬁéutraI atom density 26cm3

cathode gap 2 cm, accelerating voltage 25 V, initial plasma density 10
_3 . _3 . . . .
cm, and neutral atom density Xoem->. can obviously only influence the separation factor during the

period of ion acceleration (3s). The secondary ions formed
after this period cannot reach the collector because there is

The dynamics of the extraction process is shown in Figho electric field inside the plasma layer and no momentum is
1. It can be seen that at the initial stage of the process, théansferred by secondary ionization and charge transfer.
plasma is accelerated fop3 and the ions acquire a velocity The authors would like to thank Professor A. A.
of 1.5x 10° cm/s. During this time an electron emission cur- Rukhadze for discussions of the results, the staff of the
rent, having a density of 2.5 mA/dnflows in through the Atomic Spectroscopy Laboratory at the Institute of General
plasma, heating it to 1.5 eV. Figure 2 shows the distributiorPhysics of the Russian Academy of Sciences for their par-
of the potential in the plasma gap at various times betweeHcipation, and the “ALTEK” AO for financial assistance
0.5 and 4us. It can be seen that the electric field in the With this work.
plasma disappears after the beginning of acceleration. A g ooy, M. A. Kuzmina, and V. A. Mishin, Prikl. Fiz. No. 1, 65
weak electric field induced by the magnetization of the elec- (1995,
trons and decelerating the plasma can be identified during théH. van Regemorter, Astrophys. 136 906 (1962; see also: L. A.
period of free plasma motion. This field plays a positive role, Vaipshtén, I. 1. Sobel'man, ar_ld E. A._YukovCross Sections for Electron
since it slows the ions formed by secondary ionization. Reso- EXcitation of Atoms and lorisn Russiad, Nauka, Moscow, 1973
nant charge transfer and secondary ionization by electronganslated by R. M. Durham
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Synchronization of self-excited stochastic systems by a pulsed signal
V. V. Rozhdestvenskii and Yu. V. Rozhdestvenskii

Moscow Physicotechnical Institute, Dolgoprud®ranch
(Submitted February 16, 1997
Pis’'ma Zh. Tekh. Fiz23, 47-52(April 26, 1997

It is shown by means of a natural experiment that the synchronization of smooth fluxes is caused
by the presence of stable fragments on their trajectories1997 American Institute of
Physics[S1063-78517)02504-4

The phenomenon of synchronization as a transition from  The system studied was a radiophysical self-excited sto-
chaotic oscillations to periodic oscillations coherent with achastic oscillatof, shown schematically in Fig. 1a, whete
periodic external signal has been analyzed by many authois a phase inverte is a nonlinear delayless eleme@tis a
(a review of studies on this topic is presented in Ref. 1 buffer stage,4 is a low-frequency filter5 is the external
However, the cause and mechanism of this phenomenon asgnal input, 6 is the output,C=1000 pF, R;=825 (),
still unclear. In our previous studiedwe demonstrated theo- R,=500 ), R;=18 , and R,=160 ). Stage2 is a two-
retically and numerically that the synchronization of smoothcycle stage, consisting of two KP103M field-effect transis-
maps is caused by the presence of stable fragments on thears, and its characteristic is shown in Fig. 1b. The low-
trajectories and we advanced the hypothesis that smoofinequency filter is a six-elemeritC filter with II-shaped
maps possess such fragments. In the present paper we pelements, a characteristic resistance of 183@nd a cutoff
pose to show by means of a natural experiment that a simildrequency of 85 kHz.
synchronization mechanism is also feasible for smooth  As well as the usual set of equipment, the experimental

fluxes. setup also included a personal computer with an L-1230 12-
c Rl 5 vz
T 4
1 2 3 1 R4
R °
-1 1
Ui
a b
L]
1

FIG. 1. Diagram of self-excited oscillator and oscilla-
tion characteristics in autonomous mode.
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bit, 250 kHz analog—digital card. Our application. program x(t+1)=(1—c)F(px(t))—ay(t)+ ¢(t),

package allowed the computer to operate as a digital oscil-

loscope to measure the statistical characteristics of the signal, y(t+1)=cF(px(t))+ay(t), F(z2)=z%(1+2%). (1)

and to determine the point dimension of the attractor. Figures _ _

1c-1e show trajectory fragments, as well as the spectrum In these formulasc is proportional to the voltage at the.

and distribution function of the oscillations of a self-excited OUtPUt6, y is proportional to the voltage across the capaci-

oscillator in the autonomous regime. The attractor dimensiof@"c€C, and ¢(t) is proportional to the voltage across the

in this regime wa®D ,=4.2 resistorR; (Fig. 19. This map relates the values of the vari-
p=4.2.

Unlike previous investigations, where synchroniza\tionable at timet with their values at timeé+ 7, wherer is the

by a harmonic signal was studied, we analyzed synchronizaqelay time in the feedback loop. The values of the param-

tion by a pulsed signal. The action of a short pulsethe etersp, a, and c corresponded to the oscillator operating

. : . ) regimes and were 9, 0.6, and 0.4. It was found that for the
S-pulse limi) on the dynamic system induces an instanta-, : ; .

. . oo type of signal studied, having only anncomponent, and for
neous shift of the mapping point in the phase space by

_ o , umbers of cycle§ <10, synchronization of any number of
displacement vector which is determined by the parameteréycles can be achieved but the minimum amplitude of the
of the pulsed signal and the its point of application to thesynchronizing signal is obtained fdr=4 and accounts for
system. In other respects, the system moves autonomouslyy,oyimately 1/15 of the-diameter of the attractor. The
Thus, synchronization by a pulsed signal, i.e., the format'orbolarity of the optimum signal is negative.
of stable periodic motion, can be achieved provided that tWwo  Fqr an experimental study of synchronization, we fed a
conditions are satisfied) brbit-stable fragments exist on the pyised synchronizing signal to the inpét(Fig. 1a. The
trajectories of the autonomous system andt action of  pylse may be considered to be short if its length is less than
the pulse shifts the final point of the stable fragment to thel/f ., wheref. is the cutoff frequency of the low-frequency
initial point. filter. The delay timer depends on the profile of the oscilla-
First, using a procedure described in Ref. 3, we pertions in the self-excited oscillator on account of the disper-
formed a numerical simulation of pulsed synchronization ussion properties of the low-frequency filt_The lower limit
ing a simplified mathematical model of an oscillator — aof 7 is given by, = 79/, wherero=N/f. (N is the num-
two-dimensional smooth médj ber of elements of the low-frequency filieAs a rule, exag-
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gerated estimates ofr yield an average group delay tude thresholds exist, transient chaos is observed at the onset
o= T7o/2. Thus, in our case, the pulse repetition frequencyof synchronization, and the synchronization is destroyed, via
for synchronization of four-cycle stable fragments should lieperiod doubling when the amplitude of the pulse signal in-
in the range between 7 and 11 kHz. creases, and abruptly when the amplitude increases. This
The experiments in fact revealed synchronization at d@ype of synchronization only exists in a very narrow range of
pulse repetition frequency around 8.5 kHz and an amplitud@ulse repetition frequencies.
around 0.3 V, which accounts for approximately 1/10 of the  Finally, we note that if the signal shape is made more
x-diameter of the attractor. Figure 2 shows the synchronizacomplex, i.e., if several short pulses of different polarity and
tion region on the frequency—amplitude plane of the syn-amplitude are supplied within the repetition period rather
chronizing signala) and a trace of the synchronized oscilla- than a single short pulse, the synchronization threshold may
tions (b). The pulse length is 1Qus and the polarity is be reduced substantially. For instance, by selecting the po-
negative. A small increase in the pulse length negligibly in-larity and amplitude of the partial signal pulses, we suc-
fluences the synchronization process. The synchronizatioceeded in reducing the synchronization threshold more than
pattern is also conserved for decreasing pulse length, prdhreefold in the particular case studied. The profile and am-
vided that the amplitude increases proportionately. A comyplitude of the synchronized oscillations remained the same,
parison between Fig. 1c and Fig. 2b indicates that fragmentthe dimensions of the synchronization region decreased pro-
very similar to the trajectory of the synchronized oscillator portionately, and the transient chaos time increased substan-
do in fact exist on the trajectories of the autonomous osciltially.
lator. This work was supported financially by the Russian
The pulsed synchronization experiments also demonFund for Fundamental Research, Project No. 95-02-03633a.
strated that other regions of this type of synchronization also
exist, but they have a higher synchronization threshold. } _ _ o
There are also much broader regions of synchronization,;‘;'S'S'ia'\ée‘g‘aaljtaa”hﬂops'c;\(kgg%"st“has“c and Chaotic Oscillatiorjin
where the pulses are not short but their amplitude is largezy, v, Rozhdestvenski V. A. Potapov, and 1. A. Shershnev, Radiotekh.
We treat this type of synchronization as strong-signal syn- Elektron.39, 814 (1994.
chronization, for which the natural self-oscillating behavior jV- V. Rozhdestvenski Radiotekh. Elektron42, No. 3(1997.

. T *V. V. Rozhdestvenskiand I. N. Struchkov, Zh. Tekh. Fi£2(10), 100
of the system is suppressed and the periodic output process i 1992 [Sov. Phys. Tech. Phy87, 1020(1992].

simply the response of a stable nonlinear system to a perisy. v. Rozhdestvenskiand I. N. Struchkov, Izv. Vyssh. Uchebn. Zaved.
odic pulsed signal. Prikl. Nelin. Dynam.1(1-2), 83 (1993.
The synchronization by a weak, short, pulsed signal, as’L: A Vainshtén, Usp. Fiz. Nauki18 339 (1976 [Sov. Phys. Usp19,
) o > 189 (1976].
studied above, exhibits all the features characteristic of the 89(1976]
synchronization of smooth maps:upper and lower ampli- Translated by R. M. Durham
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Production of wavelength-selective, time-resolved, x-ray images of a neon plasma
in the SPEED 2 plasma focus

S. V. Bobashev, D. M. Simanovskil, G. Decker, W. Kies, P. Rowekamp, Kh. Zol’,
and U. Berntin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
Heinrich-Heine-University, Dsseldorf, Germany

(Submitted December 27, 1996

Pis'ma Zh. Tekh. Fiz23, 53-59(April 26, 1997

The dynamics of pinching of a neon plasma in the SPEED 2 facility has been investigated by
recording wavelength-selective, x-ray images of the plasma with good space and time
resolution. A series of images of the plasma focus was obtained an=tHe21 nm and\=1.35

nm emission lines of hydrogen- and helium-like ions at various stages of plasma
compression. The stable nature of the discharge in a neon plasma was confirmed. It was
established that at the final stage of pinching, the charge of the neon ions increases rapidly from
+9 to +10, and when the pinch diameter is less than 1 mm, the plasma is completely ionized.

© 1997 American Institute of Physid$$1063-785(07)02604-9

The ion composition of a neon plasma in the SPEED 2pression stage, we recorded images of the plasma in emis-
facility has been investigated by recording time-resolvedsion lines of hydrogen- and helium-like neon ions, corre-
x-ray images of the plasma on emission lines of hydrogensponding to the 4—2p (A=1.21 nm transition in the
and helium-like neon lines. Ne'®" ion and the $2—1s2p (A=1.35 nn) transition in

The SPEED 2 facility is a powerful electric driver de- Ne®*. A time-gated image detector was used to obtain im-
signed to generate and compress a plasma having a “plasnages corresponding to different phases of plasma compres-
focus” configuration. The facility has a current rise time sion.

(quarter periofl 7=400 ns and a maximum discharge current  An x-ray system consisting of a parallel configuration of
of 2 MA with an initial voltage up to 300 kV(Ref. 7).  cylindrical multilayer x-ray mirrors was used to construct the
SPEED 2 was initially designed for fusion research and waglasma image3.The optical system of the apparatus con-
intended to operate with a deuterium plasma. It has recentlpected to the experimental facility is shown in Fig. 1. The
been demonstrated that this facility may be used to generafincipal optical element is a rotating multilayer mirror as-
x-rays by injecting rare gases into the anode region of &embly, which is used to focus and monochromatize the ra-
deuterium discharge. As a result of dynamic compression offiation. The focusing properties of this system, in which ra-
the injected gas by a compressive deuterium sheath, a highffiation is successively reflected by two closely spaced
ionized dense plasma, which is an intense source of sofhirrors that are curved cylindrically along the ra&l and
x-rays, is formed at the final stage of the discharge. R2 in mutually perpendicular planes, are almost equivalent

Discharges doped with argon and neon have been inve$0 the focusing properties of a single spherical mirror. The
tigated in SPEED 2. It was observed that the pinching dyfirst cylindrical mirror focuses the radiation in the meridional
namics and the spatial structure of the resultant dense plasni#ane while the second focuses it in the saggital plane. The
differ substantially for Ar and Ne discharges. main advantage of this configuration of optical elements is

In argon-doped discharges established at typical voltageiiat the working wavelength can be varied smoothly by ro-
of 180 kV and a maximum current of 1.5 MA, strong tating the focusing element about its axis.

Rayleigh—Taylor instability f1==0) was observed to de- The distance between the cylindrical mirrors, 1.6 cm,
velop at the final stage of dynamic compression, resulting ifvas much shorter than the focal length of the system
the formation of so-called micropinches caused by radiative” F =50 cm. This relationship allowed us to use simplified
collapse®* It was also established in Ref. 2, that a considerformulas from Ref. 6 to determine the radii of curvature of
able fraction of the x-rays emitted by the plasfsame tens the mirrors:

of joules is accounted for by these micropinches. _ .

A different pattern was observed in neon-doped dis- R1=2F/ sin 3, @
c_harges, for_ which a stable homogeneous pinch W_ithout any Ro=2F sin 9, @)
signs of radiative collapse was typically formed. This behav-
ior may be explained by the fact that at the final compressionwhereF is the focal length of the system arfdis the angle
stage, the neon becomes completely ionigedare nuclei of incidence of the radiation on the mirror. Multilayer W—-Sc
which reduces the rate of radiative losses and thereby preeray mirrors with a structure period=1.18 nm, deposited
vents the evolution of radiative collapse and micropinch for-on 0.5x 20X 50 mm silicon substrates, were developed at the
mation. Institute of Microstructure Physics of the Russian Academy

To check out this hypothesis and to determine the spatiabf Sciences, for the 1.211.35 nm wavelength range. The
distribution of the Ne ions in the plasma at the final com-reflection coefficient of a single mirror at these wavelengths
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of the imaging system (1@ Torr) from the discharge cham-
ber, filled with deuterium to a pressure of-3 Torr.

Images of the plasma were recorded using a time-gated
microchannel plate detectdr A voltage pulse of 5 kV am-
plitude and 3 ns duration was applied to the microchannel
detector to obtain an image at a specific time. The voltage
was divided between the chevron assembly of the micro-
channel plate$l.5 kV) and an accelerating gap in front of a
phosphor scree3.5 kV) deposited on a fiber-optic plate.
The image, converted into visible light, was recorded on
high-sensitivity Fuji Neopan 1600 film clamped directly to
the surface of the fiber-optic plate.

The spatial resolution achieved by the imaging system
FIG. 1. Optical svstem of imadin at Hnected o experim ntawas primarily determined by the aberrations of the focusing
facil-ity:. 1 E c?linsé/rsic; m%ltila?gr 3r2$pmi:rloL:22co— r(e)tcatteing %irrgreas-e 6ptICS gnd the reso!utlon of the detector. The experimentally
sembly,3 — filter, and4 — image detector. determined resolution was §n. In many cases, where
plasma images were recorded using weak emission lines, the
actual resolution was lower and was determined by the sta-

was 0.7%. The spectral resolution after two reflections Wagsmfﬁ: naturg Odf.ftp N |I;nages. tered in th t
MAN~150, so that the spectral lines of hydrogen- and € main difficulty encountered in ih€ measurements

helium-like neon ions could be reliably separated. The workVas that the F'me spread of the pmc_hmg t!me, around 50 ns,
ing range of angles of incidence of the radiation on thewas several times greater than the time window of the detec-

multilayer x-ray mirrors was 31—35°. For these angles ofi®f (3 N9 and the lifetime of the dense plasma {5 ns. In
incidence, the radii of curvature of the mirrors determined® Series of experiments using this imaging system, involving

according to formulagl) and (2), were R1~1.8 m and More than 100 discharges, we obtained around twenty suc-
R2~0.5 m, respectively. cessful photographs of a neon plasma at various stages of

The distance between the focusing mirrdrsand the compression on the 1.21 and 1.35 nm lines. For all the dis-
plasma was 1.2 rfFig. 1). Such a large distance was neededcharges the initial driver voltage was 180 kV and the stored
to protect the vacuum-tight filte8, separating the imaging €nergy was 70 kJ.
system and the discharge chamber, from the action of the A series of plasma images obtained at 1.35 nm
shock wave and the radiation. The filter was made ofut6 ~ (1s°—1s2p, N&*) was used to study the dynamics of the
thick polyethylene terephthalate filiMakrofol KD) coated  pinching, which was initiated near the anode surface and
with 0.15um thick layers of aluminum foil on both sides. then evolved along th& axis. A typical photograph of the
The filter was needed to protect the detector from the sofplasma at the instant of maximum luminosity near the anode
vacuum ultraviolet discharge radiation, which could be reds given in Fig. 2a. The results indicate that the pinching
flected nonselectively by the multilayer x-ray mirror. The process propagates along theaxis from the surface of the
filter was also required to separate the high-vacuum chambemode at a velocity of- 16 cm/s and the plasma radiation at

FIG. 2. Image of a neon plasma at the wavelengths: a —
1.35 nmad b — 1.21 nm.
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the given wavelength is reliably recorded at distances up to pression because the plasma becomes completely ionized.
cm from the anode surface. Moreover, the length of the emitThe proposed method of obtaining plasma images will be
ting region of the pinch did not exceed 1 cm at any time andused for further studies of the mechanism of stable pinching,
its diameter was at least 4 mm. An emitting zone of suclresulting in the formation of a spatially homogeneous dense
large diameter indicates that the plasma attains a degree pfasma.

ionization characterized by a fairly high concentration of = The authors would like to thank N. N. Salashchenko for
helium-like ions at a fairly early stage of pinching. As the supplying these unique x-ray mirrors. The work was made
plasma undergoes further compression and heating, the copessible by NATO Grant CRJ950937.

centration of helium-like ions drops, as is evidenced by the

absence of their radiation from a plasma of less than 3 mniG. Decker, W. Kies, M. Malzig, C. van Calker, and G. Ziethen, Nucl.
diameter. Instrum. Methods Phys. Res. 249 477 (1986.

; o+ 2Yu. Ya. Platonov, N. N. Salashchenko, D. M. Simanovskii,
The plasma images at 1.21 nmsi2p, Ne™") reveal St (b oMY T T Kieshort Living Plasma and s
that the diameter of the plasma pinch with a high concentra- piagnostics(Prague, 1995 pp. 122-127.
tion of hydrogen-like ions is around 1 mm. This indicates 3G. Decker, W. Kies, R. Nadolny, P."Rekamp, F. Schmitz, G. Ziethen,
that as the plasma is compressed from 4 to 1 mm, the aver-K. N. Kohshellez/,)Yu. V(. Sidglnikov, and Yu. V. Sopkin, Plasma Sources

. . + Sci. Technol5(1), 112(1996.
age0+charge of the plasma ions increases fron? "N 4K, N. Koshelev and N. R. Pereira, J. Appl. Phgs, R21 (1996,
Ne'", and as a result of further compression, the plasmass, v, Bobashev, D. M. Simanovskii, Yu. Ya. Platonov, P.wRéamp,
becomes completely ionized, containing *Ne nuclei and G. Decker, and W. Kies, Plasma Sources Sci. Tecl5(8), 578 (1996.
free electrons. 5T. Chen, V. A. Bushuev, and R. N. Kuz'min, Zh. Tekh. F&0(10), 60
These results support the hypothesis that the rate of ra-19%9 [Sov- Phys. Tech. Phy85, 1148(1990].

diative losses of a neon plasma decreases under severe comanslated by R. M. Durham
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lon charge-state distribution in a high-power pulsed electron cyclotron resonance
discharge sustained by millimeter-wavelength radiation

S. V. Golubey, V. G. Zorin, and S. V. Razin

Institute of Applied Physics, Russian Academy of Sciences, Witbwgorod
(Submitted October 28, 1996
Pis’'ma Zh. Tekh. Fiz23, 60—64(April 26, 1997

Measurements have been made of the ion charge-state distribution in a high-power, pulsed,
electron-cyclotron discharge in argon sustained by millimeter radiation. It has been observed that
the maximum of the distribution is shifted toward higher charge states compared with the
distributions in conventional cw sources of multiply charged ions pumped by centimeter radiation.
This shift of the distribution maximum evidently occurs because a so-called quasigasdynamic
plasma confinement regime can be established in a magnetic trap when higher-power,
shorter-wavelength gyrotron radiation is used, and in this regime, an increase in plasma density
is accompanied by an increase in the confinement pararNetewhich determines the

ion charge distribution. ©1997 American Institute of Physids$$1063-785(17)02704-3

The most promising sources of multiply charged ions attion toward higher degrees of ionization. In the present pa-
the present time are those utilizing a microwave discharg@er, we report the first experimental data on the ion charge-
plasma sustained in an open magnetic trap under electrastate distribution in a high-power pulsed electron cyclotron
cyclotron resonance conditions. These sources are primarigesonance discharge sustained by short-wavelength gyrotron
designed for injection of ions in cyclotron accelerators,radiation. The apparatus is shown schematically in Fig. 2.
whose operating efficiency is, in many respects, determineicrowave radiation from a pulsed gyrotrdn having a fre-
by the operating efficiency of the ion sourtRef. 1)." quency of 37.5 GHz, a pulse length of 1 ms, and a power of

For its part, the operating efficiency of these sources caii30 kW, was focused by a dielectric leBsnto a discharge
be substantially enhanced, i.e., the charge state and intensitgcuum chambeB. The beam is linearly polarized. The dis-
of the ions beams can be increased, by increasing the micraharge chamber, having a 70 mm diameter entrance window,
wave pump frequency. This line of research was pursuedvas inserted in a straight magnetic trap created by two sole-
following the publication of a series of experimental studiesnoids (the length of the magnetic field pulse wasl3 ms.
(see, for example, Ref,)5in which a substantial increase in The length of the trap was 25 cm and the mirror ratio was
the yield of multiply charged ions was demonstrated wherB8.2. The maximum magnetic field strength in the mirror was
the pump frequency was increased from 10 to 18 GHz — th@.3 T. To estimate the plasma density in the discharge, we
ion current with the charge averaged over the distributiormeasured the coefficient of transmission of diagnostic micro-
increased proportionately as the square of the pump frewave radiation by the plasm@ and5). The diagnostic mi-
quency (2). However, the ion charge distribution remained crowave radiation at a frequency of 35.52 GHz, whose po-
almost the saméFig. 1). In terms of elementary concepts, larization corresponded to the ordinary wave, was injected
this behavior may be explained as follows. As the micro-into the center of the trap perpendicular to the magnetic field.
wave pump frequency is increased, the plasma demgity lons escaping the plasma parallel to the magnetic field were
increases while the plasma losses caused by Coulomb collanalyzed using a two-stagenagnetic and electrostati@on
sions increase proportionately Bs(the plasma lifetime in  analyzer6, capable of making independent measurements of
the trap is7~1/N). In this case, at the optimum electron the ion energy and their charge-to-mass ratio with a resolu-
energy, the ion charge distribution determined by the contion (q/m)[A(g/m)] '=3. The analyzer(the analyzing
finement parameted ~ remains unchanged, butM~f, the  magnet currentwas calibrated using hydrogen ions. The
multiply charged ion current, determined by the parameteanalyzer was connected to the discharge chamber via a con-
N/, will be proportional tof?. This reasoning stimulated necting sectior¥. The working gagargon pressure was set
increased interest in studies of an electron cyclotron resdsy means of a pulsed flow regulator and was varied between
nance discharge sustained by high-frequency radiation, sinced™3 and 10°° Torr, with gas being admitted into the dis-
the multiply charged ion current should increase accordinglycharge chambe(Fig. 2), while a low pressure of-10°
In addition, the millimeter radiation of modern gyrotrons Torr was maintained in the analyzer and in the connecting
may well produce an increase in the plasma density, whiclsection. A distinguishing feature of these experiments was
will change the nature of the plasma confinement in the traphat the multiply charged ion generation efficiency was in-
— a so-called quasigasdynamic plasma confinement regimeestigated at fairly high plasma densities, an order of mag-
will be established, where the plasma lifetime depends nitude higher than those in conventional electron cyclotron
weakly on its density. The establishment of this regime will resonance sources of multiply charged ions. In the experi-
not only increase the intensity of the multiply charged ionments we observed total screening of the diagnostic and
beams but, more importantly, will increase the parametehigh-power microwave radiation by the discharge, which
N, which should substantially shift the ion charge distribu-suggests that a plasma having a density higher than
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(~10"% Torr), the energy of the argon ions escaping the

I | plasma was between 100 eV and 10 keV. The charge distri-
bution of the ions depended weakly on their energy. Figure 1
shows the signal from the ion analyzer as a function of the
analyzing magnet current, which describes the ion charge
distribution for 900 eV ions. Also plotted for comparison are
the ion charge distributions obtained in conventional cw
electron cyclotron resonance sources of multiply charged
ions pumped by centimeter radiatidibetween 6 and 18
GH2) (Refs. 5 and 8—101It can be seen that the distribution
obtained in our experiments is shifted toward higher degrees
of ionization (the maximum is obtained for an ion charge of
11-12, as compared to 8 in conventional sources

It is therefore postulated that the use of higher-power,
shorter-wavelength gyrotron radiation resulted in the estab-
lishment of a quasigasdynamic plasma confinement regime,
where the parametdd 7 was increased and the ion charge
distribution was shifted toward higher degrees of ionization.

+18 *12 410 & # 5 4 2
I
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YIn addition, an electron cyclotron resonance discharge is also considered to
be a possible source of soft incoherent x-rays.

2In the quasigasdynamic confinement regime of a dense plasma with mag-

LA netized collisionless electrons and cold ions, where the main electron loss
channel is loss-cone scattering during interaction with the resonant micro-

FIG. 1. Signal from ion analyzer versus analyzer magnet current. The wave pump radiation, the plasma lifetime is given, according to Ref. 7, by

graduation lines in the upper part of the figure show the magnet currents7~LK/V, whereL is the characteristic dimension of the trapis the ion

corresponding to argon ions of different chargle— our experimental sound velocity, and is a coefficient which depends weakly on the plasma

results,2 — data from Ref. 53 — Ref. 8,4 — Ref. 9, and5 — Ref. 10) density.

0.00 ’
020 0.40 060 080 1.00

IR. Geller, J. Phys(Parig 50, Collog. C1, 887(1989.
4% 103 ecm~3 is formed under our conditions. 2J. H. Booske, F. A. Aldabe, R. F. Ellis, and W. D. Getty, J. Appl. Phys.

i ; ; ; 64, 1055(1988.
The efficiency of generation of the multiply charged ions , "Arata, S. Miyake, H. Kishimoto, N. Abe, and Y. Kawai, Jpn. J. Appl.

and their energy depended strongly on the gas pressure angpys »7, 1281(1988.

the microwave radiation power. At an optimum gas pressure’s. V. Golubev, V. G. Zorin, Yu. Ya. Platonov, and S. V. Razin, Pis'ma
Zh. Tekh. Fiz.20(4), 7 (1994 [Tech. Phys. Lett20, 135 (1994].
5R. Geller, B. Jacquot, and P. Sortais, Nucl. Instrum Methods Phys. Res. A
243 244(1986.

Gas inlet 6S. V. Goludev, V. G. Zorin, T. N. Zorina, and S. V. Razin, Proc. Intern.
‘ Workshop on Strong Microwaves in Plasmas, Nizhdovgorod, 1991,
Vol. 1, pp. 485-489.

‘ 7S. V. Golubev, V. E. Semenov, E. V. Suvorov, and M. D. Tokman, Proc.
. g Intern. Workshop on Strong Microwaves in Plasmas, NiziNavgorod,
L | R, = _J 1991, Vol. 1, pp. 347-375.
3 TToooooT 8H. Beuscher, Rev. Sci. Instrurfi, 262(1990.
[ -~ B T et 2 9T. A. Antaya and S. Gammind?roceedings of the International Work-
1

) '2'—’ & &] & shop on Strong Microwaves in Plasmas, Nizidvgorod 1991, Vol. 1,

pp. 399-413.
P . 10G. G. GuI'bekyan, I. V. Kolesov, V. V. Bekhtereat al., Kratk. Soobshch.
umping OlYal, No. 472-95, 63(1995.

FIG. 2. Schematic diagram of experiment. Translated by R. M. Durham

320 Tech. Phys. Lett. 23 (4), April 1997 Golubev et al. 320



Laser multipass probing in Thomson plasma diagnostics
M. Yu. Kantor and D. V. Kuprienko

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 27, 1996
Pis'ma Zh. Tekh. Fiz23, 65-72(April 26, 1997

A new approach to a system of laser probing for Thomson diagnostics of a high-temperature
plasma is proposed. The approach is based on the principles of multipass intracavity

laser probing, which can improve the sensitivity of the method by between one and two orders
of magnitude and allows the electron temperature to be measured at frequencies higher

than 10 kHz. Results of testing a probing system developed for the FT-2 tokamak are presented.
© 1997 American Institute of PhysidsS1063-785(07)02804-§

1. INTRODUCTION system(oscillator and amplifieris less effective here be-

The Thomson diagnostic technique is widely used fcause the returned beam is forced to pass through the laser

measure the local electron temperature of a hot plasma. 'ﬂfcnlztotr, ;Nh'Ch r:?l ntortnoinr:i/ ;Jnnﬁblﬁit% ?#tStg'?t th(lanbtﬁiam en-
plasma densities higher than’$@m™3, this technique offers  '9Y PUt &iS0 cannot maintain its high intensity. S case

extensive scope, including measurements of the evolution of® lneedt_to dllspens::‘ tW'th a m;JIUtsr:age ;yf_tem _?r? d L:SG g
the spatial temperature profiles. At lower densities, this diag_-Slng € aclive ek;amefr}_ ‘o ?Ienera € : % r_atlallon. %_stpre
nostic technique encounters appreciable difficulties becaugB/ersion can be efliciently converted into faser radiation

of the low scattered radiation energy. Nevertheless, there i\é"th IO\{V radiation Iozsfes It?] a?. e>t<tt(.ende.d I;lsegra\llltty.kA ﬁs]mlll'
no viable alternative under these conditions, since otheln"jlr system was used for the first ime in the F1-1 tokamnax.

methods do not provide reliable data on account of the dis’-b‘n optical system for multipass, intracavity laser probing is

tortions of the electron distribution function. MeasurementsShOWn in ,F'g]; 1 db " . dth
of the temperature evolution of a low-density plasma pose . A cavity formed by a nontransmitting mirrdr and the

additional problems. Lasers with a pulse repetition frequency"l""0rs 6 and 7 of the multipass system is Q-switched by a

of some tens of kilohertz are required because of the faﬁhototropic fiIt§r4. P(_)sse§sing a high ihitial absprption, .this
nature of the transient processes under these conditiongl.ter can sustain a fairly high inversion in the active medium.

Even in dense plasmas, a high sensitivity is needed to mezI—he avalanche-like bleaching of the filter under the action of
sure the electron distribution function or the plasma currenil® SPontaneous radiation generates a high-power laser pulse,

density, as well as the electron temperature profiles, bywhich can be repeated many times during a single discharge

means of a single spectral device. of the flashlamps. _ _

In the present paper we propose a new approach to Th- The multipass systgm is the key factor in the new ap-
omson diagnostics, based on the principles of multipass inf0ach. A system designed to pass a beam many times
racavity probing, whereby the sensitivity of the method cartrough a plasma, whereby the beam is focused on the ob-
be improved by more than an order of magnitude, and elecservation axis and then returned to the laser, was proppsed in
tron temperature measurements can be made at frequencf@§f- 3 and used on the FT-1 tokarrfakhe system consists
around 10 kHz. In multipass probing, the laser beam repeaff two spherical mirror$ and7, between which is located a
edly passes through the volume under study, which enhanc&4asma volumes, and a lenss to focus the radiation on the
the sensitivity of the diagnostics because of the increase iRPServation axis. The mirrors are separated by a distance
the scattered radiation energy. After passing through th&qual to the sum of their radii of curvature. The maximum
plasma volume, the beam is returned to the laser active eldlumber of passes of the beam=8D/b in the system is
ments. Thus, the plasma volume is contained within the lasekchieved by moving the centers of curvature of the mirrors
cavity, which substantially reduces the radiation losses in théelative to each other bg?/16D along the observation axis.
system. This effect cannot be used to achieve any significariere.b is the diameter of the input beam abdss the mirror
increase in the pulse radiation enefglyis is usually close to diameter along the observation axis. The divergence of the
the maximum permissible valueHowever, the effect can beam should not excednl2NF, whereF is the focal length
extend the capabilities of the laser, particularly under multi-of the lens, otherwise an increase in the transverse dimen-
pulse lasing. We present results of an experimental study gfions of the beam will result in losses of radiation from the
a new probing system developed on these principles fopystem. Stringent constraints on the divergence of the radia-

Thomson diagnostics of the FT-2 tokamak plasma. tion may seriously limit the application of multipass probing
in plasma experiments.

These constraints may be eased by specially aligning the
multipass system and introducing measures to reduce the
beam divergence. This alignment essentially involves opti-

The laser optical system used for Thomson diagnosticenizing the position of the mirrors and the lens. A small
must be revised for intracavity probing. The usual multistageelative shift of the mirrors converts the multipass system

2. OPTICAL SYSTEM FOR MULTIPASS INTRACAVITY LASER
PROBING
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FIG. 1. Optical system for multipass, intracavity laser
probing: 1 — 100% cavity mirror,2 — objective,3 —
laser active element, — phototropic filter,5 — focus-
ing lens,6, 7 — mirrors of multipass system, arf&—
plasma volume.

into a set of stable optical cavities capable of confining di-tized by six seven-digit analog-to-digital converters operat-
verging beams. The magnitude of the shift is dictated by théng at 10—40 MHz.
need to confine the beams in the system and prevent them After 28—30 passes of the beam, up to 80% of the radia-
from being focused near the surface of the mirrors. In thigion was returned from the multipass system to the crystal,
case, the divergence of the laser beam plays a decisive role&hich corresponds to an increase in the probing energy by a
The methods usually used to reduce divergence are ndactor of 25—27. In this case, the effective length of the laser
suited to intracavity probing. To solve this problem, we in-cavity is around 70 m. Two phototropic filters with initial
serted an objectiv@ into the cavity to correct the optical transmissions of 55% and 70% were used to control the sys-
inhomogeneity of the active elemeBt which substantially tem. With the first filter, most of the stored inversion is used
reduced the divergence. These aspects will be examined inta generate the pulse, which increases the radiation energy
separate study. and power in the pulse. This is accompanied by a reduction
In cases of low radiation losses, these elements are suiia the pulse repetition frequency and in the number of pulses.
ficient for lasing. For additional control of the laser, it may Trains of probe pulses obtained with the 70% and 55% filters
be useful to have an auxiliary cavity formed by placing oneare shown in Fig. 2. In both cases, the total probing energy
or two semitransmitting mirror8 and10 with low reflection  exceeds 1500 J. The average radiation energy in the pulses is
coefficients near the active element and the phototropic filters0 and 115 MW, respectively. The pulse energy and power,
In cases of high radiation losses, this cavity is needed tas well as the number of pulses can be varied by means of
shape the initial pulse. the pumping and the filtergFig. 3). The pulse repetition
frequency is mainly determined by the filter transmission,
and decreases slightly with decreasing pumping. It can be
3. EXPERIMENTAL RESULTS seen from the figures that with the 70% filter, the laser de-

A ruby rod 240 mm long and 21 mm in diameter, having livers a train of twenty lasing pulses at a repetition frequency

) . . . up to 15 kHz.
a CrO5 impurity concentration of 0.012 %, was used in the .
probing system. The crystal aperture was limited by a 16 mm On account of the great cavity length, the length of the

: e . : laser pulses is 1-2s, which is unusual for Thomson diag-
diaphragm. The phototropic filter consisted of KC-19 tinted ), . “Nevertheless, the probing power is quite sufficient

glass with CdSe impurities. The multipass system wa . .
formed by two mirrors, having 1000 mm radii of curvature%r the scattering signal to exceed the background plasma

and diameters of 120 mm, and a lens of 1250 mm focal

length, positiond 3 m from the crystal. Apart from the ends

of the ruby, the surfaces of all the optical elements had an- E, J

tireflection coatings. 150 a
An objective, consisting of positiveH(= 1250 mm and

negative £=—1500 mn) lenses, was mounted between the 100

active element and the nontransmitting mirtoBy selecting 50

the focal length of the objective, the beam divergence was L. ms

reduced from 6 to 1 mrad and the threshold laser pump en- Q+—tH =
0.0 04 08 1.2 16 20 24

ergy was almost halved. Up to 36 passes of the beam through
the system could be achieved by shifting the mirrors by 10
mm relative to each other. The constriction of the fan of rays
on the observation axis measured 22 mm and the output E, J
beam was matched with the aperture of the active element. 100 .

The system was studied with two IKT-1M and IKT-1N
radiation energy meters and an KB coaxial photocell, 50
which measured the lasing power. One of the meters deter-
mined the energy of the forward beam leaving the active ‘
element and the other measured the energy of the return oLy g
beam, returning from the multipass system to the laser. 0.0 04 0.8 1.2
These measurements were then used to determine the prob-
ing energy. The signal from the REL photocell was digi- FIG. 2. Multipulse lasinga — 55% filtet b — 70% filter.

‘ t, ms
2.0

T 1
1.6 2.4
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FIG. 3. a — Laser pulse energy versus pumpihg= 55% filter,2 — 70% filter, b — number of lasing pulses versus pumpifig— 55% filter,2 — 70%
filter; c — power versus energy of probe laser pulse.

radiation. Measurements of the plasma luminescence showguiobe pulse may be additionally amplified by means of the

that this is correctly subtracted in Thomson measurements gumping and by installing a denser phototropic filter.

these signal durations. This work was supported by the Russian Fund for Fun-
In these experiments, the probing energy and powedamental Research, Grant No. 95-02-04072.

were limited by the fact that the pulse energy density at the

active element should not exceed 5 JHcper pulse. Even

with this constraint however, the new system gives an ap-'A. C. A. P. van Lammeren, C. J. Barth, Q. C. van Esal, Nucl. Fusion
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Influence of charge flow along a semiconductor surface on the nature
of the multiplication coefficient in a silicon—wide-gap layer structure

Z. Ya. Sadygov and T. V. Jejer

Joint Institute of Nuclear Research, Dubna
(Submitted December 11, 1996
Pis’'ma Zh. Tekh. Fiz23, 72—76(April 26, 1997

It has been shown that the flow of mobile minority carriers along the semiconductor—wide-gap
layer interface substantially influences the uniformity of the multiplication coefficient in

an avalanche photodetector. Around inhomogeneities in the semiconductor substrate, a “dead
zone” of fairly large area is formed, where the multiplication coefficient is several orders

of magnitude lower than that on the remaining area of the device. Specific methods are proposed
to improve the uniformity of the avalanche process in a semiconductor—wide-gap layer structure.

© 1997 American Institute of PhysidsS1063-785(07)02904-3

The feasibility of developing a new type of avalancheface,l, is the avalanche current in the semiconduclgris
photodetector utilizing silicon heterostructures has recentlyhe leakage current of the wide-gap layer, &nhdis the gra-
been discussed quite extensively. Layers of ,SiB®efs. dient operator along the surface. The avalanche cutgeint
1-3), SiC (Refs. 4 and § and other materials whose band the photodetector is determined by the well-known Miller
gap is greater than that of silicon, are usually used as théermuld’ linking the carrier multiplication coefficieri! with
wide-gap layer. In silicon heterostructures a local increase ithe surface potential of the semiconductor, and the leakage
the avalanche current increases the mobile charge accumeudrrentl; may be determined by assuming for simplicity that
lated at the semiconductor—wide-gap layer interface, whiclthe conductivity of the wide-gap layer is purely ohmic. Thus,
screens the electric field in the semiconductor region withwe have:

reduced breakdown potential. Thus, negative feedback is es- i
a

tablished between the multiplication coefficient of the ava- | =i M=— —+
lanche process and the voltage drop in the semiconductor. 1= (¢s/¢0)
However, a nonuniform distribution of the surface mo- Vo
bile charge density leads to the appearance of longitudinal |0=R—0, (2

electric fields which cause these mobile charges to spread out
by flowing along the semiconductor—wide-gap layer inter-wherei, is the avalanche-inducing current is the break-
face. In the present paper we investigate the influence of thidown potential of the semiconductor surfaneis an empiri-
charge flow on the multiplication coefficient in silicon het- cal parameter having values between 1 and 5,Rg the
erostructures, for various resistances of the wide-gap layerresistance of a wide-gap layer of unit area.

We consider a silicon heterostructure in which avalanche ~ Using the well-known solution of the Poisson equation,
charge multiplication takes place under the action of an apwe can derive the following relation between the surface
plied voltage. By generation we understand the avalanchpotential and the surface mobile charge density for a
multiplication of charge carriers, and by recombination wesemiconductor—wide-gap layer structdre:
understand the drift of these carriers into contacts via the o

V- 6) — \/UO

wide-gap layer. Under certain conditions, the rate of carrier ¢ =uy+
generation in the semiconductor exceeds their recombina-
tion, resulting in a buildup of minority carriers at the where
semiconductor—wide-gap layer interface, which screens the &qN
electric field in the avalanche region of the semiconductor. Up=—7"

The charge flow equation can be obtained from the well- C
known equation of continuity for the total current in the de-q is the electron chargey is the impurity concentration in
pleted layer of a semiconductdAfter integrating this equa- the semiconductor, an@ is the specific capacitance of the
tion of continuity over the thickness of the inversion layer, wide-gap layer.
assuming that there is no current diffusion component, we We now assume that on the surface of the photodetector

, ()

g
2 V—E +Ug

derive the following charge flow equation: substrate there is a single region of radiys within which
Jo the breakdown potential is lower than that of the rest of the
—Vge=—, device. We position our origin at the center of a circle of

at radiusr g, where o= hg; for r<rq, and o= g,> o, for

l = — uoV e, (1) r>r,. Taking into account the symmetry of the problem, we

shall use polar coordinates. Then, under steady-state condi-
where o= fop(xyz)dz is the surface charge density, tions, Eqgs.(1), (2), and(3) yield the following equations for
ls=/ J(x y,z)dz is the current component along the sur-the surface potential:
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region of the semiconductor. However, flow of this charge

10° outside this region of radius, “suppresses” the avalanche
] \ ] process in this region. The influence of the mobile charge
i * extends as far as the distance from which mobile charges can
1 1 completely drift into contacts via the wide-gap layer. It can
10* 5 ] L : be seen from the figure that the size of the region where the
i i ] multiplication coefficient is reduced appreciably as a result
= | of charge flow, depends on the resistance of the wide-gap
i 2 1 layer. For example, when the resistance of the wide-gap
10° 1 : layer is Ry=50()-m?, which corresponds to a resistivity
j g 3 ] 5% 10 O-cm for d=0.1 um, the radius of the photocon-
: I R g / ] ductor region with reduced multiplication coefficient exceeds
AR 1 500um.
10° Thus, in order to obtain a uniform multiplication coeffi-
0.00 0.05 0.10 0.15 0.20 ] 0.256

cient over the entire sensitive area of the device, measures
must be taken to prevent charge flow along the
FIG. 1. Multiplication coefficient as a function of the coordinate on the sem!condgctor—vylde-gap layer mterfacg. On? methOd,Of pre-
surface of a silicon—wide-gap layer avalanche structure withs3.8v, ~ venting this flow is to form separate-n-junctions, having
ro=10um, N=15x10%cm 3, d=0.1um, m=2, i,=10"%A/m? dimensions of 2—-3um and separated by intervals of 5
p=0.05 nf/s-V2, ¥y=39.9V, ¥p,=40.0V.1 — Ry=0.10-m;2—  ym, on the semiconductor surface. The results of experi-
Ro=1-m, and3 — Ry=50 O-m. ments presented in Ref. 8 indicate that the spread of the
signal multiplication coefficient in this type of photodetector
does not exceed 10% with an averageMbf5x 10°.

r,10%m

J
ror

a _V_ws
1-(gsl )™ Ro '

(rlg)=

" 1A. Goetzberger and E. H. Nicollian, Appl. Phys. Ledt.444 (1966.
2 . .
s A. B. Kravchenko, A. F. Plotnikov, Yu. M. Popov, and V. Bhubin,
Is= = nC(V—is— V2Ugths) ar (4) Kvantovaya Elektron(Moscow 8, 785(1981) [Sov. J. Quantum Electron.
11, 473(1981)].
By solving Eq.(4) with allowance for expressiof2), we can 3A. Ya. Vul', A. T. Dideikin, A. V. Sachenko, and A. |. Shkrebtii, Pis’'ma

; o = Zh. Tekh. Fiz.14, 1729(1988 [Sov. Tech. Phys. Lettl4, 751(1988].
study the behavior of the multiplication coefficient along the “A. G. Gasanov, V. M. Golovin, Z. Ya. Sadygov, and N. YU, Yusipov,
surface of the avalanche photodetector. Results of calcula-pigma zh. Tekh. Fiz14, 706 (1988 [Sov. Tech. Phys. Lettl4, 313
tions of the avalanche multiplication coefficient as a function (1988].
of the coordinate on the plane of the avalanche photodetectosrg-?;-( E%dggovy I. M. Zheleznykh, and T. A. Kirillova, Appl. Surf. Sé,
are plqtted in F.Ig.. 1. It. can be seen that the a_lvalanche muIBV_ v Posbelovet al, Mikroelektronika3, 475 (1974,
tiplication coefficients inside the circle of radiug and at  7s m. sze Physics of Semiconductor Devicasiley, New York, 1969
some distance from this circle, have almost the same values|Russ. transl., Bergiya, Moscow, 19783
. . .. . . 8

despite the different breakdown coefficients in these regions.Z- Y- Sadygov, I. M. Zheleznykh, N. A. Malakhost al, IEEE Trans.

o . . ) " .~ Nucl. Sci.43, 1009(1996.
This is accomplished by the buildup of mobile charge within

the region of radiusg, which screens the electric field in this Translated by R. M. Durham
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Physical model of the influence of oversize impurities on the radiation hardening
of iron ea-alloys

V. V. Rybin and Yu. V. Trushin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 5, 1997
Pis’'ma Zh. Tekh. Fiz23, 77—83(April 26, 1997

A physical model is proposed for the influence of oversize impurities on the characteristics of
radiation-defect formation in neutron-irradiated iron alloys at low and high irradiation
temperatures. A comparison is made between the theoretical expressions obtained for radiation
hardening at different temperatures and the existing experimental data. For low
temperatures, the agreement was satisfactory, so we can estimate one of the microscopic
parameters of impurity atoms — the relative size of the region of influence of the impurity atoms.
For high irradiation temperatures, the behavior of the radiation hardening of an alloy with
oversize impurities is predicted as a function of impurity size. 1897 American Institute of
Physics[S1063-785(07)03004-9

Experimental studies of the influence of oversize impu-region ) of interstitial atoms k=i) and vacanciesk=v)
rities, W, Ti, Ta, Nb, and others, on the radiation hardeningcan be written agsee Refs. 9-11
(Ao) of iron a-alloys have revealéd that at high irradia- d—g+s. g'—g o
tion temperature$~300 °Q, the value ofA o is lower than : P v
that at low temperatureg-50 °Q). In the present paper, we where g is the rate of generation of Frenkel pairs in the
propose a physical model to explain this decrease, based emdeformed materialj; describes the additional migration of
the kinetics of radiation point defects at various temperatureiterstitial atoms from regions A to region I:
in the presence of -Iarg-e—radlus |mpgr|t|es. . N 5=9, 55,- ; 5fj=g~(fpe/Rvj)B,

Mutual recombination of vacancies and interstitial atoms
reduces the total number of radiation defects and therefore , , ,
reduces the radiation hardenidgr, which depends on the 15LvJ:f V(Ra)f(Ra)dR,
concentration of residual radiation defects, slowing down the B
dislocations™® By creating fields of compressive stresses =V(Ra)pnC;
a'lrour?d themselves, under irradiation these gyersize impuri- =(47T/3)(Rfj—fgépncj 2)
ties, in the same way as coherent pre-precipittéspro- . _ .
mote additional migration of interstitial atoms from their re- IS the volume fraction of regions A/(R,) is the volume and
gions of influence(A) to a region | between the impurities. f(R_A) is the size distribution function of regions A with the
This creates conditions for enhanced recombination of va[adlus
cancies with interstitial atoms in region I. In addition, over- Ruj=rFe+Afj+F51=FFJ1+(AH+F$;)”FJ 3
size impurities {) may trap vacancies{ to form vacancy— . . . ) )
impurity (vj) complexes. Thus, some of the vacancies may©" Vacancy-impurity complexese, is the radius of an iron
combine in fixed complexes which act as “stoppers” for thefdtOT'?”J ; '~ Tres frj rl15 the r_adlusf (')ff?n |mpur|]Ey of species
motion of dislocations. At elevated temperatures however* "vi 1S the size of the region of influence of a vacancy—

r
these complexes may dissociate with the release of vacah.mPurity complex,C; is the relative concentration of im-

. . rities of ie$, p,, is the nuclear density of the matrix
cies. The recombination in regions | should then be everl?u teg Of specieg, py IS the nuc ca density of the matrix,

) . o } and B is an exponent. The quantity may be expressed as
more vigorous but the impuritien averaggremain free

from vacancies and their contribution to the slowing of the Si=9¢yj,
dislocations will be typical of the initial unirradiated mate- Ar e
rial. _ NIy c 1-8

i ) ) @, =(m2)C;———[1+(Ar;+r )Ir . (4)

We consider the case of a neutron-irradiated alloy at low vl Poree [ i+ ro)/red

temperaturesT, = 323K). We then assume that) the va- Since the radiation hardeningo(®) reaches steady-
cancies ¢) are fixed and trapped by impurities 10 form giate values for irradiation doses of the ordkr10%n
vacancy—impurity ¢j) complexes, Pmobile interstitial at- . ¢m=2571 (j.e., for irradiation times o108 ), it may be

oms () recombine with vacancies) dnterstitial atoms mi-  postulated that the defect concentrati@)sare also steady-
grate from the compressed regions A around impurities intgtate.

region |, and 4 the vj complexes are sinks for interstitial Solving a system of steady-state balance equatises,
atoms. for example, Refs. 9—J)Tor the concentrations of vacancies
By virtue of assumption 3 the rates of generatigl (in  (C,), interstitial atoms C{), impurities (C}), and vacancy—
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impurity complexes Cy;), it can be shown that aimost all ~~ We use the following expression for the total stress
the oversize impurities form complexes with vacancies, i.e.Wwhich must be overcome by the dislocations as they migrate
through a field of stoppers of various typles

CLj%pan . (5)

Thus, at the temperatuf®, the defects formed by irra- U:Gb; a (CyRW)", (19)
diation, at which dislocations will undergo further slowing,
should be considered to be: vacancy—impurity complexewherea, is a coefficient allowing for the power of stoppers
(k=vj), vacanciesk=v), and interstitial atomsk=i). The  of typek, Ry is the sizeg(or radiug of the region occupied by
total concentration of radiation-induced defects will there-a stopper of type, G is the shear modulus of the material,

fore be andb is the Burgers vector.
For an alloy with oversize impuritieg at temperature
S CL:C:}j+CL+CiI' (6) T4, using Eq.(6) we have
K
Aci(TY)=0i(Ty)—a(Ty), (12)

At high temperature3,=573 K, we assume that) the
vacancies are fixed,)27acancies do not form stable com-
plexes with oversize impurities because of dissociation at U?(Tl)zgge(Tl)Jraij(pncj R)",
high temperaturé: 3) vacancies and interstitial atoms re-

where

combine on impact, and)4nterstitial atoms migrate from oi(T1) =0 T1) +a,;Gh(C}; R,))"
compressed regions fas atT;) to region I.
Assuming steady-state conditions, as at low tempera- +Gb>, a(CLRO",  k=v,i. (13
tures, we derive the following relations for the concentra-
tions Then from Eq.(11), allowing for Eqgs.(5) and(6), we write
D,(To)k; 9o Acj(Ty)=a,jGbBCI[1+(Arj+r)/re"
Ci(Ty)==——-5C (Ty))+ ———, 7 v ] o
= w2 BT, "
) +GbY, a(CyRI"(CI/CY)", (14)
CoTo)= o (1 gpap)| 14+ 222L* %)) } ‘
)T o T i (1-¢jas)® where
Dy (TS’

Obtaining from Eq(14) the expression for the radiation
whereD, is the diffusion coefficient of defects of species hardeningAoe{T;) of iron at temperaturel; under the
(k=i,v), k? is the sum of the sink forces for defects of type Same assumptions as for the alloy, we write

K, ,u=477r_R, rs is_the ra_d_ius of spontaneous recombination Acy(T)~Aoed Ty + anGbBlcjn

of vacancies and interstitial atoms,

. ¢ n
ay=ug/D,(To)k?k?, X[L+(Arj+r)/ree™ (16)

Performing similar transformations for the high-

_ Arj+ry c 1-8 temperature case, we have
@;=(m2)C; . [1+(Arj+ry)/ree
Fe mAr+rf
(see Eq(4)). (9 Acj(To)~AordTo)~a,GbBC, T
Thus, the total maximum concentration of radiation-induced ><[1+(Arj+rj°)/rpe]1*/3, (17)

defects at high temperatur@s is . ) o )
whereC; is the concentration of vacancies in pure iron ex-

posed to high-temperature irradiation,

BZZ(W/Z)n \Y, aereCj.

By comparing the numerical values of the radiation
hardening of the alloy at low temperatures as given by Eq.
(16) (for n=1/2) and the experimental daf4t is possible to

> Cy=C,+C;. (10)
k

Compared with the low temperature cdsee Eq.(6)],
the total concentratiofiL0) is considerably lower on account
of the increased recombination between vacancies ‘re
leased” from impurities and additional interstitial atoms mi-
grating from the regions A of influence of oversize impuri-
ties.

Analytic dependencefdox(C,)" with the exponent TABLE I. Relative changes in the size of the regions of influerfze/a of
n<1, were obtained for the radiation hardening: as a  vacancy—impurity complexes.
function of the absolute concentrati@y of stoppers of type W T Ta Nb
k. In some studieé$™*this exponent is1=1/2 and in others s / 0.423 0.426 0.436 0.440
(for example, Refs. 16—20it is n=1/3.
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by the elastic field of an oversize impurity. It can be seen that

©
< ] as the decay of the compressive field of the impurity be-
15':4. comes slower, the radiation hardening of the alloy decreases
N more rapidly.
2] To sum up, a physical model has been proposed for the
462, %) influence of oversize impurities on the formation character-
102 istics of radiation-induced defects in neutron-irradiated iron
8 alloys for low (T4) and high {T,) irradiation temperatures.
6- The theoretical expressions obtained for the radiation hard-
, 41 ening at different temperatures were compared with the ex-
465 (5)1 perimental data. Satisfactory agreement was obtained for low
2 i______ temperatures, which enabled us to estimate one of the micro-
, 1 | sgopic parameters of impurity atoms — the relative value
' L . . . . .
10 YY) T g7 02 a7/, r,j/a of the sizes of the regions of influence of the impurity

(W) (7¢) (Ta) #0 atoms. For high temperatures the behavior of the radiation
FIG. 1. Radiation hardeninga; of alloy versusAr; /r g (the relative dif- hardening of an alloy with oversize impurities was predicted
ference between the radii of impurity and iron atomfor low  as a function of impurity size.
(T,=323K) and high [,=573 K) temperatures for alloys with oversize
impuritiesj =W, Ti, Ta, and ND(AcEX(T,) andAog(T,) are the experi-
mental values of the radiation hardening of pure iron at temperafiliyes
andT,). YThen, the radius of region A will b&=rg.+ Arj+r{, wherer{ is the

size of the region of influence of an impurity atom of spegies

. c .
estimater;; [see Eq(3)], by averaging over the concentra v, A. Nikolaev and V. V. Rybin, Vopr. Mater. No. 1, 401995,

i . . .
tions C; . The Yalues ofry; /a are given in Table | 2y A Nikolaevand V. V. Rybin, Proc. First Intern. Symposium on Effects
(a=2rg. is the diameter of an Fe atgm of Radiation on Materials, edited by D. S. Gelles, P. K. Nanstad, A. S.

An example of the dependence &fr; on Arj=rj—rge 3§ugﬁar, and_rER. g_. I;lttleg\STM, US@ ﬁg&ip-v?f—% 1962, b, 531

: . . . . oeeger, Inkadiation Damage In Soli , vienna, , P- .

[see Eq(3)] |s.plotted in Fig. 1 forT, accordlr;g to Eq(16) “R. L. Fleischer, J. Appl. Phy&3, 3504(1962.
andT, according to Eq(17) for C;=0.6X10 *. 5T.J. Koppenaal and R. I. Arsenault, Metall. R&6, No. 157, 1751971).

It can be seen from Fig. 1 and formulé&ss) and (17) 6A. M. Parshin and Yu. V. Trushin, Pis'ma Zh. Tekh. F&.561 (1983
that at low temperatures the radiation hardentg(T,) of ~ [Sov. Tech. Phys. LetB, 243(1983].

the alloy increases with increasing size of the impurit atoms7A' N. Orlov, A. M. Parshin, and Yu, V. Trushin, Zh. Tekh. Fi3, 2367
y 9 purity (1983 [Sov. Phys. Tech. Phy&s, 1455(1983].

because, as these atoms increase in size, they increasingi¥. N. Orlov, G. G. Samsonidze, and Yu. V. Trushin, Zh. Tekh. B,
trap vacancies in compression regions. This results in the 1311(1986 [Sov. Phys. Tech. Phy81, (1988].

formation of stoppers for dislocations in the form of °YU.V: TVU]Shi”'Zh-Tekh- Fiz57, 226(1987 [Sov. Phys. Tech. Phy82,
. ) . . 136(1987)].
vacancy—impurity complexes, as is predicted by our modelioy,, '/ Trushin, Zh. Tekh. Fiz62(4), 1 (1992 [Sov. Phys. Tech. Phy8?,

At high temperatures these complexes do not form, be- 353(1992].

cause of their high degree of dissociation. However, thétyu. V. Trgshin,Theqry of Radiation Processes in Metal Solid Solutions
laraer th iz f the imouri h ronaer th mor iV (Nova Science Publishers, New York, 1996
6} ge. tf.els .e of the purity, .t e st O ger t eh.CO press %J. C. Wilson, Proc. Intern. Conf. on Peaceful Uses of Atomic Energy, New
elastic |_ed it creates around itselfegion A) This means  york 1958, Vol. 5, p. 43.
that the impurity more forcefully “expels™ interstitial atoms 13J. Diehl, in Radiation Damage in Soligs/ol. 1 (IAEA, Vienna, 1963,
from its neighborhood and these atoms additionally migrat%p- 129-| ) ank. and
: ; ; ; ; T. H. Blewitt, C. A. Arenberg, A. C. Klank, and T. Scott, Proc. Intern.
!nto rgglon l betwee_n the impurity at_oms' _T_hIS serves to Conf. on Vacancies and Interstitials in Metals, Julich, 1968, Vol. 2, p. 547.
intensify thg recombmauon between interstitial atoms aanE. A. Little, Ind. Metall. Rev.21(3), 25 (1976.
free vacancies, which at high temperatures are not bound MT. H. Blewitt, R. R. Coltmann, R. E. Jamison, and J. K. Redman, J. Nucl.
complexes with impurities. On account of this anomalous; Ma:ffﬁv |277(1_96% Interaction of Ragiation with Solidémsterd

. . . o . . K. Holmes, In I he Interaction O aalation wi Oll msterdam,
recombination, the concentr.atl.ons of rad.latloln-lnduced de- 1964, p. 147,
fects decrease and the radiation hardening is reduced, th@ g \w. young and F. A. Sherrill, Can. J. Phy&5, 757 (1967.
effect being greater, the larger the impurity atoms. Figure 2°D. O. Thompson, Proc. Symposium on The Interaction Between Disloca-
shows radiation hardening curvﬁsrj(Tz) for two values of 20tlons and Point Defects, AERI_E-R-SQMKAEA, 1968), Part. IV, p. 152.
the exponen [see Eq(g)]' B=1 andB=2 The exponent A. N. Orlov and Yu. V. Trushin, Fiz. Met. Metalloved.1, 925 (1976.

B is responsible for the type of decay with distance exhibitedrranslated by R. M. Durham
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Thermocapillary mechanism of pore evaporation during sintering and crystallization
of YBa,Cu;0,_;

S. A. Churin

Institute of Microstructure Physics, Russian Academy of Sciences, Nitbvgorod
(Submitted December 16, 1996
Pis’'ma Zh. Tekh. Fiz23, 85—-89(April 26, 1997

The thermocapillary effect is used to explain the phenomenon of shrinkage observed during the
annealing of YBaCu;O;_ s components. The proposed model can be used to estimate the
characteristic time taken for pores to reach the surface of ceramic samplek99®American
Institute of Physicg.S1063-785(07)03104-3

One method of crystallizing YB&Lu;O,_s involves and CuO phases are formed as a result of incongruent melt-
partial melting followed by slow cooling of the samples in ing.
furnaces with a temperature gradiéRtThe samples are pre- In this case, the surface of the pore begins to be coated
pared by pressing stoichiometric powder into suitablewith a layer of liquid phase and sine&/dT<O0 (« is the
shapes. Inmediately after pressing, the sample is placed ins/rface tension a shearing stress begins to act on the incipi-
muffle furnace where it is sintered at temperatures ofnt surface of the liquid phase, inducing a flow of the liquid
900-960°C for several hours. During the sintering proces’hase along the surface of the pore into the lower-
the density of the sample increases from 3—3&ug  to temperature zone. To determine the velocity of the liquid

4-5gcm 3. A further increase in density is then achieved phasg, the foIIowin.g hydrodynamic equation can be written
In cylindrical coordinates:

ﬁvz> _
I'W =0 (1)

in crystallization furnaces. Observations reveal that the rat
of shrinkage is highest at the start of annealing or crystalli- 1d
zation. At a temperature gradient of 5 °@in" ! in the range 7 dr
800—-940°C, the sintering process is mainly completed
within 30 min. The shrinkage time during the crystallization
process is 0.5-1.5 h at1000°C. Annealing of the samples U,lr=0, 2
followed by crystallization is accompanied by various phe-

nomena. First, as has been noted above, the density of the
sample increases because of a reduction in the volume occu-

pied by the pores. Second, when cylindrical samples are aghere 4 is the viscosity of the liquid and,(r) is the veloc-

nealed, changes in the geometry occur on account of thgy of the liquid phase. Here we neglect any change in the

external diameter. Th|rd, a deviation from StOiChiometry iSdensity and Viscosity of the ||qu|d over the volume. The so-

observel — a green deposit appears on the outer surface dfition of Eq. (1) with the boundary condition€) and(3) is

the cylinder(the Y,BaCuQ phase is formed Fourth, the given by the function:

onset of shrinkage and the formation of the BaGusihd

CuO phases is observed at the same temperature. v,(r)=—— —Inr+C,. (4)
This combination of phenomena may be explained by 7 dz

means of the thermocapillary effect. The thermocapillaryFrom the first boundary condition we obtain an expression

drift of air bubbles in water was studied in Ref. 3, and drop-for C,:

lets of a viscous liquid in another liquid filling the entire

space were considered in Ref. 4. In the present case, we szﬂd_a In(NRy). (5)

propose a model to determine the drift velocity of a pore in a 7 dz

partially molten sample, where the dependence of the surfaggere,n=1 characterizes the region involved in forming the
tension, not only on temperature but also on the concentratow of liquid phase. It is assumed that the liquid phase flows
tion of the liquid phase, must be taken into account. over the surface of the pore and thus no divergence occurs at

We consider an isolated pore in a YfarO;_5 ce-  the pointr=0. The inclusion of points=0 within the limits
ramic, situated in a field with a temperature gradiésge of integration would also imply that there is no pore at the
Fig. 1). At this point, it should be noted that during external given point. Finally, we obtain the following expression for
heating, a temperature gradient will always exist in the crosg(r):
section of the sample because of its finite thermal conductiv- R. da
ity. For simplicity, we assume that the pore is a cylinder of  p,(r)=— 0~=%
length| and radiusk, and we assume that the temperature
T, exceeds the incongruent melting temperature of th&Ve define the flow rate of the liquid phase per unit time per
YBa,Cu;O,_ s ceramic. We also postulate that the BaGuO unit pore length as:

with the boundary conditions

v, _ da 3
1o li=r=~ 47 )

RO da

NRy
In—

pdz T ©®
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nRy
AQ= v,(r)dr. (7)

Ro

The lower limit of integration coincides with the pore radius

da dadT Ja dC
dz 4T dz+(9C| dz’ (10
whereC, is the concentration of the liquid phase. Expression
(9) can be used for a numerical check of the proposed model
of pore evaporation during the sintering and crystallization
of samples of the high-temperature superconductor
YBa,Cu;0,_s. We find the velocity of a pore of radius
Ro=10°m in a field with the temperature gradient
20°C-cm ! for the case whergy=100 Ncm ? (Ref. 5 and
daldT=—1g-s °K™1, neglecting da/dC, and setting
n=2. We find that po,e=2x10"" m-s™1. We assume that
the characteristic distance which must be covered by a pore
before it reaches the surface is 2 mm. We then find that the
annealing time is 10s, which is of the same order of mag-
nitude as the observed value. The severalfold difference may
be explained by the fact that we neglectad/ 9C, and we
disregarded the pore size distribution in the bulk of the
sample. It should be borne in mind that as the pores move,
they increase in size by merging with smaller pores. Thus,
the pore velocity increases and the time taken for the pore to
leave the sample decreases. The proposed model may be
used to assess the loss of stoichiometry by XBg0;_;
targets in the course of their fabrication and utilization.

This work was carried out under Project 95032 in the

(we neglect the thickness of the film on the pore surface“Superconductivity” category of the program “Topical
while the upper limit is defined as half the distance from aproblems in the Physics of Condensed Media.”

neighboring pore. After integrating, we obtain

gldafl
AQZ’]TpRO;E E(n —1)—Inn ) (8)

wherep is the density of the liquid phase. From E§) we
obtain the pore velocity

Ro da(%( 2—1)—Inn>. 9

7dz

Upore™

In expression9) we have
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AlGaAs/GaAs-heterostructure cw laser diodes with a working output optical power
of 3W (A=0.81um) and an operating life of 2000 hours

D. M. Demidov, N. I. Katsavets, R. V. Leus, A. L. Ter-Martirosyan, and V. P. Chalyi

ZAO “Semiconductor Devices,” St. Petersburg
(Submitted February 5, 1997
Pis’'ma Zh. Tekh. Fiz23, 90—94(April 26, 1997

Quantum-well AlIGaAs/GaAs heterostructures with separate confinement have been used to
fabricate laser diodes emitting at 0.gin, with a cw output optical powerf@d W and an operating
life of more than 2000 h at a powef 8 W and a temperature of20 °C. © 1997

American Institute of Physic§S1063-785(17)03204-7

High-power laser diodes are being increasingly widelyw at +52 °C. In this case, the threshold currenttg)(were
used in various fields of medicin@phthalmology, surgery, 1200 mA (=240 A/cn?) and ly 1600 mA (=320
and oncology, quantum electronicgas pump sources for A/cm?), and the differential quantum efficiencies were 45%
solid-state lasejsrobotics, geology, spectroscopy, and otherand 40% at heat sink temperatures-620 °C and+52 °C,
areas, because of their small size and weight, their high efespectively. The width of the lasing spectrum at half-
ficiency, low energy consumption, and the feasibility of di- maximum was less than 2 nisee Fig. 1l so that these
rectly modulating the radiation intensity. The problems of
increasing the output optical power and the operating life of
these laser diodes are therefore top-priority. The present pa-
per is a continuation of a series of studiesand deals with
the development of high-power cw laser diodes having an
operating life of several thousand hours.

The laser diodes were fabricated using quantum-well
AlGaAs/GaAs heterostructures with separate confinement,
grown by molecular-beam epitaxy. A detailed description of
these heterostructures and their growth conditions can be
found in Ref. 1.

The laser diodes consisted of three stripe emitters, inte-
grated on a single substrate but not optically coupled. Each L
emitter comprised a phased laser array, constructed on the
“shallow mesa with additional insulation” principle, with an
interstripe optical coupling coefficient regulated by varying
the etching depth of the me&®rofiled heterostructures were
produced by ion etching via a photoresistive mask, using a 7
partially neutralized, collimated beam of up to 1000 eV ar-
gon ions. The total width of the emitting area of the laser b
diode was 550um. A reflecting coating(reflection coeffi- [
cient higher than 95%was deposited on the rear face of the =
laser diode, while the front face had an antireflection coating
(reflection coefficient around 10Rb6After the coatings had
been deposited on the cavity mirrors, the laser diodes were
soldered to a nickel-plated copper heat sink with the
p-layers facing downward.

A calibrated Coherent LaserMate power meter was used
to measure the power-current characteristics, spectral mea- 5
surements were made using a KSVU-23M spectral complex,
and an apparatus described in Ref. 4 was used for near- and
far-field measurements. -

Figure 1a shows power-current characteristics of the fab- y = . 1 4
ricated laser diodes operating in the cw mode at heat sink 806 808 80 A, nm
temperatures of 20 °C and+ 52 °C. The maximum optical FIG. 1. Watt—ampere characteristics of cw laser diodes at different tempera-

OUtpqt powe_r P) without any appreciable deterioration in tures(a) and typical lasing spectrum of a three-stripe laser diode at a pump
the differential quantum efficiency wal W at+20 °C and 3  current 6 5 A and a temperature of 20 °®).

a
AW
4

1, arb. units
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laser diodes can be used for efficient pumping of Nibns
in YAG:Nd solid-state lasers.

Near-field measurementshown in Fig. 2a revealed
that the optical flux intensity was almost the same in all three
emitters, which suggests that the parameters of the laser het-
erostructure are highly uniform. Since the high-power laser
diodes were fabricated using phased arrays with a low inter-
stripe optical coupling coefficient, a typical far-field pattern
(Fig. 2b comprised the weakly modulated field of an indi-
vidual component of the phased array.

To determine their operating life, the laser diodes were
tested at an elevated heat sink temperature 52 °C and an
output optical power 3 W for 100 h, which corresponds to
2000 h at+20 °C(Ref. 5. The decrease in the optical power
of the laser diodes after testing did not exceed 2%.

To sum up, we have succeeded in fabricating and inves-
tigating high-power laser diodesPE4 W, A =0.81 um)
with an operating life longer than 2000 h. These diodes are
extremely interesting for efficient pumping of Ridlions in
YAG:Nd solid-state lasers.
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4G. A. Gavrilovet al, Pis’'ma zh. Tekh. Fiz17(19), 1 (1991 [Sov. Tech.
Phys. Lett.17, 681 (1991)].

5G. Thompson,Physics of Semiconductor Laser Devio@¥iley, New
York, 1980, pp. 28—29.

FIG. 2. Typical characteristics of a three-stripe laser diode at a pump current

of 5 A and a temperature of 20 °@ — near field ad b — far field.
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