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A new system for a photoelectric converter is proposed, and its photoelectric properties are
studied, using am-CdO/&-C/p-Si heterostructure as an example. The distinguishing feature of the
structure is that the broad-band insulating layer of S0@ the surface of the silicon is

replaced by a narrow-band layer of amorphous carbon, while a layer of CdO is used as the upper
electrode. It is shown that an increase of the short-circuit current because of impact

ionization can be expected in such a heterostructure. The results of the paper show that it is
worthwhile to use CdO films in practice as transparent electrodes19€y American Institute of
Physics[S1063-78517)00111-7

The problem of obtaining ecologically clean electrical between then and p layers without scattering. When this
energy by the conversion of solar radiation has recently beeccurs, the photogenerated carriers can acquire sufficient en-
come more and more important. The creation and study oérgy for impact ionization, and this generates additional
new materials and methods for directly converting light intocharge carriers.
electrical energy is therefore extremely crucial, taking into  To make sure that these conditions are fulfilled, the pa-
account that the most widely used material in solar energy—ameters of the layers of the heterostructure must be chosen
silicon—has already almost reached its limiting starting from the following considerations:
efficiency! 3 The band gapEys of layer P3, on which sunlight is

This paper proposes a new system for a photoelectrimcident, must be greater thdgy, in order to provide the
converter that makes it possible to increase the short-circuitwindow” effect. Layer P3 in the converter is based on a
current both by creating conditions for impact ionization andsemiconductor withEg3~2.5 eV. There are photons in the
by increasing the internal quantum yield of the converter insolar spectrum with energie&>Egy;, which will be ab-
the short-wavelength region. sorbed in layer P3. Photons with<Egy; are transmitted

The energy-band diagram of the converter is shown irthrough layer P3, and, if their energy is gredigy, they are
Fig. 1. The essence of the proposed system for a photoeleabsorbed in layer P1. The band gips; is chosen so that
tric converter is as follows: When a cell is formed between aminority carriers travelling from P3 to P1 acquire enough
p-type layer(P1) and ann-type layer(P3) that have different energy at the P3—P2 interface to produce impact ionization
band gaps, an intermediate semiconductor 1&pP& is pro-  in layer P1.
duced in which there is a strong electric field. The purpose of  The conditions for the appearance of impact ionization
the layer is to heat the charge carriers and to transport thewbtain when the relationship (3R}, <Egy3— 7, — U, is sat-
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50 is replaced with a narrow-band semiconductor layer. The pa-

45 . a rameters of layer P2 must be such that they ensure the trans-
N 40 - port of charge carriers through it in the ballistic regihe.,
g ;34 the mean free path of the carriers in layer P2 must be greater
= 25 than the layer thickness, whitg;, <Eg;). Thus, the relation-
E“ 20] ship between the band gaps of the layergjg>Ey,>Eg,.
=~ 15 The physical processes underlying the functioning of the
10.] proposed converter have the following feature: Discontinui-
5 ties of the potentials at the interfaces between P1 and P2 and
0 \ T T T v T between P2 and P3 produce heating of the electrons and
0 100 200 300 400 holes. If, as they pass through layer P2, the hot ballistic
v, my electrons and holes experience no recombination or scatter-
ing, the holes entering layer P1 will have enough energy to
generate electron—hole pairs. This causes an increase of the
short-circuit current.
60 In creating a photoelectric converter, we started from the
.. b materials and technologies available to us. Therefore, silicon
50 1 ~. with p-type conductivity(KDB-10) was chosen as the mate-
40j e . rial for layer P1. The plate had thickness 33th and
. "-~7 gggggg . Egi=1.1eV. The intermediate layer P2 is made from amor-
R, 4301 Si ] phous carbon g-C) of thickness 30 A, withEg,=0.5eV.
20 The thickness of tha-C was monitored during depositiat.
10 (omers ) 25 oV (Refs. 7 and Band a thickness of about 800 A, was
0 — —— —p—— used as the second;type, outer layer P1. Amorphous car-

200 300 400 500 600 700 800 900 bon layers were obtained by magnetron sputtering of graph-
ite in argon, and the CdO was obtained in an atmosphere of
nitrogen with oxygen. The active area of the photoelectric
FIG. 2. Current-voltage characteristic of aCdOA-Clp-Si structure ilu-  COnverter wasS=0.64 cnf. The CdO layer consisted of two
minated by sunlight with an intensity of 0.1 W/érta), and reflectancR vs ~ regions with different resistivities. The first regignext to
wavelength for the photoelectric converter described here and for pure silithe P3—P2 interfagewas 100 A wide and had a resistivity
con (o). of ~1.Q-cm, while the second haal=5x 10"4Q-cm. The
change in resistivity was produced by varying the oxygen
concentration in the Cd®.Two regions were created be-
cause it was necessary to introduce an electric field inside the

isfied, in whichU is the voltage corresponding to the band CdO layer that aided the motion of the carriers generated in

bending in P1, andy, is the difference between the Fermi the CdO in order to increase their collection.

energy and the energy of the top of the valence band in P1. Figure 2a shows the current—voltage characteristic of the
In order to reduce the series resistance of the convertdi-CdO&-C/p-Si structure when it is illuminated by sunlight

(and consequently to increase the fill fastand to increase With an intensity of 0.1 W/crh It can be seen that, despite

the carrier collection, layer P3 can be based on a strongl{h® small value ofV,=0.32V, the short-circuit current

doped semiconductor. Moreover, the thickness of layer P3 jeeaches the values obtained in the best silicon-based solar

1’2 . . .
chosen so that it is an antireflection coating with respect t&€lls:" The efficiency of the structure is about 11.5%. In the
layer P1. Consequently, semiconductor layer P3 absence of tha-C layer, the short-circuit current was sev-

« is an antireflection coating with respect to layer P1, eral t.imes less, which was pqssibly associated with the high
« collects charge-carriers from the surface of the condensity of boundary states. Figure 2b shows how the reflec-
verter. and tanceR depends on wavelength for the given structiotave

- generates electron—hole pairs because of the absorptidd @nd for pure silicon(curve 2). It can be seen thaR is
of light in the blue region of the visible solar spectrum. Virtudlly equal to zero at a wavelength of 800 nm.
This structure is similar to an MIS structure in that a thin  Even though the conditions of the experimental hetero-

intermediate layer P2 is present in it between layers P1 angtructure described here were not optimal, it follows from the

P3. The presence of a thin insulating layer in a metal-aPove that the proposed photoelectric converter system is

insulator—semiconductor structure makes it possible to inProMising for further studies.
crease the open-circuit voltagé,. in comparison with a
Schottky barrier by means of a built-in positive chafgt
the same time, this laygin any casgimpedes the move- ;M- Grauvogl, A.G. Aberlest al, Appl. Phys. Lett69, 1462(1996.
ment of the charge carriers because of the presence of g 2hac A Wangt al, Appl. Phys. Lett66, 3636(1996. .
. . . Solar cells and their industrial application. Advances in materials tech-
potential barrier at the layer boundary. Therefore, in the nojogy. Monitor, UNIDO No. 31, 2(1993.

structure under consideration, a broad-band insulating layefs. M. Sze,Physics of Semiconductor Devic@¥iley, New York, 1969.
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Nonradiative energy transfer from titanium (1) ions to erbium (lll) ions
in aluminosilicophosphate glass
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A luminophor based on aluminosilicophosphate glass doped with er@luyrand titanium(lll)
has been synthesized. It is shown that the erbium luminescence in this glass is efficiently
sensitized by the titanium ions via the 5, %115, channel § =1.538um). It is determined that
the transport is by a dipole—dipole mechanism. The critical transport concentration is
0.032 M, and the critical transport distance is 1.95 nm. 1€97 American Institute of Physics.
[S1063-785(17)00211-5

One way to enhance the energy efficiency and economgrbium is observed in the electronic absorption spectrum of
of solid-state erbium lasers is to introduce impurity ions intothe resulting glasgFig. 1, curveA). We detected no visible
the matrix that can absorb energy in the visible region andiifferences from the spectra of the corresponding non-
can then transfer it to the erbium ions. Despite the significantodoped ions in the same matrix. The absorption maximum
advances that have been achieved in this scientific direttionef titanium lies in the 560-nm region. The luminescence was
the search for new sensitizers of the LB luminescence of recorded with an SDL-1 spectrometer, using an FEU-79 pho-
erbium remains pressirfg. tomultiplier and an original photon counter with a digital-to-

In this paper we study of the possibility of nonradiative analog converter. An ISSh-100 pulse lamp with an MDR-2
excitation-energy transport from titaniughl ) ions to erbium  monochromator and an LGN-222 He-Ne laser
in aluminosilicophosphate glass. The spectroluminescenc@g=630 nm,P=55 mW) were used as excitation sources.
properties of titanium(lll) in various glassy matrices were Glasses doped only with titanium iorf&ith no codopant
studied in Refs. 3—6. We showed in Refs. 7—10 that titaniumexhibit intense luminescence in the 750—980-nm redf6g.
ions in phosphate glasses are efficient sensitizers of the Id, curveC). The relative intensity of the luminescence band
minescence of neodymium and ytterbium. of titanium decreases by more than a factor of 10 in the

A glassy matrix was synthesized by the method of coduminescence spectrum of glass codoped with Emd TF*
precipitation from the solutions, producing a high degree ofsimultaneously. In this case, an increase is noted in the lu-
homogeneity in the resulting glass. The concentration of acminescence intensity of erbium at thigz,—*1 5, transition
tivator ions was 0.5 wt% for erbium and 1 wt% for titanium. (A =1.538um) after titanium ions are introduced into the

We carried out a series of experiments that allowed us tonatrix (Fig. 2).
conclude that erbium luminescence is efficiently sensitized A band is present in the 500—700-nm spectral region in
by titanium. the luminescence excitation spectrum of thé'Eion in

Superposition of the absorption bands of titanium andTi®* —Er**-doped aluminosilicophosphate gla§sg. 3 that
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FIG. 2. Luminescence spectrum of erbium in aluminosilico-
phosphate glass doped with®Er(A) and TF*—EF* (B).
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evidence of " — Erf* nonradiative energy transport. In p(t)
studying the luminescence-damping kinetics, we found that h is the lumi d ing | fad _
the mean lifetime of the excited state of Tiions decreased erep(t) is the uminescence-gamping law of a donajp,

from 6 to 2.54s in the presence of &F ions. The kinetic is the mean luminescence-damping time of a donor in the

. . . absence of quenching;, is the concentration of energy-
curve in this case had a nonexponential character. Th a Ea gy

34 + . o ) i cceptor moleculesZ, is the critical energy-transport con-
T —Er energy transportin all likelihood is by a dipole= cenraion;t is the luminescence-damping time of a donor,
dipole mechanism. Such an assertion allowed us to carry oWormalized by intensityl’(x) is the gamma function; ang

the corresponding calculations from the equation is a constant determined by the nonradiative energy-transfer

corresponds to the absorption of the*Tiion, and this is I{ Ca ( 3)( t
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This paper discusses the question of how the size of the spacer layers affects the position and
width of the bistability region in the current—voltage characteristics of tunnel resonance

diodes. The current—voltage characteristics were calculated in terms of the self-consistent
effective-mass approximation. Increasing the size of the spacer layers shifts the lower boundary of
the bistability region upwards so that this region becomes narrower and then completely
disappears. ©1997 American Institute of PhysidsS1063-785(017)00311-X

As is well known, under certain conditions the current—make it possible to refine the scheme given here.

voltage characteristics of two-barrier tunnel resonance struc-  As is well known, the presence of spacer layers between
tures display the bistability effect in regions with negativethe strongly degenerate electrode regions and the quantum
differential resistance:* This paper discusses the questionbarriers introduces significant changes in the potential profile
of how the size of the spacer layers affects the position of thef the structure(Fig. 1). A potential barrierv* arises that
boundaries of the hysteresis loops in the current-voltag@npedes the penetration of charge from the electrodes into
characteristics of two-barrier tunnel resonance structuregpe spacer layers. The bottom of the quantum well and con-
Current—voltage characteristics with sections of bistability insequently the position of the resonance level of the quantum

regions with negative differential resistance were calculated | - e raised by comparison with the bottom of the con-
using the system proposed in Ref. 6, which includes self-

! i . - ) duction band in the electrodes. The narrower the spacer
consistent solution of the Poisson and Sclimger equations. laver. the smaller the value &f*
Two-barrier AlAs/AlGaAs diodes with parameters similar to yer, )

those in Ref. 6 were considered: the width of the barriers and IZlgure 2a Sh?WS the currzpt;voltige g.rfwfaractelrls_t ICShOf
of the quantum well was 50 A, the donor impurity concen-tWo-barrier tunnel resonance diodes that difter only in the

tration in the contacts was Icm™3, the effective mass of size of the spacer layers. It is easy to see that the size of the
the electron wasm=0.067n,, the quantum barrier was SPacer layers has a strong effect on the position of the lower
V=370 meV, and the relative permittivity was,=11.9.  boundary of the bistability region. The lower boundary of the
All the current-voltage characteristics are calculated for d1ysteresis loofthe region with two stable current states
temperature of =5 K. corresponds to the intersection by the resonance level of the
The mechanism by which two stable current states arisottom of the conduction band of the emitter, provided that
in the region of negative differential resistance can be exthere is no accumulated charge in the quantum well. The
plained as follows™® As the external voltage is increased position of the boundary can be estimated by the quantity
(moving from peak currents to valley currentshe reso- V, =2(Eg+V*)/e. Thus, the narrower the spacer layers, the
nance level approaches the bottom of the conduction band ¢dwer the potentialv* and consequently the smaller the
the emitter from above. The resonance level, which lies injalue ofv, .
the energy regiotJ (0)<E<U(0)+Eg, accumulates elec- It should be pointed out that the positidfy of the upper
trons that tunnel from the emitter. The charge of the eleChoundary of the hysteresis loop is identical for all the struc-
trons accumulated on the resonance level of the quantufyres that we considered for which the width of the spacer
well al1lt.ers the potential profile of the structure, in partlcula.r|ayers was between 35 and 50 (kig. 2a. Figure 2b makes
by raising the bottom of the well. Because of this, the POSi~, possible to compare the charg@ accumulated by the

tion of the resonance level is raised, and the voltage at Wh'g%uantum well for structures with spacers of different sizes.

the resonance level crosses the bottom of the conducti . .
. . o .I'he quantityQ,,, the maximum charge held by a quantum
band of the emitter consequently increases. Qualitatively, it L .
ell, corresponds to the maxima in the dependences of Fig.

is this voltage that forms the boundary between the region
g y g 2b. It is obvious that the relationship betwe@y, and the

of peak and valley currents. As the voltage fallsoving ; . o .
from a valley to a peak the resonance level approaches thewidth AV=V,—V,_ of the bistability region in the structures

bottom of the conduction band of the emitter from below. InUnder consideration cannot be considered linear, unlike tun-
this case, there are no electrons at all on the resonance levé§! resonance diodes with no spacer layers.

[at low temperatures we neglect scattering and consequently Note that if the spacer layers are so wide that the value
the possibility of accumulating scattered electrons on thé@f Vi ~2(Eg+V*) exceeds/y, the region with two stable
resonance leveEz, which is located at the bottom of the current states is absent, although charge is accumulated in
conduction band in the energy region the quantum wellFig. 2, w=60 A). The same effect has
U(L)+Eg<Er<U(0)]. The examples considered below been detected experimentafly.
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FIG. 1. Schematic representation of the potential profile of a two-barrier 0150' T T 00 T

tunnel resonance diode with spacer layers.

The situation in which the spacer layers are very narrow
or absent altogether requires further study. Note that the po-
sition of the upper boundary of the hysteresis loop shifts
upwards only slightly(Fig. 2, w=35 A). In structures with
thin spacer layers, when voltadk, is reached, a significant
falloff is observed in the potential in the emitter and collector
regions adjacent to the structure. An enriched |£.(wrthe FIG. 2. Current density (a) and the two-dimensional charge dens@iye A

; accumulated by the quantum weh) vs applied external voltag¥' for
collecto) and a depleted laydat the emittey are formed. It wo-barrier tunnel resonance diodes that differ in the size of the spacer

. ; oot
bec‘?mes r_]ecessary to 'nC_IUde wide e_Iectrode Iayers_ '_n ﬂ]ders. The numbers on the curves correspond to the widiii the spacer
spatial region for self-consistency, which creates additionalayers, the arrows show the direction in which the voltage varies, and the
difficulties in achieving convergence in the self-consistentpoints show the lower boundaly of the bistability regions.
i?/i:rtliﬂeogéruiioiczggﬁgsacgr Pzgﬁgigviqfoatt'ﬁgSéhlz)ﬂigree'oregion of the analogous structure without spacer layers, the
o . y Iegion with two stable current states does not appear.
initial conditions.
The main results of our work thus reduce to the follow- V. J. Goldman, D. C. Tsui, and J. E. Cunningham, Phys. Rev. B8ft.
ing: The presence of spacer layers in two-barrier tunnel reso#zfls(_lggn'st et d O. Berolo, J. Appl. Phy2, 4071(1995
. . . Wei, S. Stapleton, and O. Berolo, J. Appl. 3 .
nance structures causes the region with two stable current  Zaslavsky, V. J. Goldman, D. S. Tsef al, Appl. Phys. Lett53, 1408
stategthe hysteresis loopso become narrower, because the (1983. )
lower boundary of the loop moves upwards as the width of“A. S. ignatev, V. E Kaminski, V. B. Kopylov et al, Fiz. Tekh. Polu-
the spacer layers increases. The position of the upper boungProvodn.26, 1795(1992 [Sov. Phys. Semicon@6, 1005(1999).
f the hysteresis loop is identical for structures with F. W. Shead and G. A. Toombs, Appl. Phys. L62, 1228(1988.
ary o Yy : p1 ! 6. 0. Sofo and C. A. Balseiro, Phys. Rev. &2, 7292(1990.
spacer layers of different width until the spacer layers are’k. L. Jensen and F. A. Buot, Phys. Rev. L&, 1078(199).
sufficiently wide to impede the formation of depleted or en- °R. J. Salvino and F. A. Buot, J. Appl. Phy&2, 5975(1992.
nghed layers in the' electrodes. If the.spacer Iaygrs are SP.,nsjated by W. J. Manthey
wide that the potentiaV/* exceeds the size of the bistability Edited by David L. Book
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Efficiency and reliability of metal—insulator—semiconductor radiative structures
based on broad-band semiconductors with unipolar conductivity
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This paper discusses the possibility of increasing the efficiency and reliability of radiation

sources made from semiconductors with unipolar conductivity and operating in strong electric
fields. To this end, the active region of the structure is fabricated in the form of alternating

layers of different resistance, so that strong-field regions are spatially separated from luminescence-
generation regions. The proposed idea is put into practice on-hlstructures made from

gallium nitride. The properties of fabricated LED structures are presentedl99F American

Institute of Physicg.S1063-785(107)00411-4

The problem of creating solid-state radiation sources fodirections and can leave the active region before they
the short-wavelength parts of the visible spectrum remainsecombine:
crucial. The difficulties of solving it are associated with the  To increase the electroluminescence efficiency, it is nec-
phenomenon of self-compensation of the dopants by intrinsiessary to localize the excitation and luminescence at the
defects of the crystal in broad-band semiconductors. Thisame centers, i.e., to use defects with an intracenter lumines-
phenomenon makes it impossible to freely control the concence mechanism in the active region. Moreover, the given
ductivity type of the semiconductor and to crepten struc-  mechanism usually has a higher internal quantum yield than
tures that emit efficiently. The semiconductor remains unipodoes a recombination mechanism. The reliability of the M—
lar, and therefore the search for and the synthesis of new;-n structures must also increase in this case, since such
easily doped broad-band semiconductors continues, alorggnters, remaining neutral during excitation and radiation,
with the improvement of the technology for growing and a'e less subject to degradatjon_ in a strong electric field. An
doping those already known. It is also possible to follow the€Ven larger increase of the lifetime of the M-n structures
approach of creating new types of radiative structures basegf" P€ expected if the centers in general are not subjected to
on unipolar semiconductors in which electroluminescencdn€ action of a strong field. For this it is sufficient to spatially

can be efficiently excited. This paper is devoted to the impleSepParate the strong-field region from the active region that
mentation of one such possibility contains the defects with intracenter luminescence, so that

Metal—insulator—semiconductor structures are most ofSharge carriers are accelerated in the former and lumines-

ten used to excite electroluminescence in unipolar semiconqzrr?grscemers are excited in the latter by these accelerated

ductors. In the most efficient metal—insulator—semiconductof . . .

. S . . To put this proposal into practice, we chose GaN, now
structures, the insulator region is made in the form of a semi- . . . :
) . ) . no longer unipolar, as the semiconductor with unipolar con-
insulating layer from the same semiconductor as in the semi;~ > . : : X

ductivity. When this experiment was planned, GaN with
conductor layer, but strongly compensated. Moreover, one ductivity had b btained. N li
trives to choose the compensating impurity so that it simul—p_tyloe eon uctivity 1a _not yet been ° tained. Neutral Iso-
tS i fficient radiati ter. In thi | .electronic defects with intracenter luminescence were to be
aneously Is an € (ljc_lenm;a 'a 'Vf r(]:en er. n 'Z cahse, UMi%reated by simultaneously isovalently doping GaN with ac-
nescence is excited in theayer of the structure. Such struc- ceptor and donor impurities—specifically, with zinc and
tures are called Mi—n structures. The electroluminescence- oxX
excnatl.on.mecha'\msm in them is assomatgpl vy|th accelerating Layers of GaNzn) and GaNZn, O) were grown on
the majority carriers and also the nonequilibrium charge Carni1012 sapphire by vapor-phase epitaxy in a chloride—
riers in the strong electric field of the layer to energies pyqride system in a horizontal flow-through quartz reactor.
sufficient for the ionization or impact excitation of the lumi- 7, yapor was supplied to the growth zone by a flow of he-
nescence centers. Nonequilibrigm charge_ carriers appear ifim, while oxygen was transported in the form of®i va-
thei layer because of tunnel or impact ionization of impuri- por by a flow of ammonia. The temperature regimes of the
ties or atoms of the crystal. The probability of the givenprocess ensured that Zn ang®would interact in the sub-
mechanisms is small in principle. The simplest method ofstrate zone in order that Zn and O could be incorporated into
increasing the concentration of hot charge carriers is to inthe GaN lattice in the form of Zn—O coupled pairs. The
crease the electric field in thelayer. However, this rapidly resulting layers were oriented in ti&120 plane.
degrades the structure and eventually causes breakdown. |n the presence of O, the solubility of Zn in GaN in-
Moreover, the electroluminescence efficiency is reduced fotreases to 8—10%. The Zn and O distributions reproduce one
all luminescence mechanisms in which nonequilibriumother well across a cleavage face of the layer. The Zn and O
charge carriers participate, because the electrons and holesncentrations in the layers vary fronx30™ to 2x 107!
generated in the field are separated by the field in oppositem 3. The resistivity of Gakzn, O) was always about two
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orders of magnitude less than that of GZN) for identical
concentrations of Zn in these layers. The formation of Zn—F'G. 2. EIe_ctrquminescence intensity vs voltage for aniMa-structure
coupled pairs in Galn, O) is indicated by a band of ves- with an active layer made from Gakn, O).
tigial rays in the IR reflection spectfaharacteristic of ZnO
crystals. In the photoluminescence spectra of @aNO),
along with bands characteristic of Gait), a new band hav- them to the energies necessary to excite the Zn—O centers in
ing plane polarization is detected, with a maximum atthei*—GaNZzZn, O) layer. Because the structure is asymmet-
2.55 eV and a half-width of 0.3 eV. We associate the appeatrric, this can occur only for one polarity of the voltage on the
ance of this band with the presence in the GaN O) of  structure—the minus contact must be to theGaNZn)
defects that include Zn-0O pairs. The given band was nolayer. Actually, efficient polarized electroluminescence with
observed in the photoluminescence spectra of @NAn  characteristics corresponding to polarized photolumines-
intracenter luminescence mechanism in the band detectembnce in GazZn, O) was observed in the structures only for
here is indicated bya) the character of the polarization pat- this polarity of the voltage. When the-GaNZn) layer was
terns of the photoluminescence when it is excited by intrinsigradually ground away, polarized photoluminescence excited
and impurity light, (b) the form of the photoluminescence from the side of the surface of the structure by intrinsic light
excitation spectra, ant) the absence of additional photo- appeared and gradually increased in intensity. The gradual
conductivity in GaNZn, O) for any polarization of the excit- disappearance of the photoluminescence bands characteristic
ing characteristic impurity light. of GaNZn) was simultaneously observed. The total resis-
i-GaN(Zn)—i "-GaN(Zn,0)-n-GaN/sapphire  radiative tance of thei layer and the intensity of the polarized elec-
structuregFig. 1) were grown in a single process. A layer of troluminescence decreased at the same time, and more
undoped low-resistance-GaN served as a buffer between abruptly than the thickness.
the substrate and thelayer and simultaneously as an elec- When voltage was applied to the structure in the oppo-
trical contact to the latter. This layer was grown at 1050 °Csite polarity[plus on thei—GaNZn) layer], weak unpolar-
at average growth rates of 20m/h, which ensured that it ized electroluminescence of a spectrum close to the photolu-
and the active layer had high crystalline perfection. Timle  minescence spectra of Gabh) was excited. It follows from
layer was 10—20um thick. The electron concentration and this that the strong-field condition is not achieved in the
mobility had values of (5% 10°-10°% cm™2 and about 100 i "-GaNZn,0) layer all the way to electric breakdown be-
cm?/V - sec. The activé region was grown as two layers at a cause of the low resistance of this layer. This is confirmed by
temperature of about 950 °C and a growth rate(&f10 such an experiment. After the-GaNZn) layer is removed,
pm/h. The characteristics of this region varied within thepolarized electroluminescence cannot be excited at all in the
following limits: The i—GaNZn) layer was(0.05-0.5 um structure for either polarity of the voltage. However, after a
thick, and its resistivity was (P6-10)Q-cm; the newi-GaNZn) layer with a thickness of 0.1-02m was
i "—GaNZzn,0) layer was(0.3—3 um thick, and its resistiv- grown on the surface of thie"-GaN(Zn, O), polarized elec-
ity was (16—-10)Q-cm. When the layer parameters are re-troluminescence was again observed in the same structures,
lated in this way, virtually all the voltage applied to the but only for a minus voltage on this layer. Moreover, if a
structure falls across thie- GaNZn) layer; when the total second *-GaNZn, O) layer was grown on the surface of the
voltage on the structure is 4—50 V, the electric field in thisi-GaN(Zn), polarized electroluminescence could be excited
layer exceeds POv/cm, whereas the mean field in thee-  with either polarity of the voltage on the structure.
gion does not excegd—5)x 10* V/cm. These fields are suf- All the experimental facts enumerated here proveithat
ficient to produce impact generation of nonequilibriumn structures with the planned arrangement and properties of
charge carriers in the—GaNZn) layer and to accelerate the layers, in which the strong electric-field region is spa-
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tially separated from the electroluminescence-excitation reregimes. When they were irradiated with electrons and pro-
gion, have been grown, and that the electroluminescence tens having an energy ofl-5 MeV at doses of up to
excited by an impact mechanism, while the luminescence hal0'®cm™2, the efficiency of the LEDs increased by about
an intracenter nature. An impact mechanism of the excitatio30%.
of the luminescence centers is indicated by the fact that ig- Thus, the experiment carried out here not only confirmed
nition of the electroluminescence is always observed on théhe idea expressed above but also revealed a new material,
linear section of the current—voltage characteristic, while thesaN(Zn, O), possessing unique properties and polarized lu-
dependence of the electroluminescence intensity on the voltninescence. Now that it is possible to grgwtype GaN
age (Fig. 2) obeys the equatio® =d,exp(—b/U™), where  stably, GaNzn, O) can be successfully used to create injec-
parametem takes values of 1 and 2 in small and large fields,tion LEDs with blue polarized radiation, based, for example,
respectively: on p—i—n structures.

Various types of LEDs were fabricated on the basis of  This work was carried out with the partial support of the
the i—n structures that were grown: with blue polarized University of Arizona.
radiation? with radiation controllable by light from the blue
to the red® with white radiatiorf and also LEDs with en-
hanced luminous efficiencryThe efficiency of the LEDs was 1Il. %Vereshchagin,EIectrquminescence of CrystalfNauka, Moscow,
0.1-0.3%, which is an order of magnitude better than thez, "’ piznuk, M. v. zatsev, V. G. Sidorov, and D. V. Sidorov, Pisma
highest known values for radiative metal—oxide— zh. Tekh. Fiz.22 No. 6, 67(1996 [Tech. Phys. Lett22, 260 (1996)].
semiconductor structures created on unipolar semiconduc?A. G. Drizhuk, M. V. Zatsev, V. G. Sidorov, and D. V. Sidorov, Pis'ma
tors. The LEDs showed high stability and reliability in op- ,Z"- Tekh. Fiz.22, No. 7, 50(1996 [Tech. Phys. Lett22, 289 (1996].

. . . . . A. G. Drizhuk, M. V. Zdtsev, V. G. Sidorov, and D. V. Sidorov, Pis'ma
eration. Their characteristics varied reversibly by more than 5, o, Fiz.22, No. 12, 23(1996 [Tech. Phys. Lett22, (1996].
30% in the temperature interval 100—450 K, and they con-5a. G. Drizhuk, M. V. Zatsev, V. G. Sidorov, and D. V. Sidorov, Pis'ma
tinued to function over the range 4-900 K. Irreversible Zzh. Tekh. Fiz.22, No. 13, 33(1996 [Tech. Phys. Lett22, 613(1996].
changes of th_e parameters of unpackaged LEDs were less$, nsiated by W. J. Manthey
than 10% during more than 10 000 h of tests in workingEdited by David L. Book
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3.3-um LEDs for measuring methane
A. A. Popov, M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 15, 1997
Pis’'ma Zh. Tekh. Fiz23, 24—31(November 12, 1997

LEDs have been created that emit in the region of the fundamental absorption band of methane
at a wavelength of 3.am for fast-response gas analyzers. A continuous optical power of

0.13 mW(cw) is achieved, and the peak optical power is 2.2 riiidé pulsewidth is 5s, and

the inverse duty cycle is 1:610%). The current dependence of the optical power on the
pump-pulse parameters is studied, and the conditions are found under which the peak power of
the radiation of the LEDs in the mid-IR region is maximized. 1®97 American Institute

of Physics[S1063-785(17)00511-9

The 3.3um spectral range is extremely attractive for (S=7x10 % cm?) was determined by the diameter of the
purposes of detecting hydrocarbons in various media, since ihesa(300 xm). The size of the crystal of a single LED was
contains the fundamental C-H absorption line 0f500x500um. The semiconductor crystal was soldered with
hydrocarbons. Devices based on absorption spectral detecindium onto a standard TO-18 housing. A parabolic reflector
tion methods with radiators in this wavelength region aremounted on the housing served to narrow the spatial direc-
therefore promising for portable gas analyzers and warningonality pattern of the emission of the LED to 10°-12°. The
devices for the maximum permissible concentration of methL ED with the parabolic reflector was 9 mm in diameter and
ane, ethane, propane, and other gases both under productiss mm in length.
conditions(shops, gas lingésand in the householtThe ra- The electrical and spectral characteristics of the diodes
diation sources in them can be semiconductor LEDs, whoseere measured by means of a system based on a standard
spectral power density, efficiency, and response rate substasynchronous detector circuit, an MDR-12 monochromator,
tially exceed the analogous ratings of thermal radiatiorand a cooled InSh-based photodiode with a passband to
sources. For the gm spectral region, such diodes can bel1l0 MHz. The optical power was recorded by an IMO-2M
created from heterostructures based on CdHgTelevice. The measurements were made at room temperature
semiconductors, stressed layers of the compounds (T=296 K).

InGaAs/InP? or solid solutions of INAsSb/InAS:® The last The diodes were supplied in the continuous regime with
are the most attractive material, since they are based oturrent up to 150 mA dc and in the pulsed regime with an
llI-V semiconductor heterostructures, which are distin-inverse duty factor of up to £8-no greater than 2 A. The

guished by their stability against degradation and superiocurrent—voltage characteristics of the LEDs had a diode
conductivity. character with a cutoff voltage of about 0.12 V at room tem-

The purpose of this paper is to discuss the creation operature(about 0.36 V at liquid-nitrogen temperaturéf the
LEDs based on the InAs/InAsSbP double heterostructuresurrent—voltage characteristic is described by the depen-
with the maximum spontaneous radiation at @r& at room  dencel =1,exp@U/KT), whereq is the charge of the elec-
temperature and to present the results of studies of the chatron, U is the voltagek is Boltzmann’s constant, aridis the
acteristics that are most essential to put them into practice. temperature, the saturation currépivas about 4.6 mA. The
will be shown that optimizing the parameters of the supplyseries resistance with forward bias was about(D.6
pulse of LEDs based on narrow-band semiconductors makes The emission spectrum of the LED in the continuous
it possible to increase their maximum optical power by moresupply regime (=120 mA) at room temperature is shown in
than an order of magnitude. Fig. 1. The spectrum contains one emission band with a

The LEDs were double symmetrical InAs/INASSbP het-maximum at a wavelength of=3.3 um. The width of the
erostructures grown by liquid-phase epitaxy on InA80 emission spectrum of the LED at half-maximu@WHM)
substrates by the technology discussed ealfigihe struc-  was about 0.5:m. We should point out that the given value
ture consisted of three epitaxial layers: the active InAs layeis about 2.5-3 times as great k¥ and is typical of the
(thickness 1.Qwm) was enclosed between two broad-bandelectroluminescence of InAs compounds. This probably can
emitters of n-type and p-type INAsSSbP. The active InAs be associated not only with the presence of tails on the den-
layer was not specially doped. The broad-band InAsSbRity of states in the conduction band but also with the possi-
bounding layers were grown with a phosphorousbility of radiative recombination in the region of the heter-
(Eq=550ueV) content of 0.35 and were doped with Sn andoboundaries. However, for practical applications, such a
Zn to a concentration d6—7)x 10'¥ and(1-2)x 108 cm™2  width of the spectrum makes it possible to raise the detection
for the n-type andp-type layers, respectively. sensitivity by collecting the total absorption signal of a num-

The objects of the study were circular mesa diodes obber of close-lying absorption lines of hydrocarbons. For
tained by means of photolithography and deep chemicatomparison, the fundamental absorption bands of methane,
etching into the substrate. The area of the emitting surfacbased on theliTRAN92 databasé are shown in the upper part
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FIG. 1. Emission spectrum of an LE@urve1) recorded in the continuous L 05} . ) 11
supply regime at room temperature. The FWHM of the emission spectrum i: 10° 10" 102 10° |
0.5 um. The injection current is 120 mA dc. The absorption spectrum of the [ Inverse duty factor
LED emission by methane at atmospheric pressure, recorded under the sai PRI SO JNUNNY VAR ST ST TR [N TN W T S S G S W W |
conditions, is represented by cur2e The length of the sample cell was 05 1,0 15 20

2.5 cm. The position and relative intensity of the absorption lines of meth-
ane, based on theTraNg2 databasé are shown for comparison in the upper
part of the figure.

Injection Current, A

FIG. 2. Peak power of an LED at room temperature vs pulsewidth at a fixed
pulse-repetition ratef(=130 H2. The inset shows the effect of the duty

. . L factor of the current pulse on the maximum peak power of the LED and
of the figure. Figure 1 also shows the emission spectrum Qfjots the dependences for injection currents of 0.4, 1, and 2 A. The highest
the test LED transmitted through an absorbing cell 2.5 crpeak power is reached when the inverse duty factor is about 106 The

long filled with methane at atmospheric pressure. The shapgluares in the ir_15et corresp_ond to a supply regime ir_l which _the inverse duty
of the spectrum corresponds to the absorption ofradiation BT Y2 Yo bY taning e curent et wie e puse,
hydrocarbons. The position of the maximum of the emissionepetition rate and a constant pulsewidth of aboptsl
spectrum with the observed width of the LED spectrum is
independent of the value of the injected current. When it was
cooled to liquid-nitrogen temperature, the maximum shiftedradiation when the pump current was switched, which was
by 0.26.m toward shorter wavelengths with a mean rate ofabout 50—100 ns at room temperature. Therefore, the modu-
about 1.1 nm/K, which was less than the temperature deperation frequency in our measurements was limited to the fre-
dence of the band gap of InAs. As a whole, the spectral andquency range below 10 MHz. This is sufficient for most ap-
electrical characteristics can be explained by quasi-interbanglications, since it allows modulation at frequencies
recombination in the volume of the active region, whichexceeding thermal noise.
agrees with the conclusions of previous paférs. To study the current regimes at which the maximum
In the continuous regime, the output optical power of thepulsed radiation power is attained, measurements were made
LED increased essentially linearly in the region of pumpingas a function of inverse duty factoc€2-1¢) and current
currents up to 120 mA. The maximum continuous power wapulsewidth ¢=3 ms—5us). Figure 2 shows the dependence
130W. When the working current was increased further,of the peak optical power on the current pulsewidth at a fixed
the output power saturated, and the power decreased sharphpetition rate. These power characteristics showed that the
(the power characteristic had a cujoffhis was most likely pump-pulse parameters had a strong influence on the radia-
determined by Joule heating of the active region, since nortive recombination efficiency and the output optical power of
radiative processes predominate over radiative processes liEDs based on narrow-band compounds InAs/InAsSbP. The
narrow-band semiconductors as temperature incréased,  dependence for a pulsewidth ofu3 (an inverse duty factor
as the temperature decreased, the output power increaseddh2.6) in the region of small currents was close to the de-
accordance with the dependeriee- exp(T/Ty), with a char- pendence obtained for the continuous supply regime,
acteristic temperaturd, of 56 K. At currents exceeding whereas the slope of the current—voltage characteristic var-
150 mA (about 200 A/crf), the studies were carried out in ied as a function of the current amplitude for the current
the pulsed pump regime. We estimated the maximum moduegion above 100—-150 mA. With a pulsed supply, a differ-
lation frequency from the total rise and fall times of the ence in the efficiency was observed for the region of currents
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| above about 0.6 A, evidence that nonradiative losses be- Thus, we have created LEDs with an emission maximum
come much stronger because of heating of the diode at hight a wavelength of 3.2m and a spectral widttFWHM) of
pump currentsI(>0.6 A). For shorter pulses, heating of the 0.5 um. The diodes were developed for portable gas analyz-
diode begins to show up at large currents, and the outpudrs to determine when the maximum permissible concentra-
power of the diode increases virtually linearly with current totion is exceeded for the hydrocarbons methane, ethane, pro-
(1-2 A. As a whole, the measurements showed that saturgeane, and other gases. It has been shown that a continuous
tion of the watt—ampere characteristics of the LEDs at higtoptical power of 0.13 m\Wdc) and a maximum peak optical
pump levels weakens for pulses shorter than 0.5 ms. power of 2.4 mWpulsewidth about 5.@s, inverse duty fac-
The dependence of the output power on the inverse dutior about 18) can be attained at room temperature in diodes
factor of the current was studied at various current amplibased on an InAs/InAsSbP double heterostructure. The char-
tudes of 0.4, 1, and 2 Asee inset in Fig. 2 In the inset, the acter of the dependence of the optical power of the LEDs on
squares correspond to the supply regime in which the inversihe pump-pulse parameters has been demonstrated.
duty factor was varied by varying the current pulsewidth
while the pulse-repetition rate was fixed at 130 Hz. The tri- , o _

. . . S. Rothman, R. R. Gamache, R. H. Tipping, C. P. Rinsland, M. A. H.
angles correspond to a variable repetition rate and a constanémithy D. Chris Benner, V. Malathy Devi, J.-M. Flaud, C. Camy-Peyret,
current pulsewidth of lLS. All the dependences exhibited A. Goldman, S. T. Massie, L. R. Brown, and R. A. Toth, J. Quantum
the foIIovying common features: The mfaximu_m peak.power2ipmﬁf-alzgdAiat-P;rzgrsféSBéH4869 R(:]?:ZS-S (1996
was attained under supply condmpns in which the Inverse3E: Hadji, J. Bleu.se, N. I\’/Iagneé, and’J. L. Paut.rat, Appl. Phys. B&t.
duty factor was about 20 When this value was exceeded, 2591 (1995,
we observed saturation and falloff of the output optical “N. P. Esina, N. V. Zotova, B. A. Matveev, N. N. Stus’, G. N. Talalakin,
power (see the behavior found for injection currents of 0.4 andT.D. Abishev, Pis'ma Zh. Tekh. Fig, No. 7, 391(1983 [Sov. Tech.

. . . o Phys. Lett.9, 167 (1983].
and 1A in the inset to Fig. )2 The observed limitations 5A.l)<l. Baranov A.(N. Ir?&enkov O. P. Kapranchik, V. V. Negreskul, A. G.

apparently arise, on one handz be(_:au_se the pulsewidth beQin%hernyavsh’l, V. V. Sherstnev, and Yu. P. Yakovlev, Pis'ma Zh. Tekh.

to approach the intrinsic carrier lifetime and, on the other Fiz. 16, No. 16, 42(1990 [Sov. Tech. Phys. Lettl6, 618 (1990].

hand, from the limitation of the passband of the recordingjl\B/l-(I;-' F;arry aSndNA. K?ﬁr, E(I‘eétrcl;n. LEtB(I), t1968t(_19971;_c f i
. . . . Grieteus, 5. Nemetn, an . borgns, International Conterence on viid-

system. The maximum optical power_ attained was 2.4 mW at Infrared Optoelectronics. Materials and Devices, Lancaster, UK, Sept.

=2 A, 7=5.0us, andf =130 Hz(an inverse duty factor of  17_18 1996.

1.6x 107). It should be pointed out that the given value ex- B. A. Matveev, G. A. Gavrilov, N. V. Zotova, S. A. Karandashov, G. Yu.

ceeds the output optical power of HgCdTe LEDs, about '\S/lﬁ’énl'k?va'c"\'-g"-tStllls"t and G. " tTa'_a'Iak'n'é”‘gma_‘“ona'LCO”fertenceU?(n

-Intrar ron . I n n r

0.048 MW q=3.2um, | =15 mA), larger pump currents of Sépt 1?_618 189%6 ectronics. Matenials a evices, Lancaster, L&,

which were impossible because of high series resistancea. popov, V. Sherstnev, Yu. Yakovlev, A. Baranov, and C. Alibert, Elec-

(R~800Q) .2 Moreover, the powers obtained in this paper arelotron. Lett. 30, 86 (1997.

attractive by comparison with the results obtained earlier on Q-r”’l’l'- k'rt]‘i’;k'es"?"-l/é 53;?1‘3;;‘;"" V. V. Sherstnev, and Yu. P. Yakovlev, Zh.

InAs/InAsSbP ) LEDs: about 0.031 mW, 0.33 mwW 1A, A. Andaspaeva, A. N. Baranov, A. A. Gusev, A. N. Imenkov, N. M.

(=400 mA, inverse duty factor about )6 0.4mw Kolchanova, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovo@d, 1708

(1=200 mA, inverse duty factor about),2 and 0.05 mW (1990 [Sov. Phys. Semicon@4, 1067(1990].

_ 8
(=100 mA dg” at room temperature and the same wave-r .. ited by W. J. Manthey

lengths. Edited by David L. Book

830 Tech. Phys. Lett. 23 (11), November 1997 Popov et al. 830



Vibrational instability of the charged interface of immiscible electrically

conductive liquids

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

Yaroslavl State University
(Submitted April 14, 199y
Pis'ma Zh. Tekh. Fiz23, 32—-36(November 12, 1997

This paper shows that, in an electrostatic field normal to the flat interface of two viscous
electrically conductive liquids, an oscillatory instability of the interface with periodically
increasing amplitude can be produced when the electrical conductivity of the upper

liquid is substantially greater than that of the lower one. Results are obtained by numerical

analysis of the dispersion equation.
[S1063-785(107)00611-3

The problem of the stability of the interface of two im-
miscible liquids that differ in their physicochemical charac-
teristics appears in explaining the “Dead Sea” effbin
Rayleigh—Taylor instability theory, in the implosion method
of a nuclear explosiof,in inertial thermonuclear fusioh,
and in studying the stability of the interfaces of a multilayer
liquid undergoing acceleratichAdding to the system an
electrostatic field normal to the interface naturally does not
simplify the problem, since the possibility appears of devel-
oping instability with respect to the charge accumulated at
the interface:® As will be shown below, besides aperiodic
instability of the Tonks—Frenkel typ¥ it is possible in the
system described here to have oscillatory instability.

The following discussion is based on a model of incom-
pressible viscous conductive liquids filling all of space in a
gravitational field. Let the unperturbed interface between the
liquids coincide with theXY plane of a Cartesian coordinate
system whose&Z axis is directed upwards in the direction
opposite to that in which the gravitational field acts. The
upper liquid, with kinematic viscosity, and densityp,,
filling half-spacez>0, is considered electrically conductive
with conductivity oy and permittivitye,. The lower liquid
fills the half-spacez<0 and possesses kinematic viscosity
vy, densityp,, permittivity £,, and conductivityo,. We also
assume that the unperturbed interface of the liquids is homo-
geneously charged with surface charge densitgnd pos-
sesses surface tension with coefficigntWe call the elec-
trostatic fields in the upper and lower regioBs and E,,
respectively.

The dispersion equation that describes the capillary mo-
tion of the liquid in the system under discussion, taking into
account the electric-charge relaxation effect, has the form

—a?[s?(1+sB)n+skod]—sk®HA
+(1+sB)s*(p+1)n—4s?k3v?(p—1)2d
+4s%K2p(p—1)m+4psK]
+(1+spB)[sk?on+s3kb(p+1)d

+k?(H+ As)(s?’m—2sk® v(p—1)d)] =0, (1)

m=
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p(VKk?+slv,—K) — (Vk?+ sl v;—K),

d=(Vk®+s/v;— k) (Vk?>+s/v;—k),
a?=(1+sB)[k(p—1)—Kk3]+K°F,

_ o1 & _ g1tesn _
7= oy’ 8_82’ _47T(crl+0'2)’ =P
1+o
GIW(l—so'),B(l—m ,
ReS‘L
5-
1
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FIG. 1. The real component BeReS(o, /0,) and the imaginary compo-

where the following notation has been used:

nent InS5=1mS(o, /o,) of the frequency of capillary motions of a liquid vs

the ratio of the conductivities of the upper liquid, to that of the lower

n=p(Vk2+ sl vy— k) + (VK2 + sl v,—K),
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liquid, o5, for k=1, »v=0.1,£=0.1, p=0.01,3=0.01, andW=2.15.
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1-o
1+¢

oscillatory instability in an electrostatic field normal to the
; interface is associated with the excitation of thermal capillary
waves by waves of electric charge redistributed along the
interface (accompanied by pressure waves of the electric
field). When the electrical conductivity of the upper medium
is much greater than that of the lower medium, the wave of
2_0) the redistributed charge in the upper medium outruns that for
1+o)’ the lower medium and transmits additional energy to it. But
9 if the density of the upper medium is much less than that of
W= 81E10_ the lower medium(as is true in the case analyzed hetbe
4 interface develops an oscillatory instablity. To all appear-
Dimensionless variables in whicg=p,=y=1 were @ances, it is just such instabili}gltpat appeared in the experi-
used in writing dispersion Eq1), where the characteristic Ments of M. D. Gabovictet al.™
scales of the dimensional quantities have the form
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Global stochastic particles in a field-reversed configuration
V. I. Khvesyuk, A. V. Khvesyuk, and A. N. Lyakhov

High-Energy Machine Construction Research Institute,’ NB&uman Moscow State Technical University
(Submitted October 23, 1996
Pis’'ma Zh. Tekh. Fiz23, 37—-39(November 12, 1997

This paper discusses the dynamics of the fusion products of the Dreldetion in a field-
reversed configuration, with application to a reactor regime with a large value of the piasitna
shows that, under the conditions in the Artemis-L degignMomota and Y. Tomita, J.

Plasma Fusion Re$9, 801(1993], the motion of protons with an initial energy of 14.1 MeV is
strongly stochasticized. The confinement time of these particles and the energy transfer
from the fusion products to the plasma are very small. 1897 American Institute of Physics.
[S1063-785(®7)00711-9

According to the design concept of ArtemistLthe Bor?
value of B for a D—Hé reactor based on a field-reversed (r,z2)= 2 1-
configuration(FRC) must be about 0.9, while the external )
magnetic field in the symmetry plane of the tr@utside the
separatrixis B=6.7 T. In connection with the development
of the concept of a D—Hereactor based on an FRC, one of WhereBo=2T. The field created by the magnetlc system is

the important problems is to calculate the energy exchanng(f—aw,Z 0)=6.7 T;a=1m, andb=8 m}

; ()

between the fusion produciprotons and alpha particles The results of the calculations showed that taking into
and the plasma. In this connection, the present paper digccount the attenuation of the internal magnetic field causes
cusses the proton dynamics under such conditions. the motion of the high-energy protons to be highly nonadia-

Note that the dynamics of the particles in an FRC havebatic. The result that their motion is stochastized at an energy
been studied in a number of papérsHowever, questions 0f 14.1 MeV. Figure 2 shows the trajectory of a proton with
associated with the confinement of the high-energy productsuch an energy on thie—Z plane. A particle in motion, in a
of the D—Hé reaction as applied to an FRC have not yetmanner of speaking, feels the entire surface of the separatrix,
been analyzed. This paper uses the model of Ref. 4 of thénds the narrow opening in the magnetic field near ¥e
magnetic field for an FRCFig. 1), which takes into account point, and leaves the plasma. It can be seen that the trajectory

« the presence of a magnetic field both inside and outsidef such particles covers the entire volume of the plasma. We

the separatrix, therefore propose to call them *“global stochastic particles,”

« the finite value of the plasm@a and the attenuation of in distinction to local stochastic particles, which are confined

the magnetic field inside the separatrix caused by thisn the reactor.
value, and As a rule, the confinement time of such protons is less

« the geometrical size and the magnitude of the externathan 7.~10 * sec. However, the characteristic relaxation

magnetic field in the symmetry plane of the FRC, cor-time (for the case of a thermonuclear plasma with a density

responding to the design of ArtemisiL. of Nng=~10%tm~3) is r4~0.6 sec. The global stochastic par-
The stream function of the magnetic field inside theticles (the fusion productswill consequently transfer only a
separatrix was taken in the fofm small part of their energy to the plasma.
10.00 ]
b
- 0.00 —
i) FIG. 1. Radial distribution of the magnetic field in a field-

reversed configuration.

-10.00 T I T I

0.00 2.00 4.00
R,mm
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FIG. 2. Stochastic motion of a high-
energy proton wittE=14.1 MeV.

Note that increasing the magnetic field inside the sepaeount the possibility of global stochastization of the reaction
ratrix by a factor of 2—3 provides substantially better con-products.

finement of the high-energy protons. Such an increase can bg ) )
H. Momota and Y. Tomita, J. Plasma Fusion R&3. 801 (1993.

produced either by reducing the of the plasma for the 2y v {siao and G. H. Miley, Nucl. Fusiog4, 1029(1984.
given external field of 6.7 T or by increasing the external 3m. v. Hsiao and G. H. Miley, Phys. Fluid28, 1440(1985.
magnetic field while maintaining thg of the plasma. Thus, *L. Steinhauer, Phys. Fluids B 3081(1990.

in estimating the given valu'es' of the magnetic flelq in ther . siated by W. J. Manthey
D—He plasma of an FRC, it is necessary to take into ac-Edited by David L. Book
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Effect of the post-growth defect system on the orientation of a flat interphase boundary
in PbTiO 5 crystals

E. A. Dul'’kin and V. G. Gavrilyachenko

Scientific Research Institute of Mechanics and Applied Mathematics, Rostov State University
(Submitted October 30, 1996; accepted for publication June 11,)1997
Pis'ma Zh. Tekh. Fiz23, 40—-44(November 12, 1997

Optical microscopy and acoustic emission have been used to study the phase transition in
PbTiO; crystals. It is established that the acoustic-emission activity depends on the angle between
the normal to the interphase boundary and the direction of a uniform temperature gradient.

It is shown that the orientation of the interphase boundary is determined by the post-growth defect
system of the crystals. €997 American Institute of Physid$§1063-785(®7)00811-2

It is known that a phase transition occurs in PbJiO the technique of Ref. 3. The crystal is placed on the polished
crystals because of the displacement of one or several fl&nd of a quartz acoustic waveguide introduced from below
interphase boundaries. In lamellar crystals with dimension#to a furnace mounted on the chassis of a polarization mi-
a>b>h ([001] axis alongh), in the most general case, dif- croscope. The flat heaters of the furnace are arranged sym-
ferently oriented interphase boundaries appear simultametrically along both sides of the waveguide and are sup-
neously during the phase transition because of the differertlied from two adjustable independent current sources,
growth rates along the indicated axes. By placing a lamellawhich makes it possible to create a temperature gradient. We
crystal in the field of a uniform temperature gradi&¥ and  simultaneously measured the acoustic-emission actiNity
rotating it around an axis perpendicular to the developed@nd observed the interphase boundaries of the crystals as
faces, it is possible to observe the successive formation dghey underwent a phase transition to the ferroelectric phase
interphase boundaries of definite orientatidns. in the field of a temperature gradieWil =15 °C/cm with a

In certain crystals that initially have aa—c domain heating and cooling rate of 1-2 °C/min.
structure in which the domains dominate, it was observed ~ Microphotographs of one of the crystals as it was suc-
that when an isothermal surface was oriented al@ig), a ~ cessively rotated around tfi@01] axis are shown in Fig. 1a,
(023 interphase boundary formed in the crystals. When arand the corresponding acoustic-emission vaNeappear in
isothermal surface occupied th230) position, instead of an Fig. 2. A (023 interphase boundary and the corresponding
interphase boundary with the same indices, an interface
boundary appeared consisting of a combinatio0&3) and
(320) boundaries. When an isothermal surface was oriented
along (320, an interface boundary with the same indices
appeared in the crystals. When the crystals were rotated fur-
ther, single wedges appeared, limiting sections of (820
and (230) boundaries. After a complete rotation by 90°,
when an isothermal surface occupied1®0 position, the
number of wedges increased, and the interphase boundary
became complicated. The appearance of 90° wedge-shapec
twins displaced behind the interphase boundary was ob-
served in the ferroelectric phase, while the crystals became
a-domain.

To explain the observed features of the formation of the
interphase boundary, Ref. 1 assumed that conditions were
created during bulk crystallization in which a definite system
of defects arises that acts similarly to mechanical clamping
and impedes the crystals from lengthening in the direction of
the most rapid growtlithe[010] axis, alonga), thereby lim-
iting the possible positions of the interphase boundary. A
similar phenomenon has also often been observed in virgin
crystals with an initiala-domain structure.

To experimentally check the given assumption, we used
acoustic emission, whose high sensitivity made it possible to
establish the effect of the post-growth defect system on thEIG. 1. Microphotographs of thé23) interphase boundary, which main-

process of phase Work-hgrd_ening in Pbg’i_(‘)ystalsz. We  tains its orientation as tha-domain crystal PbTi@rotates relative to the
studied specially chosen virgardomain PbTiQ crystals by  direction of temperature gradieRiT (magnificationx 20).
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creases and reaches a maximumaat 45°, which corre-
sponds to the maximum angle between the interphase
boundary andV T, and then again decreases. Similar depen-
dences are observed in the other quadravtsas maxima at
200 a=135°, 225° and 315°. A repeated complete rotation con-
firmed this result, but, when a third rotation was attempted, a
crack appeared in the crystal at=45°, cleaving the phase
boundary, and further investigation became meaningless.

The observed constancy of the domain structure and the
position of the interphase boundary confirm the assumption
120 that the post-growth defect system exerts blocking action
similar to clamping of the crystal. Since, in this case, it is the
¢ component that disappears in the phase structure after the
80 phase transition is complete, it is obvious that this clamping
occurs over the thickness of the crystal. The increade af
definite rotation angles corresponds to strengthening of the
dislocation generatidnas a result of relaxation of the me-
chanical stresses developed during the attempt of the inter-
phase boundary to reorient itself to correspon&@ i

It is also obvious that it is the evolving stresses that
cause the crystals to fracture. Earlier studies show that many
FIG. 2. Acoustic.emissi it oo bet " o th PbTiO; crystals do not survive long thermal cycling but usu-
e o o ally_faclure? AS shown in this paper, virgir-domain

cessive rotations of aa-domain PbTiQ crystal around th¢001] axis. PbTiQ crystals dOl not surv_ive even. a few cycles, which is
explained by the high density of their post-growth defects.

R
N, sec-!

240

160 1

40

80 45 20 ) a, deg

a—c domain structurgFig. 18 were formed in the crystal

d_u_nng the first thermal cyc_lg._ However, after the phase tran-ig g fFesenko, V. G. Gavrilyachenko, and A. F. SemencBmmain

sition was complete, the initisd-domain structure was re-  Structure of Multiaxial Ferroelectric Crystal§in Russiad (Izd. RGU,

stored in the crystal. When the crystal was rotated further,2RostOV-On-?OnvhNiD ” § A 4
; _ V. G. Gavrilyachenko, E. A. Dul’kin, and A. F. Semenchev, Fiz. Tverd.

only a(023 interphase boundary was formégs. 1010l 5 "0 000 1905 phys. Solid State7, 668 (1995],

and t_hea'domfim structure was restored after ea_‘Ch Phasee A purkin, V. G. Gavrilyachenko, A. F. Semenchev, Fiz. Tverd. Tela

transition. Optical observations showed that the interphase34, 1628(1992 [Phys. Solid Stat@4, 863 (1992)].

boundary moved Smoothly, without slowdowns or jerkS, at 4v.s. BOka, R. I Garbe_r, A. M. KosseviclReversible Crystal Plasticity

approximately the same rate for all angles betwg@h0] (American Inst, of Physics, New York, 1994

SE. A. Dulkin, Kristallografiya39, 738 (1994 [Crystallogr. Rep39, 669
andVT. (1994)].

However, theN(«) dependence has an extremal charac-

. . . Translated by W. J. Manthey
ter (Fig. 2. As can be seen, as rotation progres$é¢dn- Edited by David L. Book
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Structure of the short-lived absorption and luminescence spectra of barium
and calcium fluorides accompanying pulsed electron irradiation

V. F. Shtan’ko and E. P. Chinkov

Tomsk Polytechnic University
(Submitted April 28, 199y
Pis'ma Zh. Tekh. Fiz23, 45-50(November 12, 1997

It is established that the optical absorption in the hole and electron components of autolocalized
excitons in Bak excited by a pulsed electron beam consists of a collection of overlapping

bands with a half-width no greater than 0.1 eV. Simultaneous subexcitation with the stimulated
emission of 11-VI semiconductors made it possible to isolate three groups of bands,

caused, by analogy with CalfPhys. Solid Stat@9, 1060(1997)], by different configurations of
autolocalized excitons in the fluorite lattice. The process of radiative decay of autolocalized
excitons in Cak and Bak when they are optically excited in the region of the electron component
of the absorption has been detected. The spectral rate parameters of the radiation that

appears during simultaneous subexcitation coincide with the characteristics of the radiation
ascribed earlier to core—valence transitions. The photostimulated variation of the absorption spectra
of autolocalized excitons is accompanied by selective variation of the luminescence spectra

of autolocalized excitons, which also is evidence of their complex spectral conten1.99®
American Institute of Physic§S1063-785(17)00911-7

In studying the formation mechanisms of the primary Electron irradiation of the fluorites at room temperature
products of the radiolysis of complex substances, the probresults in the formation of autolocalized excitdifsTheir
lem arises of analyzing the absorption and luminescenceptical absorption and luminescence spectra are ordinarily
spectra. It is usually solved by using the Alentsev—Fockrepresented as broad bands with weakly resolved structure,
method® Spectra with a complex spectral and kinetic conteniwhich is usually ascribed to measurement errors.
can be analyzed by the double excitation methauwhich Figure 1(curve 1) shows the optical absorption spectra
the first (radiation pulse is used to create defects, and theof a Bak crystal, measured 10 ns after the end of a pulse of
second(lased pulse is used to subexcite them. However, aelectrons. It can be seen from the data of the figure that the
set of lasers with tunable wavelength and with sufficientspectrum has a complex spectral content, even though in
emission power is needed for selective excitation in a widdorm (the envelope of the bandd#t qualitatively matches
spectral range, and this complicates the technique and causts®se measured earliéf.Moreover, we were the first to de-
material expenditures. tect absorption in thév>5 eV region, which is character-

The problem of selective subexcitation can be solved byzed by a shorter relaxation time< 100 ng than the autolo-
using the pulsed cathodoluminescence of direct semiconducalized exciton lifetime £=400 nshv=4.5 eV, T=295 K).
tors from the [I-VI group(and their solid solutionsand the The use of the Alentsev—Fock method made it posSible
[lI-V group, which have a stimulated character at high ex-to partially resolve the complex absorption spectrum in the
citation levels W>0.05 J/cm).>* The absolute energy out- CaF, crystal into groups of bands in which one transition
put of the stimulated emission increases with increasing extrom the region of the electron component of the autolocal-
citation density all the way to the threshold values that caus&ed exciton absorption corresponded to two or three transi-
brittle breakdown of the material, while the energy reachegions from the region of the hole component. The complex
tens of millijoules® This set of semiconductors makes it pos- spectral content of the short-lived absorption in the BaF
sible to obtain stimulated emission in the spectral rangerystal(Fig. 1, curvel) suggests that such transitiofggoups
1.6—3.7 e\2 The position of the maximum of the stimulated of band$ are present, but they are hard to isolate because of
emission spectrum is fine-tuned by choosing the geometrgtrong overlap and similar decay coefficients.
and the excitation densify. Simultaneous subexcitation of the Balrystal with

The stimulated emission of ZnSehi,,,=2.609 eV, CdSe radiation results in selective variatig¢Rig. 1, curve?)
6=0.011 eV and CdSe lfv,,=1.854 eV,6=0.015eV is in the short-lived absorption spectrum and promotes a more
used in this paper to study the short-lived absorption andlistinct resolution of the total spectrum into separate bands.
luminescence spectra of barium and calcium fluorides exThe arrows in Fig. 1 show groups of bands isolated accord-
cited by a pulse of accelerated electrons with the parameteigg to the relative increas@ecreasgof the optical density
Emax=0.26 MeV, t=12 ns, andW=0.2 J/crd. The tech- during subexcitation.
nigue of precision measurements of the spectrum is similar The use of optical subexcitation also makes it possible to
to that used in Ref. 6. The samples for the studies werexplain the complex content of the luminescence spectrum of
nominally pure crystals grown by the Stockbarger methodautolocalized excitons in BaF(hv,,=4 eV, =400 ns,
The residual impurity concentration was less thanT=295 K): Both increases and decreasebkout 4 eV in the
10" ° mol%. The luminescence spectra were not corrected. luminescence intensity can be observed over the spectrum
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-~ FIG. 1. Optical absorption spectfa, 2) and lumines-
cence spectrd3, 4) of a Bak crystal measured at
295 K 10 ns after the end of a pulse of accelerated elec-
trons. Spectr@ and4 are measured with simultaneous
subexcitation by CdSe radiation. Cur8es the differ-
o1 ¢ ence of spectr8 and4.
0

2 hy, ev

(Fig. 1, curves3-5). Moreover, in the region of rapidly during subexcitation and has a complex spectral content. We
damped luminescencé ¢,,,=5.6 eV, 7<1 ng, whose na- assume that this is associated with more efficient de-exciting
ture has not been conclusively establishéad band can be action of ZnSe radiation on CaFrystals. Actually, it can be
distinguished with a maximum at about 5.2 eV, in which theseen from the data in Fig. 2 that optical subexcitation is
luminescence damping time was less than the time resolutioaccompanied by selective changesarve 3) over the entire
of the measurement chann@bout 10 ns The appearance spectrum(compare curved and?2). The application of the
of this luminescence is unambiguous evidence of radiativélentsev—Fock method to resolve the spectrum obtained us-
recombination of autolocalized excitons from excited statesng the subexcitation of CaFby ZnSe radiation makes it
populated during optical subexcitation in the electron com{ossible to explain the more complex structure in the region
ponent of the absorption. of the electron component of the absorption of autolocalized
A similar radiative decay effect of autolocalized excitons excitons(curve4), which substantially supplements the data
is detected in a CafFcrystal when it is optically subexcited of Ref. 6.
by stimulated ZnSe emissidsee the inset in Fig.)2Unlike Thus, the use of the pulsed cathodoluminescence of
BaF,, rapidly damped luminescence in Ga&ppears only semiconductors as a source of selective subexcitation has
made it possible for the first time to establish the presence of
complex structure in the optical absorption and luminescence
log spectra of autolocalized excitons in Bafo additionally in-
(Io/1) terpret the spectral structure in the region of the electron
component of the absorption of autolocalized excitons in

03 @ 5 Cak, and to detect the photostimulated radiative decay of
< 6 autolocalized excitons both in Ba@nd in Cak. The result-
g ing regularities require a substantial correction to be made in
® the concepts of the structure of autolocalized excitons in
02 - h crystals with the fluorite lattice.
§7 85 53 51
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2 and3 by the Alentsev—Fock method. The inset shows the spectral content

of the fast(5) and slow(6) components of the luminescence damping of Translated by W. J. Manthey

CaF, with simultaneous subexcitation by ZnSe radiation. Edited by David L. Book
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Suppression of plasma fluctuations in the transition to the improved-confinement
regime when the current is raised rapidly in the FT-2 tokamak

V. N. Budnikov, V. V. Bulanin, A. V. Vers, L. A. Esipov, E. R. Its, S. I. Lashkul,
A. V. Petrov, and A. Yu. Tukachinskil

St. Petersburg State Technical University, A. F. loffe Physicotechnical Institute,
Russian Academy of Sciences, St. Petersburg
(Submitted July 4, 1997

Pis’'ma Zh. Tekh. Fiz23, 51-57(November 12, 1997

Collective scattering of C@laser radiation is used to study the microturbulence of the plasma in
the FT-2 tokamak when the current is rapidly raised, while the magnetic-field shear is

varied appreciably. The experiment exhibited suppression of the plasma fluctuations, the
appearance time of which was correlated with the transition of the discharge to the improved-
confinement regime. The resulting data are evidence that the suppression of the oscillations
occurred predominantly in the central zone of the tokamak, and a suppression-extending
phenomenon or hysteresis is detected. The evolution of the spectral characteristics of the
fluctuations during the suppression is analyzed, using model calculations of the magnetic-field
shear. ©1997 American Institute of PhysidS1063-78517)01011-3

A transition to an improved-confinement regime in thelaser beam in the volume of the plasma was measured, the
central regions of the plasma has recently been attained quower spectreP(F) of the output signals of the detectors
large tokamaks by creating negative magnetic-field sheawas determined from the integral of the local power spec-
(see, for example, Ref)1Strong suppressiofby a factor of  trum of the electron-density fluctuations along the entire
up to 40 of the transport rates of the charged particles ancrobing chord.
energy has been detected. In connection with these results, to Figure 1a compares the time dependence of the relative
elucidate how perturbations of tlugr) profile affect plasma value of P¢/({nc))?, averaged in the band of frequencies
confinement in small tokamaks, experiments with a rapid risérom 100 to 800 kHz, for an ohmic discharge and a discharge
of plasma current, were undertaken on the FT-2 tokamak with a current increase afl,. The power is normalized to
(R=5cm, a=8 cm, B,=2.2T).2 A current increaseAl,  the square mid-chord plasma dengty,) in order to elimi-
from 22 to 30 kA maintained for 3 ms produced a transitionnate from consideration the increase Rf because of the
to a regime with an increase by as much as a factor of 3 iincrease ofn,) always observed during a current rise and
the charged-particle lifetime and the ion energy. A similarlower-hybrid heating. The data for the two wave numbers
transition was also observed in discharges which combinel;, obtained by central probingX=0) are represented in
raising of the current and additional heating by rf radiation inthe same arbitrary units. It can be seen that switching on
the lower-hybrid rangéLHR). The aggregate of experimen- additional current immediately reduced the fluctuation level.
tal dat& indicated that a transport barrier similar to that ob-It is noteworthy that a low turbulence level was maintained
served on large toroidal devices appears in the central rder a long time after the flat part of the additional current
gions of the discharge. pulse ended.

According to theoretical concepts, the transition to the  This time dependence in the suppression of small-scale
improved-confinement regime is associated in the finafluctuations correlates with a long time of existence of a high
analysis with suppression of turbulent fluctuations of thelevel of plasma density when improved confinement of
plasma® To experimentally determine this connection, stud-charged particles occufsA decrease of the fluctuation in-
ies of the behavior of small-scale plasma turbule(@@1—- tensity was also noted in combined dischargddR+Al )

1 cm) were carried out on the FT-2 tokamak by the method(see Fig. 1l This attenuation of the fluctuations was local-
of collective scattering of C@Qlaser radiation at small ized in the wave number range 15-25¢mAs in the case
angles. The diagnostic system developed on the FT-2 permitvith a current rise, the low fluctuation level was noted for a
ted parallel analysis of thi spectrum of the fluctuatior’s. long time, which corresponded to the increase of the confine-
Homodyne detection was used to simultaneously record thenent time of the ion energy detected in the same discharges.
scattering at fluctuations of four different spatial scales forln considering the resulting data, it should be kept in mind
the wave-number rangk, =6.3—-40 cm® and in the fre- that the radiation scattered in a volume extending along the
guency region from 0.02 to 2 MHz. The laser beam wasentire vertical probing chord was recorded in the experiment.
directed along the central vertical chord of the minor crossTherefore, the relatively small decrease of the output signals
section ¥=0) and along peripheral chords at distancesof the photodetectoré=ig. 1) can actually reflect the fact of
X=+6 cm and+ 6.5 cm from the axis of the discharge to- strong suppression of the fluctuations in a narrow interval
ward the outer circumference of the torus. At small scatteringilong the minor radius of the tokamak.

angles, under the conditions of the experiment on the FT-2, It was impossible to directly determine in the measure-
when the radiation scattered over the entire length of thenents the zone of greatest suppression. However, by shifting
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10204

the scattering volume along the major radius of the tokamak, 110-0,2

it was possible to indirectly estimate the spatial region in
which the microturbulence was suppressed. Measurements
undertaken with this purpose, with peripheral placement of
the probing chord, showed that the fluctuation level eithef'G: 2. Time evolution of the relative fluctuation speckg(F)/((ne))* in
. . a regime with a current rise with central probing.

does not change at all as the current is raised or decreases
slightly only at the beginning of the additional current pulse.
These data are apparently evidence that, at least 2 ms after
the beginning of the current increase, the suppression of fludghe Doppler shift-=K, V, /27 (V4 is the poloidal propaga-
tuations, unlike the usual L—H transitideee Ref. #covers tion rate of the oscillations while the presence of many
the central region of the discharge<{5 cm). frequency components in th&,(F) spectrum for fixedK | is

Other indirect data on the position of the zone in whichmainly associated with the radial inhomogeneitygfin the
microturbulence is suppressed can be obtained from spectratattering volume extending along the entire vertical chord.
measurements of the scattered radiation. Figure 2 shows thE Py is represented in the form of a dependence on velocity
time evolution of the relative fluctuation spectra V, (Fig. 2), it can be seen that the suppression at the initial
Ps(F)/({ne))? in the regime with a current rise, obtained stage of the current rise manifests itself for differént in
with central probing. It can be seen that, with the beginningapproximately the same wide region of velocities
of the current rise, noted in Fig. 2 by a vertical line, theV,=5Xx10*~2x 10° cm/sec. As time passes, this interval
fluctuations begin to be suppressed in a wide frequencyarrows to a range close ¥,~10° cm/sec. For a known
band. This band, which corresponds to a reduced oscillatioradial profileV, (r), this range can be correlated in velocity
level even in the ohmic stage of the discharge, is clearlywith the region of suppression of fluctuations over the minor
displaced ax, increases toward higher frequencies. Theradius. According to neoclassical estimates, a velocity of
spectral suppression zone becomes narrower after 3 ms buti§® cm/sec corresponds to a gradient region with4 cm.
observable up to 10 ms after the start of the additional cur-  Thus, suppression of small-scale plasma fluctuations is
rent. The shift of the suppression region with increading  observed when the current is raised. The period during which
allows an interpretation based on the fact that the appearantieis suppression is observed correlates with the time during
of each frequency component in the spectra is determined byhich improved confinement of the charged particles and of
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the ion energy appears. According to theoretical conceptghe equilibrium steady-state profile corresponding to the total
fluctuation suppression can be associated with the appeaturrent in the plasma in the relatively short time of 5 ms.
ance of regions with negative or zero magnetic-field sheafherefore, the maintenance of a reduced fluctuation level at
s=(r/q)dg/dr. The evolution of theq(r) profile and ac- long times (=5 mg is a form of hysteresis phenomenon,
cordingly ofs(r) under the conditions of the FT-2 tokamak apparently not associated with the deformation ogf).
were estimated by modelling the process of the current ris&imilar phenomena are noted in large tokamaks and are con-
by means of thesTrRA code. This modelling showed that a firmed in various models of the transition to improved con-
region with a flattened distributios(r)>0 appears at the finement(see, for example, Ref.)5
beginning of the current pulse at the periphery of the dis-  This work was carried out with the support of the Rus-
charge and, as time passes, moves toward the axis of tl#an Fund for Fundamental Resear¢rant 97-02-18119
discharge, where a wide zone wish=0 is formed in 1.5— INTAS (Grant 94-2235 and INTAS—RFBI (Grant 95-
2 ms. However, as can be seen from Fig. 2, strong suppred351).
sion of the fluctuations in a wide spectral band was observed
even before the appearance of the region wih0 in the
central zone. It can be assumed that, under the conditions ofr m. Levinton, M. C. Zarnstorff, S. H. Bathet al, Phys. Rev. Lett75,
the experiment, the suppression of oscillations is associated4417(1995.
with a small ime-dependent flatening of the proflle wi °3, LUt . | Sulor, . &, s, feerees L
s(r)>0, which arise as the current diffuses. However, the jo- ot = thsicsl 1007, . 100, y
fact that the fluctuations are immediately suppressed over ay. N. Budnikov, V. V. Bulanin, V. V. Dyachenket al, in Proceedings of
wide frequency region makes the assumption more likely the Twenty-Third European Physical Society Conference on Controlled
that the decrease of the turbulence level is associated withusion and Plasma Physic996, V20C, pp. 855-858.

. K . K.H. Burrell, Phys. Plasma4, 14909(1997.
rapid reconstruction of the rotational shear. Such a recons,, Rozhanksy, M. Tendler, and T. Voskoboynikov, Rnoceedings of the
struction can be expected, for example, because the rate ofrwenty-Third European Physical Society Conference on Controlled Fu-
the Ware pinching varies when a strongly inhomogeneous sion and Plasma Physic4996, V20C, pp. 444-447.
longitudinal el_ectric field appears _in t_he _plas?nAs shown 1. siated by W. J. Manthey
by the modelling, the perturbed distributigpir) relaxes to  Edited by David L. Book
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Zinc oxide whiskers
B. M. Ataev, I|. K. Kamilov, and V. V. Mamedov

Physics Institute, Dagestan Scientific Center, Russian Academy of Sciences, Makhachkala
(Submitted April 29, 199y
Pis’'ma Zh. Tekh. Fiz23, 58—63(November 12, 1997

This paper describes the first experiments on the production of zinc oxide whiskers in air without
crystallization chambers or reactors, using Aeser radiation. The features of their exciton
luminescence are studied, and they are compared with bulk single crystals and epitaxial layers
of ZnO. © 1997 American Institute of Physids$1063-785(17)01111-7

Interest in crystal whiskers arises from a number of un-all thermal losses and the deepening of the crater, which
usual properties that they have, in particular mechanicaslows them down.
strength close to the theoretical limit and from the possibility =~ Reference 6 pointed out that the liquid can be swept out
of obtaining submicron structures and in general of studyingf a shallow crater by the recoil force of the vapors if they
the growth mechanisms and kinetics of the crystal in theact for a long enough time and if the irradiation zone is
one-dimensional approximatidnit is well known that zinc ~ small, which corresponds to our case. When the edge of the
oxide has a tendency to form an acicular habit of singlecrater is formed, sweeping out of the liquid, along with re-
crystal whiskers extended along tfieaxis and, depending moval of matter in the gas phase, can play an appreciable
on the process parameters' attaining a |ength of from Severg]ﬂe if the radiation intensity does not exceed the threshold of
microns to several centimeteisee, for example, Refs. 2 and developed vaporization. The possibility of melting under the
3). It is also well known that the use of laser radiation makesconditions of the experiment, at least inside the crater, is
it possible to grow single crystals by a crucible-free methodndicated by vitr.ification of the inner su.rfaces of the crater
in an arbitrary atmosphere, including vacufifiMoreover, ~@nd of the opening observed under a microscope after crack-
the simplicity of the method, the low thermal lag, and the!"d OPen the pellet. We were espemal_ly interested in this
free access for observing the crystallization front broaden thgUestion, since, because the decomposition and melting tem-

experimental possibilities for studying the crystallization Peratures of zinc oxide are very different, it is considered
processes, including those affected by external fields. problematical to melt it under ordinary conditions. At the

In this paper, we describe the first experiments on the{sar;r;]e “Tet, th? przsence of at IeSSt a ?u_ag,l—llqu:dtphaltse, ctI_ose
production of zinc oxide whiskers in air—without crystalli- o the stale ot a dense gas and containing relatively active

zation chambers or reactors—using laser radiation. There rowth sections, is essential in the PZhK growth model of

also interest in studying the features of the exciton Iumines\-NhiSkerS%
y The size of the crater in the irradiation region reached

cence of filamentary microcrystals and in comparing thems_4 mm, depending on the time and the initial power den-
with bulk single crystals and epitaxial layers of zinc oxide. _. ' ; . -
sity. Bumps or thickenings visible to the naked eye are

A commerma_l LG-25 CW.C@ laser with a power of ._formed on the edges of the crater. When they are examined
25 W was used in the experiments. When a Ge lens with . . o
. . under a microscope with moderate magnificatit6—100,

f=20cm was used for focusing, the power density on th

St is clear that the edge of the crater consists of discrete oval
surface of a pellet reached “Lo//cn¥. Pellets prepressed formations about 1 mm across, separated from each other by

frqm VHP powdered ZInc oxide, about 1 ¢m in diameter andthe same distance. A fragment of the crater’s edge is shown
height, were annealed in a muffl-e furnace ata tempere}tu_re 9 Fig. 1. It can be seen that whiskers grow in radial direc-
800 °C for 1 h toensure mechanical strength. The irradiationyios"on each such formation, excluding their inner conical

procedure took 1-3 min. After a short tint@bout 10 secin g 1tace  close to the irradiation zone. The size of these crys-
the local irradiation region, the temperature reaches the valug,s reached several millimeters along @axis, and several
(direct measurements are made difficult both by the size ofyicrons in directions perpendicular to @ axis. X-ray

the samples and by the substantial temperature gradieat  ggryctural measurements were made difficult by the size of
essary to decompose the zinc oxidigec=1800°. The begin-  ihe samples.

ning of the decomposition of the material in the region of the  The length of the acicular crystals made it possible to
focus and homogeneous formation of ZnO at a distance afxcite photoluminescence by submerging a pellet with crys-
1 cm from the focal region could be seen with the naked eyga|s directly into liquid nitrogen. To monitor it, in order to
from a jet of white smoke directed straight upwards. A pureayoid recording the radiation of the pellet itself, the exciton
finely dispersed powder of zinc oxide with a grain size noluminescence of individual whiskers pressed between two
greater than 10 nm was condensed on a cold glass substratansparent sapphire substrates was also studied. The exciton
placed in the jet of smoke at a distance of 1-3 cm from théuminescence was excited by the 313-nm line of a mercury
focal point, whereas the initial powder possessed a grain sizamp and a M laser. The spectra were recorded using syn-
of 1 um. A liquid phase T,,=1950 °Q apparently forms chronous detection and an SPM-2 monochromator with a
after a certain time needed to reatl, taking into account photomultiplier.
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FIG. 1. Microphotograph of a fragment of the edge of a crater,
illustrating the radial growth direction of zinc oxide whiskers.

A characteristic exciton luminescence spectrum of zinathe radiation in the Al band and have the smallest 1LO/2LO
oxide whiskers, obtained at 77 K, is shown in Fig. 2, cutve intensity ratio! the features of whiskers pointed out above,
For comparison, the same figure shows the exciton luminesas well as the broadening of the phonon sidebands, are in our
cence spectra of texturized layers and of single crystals angpinion evidence that they have a significant number of de-
epitaxial layers of ZnQicurves2 and3, respectively. It can  fgcts.
be seen that the fundamental bands of the epitaxial layers, Reference 1 explains the high mechanical strength of

observed in the whiskers, are close to 369.3, 374.3, angiskers relative to bulk single crystals in terms of their high

382.6 nm. At the same time, the radiation of the 367'z'mTEtructural perfectiorifor thicknesses less thanum), asso-

peak, corresponding to the ann|h'|lat|on of a free Al exc.:'t.onciated with a decreased probability that the crystallization
(see, for example, Ref) and a series of subsequent equidis- . L . .
. . . front will capture liquid inclusions, which cause the growth
tant bands—the phonon sidebands of Al—predominate mthef dislocati duri lidification. This i " lid
spectra of single crystals and of perfect epitaxial layers of' disiocations during solidincation. This IS apparently vall
Zinc oxide. for whiskers obtained under special conditiofdoser to
The band withk s at 369.3 nm was identified earlier as §teady state In our case, with temperature gradients exceed-

the radiation of an exciton associated with the neutral donoi"d 10°K/cm, it is obvious that there are substantial me-
Jp .8 The exciton luminescence of the whiskers has the feachanical stresses that are associated with the presence of de-

tures that the radiation from the free Al exciton is absent, thdects and, as a consequence, with the observed features of the
radiation in the band ol is relatively weak, and the inten- exciton luminescence of zinc oxide whiskers.
sity of the 1LO band is anomalously high. Since bulk single  The authors are grateful to A. Kh. Abdulev for help in
crystals and high-quality epitaxial layers are dominated bycarrying out the experiment.

This work was carried out with the financial support of

the Russian Fund for Fundamental Research, Grant 02-4554.
Al Jp 1LO
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The degree of relative ordering accompanying a nonequilibrium phase transition
in a system consisting of a thin film of high-temperature current-carrying
superconductor and boiling coolant

V. N. Skokov

Thermal Physics Institute, Ural Branch, Russian Academy of Sciences, Ekaterinburg
(Submitted June 9, 1997
Pis'ma Zh. Tekh. Fiz23, 64—68(November 12, 1997

From experimental implementations of thermal oscillations in the region of a nonequilibrium
phase transition accompanying the Joule self-heating of thin films of high-temperature
superconductors in boiling nitrogen, an estimate is made of the relative ordering of the system,
using theS-theorem criterion. It is shown that, according to this criterion, the two-phase

state of the system is more ordered than the homogeneous single-phase stag97 @merican
Institute of Physicg.S1063-785(07)01211-1

Self-organization processes accompanying nonequiliblibrium phase transition. Different regimes can be imple-
rium phase transitions have attracted the attention of invesnented by varying the slope of the load line of the electric
tigators for many years. The criteria for self-organization incircuit with respect to the current—voltage characteristic,
this case remain an issue of high priority. Yu. L. Klimontov- which has a characterist® shape’ 8 If the load line has one
ich formulated a criterion for the relative degree of orderingintersection with the current—voltage characteristic, a super-
of open systems, based on tBg¢heorem(see, for example, critical transition is observed. When there are two intersec-
Refs. 1-4. In particular, it was concluded in Ref. 4 that, for tion points, a type-I nonequilibrium phase transition or a sub-
type-ll phase transitions, the subcritical stafe<(T.) is  critical transition occurs. Finally, when the load line is
more ordered than the supercritical stale~(T.). It is a  tangent to the current—voltage characteristic, a critical tran-
difficult task to directly determine the degree of orderingSition occurs.
from the experimental data for ordinary thermodynamic  Figure 1 shows typical distribution functions of the am-
phase transitions, since, to do this, the distribution functiorPlitudes of oscillations in the supercritic@) and subcritical
of the thermal fluctuations must be measured close to thP) 'égimes. In going from the supercritical to the subcritical
critical point. In the present paper we compare the relativé®9ion (by varying the slope of the load line with respect to
degree of ordering according to the experimental data for §1€ current—voltage characteristi¢he amplitude of the os-

Matione i : 112
critical nonequilibrium phase transition in the complex non-cillations increased according to the power lav-R™,

linear system consisting of a superconductor with a currenWhereA s the _half-W|dth of the d|s_tr|bgt|o_n function, z_arRi
and a boiling coolant. is the load resistance of the electric circuit. Such an increase

It was experimentally shown in Refs. 5-8 that when0¢CUrs until the system splits up into phasew. 1b.

L . To compare the degree of ordering in the supercritical
thin films of high-temperature superconductors undergo . . Y
e " - 2and subcritical regimes, we used the criterion of $htheo-
Joule heating in liquid nitrogen, a critical nonequilibrium

S . . . . . rem, the essence of which is to compare states with different
phase transition associated with the interaction of nonlinear

thermal processes occurs in the current-carrying su ercov—a lues of a control parameter, reduced to the same mean
b . carrying sup ffective energy of the systetn? The load resistance of the
ductor and the boiling coolant. The amplitude of the tem

- . . . ._electric circuit can be used as the control parameter. Let us
Pefat!”e oscillations sharply Increases in the tranS|_t|on r€9108onsider the states for two values of the control parameter,
in this case, and macroscopic wide-band' Hoise is p andR, These states correspond to the voltage drop at the
observed. It is possible to bring about subcritical, critical, yhential contacts at two times, and accordingly to two dis-
and supercritical nonequilibrium phase transitions by varyinginy ;tion functions,f, andf,. We take the state witR= R,

the parameters of the electric circuit. ~ for the state of physical chaos and, following Refs. 2 and 3,
Oscilloscope tracings of the voltage drop on the potentialye introduce the effective function

contacts of a thin-film YBgCu;O,_, bridge were measured
in the experiments _unde_r_ conqmons of Joule ;elf—_heatlng by Heg= —In fo, f fo(x)dx=1. 1)
a transport current in boiling nitrogen. The oscillations of the

voltage drop are associatgd with the oscillations of the hegkaocquse of the openness of the system, the effective Hamil-
output as the nitrogen boils on the surface of the supercorynian is not in general conserved as the control parameter
ductor. In this case there is feedback in the system betweely ies. To compare the two states, we introduce the renor-
the processes of boiling and of the dynamics of the normaly, .. o 4 valuef  in order to satisfy the condition of equality

phase domain in the superconductor. é’f the mean effective energy in the two states, i.e.,

Anomalies in the behavior of the system were observe
during strong heating, corresponding to a local crisis of ther- HoFodxe | Hoo fod 5
mal evolution’ These features can be regarded as a nonequi- eff 1 00X= eff 120X 2
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o ) o . FIG. 2. Entropy change in going from the supercritical to the subcritical
FIG. 1. Distribution functions of the oscillation amplitudes of the voltage region as a function of the control parameter.

drop on a sample in the supercritid@a) and subcriticalb) regimes.

smallestR as the state of physical chaos. Equatidh was
. . _ ~used to calculate the entropy chany& for a given mean
The renormalized functiorf 5, according to Refs. 1-4, is effective energy of the system as a function of the control

represented in canonical form: parameteR. The AS(R) dependence is given in Fig.(the
E_H scale of the horizontal axis in Fig. 2 is logarithmitt can be

70=exp = eﬁ, f fodx=1, ®) seen from the figure that the results are a good approxima-
T tion of the AS~ —In R dependencéthe solid line in Fig. 2.

The application of the Klimontovick theorem to a non-
equilibrium phase transition in a system consisting of a
i i ) ) ~ current-carrying superconductor and a boiling coolant thus
make it poss@e to determine the effectlve temperaflire g 0o that, as one goes from the supercritisaigle-phase
from the experimentally known funchgn‘so and f;. The to the subcritical(two-phaseg state, the entropy of the sys-
criterion of theS theorem states that, far>1, the assump- tem, calculated from the experimental data under the condi-
tion that the chosen reference state 0 is highly random holdsion that the mean effective energy is constant, decreases;

whereF andT are the effective free energy and the effective
temperature in the renormalized state. Equatidnsand (3)

The entropy change i.e., self-organization occurs in the system.
_ f, This work was carried out with the support of the Rus-
AS= Sl—So=—f fyIn f—dX<0 (4)  sian Fund for Fundamental Resear@Project No. 96-02-
0 160774

serves as the measure of the randomness of staed the

self-organization of state)l Iyu. L. Klimontovich, Pis'ma Zh. Tekh. Fiz9, 1412 (1983 [Sov. Tech.
The supercritical statgFig. 19 with R=R, was chosen Z\F;EySL I_Kﬁlt;?)netg\ic(j]g%?s]ma Zh. Tekh. Fizl4, 2226(1988 [Sov. Tech.

as the reference state in calculating the measure of the relapp, ¢ | ot14 966(1989].

tive ordering. States witlR>R, were compared with the 3yu. L. Klimontovich, Statistical Theory of Open Systerfiuwer Aca-

reference state. It was found by numerically solving Eqs.Ademic. Boston, 1995

(1)—(3) using the experimental realizations that, in states,U: L Klimontovich, Phys. Lett. A210 65 (1996.

. . . 5V. N. Skokov and V. P. Koverda, Cryogeni88, 1072(1993.
with R>R,, the corresponding effective temperatures wereey, . skokov, V. P. Koverda, and I. B. Ivakin, Pis'ma zh. Tekh. Fi8,

Tes(R)>1; i.e., according to the criterion of tf&theorem, 7N0- 3, 59(1992 [Sov. Tech. Phys. Letll8, 82(1992] .

self-organization of the system occurs as one goes from the: N- Skokov, V. P. Koverda, V. P. Skripov, I. B. Ivakin, and N. M.
" L. . Semenova, Teplofiz. Vys. Temf4, 802(1996.

supercritical to the subcritical region. When the referencesy 'p koverda, V. N. Skokov, and V. P. Skripov, JETP Lei§, 775

state was inverted, i.e., when stateR<(R;) was chosen as  (1996.

the state of physical chaos, valuggy<1 were obtained. | . 4 by W. J. Manthey

This is evidence that it is correct to choose the state with th&dited by David L. Book
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Formation of an “inverse” kink in optically bistable systems based on increasing
absorption

O. A. Gunaze and V. A. Trofimov

M. V. Lomonosov State University, Moscow
(Submitted March 21, 1997
Pis'ma Zh. Tekh. Fiz23, 69—73(November 12, 1997

Using the well-known property of the focusing of hollow beams, it is shown that a high-

absorption domain can be created in the end of a sample cell. The results can serve as one method
of recording information in the interior of a medium. The implementation of such a domain

can serve as a new mechanism for developing autowave processes for varying the output intensity
of a light beam. ©1997 American Institute of Physids$S1063-785(07)01311-4

Optical bistability based on increasing absorption hasreaks up into parts because its energy is consumed in the
been studied in the literature for a long time. This is appar+egion where the intensity is highest. The influence of dif-
ently because it is relatively simple to implement in physicalfraction can therefore be substantial, even if the diffraction
experiments and because it has been observed in a wide vi@ngth is initially several times as great as the length of the
riety of nonlinear media(for example, semiconductors, nonlinear medium.
chemically active gas mixtures, and various glasSéster- The propagation of the axisymmetric collimated hollow
est in the problem of optical bistability is also caused by thebeam that we studied is described by the following system of
prospect of constructing new optical information-processingdimensionless equations:
methods and optical computérs. A

Among the different phenomena that accompany opticaﬁ— +iDA, A+ 5,NA=0, 0<z<1, O<r<R,
bistability based on increasing absorption, we note in par—aZ

ticular the formation of longitudinal kinks observed in 4T 19/ 9
semiconductoré? Similar spatial structures in a chemically 8E=XALT+QN|A|2+ i A=r a_r( ' 57): t>0,
active gas mixture in which light energy is absorbed by a 1)

reaction product were also obtained in Ref. 4. It is important

to emphasize that the region in which the characteristic ofN _ 1 Te
the medium had a high value was close to its input crosgr ~ DNALNH, - F=(1=N)exg — ] —kNexpg — =
section when collimated light beams acted on it. However

temperature kinks, for example, can be formed close to tth'th initial and boundary conditions

output cross section of a semiconductor by focusing optical r2 r2

radiation on the back face of the crystal. Note that an  A,—o=Ao(r)[1—exp—10)], Ao(r)z—zexp( ——),

initially Gaussian beam was used for this purpose in the in- a a 5

dicated papers. 2
This paper, taking into account the diffraction of optical A N aT

radiation and using optical bistability based on a chemically A r=R™ r O:ﬁ r OR:E r OZO’

active gas mixture as an example, shows that, when an ini-

tially hollow collimated light beam acts on it, an “inverse” aT

kink of the concentration of the reaction product is formed. X5

The wordinverseemphasizes that it is formed at the back

wall of the sample cell: a region of high concentration of theThe description of the parameters of E@s.and(2) is given

product is located close to the output cross section of thén detail in Ref. 8. Therefore we only point out here thais

medium and is preceded by a region in which its concentrathe normalized complex amplitude of the beal,is the

tion is low. This paper also discusses the mechanism bglimensionless concentration of the reaction prodtiés the

which pulsations of the high-absorption domain and of transhormalized temperature of the mediumis the longitudinal

mitted optical radiation intensity are developed, based on theoordinate normalized to the diffraction lengthcharacter-

mechanism described here by which kinks are formed unddges the input power of the beam, aadis the normalized

the action of collimated hollow beams. initial radius of the beam, retained, asDs for convenience
Note that the necessity of taking into account the diffrac-in carrying out the calculations.

tion and self-action of optical radiation when it propagates in ~ Let us consider the interaction of optical radiation under

an optically bistable cavityless system manifests itself inthe conditions of weak diffusion and thermal conductivity of

other ways besides the decrease in the initial beam radiug, medium with the following parameters:

since its diffraction length shortens in the process of the in- o _ 1, p=2y, D=0.0025 &=1,

teraction both because its transverse size is reduced as a con-

sequence of the absorption of light energy and because it Dy=x=10"7, T.=0.375,

=—n(T-Ty), Tl=0=To, fli=0=0.
r=R
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28 | diffracted hollow beam is focused on the output face of the
cell. A kink is then formed within a certain region of the

medium. The boundary of this region is determined by the
diffusion, the thermal conductivity, and the inverse reaction
rate. In particular, a situation is possible in which the switch-

y—m—— ing wave comes to a halt. It is this case that is shown in

- Fig. 1. We should emphasize that the diffusion and thermal

L4 | conductivity coefficients must be small for this case to occur.

If the processes of longitudinal and transverse diffusion

/’_‘ or thermal conductivity are sufficiently well developed, the

0.2 2 region of high concentration or temperature reaches the input
T cross section within a certain time. As a result, the absorp-
tion coefficient increases here, the intensity decreases at the

1 end of the sample cell, and the kink disappears. Since the

0.2 04 a6

26|

N (Z2,0,¢)
[~
<o

. 1 intensity close to the input cross section is insufficient to
- a3 z keep the system in the upper bistable state, in the absence of
FIG. 1. Longitudinal distribution of the concentration of the reaction prod- an In_fl(_)W by reactlon_product or of heat' the absorption
uct on the axis of the beam at tinte-35 (1), 55 (2), 80 (3), 150 (4) for  CO€fficient close to the input cross section decreases. Be-
8,=4, y=0,9=0.5,a=0.1,D=0.0025, andDy=£=10". cause of this, the intensity increases at the end of the sample
cell, which again causes a kink to form there. This process is
then repeated. The output intensity of the beam and the

T,=0.125, a=0.1, k=05, y=0 power transmitted through the cell will consequently oscil-
0 ' ' ’ ’ late. We should point out that the mechanism of these pro-
q=0.5, 6p=4. (3 cesses was predicted in Ref. 10. Thus, the mechanism of

We can make several remarks regarding the values Oqscillations o_f the_output intensity explained here is similar
the parameters in Eq3). First, the concentration and tem- o that described in Ref. 5 and to the output-power mecha-
perature have a bistable dependence on the input intensity gsm when optical radlat_lon IS focgsed on the bgck face of
the optical radiation for these values. The regularities of th semiconductor, experimentally implemented in Refs. 6
implementation of the optical bistability fay, y, Dy, areD and 7'. : .
values larger than those in Eq8) were studied in Ref.9, | This work was carried out with the support of the Rus-
where it was shown that it is possible to form multidomain 53" Fund for Fundamental Researt@rant No. 95-02-
structures. Second, the value of the initial poweis such 04448.
that no high-concentration region is formed close to the input
cross section of the sample cell. 1H. M. Gibbs, Optical Bistability: Controlling Light with LightAcademic

As is well known, a hollow beam is transformed into a Press, Orlando, Fla., 1985; Moscow, 1988
Gaussian beam at a definite distaridepending on the po- ;\HA '\If'i-n thiJZ?SEtsa{;ngih Raer‘]/aﬁ%gizﬂsﬁz Rev3a, 407 (1986
Zero intenaty. When s happens, ts maximum ntensty o CLcerko, snd v A Tiofou, Opt. Spetos, 1621565
can exceed its input value. By using this property of a hollow ®N. N. Rozanov, A. V. Fedorov, and G. V. Khodova, Phys. Status Solidi B
beam, it is easy to make it intense enough to switch a6é5%5é§i$/82r-1dv A, Stadnic, Phys. Status SolidL0 501(1988
chemical-medium—laser-beam SyStem to the upper S.tatev. A. Stadnik, Fiz. Tverd. Telalieningrad 30, 3571(1988 [Sov. Phys.
close to the output face of the cell; this also causes a high- solid State30, 2052(1988].
concentration regiorfan inverse kink to be formed here. 20. A. Gunaze and V. A. Trofimov, Izv. Ross. Akad. Nauk Ser. B,
The time during which it exists and its longitudinal size de- 930A6'c§5r(1£265nd V. A Trofimov. Picma zh. Tekh. F22. No. 16. 1
pend on many parameters, in particular the diffusion, thermal (1'996 [Tech. Phys. Lett22, 642 (1§96]. ' B
conduction, and absorption coefficients. As an illustration°o. A. Gunaze, and V. A. Trofimov, Bull. Roy. Astron. Soc. Physics
Fig. 1 shows the dynamics of the formation of an inverse Supplement, Physics of Vibratiorss, 193 (1993.
kink on the beam axis. As can be seen from the figure, a kink .4 by W. J. Manthey
is generated at the end of the sample cell. This is because tlrgited by David L. Book
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Angular momentum of the fields of a few-mode fiber: I. A perturbed optical vortex
A. V. Volyar and T. A. Fadeeva

Simferopol State University
(Submitted March 25, 1997
Pis’'ma Zh. Tekh. Fiz23, 74—81(November 12, 1997

This paper presents the results of studies of the physical nature of the electrodynamic angular
momentum of a stable CY, vortex in a few-mode fiber. It shows that the angular

momentum of a CV, vortex can be conventionally divided into orbital and spin angular
momenta. The longitudinal component of the fundamentaf;HiEode on the axis of the fiber has

a pure screw dislocation with a topological chargeeef+1. The longitudinal component

of a CV, vortex also has a pure screw dislocation on the axis of the fiber with a topological
charge ofe= +2. Therefore, perturbation of a G\ vortex by the field of the fundamental

HE;; mode removes the degeneracy of the pure screw dislocations of the longitudinal and
transverse components of the field and breaks down the structural stability of the CV

vortex. As a result, an additional azimuthal flux of energy with an angular momentum opposite
to that of the fundamental flux is induced. An analogy is drawn between the stream lines

of a perturbed CV vortex and the stream lines of an inviscid liquid flowing around a rotating
cylinder. Studies of the evolution of a CV vortex in a parabolic fiber show that they are
structurally stable when acted on by the perturbing field of thg,Hfode. However, perturbing

a CV}, vortex of a stepped fiber with the field of the FjEnode destroys the structural

stability of the vortex. It is found that the propagation of a circularly polarized CV vortex can be
represented as a helical wavefront screwing into the medium of the fiber. The propagation

of a linearly polarized vortex in free space is characterized by the translational displacement
(without rotation of a helical wavefront. ©1997 American Institute of Physics.
[S1063-785(07)01411-F

The physical nature of optical vortices in few-mode fi- the CV vortex by the HE mode reduces to studying the
bers is inextricably associated with the azimuthal energynteraction of the singularities of the transverse and longitu-
fluxes of these fields and consequently with the angular modinal fields. Let a C\/; vortex with a topological charge
mentum of the wave field. In its general features, the probe=1 and the HE; mode, both right-circularly polarized, be
lem of the angular momentuiM of an electromagnetic field excited in an optical fiber. Expressions for the electric feeld
on a quantum level has been touched on in Refs. 1 and Zan be written d<
However, interest in this phenomenon has increased only in n .
recent years in connection with the study of the properties of e=&(CV.y)+ae,(HEyy):

optical vortices in free spatén order to use them as optical — " (F.(R)extli( b+ B2V + aE(R)ext(i Bnz

traps of microparticles and optical tweezérs. 4 (Fi(RIexi(¢+12)} o RIexXpi Boz}). 0
In our opinion, the problem of transporting angular mo-

mentum in optical fibers has two aspedtb) the electrody- V2A

namic task of shaping and converting the angular momentum  &=1—,—(G1 (Ryexpli(2¢+ B12)}

of the light waves in a fiber, an@) the quantum-mechanical

task of transforming the angular momentum of directed +aGo(R)expli(¢+ Bo2)}), 2
fields in a fiber into the mechanical angular momentum o
microparticles’

In this paper, we consider only the first part of this prob-
lem: the properties of the angular momentum of the field o
a stable CV vortex in a few-mode fiber when it is perturbed
by the circularly polarized field of the HEmode.

fvvherea is the relative weight of the HE mode,e" is the
unit vector of the right-circular polarizationt;(R) and
o(R) are radial functions of the transverse fieldsnd 8]
and 8, are the propagation constants of the G\and HE;
fields, respectively.
: S It follows from Eq. (2) that thee, component of the
' 1€; Wher_w a stz_able Yy vortgx is excited in a_few-mode CVI, vortex transports a topological charge ef +2,
fiber? the right-circularly polarized HE mode is usually while that of the HE, mode transports the topological
excited at the same time. The field of this mode perturbs th%hargee: 1. The poéitions of the zeroes of teeande,
field of the vortex and alters the location of the pure SCréWeoids  can ’ be determined from the conditidns

:jr:sl?_(':anonsaUnllke; f.IEIIdS ”_‘t f;le_e :Ispace, the (t:V \ﬁ:]tex IandRe(e)z Im(e)=0. For the fields of Eq9.l) and(2), the azi-
e HE; mode contain longitudinal components of the e €C muthal coordinates of the position of the pure screw disloca-

tric field E, and the magnetic fieldl,. Moreover, theE, and : . . :
H, components of these fields on the fiber ax#&s<0) have tions of thee, ande, fields are identical and equal

pure screw dislocations. Therefore, the process of perturbing ¢=7+(8o—B1)zZ (©)]
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FIG. 1. Current lines of the Poynting vect®r in the cross
section of a fiberéB,,z=w/4: (a) a=0, (b) a=0.5, (c)
a=0.7,(d) shows the neighborhood of the induced vortex,
a=0.5. The shading denotes the fiber core.

The radial cqordinates of thes.e dislocations are different and P,=—2K{F,G; +a%F,Go+a(F¢G; +F;Go)
are the solutions of the equations

F1(R)~aFo(R)=0, @ xcos$-wa}, ©
G;(R)—aGy(R)=0. () P =2Ka(F¢G; —F1Gp)sin(¢—wz), (10
It follows from Egs.(3)~(5) that the field dislocations lie on ~ K=1(2¢)Nco(0/ o) A(V2AV). (1D)

circles with radiiRy=0, Ry, andR, and rotate with velocity | js easy to determine the component of angular momen-
w=d¢/dz= By— B;. For a stepped fiber with a core radius tym M from Eq.(9) as

of po=3.5um and a waveguide parameter \¢f=3.6, the
velocity of the dislocations isv=1.38<10* m~*. Only the Mz=pP,, (12)

dislocationg; of the field component with the coordinate \yhere, is the running radius of the cross section of the fiber.

R=R, is recorded in a direct physical experiment, since thgye determine the stream lines of the vector fielah a fiber
observed value i®,=Re(ehy—ejh,), which is a compo- gm0

nent of the Poynting vector. We shall analyze a method of

measuring the dislocatios, of the component separately. dx_dy dy dz
2. Let us consider the evolution of the angular momen- P, P, P, P,’

tum M of a perturbed CV, vortex. The electrodynamic an-

gular momentunM can be defined dy

(13

The singular points of the stream line pattern in a cross sec-
tion of the fiber are found from

M=rXP, (6)
Ps=P,=0, (14)
where
from which it follows that
P=¢eouo(exXh* +¢e* xh)/2 (7)
Fi—aFg)(G; —aGy)=0. 15
is the Poynting vector. Based on Ref. 7, we write the com- (F1 0)(G1 o) @9
ponents of the magnetic fiehl of the CV ; vortex and the Equation(15) shows that there will be three such singu-
HE;; mode in the form larities: for R=R;, the position of the dislocation of the
h=—ing(eo/ o) Ve ®) component, and, foR=0 andR=R,, the positions of the

dislocations of thee, component, while Eq(15) is a combi-
Then, substituting the fields of Eq4), (2), and(8) into Eq.  nation of Eqs(4) and(5). The pointR=0 corresponds to the
(7), we find the components of the energy flux of a perturbedtenter of the main azimuthal flux; the poiR&=R; is a sin-
Cvi1 vortex in a few-mode fiber: gular point of the saddle type, at which the branches of the
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FIG. 2. Distribution in the cross section of a fib&8,,z= 7/4
of. (@ P,, (b) P, (c) P,, (d) shows the lines of the absolute
value of the transverse fluR, in the neighborhood of an in-
duced vortexthe normalized valué®, /PRW is shown).

separatrix intersect and at which a pure screw dislocagion Saturationa:=2.58< 10”2 whena>8. It can be shown that

of the field component is located. The center of the inducederturbation of a CV, vortex by the left-circularly polarized
vortex is placed at the poilR=R,. Since, in the absence of HE;; mode does not remove the degeneracy of the singular
perturbation 4=0), the singular points of the field are de- points, and the vortex field remains structurally stable against
generate at a point of the type of the center point, whereakhe action of the perturbation. Studies of the perturbation of a
three singular points are generated when a perturbation acgV_; vortex by the HE; mode gave identical results.
(a#0), the CV!, vortex is structurally unstabtéwith re- The projection of the angular momentum of an unper-
spect to the action of a perturbation of a right-circularly po-turbed CV, vortex onto the z axis is written as
larized HE; mode. For the stepped fiber whose parameterd,= —2KpF,G; . Expressing functioiG, in terms ofF,,

are given above, a diagram of the lines of force of the transaccording to Ref. 7, we find

verse Poynting vectd?, is shown in Fig. 1 for certain values

of perturbation parametexr. For a CV vortex in a parabolic 1dF2 E2
fiber, P,=0 holds in the entire region of the cross section, M,= —ZKp( ) (16)

and R;=R,. In this case, the stream lines Bf form con-

centric rings centered &=0, coinciding with the diagram

of stream lines with no perturbatidiig. 1. A CV; vor- A CVZ, vortex has right-circular polarizatioa® and

tex in a parabolic fiber is therefore structurally stable withtransports topological charge=+1. Both the circular po-
respect to perturbation by the KiEmode. In a stepped fiber, larization of the vortex and its topological charge correspond
as the perturbation parametarincreases, the region of lo- to a certain angular momentum. According to Ref. 3, the
calization of induced azimuthal flux of opposite sifffigs.  angular momentum of a vortex in free space can be divided
1b and 1¢ increases. We should especially note that thento orbital angular momentunM,, associated with the
stream lines of an induced vortex are analogous in their forvalue e of the topological charge, and spMg, associated
mal attributes to the stream lines that appear when an inviswith circular polarization. By comparing Eq16) with Eq.

cid liquid flows around a rotating cylindéf. (10) of Ref. 3, we can conventionally divide the angular

Figure 2 shows diagrams of the energy distribution inmomentum for a few-mode fiber into a spin pftie first
P,, Py, and P, of the fluxes for a stepped fiber with the term in Eq.(16)] and an orbital parfthe second term in Eq.
corresponding values of the perturbation paramater (196)].

A numerical calculation shows that the ratio of the ab-  The propagation of circularly polarized CV vortices is
solute values of the total flux i&=|Py|/|P,|]=4.32x10"2  represented as the screwing of a helical wave front into the
for a stepped fiber and=4.88x 10 2 for a gradient fiber. fiber core according to the right-hand rule. Plane-polarized
As the perturbation increases, the share of the azimuthal fluikee-space vortices are characterized by translational dis-
decreases; thusy=3.7x10 2 whena=0.5, and it reaches placemen{with no rotation of the wavefront helicoid.
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IR-spectroscopic study of the deformation of alkane molecules on a metal surface
at high temperature

V. |. Vettegren’ and A. |. Tupitsyna

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
Institute of Problems of Machine Construction, Russian Academy of Sciences, St. Petersburg
(Submitted June 10, 1997

Pis’'ma Zh. Tekh. Fiz23, 82—-86(November 12, 1997

An increase of the valence angle in the Ctoups of alkane molecules is detected when the
crystallites in samples of ceresin grease melt on an aluminum substrate. This effect is

explained by compression of the sample because the adhesion to the substrate is strengthened as
the crystallites melt. ©1997 American Institute of Physid$$1063-785(107)01511-5

Samples of OKB-122-7-5 ceresin grease of thicknessespect to the natural coordinates. It follows from E).that
1-10um on an aluminum substrate have been studied athe increase of the ratiB,g,q/ Asgs0 Can be explained by the
room temperature and near 90 °C. increase of the angle between the C—H bonds.

The IR spectra of the grease at room temperature contain When the crystallites in the samples of grease melt, the
a doublet at 720—730 cnd (Fig. 1), which results from the  ratio A,g,o/ Asgsoincreases by a factor of 1.2—1.3. If the ini-
frequency splitting of the pendulum vibrations of the meth-tial value of ¢ is taken to be equal to 109°, it follows from
ylene groups in the orthorhombic crystal ceMWhen the Eg.(2) that such a variation of the intensity ratio of the bands
samples are heated to about 85 °C, the indicated doublet disf interest corresponds to a variation of the angle by 5-6°.
appears, which is a sign of thermal breakdown of the crysHowever, the resulting values may be somewhat overesti-
tallites with an orthorhombic cell. mated, since we neglected the weak dependence of the term

Figure 2 shows sections of the IR spectra of the grease inu,/Jdq, on the valence angle.
the 3000—2800-cm' region at room temperature and 90 °C. The change of the geometry of the €ldroup must
Three strong bands are observed in this region, at 285@ause several of the terms in the matrices of the kinematic
2920, and 2960 cit. It can be seen that the ratio of the coefficients and the force constants of the molecule to
intensity of the 2920-cm! band (A,g,90 to that of the change and consequently must change the characteristic
2850-cm ! band (A,gs9 increased upon heating. These frequencieg.
bands belong to the symmetric and antisymmetric valence We have calculated the characteristic frequencies of the
vibrations of the methylene groupsvioreover, the maxima valence vibrations of the CHCH, group with a variable
of the indicated bands in the spectra of the melts are shiftedalence angle. The values of the force constants for the origi-
toward shorter wavelengths by 5—6 th(the 2920-cm®  nal geometry of th€éCH,), group were taken from Ref. 3. It
band and by 2—-3 cm? (the 2850-cm? bang. was assumed that the frequency shifts of the vibrations of

The intensity in the IR spectra is directly proportional to interest were mainly caused by a change of the valence angle
the square of the derivative of the dipole moment of thein the CH, group, and therefore only the terms containing the
transition with respect to the normal coordinteet us con-  corresponding coordinate varied in the force-constant matrix.
sider the expressions for the derivatives of the dipole moinsignificant variations of the interaction force constants of
ment of the CH—-CH, group with respect to the normal co-
ordinatesdu/dQ of vibrations of typeB,, (symmetri¢ and
B, (antisymmetrig.?

For B,,, vibrations, 90 %

Il 9Q=2(p1 1901+ dp1199p)c08 @Il gsry, (1)
and, forBg, vibrations,

Il Q= 2(dp1 1901 — Iy 190,)cod @/2)l 45y, (1)

wheredu,/9q, and du,/dq, are the derivatives of the di- 70
pole moment of the C—H bond in the Glgroup with respect
to its own coordinate and the “opposite” coordinageis the

valence angle in the CHgroup, and 4, is the form factor L
of the vibration. i N | ; L -
It follows from Egs.(1) and(1a) that 780 240 200 v, cm
Asgr0/ Asgso= K tarf ¢/2, 2 FIG. 1. IR transmission spectrum of OKB-122-7-5 grease on an aluminum

i i . substrate in the region 700—-800 cha The layer is about 1.5m thick. v is
whereK is a factor that depends on the derivatives of thene wave number. The arrows show the 720—730-tmdoublet. 1—

dipole moment of the transition of the CH vibrations with T=25°C.2—T=90°C.
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FIG. 2. IR transmission spectrum of OKB-122-7-5 grease on
- an aluminum substrate in the region 3000-2800 tniThe
layer is about fum thick. v is the wave number. The arrows
show the bands of the antisymmetric vibrations of the CH
groups(about 2920 cm?) and of the symmetric vibrations of
the CH, groups (about 2850cm?). 1—T=25°C, 2—
T=90 °C.

0} 1

1
2960 2880 2800 3) em?

the angular coordinates have no effect on the frequencies dérmation of levo conformers is difficult in this case because
the valence vibrations of the CH bonds. In summary, shiftof steric hindrances that appear when the sample is com-
that agreed with experiment were obtained by increaging pressed.
by 4° and decreasing the force constant of the interaction of Thus, the changes in the IR spectra of ceresin grease
the coordinates of the CH bond and angleby 0.3x 1¢° when the samples are heated to 90 °C show that the samples
cm™? (the initial value of this force constant was assufhed studied here are compressed when the crystallites melt.
to be equal to 0.8 10° cm™1). This effect, in our opinion, is explained by strengthening
The short-wavelength shifts of the bands of the CH va-of the wetting of the metal substratef regions of strong
lence vibrations when the crystallites melt can be caused bintermolecular interactionby the sample when the crystal-
an increase of the concentration of levo confornfebsit  lites melt, as well as by an increase of the surface-contact
increasing the concentration of the levo conformers reducearea of the two materials. The strengthening of the adhesion
the total intensities of the bands of interédtVe did not attraction of the alkane molecules to the aluminum substrate
detect any decrease of the total integral intensities of thean serve as the cause of the compression of the sample.
bands of the CH valence vibrations of the methylene groups
when the samples were heated to 90°. The total integrated
intensities of the bands of interest remain unchanged wheng . snyder, J. Chem. Phy&l, 3229(1979.
the crystallites are melted for samples LB thick, whereas  2M. V. Volkenshten, L. A. Gribov, M. A. El'yashevich, and B. I.
they increase for thicker sampléBig. 1). Consequently, the ,StepanovVibrations of Molecule¢Nauka, Moscow, 1972
. . G. A. Gribov, V. A. Dement'ev, and A. T. Todorovdkilnterpreted
Concentratllon of levo conformers in .the ?Ikane molecules Vibrational Spectra of Alkanes, Alkenes, and Benzene DerivaiNeaska,
does not increase when the crystallites in the samples ofmoscow, 1986.
interest melt, and the observed short-wavelength shifts of théR. G. Snyder, H. L. Strauss, and C. A. Elliger, J. Phys. Ché#n5145
bands of interest are caused by an increase of the valencg!982:
. H. L. Casal, D. G. Cameron, and H. H. Mantch, Can. J. Ch#&in1736
angle in the CH group. (1983.
It is well known that the valence angles and the bonds inép. T. T. wong, T. E. Chagwedera, and H. H. Mantch, J. Chem. FE#s.
the molecules vary when the sample is compressed, produc<1987.
ing a short—_wavelength shift of t_h.e characteristic frequencies, . gjated by W. J. Manthey
and changing the band intensities in the IR spetfffie  Edited by David L. Book
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The effect of laser radiation on the permeability of porous membranes

I. K. Meshkovskil, O. V. Klim, and S. N. Dmitriev

St. Petersburg State Institute of Precision Mechanics and Optics (Technical University)
(Submitted June 18, 1997
Pis’'ma Zh. Tekh. Fiz23, 87—90(November 12, 1997

This paper discusses studies of the effect of laser radiation on the permeability of thin porous
polymeric membranes performed at the Joint Institute for Nuclear Research, Dubna. It is

shown that the electrodiffusion rate through the membrane is substantially reduced when molecular
ions are efficiently photoexcited. The effect of temperature on the electrodiffusion process is
studied. ©1997 American Institute of Physid$1063-785(107)01611-X

A number of papers® have shown that photoexcitation laser radiation affects the electrodiffusion flux of molecular
of the electronic and vibrational subsystems of molecules irions of certain laser dyes dissolved in ethanol in connection
the gas phase reduces their mobility in porous membranesith electromigration through thin porous polymeric mem-
Moreover, studies have been made of how laser radiatiobranes. This is a question of keen interest for the study of

affects the mobility of dissolved molecular idhsn samples
of porous glass.

laser action on biological objects.

The purpose of the present work was to investigate how

0.25

. 07 Mi(min-V)

300

400

s00d, A

™~
N
T
*
5

0 5 ’ 10 1, min

0.25 laser off —

laser on

aA

0 2 4 5 8 t, min

FIG. 2. (a) Time variation of the concentration of rhodamine G during
electrodiffusion through a membrane with a pore diameter of 30 nm for a
voltage of 900 V across the electrodés:with no laser irradiation2—with

FIG. 1. Electrodiffusion rate of dye vs membrane pore diameter withoutsimultaneous laser irradiatioily) electrodiffusion rate of thionine vs time

laser irradiation(a) for rhodamine G1—at a temperature of 60 °@—at
20 °C; (b) for thionine: 1—at 60 °C,2—at 20 °C.

854 Tech. Phys. Lett. 23 (11), November 1997

1063-7850/97/110854-02$10.00

during electrodiffusion through a membrane with a pore diameter of 20 nm
for a voltage of 900 V across the electrodes.
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Experimental part Porous nylon membranes 1n  increasing temperature. The data of Figs. 2a and 2b show
thick, with 20-, 30-, and 50-nm pores were used for the exthat irradiating the molecules with exciting laser radiation
periment. The experiments were carried out in a sample ceubstantially reduces the electrodiffusion rate. These results
consisting of two sections that were partitioned off by a po-correspond to those obtained by studying the analogous be-
rous membrane. The left-hand part of the cell was filled withhavior for porous glass.
an ethanol solution of dye with a concentration of 01 The results show that the slowdown of the molecular
and contained the anode, while the right-hand part of the celbns during electromigration through thin polymeric mem-
contained pure ethanol, the cathode, and a photometric fibebranes has a threshold dependence on the laser radiation
optic probe. The surface of the membrane was accessible ower and largely depends on the size of the membrane

radiation from an LG-106M-1 argon laser. pores and the molecular structure of the ion.
An automatic spectrophotometric apparatus was used to The results obtained in Refs. 1-3, as well as the materi-
measure the diffusion flux through the membrane. als of this paper, make it possible to conclude that the action

Figure 1a shows how the electrodiffusion rate of the dyeof exciting radiation reduces the permeability of porous
rhodamine G for membranes depends on pore diameter atembranes. This conclusion can explain certain physiologi-
temperatures of 20 and 60 °C without laser irradiation. Fig-cal effects that accompany laser irradiation of biological ob-
ure 1b shows the corresponding curves for thionine. jects.

When membranes with pore diameters of 30 and 20 nm  Moreover, the detected regularity makes it possible to
are irradiated by an argon laser with a power density of aboutarry out application-oriented work on the separation and
15 W/cnt, the diffusion flux rate is substantially reduced; purification of materials.
this is illustrated by the curves shown in Fig. 2, where trace
1 of Fig. 2a and the dependence in Fig. 2b are plotted taking
into account the photobleaching dynamics of the dye. Reducn. v. Karlov, I. K. Meshkovski, N. P. Petrov, Yu. N. Petrov, and A. M.
ing the applied radiation power to 5 W/érfor thionine and Prokhorov, JETP Lett30, 42 (1979.
to 1.5 W/cnt for rhodamine G caused the observed slow- 2V. A. Kravchenko, E. N. Lotkova, I. K. Meshkovskiand Yu. N. Petrov,

. . . Pis’'ma Zh. Tekh. Fiz.7, 1197 (198)) [Sov. Tech. Phys. Lett7, 512
down of the diffusion flux to disappear. No effect of the laser (1981)].
radiation on the electrodiffusion rate was observed for mem-3|, k. Meshkovski and O. V. Klim, Pis'ma Zh. Tekh. Fi23, No. 10, 4
branes with a pore diameter of 50 nm. (1997 [Tech. Phys. Lett23, 378(1997)].
_ Discussion of the resultdt fol_low; from the data of Translated by W. J. Manthey
Figs. 1a and 1b that the electromigration rate increases withdited by David L. Book
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Polarization switching with four-wave mixing of copropagating light waves
in birefringent fibers

S. A. Podoshvedov

Chelyabinsk State Technical University
(Submitted October 16, 1996; accepted for publication May 14, 1997
Pis'ma Zh. Tekh. Fiz23, 91-95(November 12, 1997

A system of equations is graphically solved that describes the copropagating interaction of four
waves in a birefringent fiber. It is proposed to use this type of interaction for polarization
switching. © 1997 American Institute of Physids$51063-785(107)01711-4

Four-wave mixing of counterpropagating light waves dEly Ak )
that are nondegenerate in frequency but have coincident po- —, ~IR3 f3412E2yE1xE2xe +|RE1y( f31| Exy
larizations was discussed in Ref. 1, where the optical power-
switching effect was predicted. This paper presents an analy-
sis of interaction in birefringent fibers of four copropagating
waves that are nondegenerate both in frequency and in po-
larization. By solving this question, it becomes possible to  dE;, . iAkz
use copropagating four-wave mixing in a birefringent fiber gz ' 3_)\2f4312ElyElXE2xe
for purposes of polarization switching. With polarization
switching, the polarization state of one light wave participat-
ing in the interaction sharply changes at the output from the
fiber when there is a slight change of the initial polarization
state of another wave. As shown by the analysis, the +2f 4 Eqy |2+ 144 E2y|2)- (2d)
polarization-switching effect with four-wave copropagating

mixing is possible at any wavelength. Here the following notation has been introduced:
In a birefringent fiber, an elliptically polarized wave de- g_ (7n,)/\; (n, is the nonlinear refractive indgx
cays into two linearly polarized waves. The total electric | — Kix—Kiy+Ka—Kay is the detuning of the wave

field of the two initally elliptically polarized waves with fre- vectors and f, = ((F F* FED(FIDFIRNF?)
ij
guenciesw; andw, can therefore be represented as <|F/|2)¥? is the overlap mtegra(lthe brackets denote aver-

+Ef Epy|?+ fag Eqy|2+ 234 Epy|? 2
3 32 Eaxl 33 1y| 34 2y| ) (209

N
+|RE2y)\ ( fal Exxl®+ 3 f42|Ez><|2

2 aging over the cross section of the fipdt was assumed that
E Eix(2)Fix(x,y)exd —i(wit—Kixz)] Xg/)yx_ Xg/)xy_ Xii)yy_ xS /3= )((3) 3. Equations(2) are

= the most general equations; they contain the terms respon-
2 sible for the self- and cross-phase modulation effects, as well

+y Z Eiy(2Fiy(x,y)exd —i(wit—ky2)](, (1) as for energy exchange. To simplify the formulas, it will be
=1 assumed in what follows that aII the overlap integrals are

whereF;(x,y) is the spatial distribution of the field over the @PProximately identical; i.ef;j="fi;=1/A¢y, whereA is

cross section of the waveguide=(n,w;)/c, n; are the ef- he effective area of the mode Thﬂ‘:(wnz)/(’\lAeﬁ)
fective refractive indices for the corresponding modes of thel "€ System of equation@) allows the existence of the fol-

lightguide, x is the slow axis, and is the fast axis of the lowing ~ conserved  quantities (integrals - of motlobt

; . . Eid?—(\, /)\)|E |2=D;, |E1y|2—(\2/\1)|Eyy|?=D
fiber. The evolution of amplitudel; obeys a system of four |Eax ] =2x L 1y /152y 2
P ys sy and  [Ep,|2 (\/A)|Epuf2+ [ Eygl+ o/ A1) [Enyl?=P.

tcr?g?(l;:gqequatlons which in the paraX|aI approximation haveAfter replacing variablesy, = quP, Eu o auy(h MP)/)\Z,
Ely—%\/ﬁ, andE,y=0q4V(N1P)/\,, the system of Eqg2)
dEy * CiAKz L ) can be transformed to a system of two differential equations
dz ~ R3fisfaEyEyye e HIREL| f1Ey for the real  quanties 75(s)=|qi* and
P(S) = @1xt @ox— @1y~ @2yt ks. The new system has the

2 2 form dylas=oHldn, dnds=—JHIdy, where H is the
+2f 1 Egyl? t3 f1d Eqyl? t3 f14Eoyl ) (29

Hamiltonian
dEy 2>\ B A 2
@~ Ran R EEae 'Akz+|RE2X}\—2 H= 3 cosp/y\y—diy1+di+d,—27V1+d—d,— 2
..
2 1 A2 d; 3N A
X | 2f 0| Eqy|?+ Fool Eoy|®+ 13|E1y| Y (4+)\_2 )\_1 + _3(8 2N, 2N,
2 da(A1 N} 1 N A
+§f14|E2y|2), (2b) Sy (72—71)—5 o, T ang) TR ©
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z/L
-0.4 FIG. 2. Relative power|E(s),y|?/ Pin) of the light wave with frequency,
Y v T T T v T T T and polarization directed along the slow axisas a function of distance
-0.4 -0.2 0.0 0.2 0.4 s=1z/L (L is the length of the fibgr Curvesl and2 correspond to the cases
2 in which the initial points on the phase portrait lie outside and inside the
|q2| COosy separatrix [/L,=50).
FIG. 1. Phase portrait of the system of equati¢®sfor k=0.1. will appear. Figure 2 shows thE,,(s)|?/P;, dependence,

(Pin= | Eix(s= 0)|2+ | Eox(s= 0)|2+ | Ely(S: 0)|2+ | E2y(s

=0)|?, P;,#cons} as a function o6=z/L (L is the length
Hered;=D,/P, d,=D,/P, s=zp, p=1/Ly=(RP\;)/\,,  Of the fibed. Curve 1 corresponds to the case in which the
k=Ak/p; |a,% |gsl? |a4l? are expressed in terms of: final polarization state of a light wave with frequeney
laol2=7n—di,  |qs?=(1+d;+dy,—2%)/2, and |q,l? remains unchange@ve assume the length of the fiber to be
=(1+d;—d,—27)/2. To analyze the system of Eq&), equal to the oscillation period of curvB. As can be seen
we assume the following values; = 1.06 um, \,=0.9um, fromFig. 2, a “slight” change of the polarization state of the
and d;=d,=0.05. For the given values, Fig. 1 shows the light wave with wavelength, (a change of the power of the
graphical solution of the system of Eq8) (H= cons} for ~ x andy modes of the pump wave of the order of hundredths
|g,|? whenk=0.1. The stable eigenmodes are the centers onf a percent of the total powegreatly strengthens the light
the phase plane, while the unstable eigenmode is a point a¥ave with wavelengtix ,, polarized along the fast axi&gy)
the unstable saddle typ@enoted byA), which gives the at the output from the fibgjcurve2). Moreover, the ratio of
beginning of a two-branch separatrithe eigenmodes are |Qamad? (Curvel) to|gomi? (curve?2) equals 9.43 for almost
determined  from the conditiod  dH/dx, ,, identical boundary conditions.

= ‘?H/aw(’?gi‘/’e)zo' BeSId.eS the two-loop Tseparatnx, _th.ere 1S. A. Podoshvedov, Opt. Spektrosd (in press [Opt. Spectrosc83 (to
exists a simple separatritall the separatrices are distin-  be publishe.

guished by thicker linésbeginning at the pointy=0.45,  2S. Trillo and S. Wabnitz, Opt. Letl7, 1572(1992.
1//=($1T)/2 and endipg at the poim:Q.45,¢= 17{2. ITet US  Translated by W. J. Manthey
consider the possibility that the polarization-switching effectedited by David L. Book
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Stress field at the boundary of a wedge-shaped twin
V. S. Savenko and O. M. Ostrikov

Moscow State Pedagogical Institute
(Submitted November 28, 1996; resubmitted May 17, 1997
Pis’'ma Zh. Tekh. Fiz23, 1-6 (November 26, 1997

A model is proposed to calculate the stress field at the boundary of a wedge-shaped twin which
can allow for its degree of coherence. It is shown that the stress field decreases
exponentially with increasing distance from the twinning boundary.1997 American Institute

of Physics[S1063-785(17)01811-9

When studying the interaction between dislocations and al, 93
a wedge-shaped twin, the authors of Ref. 1 represented this ayy=ﬁ( Lol o+ 52(9—+ yza—), 3
twin as infinitely thin compared with its dimensions and d“+h q q
compared with the distance between it and the dislocations. dA 4l Py
In this case, the twin was modeled as a dislocation wall. This 5 :_( Lol + 53_2 + 73_) )
model allows the stress field to be calculated fairly accu- Y d2+h? ap ap

rately at large distances from the twin. However, for calcu-
lations of the stress field in the immediate vicinity of the
twin, the dislocation wall model yields appreciable erfdrs [,=3d%+h?,  =7,=2d*(q—p),

and to avoid these, the twinning boundary must be modeled o )

as a dislocation pile-up which would take into account the Y1~ Y2=—2d°a(a—p),

charactgristics of its dislocation structure. These conditiqns Lo=0=d?—h2  £=2h%q—p), 7ys=h¥(p®+q?),
are satisfied by our proposed model whereby the twinning

boundary may be represented as a dislocation ladder, i.e., a ar d sina+h sinh B

pile-up of edge dislocations in which each dislocation is po- |1
sitioned relative to the other such that the entire combination
forms an infinite number of steps distributed along some
straight line(Fig. 1). In this case, the Burgers vectors of all I,
the dislocations are directed along tKeaxis in the same
direction. The components of the stress tensor created by this

Here, we have

- d(d?+h?) coshB—cosa

B T h sin a—d sinh 8
" h(d?+h?) coshB—cosa

) . .
dislocation pile-up in an isotropic medium are defined by the ~9'1_ _ 27N sina sinh 8
expressions: 39 d(d?+h?) (coshB—cosa)?’
R (n+a)[3d*(n+p)®+h*(n+q)?] al, d2al,
T T [dPepienintg)®P p n2aq’
—hA i (ntQld*nepy=h*n+a 5 77 sinh 8 212
Y == [dA(n+p)?+h¥(n+q)?)? E_dh(q—p)2 coshB—cosa d(d2+h2)(q—p)
odA S (n+p)[d*(n+p)*—h?(n+0)’] ><d(l—cosh,B cosa)—h sinh B sin a
X ]
g n===  [d*(n+p)*+h3(n+q)?]? (coshB—cos a)? '
wheren is the dislocation number. : 2
The following notation is introduced in formuld) ﬂ: - 7 sinh + 2
be . y ap dh(q—p)? coshB—cosa  h(d*+h?)(q—p)
A= 27(1-v)’ P=4 9k @ ><h(1+cosh/3 cosa)+d sinh B sin «
Hereb is the Burgers vectof is the shear modulug, is the (coshpB—cos a)?

Poisson ratio, and andh are the projections of the segment
connecting neighboring dislocations on tKeand Y axes,
respectively(Fig. 1). The projections of the Burgers vector d?p+h?q dh(gq—p)
are obviouslyb,=b, by=0, andb,=0. Applying the theory a=271—————, B=27— .
of Fourier serieé,the sums(1) may be reduced to the form d*+h d*+h

The following notation is introduced in these functions:

For a computer analysis of the results it is convenient to
use the ratiar;; /A, which does not have any special physical
meaning in itself, but allows the numerical value of the con-

g, 4l

To= T @2 falo+ §1E+ Y15g)"
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Y clearly shows exponentially decaying stresses with increas-
ing distance from the twinning dislocations, i.e., partial dis-
L locations forming the twinning boundary being studied. The
1 difference between the normal stressgsg and oy, can be
h explained by the fact that this twinning boundary consists of
L dislocations of the same sign, creating different stresses in
d mutually perpendicular directions. The form of the cleavage
L }o X stressegFig. 20 shows that they decrease rapidly with in-
N creasing distance from the dislocation pile-up modeling the
L twinning boundary.
4 The proposed model to calculate the stress fields at a
twinning boundary has some advantages over that considered
in Ref. 1. It can take into account the degree of coherence of
FIG. 1. View of twinning boundary. the twinning boundary, defined by the ratii., whereL is
the length of the twin an#fl is the width at its mouth. These

stantA to be neglected in the calculations, since the curved@lues are proportional @ andh:

of oj; /A andoy; as a function op andq are almost identi-

cal in form. H @
Curves ofgj; /A as a function ofp and g are shown L 2d°

schematically in Fig. 2, wheré andh are taken to be unity.

It can be seen from these curves that the stresses are highest Having determined the expansion angle of the wedge-

at the twinning boundary which lies in ttgOq plane and shaped twinn (herea=arctant/L)), we can use expression

passes through the origin at angle of 45inced andh are  (4) to find the relation between the parame@m=sndh which

equa) to the p axis. With increasing distance from the describe the relative position of the twinning dislocations,

boundary, the stress fields decay exponentially. and the experimentally observed vallileandH. This means
The configuration of the fields of normal stresses generthat formula(3) can be used to determine the stresses at the

ated along theX axis (Fig. 23 resembles that of the stress boundaries of these twins. This cannot be achieved with the

fields created around a single dislocation. This similarity wasnodel proposed in Ref. 1 because this only uses one param-

also observed in Ref. 3 but for an analysis of a dislocatioreter h, which determines the distance between the disloca-

wall. Figure 2b, which gives,, /A as a function op andqg,  tions and is unrelated to the experimentally observed values.

46./4

FIG. 2. Curves ofcj; /A as a function ofp andg: a —
o /A, b—ayy /A, and ¢ —oy /A
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Dynamic laws and superhydrodynamics
G. E. Skvortsov

St. Petersburg State University
(Submitted March 5, 1997
Pis’'ma Zh. Tekh. Fiz23, 7—11(November 26, 1997

Dynamic laws are formulated which provide the basis of the macroscopic theory of highly
nonequilibrium processes — superhydrodynamics. 1997 American Institute of Physics.
[S1063-785(17)01911-3

Qualitative laws governing the behavior of systems ex-  This generally occurs when the internal reservoir of re-
posed to strong perturbations were formulated and discussesurceA is opened as a result of the actiég, .
in Refs. 1 and 2. Active or activated systems include explosive and com-
Here an analysis is made of the main dynamic lawsbustible substances, media with a fairly high concentration of
which can be used to obtain a closed descripfiequation  electronically excited particles, the strongly overheated
of highly nonequilibrium processes: the “rate-action’ law, phase, and so on.
the balance law, the principle of abbreviated description, and It may be stated that for active systems or systems in an
also the antipode of Le Chatelier's principle for active sys-active state, the antipode of Le Chatelier’s principle holds:
tems. the reaction of the system amplifies the action exerted upon
These laws provide the basis for a macrodynamic theoryt. The system deactivates and is transferred to its preactiva-
of highly nonequilibrium processes — superhydrodynamicstion form in the presence of a limiter, or it breaks up and
This theory is designed to describe processes in a wide randmcomes a different systefaxplosion, combustion, gravita-
of systems, in nuclei and atoms containing more than a hurtional collapsé
dred nucleons and electrons, gases and condensed media, 3. The principle of abbreviated description is an impor-
and also in stellar systems. tant factor for obtaining equations for highly nonequilibrium
1. The rate-action law relates the time variation of anprocesses.
objed — a system of velocity characteristics — with an This principle follows as a necessary consequence of the

internal or external action on the system. law of “universal relation and mutual influence” and con-
An example of the application of this law may the sists of three propositions) the unbounded “expansion” of
Newton-Meshcherskiequations a system as the intensity of the process increases necessitates

a suitable abbreviation of the description; 2 system con-
) sisting of more than hundreds of particles should be consid-
dix=v, dyv= Ef(XVt)’ dim=jm(xvt). (D) ered as a suitable continuous medium having a structire; 3
the abbreviation of the description and the transition to a

The second and third equations respectively imply thafontinuous medium are accomplished most effectively by
the rate of change in velocity is equal to the actiforcey ~ Means of a projection method. In the first proposition the

with the coefficient Ih and the rate of change in mass is “expansion” of the system implies the involvement of
equal to its rate of loss or gain. deeper and deeper levels of the system structure in the pro-

All known and new equations for any physical quantitiesc€ss and also a wider and wider environment as the source of
can be obtained similarly by using suitable balance relationgction in unstable states of the system typical of highly non-
for internal actions. equilibrium processes.

2. The balance relations reflect an extremely general law 4. To demonstrate an abbreviated description, let us ob-
of balance. This law is an expression of the action of oppol@in simple variant of superhydrodynamics.
site influences of significant quantitiegorces, energies, Let us take as the initial equation the general dynamic
other resourcgsAll dynamic systems fluctuate in a balanced €quation for a quantity describing the microdynamics and
way. Stability of these systems is achieved by means of baS€lect a set of macroscopic quantiti@sof interest to us,
ance. which correspond to a subspace with the proje€totet us

Balance relations — the law of active masses — ard@ake
used to obtain chemical kinetics equations. Stability criteria
are balance relatiofsind the degree of nonequilibrium has a of=£&f, f=Pf+Qf, Q=1-P, PQ=0. ©)
balance naturé.

The balance of resoure®, generally an energy flux en- The separation of into P andQ components is completely
tering and leaving the system, determines the transition froranalogous to isolating the final sum and residue of a Fourier
a passive(absorption predominatedo an active system series, respectively.

(emission predominatgs Assuming for simplicity that the evolution operaiéiis
linear and the projectd? is steady-state, we formally obtain
AA() =A;, (1) — Agu(t)<O. (2)  aclosed equation for the quantiBf=f, (Ref. 4:
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f A= PEf p+ pg[ﬁt_g]—lfA, £=0¢. (4) By applying this m.e.thod of abbreviated description to
the Liouville equation, it is possible to demonstrate the tran-
sition from a reversible to an irreversible description. To
achieve this, it is sufficient for the Liouville operator to have
a continuous spectrum, which is physically obvious. The de-

Considering for simplicity the density f=p, we obtain
from Eq. (4) the superdiffusion equatiofin the Laplace—
Fourier representation

Zp—po=—Us-ikp+iking)ikjp, (5) fect of vanishing relaxation frequency, indicated by the
3 R o author; can then be eliminated.
K{(zkP) =(v; [z—&] ;) (6) The Fokker—Krylov problem of atomic decay, solved
i.e., the nonequilibrium diffusion tensbr. using the projection operator method, specifies an exponen-

The most general nonlinear system for obtaining supertidl dependence for moderately long times.
hydrodynamics can be found in Ref. 5. In this general case, N the problem of boundary-layer flow of a turbulent
the determining relations — expressions for the flukeén  llquid a strict expression for the turbulent viscosity was first
terms of the forceX, — are defined by the kinetic operators given to obtain equations for the averaged motion based on
Kne[)(]_ In accordance with their genera| expressiarier the Navier-Stokes equation with a random force simulating
high velocities, gradients, and forces these also possedke stochastic interaction of the vortices.
qualitative asymptotic behavior To conclude, it should be noted that the principle of
c c c abbreviated description prescribes a dependence of various
Koo~ ) w2y — (7)  characteristics, including quasiparticle ones, on the dynamic
alot’ |V[]" |F| state of the system. Characteristics such as the quasiparticle
Similar dependences with specific valuesphre also found mass, nonequilibrium transport coefficients, and the apparent
for K4 (6). mass of a body in hydrodynamics, may alter their values by
The rate asymptotic expression agrees with the phenona&n order of magnitude in the course of the process. Similar
enological relaxation theory; the gradient asymptotic formeffective characteristics should be obtained by the projection
gives the first-order theory in terms of gradients with dissi-operator method using an interpolation-asymptotic method
pation; the force asymptotic form indicates a weak depenef specification, as was done in Refs. 4 and 5.
dence of the corresponding current on the force when this is
large.
5. The general nature of the description abbreviation
procedure allows different microdynamic equations to be
used as the initial equation: the general kinetic equation for'G. E. Skvortsov, Pis'ma Zh. Tekh. Fiz7(6), 15(1990 [Sov. Tech. Phys.
structure-kinetic elementfs, the Liouville equation(Mori, Lett. 17, 1647(1990].

Zwanzig, Richardsonand also the Schdinger equation for ~ “G: E. Skvortsov, Pisma Zh. Tekh. Fi23(6), 85(1997; 23(7), 23 (1997
a molecular system 23(10), 17 (1997 [Tech. Phys. Lett23, 246 (1997; 23, (1997; 23, 383

) I . (1997)].
In this last case, a nonequilibrium variant of the Born— 3g. N. perevoznikov and G. E. Skvortsov, Zh. Tekh. F2, 2353(1982

Oppenheimer theory is obtained to abbreviate the description[Sov. Phys. Tech. Phy&7, 1451(1982].

in terms of the nuclear degrees of freedom of the molecule’ SﬁE' SJkEV?gS:VZ: 626*1(-1%;’;5;’“4 ';Z?féfg]ﬂlwa? 68, 956(1975 [Sov.

The desqnpuon abbreviation procedure, as applied to ageﬁ' Skvortsov, Vestn. Lenin. Gos. Univ. No. 13, 2079,

nucleus, is a very useful superhydrodynamic model of thes; gee 3. phys. &4, 2121(1991.

nucleus. G. E. Skvortsov, Zh. Tekh. Fi59(3), 62 (1989 [Sov. Phys. Tech. Fiz.
By applying the projection operator method to the cor- 34 289(1989].

responding problem in quantum field theory, it was possible’E: N- Perevoznikov and G. E. Skvortsov, Zh. Tekh. ix9), 1 (1993

to calculate the Lamb shift naturally without an artificial [Sov. Phys. Tech. Phy86, 967 (199D

renormalization procedufe. Translated by R. M. Durham
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“Semiconductor—metal” conductivity phase transition temperature in chalcogenide
glassy semiconductors and overheating effect

E. A. Lebedev and K. D. Tséndin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 12, 1997
Pis'ma Zh. Tekh. Fiz23, 12—-17(November 26, 1997

It is shown that thin films of chalcogenide glassy semiconductors may repeatedly withstand short-
term heating to temperatures substantially in excess of the “semiconductor—metal”

transition temperature and the melting poliy without being damaged. ©@997 American

Institute of Physicg.S1063-785(017)02011-9

It is known that in chalcogenide glassy semiconductorshalcogenide glassy semiconductors witB~0.45 eV and
exposed to a strong electric field-(0° V/cm), a reversible  thicknessL =0.15-0.3um, prepared by vacuum deposition
phase transition takes place from semiconducting conductiven a glass substrate. When films having this composition are
ity o=o.exp(—AE/KT) to temperature-independent metal heated, a “glass—crystal” structural phase transition is ob-
conductivity! 3 The reversibility of the phase transition im- served at the crystallization temperatiie=500 K (Ref. 6.
plies that after the electric field has been removed, thdhe melting point for this compound 1&,,~ 650 K (Ref. 7).
sample returns to its initial semiconducting state. The numThe samples were exposediie- 0.514 um optical radiation
ber of cycles of transitions from the semiconducting to thepulses from an argon laser, of length in the range
metal state and back can cover many orders of magnitudép.2x 10 °~1) s, focused into a spot having the area
and is called the degree of reversibility. S~20 um?. The results of the irradiation were monitored

In the literature there is no common viewpoint on thefrom the change in the transmission of an optical probe beam
nature of this phase transition. Its most important charactertA =0.63 um) focused at the irradiation point, and by an
istic — the transition temperature — has been the subject cfidditional examination under a transmission microscope.
particular controversy* As a result of filamentation of the The films initially underwent thermal annealing-a640
current in a strong field, the volume of the metal phase i, causing crystallization, which was determined from an
usually a few cubic micron. It is extremely difficult to make approximately tenfold decrease in the transmission of the
direct measurements of the temperature in such a small voprobe light. Crystallization could also be initiated by illumi-
ume and it is therefore estimated from indirect measurenating as-grown amorphous film with an argon laser. In
ments. Fig. 1, the “a” marker indicates the pulse power and length

In Refs. 1 and 2 the phase transition temperafiygevas W, = 5-6 mW and7=50 us at which crystallization is
obtained as~500-600 K, which was appreciably higher initiated (the transmission is reduced by30%). For the
than the temperature of the surrounding medilys-300 K thermally crystallized films we determined the minimum
but much lower than the value df, measured directly in pulse poweM; needed for hole burning as a function of
solid samples exposed to a field, which wad000 K (Ref.  (curve 1). Also plotted is the pulse powewW, which
5). Thus, it was noted in Refs. 2 and 4 that equally importanbleached the film twice as a result of partial amorphization,
factors for a phase transition in a strong field are the Joul@s a function ofr (curve 2). For films with L<1 um the
heating by the current and the change in the electronic prog¥ansition takes place in the electric field inf0s or less.
erties of chalcogenide glassy semiconductors in a stronghus, attention will mainly be focused on this time interval.
field, which reducél, from 1000 K to 500-600 K. Accord- We show that the strong dependenceVef on 7 for short
ing to a different viewpoint, the conductivity phase transitiontimes indicates that the transient heating temperaiyres
in a field takes place without any heating, i®,=T, and is considerably higher tham,, (overheating effe¢gtand thatT;
only caused by changes in the electronic microscopic propincreases with decreasing time for points lying within region
erties of the medium in a strong electric fiéld. A in the figure. Each point in this region corresponds to

One of the most powerful arguments in support of thepower levels which bleach the crystallized films more than
To=To theory is the high reversibility of the phase transi- twice (W(7)>W,(7)) but do not burn through them
tion, since it is assumed that a repeated transition from sem(\W(7)<W;(7)). For many points in regionA the
conductor to metal and back without any change in the prop-darkening-bleaching” cycle was observed repeatedly.
erties of the material can only take place in the absence of We first consider how the power should depend on time
any appreciable heating. Here we show that under short-teriifithe samples were always heated to the same constant tem-
action small volumes of chalcogenide glassy semiconductorgerature which does not depend arThe thermal relaxation
may be repeatedly heated to temperatures considerably time 7, for a film of thickness.~0.3 um is ~0.3 us (Ref.
excess ofl,, without being damaged. It is thus demonstrated2). For 7< 7, heating of the volumé& S may be considered to
that high reversibility does not imply the absence of anybe adiabatic
appreciable heating during a conductivity phase transition in _

a strong field. ° ° yP W:=pCLST=To), @

For the investigations we used films of gl&s,Ges;  wherep is the density and is the specific heat. I does not

863 Tech. Phys. Lett. 23 (11), November 1997 1063-7850/97/110863-02$10.00 © 1997 American Institute of Physics 863



2
3
g
© FIG. 1. Pulse power versus pulse length. For expla-
= nation see text.
2
2 of LS
Ok
[ §
! g 1 2 3 tan (2, us)

depend onr, it then follows thatW~1/r. For =7, the that the heating corresponding\, is AT;,~350 K. Then,
heated volume includes part of the substrate so that the chairom the equality ofW,/W, and AT;,/AT;,, we find that
acteristic size of this volume is= (D 7)2, whereD=k/pc AT;, is ~2250 K. Thus, we found that whereas for large
andk is the thermal conductivity. Assuming that the thermalthe temperature¥,; and T, were similar and were close to
constants of the substrate and the film are similar, and sub,,, for small 7 the temperaturd,; is considerably higher
stituting| instead ofL in formula (1), we obtainW~1/7*2,  than T,, reaching at least 2250 K at the end of the time
As 7 increases further, equilibrium is established and interval. Thus, in the entire rang#;>W>W, correspond-
ceases to depend on time. This lack of dependend®,of ing to regionA in Fig. 1, the films withstand repeated heat-
on 7 is observed forr>10"°s, where the difference be- ing to temperatures appreciably higher than the melting point
tweenW,; andW, is only 10—20% so that they are difficult without being damaged.

to distinguish. ThusW,(7) is shown schematically for these Thus, these results indicate that a reversible
times by the dashed line. We now estimate the steady-staemiconductor—metal phase transition may take place repeat-
heating temperaturd in this region. The poweW, at edly in a strong field at temperatures of 500—-600 K deter-
which crystallization is initiated is-7 times lower thanwV;. mined in Refs. 1 and 2 since films of chalcogenide glassy
From this we obtain W,/W,=AT¢/AT,,=7, where semiconductors can withstand much greater heating without
ATs15a= Ta1sa— To- Under thermal annealing, crystalliza- being damaged.

tion is initiated after heating bAT=50 K (Ref. §. After These results are also of practical importance since they
identifying this heating witlA T, we find thatAT,;=350 K,  show that the known advantages of optical and electrical
i.e., T, =650 K. We obtain an upper estimate by equatingrecording and rerecording of information using short pulses
W, and the powel, (denoted by “b") required to darken are possibly related to the existence of a wide power range
the fresh film~2.4 times. This darkening was achieved in for short times(region A) whereas this range is appreciably
thermal annealing as a result of heating$220 K (Ref. 8. narrower for long times.

Since W, /W,~2, it then follows thatAT,;=440K, i.e., The authors would like to thank V. I. Kochenev for as-
T4 =740 K. Thus, forr>10 us, T4 lies in the range 650— sistance with the measurements, M. A. Tagirdzhanov for
740 K, whose lower limit coincides witfi,,,. This estimate useful discussions, and the Russian Fund for Fundamental
is supported by the fact that in this range of times, the poweResearch for financial assistan@rant No. 97-02-18079

W, causing bleaching, which is associated with melting fol-

lowed by partial amorphization, is only 10—-20% lower than

Wl' 1p. J. Walsh, R. Vogel, and E. J. Evans, Phys. R&8 1274(1969.
Completely different behavior is observed fox 10 us, 2B, T. Kolomiets, E A Lebedev, and K. D. Tswlin, Fiz. Tekh. Polupro-
whereW, increases substantially and there is a large differ-_vodn. 15 304 (198D [Sov. Phys. Semicond5, 175(1981)].

ence betweehV, andW,. We first consider the dependence A. Meden and M. Shol?hysms and Applications of Amorphous Semicon-
ductors[Russ. transl., Mir, Moscow, 1991

of W,. For times~3—q-3M§ this dependence accurately <g A |ebedev, and K. D. Tsalin, Electronic Effects in Chalcogenide
obeys the law~ 1/72 which is shown by curve’ for clar- Glassy Semiconductqredited by K. D. Tsedin [in Russiad, Nauka,
ity. At times shorter than-0.3 us a hint of a transition to 531 LPeth]rsburgﬁw(?(z- C. Male, 3 Nor-Cryst. Solel0, 522(1972

" H . L. omas an . C. Male, on-Cryst. So A .
the dependence-1/7 (CUI’VQ 2) is O,bserved' Thus’ for SA. L. Glazov, S. B. Gurevich, N. N. Il'yashenket al, Pis'ma Zh. Ksp.
7<3 us theW, dependence is determined by heating to con- teor. Fiz.12, 138(1986 [sic].
stant temperature. The fact that, is much higher thaw, "H. Fritzsche and S. R. Ovshinsky, J. Non-Cryst. Softd448 (1970.
for these times indicates that the temperature correspondlng‘\l'_- K. K'Selg’;vl\ééé E%Chegovv ;’r‘]d Eé- I!aeg‘:d;‘év EZ?’-STS;"- Tela
to the powerW; increases substantially with decreasing \-cnn9rad 30, 1965(1988 [Sov. Phys. Solid Stat80, 1135(1988]

time. We estimate this temperature for0.4 us assuming Translated by R. M. Durham
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Oscillatory instability of a highly charged droplet
D. F. Belonozhko

Yaroslaval State University
(Submitted June 10, 1997
Pis’'ma Zh. Tekh. Fiz23, 18—23(November 26, 1997

A dispersion equation is obtained for the capillary oscillations of a charged viscous droplet of
electrically conducting liquid in a conducting medium allowing for the charge relaxation

effect and it is shown that this droplet may undergo oscillatory instability.1997 American
Institute of Physicg.S1063-785(107)02111-3

Studies of the laws governing the buildup of instability 1 ou gl 1

of highly charged droplets are of interest for numerous ap- I+ P(l)V(l)L sind o + (9;0 - F”(sol)

plications in physics, geophysics, and technolbdyThe ¢

aperiodically occurring Rayleigh instability of a droplet rela-

tive to its own charge is well known and has been studied in :H2¢+P(2)V(2)

detail1? The oscillatory instability of a highly charged drop-

let has been little studied although indirect experimental evi- gu®

dence of its possible existence has been repdited. —pW+2pM M (9;
We shall consider a system consisting of two immiscible

incompressible liquids having the densitjgd) andp® and 2

the kinematic viscosities™) and v(?). In the absence of +2p@p2

gravitational forces, the internal liquid, identified by the su- o

perscript(1), has the form of a spherical droplet of radis

as a result of the action of surface tension forces whose co- J £(0,0,1)dQ=0, f £(6,0,t)e,dQ2=0.

efficient is denoted byy. At the interface between the two @ @

liquids there is a charg® which is kept constant by means Here¢, u, andp denote perturbations of the interface profile,
of a current flowing between a point electrode at the centef,e velocity field, and the pressure field, respectively, ppd

of the droplet and a concentric spherical electrode located if the perturbation of the pressure of the surface tension
the external medium at a very large distance from the intery ces®

face. The influence of the electrodes on the flow of the media

will be neglected in these model calculations. We assume Y

that the liquid in the droplet has the conductivity and py(§)=—§(2+An)§,

permittivity £,, and the medium is conducting with the char-

acteristicso, ande,. We shall seek the dispersion equation p. is the perturbation of the electric field presséecaused

for the capillary motion in the system using a method de-py the interface perturbatiof (Ref. 7), I1;, andIl;,, are the

scribed in Ref. 5. electrical components of the tangential component of the
The system of hydrodynamic equations describing thestress tensor caused by the currents of charge undergoing

liquid motion inside the droplet and in the surrounding me-redistribution as a result of the deformation of the droplet

dium, linearized near the equilibrium spherical state, has theyrface

@ y@
Lo g 1

. +
r sind do ar r ¢

’

+p,—pe=—p"?

form:
1 E,
PE:E[SlEgn_SZEin]—’—(82_81)8_7:1
auld) 1 . . : .
——=——VpW+DAud,  divul=0, j=1;2, g o
ot p(l) HjT_EEanjT’ j—1,2.
Ej, andE;j,, j=1; 2 are the normal and tangential compo-
Y nents of the electric field strength vector, =¢,, ande,
=R uf’=u?, uP=u?, u§1>:u§2>:ﬁ, are the unit vectors of the normal and two tangents to the

surface of the droplet.
The required dispersion equation is obtained in the form
10uP aulP 1

- e

N deta;=0, 1=i,j<5, (1)
r 9o o r ¢

,,+p LD

an=1, a;p=-1, a;=fF(x)+(m+1),

10u® oul? 1
(2)

- +——="u
r 9o ar r?

- (2),,(2)
—H29+p 14 ) a14:f§§)(x2)+m, a15:0,
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FIG. 1. Dependences of the real Re= ReS(o,) and imaginary In =

Im S(o,) parts of the complex frequency on the conductivity of the external
mediuma, for o;=10%, m=2, v;=v,=0.002,p;=1, p,=10"3, £,=50,
£,=5,b=10"2 Ds=10"5, andW=22.

gz=[((M+2)N1+MAy)o—Ny04]
+[((M=1)N = mMAp)op+ N0 JRE™Y,
hy=hy(1=RE™ )+ aady(e),
73=0z+m(m+1)Ds hs,
gs=ep01{(M+1)nz—(M—-1)o,
X[ds(u)) +m(m+1)Qb(1—RF™ )T}
+e10{[m+(m+ DHRE™ V] g+ 20,0, ()

—oom(m+21)Qb[(Mm—2)+(m+ 3)R82m+1)]},

gsE[(rTH- 1)820'1+ malg-l] —(m+ 1)92R£)2m+l) ’

\F
I
im(X) andk(x) are modified Bessel functions of the first
and third kinds, respectively.

The results of the numerical calculations using ED.
are plotted in Fig. 1 as dependences of the real and imagi-
nary parts of the complex frequency on the conductivity of
the external mediurar,. It is easy to see that for a Rayleigh-
supercritical droplet charge, there is a regiorvgfvalues in
which oscillatory instability exists.

To conclude, a highly charged droplet of electrically
conducting liquid in a conducting medium may undergo os-
cillatory instability caused by a phase advaras a result of
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redistribution of the charge in the presence of capillary 0s-5S. O. Shiryaeva, A. H.azaryantset al, Method of Scalarizing Vector
Ci”ations) of the electric field pressure Compared with the Boundary-Value ProblemsPreprint No. 27[in Russian, Institute of
capillary waves Mathematics, Russian Academy of Sciences, YarogE94).
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Traveling vortex breakdown
S. V. Alekseenko and S. I. Shtork

Institute of Heat Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
(Submitted June 3, 1997
Pis’'ma Zh. Tekh. Fiz23, 24—28(November 26, 1997

A new type of propagating perturbations on a vortex filament — traveling vortex breakdown —
has been observed experimentally. A method of controlled external action on a vortex flow

with known parameters is used. Data are obtained on the absolute propagation velocity of the
perturbations as a function of the conditions in the vortex chamber, which determine the

vortex characteristics. €997 American Institute of Physid$$1063-785(17)02211-§

Vortex breakdown plays a fundamental role in the dy-with breakdown in a weakly expanding tube which allows
namics of extended vortices. Extended vortices are observatie experimental conditions to be strictly monitored. Vortex
at the microscale levéVortex filaments in superfluid helium, breakdown leads to a fundamental rearrangement of the flow
vortex structure elements in turbulep@nd at the macros- structure and the onset of turbulence. In particular, the for-
cale level(twisted flow in a vortex chamber, sandstorms andmation and breakdown of vortex structures is found in vari-
tornado$. The most dramatic stage in the evolution of vor- ous scenarios for the evolution of turbulence in detached and
tices is their sudden collapse — known as vortex breakdowrboundary-layer flow8.Vortex breakdown and its unpredict-

A fairly comprehensive bibliography on this problem is now ability is one of the main factors lowering the efficiency and
available(see the review presented in Ref. Yortex break- therefore holding back the development of vortex
down was first observed in flow around a delta wing at atechnologies.

large angle of attack. However, most studies are concerned A fairly large number of theoretical models have been

128 mm

FIG. 1. Photo sequence showing forced traveling vor-
a b tex breakdown. The time interval between frames is 80
ms. The vortex flow moves upward. The vortex core
was perturbed at a distance of 50 mm from the upper
edge of the frameQ=1.3 I/s,S=3.5.
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V=A[1—exp—Br?)]/r,
W=W, +W,exp(— Br?),

whereA, B, Wy, andW, are empirical coefficients, ardis
the radial distance from the vortex axis.

The characteristic diameter of the vortices at which per-
turbations were initiated did not exceed 4 mm and their char-
acteristic length was greater than 400 mm. Since the trans-
verse width of the chamber is 188 mm, it follows that the
vortex in the chamber may be interpreted as an isolated vor-
tex filament. The vorticity and axial motion are concentrated
in the thin core of this filament, i.e., the axial and tangential
0.0 y 1 T velocities are considerably higher than the velocities in the

0.8 16 24 surrounding medium.

' ' ' A flow perturbation was created at a distance of 80 mm
Q, /s ; : :
from the exit aperture of the diaphragm by pagsn6 mm
FIG. 2. Absolute propagation velocity of traveling breakdown as a functionyigmeter rod through the vortex core. This method can influ-
of conditions in vortex chamber. . . L .
ence the vortex filament without significantly perturbing the
average flow. As a result, a breakdown region was formed,

proposed for vortex breakdowrHowever, there are no ad- which propagated upstream, forming an almost cylindrical
equate theories which can sufficiently accurately predict th&vake, and the surrounding liquid remained unperturbed up to
instant, position, and type of vortex breakdown. Some of thdhe breakdown point. The flow was visualized by using small
promising approaches must include the wave thedridsis air bubbles. As a result of the sharp pressure drop on the axis
hypothesized that flow instability or an external influence©f the concentrated vortex, the bubbles collect on the axis,
may produce such an intense solitary waggich as a forming an air filament which effectively visualizes the vor-
Korteweg-de-Vries solitorthat return motion occurs locally, €X axis. The characteristic diameter of the breakdown region
leading to breakdown or rearrangement of the flow. How-Was of the order of 10 mm. The visual observations were
ever, these theories are extremely difficult to check becausgccompanied by video recordirgig. 1). The video images
most of the experiments described in the literature have ¥ere decoded and processed on a personal computer.
spatially fixed breakdown position. Here, we describe the —EXperimental dependences of the breakdown velocity on
first experimental observations of traveling vortex break-the twist paramete$ and the Reynolds numbéor flow rate
down generated under controlled conditions. These resulf@) of the vortex flow(Fig. 2) were obtained by analyzing the
shed light on new properties of the breakdown phenomenoMideo recording of the traveling breakdown. The twist pa-
and may be used as the basis to develop a wave approat#meter was determined &=(md)/(nf), where m=188
since this offers the possibility of studying the entire break-Mm is the transverse width of the chambeis the diameter
down formation process in space and time. The most imporof @n arbitrary circle along the tangent to which the axes of
tant factor is that the breakdown effect can be controlled byhe vortex-generating nozzles are directed,12 is the num-
altering the conditions used to generate the initial perturbaber of nozzles, and=14x23 mnf is the area of a single
tions and the parameters of the vortex filament in the vortext0zzle. It can be seen from the graph that the perturbation
chamber. velocity increases as the twist and the flow rate increase.
The experiments were carried out using a hydraulic vor- Investigations of the local structure of the traveling
tex chamber having a 188188 mm square cross section and breakdown are required to identify the mechanisms respon-
a height up to 630 mnisee Ref. B It was shown in experi- sible for these effects and compare them with wave theories
ments with cylindrical inserts, that the shape of the cros®f breakdown. Such investigations constitute a separate and
section did not play a fundamental role when studying vortexfairly complex hydrodynamic problem because of their
filaments. Twelve rotatable rectangular nozzles whose axd§ree-dimensional nature and transient conditions.
were directed along the tangent to a certain circle were used This work was supported by the Russian Fund for Fun-
to supply liquid and produce twisted flow. The characteris-damental ReseardiGrant No. 96-01-01667
tics of the vortex motiorithe circulation, the velocity along
the_ axis _of the yortex, and _the vortex _diaméa_teould be IM. P. Esculier, Prog. Aerospace S25, 189 (1988,
varied fairly easily by changing the design twist parameterzyy n. Grigorev, Russ. J. Eng. Thermophyk?2), 197 (1994.
(the angle of rotation of the nozz)eshe flow rateQ, and the  3s. v. Alekseenko and V. L. Okulov, Teplofiz. AeromekB(2), 101,
diameter of the exit aperture in the diaphragm. The param—4;99D@-RemOIaII and S, Leibovich. 3. Fluid. Me®8, 495 (1973
eters of the vortex core were determined by measuring the \; yjerseenko and s. 1. Shtork, Russ. J. Eng. Thermopys, 231
velocity profiles near the vortex axis along particle tracks (199,
and by measuring the static pressure at the end wall. ThéA. K. Garg and S. Leibovich, Phys. Flui@2, 2053(1979.
experimental points lie on empirical curves which accurately 'S V- Alekseenko and S. I. Shtork, Pis'ma Ztksp. Teor. Fiz59, 746
describe the profiles of the tangentidland axialW compo- (1994 [JETP Lett.59, 775(1994).
nents of the velocity in canonical vortex systefrs: Translated by R. M. Durham
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Scenario for the establishment of an electron beam “squeezed state” in a magnetically
insulated vircator

A. E. Dubinov

Russian Federal Nuclear Center — All-Russian Scientific Research Institute of Experimental Physics,
Sarov (Arzamas-16)

(Submitted July 29, 1996

Pis’'ma Zh. Tekh. Fiz23, 29—-33(November 26, 1997

A 2.5-dimensional particle-in-cell code was used to simulate different scenarios for the
establishment of an electron beam “squeezed state” in a magnetically insulated vircator. Vircators
with and without anode foils were compared. It was found that the squeezed state is

established in both cases but the dynamics of establishment diffed99F American Institute

of Physics[S1063-785(17)02311-3

Generators of microwave radiation with a virtual cath-in Ref. 4, and particularly to determine whether the same or
ode (vircatorg are attracting increasing attention amongdifferent scenario for the establishment of the squeezed state
researcher§? Among these devices, particular mention may be achieved under different conditions at the step.
should be made of vircators with magnetically insulated di-  For this purpose we used tlR@RAT computer modeling
odes in which a virtual cathode is formed in a drift tube of packag which uses a 2.5 dimensional particle-in-o@lC)
diameter much greater than the anode diantetdsually  code and was kindly supplied by V. P. Tarakanov.
these systems do not have a transverse anode foil so that they The region modeled and the required dimensions are
can be called foilless vircators. shown in Fig. 1.

The dynamics of the formation of a virtual cathode ina It was assumed that a uniform longitudinal magnetic
foilless magnetically insulated vircator was simulated in Reffield of 50 kG was applied to the entire system and a 500 kV
4. It was shown that a so-called “squeezed state,” characvoltage pulse was applied to the diode gap. Two versions,
terized by a low velocity and high electron density, is estabwith and without a foil positioned at the diameter step, were
lished in the beam, and the front of this squeezed state movesmpared.
together with the virtual cathode in the direction opposite to It was found that in both cases, the amplitude of the
injection and stops near the cathode in the anode tube. cathode current was approximately 17 kA and a squeezed

In order to explain this phenomenon, the authors ofstate was formed.

Ref. 4 analyzed a model based on the balance of the pressure The evolution of the squeezed state can be conveniently
forces in the cross sections on different sides of the step — studied using instantaneous phase portraits of the beams in
transient anode tube in the drift tube. the coordinatesy(,; z). Phase portraits at various timék

However, this model disregards the conditions at the2, and 3 ngare given in Fig. 2a for a vircator with a foil and
step itself, where a thin electron-transparent foil or, say, an Fig. 2b for a foilless vircator. An analysis reveals that in
thin plasma layer, may or may not exist. It is natural tothe vircator with the anode foil, the squeezed-state region of
expect that different conditions at the step may lead to difthe beam develops more slowly than in the foilless vircator,
ferent scenarios for the formation of the virtual cathéslg-  leaving behind a “phase bubble” in the foil region. The
nificant differences in the electron dynamics with and with-existence of this bubble can be explained by the fact that the
out an anode foil have been observed in an ordinary vircatompotential near the step is forced to remain equal to the anode
see Ref. b potential.

In this context, our aim here is to continue the study of  The nature of the virtual cathode motion and also the
the squeezed state in a magnetically insulated vircator startadotion of the front of the squeezed state were determined.

. 70 e 100 >
| o
b1 FIG. 1. Schematic of modeled regidall dimensions
b are in millimeter, not to scaje
~»
L 3
48 | o54 2108
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The laws governing their motion for both cases, calculated
"k with a time step of 250 ps, are plotted in Fig. 3. The opposite
curvature of these graphs indicates that the pressure forces at
the front of the squeezed state differ in the two cdffasis
K meaningful to talk of a force acting on phase formations,
1 such as the virtual cathode and the front of the squeezed
0 state.
To conclude, the squeezed state in a magnetically insu-
lated electron beam is established regardless of the condi-
18 tions at the step but these conditions strongly influence its
£ establishment scenario.
N 2 The author would like to thank V. P. Tarakanov for con-
T sultations on the use of theaRAT code.
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Inverted domains in lithium niobate
A. V. Golenishchev-Kutuzov and R. I. Kalimullin

Moscow Power Institute (Kazan Branch)
(Submitted May 6, 1997
Pis’'ma Zh. Tekh. Fiz23, 34—38(November 26, 1997

The formation of a periodic structure of inverted domains under the simultaneous action of
uniform laser irradiation and a standing surface acoustic wave has been investigated. Mechanisms
for the formation of an acoustically induced domain structure are discussed99@

American Institute of Physic§S1063-785(17)02411-7

The possible formation of periodic structures with a vari- It is fairly difficult to identify domains with inverted
able gradient or, especially, with a variable-direction electricpolarization. The etching method normally used for these
field in ferroelectrics has long formed the subject of experi-purposes partially destroys the surface layer, as well as pre-
mental investigations and theoretical modefscomparison  senting experimental difficulties. In Ref. 4 we only reliably
between the various models suggests that domains are criglentified spatial modulation of the refractive indednj by
ated as a result of the formation of layers of impurity ions ofa piezoelectric field of surface acoustic waves. In our view,
different valence and therefore of different electric chargemore convincing evidence of polarization reversal was ob-
These layers of ions form electric fields whose directions ar¢ained in subsequent experiments which are considered in the
inverted relative to each other. present paper.

In order to check out this hypothesis, we investigated the It is knowr? that for neighboring 180° domains only odd
formation of inverted domain structures in the piezoelectrictensors describing some physical properties, such as the pi-
layer by a standing acoustic wave. Since the redistribution oézoelectric @;;) and electrooptic Ifj;) tensors, will have
electrons by fields of standing surfdcand bulk acoustic different signs. Thus, when an electric field is applied to the
waves has already been observed in lithium niobate and therystal, the birefringence tensor will be quasiperiodically
photo-induced electric field gradients are known, these crysmodulated as a result of the electrooptic effect, which is
tals were selected for our investigations. Samples of lithiunequivalent to a periodic change in the sign of the refractive
niobate single crystals cut in the form wfcut wafers, mea- index. This principle is used as the basis for an interferomet-
suring 1X 15X 25 nm (XY 2) and containing between 16  ric method of identifying antiparallel domains, which was
and 102 at.% iron ions, were annealed in helium at 600° Csuccessfully used for lithium niobate in Refs. 6 and 7.
for 1.5 h. It was observed using ESR, acoustic ESR, and We used a similar method to determine the direction of
optical spectroscopy, that up to 30% of the iron ions hadhe domains. A sample on whose surface an inverted domain
been transferred to the divalent state after annealing. Standtructure had previously been formed was placed in one
ing surface acoustic waves were excited in the 30—35 MHbranch of a Mach—Zehnder interferometErg. 1). An elec-
frequency range along thé axis of the sample using two tric field E was applied parallel to th& axis using electrodes
deposited interdigital transducers. TH& surface was irra- deposited on th&XZ surface near the domain boundaries. In
diated by 0.53um and 0.63um laser beams, expanded by a this experimental geometry the change in phase for an opti-
collimator, at intensities between 50 and 500 oM 2. cal beam passing through the sample alongXhaxis as a
The simultaneous acoustic and optical action on the samplinction of E has the form
was varied between a few seconds and 30 min with the

samples thermostatically controlled in the temperature range 7T|-VZ n3(E~ P)
20-160°C. P77 Nd BeEP[
1 4
e e
—
—— FIG. 1. Schematic of apparatus:— screen,2, 5 — lenses,
—— 3 — beam splitters4 — mirrors, 6 — measuring laser{ —

jrpmpsyn g inverted domain structure, ar®l— static electric field source.
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where P is the polarization vectorl. is the optical path usual optically induced photorefractive structure is erased at
length, andV is the voltage applied to the sample across theemperatures above 180-200°C.

gapd. When the fielcE is parallel to the polarizatiof, the The mechanism for the formation of inverted domains
change in phase will decrease with increasing fieland the  can be understood on the basis of the concept of lithium
interference rings will expand. Whda andP are antiparal- niobate as a “frozen” ferroelectric. It follows from Ref. 8
lel, the phasep will increase and the rings will shift with that the applied electric fieldEs required for polarization
increasing fielcE. reversal depends strongly on temperature. We established

This structural change in the behavior of the interferencehat at 140°C the fiel&E, is 2x 10° V-mm™ L. The compa-
rings was observed by scanning along ¥ surface in the rability between these fields and also the fact that the domain
region of formation of the domain structure using a focusedsizes are multiples of the standing wavelength confirm the
(¢~20 um) low-power helium-neon laser beam. Expansionhypothesis that the piezoelectric field is responsible for the
and shrinkage of the interference rings as the beam movefrmation of inverse domains.
from one domain to another in fields corresponding to rota-  This mechanism evidently also predominates in the for-
tion of the phase between 0 and 180° was only observethation of inverse domains by other methods, such as the
experimentally in the temperature range 120-160° C aneélectric fields induced by a graded distribution of dopants or
when the relative amplitude of the acoustic deformation ofa graded distribution of defect centers.
the surface acoustic waves was less than*1(Fig. 2). At The electric fields in the domains measured after cooling
T<120°C the phase change in the electric field had the samare consistent with the electric charges produced by capture
sign over the entire scanning cross section. Thus, our intelef photoexcited electrons by the corresponding centers. The
ferometric results are completely consistent with the datantradomain fields are proportional to the time and intensity
presented in Ref. 4. of the optical irradiation.

A second set of evidence to support the formation of an ~ This work was supported financially by the Russian
inverted domain structure in an acoustic field is provided byFund for Fundamental Research, Grant No. 96-02-18229.
the observation of reflection of surface acoustic waves from
domains. We investigated the propagation of surface acoustwm. E. Lines and A. M. GlassPrinciples and Applications of Ferroelec-
tic waves excited and detected by wide-band transducers. |ttri?; il;dg]]Related Material¢Clarendon Press, Oxford, 1977; Mir, Mos-

was established that the induced structure possesses resonaﬁl Berg, B. Undelson, and J. Lee, Appl. Phys. L8, 555 (1977

properties in the frequency range 62—-67 MHz, which corre-syy v, viadimirtsev and A. V. Golenishchev-Kutuzov, Pis'ma zh. Tekh.
sponds to the period of the induced structure. In subsequentFiz. 9, 809 (1983 [sic.]. ]
experiments the generation of surface acoustic waves wa&O. V. Bystrov and A. V. Golenishchev-Kutuzov, Pis'ma Ztksp. Teor.
observed using an alternating electric field applied to thes/'z"z;(gﬁvllésu(;r?t%?q[é'f;zg‘rﬁgj&}|33’5&]5333](‘”‘(’ 1675, pp. 335338,
deposited electrodes. 6Q. Chen and D. Stancil, Appl. Op3, 7496(1994.

Finally, further evidence of this structure is provided by Y. Zhu and N. Ming, J. Phys. Condens. Matdy.8073(1992.
the “indelibility” of the inverted structure when heated to °V- Kovalevitch, L. Shuvalov, and T. Volk, Phys. Status Solid, 249
500°C. A high heating temperature was not used because afto78
T>500°C the optical quality of the surface deteriorates. Thefranslated by R. M. Durham
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Optical properties of layers of ultradisperse diamond obtained from an aqueous
suspension

A. E. Aleksenskil, V. Yu. Osipov, N. A. Kryukov, V. K. Adamchuk, M. I. Abaev,
S. P. Vul', and A. Ya. Vul’

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 29, 1997
Pis’'ma Zh. Tekh. Fiz23, 39—44(November 26, 1997

The possibility of obtaining thir{1500—3000 A layers of ultradisperse diamond from an

agueous suspension is reported and the first results of studies of its optical properties are presented.
It is deduced from an analysis of the optical absorption spectra of layers of ultradisperse

diamond that the band gap of ultradisperse diamond is 2.06 eV. The luminescence spectra of
ultradisperse diamond reveal a characteristic line with a peak at 363.7 nm.99®

American Institute of Physic§S1063-785(17)02511-]

Recently, considerable success has been achieved in thialue agrees with the data given in Ref. 5 according to which
preparation of diamond films by chemical deposition fromthe sizes of ultradisperse diamond aggregates in an aqueous
the vapor phast.However, the problem of obtaining dia- medium are in the range 200—600 A.
mond films on substrates made of materials whose coeffi- Layers of ultradisperse diamond were prepared by depo-
cient of thermal expansion differs substantially from that ofsition of ultradisperse diamond particles from an aqueous
diamond or which do not possess chemical affinity with carsuspension onto a fused quartz substrate by evaporating off
bon, has yet to be resolved. the water. The layers had a specular surface, the layer thick-

One method of solving this problem is to incorporate nesses, determined by an ellipsometric method a632.8
carbon nucleation centers in the vapor phase during them, were between 1400 and 3500 A, and the refractive index
growth process in the form of fullerenes for exampler,to  (N=n—ik) varied betweerN=1.40-0.08 andN=1.55—
coat the substrate with a preliminary layer containing carbor®.02. The difference between the real part of the refractive
crystallization centers. In Ref. 3 this layer was depositedndex of the layers and the corresponding value for natural
from a colloidal solution of diamond particles in acetonediamond 6=2.5) may be attributed to the presence of pores
with an average size of around 250 nm. in the layers and to the “friable” structure of the ultradis-

Here we report a possible method of preparing similaperse diamond aggregates.
layers from an aqueous suspension of ultradisperse diamond Figure 1 shows the spectral dependea¢g) of the op-
powder and we present the first results of a study of theitical absorption coefficient of ultradisperse diamond for lay-
optical properties. ers of varying thickness. It can be seen that the absolute

The initial product used to prepare the suspension ofalues of the absorption coefficient lie in the range
ultradisperse diamond was detonation carbon, prepared KBx 10%)—-10 cm™?, i.e., they are several orders of magni-
commercial detonation synthesis from a 60/40 mixture oftude higher than the absorption coefficients of natural dia-
trinitrotoluene and hexogen. The ultradisperse diamond wamond single crystals in the same spectral réhgmwever,
separated by oxidation of the nondiamond component of théoth the nature of the spectral curve and the absolute value
detonation carbon using aqueous nitric acid at elevated tenof the absorption coefficien(\) of the ultradisperse dia-
perature in a continuous-flow system. The mass obtained afnond layers are almost the same as those observed for amor-
ter this purification process comprised a suspension of ulphous diamond-like film/< (Fig. 1).
tradisperse diamond in 30—40% aqueous nitric acid with a  An attempt to determine the band gap in ultradisperse
diamond concentration of around 3 wt.%. The time taken fordiamond by using the Tauc criteriotplotting the curve
this suspension to settle out was around 24 h, when a bound«{hv) in terms of the coordinatesa( hv)Y?=f(hv)) by
ary could be distinguished between the clear and settled layanalogy with amorphous materials did not yield positive re-
ers. Further preparation of the suspension involved repeateslilts since the absorption spectrum could not be fitted to a
dilution with distilled water, mixing, and removing the straight line(see inset to Fig. )L However, this is not sur-
settled layer. As a result, a suspension of ultradisperse digrising and is sometimes observed in amorphous materials.
mond in water was obtained, with a concentration of 0.04In these cases, the energy for which the absorption coeffi-
wt.% and a settling time of at least 20 days. cient of the material is Tocm™? is frequently taken as the

It is known that, like other ultradisperse materials, clus-optical band gap.By this criterion the band gap of ultradis-
ters of ultradisperse diamond combine to form aggregates. Iperse diamond is 2.06 eV.
the ultradisperse diamond used to prepare the suspension, the Note that the band gap of single-crystal natural diamond
size of the ultradisperse diamond clusters was around 45 £ Ey=5.5 eV and thus the optical absorption edge is near
(Ref. 4. The average diameter of the aggregates in the su225 nm. In amorphous diamond-like films the band gap may
pension, determined from the sedimentation characteristidse substantially smaller depending on the ratio between the
using the Stokes approximation, was around 410 A. Thisp2 (“graphite”) and sp3 (“diamond”) bonds. For in-
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FIG. 1. Spectral dependences of the absorption coeffi-
cient a(\) for layers of ultradisperse diamond on
quartz at 293 K. Layer thickness, A:— 1600,2 —
3000,3 — 3500;4 — a(\) for ana-C:H film accord-

ing to data from Ref. 7Ey=3.6 V), 5— a(\) for an
a-C:H film according to data from Ref. &(=2.1eV).
Wavelength range. between 230 and 2000 nm. Inset
— « versushv for a layer of ultradisperse diamond
B, ev 3000 A thick, in Tauc coordinates.
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stance, it was shown in Ref. 10 that the tetrahedral lattice afhatEy can be determined from the point where the curve of
amorphous carbon, where 86% of the atoms fep8 bonds the excitation spectrum reaches a plateau, which gives
and 14% formsp2 bonds, has a band gap of around 2 eV,h»=>5.24 eV (\ =236.4 nm. This Eg value is considerably
and a decrease in the fraction 2 bonds leads to an in- higher than that obtained from the optical absorption and is
crease ingg. close to that for natural diamond. It can therefore be postu-
Thus, the existence of strong absorption in the visiblelated that the luminescence is caused by radiative recombi-
range in ultradisperse diamond and the difference betweemation which takes place in the diamond nucleus of the ul-
the optical band gap of ultradisperse diamond and the corrdradisperse diamond cluster.
sponding value for natural diamond may be attributed to the  Further investigations are required to identify the nature
presence of a specific fraction of the amorphep2 phase. of the characteristic luminescence line in the range 350—-380
As in Ref. 4, where this phase was observed in analyses afm. An interpretation of this line must obviously take ac-
the Raman light scattering and x-ray diffraction spectra, itcount of the fact that nitrogen is one of the main components
may be postulated that thep2 phase is available at the of detonating explosives and large quantitiep to 1.5 at.%
surface of the diamond clusters. are therefore contained in the product particles of ultradis-
The luminescence spectra of layers of ultradisperse digeerse diamond. A high percentage of nitrogen in the gas
mond(Fig. 2, curvel) show a characteristic line with a peak mixture at the stage where the ultradisperse diamond par-
at A\,=363.7 nm hv=3.40 e\). The full width at half ticles are formed may lead to the formation of complex ni-
maximum of the line is 19.5 nm. The luminescence excitatrogen complexes. Note, however, that in natural and syn-
tion spectrum — the dependence of the luminescence interthetic bulk diamond crystals nitrogen centers and intrinsic
sity at\,, on the wavelength of the exciting radiation — has lattice defects do not give rise to any characteristic features
the form of a saturating curv-ig. 2, curve2). This means in the luminescence at = 350—380 nmRef. 1). The small

1. arb. units

FIG. 2. Luminescence characteristics of layers of ul-
tradisperse diamond on quartzTat 293 K: 1 — lumi-
nescence spectrun2, — peak luminescence intensity
(atA=363.7 nm as a function of wavelength of excit-
ing radiation.
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Investigation of transient processes in YBaCuO films by low-temperature scanning
electron microscopy

V. A. Solov'ev, M. E. Gaevskil, S. G. Konnikov, R. A. Suris, and A. V. Bobyl’

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
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(Submitted July 17, 1997

Pis’'ma Zh. Tekh. Fiz23, 45—-53(November 26, 1997

It has been observed that the inhomogeneity of high-temperature superconducting films

influences its temporal characteristics under the local action of electron probe pulses. The proposed
method of time-resolved, low-temperature scanning electron microscopy is the first step in

this direction. For the first time local investigations with a time resolution of 1 ns have been made
of the influence of weak bonds during switching from the superconducting to the normal

state and back, under local heating by an electron probe. It was shown that for,&¥Ba_,

film 400 nm thick atT=280 K, the thermal diffusion time is between 400 and 600 ns

depending on the parameters of the film and substrate sections adjacent to the point under study.
© 1997 American Institute of Physidss1063-785(07)02611-9

Methods of determining the thermodynamic parameterprobe. These modes were used to observe the spatial inho-
of high-temperature superconducting films on substrdtes  mogeneity of the electrophysical properties and to study the
thermal resistance of the film—substrate interface, the hedime constants of typical sections of the sample. For the mea-
diffusion coefficient, the electron—phonon interaction con-surements we used a CamScan Series 4-88 DV 100 scanning
stant, and so gnare generally nonlocal and are based onelectron microscope fitted with a system for cooling the
studying the integrated response of the entire sample to asamples to the range 77-300 (Oxford Instruments an
external pulsed action. Methods used include transmitteélectron probe modulator, and also a low-noise amplifier for
current pulses, laser illumination, and microwavethe electron-probe-induced voltage signal. The spatial reso-
irradiation ™ A characteristic feature of high-temperature lution of the method was-1um and the time resolution was
superconductors is the strong spatial inhomogeneity of varil—2 ns, limited by the pass band of the modulator. The in-
ous characteristics. In particular, it was shown in Refs. 6—&estigations were carried out using Y&a,O; films, 0.4—
that, nearT., the mechanism of current flow and low- 0.5 um thick, prepared by magnetron sputtering on an MgO
frequency noise in YB&Cu;O; films is mainly determined substraté® The results of x-ray structural analysis and Ra-
by the spatial distribution of its microstructure. Since theman spectroscopy revealed a high degree of orientation with
thermal resistance and the heat diffusion coefficient are locahe c crystallographic axis of the film perpendicular to the
characteristics of the film and they depend strongly on thesubstrate. A standard photolithographic method was used to
substrate material, the film thickness and the quality of thdorm 100x 500 um microbridges on the films. These struc-
film—substrate interface, and on the structural perfection antlires became superconductingTat=87 K with a transition
composition of the film, the use of nonlocal methods obvi-width of AT.=0.7 K.
ously gives appreciable errors in the values of these param- Immediately after preparation, the samples exhibited a
eters and the corresponding electron—phonon interactiohigh degree of spatial homogeneity fog (< 0.3 K) and
constants. high current density, but after thermal cycling between 300

Here we propose to develop a method for making locabnd 77 K ten times, the nonuniformity of the current flow
studies of transient processes, with a spatial resolution dhcreased appreciably. In particular, low-temperature scan-
1-2 um and 1 ns time resolution, in structures based oming electron spectroscopy in the cw mode at temperatures
high-temperature superconducting films. Such studies may<T,, revealed accumulations of current whose spatial dis-
also be of interest because of the need to develop variousibution corresponds to the maxima of the induced voltage
high-speed cryoelectronics devices based on highsignal, which is plotted in Fig. 1 for the case of electron
temperature superconducting films whose temporal charaddeam scanning along the sample. An investigation of the
teristics and degradation are determined by heat transfer prgample morphology in the secondary electron mode revealed
cesses. The first results described below show that theseicrocracks whose position correlated with the position of
requirements are met by the method of low-temperatur¢he corresponding peaks of the induced voltage signal. Stud-
scanning electron microscofy*® This method involves re- ies of the temperature and time dependences of the induced
cording the voltage induced by an electron probe at the convoltage signal were made at various points near one micro-
tacts of a high-temperature superconducting bridge exposeztack intersecting the samp{points G, B, and H in Fig. Jl
to local irradiation by a focused 5—-20 keV electron beam. at various spatially separated microcra¢ks B, C, D, and

Here we present results of studies of ¥BayO, films  F), and in region E where there were no microcracks. Tem-
by low-temperature scanning electron microscopy for caseperature dependences of the signal at point B near the micro-
of cw and pulsed excitation of the samples by an electrorcrack and at point E are plotted in Fig. 2. Near the microc-
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FIG. 1. a — Voltage signal induced by electron probe as a function of ther|G. 3. Time dependences of the induced voltage signal for two typical

coordinate during electron beam scanning along a bridge, heating tempergoints on the bridgea — with the probe switched of — with the probe

ture AT=10 K — curve 1 andAT=1 K — curve 2 b — schematic of  switched off.

microbridge showing points at which temperature and time characteristics

were measured. The position of the microcracks which appeared after ther-

mal cycling is indicated by the dashed lines; also shown is the line along

which the electron beam was scanned. low excitation energy density could be used to obtain a suf-
ficiently high signal level and the temperature did not in-

. . crease by more than 0.05 K. In order to make highly local
rackr t?eblpeankd (i?[f ::exi::d:JnC?d \éﬁlta:jg? vilgrgall v?rcr)&td?r? easurements, the power density and probe current density
app tec a yﬂ?‘ : ; f t# i S S keb Od ? N '?the ‘must be increased. Another favorable factor for enhancing
pera ureks. 'thls n Il;:at est. ”a Iawea 't'onl ormstad e.tmlfhe signal level was the comparatively large film thickness,
crocrac dWI 'thathsu ds fantla]: y owisr critical current densi yoptimized to give the minimum surface resistance at micro-
compared with the detect-iree zone. wave frequencies. Since the maximum thickness of the films

The following observations may be made on the over-

heatinaAT. It h in Ref. 11 that th it . Iis limited by technological difficulties involved in their fab-
eatinga 1. 1t was shown in Ret. at the voltage signal \;-ation and the current density cannot exceed the critical

'dn.dulced by t?e electtr(()jn prpb\(j &;Ad\(]ATt \(/jvhelrej IS t?fh value j, (in our casej,=5x10° Alcm? at 77 K), the only
isplacement current densigV is the heated volume of the method of enhancing the signal level is to increase the heat-

f'lm.’ and AT is the heating temperaturez. In Refs. 1-5, theing temperature. In this studT was varied between 0.5
entire area of the sample-(100x 100 wm* or greater was and 10 K

exposed to the external irradiation so that a comparatively Typical behavior of the induced voltage signals when the
probe is switched on and off is shown in Figs. 3a and 3b,
respectively. At points located near weak bonds a rapid rise

i ' ' o in the induced voltage signal is observed in the first 100—400
”7(.\ ns, corresponding to a transition of the weak bond from the
i [// \‘\_ J superconducting to the normal state. This transition is then
o2 . \\ followed by a section where heat propagates over the sub-
gs | B I _‘\ ] strate and the film. Since the coefficient of heat diffusion in
8¢ ,’J I the MgO substrate is more than two orders of magnitude
§ (—: R / \\ g greater than that in the YB&u;O; film, the propagation of
§ 5t / E | heat in the film is mainly determined by the thermal charac-
-2 L i / . teristics of the substrate and by the thermal resistance of the
] i,\/ film—substrate interface. We note in relation to the latter, that
:ffmc*twﬂ the experiment is carried out at fairly high temperatures of
. 80-90 K and ballistic expansion of phonons can be ne-
’ b glected so that the thermal resistance can subsequently be

84 86 88 90 . ance car .
82 considered to be large, also bearing in mind the relatively

T, K great thickness of the film. FakT~10 K and a displace-
FIG. 2. Temperature dependences of the induced voltage signal for threnent current ‘_’f OH” propagation of heat over the substrate
region with a microcrack at poir® in fig. 1 (curve B and for the defect- tE_lke.S place within-1.5 us. After a steady-state temperature_
free region at point Ecurve B. distribution has been established over the substrate, heat dif-
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FIG. 4. Normalized time dependences of the induced voltage signal fog g 5 Dependences of the induced voltage sigs(@) for two different
point C at which the maximum induced voltage signal is observed and foly, ations of the electron probe pulses— 400 ns, b — 200 ns.

point D at a distance of 1pm.

fuses into the film, which corresponds to the exponential
sectionS~expt/tp) in Fig. 3a. The characteristic heat diffu- is observed at point E. For the excitation tite200 ns, no
sion times when the probe is switched ¢@Rig. 3b are influence of neighboring points was observed ang@s
tp =900 ns whereas when it is switched off, we fipd=600  reaches the minimuny, =400 ns(Fig. 5), which agrees with
ns. This difference can be attributed to the temperature dehe value obtained for thick YB&u;O;_, films in Ref. 5.
pendence of the nonequilibrium phonon velocity, which wasAt points B and Ctp did not depend on the pulse duration.
observed in Ref. 2, and also to the difference between th&his may be explained by the fact that neighboring regions
temperature distributions at the beginning of the correspondwith weak bonds are converted to the normal state in times
ing relaxation processes. As a result of the strong heating o£1.5 us.
the film by the electron probe with it§-shaped distribution, By comparing the data plotted in Figs. 1 and 4, we can
the switchon process takes place on average at a higher temstimate the coefficient of heat diffusion in the substrate. It
perature, which is responsible for the increasetgnby a  can be seen from Fig. 1 that the distance between point D
factor of 1.5. and the nearest weak bond of point C, corresponding to a
When analyzing the profile of the time dependencesigh signal level, isx=15 um and Fig. 4 shows that the
S(t), we need to bear in mind the influence of the neighborthermal wave reaches this section after the tijve700 ns.
ing sections. When the film is subjected to a high level ofAdditional measurements showed that the titpedepends
excitation, Fig. 1 shows strong overlap between the indilinearly on the distance between the point irradiated by the
vidual peaks. A method of allowing for this influence of probe and the region with a high level of induced voltage
neighboring sections when the electron-probe-induced voltsignal (points B and ¢. An estimate of the coefficient of
age signal is recorded under cw conditions was described iheat diffusion gived ~x?/t;=3.6 K/cn?, which is in good
Refs. 7 and 9. Here this influence is observed on the profilagreement with the coefficient of heat diffusion of the MgO
of the time dependencé&t). For the curve corresponding to substrateD =6.2 K/cn? (Ref. 1).
point E in Fig. 3, deviations from the exponential profile are To conclude, we have observed that the inhomogeneity
observed fot>1.5 us and the effective valug e increases of high-temperature superconducting films influences their
to 1700 ns, which is caused by the influence of the B and Gemporal characteristics under the action of electron probe
sections. In fact, with increasing distance from the point ofpulses. The method used, time-resolved, low-temperature
incidence of the electron beam, the heating temperature descanning electron microscopy, is a first step in this direction.
creases and the corresponding sections make a smaller cdmcal investigations of the influence of weak bonds during
tribution to the integrated signal. Thus, when the beam iswitching from the superconducting to the normal state and
incident in regions B and C, having a high signal level, theback again, caused by local heating by the electron probe,
contributions made to the signal by the remote sections have been conducted for the first time with a time resolution
and F, having a low signal level, may be neglected. How-of 1 ns. We have shown that for a YBau;O,_, film 400
ever, when the beam is incident at points D, E, and F, disam thick atT=80 K, the thermal diffusion time is between
tortion of the signal is observed at the instant when the ther400 and 600 ns depending on the parameters of the film and
mal wave reaches the weak bonds B andR®). 4. The substrate sections adjacent to the point being studied.
observed effect depends strongly on the excitation time and This work was carried out under the Russian State Sci-
level. As the exciting pulse time decreases, a decreasgsn entific Program “Superconductivity,” Project No. 96071.
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Physicochemical mechanism for rearrangement of the shock wave structure
in a decaying discharge plasma

A. S. Baryshnikov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 29, 1997
Pis'ma Zh. Tekh. Fiz23, 54-57(November 26, 1997

A physicochemical mechanism of wave rearrangement in a decaying glow discharge plasma is
studied. A mechanism for stratification of the plasma flow via excitation and emission

from a pseudometastable oxygen state is confirmed198®7 American Institute of Physics.
[S1063-785M7)02711-7

The anomalous structure of a shock wave in a glow dis- O '+M—O+e+M k=f(E/N), 9)
charge plasma in air has been studied in previous artidtes. .
has been observed that this structure takes a very long tim&nerek is the rate constant of the process. _
(approximately 100)sto disappear as the discharge dedays ~ Reactions(5)—(8) involve the deactivation of excited
and this behavior cannot be explained merely in terms optates of molecules by collisions W_lth air molecules, whose
electrodynamic theory. It is also known that some eXCiteoconcentrgtlons are orders of magnitude lower thap those of
states of oxygen have a radiative decay time measured the atom|g co_mponents gnd eleptrons. These reactions cannot
hours® This suggests that an explanation for the mechanisrR!@y any significant role in the discharge. Three-body recom-
of this effect should be sought in the theory of physico-Pination processes have a substantially longer process time.
chemical conversions in air. It is known that deionization of the gas in a glow discharge is

The theoretical calculations and experiments describefl@inly caused by ambipolar diffusion. The reactions cited
in Refs. 4 and 5 may be used to understand the process@gove are secondary processes involving the formation of
taking place in a glow discharge plasma in air. These invesintermediate states which lengthen the time taken to establish
tigations have the advantage that they were carried out und@h equilibrium state of the air in the decaying plasma.
conditions similar to those studied: gas temperature 353 K, It can be seen from the system of reacti¢hs-(4) that
electron temperature and density in discharge 12 000 K anéte main secondary processes involve the formation of
10'° cm~2. The experimental conditions for the effect are: atomic oxygen, apart from reactiad), which reduces the
gas temperature in discharge 400—100 K, electron temper&Q] concentration by collisions with negative oxygen ions.
ture and density 1 eV and ¥ocm™2 (Ref. 1); the gas pres- Thus, reaction(9), involving the detachment of electrons
sure(33 Torn is lower than that in Refs. 4 and(647 Torrin  from oxygen atoms, is a competing process for this reaction.
dry air) but this difference can easily be taken into account inThe rate constant of this reaction depends strongly on the
the preexponential factor in the expression for the rate of th@arameteE/N, wherekE is the voltage on the electrodes and
physicochemical conversions. In addition to dry air, theN is the gas density. According to data presented in Ref. 4,
physicochemical kinetics of a discharge in moist air werefor E/N=70 Td, we havek=10" ' and for E/N>120 Td
also studied in these articles. we havek=10"12 In the case under study, the mechanism

Having information on the lifetime of the effect, we can for the effect should apply to the decaying plasma and to the
compare this with the times of the processes and determindischarge itself so we shall consider the discharge. In Ref. 4
which state and which process is responsible for the effectve find E/N=75-100 Td. The difference in the voltages
Using the data given in Refs. 4 and 5, we can find severalE=12.5 and 650 ¥ is compensated by the difference in
fairly slow processefrocess times of the order of 10—100 s pressure. Thus, the difference in the ratio is only determined
under the conditions required to observe the effect by the difference in gas temperature. At the center of the
discharge the temperature is 3—4 times higher and the param-

— 1016
N+0,—NO+Q k=10 cm’/s, @ eterE/N is also higher. At the edges of the discharge under
N 1A} NO+ k=10"6ci7P 2 conditions where the effect is observed, the value of the pa-
O(a'4) o+Q 0 ens, @ rameterE/N is close to the values in Refs. 4 and 5 but is

N+0;—NO+0O k=10"cm/s, (3)  10-20% higher. Consequently, the rate of prod@ss so
high, even at the edges of the discharge, that readipn

O +0—0;+e k=5x10 cn/s, (4)  only makes a small contribution to the balance of activated
states and may be neglected closer to the center of the dis-

O,(b*)+N,—0,+N, k=2x10cm/s, (5)

charge. This holds in the decaying plasma of a decaying
discharge because of the Id@™ ] concentration. This im-
plies that as a result of secondary processes, a fairly high
0,(alA)+0,—0,+0, k=2.2x10"8cmd/s, (7)  density of atomic oxygen states is formed under these con-
ditions. In order to effectively reduce this density, either the
O,(a’A)+N,—0O,+N, k=1.4x10 cm’/s, (8) parameteE/N must be reduced substantially or the moisture

No(A3Z)+N,—N,+N, k=3.7x10 *cm’/s, (6)
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content of the air must be increased considerably since, ipseudometastable state also exists in atomic oxygen: res
accordance with Refs. 4 and 5, in moist air the atomic oxy9.51 eV (338‘1)), met 9.13 eV (é@) for which the relative
gen is replaced by OH hydroxyl groups. This conclusion,energy difference is approximately 4%. Other pseudometa-
together with the observation that there is a high density oftable states in an air plasma cannot be identified. It is hy-
atomic oxygen states, form the basic conclusions of the citegothesized that this atomic oxygen state is responsible for the
articles. effect being studied.
The effect was first observed in an argon dischérge.

was shown earlier in Ref. 7 that effects involving rearrange-
ment of the shock wave structure in ionized argon can be, . o )

. .. . I. V. Basargin and G. I. Mishin, Pis’ma Zh. Tekh. Fiz5(8), 55 (1989
explained by a model of emission behind the wavefront [sid].
whose intensity is proportional to the third power of the con- 2|, v. Basargin and G. 1. Mishin, Zh. Tekh. Fi86&(7), 198 (1996 [Tech.
centrations of the plasma components. However, no specificPhys.41, 742(1999]. _
physicochemical mechanism was put forward for this third- 4 A Radtsig and B. M. SmimowReference Data on Atoms, Molecules,

L . . . and lons(Springer-Verlag, Berlin, 1984 Russ. original, Atomizdat, Mos-

order emission. A physicochemical mechanism was also pro- ¢, 19gq.
posed in Ref. 8 for the rearrangement of the discharge structyu. S. Akishev, A. A. Deryugina, V. B. Karal'nik, |. V. Kochetov, A. P.
ture in argon (but a microwave dischargewhere the Napartovich, and N. |. Trushkin, Fiz. PlaznB0, 571 (1994 [Plasma
discharge t.)mke down. into an. altemate. SEnes of ligh'.[ ands\ljz.yssl.'?Aﬁ(‘i)szhoé\fli.(,]&?gl;‘g}yugin, I. V. Kochetov, A. P. Napartovich, and
darker sectiond According to this mechanism, the especially | Trushkin, Fiz. Plazmy0, 585 (1994 [Plasma Phys. Re[20, 525
close spacing of some metastable and resonant levels in ar¢1994].
gon (res 11.83 eV, met 11.72eV, or res 11.62 eV, mete'- V. Basargin and G. |. Mishin, Pis'ma zZh. Tekh. Fit1, 209 (1985
11.55 eVf has the result that the emission is effectively third- 7552’: ng;'s'hi?gj\'/;?rﬂe%i’eig’éﬁsgg;namics dited by A. E. Beylich, in
order in terms of the component concentration. These groupSproceedings of the 17th International Symposium on Rarefied Gas Dy-
of states are called “pseudometastable” states. In argon thenamics(VCH, New York, 1993, pp. 263—270.
ratio of the energy difference between the resonant andM- A- Huerta and J. F. Magnan, Phys. Rev28 539 (1993.
pseudometastable states to the energy of the state itself ig" S- Robertson and J. J. Herring, Phys. Fiul2s836 (1969.

approximately 1%. A remarkable factor is that a similar Translated by R. M. Durham
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Angular momentum of the fields of a few-mode waveguide: conversion of the angular
momentum

A. V. Volyar, T. A. Fadeeva, and N. A. Groshenko

Simferopol State University
(Submitted March 25, 1997
Pis'ma Zh. Tekh. Fiz23, 58—65(November 26, 1997

An analysis is made of the transformation of the angular momentum density in the field of an
unstable IV vortex of a few-mode optical fiber. It is shown that the effect of mode

dispersion of IV vortices is observed as the conversion of the polarization and orbital components
of the electrodynamic angular momentum. The angular momentum defect may be recorded
experimentally as a mechanical twist of the optical few-mode fiber. Formally the dispersion
process resembles the conversion of the signs of the orbital and polarization components

of the angular momentum density. A complex pseudopotential, whose real and imaginary parts
characterize the field lines and lines of equal pseudopotential, is introduced to describe

the energy flux density of the fiber vortex. The conversion of field states with equivalent partial
e"F,(R)exp{—i¢} ande F;(R)exp{+i¢g} vortices was investigated experimentally.

© 1997 American Institute of Physids$1063-785(07)02811-3

The physical mechanisms for the interaction between —|—|, o,——0,. (4)
light and matter allow a distinction to be made between the
electrodynamic angular momentum and the quantum spin
momentum of an optical field. The angular momentum is . . . )
usually associated with the rotational degree of freedom of It 1S tempting to associate the orbital angular momentum
the electromagnetic field and its density is determined as With the topological chargeé and the quantum spin momen-
) tum with the helicityo,. However, it should be borne in
M=pXxPic?, () mind that for the moment® andS, the laws of conserva-
whereP is the Poynting vector. The quantum density of thetion are satisfied separateiyhe quantitiesvl andS describe
photon spin vector is given by different physical processes, and thus a conversion of the
S = 112,y (AIA, 13t — Ay oA 3t) (29 WpeM<Sisimpossible. ,
At the same time, the angular momentlunof paraxial
(eijx is the Levi-Civita tensor; is the vector potentialand  peams in free space may be represented as a sum of the
is associated with the internal degree of freedom of the phoangular polarization momentuM  to which the helicitye,

ton field. . , makes a contribution, and the orbital angular momenklim
Electrodynamic processes for transformation of the an-

gular momentum densityl andS are known in anisotropfc a§50f:iated with the topol(?gical .chargéRef. 9. Thi§ di.Vi-
and astigmatitoptical systems. The transformation of a lin- sion is based on the condition dv-0 (e I.S th.e electric ﬂ.eld
early polarized Hermite-Gaussian beahiG,, into a strength vgctdrvyhlch neglects the pollarlzatlon properties of
Laguerre-Gaussian bealiGy, (| is the topological charge the wave in an inhomogeneous medium. _
is usually associated with a transformation of the orbital an-  OUr @im was to study the conditions for transformation
gular momenturM =0 into M=M,. This property can be of the transverse components of the Poynting vector of the
found in an optical mode converter consisting of a system ofnergy flux in the field of a IV vortex perturbed by the field
spherical and cylindrical lenses. In addition, by acting on theof the dominant circularly polarized HEmode of a few-
Gouy phase of the natural modes, such a converter can reaode waveguide and the associated transformation of the
verse the sign of the topological charige —I| and therefore angular momentum densityl.
the sign of the angular momentun. 1. Let us assume that a right circularly polarized ;HE

In optical fibers, the electrodynamic and quantum propmode, having the propagation constgigt propagates along
erties of the fields cannot be considered separately from thg fe\-mode fiber together with a I} vortex. We write the

vector polarization properties. This is observed most clearlyength components of the electric and magnetic fields of
for the unstable IV vortices of a few-mode fiber for which the perturbed unstable I\{ vortex in the form®"’

the following relation is satisfied

o,+1=0, ()
whereo,= =1 is the helicity of the field, which is charac- e=(etexp[—ip}lcos\ Bz—ie expli ¢}sinA Bz)F,
terized by the circulation of the polarizatidrAs a result of
the mode dispersion effect in IV vortices, it is possible to B2t Ba - :
have processes of the type Xexp{| 5 [ Tae Foexpli Boz},
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FIG. 1. Distribution pattern of field linegblack
curves with arrowsand lines of equal pseudopoten-
tial (gray lineg for the field of the Poynting vector
P, of an unstable IV, vortex in the fiber cross sec-
tions: a — ABz=0, b — ABz=x/4, ¢ —
ABz=m/2; d — field of the vectoP, in the region
of induced vortex state of the CV vortex.

b= — e, @{(&exp{—m}coswz P,=2Ka(FG; —F1Go)cos\ Bzsin(A 12— ¢),A By
#o =VU2A B2+ Ba)~ o,

+ie expi @}siMﬁz)Flexp{ i B2t Aa z]

2 P,= KL{F§+ a?F2+ 2aF,;Focos)\ Bz
V2A
+ ae*FoeXp{i Boz}] y X COqABlZ_ QD)}, (6)
V2A g V2A

e,=Ii T(Gfexp{i,822}+aGoexp{i,Boz}), |\/|Z=pP¢/C2, K=a?/2 ﬂ—(;ncoT, (7)

- go|Y3N2a wherea, is the amplitude of the, field strength of the IV
2= = Neo o v (C1 exp{i B4z} vortex, p=poR, andp, is the radius of the fiber core.

_ It can be seen from expressiof@ and(7) that the sepa-
+aGeexpi Boz}), (5 ration of the angular momentuM, into orbital and polar-

where 3, and 8, are the propagation constants of the TM ization compc_)nents in IV vortices becomes meaningless.
and TE modesA 8= (B.— B,)/2, F, and G, are the trans- Each expression for th.e transverse co.mponents of the energy
verse distribution functions of thg ande, fields, andR is flux conta'lns Ferms which are respong,!ble for bqth the orbital
the normalized radius of the fiber cross section. and polarization components. In addition, the field of an un-
Using relation(5), we derive an expression for the com- stable IV vortex is not strictly transverse and the constraint

ponents of the Poynting vect&=|Ex H| and theM , com- div e=0 is not satisfied for it. The longitudinalcomponents
ponent of the angular momentum density of thé{\j(/ortex of the energy and magnetic fields of this vortex are smooth

. . and do not have dislocations although theomponents of
perturbed by the field of the Hg mode: the perturbing circularly polarized HEmode carry a screw
P,=—K{F,G] cos2A Bz+a’F G, dislocation with the topological charde=1.

If the perturbing field is weak or completely absent

+a(FoCy +F;Go)cosA Bzcog A B12— )}, (a=0), it may be formally assumed that the angular momen-
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FIG. 2. Distribution pattern of the contour8,| = const

of an unstable IV, vortex in the fiber cross sections:
a —ABz=0, b — ABz=0.957/4, c — ABz=ml4;

d — ABz==/2. Photographs of the interference pattern
of the radiation field of a perturbed IV vortde, f).

tum of an unperturbed IV vortex at the entry end of the fiberThe perturbing field of the circular HEmode displaces the
(z=0) corresponds to the polarization momentig with  vortex field with like polarization state, inducing a separation
o,=+1 and the orbital momenturi, with |=—1. As it of the zero points of the vortices having the chartyest 1
propagates along.the fiber, the componidntof the angular  3nq1=—1. In accordance with expressid@), the partial
momentum density gradually decreases and reaches thgiox with (0,=+1, 1=—1) is expelled and that with

value M,=0 at the pointz==/4AB. At the point 1 |_. 1) remains unperturbed. A screw dislocation
z=m/2A B8, the angular momentum densities correspond to

the numbersr,= —1 andl=+ 1, and the direction o, is with |=—1 undergoes both radial and azimuthal displace-

reversed. The distribution of the, field lines in the fiber meEt. Theo4 rate  of zizimuthal ijisplacement is
cross section is shown in Fig. 1c and the contdBs=const ~ We=1.38X10"rad/m (for po=3.5um, V=3.6), and the

are plotted in Fig. 2dthe black area indicates regions wherefate of radial displacement isw,<w,. At points
M,=0). z=(m+ 1/4)m/A B along the fiber, the screw dislocation is

We shall consider the propagation process of a perturbegisplaced to infinity as a result of radial displacement. At the
IV, vortex. It was shown in Refs. 5 and 8 that the evolutionentry end of the fiber there only exists a field in the state
of an unperturbed 1V, vortex may be represented as beats(o,=+1,1=—1). The coordinates of the singular points of
between partiak®exp{—ig} and e exp{+i¢} vortices, for  the field P, are determined by the conditid=P,=0 and
which the coordinates of the screw dislocations are the samat z=0 for ¢¢y= 7 we have:
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F1(R)—aFo(R)=0, G (R)—aGy(R)=0, (8) the fiber. Note that in general we find,=[g M,dS#0.
Thus, at the point= 7r/2A 3, conversion of the angular mo-
mentumL,(ABz=0)— —L,(ABz=mn/2) takes place. For-
GI(R) +aGy(R)=0. 9 mally, this change in the sign of the angular momentum may
be expressed as the conversion of the polarization momen-
tum LS——L$ and the orbital momentum-L,—L} (for
comparison Fig. 1d shows the distribution of the field and
pseudopotential lines of the vectBy or the field of a stable

and for¢g=0:

Figure 1 shows the distribution of the field lindseavy
lines with arrow$ and the lines of equal pseudopotential of
the perturbed field of a IV vortex for the relative perturbation
parametera=0.1. The flow lines of the vectdP were cal- CV™, vortex in the fibei
culated using Eq(13) from the first part of this study, and +Fl' 5 d of h hot hs of the interf
the lines of equal pseudopotential were determined from the Igures <€ an Show photograpns o “e n :ar erence
requirement that they should be orthogonal to the field "nespatte.rn (.Jf a perturbgd v vorte>§. In_ Fig. 2e the forlf of th_e
The term pseudopotential was used to emphasize the nonp%(—ald mdpates a region qf localization qf a screw dislocation
tential nature of the field of the Poynting vectBr curl P frﬂ the exit e'?d O.f the_ f'be”@_l)i F|gur_e a shows_an
#0 (but divP=0) and was introduced on the basis of aln_terference f_|el_d in which a screw dislocation with —1 is
formal analogy with the velocity field of an ideal fluid. displaced to infinity.

It can be seen from Figs. 1a and 2a that three systems of
field lines having opposite directions of circulation and two N. N. Bogolyubov and D. V. Shirkovintroduction to Quantized Field
groups of pseudopotential lines are formed at the entry endéTheory[in Russiar}, Nauka, Moscow(1976.

The first group of pseudopotential lines collects at the Iocal—35' Q/'v Bgt;t;gg’; Féi"sf' 1All|5€(nl9a‘3'E L o, van der Veen and 1. P
ization pointl = — 1 of the dislocatior{the center of the vor- Wloerdmanj, opt. gorﬁmm 123(1993. ’ o
tex of theP vectop in the region encompassed by the second“N. Kukhtarev, A. Volyar, and A. Gnatsky, Int. J. Nonlin. Opt. Phg:s447
?roupb Of-ﬁeld |.inf.eS.. Thed second group of Ps|eUdoﬁl()tentials,(ﬁ\lg\?a\}olyar T. A. Fadeeva, and Kh. M. Reshitova, Pis’'ma Zh. Tekh. Fiz
Ines begins at infinity and, contracting to a circle, collects at 7 " Lo ' ., ' : T
the samge point as thz first group. At tf?e panrtw/4A B, the fg‘é’i'lg;’% 997 [Tech. Phys. Leti23, 70 (1997 [Tech. Phys. Leti23
first term in (3,a) responsible for the angular momentum of SL. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman,
the unperturbed 1V, vortex, vanishes and the main contri- ,Phys. Rev. A45, 8185(1992. ,

bution toM is made by the field of the circularly polarized Q(‘)r\]’v'lggfga"(‘j?g fé&i‘f"%@ﬂ%ﬁ\"\’g‘gg”'de TheorMethuen, Lon-
HE;; mode and the cross term. In this state, the oppositea v, volyar and T. A. Fadeeva, Pisma zh. Tekh. F22(17), 75 (1996
azimuthal fluxes ofP almost cancel each other out and the [Tech. Phys. Lett22, 722(1996].

lines of pseudopotential collect at the well-defined centers of M- A Lavrentev and B. V. ShabaMethods in the Theory of Functions of
the vortices of the vectd®. At z= /2A B the induced vortex & COMPIex Variabldin Russiail, GITTL, Moscow (1953,

of the vectorP completely dominates in this cross section of Translated by R. M. Durham
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Investigation of spontaneous and coherent radiation in the 3—4 pmm wavelength range
in an InGaAsSb/AlGaSbAs laser heterostructure

E. A. Grebenshchikova, O. G. Ershov, B. E. Zhurtanov, A. N. Imenkov,
N. M. Kolchanova, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 16, 1997
Pis’'ma Zh. Tekh. Fiz23, 66—71(November 26, 1997

Coherent radiation in the 3—4m spectral range has been obtained for the first time in an
InGaAsSh/AlGaSbAs double heterostructure grown on a GaSb substrate. It has been shown that
spontaneous and coherent radiation is generated mainly as a result of interband transitions

in the narrow-gap InGaAsSb layer. It has been established that the optical confinement of the
electromagnetic wave is sufficient for operation of the laser up to 120 K with a square-

wave supply. ©1997 American Institute of Physids$$1063-785(17)02911-X]

1. Laser structures for the 3+4m spectral range, grown anticipate improving this substantially by using wide-gap
on an InAs substraté in which the active region consists of solid solutions with a high Al conteriup to 90%. The large
ternary InAsSb solid solutions and the emitter layers aredifference between the band gaps of the confining layers and
formed by wider-gap InAsSbP, are well known. The maxi-the active layefFig. 19 ensures good electrical confinement
mum phosphorus content is34% and determines the re- for electrons and hole&ig. 1d.
gion of existence of INASSbP solid solutions isoperiodic with 2 The laser structures were prepared by liquid-phase
the InAs substrate. As a result of the similarity between theepitaxy on an-GaSb substrate oriented in th#00] plane
compositions of the narrow-gap and wide-gap layers, the "€Fig. 1. First, we grew a wide-gap-AlGaAsSb confining
fractive index difference is in the rangen = 0.02-0.09. layer containing 64% Al, then a narrow-gaplnGaAsSb

e e i el o1 e layer conaning ~10% Ga and a_wide.qap
o IAIGasbAs injector containing 64% Al, and finally a

penetration of radiation into the wide-gap layers and th . o
InAs substrate, and its corresponding absorption. p-GaSb contact layer. All the layers were isoperiodic with
)me GaSb substratghe mismatch of the lattice periods did

When the temperature increases above 77 K, not onl . ¢ ’
does the absorption increase, reducing the efficiency Abut not exceed 0.2% The thickness of the active region was 1.7

also decreases, as was shown in Ref. 3, because of an i#M and the wide-gap layers were each L@ thick. The
creased carrier density in the narrow-gap layer. Since calculated refractive index difference between the wide-gap
tends to zero with increasing temperature, it is difficult toand narrow-gap layers wa&n=0.13 at 77 K(Fig. 1b.
raise the operating temperature above 200 K for lasers usinghese structures were used to fabricate stripe lasers with a
these structures. stripe width of 20um and a cavity length of 200—30@m.

In AlGaSbAs—InGaAsSb—-AlGaAsSb structures with anThe laser structures were used to investigate the current-
In content of~90% in the narrow-gap layer and an Al con- voltage, lux-ampere, and spectral characteristics at different
tent >60% in the wide-gap layergyn may be in the range temperatures in the range 77—300 K, using techniques de-
0.1-0.3. As the temperature increases from liquid-nitrogericribed in Ref. 1.
to room temperatureAn varies negligibly, since the lattice 3. Both spontaneous and coherent radiation was obtained
component of the refractive index in the narrow-gap layefior the first time over a wide temperature range in these
increases more rapidly than in the wide-gap layers and comyjGashas—InGaAsSb—AlGaSbAs structures. Spontaneous
pensates for the decrease in the refractive index as a result F%Idiation was recorded in the range between 77 and 300 K.
an increase in the threshold concentration of nonequmbrlumrhe maximum energy of the spontaneous radiation band

carriers with temperature. With good optical confinement, it _. i .
should be possible to develop highly efficient lasers with a(Flg' 2) was clgse to the band gap of the narrow-gap material

. . at the appropriate temperature. The long-wavelength slope of
high operating temperature.

Here, we attempt to fabricate for the first time a Iaserthe radiation band was gentler than that obtained from inter-

structure in the long-wavelength 3-+m spectral range with band recombin.ation. t.heory. At Iow temperaturg, another two
largeAn (the difference between the refractive indices of theP@nds can be identified with maximum energies 10-15 and
active and emitter regiopsand improved electron confine- 15—20 meV lower than the maximum energy of the domi-
ment. nant band, respectively. When the temperature is increased
The laser structure was an isoperiodic AlGaSbAs—from liquid-nitrogen to room temperature, the radiation in-
InGaAsSh—AlGaShAs heterostructure grown on a GaSb sulensity is reduced approximately ten times for the same cur-
strate. The Al content in the wide-gap layer was 64% and thé&ent.
In content in the narrow-gap solid solutions wa80%. The Coherent radiation was recorded in the temperature
optical confinement in this structure is still l0®.13 but we  range 77—-120 K. Figure 3 shows the coherent radiation spec-

887 Tech. Phys. Lett. 23 (11), November 1997 1063-7850/97/110887-03%$10.00 © 1997 American Institute of Physics 887



A - | v
<<
214 3
-y o e s |=
o e g1 & s a
Sl < | S = |9
14 £ = | Q. .
33r —
¢3.6r l———l b
34
15r
D 10
R c
o N
U-Io'lj.
0
z
d
Fn‘—\'\_ o
E AR S -
¢ :F_ FP
Ey

FIG. 1. Schematic of structure studi¢a), layer-by-layer profile of refrac-
tive indexn (b) and band gajg, (c), and energy diagram in operating mode

(d).

tra for four temperatures when the laser is supplied by
square wave. In all cases, the dominant mode suppresses
two neighboring cavity modes with the other cavity modes
being weak. Thus, the dominant mode has a large advanta
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FIG. 2. Spontaneous radiation spectra at 771Kand 300 K(2).
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FIG. 3. Laser radiation spectra near lasing threshold at various temperatures
T,K:1—100,2— 113,3— 116,4 — 120 and currents, mA: 1 — 140,
2 — 150,3 — 160,4 — 180, respectively.

4. We shall analyze the experimental results.

The dominant band in the spontaneous radiation spec-
trum has a profile close to that predicted theoretically for
interband recombination in ammaterial. Its half-width can
be used to determine the electron concentration in the active
region at low currents when the stimulation of radiation is

?ﬁ&"- From the spectra measured at low currdtgss than 10

mA) the electron concentration ig—5x 10 cm 2. This

g(é!early corresponds to the concentration of intrinsic donors

in the specially doped active region.

Since the photon energy of the laser radiation is close to
the maximum energy of the interband spontaneous radiation
band, we can conclude that lasing is achieved as a result of
interband transitions. Having due regard to the nature of the
energy diagram, we postulate that the weaker long-
wavelength bands in the spontaneous radiation spectrum are
caused by interface recombination at the typp-+h hetero-
junction and then—n heterojunction. Since the depth of the
potential wells at thgp—n junction is less than that at the-

n junction, one hypothesis is that the short-wavelength and
lower-intensity bands are generated by phen junction and

the longer-wavelength band is generated by k& junc-

tion. As the thickness of the narrow-gap layer decreases, the
fraction of interband recombination will decrease and coher-
ent radiation may be obtained as a result of interface transi-
tions. However, interband recombination predominates in the
structures studied where the width of the narrow-gap layer is
1.7 um. The high Al content in the wide-gap layers has the
result that as the temperature rises, the refractive index dif-
ference between the narrow-gap and wide-gap layers varies
negligibly. Thus, the laser can be operated at 120 K with a
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square-wave supply, which gives the best results for lasers iAA. N. Baranov, T. N. Danilova, O. G. Ershov, A. M. Imenkov, V. V.
the 3—4 um range. A further increase in the Al content Sherstnev, and Yu. P. Yakovlev, Pis'ma Zh. Tekh. Hi&22), 6 (1992
should improve the laser operating temperature still further. [Sov- Tech. Phys. Let§, 725(1992]

The fact that the spontaneous radiation intensity only - N- Danilova, A. N. Imenkov, N. M. Kolchanova, A. A. Popov, and
decreases- 10 times when the temperature is increased from Y{- P Yakoviev, Fiz. Tekh. Poluprovodf0, 1244(1996 [Semiconduc-

tors 30, 656 1996].
77 to 300 K at constant current means that these StruCtureﬁl’. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V.

can also be used to fabricate highly efficient light-emitting stepanov, v. v. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovodn.

diodes. 31(6), 662 (1997 [Semiconductor81, 563 (1997)].
This work was partly supported by the Copernicus Sci-
entific Program, Grant No. CIPA-CT94-0158. Translated by R. M. Durham
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Observation of a negative characteristic temperature for the threshold current of diode
lasers for the 2.8 um spectral range

A. A. Popov, V. V. Sherstnev, Yu. P. Yakovlev, S. Tsivish, and Z. Zelinger

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
J. Heyrovsky Institute of Physical Chemistry, 18223 Prague 8, Czech Republic
(Submitted July 17, 1997

Pis'ma Zh. Tekh. Fiz23, 72—-79(November 26, 1997

A decrease in the lasing threshold with increasing temperature has been observed in InAs/
INASSDbP laser heterostructures for the 2.7—2r8 spectral range at cryogenic temperaturés<(
32-85 K). At temperatures below®BK a negative characteristic temperatufg= —70 K,

was obtained for the threshold current. Characteristics of the temperature dependence of the
threshold current and the laser output power were investigatedl9%€7 American

Institute of Physicg.S1063-785(107)03011-3

1. Recent success in the development of narrow-gagastripe structure with a width of 20m and a cavity length
semiconductor lasers utilizing IlI-V antimonide compoundsof 250—300um. The laser crystals were attached by the
has stimulated increasing interest in studies of diodes for theubstrate to a special copper heat sink, which allowed the
2.5-3 um spectral range. Diodes for this spectral range ardaser to be placed in a closed helium Dewlaser Photon-
fabricated using InAsSbfRefs. 1-53, InGaAs/InAs(Ref. 6), ics, Model L573). A current and temperature controllga-
and GalnAsSb/GaSb heterostructifegrown on GaSb and ser Photonics, model L582@vas used to pump the lasers
InAs substrates. Unlike the wide-gap analogs, lasing in thesand stabilize the temperature. The laser radiation was colli-
narrow-gap semiconductors is accompanied by strong nonranated by an off-axis toroidal mirror to a cooled InSb photo-
diative Auger recombination which predominate3at77 K detector. After being processed in a synchronous detection
(Refs. 1,3, and 9 Another feature of the band structure of system and analog-to-digital conversiéDAQ), the data
InAs compounds is the similarity between the band ggp Wwere stored in a computer for subsequent analysis.
and the spin-orbit splittingh. Thus, the radiation generated 3. The laser characteristics in the ranfe= 32-85 K
in the laser is strongly absorbed by holes in the valence bandvere investigated in the cw mode. The maximum pump cur-
which are then excited to the spin-orbit splitting band. The'ént was 210 mA. A'=32 K, lasing was observed with the
characteristic temperature of the threshold current obtainetiresholdl,=84 mA. The temperature dependence of the
for lasers using these compounds was 25—3Rkfs. 1-5, threshold current is plotted in Fig. 1 and consisted of two
even at temperatures close to liquid nitrogen, and the opefundamentally diffe_rent secf[ions with a point o_f inflection at
ating range for cw lasing was limited to cryogenic tempera-T = 45 K. In the first section T = 32-45 K it was ob-
tures (T<122 K) (Ref. 5. The radiative characteristics of served that the tr_lreshold current decreaS(_ed anomglogsly as
these lasers have mainly been studied in the temperatuf8€ temperature increased 1o = 45 K. This behavior is
range 77—180 K. Studies of the threshold and power charad“lnusfual for IlI-V seomlconductor lasers. By fitting the expo-
teristics in the range below liquid nitrogen temperature hav&€ntial curvely,=14,exp(l/To) to the temperature depen-
not been afforded any special attention. However, this rang ence of the threshold current, we obtain the characteristic
is interesting because it can be used to study lasing jfemperatureTo=—70 K. In_the rangeT = 45-50 K the
narrow-gap lasers under conditions where radiative recombiUrVe passed through a minimuly=74 mA. The second
nation predominates. section was observe_d at. tempera_tures abgve 50 K and was

The present paper is a continuation of our previous Studgccompanled'by a slight increase in the lasing threshold with

tge characteristic temperatulig=180 K (T<65 K). Such

ies on narrow-gap laser heterostructures and is concernehlgh values ofT, have not been reported so far for 2:8n
with the threshold and_ power CHAMGCIENSUES ol Ir]AS/InAS/InAsSbP lasers. With further increase in temperature,
INAsSSbP laser diodes emitting in the wavelength range 2'7The threshold increased more steeply an@iaf’5 K the rate
2.9 pm at low temperaturesT( = 32-85 K). o of increase was particularly great. In the secfiors 65—75

2. The laser heterostructures were grown by liquid-phasg 44 anove 75 K, the temperature dependence is described
epitaxy on an InAg100 substrate. The double heterostruc- by To=60 K andT,=27 K, respectively. It should be noted
tures(see inset to Fig.)lconsisted of a 1.xm active region  ih5t this last value, obtained at high temperatufes {5 K),
(rated band gafEg’“=425meV between two wide-gap shows good agreement with the characteristic temperare
In-AsSbP emitters E;7 =590 meVj 2 um thick. The con- = 25-30 K already observed in 3;3m laser diodes in the
tact layer was 0.8m thick InAs. The electron concentration rangeT = 80-95 K(Refs. 4 and band is obviously typical
in the active region wag2-4)x10'® cm~3. Then-InAsSbP  of mesastripe lasers utilizing InAs compounds.
emitter was doped with Sn to a concentratiof®8) x 10'8 The current dependences of the laser output power were
cm 2 and thep-InAsSbP was doped with Zn to a hole con- determined 85 K temperature intervals. The most character-
centration of(1-2x 10 cm 3. The diodes had a deep me- istic curves, obtained for temperaturés= 32, 40, 50, 70,
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FIG. 1. Temperature dependences of the threshold current of a diode laser u:

the range 32-85 K. The curves were obtained for cw lasing in the Wavei:IG 2. Laser output power versus pump current obtained at temperatures of
length range 2.7—-2.@am for a laser with a 2Qxm mesastripe width and a e putp pump P

. . ) 32, 40, 50, 70, and 85 K. The inset shows the temperature dependence of the
icna\t/}:tg ilﬁggtth of 30Qum. A schematic of the laser heterostructure is shown laser output power plotted for a constant excess of the pumping over the

thresholdl = 1.3y, .

and 85 K, are plotted in Fig. 2. At each selected temperature - o
in the rangeT = 32-85 K the optical power increased nor- conductor under conditions where nonradiative Auger re-

mally with injection current. However, at temperatures0mbination makes no significant contribution<70-75 K
T<70 K the curves contained several current sections with £0F the laser studied here, see Fig.ahd radiative recombi-
hard switching regime at the boundaries of the sections. Ifation predominates. Among the various possible physical

the low temperature rangd (= 32—50 K) the radiative re- factors responsible for this behavior, mention should be
made of intraband absorptiofimportant for InAs when

combination efficiency near the threshold increased rapid% ~A), ch in th g e int | .
v , changes in the pumping rate, internal quantum

with temperature and the boundaries of the initial current’ ) 10 . X i
section became narrower. At high pump currents {.75— yield, and gain profilé? A detailed macroscopic analysis of
the behavior of the threshold characteristics of an InAs/

1.483,,) the efficiency fell slightly. At higher temperatures R ~
(T>75 K) the power characteristics exhibited a monotonic/VASSPP laser taking into account radiative and Auger re-
combination, and intraband absorptlaevealed an increase

dependence. The radiative recombination efficiency re: o e
mained almost constant near the threshold currertl(2— in the recombination quantum efficiency at temperatures be-

1.4,,) and decreased smoothly at high levels of pumping.IOW 100-150 K. This agrees qualitatively with our experi-

The inset to Fig. 2 shows the change in the laser power as§ental results plotted in the inset to Fig. 2. In our case,
function of temperature when the excess of the pumping ovel@WeVer, an increase in the lasing efficiency was observed in
the threshold is fixedl( 1.3,,,). A distinguishing feature of 1€ ranger <65 K. In addition, the temperature dependence
this curve is that the optical output power increases at aff the threshold current given in Ref. 9 does not contain the
almost constant rate as the temperature increasesTip &6~ Minimum observed in Fig. 1 and cannot be used to explain
K. At higher temperatures the output power falls. the observed anomaly of the lasing threshold. In our view,
4. We shall discuss the results. These investigations hais may be because the theoretical model adopted neglects
revealed various features of the threshold and power charal® characteristics of the carrier energy distribution at low
teristics of InAs/INAsSbP heterostructure laser diodes for th&€mperatures. However, a considerable part of the tempera-
2.7-2.9um spectral range at temperaturBs= 3285 K. ture dependence of the threshold characteristics of injection
Particular mention should be made of the anomalous behal2S€rs is associated with the influence of the density-of-states
ior of the temperature dependence of the threshold curref@nergy distribution on the gain spectrum. The expression for
which can be attributed to the section described by a negd!® threshold current density may be written in the ftm
tive characteristic temperature. This section has a steep slope . . 1o
(To=—70 K) and was obtained for a narrow-gap bulk semi-  tn=([u#e KT/€*Fy(Fe/KT)/F _15(Fe/kT)]/7¢) ™,

891 Tech. Phys. Lett. 23 (11), November 1997 Popov et al. 891



where we=ue(T), Fj(Fe/kT), and 7, are the mobility, the threshold current is most likely caused by the combined
Fermi integrals, and lifetime of the carriers, respectively. Ainfluence of all these mechanisms which will be analyzed in
possible reason for the observed anomaly may be that=at  greater detail in subsequent investigations.
45 K the curve passes through the characteristic temperature To conclude, we have reported the observation of char-
T*=Ey/kT, which corresponds to degeneracy of theacteristic features in the temperature dependence of the
density-of-states tails in the active region. For InAs/InAsSbRthreshold current and output power of InAs/INASSHP =
lasers the energf, can be roughly estimated as 3.9 meV. 2.7—2.9um) laser heterostructures at cryogenic temperatures
Thus, the optical gain at the threshold, which corresponds tof 32—85 K. At temperatures below 45 K the lasers exhibited
compensation for the losses in the active region, differs foa section where the threshold current had a negative charac-
the temperatures corresponding to degenerate and nondegeeristic temperatur& = —70 K. It has been shown that the
erate filling of the statesT(<45 K andT>45 K). This is  threshold current increases slightly with temperature in the
consistent with the lack of an abrupt inversion threshold atangeT = 50—70 K and it has been established that the laser
low temperatures. As the level of degeneracy varies withoptical power reaches a maximumTat 65 K. The assump-
increasing temperature aboVe= 50 K, the inversion thresh- tions made as to the nature of the observed anomalous be-
old becomes more abrupt. We turn to the laser power chatavior of the threshold current will form the subject of fur-
acteristics observed 8t<45 K which are associated with ther detailed investigations.
hard switching. These curves may be typical of cases of las- This work was supported by the EC under the INCO-
ing where the stimulated recombination efficiency differsCopernicus Program.
substantially, and the intense interaction between them, when
their degree of spatial overlap is a function of temperature."A- N. Baranov, A. N. Imenkov, V. V. Sherstnev, and Yu. P. Yakovlev,
Enhanced diffusion of electron-hole pairs and carrier mobil—gAppI' Phys. Lett64, 2480(1994.

Yu. P. Yakovlev, N. Danilova, O. G. Ershov, A. N. Imenkov, and V. V.
ity with increasing temperature in the range<T* should  sherstnev, Pis'ma zh. Tekh. Fi20(4), 87 (1994 [Tech. Phys. Lett20,
give rise to considerable spatial overlap between the modesl72(1994].
in the bulk of the active region. Under conditions where °N: Aydaraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, N. M.

.. . . . . Stus, and G. N. Talalakin, Semicond. Sci. Tech®pl1575(1993.

radiative recombination predominates, spatial overlap of thess "pon0y. v, Sherstnev, Yu. Yakoviev, R. Mke, and P. Werle, Appl.
modes should lead to strong intermode competition and phys. Lett.68 2790(1996.
should be observed particularly in the hard switching regime_sA. Popov, V. Sherstnev, Yu. Yakovlev, R. Muecke, and P. Werle, Proc.
A C.hange in the la.Sing regi% within the bulk of the active . Gip:\lE:gBoa(l)r:;Ellong\)/ V. Sherstnev, C. Alibert, and A. Krier, J. Appl. Phys.
region accompanied by an increase in the local laser radia-7q 3354(1996.
tion intensity helps to promote a superlinear increase in’D. z. Garbuzov, R. U. Martinelli, R. J. Menna, P. K. York, H. Lee, S. Y.
power P,=hv*V* (N, /7 with increasing pumping. As ,Narayan, and J. C. Connolly, Appl. Phys. Lei7, 1346 (1995.
the lasing region becomes stabilized, the current-voltage ['étfﬁghgg;'(\l’\éég“mer‘ M. J. Manfra, and M. K. Connors, Appl. Phys.
characteristic of the laser again acquires a more gently slopsy A éun’ko, G. G.. Zegrya, Z. N. Sokolova, N. M. Stus’, and B. B.
ing profile. Thus, the observed anomaly in the temperature Khalfin, Fiz. Tekh. Poluprovodr(in pres3 (1997.
dependence of the threshold current may also be caused bylog. G. Eliseev/ntroduction to the Physics of Injection Laséis Russiard,
change in the recombination region. On the whole, the ob- Nauka: Moscow1983.
served anomalous behavior of the temperature dependenceB#nslated by R. M. Durham
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Self-organization of quantum dots in multilayer InAs/GaAs and InGaAs/GaAs structures
by submonolayer migration-stimulated epitaxy

G. fE. Cirlin, V. N. Petrov, S. A. Masalov, A. O. Golubok, and N. N. Ledentsov

Institute for Analytical Instrumentation, Russian Academy of Sciences, St. Petersburg;
A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted July 17, 1997

Pis’'ma Zh. Tekh. Fiz23, 80—84(November 26, 1997

Multilayer structures of InGaAs/GaAs quantum dots fabricated by submonolayer migration-
stimulated epitaxy have been studied experimentally by scanning tunneling microscopy and results
are presented. These results clearly show that in multilayer structures, ordering of nanoobjects

into rows occurs in InAs and InGaAs heteroepitaxial layers. 1897 American Institute

of Physics[S1063-785(107)03111-X

One of the principal trends in modern fundamental andat a substrate temperatuiie;, = 610-630 °C in an Ag
applied surface physics is the study of nanostructure formastream, a 0.25um thick GaAs buffer layer was grown by
tion processes by self-organization of the surface during heteonventional molecular beam epitaxy B{=550 °C provid-
eroepitaxial growth in lattice-mismatched systeémi®Quan-  ing a (2x4) surface reconstruction. The buffer layer was
tum dots and quantum wires open the way to thedoped with beryllium to a concentration of10'® cm® to
development of a new generation of optoelectronicsensure reliable capture of the tunnel current during the sub-
devices®* The progress achieved in the theory of nanostrucsequent examination of the surface by scanning tunneling
ture formation and the observation of ordering effects of microscopy. After the buffer layer had been grown, the
guantum-size formations on the surface of &@mAs, sample temperature in the arsenic stream was reduced to
InGaAs/GaAs systeffi’ suggest that it may be possible to T,=470 °C (when the surface reconstruction changes from
obtain quantum-size structures with predefined geometri¢2xX4) to (4x4). In all the experiments the arsenic pressure
properties. In Ref8 a model was proposed for the self- was kept constant at 210 ° Pa by keeping the arsenic
organization of quantum dots, involving the development ofshutter in the growth chamber open.
multilayer structures, and experimental data were presented Each of the layers of InAs and InGaAs quantum dots
as confirmation of the “effective” self-organization of was formed by submonolayer migration-stimulated epitaxy.
Siy25G&, 75 on the surface of Si. The results of Ref. 9 alsoln all cases, three monolayers were grown by the following
confirm the efficiency of this method for the formation of technique: after depositing the required amount of indium for
guantum dots by molecular beam epitaxy in a InAs/GaAd.5 ML of InAs, or after depositing the required amount of
system. gallium (33% and indium(67% required for 0.5 ML of

Here we propose to study self-organization processes dhGaAs, the surface was held in an arsenic stream for 10 s.
guantum dots in multilayer InAs/GaAs and InGaAs/GaAsThe quantum dots formed were then overgrown with a
structures using submonolayer migration-stimulatedGaAs:Be (20 ML) layer by conventional molecular beam
epitaxy1° epitaxy at the same temperatufg, and this process of

The growth experiments were carried out on GAdA&§)  forming the quantum dots was repeated. After growth had
substrates using anPE203 molecular beam epitaxy ma- been completed, the sample heater was rapidly disconnected
chine. After removing the oxide layer in the growth chamberand the sample was removed from the holder zone.

FIG. 1. STM images of sections of the surface after
deposition of one layeia) and ten layersgb) of InAs on
GaAq100. Scanning area 600600 nm (a) and
700X 700 nm(b). The sides of the images are parallel
to the[011] and[0-11] directions.
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FIG. 2. STM images of sections of the surface after
deposition of one layefa) and ten layers(b) of

Ing 6Ga 3AS quantum dots on GaAB00). The scan-
ning area is 608 600 nm for both cases. The sides of
the images are parallel to tfi611] and[0-11] direc-
tions.

The state of the surface was monitored in situ by reflecof these STM images and a discussion of the mechanisms
tion high-energy electron diffractiofRHEED) using a responsible for the ordering of nanoobjects into rows will be
systeni! which could process the RHEED patterns in realpresented in a separate article.
time. The GaAs and InAs growth rates were calibrated by  This work was partially supported by the Russian Fund
measuring the oscillations of the specular reflex intensity ofior Fundamental ResearcliGrant No. 95-02-050843a
the RHEED pattern. The GaAs and InAs growth rates duringNTAS (Grant No. 94-1028 and the Scientific Program
the experiments were 0.5 and 0.1 ML/s, respectively. “Physics of Solid-State Nanostructures.”

The surface morphology of the samples was examined in
situ with a scanning tunneling microscoffTM), for which L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
the procedure and measurement conditions were described imppl. Phys. Lett47, 1099(1985.

Refs. 6 and 12. Multiply reproducible stable STM images 2J. Tersoff and R. M. Tromp, Phys. Rev. LelD, 2782(1993.

3 . .
. . . M. Grundmann, J. Christen, N. N. Ledentsov, Jhigs, D. Bimberg, S. S.
were obtained for various sections of the samples at a POSi~R \vimov, P. Werner, U. Ricchter, U."6sle, J. Heydenreich, V. M. Us-

. o . - 11 T
tive bias in the dc regimel¢ = 5-7x10" "~ A, V; = 0.7— tinov, A. Ya. Egorov, A. E. Zhukov, P. S. Kop'ev, and Zh. I. Alferov,
0.9 V). Phys. Rev. Lett74, 4043(1995.
‘ ) 4 .
Figures 1a and 1b show STM images of the surface after E-ttS-G'g Tauzl’ol(jigb?i;mardy L. A. Coldren, and P. M. Petroff, Appl. Phys.
. ett. ) .

the formatlon of one and ten layers of_InAs guantum dots,sv' A. Shchukin, N. N. Ledentsov, P. S. Kop'ev, and D. Bimberg, Phys.
respectively. In both cases the density of quantum dots Rrev. Lett.75 2968(1995.
(~1x10" cm 2) and the lateral dimensiond8—20 nm 6G. E. Cirlin, G. M. Guryanov, A. O. Golubok, S. Ya. Tipissev, N. N.

are almost the same. However, whereas the spatial distribu—tzgegf‘;"% (iégé) Kop'ev, M. Grundmann, and D. Bimberg, Appl. Phys.

tion of th? qulant.um dots is Isotropic for the Smgl_e Ia&k‘ag. ’N. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt, R. Heitz,
1a), the distribution of quantum dots for the multilayer struc- J. Bdrer, D. Bimberg, V. M. Ustinov, V. A. Shchukin, A. Ya. Egorov,

ture is anisotropic and is oriented in rows along[ib@1] and A. E. Zhukov, S. Zaitsev, P. S. Kop'ev, Zh. I. Alferov, S. S. Ruvimov,
[010] directions(Fig. 10. A. O. Kosogov, P. Werner, U. Gsle, and J. Heydenreich, Solid State

. . Electron.40, 785(1996.
Figure 2a shows STM images of the surface after ones; Tesoff, C. Teichert, and M. G. Lagally, Phys. Rev. L&8, 1675

and ten layers of InGaAs quantum dots have formed, respec-(1996.
tively. In the first case, the spatial distribution is uniform °S.A. Komarov, G. S. Solomon, and J. S. Harris JrPoceedings of the

; ; ; ; 1 International Symposium “Nanostructures: Physics and Technology
with a fairly high density of quantum dots>(1.0x 10 /97" St. Petersburg, Russia997, p. 314.

cm 9) a'f‘d relatively small lateral d'men5|0|ﬁ$2 nm. For 1o E. Cirlin, A. O. Golubok, S. Ya. Tipisev, N. N. Ledentsov, and G. M.
the multilayer structure the nanoobjects have an elongatedGuryanov, Fiz. Tekh. Poluprovod29, 1697(1999 [Semiconductorgs,
profile with a length-to-width ratio of-4 and are preferen- 113848(1%9%]- oM G V. N. Demidov. V. G. Dubroveki
. . . . . . S . B. Gubanov, G. M. Gur'yanov, V. N. Demidov, V. G. Dubrovgki
tlglly Orlen,tEd In the[o,Ol] direction. Thelor sur_fgce denSIty In N. P. Korneeva, V. N. Petrov, N. K. Polyakov, Yu. B. Samsonenko, and
this case is substantially lower-3x10'cm™?). G. E. Cirlin, Nauchnoe Priborostroenié(L/2), 3 (1996.

To conclude, we have observed experimentally?G. M. Guryanov, G. E. Cirlin, V. N. Petrov, N. K. Polyakov, A. O.
the ordering of nanoobjects into rows in multilayer Golubok, S. Ya. Tipissev, E. P. Musikhina, V. B. Gubanov, Yu. B. Sam-

. ko, and N. N. Ledentsov, Surf. S81, 414 (1995.

In,Ga,_,As/GaAs structures obtained by submonolayer °"¢™©&" edentsov, Surf. S881, 414(1999

migration-stimulated epitaxy. A detailed statistical analysisTranslated by R. M. Durham
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Reduction in deflections of  a-particle orbits in a thermonuclear reactor
with an /=3 helical winding
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Pis’'ma Zh. Tekh. Fiz23, 85—-93(November 26, 1997

Studies are made af-particle trajectories in a reactor-scale magnetic system with a three-turn
(I=3) helical current winding and an auxiliary current winding generating a vertical

magnetic field. It is shown that the deflections of negative and positive free particles relative to
the vacuum magnetic surfaces can be reduced by suitably selecting the magnitude and
direction of the vertical magnetic field. It is also shown that the deflections of trapgeatticles

are reduced under the same conditions. It is particularly important to note that this result

was obtained for a system with low aspect ratio. 1897 American Institute of Physics.
[S1063-785(107)03211-4

1. INTRODUCTION 2. PROPERTIES OF THE MAGNETIC CONFIGURATION

In the optimum magnetic configuration of a fusion reac- By changing the magnitude and direction of the vertical
tor based on a toroidal magnetic trap, the displacement of thenagnetic field(its dipole component it is possible to shift
drift trajectories for free particles having longitudinal veloci- the magnetic surfaces into the inner or outer parts of the
ties parallel and in the opposite direction to the magnetiqorus and thereby alter the character of the magnetic field
field (positive and negative free particjeand trapped par-  modulation in the direction of the field linFig. 2. The
ticles relative to the |n.|t|a!3vac-uum magnetic surfaces shouldyagnetic surfaces are shown in the meridional cross sections
be as small as possible” This problem has almost been after a period and half-period of the magnetic field. The qual-

solyed for_a mo_dul_aAr stellarator reaé_’t(_vmth a Helias mag- ity of the magnetic surfaces satisfies the conditions of plasma
netic configuratiorf-* Methods of solving this problem are . . . . .
confinement in the following range of variation of the verti-

also being sought for heliotron and torsatron magnetic e
system€ 810 This problem is particularly important for cal magnetic field—0.003<B, /By=<0.015. The average ra-

compact systems, i.e., systems with a low aspect ratio, whicfl!US Of the magnetic surfaces with the same starting point for
include the system for the Force-Free Helical Reacto:the magnetic field line increases with increasing vertical
(FFHR) with a quasi-force-free helical Wlndlﬁblo Its mag- field. For a vertical fIE|CBL /Bo:0015 the outermost mag-
netic system consists of a three-tuin=@) helical winding netic fields are close to rational. This is indicated by the
and three pairs of vertical field windingEig. 1). A feature  Position of the field line traces which run “in pairs” a short
of this system which distinguishes it from other reactor sysdistance apart. These magnetic surfaces may require correc-
tems is the strong magnetic field on the circular axis of thdion in the presence of perturbing magnetic fields. Such a
torus. The system is designed to generate a magnetic fielwbrrection may be achieved by using higher-order harmonics
Bpo=12 T on the circular axis of the torus. This can beof the angular variable along the torus minor circumference,
achieved if the tangent of the angle of inclination of theand is accomplished in practice by varying the currents in the
helical conductor to the equatorial plane of the torus is closgertical field windings.

to one, i.e.mpa/R=1, wherem, is the number of turns of For the same range of variation of the vertical field, the
the helical conductor over the torus lengihanda are the  moqylation of the field along the field line taken on a mag-
major and minor radius of the torus on which the helical,qic syrface whose radius is approximately half the radius of
windings are wound. the outermost magnetic surface, varies as follows: when the

ma l:zs:vsvesf:rj:zvit&etrt]?fitlzltc())vr\/)i/n@f-pz:rglr(:gtselrr;'trrLea"Z I:t'a?jiu magnetic surfaces are shifted to the outer part of the torus,
9 y gp -maj 3he ripple increases in the region of stronger toroidal field.

of torusR = 1320 cm, minor radius of torus on which helical __ . " N i . .
This is an indication of conditions for enhanced radial drift

winding is wounda = 330 cm, number of poles in helical )
of trapped particles, as we know from Ref. 9. When the

winding 1=3, and number of magnetic field periods over ! ; ’ )
torus lengthm= 12 (m,=4). Possible methods of regulating magnetic surfaces are shifted into the inner part of the torus,

the orbits of free and trapped particlésrift trajectories the ripple decreases in the region of weaker toroidal field and
relative to the magnetic surfaces are examined. It is showlicreases in the region of stronger toroidal field. This is an
that by altering the vertical magnetic field generally presentndication of a favorable configuration for suppressing radial
in the configuration, the deflections of taeparticle trajec-  drift of trapped particles.

tories from the initial magnetic surfaces can be reduced ap- For this range of variation of the vertical field the angle

preciably. of rotation transform varies in the range 028<0.64.
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FIG. 1. Schematic of current coils in the magnetic system: HF-1, HF-2,

ov-1

ovV-2

whereW andu are the total energy and magnetic moment of
the particle V| andV, are the particle velocities parallel and
at right angles to the magnetic fielt}; ande; are the par-
ticle mass and charge,is the position vector of the particle
guiding centerg is an electrodynamic constant, acandB

are the electric and magnetic fields.

The magnetic field components are defined in a quasi-
cylindrical coordinate system, relative to the circular axis of
the torus, as a Fourier series expansion in terms of the angu-
lar variablesd and ¢: B=V®, where the scalar potential of
the magnetic field is given by:

b= Bo{ Ro— R/m[% en(r/a)Nsin(Ng—me)

|

wherer is the radial variableg and ¢ are the angular vari-

+> gy (r/a)ksin ko
k

HF-3 — helical conductors, IV-1, IV-2, 1S-1, IS-2, OV-1, OV-2 — pairs of ables along the major and minor radii of the tordss mea-

annular conductors.

3. BASIC EQUATIONS AND MAGNETIC FIELD MODEL

sured from the direction opposite to the principal normal to
the circular axis of the torug,y ande, are the coefficients of
the magnetic field harmonics. In our case, these have the
values:N=3, £3=0.76, andk= 1, and the parameter, has

the following three values for the three vertical fields stud-

The study of trapped particle motion is based on solvingeg: B,,/B,= —0.003, 0.0, and 0.015 .
a system of equations of mation for the particle guiding cen-

ter
dr_v B+ c . +Mjc(2vﬁ+vf) .
a Vi ;[ ] T[ 1,
dw d
— =0, _’U“ZO,
dt dt

4. a-PARTICLE ORBITS

The main source of particle generation should be the
center of the plasma where the plasma density and tempera-
ture are highest. This point should be located at the center of
the magnetic surfaces near the magnetic axis. To study the
trajectories of 3.52 Me\Ww-particles we defined the starting

FIG. 2. Profile of magnetic surfaces in meridional cross
sections at the beginning of a magnetic field perige: 0
(upper row, and in a magnetic field half-periog¢g= 7
(middle row), and modulation of the magnetic field along
the field line for a surface whose average radius is half the
average radius of the outermost unperturbed magnetic sur-
face (lower row) for B, /By=—0.003(a), B, /B;=0.0(b),

and B, /By=0.015(c). In the upper and middle rows the

distance from the direct axis of the torus is given along the
abscissa and the distance along the direct axis of the torus
is given on the ordinate.
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FIG. 3. Projections ot-particle trajectories on meridional
cross section forv/V=—0.3 (first and second rows

V| /V=0.9 (third row), V|/V=-0.9 (fourth row for

B, /By=—0.003(a), B, /B;=0.0 (b), andB, /B;,=0.015

(c). The distance from the direct axis of the torus is given
on the abscissa and the distance along the torus direct axis
is given on the ordinate.

~200. :
1120 plem) 1520

| KiV=09

point so that the deflections of the orbits from magnetic surfaces. Exactly the same eftee- a substantial reduction in
faces with almost the same average radiut0 cm could be the difference between the deflections of the positive and
compared in different configuration&ig. 3). We selected negative free particles — is found faf /V==0.9 for the
the most typical trajectories for which the ratio of the longi- outer magnetic surfaces.
tudinal velocity to the total particle velocity was The physical mechanism responsible for this effect in-
V|/V=-0.3, as well a3/|/V=0.9 and—0.9. volves compensation for the toroidal magnetic field gradient
Particles starting from a region of weaker toroidal field by harmonics which are satellites relative to the fundamental
(first row in Fig. 3 are converted into trapped particles and helical harmonic. These harmonics form as combination har-
move a considerable distance from the initial surface formonics as a result of the action of the vertical magnetic field
B, /By= —0.003(Fig. 39 and forB, /B,=0.0(Fig. 3b. For  on the pure third helical harmonic.
B, /By=0.015(Fig. 30 this patrticle is reflected into a region
of stronger toroidal field and its deflection is substantlaIIyS_ CONCLUSIONS
smaller.
Particles starting near the same surfaces but on the side 1. The incorporation of a vertical magnetic field in the
of weaker toroidal fieldsecond row in Fig. B although free  magnetic system of a fusion reaction with a three-tlirng)
for B, /Bog=—0.003(Fig.39 and forB, /B;=0.0 (Fig. 3D, helical winding can control and substantially reduce the de-
are deflected from the initial surface by appreciable dis{lections ofa-particle orbits from vacuum magnetic surfaces.
tances. For the cad®, /By=0.015(Fig. 3¢9 a similar par- 2. In a configuration where the magnetic axis is shifted
ticle is trapped and remains near the initial magnetic surfaceanside the torus the deflections of positive and negative free
As the absolute value of the ratig/V increasegthird  particles are reduced substantially compared with configura-
and fourth rows in Fig. B the particles are free. The differ- tions where the magnetic axis is shifted into the outer part of
ences between the positive and negative free particles atbe torus or where there is a zero shift.
very great forB, /By=—0.003 (Fig. 3@ and B, /B;=0.0 3. For the same parameters in this configuration the mag-
(Fig. 3b but are barely noticeable f@, /B;=0.015(Fig.  netic field modulation is favorable for suppressing radial
30). Figure 3 shows particle orbits starting near inner sur-drift of trapped patrticles.
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4. It is particularly important to note that this effect is 5J. V. Hofmann, J. Baldzuhn, R. Brakel, Y. Feng, S. Feidler, J. Geiger,
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