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YBa,Cu30, Josephson junctions on a bicrystal sapphire substrate for devices in the
millimeter and submillimeter wavelength ranges
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High-temperature superconducting Josephson junctions on bicrystal sapphire substrates were
fabricated and investigated experimentally. The critical parameters of the junctions satisfy the
constraints for the design of devices in the millimeter and submillimeter wavelength ranges.

The results of dynamic measurements show that in these junctions the superconducting current
exhibits a sinusoidal dependence on the phase difference of the superconducting wave

functions of the electrodes, and a simple resistive model is used to analyze their microwave
properties. At the same time, the temperature dependence of the critical current of the junctions
differs appreciably from that typical of tunnel junctions witksuperconductors and may be

explained agd-type pairing of the superconducting electrodes and an SNS junctionl9%®
American Institute of Physic§S1063-785(19)00104-4

Josephson junctions fabricated using high-temperatureurrent—voltage characteristics and those obtained from dy-
superconductors(HTSC9 at liquid-helium temperature namic measurements nor on the noise parameters, which are
T=4.2K have various parameters appreciably superior tgarticularly important for applications in sensitive detectors
those of their low-temperature analogs. These include tha the millimeter and submillimeter wavelength ranges. Here
normal-state resistancd®y, the critical frequencyfc  we report the fabrication and measurements of the dynamic
=®dyl Ry, Whered is the magnetic flux quantum angd parameters of Josephson junctions consisting of YBCO films
is the critical current, and the capacitar@€eFor comparison on bicrystal sapphire substrates having the parameters
we note that for niobium Josephson junctions with  f-=300-700 GHz, Ry=10-30Q, and Bc~1 at T
=600 GHz, Ry=10-30Q2, and McCumber paramete. =4.2K.
=2mf:RyC=~1, which characterizes the junction capaci- The Josephson junctions were fabricated on theO@) 1
tanceC on which the profile of the current—voltage charac-plane of sapphire substrates consisting of two crystals for
teristic and thus the presence or absence of hysteresis dehich the(1120) directions were at angles af 12° to the
pend, estimatésndicate that shunted Josephson junctions ofplane of the interface. The YBCO film was fabricated by first
submicron dimensionS~0.1um? must be fabricated with a depositing a 40—80 nm thick Ce@pitaxial buffer layer by
critical current densityj c=10* A/lcm?, which is extremely rf magnetron sputtering from a metallic Ce target at 750 °C
difficult to achieve even with the well-developed technologyin order to prevent Al atoms from diffusing into the YBCO
for fabricating niobium tunnel junctions. The absence of hysfilm. The CeQ buffer layer was deposited at a pressure of
teresis on the current—voltage characteristics of HTSC Jot.2 Pa in an Ar—@gas mixture with a partial pressure ratio
sephson junctions eliminates the need for shunting, and thef 1:1. A YBCO epitaxial film was deposited on the CeO
potentially high values of - allow these junctions to be used surface by diode sputtering in a dc discharge at a high oxy-
at frequencies higher than the niobium gap. gen pressure of 410° Pa(Ref. 5. A 50 nm thick YBCO

However, aspects involved in the stable fabrication oflower layer was then deposited at a lower substrate surface
high-quality HTSC Josephson junctions have not yet beetemperature of 725°C to prevent chemical interaction be-
resolved. The most reproducible junctions having a criticatween the YBCO and the Ce@Ref. 5. The 100 nm-thick
current spread of-12% per chip are fabricated on SrHO main upper YBCO layer was deposited at a substrate surface
bicrystal substratesput because of their high permittivity temperature of 780 °C which improved the structure of the
£>1000 they are unsuitable for microwave applicationsfilm and its superconducting properties. The films were
Single-crystal sapphire having a relatively low permittivity cooled fo 1 h in an Q atmosphere and then coated with a
£~9.5 (parallel to the principal crystallographic akiand 100 nm polycrystalline CeQayer which acts as a mask for
low losses(tans~10"8 at 72 GHz andT=4 K) (Ref. 3, the subsequent technological processes. Thin-film YBCO
which is the traditional material used in microwave electron-bridges 5um wide and 10um long crossing the bicrystal
ics, is one of the most promising substrate materials. Valénterface were initially formed in the upper Ce@yer by rf
etal? and Kunkel et al* reported YBaCuO, (YBCO) plasma etching in Ar and the YBCO was then subjected to
Josephson junctions on sapphire bicrystals, although the litiquid chemical etching in a 0.5% ethanol solution of,;Br
erature contains no information on the correspondence behrough the Ce@mask.
tween the parameters obtained from static data on the Figure 1 shows typical temperature dependences of the
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resistance of the Josephson junctiBiT) and the critical
currento(T). It can be seen that at low temperatures al(T)
nearly linear dependende(T) is observed, which differs
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FIG. 1. Temperature dependence of the resist&{d® (1)
and critical current o(T) (2) for a YBCO Josephson junc-
tion on the (1D2) plane of a sapphire bicrystal with a
misorientation angle of 24°.
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fluctuations predominate, the approximated dependence

is closer to the quadratic dependende~(1
—T/Tc)?. This behavior of o(T) nearT¢ may be observed

appreciably from the known theoretical dependence foboth fors-superconductors and in Josephson junctions fabri-

superconductor—insulator—supercondu€g&i) tunnel junc-

cated fromd-type superconductors, as was predicted by

tions but is similar to that calculated by Tanaka andBarashet al® The departure of the HTSC electrodes from

Kashiway4 for Josephson junctions fabricated usidype

s-type pairing may be reflected in the functional dependence

pairing superconductors with an infinitely narrow barrier andof the superconducting current on the phase and thus in
a misorientation angle close to the experimental value. Ithe appearance of a nonsteady-state Josephson effect, as was
should be noted that fofF<T. an almost linear dependence shown by Tanaka and Kashiwd&yand Barastet al®

I(T) is observed for SNS Josephson junctions where N is a

normal

metaf.

In order to estimate the dependengéy), we measured
the current—voltage characteristics of the Josephson junc-

The results of measurements of the static parameters @bns at temperatures between the critical temperafgrand
the samples af=4.2K are presented in Table I. The thick- T=4.2 K under the action of millimeter external electromag-
ness of the Cefbuffer layer was 80 nm for series BC3 and netic radiation. Figure 2a shows a family of current—voltage
40 nm for series BC5. The structures of samples BC3-A an@haracteristics for junction BC5-2 obtained for various pow-
BC5-A consisted of chains of three Josephson junctions corers P, of the electromagnetic radiation. In this case, the am-
nected in parallel. The critical temperature of the YBCO film plitude of the critical current was suppressed by the action of

in the bridges was in the randg.=86—88 K. AtT~77K a

the magnetic field which ensures that the frequencies are

thermally activated phase slip process was caused by thermgpproximately equaf.~ f,=100GHz. An analysis of the
fluctuations(the current amplitude of the fluctuations was experimenta| dependences of the amp”tud@sand the
|t:47TkBT/(I30%6,U,A), which broadened the current— Shapiro stepd , (n: 1,2,3) on the powerP, (F|g 2b

voltage characteristic of the Josephson junéiand a non-

showed that the microwave dynamics of these Josephson

zero critical current was observed at lower temperaturefunctions is accurately described by a simple resistive

T<70K. The curveR(T) shows a characteristic “shelf” in
the range 86—67 K. At temperatur&s- T where thermal

model’ Note that the valud =106 GHz determined using

an independent current—voltage characteristic was also close
to its “microwave” analog determined using the maximum
of the first Shapiro step; max, fc1=90 GHz, and from the

TABLE I. Junction parameters measured at liquid helium temperature,args of the curves (P, (X-criterion7) f~ =100 GHz
T=4.2 K. The notation is given in the text. m.e Cx X

Sample lc, uA Ry, Q IcRn, mV fc, GHz
BC3-1 93 7.5 697.5 337
BC3-2 100 13 1300 628
BC3-A* 100 135 1350 650
BC5-1 19 36 680 330
BC5-2 64.2 23 1496 723
BC5-A* 46.2 21.4 990 479

The frequency ratio$./f-, for samples BC3-1 and BC5-1
were 337/345 and 330/335 GHz/GHz, respectively. The
overall deviation of the frequencft from their microwave
estimates was of ordet 5%.

Kleiner et al1° showed that the deviation of the curve
Is(¢) from sinusoidal gives rise to subharmortfcactional
n/m) Shapiro steps whose amplitude is proportional to the
corresponding harmonic of the Fourier expansionl gf;

*Parameters for a single sample calculated from measurements of a chain Wiith respect to sim(®). A detailed study of the current—

three parallel-connected junctions.

voltage characteristics of the Josephson junctions, including
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current—voltage characteristics at various power lefeléthe
-2000 1000 0 1000 inset shows the detector response of the Josephson junction
(D) to a weak signal at the same frequendy—power depen-
dence of the critical currerl) and the amplitudes of the Sha-
piro stepsn=1 (2), n=2 (3) andn=23 (4) on the right and left
branches of the current—voltage characteristic.
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those atT=4.2K (T/T¢~0.05), under the action of a mi- characteristic, whereis the thickness of the junction tunnel
crowave field reveals no sinf3 and sinGf) components in barrier andS is the area of the junction. We obtain
Is(¢#) to within 5%. Note that for the case of a JosephsonC=13.5fF and the ratid/e~2.7 A. Note that this value of
junction fabricated ofd-type superconductors calculated in C agrees with the data given in the literature for other types
Ref. 6, for whichlc(T) is linear, the dependende($)  of HTSC Josephson junctiofsee Ref. 12, for example

~sin(¢) is also predicted. We note that the appearance OfyhereC was estimated from the resonant Fiske characteris-
subharmonics may also be caused by an inhomogeneous CYs in the tunnel junction model

rent distribution over the junction widffi* and/or by the ) . .
. . : . The noise properties of these samples were estimated by
high capacitance of the Josephson junction. In our case, the

uniformity of the current distribution was also confirmed ex- measurm.g(usmg ? proceglure §|m|lar to that described by
perimentally by the “Fraunhofer” dependende(H) and Ovsyannlkov.et a.ll. 3 the line W|d'FhAf of the naFuraI Jo-
the absence of hysteresis on the current—voltage charactergephson oscillation from the profile of the selective detector
tic indicates the junction has a low capacitazeUsing the ~ responsep(V) at 100 GHz. This dependence is shown in the
resistive Josephson junction model we estimage=1 and inset to Fig. 2a. The values dff ~15 GHz were four times
thereforeC=¢e¢g(S/t from the independent current—voltage broader than the theoretical values predicted by the resistive
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A study was made of the growth regimes of undoped epitaxial GaN layers under various

substrate nitriding conditions. It was observed that at a nitriding temperaturel®00 °C films

are formed with typical growth characteristics in the form of hexagonal pyramids separated

by a smoothed surface. The cathodoluminescence pattern in the pyramids revealed a fine structure
in which a region of donor—acceptor recombination could be identified. The formation of

acceptor levels in this region was attributed to intrinsic structural defects in the GaN layers with
unsaturatedbroken bonds. The presence of a donor—acceptor recombination line in mirror-

smooth epitaxial films may indicate that these films contain this type of structural defect99@
American Institute of Physic§S1063-785(19)00204-9

INTRODUCTION the resolution of the recording system wad um and the
Gallium nitride and solid solutions based on group Il microcathodoluminescence pattern was recorded on photo-

nitrides are presently attracting considerable interest becau§&aPhic film using a special attachment. The microcathodolu-
of the possibility of developing optoelectronics devices op-Minescence spectra were obtained at room temperature and

erating in the visible and ultraviolet as well as devices for@t liquid-nitrogen temperature. The electron probe energy
high-temperature  electroniés. Despite the significant Was between 5 and 15 keV and the probe current was
progress achieved in the manufacture and commercializatior ©~100nA. The spectra were recorded using a grating
of this type of devicé more detailed studies of the properties Monochromator with a dispersion 6f2 nm/mm and a pho-

of the as-grown material to improve the parameters of optolOn counting system. _ o

electronics devices continue to remain the focus of attention 1€ microcathodoluminescence distribution over the
among researchefdn the present paper we study the spatiall@Yer thickness was investigated using a method of layer-by-
inhomogeneities of the microcathodoluminescence over ardg@Yer dry etching in a specialized Rokappa system. Etching

and thickness in epitaxial GaN layers grown @901 sap- regimes which did not give rise to defects revealed by the
phire substrates. microcathodoluminescence were as follows: accelerating

voltage of Ar gun 500 V, current density 0.5 mA/cnt, and
EXPERIMENT sample temperature 25°C. The samples were etched uni-
formly to a depth of~0.5—1um at a rate of 220 A/min.
Gallium nitride layers were grown by vapor-phase epi-
taxy from njetalorganlc. compoundsThe_ Processes were - <o AND DISCUSSION
carried out in an inductively heated horizontal reactor in a
hydrogen stream at a reduced pressure of 200 mbar. The Figure 1la shows an optical image of the surface of layers
initial components were ammonia and trimethyl gallium. Theexhibiting hexagonal pyramids. Films with a similar surface
epitaxial layers were intentionally not doped. morphology were obtained earlier and described by Akasaki
The growth procedure included treating the substratest al® However, our investigation revealed a spatial fine
surface in an ammonia stream at 500—1000 °C to nitride thstructure in the microcathodoluminescence image in the hex-
surface, depositing a thin buffer layer around 220 A thick atagonal pyramidgFig. 1 which may be described as fol-
a lower temperature~510 °C), annealing the buffer layer, lows. The yellow spot at the center of the pyramid was sur-
and then epitaxial growth of the main layer at high tempera+rounded by a violet region which merged into pale blue at
ture (~1040°C). Gallium nitride was used as the bufferthe edges. The spot at the center of the pyramid may be
layer. Typical growth rates and epitaxial layer thicknessesbsent. In addition, small yelloywhite) spots were observed
were 2.5-3um/h and 3—4um, respectively. Depending on at the boundary between the dark blue—violet and pale blue
the nitriding temperatureT(,), the epitaxial layers either ex- regions. A similar microcathodoluminescence pattern, but
hibited typical hexagonal growth pyramid&ig. 13 (T,  with a lower contrast and typical structural details almost
~1000°C) or they were mirror-smootfT{~500 °C). twice as large, was observed on the smoothed surface be-
The microcathodoluminescence was observed using aween the pyramids.
defocused electron beam of up to 20 diameter via the The variation in the film structure with depth was inves-
optical system of a Camebax microanalyzer.>A800 mag- tigated by observing the microcathodoluminescence pattern
nification and a probe current density of up+®00 A/cnt, after layer-by-layer dry etching in steps of uptal.5um.
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the etching process, the number of spots and their size in-
crease, indicating that the yellow spots are localized in the
low-temperature buffer layer. Note that the microstructure
characteristics of GaN layers have already been studied in
Refs. 6-8. Qianetal® observed misoriented structural
blocks and in Ref. 7 noted that misorientation of thexis
may cause the formation of screw dislocations in the direc-
tion of growth. At the center of the upper part of the pyra-
mids, Ponceet al® observed screw dislocations in the form
of hillocks with penetrating holes between a few and tens of
nanometers in diameter. We also observed similar hillocks
on the growth pyramids in our layers when these were ex-
amined using a high-resolution scanning microscope.

As a result of this comparative analysis of the published
data and the observed microcathodoluminescence pattern, we
propose the following model for the formation of the epitax-
ial layer. Deposition of the buffer layer is accompanied by
the formation of nucleation centers. Subsequent annealing of
the buffer layer at high temperature causes crystallization,
growth, and coalescence of these nugld@ihe film then
grows as a result of the planes of islands of screw disloca-
tions reaching the surfagevith the formation of minipyra-
mids) or as a result of the migration of steps by two-
dimensional nucleatiojedge zone of the pyramigdsThe
minipyramids begin to grow from a defe@ither the sub-
strate or a nuclegsSince each pyramid is most likely char-
acterized by a single type of structural defése postulate
that its formation is attributed to the growth of screw dislo-
cationg, these minipyramids are a good object for studying
the interaction between a particular type of defect and impu-
rities during the doping of GaN. A study of the characteris-
tics of this interaction should provide an understanding of the
mechanisms for the doping of GaN films, especially with Si
and Mg.

Figure 2a shows the microcathodoluminescence spectra
obtained at 300 K for various parts of the pyramids after
etching. In the central part of the pyramid, in addition to an
edge ultraviolet band with a maximum Bt-3.47 eV and a
yellow defect band withE~2.2eV, we observed a weak
near-ultraviolet band witte~2.8 eV which determines the
color of this region. The intensity of the edge- and near-
FIG. 1. a—Typical surface morphology of epitaxial GaN fims with hex: ultraviolet bands is a Ilngar function of th_e excitation rate,_
ago-nal- pyramids; b—Microcathodoluminescence image of hexagonal pyraWhereas the ye"_OW band in the central rgglpn saturates _and IS
mid after etching at a depth of 3.5zm. The white field around the pyra- More clearly defined at low rates of excitation. In the micro-
mid is the luminescence of the sapphire substtdéek red and the buffer  cathodoluminescence spectra from the central part of various
layer (yellow). At the center of the pyramid there is_a region of yellow glow pyramids at 77 K(Fig. 2b) the 2.8 eV band is transformed
(2.2 eV defect bandsurrounded by a dark blue regi¢2.8 eV bang, and at . . ; ]
the edge 3.4 eV exciton luminescence. The microcathodoluminescend@to a Iumlnescenf:e _Ime at3.2eVv. _AS the_rate of excita-
spectra are shown in Fig. 2; c—Microcathodoluminescence image of halffion decreases, this line separates into various bandsEThe
planes in region of smoothed surface between pyramids revealed by etching 3.26 eV line corresponds to donor_a_cceptor recombination
to a depth of approximately Am. while the additional long-wavelength lines are probably its

phonon replicag!%In the spectra at the edge of the pyramids

this line is barely visible, although the edge ultraviolet band
The largest changes in the microcathodoluminescence imadem this region has a high intensity with a smaller half-
were observed in the regions of smoothed surfaces betweeridth (~58 meV at 77 K which indicates that the material
the pyramids. It can be seen from Fig. 1c that this regiomear the edge of the pyramids is of higher quality.
consists of a set of0001 half-planes inclined at a small Thus, we can assume that acceptor levels occur near the
angle and not completely overlapping. At the center of eaclic~ 2.8 eV near-ultraviolet band. Bearing in mind that these
half-plane there is a yellow spot. The half-planes also indayers weren-type and were not specially doped, we can
clude many other spots. As the layer thickness decreases #itribute the appearance of acceptor levels to intrinsic de-
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fects. The regions where the~2.8 eV band was observed €xhibit hexagonal growth pyramids. We observed that as for
are close to the points where islands of screw dislocationthe films with pyramids, the intensity of the yellow defect
occur and are probably formed by a spiral growth mechaand near-ultraviolet bands depends on the growth conditions
nism. These regions may contain unsaturghedken bonds of the buffer layer. However, the spectra of a multilayer un-
which lead to the formation of acceptor levels and their ap-doped double heterostructure consisting of a b thick
pearance as a result of donor—acceptor recombinatiof3aN layer, a 2um thick AlGaN layer, a 0.3um thick GaN
Larger quantities of these unsaturated bonds should also i#tive layer, and a 0.0&m thick AlGaN upper layer re-
present at the center of the pyramiid the nucleus of the Vvealed edge emission only from the GaN active layer and the
screw dislocation However, an intense yellow defect band AlGaN upper layer! with no E~2.8 eV band. This confirms
(with E~2.2eV) is observed in these regions which indi- that theE~2.8 eV band is attributable to structural growth
cates that the structure of the deep levels differs from that islefects which grow through the first GaN layer but may be
theE~ 2.8 eV regions. The mechanisms responsible for theistopped at the heterointerface or in the thick AlGaN layer.
formation have not yet been sufficiently well studied. Bear-
ing in mind that the yellow defect band is localized near the
interface, we attributed its appearance to an elevated concen-
tration of carbon near the buffer layer as a result of incom-concLUsIONS
plete breakdown of the initial components and the formation
of complexes. The presence of pores in the nucleus of a A microcathodoluminescence study has been made of
screw dislocation may promote the diffusion of carbon at theundoped GaN layers grown on sapphire by MOCVD as a
center of the pyramid. function of the nitriding conditions of the substrate surface.
These characteristic bands in the microcathodoluminesthe spatial distribution of the microcathodoluminescence
cence spectra were also observed in the photoluminesceneas studied in typical growth regions of the layers and at
spectra of specular layers of GaN and AlGaN which did notvarious depths over the layer thickness using a method of dry
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Reverse saturable absorpti@ptical limiting) in liquid crystal composites based on polyimides

and polyvinyl alcohol with added fullerenes was investigated at the laboratory level. It

was established that laser radiation was attenuated tenfold in these structures. The experimental
data were compared with the transmission of similar systems without fullerene additives.

© 1999 American Institute of PhysidsS1063-785(09)00304-3

INTRODUCTION EXPERIMENT

o The initial dispersed mixture was prepared by carefully

The prospects for research and subsequent applications. . o R :

L T . . mixing a polymer and a nematic in the ratio 3:2 to obtain a
of th|)n films of liquid F:rygtal droplets (;Jlspersgd n a polymer homogeneous emulsion. Finely dispersed fullerene powder
basé are presently_ indisputable. This is prlmarlly because(mixed Gy, and G was either added to the initial liquid
these systems retain many of the properties of the polymel qta| or was added to the tetrachloroethane during prepa-
matrix, especially the film-forming capacity and high me-4ijon of the polyimide solution. The emulsion was poured
chanical strength, and second combine the unique electroogniy a substrate with calibrated spacers and was dried to
tic properties of a liquid-crystal mesophase. These systemMgmove the solvent. The thickness of the samples was
can operate without polarizing devices, which substantially__ 10um and the size of the nematic droplets in the polymer
enhances the brightness of displaykey have faster switch- matrix was 2—3um. The nematic was formed of ZhK999,
ing times? no particular constraints are imposed on the ori-zhK1289, and E7BDH) and the polymer base comprised
enting surface$ and problems of threshold and hysteresis3o and 6.5% tetrachloroethane solutions of polyimide 6B
are easily resolved. and a 10% aqueous solution of polyvinyl alcohol.

The mechanism for the action of PDLC-based cellsis as The second harmonic of a pulsed neodymium lager (
follows.* A liquid crystal is selected, in this case a nematic, =532 nm) was used to investigate the optical limiting of
whose ordinary refractive index, is close to the refractive laser radiation. The diameter of the radiation spot on the
index of the polymer matrixi,. In the initial state a refrac- sample was~3 mm. The radiation intensity was varied by
tive index gradient exists as a result of the arbitrary orientausing calibrated light filters. In our experiment the dimen-
tion of the liquid crystal director at the liquid-crystal sionless paramete* R, wherek*=2zn,/\ andR is the
droplet—polymer interface, and this is responsible for strongiroplet radius, was in the range 96-104, il€:R>1, and
scattering of light by the composite. When an electrical oraccording to the classification put forward by Zharkova and
optical stimulus is applied, for the light propagating normally Sonin;’ anomalous diffraction occurs for “optically soft”
to the surface of the cefly=n,, the refractive index gradi- droplets.
ents are very small, the liquid crystal director is oriented in
the direction of the field or in the direction of the electric RESULTS AND DISCUSSION
vector of the light wave, no scattering takes place, and the  The main experimental results are plotted in Figs. 1a
system becomes transparent. The fact that the liquid crystging 1b.
is partially heated on exposure to an intense optical or elec- |t was established that under the action of millijoule la-
trical stimulus also helps to equalize the refractive indices. ser radiation, the radiation is attenuated by at least a factor of
When the electrical or optical stimulus is removed, the com-10-15 for all the fullerene-containing samples.
posite returns to the initial dispersive state. In general, the principle of optical limiting for media

Recently, the addition of fullerene clusters has been usedontaining fullerenes is based on the fact that the absorption
to effectively control the transmission of liquid-cry$taind  of a A =532 nm photon by a & or C,, molecule is accom-
polymer —® systems. This not only regulates the laser irradiapanied by the formation of a triplet-state molecule with an
tion thresholds but also substantially attenuates the laser rabsorption cross section greater than that for the unexcited
diation. In addition, systems with added fullerenes are usetholecule*®3 The absorption increases as the laser radiation
to record hologram&for frequency doubling and trebling, intensity increases because of the enhanced population of
and also as laser switch&s. excited states. In our experiment the pulse duratiorris

The aim of the present paper is to investigate the opticat-15ns, and the singlet-triplet interaction time-isl.2 ns
limiting effect in light-controlled dispersed liquid-crystal (Ref. 11). We then have,> s 1, and the triplet state acts
structures with added fullerenes. as a store for excited states. In this case reverse saturable

1063-7850/99/25(4)/3/$15.00 257 © 1999 American Institute of Physics
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100 mentally. This difference may be attributed to the orientation
of the liquid crystal dipoles along the polymer—liquid-crystal
walls; as the illumination intensity increases, this influence
of the walls lasts longer for the 6.5% polyimide than for the
3% polyimide. It is also possible that for different polymer
concentrations there is a particular effective ratig/n,,
which is responsible for the existence of a different scatter-
ing component even for light incident normally on the
sample.

Curve 4 shows the onset of optical limiting for a
fullerene-containing PDLC based on polyvinyl alcohol. It is
worth noting that the behavior of the curveg,=f(E;,) is

R . - . . almost the same for the ZhK1289 and E7 systems. The out-
0 20 40 60 80 100 120 140 put power is limited by a factor of-12—15 for ZhK1289
E.,md and E7, respectively, becausgandn, are more accurately
100 . matched for EAny=1.525; Ref. 14 and polyvinyl alcohol
(np=1.54) compared with ZhK128@,=1.50; Ref. 2.

In addition to studying the optical limiting in fullerene-
containing dispersed systems, we also investigated similar
structures without fullerenes in order to distinguish the nor-
60 - mal bleaching of liquid crystal composites under the action
of intense laser radiation from the reverse saturable absorp-
tion effect. The results of comparative experiments are plot-
ted in Fig. 1b. It can be seen that in the absence of fullerenes
for sample E7 with polyvinyl alcohol the level of transmis-
sion is 30—40%(curve 2), which reduces the transmitted
radiation by a factor of 1.7—2.5 for different levels of illu-

o &= P S S W mination and not by an order of magnitude, as in Fig. 1b,

0 20 40 60 80 100 120 140 curvel. In addition, we recorded hysteresis on the transmis-

E.mJ sion curve2, which is not at variance with the long-term
memory of nematics in liquid-crystal compositesbserved

,mJ

out

80 |

,md

out

FIG. 1. Output radiation energy from samplds () versus input radiation

o o after the optical action has been reduced.
energy €;,). a: 1—structure consisting of 3% polyimide 6B and ZhK999 E in th ical limiti f b d
without fullerene;2—fullerene-containing structure comprising 6.5% poly- Note that in the optical limiting effect we observed no

imide 6B and ZhK999;:3—fullerene-containing structure comprising 3% hysteresis loops for any of the samples. However, bearing in
polyimide 6B and ZhK9994—fullerene-containing structure comprising mind the influence of the liquid-crystal polymer walls on the

polyvinyl alcohol and liquid crystal E7, l—fullerene-containing structure o iantation of the nematic in droplets, we cannot categori-
comprising polyvinyl alcohol and liquid crystal EZ:—structure comprising

polyvinyl alcohol and liquid crystal E7 without fullerertéhe arrows indi-  Cally _e?(CIUde the appearance of hysteresis in fU”erene'
cate the forward and reverse profile of the clrve containing PDLCs. Hysteresis may be observed in a nar-

rower range of illumination intensities compared with that
proposed in our experiment.

absorption and consequently the principle of the optical lim-
iting of laser radiation is accomplished via the— T, chan-
nel. The population, saturation, and decay of the levels in-
voIved_m the optical limiting process is accgrately (je.scrlbedcc),\lcl_usml\ls
by a six-level scheme and was analyzed in detail in Refs.

10-12. In our experiments we recorded an increase in ab-  Thege investigations have shown the potential usefulness
sorption with increasing illumination intensity, followed by ot fjlerene-containing dispersed liquid-crystal systems as
saturation, and limiting for all fullerene-containing samples. | 5ser switches which limit the laser radiation power in the

We draw attention to the characteristics of the disperseglange$o_4 Jicn. Note that this range may be extended in

systems manifest in the optical limiting effect. It can be seenjiher girection by additional electrical control of these sys-
from Fig. 1a that the behavior of curvésand 3 differs  omg \which, even allowing for attenuating inhomogeneities

slightly. For the same ratio of nematic to polymer and they; the nematic droplet—polymer interface, leads to threshold

same amount of added fullerene, saturation is observed alqrientation of the liquid crystal director in the electric field
higher illumination intensities for the PDLC with a 6.5% ¢ 5 result of a Eeslericksz transition.

polyimide solution than that for the 3% polyimide base. In

the first case, saturation occurs-ab.7—0.8 J/crh whereas The authors would like to thank N. A. Vasilenkb. Ya.
in the second case it occurs at around 0.43/dinwould  Karpov Institute of Physical Chemistry, Moscpand O. D.
seem that the optically denser medium should have a lowdravrentovich (Kent State University, USAfor assistance
saturation level and not the reverse, as was recorded experiith this work.
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Thermoelectrodynamic loss of material by a solid armature in a railgun as a cause
of velocity limitation
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It is shown that even when monolithic electrically conducting bodeematures are accelerated

in a railgun, redistribution of the current as a result of Joule diffusion allowing for the

drop in the electrical conductivity with heating may lead to the appearance of negative mechanical
stresses in the object. Assuming that the strength of the material is reduced or melting

occurs, this causes a loss of material which can initiate shunting arcs behind the armature at a
velocity of ~1 km/s. © 1999 American Institute of Physid$$1063-785(19)00404-§

1. It is usually assumed that the velocity skin effect iseffect, we shall analyze the acceleration of an armature under
responsible for limiting the acceleration of a solid, the action of an electric current in the two-dimensional ap-
electrically-conducting armature to 1-1.5 km/s. In the stanproximation usually used to study the velocity skin effect.
dard two-dimensional approximation, this effect concentrate$n this case, the entire magnetic field is concentrated in the
the current toward the rear edge of the moving armatureiegion bounded by the rails and the armature, which is a
causing overheating at this point and melting. The melt idairly rough approximation but can substantially simplify the
entrained by the rails and the melt wave moves over th@roblem. We shall confine our analysis to the case where the
contact surface of the armature toward its front edge. As &hickness of the skin layer formed around the rear wall of the
result, the solid-state sliding contact is destroyed and redrmature is less than its characteristic dimensions. Then, ne-
placed by an aré,which causes catastrophic erosion of thedlecting the thermal conductivity, we obtain the following
solid surfaces and a drop in the acceleration efficiency. Howone-dimensional equations to calculate the distribution of the
ever, the experiments do not provide unambiguous confirmafagnetic inductiorB and enthalpyH everywhere in the ar-
tion of this scenar and show that far more complicated Mature, apart from the corner regions:

processes develdp. B o/ B
One such process may involve softening of some of the —=—-|D—|, 1)
. . L . at  Ix X
material, which then separates and is ejected from the main
body of the armature as a result of the extremely nonuniform  gH 1 4B\?
distribution of ampere forces in the armature and the result- 5 = P| 7, 755 ] - @

ant internal stresses, even in the one-dimensional case. As

the armature is accelerated, the magnetic field and curreMtherep is the resistivity,D=p/opu, is the magnetic field
will diffuse from its rear surface inward, causing a release ofdiffusion coefficient, and the enthalgy is given by

Joule heat, accompanied by heating and melting of the ma- coysT, T<T,,

terial. If the electrical conductivity of the material drops

fairly sharply during heating, the maximum of the current ~ H=) Cs¥sTmt2Q, T=Tnm, 3)
density shifts from the surface toward the inside of the ar- CsYsTmteQ+eLy(T—Ty), T>Ty,

maturg. . N whereT is the temperature; is the specific heaty is the
It is then easy_to envisage a situation where the yolum ensity, T,, and Q are the melting point and the heat of
ampere force acting per unit mass and accelerating thﬁjsion, the subscripts “S” and “L" refer to the solid and

heated layer is weaker than the ampere force per unit mass %uid phase, respectively, and is the fraction of molten

the column of still unheated material pushed by it. As & aterial defined as = (H—cqy<T,)/Q. Quite clearly we
result, tensile stresses may be created inside the armature. ¢f, 4 . — o for T<T,ande=1 for T>T,,. We subsequently

as a result 01_‘ thl_s t_hermoelec'grodynamlg effevke use the assume thays= y, = y=const.

term “dynamic” in its mechanical meaningthese stresses The boundary and initial conditions for Eq4)—(2) are

exceed the strength of the heated solid material or becomgen py

zero in some volume of the melt, the rear layer of the arma-

ture may become detached from the main body, continuing B=wuol/d for x=0, B=0 for x=lI,

(in the ideal case of electrical contact with the rafts move _ _ _

with a lower acceleration than the rest of the armature. This =0 and H=CsysTo for t=0, @

lost material can induce low-voltage shunting arcs in thewherel is the current flowing through the armatuckis the

railgun channel. width of the armaturdrails), | is its length, andT, is the
2. In order to illustrate the possible occurrence of thisinitial temperature.
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t 0.6 1 ture (b) in the skin layer near the back of an aluminum
= armature withd=3 cm forJ=1,/d=35 MA/m. Curves
E 1 correspond td=t, =74 us when the armature begins
= 04 1 to melt, 2—t=1ms, 3—t=2 and 4—t=t4=3.82ms,

when the melt begins to become detached.

0,2

00!
x (cm) x (cm)

The temperature dependencdbfn the solid phase was ture. Note that for the case shown in Fig. 1, the rear surface
approximated byDg=Dg(1+a(T—Tg)), whereas in the of the armature did not melt completely before becoming
liquid phaseD was assumed to be constant and equélto  detached at tim¢=t4. In this case, when we have=T,

In the two-phase region where=T,, the diffusion coeffi- =const a zone forms consisting of a mixture of solid and

cient was defined aB=(1—-¢)Dgs+D, . liquid phases. At current densitids=40 MA/m melting be-
The stresses near the rear wall of the armature were alsgins att<50us and by the detachment tine-t4 the back

calculated using the one-dimensional model of the armature has melted completélgr current densities

J=40 MA/m the detachment time i$4=3.24ms; atJ
> yax, (5 =45MA/m ty=2.72ms; atJ=50 MA/m ty=2.16 ms; and
Ho at J=60 MA/m ty=1.5m9. Calculations made for various

wherej is the current densityjg=1,/Id) anda is the ac- Al alloys, which generally have lower electrical conductivity
celeration of the armature, which was determined assumingnd lowerT,, give similar results. A variation of, within

that the magnetic pressure acting on the rear wall of th@ne order of magnitude does not alter the general pattern.
armature is equal to the total inertial ford@?(0)/2uq Aluminum has a relatively low melting point and its
=val. On account of the two-dimensional nature of the€lectrical conductivity depends fairly weakly on temperature
problem, this last expression gives a greater acceleration f&o that current flowing through the same site for a fairly long
the same linear current densidy=1,/d than in the three- time melts the material. Thus, in our search for a light metal
dimensional case. Equati@) fairly accurately describes the having properties suitable for developing an armature which
pressure distribution in the liquid phase, whereas in the soligindergoes damage later in the acceleration, we made

x B%(0)-B?
Ox= JO((jXB)x_'ya)dX:M_

phase it can be used for approximate estimates. calculations  for Ti (y=4500Kg/n?, T,=1880K,
3. For the calculations we assumed that the total currerts= 550 J/kgK, c_=600J/kgK, Q=2315kJ/kg,
| increases linearly from O tb,=const over the timer,.  Do=0.34n¥/s, a(T,,—To)=6 (Refs. 4 and 5and Be{y

The calculations were made for the simplest armature shape; 1840 kg/m¥, T,=1560K, cg=2500J/kgK, Dg

i.e., cubic (=1), and initially for the most commonly used =0.032nt/s, a(T,—To)=12.8; o=301—(T—To)/(Tn

light aluminum armature. The following parameters —To)] MPg (Refs. 4 and B

were used: y=2700kg/m, T,=293K, T,=933K, As in an aluminum armature, negative stresses only ap-

Cs= 1000 J/kgK, ¢, =1177 J/kgK, Q=400kJ/kg, pear in a titanium armature after the liquid phase has formed,

D,=0.0216 n¥/s, D, =0.16 nf/s, anda(T,—T,)=3.5. We  despite the high melting point. This is primarily because of

took 7,=10us and assumed that=1,/d varied in the the low electrical conductivity of titanium and the conse-

range 35—60 MA/m. The calculations confirm that the arma-quent rapid heating of the material at a high rate of current

ture may be damaged under the influence of the thermoelediffusion inside the armature. Allowance for phase transi-

trodynamic effect. A slightly unexpected result was that intions in Ti atT<1150 K, when the electrical resistance stops

all the one-dimensional cases investigated byfaisd=1, 3,  increasing, does not significantly alter the picture.

and 9 cm melting of the material in the rear layers preceded If we disregard its toxic properties, the most interesting

the appearance of negative stresses in these layers. Qudemature material is beryllium, which is a light refractory

clearly, the negative stresses initially occur directly at themetal with a relatively high electrical conductivity. As a re-

rear surface of the armatuteheredo, /dx|,_,=0), and if  sult, negative stresses appear near the rear surface of a Be

this contains liquid phase material damage and separaticermature before it meltéFig. 2). Assuming that the tensile

will take place continuously. strengtho decreases linearly with temperature closero,
Figure 1 shows typical plots of the current penetrationwe find that these stresses even cause solid rear sections to

and temperature distribution in the rear layer of an Al armaseparate from the armature. In this case, the speed reached by
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;_W? 0 ) FIG. 2. Distribution of current densitig) and mechani-
s cal stressegb) in the skin layer near the back of a
e beryllium armature withd=3 cm for J=45 MA/m.
© Curve 1 corresponds td=1 ms, 2—t=2, and 3—tq4
20 J =2.33ms when the solid back layers begin to become
detached from the armature.
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the Be armature before damage is slightly higher than thahe physics of high-current arc discharges in metal vapor has
for an Al armature. not yet been developed in detdilye know that the charac-

4. These results are generally qualitative, indicatingteristic voltage for a short1 cm) arc is~30-50V. If the
some new prospects for delaying the crisis where the accekiectrical conductivity of the plasma is reduced, the magnetic
eration process transitions to arcing and providing a possible|q actually doubles or trebles this value, i.e.,+d00 V.
explanation for the phenomena observed in real accelerator,s'.owever, for the typical inductance of the rails per unit

di lete cI:IearIy, smcI;a fretﬁl fCOI’tIfIgLCIjI’.?.ftIOI.‘]S afreth th;?i;lengthL’~0.3,uH/m these values are also characteristic of
'mensional, as a result of the faster diusion ot the NGy, 4 quction back-emAU, =L'IV, which must be addi-

near the edges and comers, tendiimgentigl stresses may tionally applied to the breech part of the rails for the current
appear considerably earlier and thus may even appear in trI"?VSOO KA h h th W1 km/s. M
solid material of the low-melting Al alloy armatures usually ' to pass through the system\at=1 km/s. Mea-

used. Bearing in mind the drop in strength with temperature,sureme”ts made at the exit edge of the channel indicate that
the thermoelectrodynamic effect can then cause various sef1€ purely Ohmic voltage drop for a solid armature is small,
tions of the accelerated armature to be ejected before the§nly ~10V (Ref. 10. Thus, it is quite conceivable that after
melt. the inter-rail potential difference has reach&td, ~100V,

At this point it is convenient to note that effects involv- the formation of relatively stable arcs behind the armature,
ing a reduction in strength and in some sense, liquefaction dhitiated by metal ejected from the armature, will limit the
the material, i.e., the loss of long-range order in the structureyelocity of a solid electrically conducting armature to around
the formation of new dislocations, and an increase in theik/~1 km/s.
propagation velocity, are promoted, regardless of the Joule
heating, by the flow of large electrical current§y
~10°—10° Alcn?, electroplasticity’ and also by intense ul-
trasonic (~10°—1C(F Hz) vibrations (acoustoplasticity®
These vibration; inevitat_JIy occur upder conditions _where theip g, parks, J. Appl. Phy§7, 3511(1990.
armature experiences pinch vibrations and electrical explo2D. Kirkpatrick and D. Haugh, IEEE Trans. Mag83, 109 (1997.
sions at contact constrictiodsand also as a result of the °E. M. Drobyshevski B. G. Zhukov, R. O. Kurakin, S. |. Rozov, M. V.
motion of an object in contact with the uneven eroded chan- [E‘Te'oﬁog)}?i aLndtt\zlé 2-4 Ié?;_ygp;g;lj Pis'ma Zh. Tekh. Fi25(6), 89 (1999

) . . . _ [Tech. Phys. Lett25, .

nel walls. Large_ampll_tude_wb_ratlons Shou'd also be gener “Handbook of Physical Quantitieedited by I. S. Grigorev and E. Z.
ate(_j_by cumulative mlf:roej_ectlons of ma_tenal from s_urface Meilikhov [in Russiaf, Energoatomizdat, Moscodd991), 1232 pp.
cavities, and so on. Vibrations are possibly responsible forsy. zwicker, Titan und TitanlegierungetSpringer-Verlag, Berlin, 1974;
the “splintered wood” appearance at sites where the arma- Metallurgiya, Moscow, 1979, 511 pp..
ture undergoes enhanced Joule hea%ﬁ@ far, no attention 8G. F. Silina, Yu. I. Zarembo, and L..EBertina, Beryllium: Chemical
has been paid to the reduction in the strength of an armatureTéchnology and Metallurgyin Russiar, Atomizdat, Moscow(1960,

. . . 120 pp.
under_the action of Cur,rem and Vlbratlon_s' . "H. Conrad and A. F. Sprecher, Mislocations in Solids. Vol. 8, Basic

It is also worth n.otlng that the velocity skin effect may _ Problems and Applicationsedited by F. R. N. NabarréNorth-Holland,
be treated as a particular case of the thermoelectrodynamicamsterdam, 1989 Chap. 43, pp. 497-541.
effect. 8A. B. Lebedev, Mater. Sci. Foru®10-213 519 (1996.

5. The appearance of a large quantity of small heated’ Yu. P. Razer,Gas Discharge PhysidSpringer-Verlag, New York, 1991;
particles, droplets, and vapor ejected from the armature ip\auka, Moscow, 1987, 592 pp.

. . . ", R. A. Marshall, IEEE Trans. Magrg1, 209(1995.
the railgun channel must obviously stimulate parasitic elec-
trical breakdowns which go over to arc discharges. AlthoughTranslated by R. M. Durham
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The chemical potential of a binary solution is calculated using the Gibbs free energy method.
With the aid of certain assumptions on the microscopic structure of the solution, the well-
known expression is derived for a simple solution. It is shown that the empirical interaction
parameter is expressed in terms of the change in enthalpy and entropy accompanying

the exchange of atoms between the pure componentsl949® American Institute of Physics.
[S1063-785(109)00504-2

The chemical thermodynamics of solutions has so farations of neighbors around the atoms. In order to obtain a
remained a semiempirical science based on using relatiorietal probability of unity, this must be divided by the nor-
ships characteristic only of ideal substances. Parametersalizing factor= . ,CrNT™ "N5=(N;+N,)™.
whose physical meaning remains unclear are introduced to Hence the Gibbs free energy of a binary solution calcu-
describe real substances. In particular, according to Guggefated per atom is written as
heim (see Ref. L simple binary solutions are solutions m m
yvhose excess fr.ee energyG$ = a(T)x(lfx), whe'rea(T) G=N, E g+ N, 2 pih—kTIn
is some interaction parameter. Calculations of this parameter i=0 i=0
made by Swalififor regular solutions using a quasichemical
reaction method are unsatisfactory because they do not e)\(\{here
plain the relationships observed in practice. We propose an CHNTTING
algorithm to calculate the chemical potential of a binary so- Pi= - 7 m-

. . . . , (N7+N3)
lution based on a microscopic analysis of the Gibbs free
energy. This approach has recently been successfully used to We calculate the chemical potential of the first compo-
calculate the stoichiometry of soliddt will be shown sub-  nent:
sequently that this method can be used to obtain an expres-
sion for the chemical potential of a simple solution and to ==
clarify the physical meaning of the interaction parameter. Ny

In order to write the Gibbs free energy of a binary solu-\y/e note thatN; andN, appear in the energy derivative in
tion, we shall divide the volume occupied by the liquid into he form of the expressiondl, /(N;+N,) and N,/(N;

cells such that each cell contains only one atom. This model N,). Replacing these expressions by the mole fractigns
is justified by the fact that the liquid frequently conserves th%ndxz we obtain

short-range order characteristic of the crystalline state. Each
atom in the solution is surrounded by a certain number of n i mei m e
others, which include atoms of both the first and second l“l:igo gi(m+1-i)Cpxy Xz—mgo 9iCmX1 ~ X
components. We shall assume that each atom in the binary
solution has the same number of nearest neighbors. This im- oo i meiei
plies first that the coordination numbers of both components +i21 thiCrx1 ™3 —-m
in the pure state are the same and second, that the sizes of -
atoms of both components are approximately the same. m o )

Let us assume that an atom of component 1rasear- X 2 hiCxaxg T kT Inxg . )
est neighbors. This atom can then be surroundedbike =0
atoms,m—1 like and 1 unlikem—2 like and 2 unlike at- A similar expression may be obtained for the chemical po-
oms, and so on. Consequently, the free energy assigned tential of the second component by transposing the sub-
this atom may have values df,, g1, 9», and so on. Simi- scripts 1 and 2 and alsgy andh; in Eq. (2).
larly, for atoms of component 2 surrounded ioyneighbors, Expression2) containsm+ 1 values ofg; and the same
we have the possible energieg, h;, and so on. The prob- number ofh;. Their values are unknown, so we shall make a
ability of an atom being surrounded Iny— n atoms of com-  simplifying assumption. We writg;=go+iAg andh;=h,
ponent 1 andnh atoms of component 2 is proportional to +iAh, whereAg andAh are the changes in the free energy
CmNT""NJ, whereN; andN, are the numbers of atoms of per atom when a neighboring atom of one species is replaced
components 1 and 2 in the system, a@f is a binomial by an atom of the other species. Substitutgigand h; into
coefficient which allows for the number of possible configu-Eg. (2), we obtain a cumbersome expression containing eight

(N{+Ny)!

NNy 0 D

G
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sums. These sums can be simplified appreciably havin&imilar expressions can also be obtained for the second com-

noted that they are expressed only in termsxf{x,)™, or
in terms of derivatives ofx; + x,)™ with respect tok; or x,.
We write these eight sums assuming that-x,=1

m

goi:Eo (m+1—i)Cl xM1x},

J
:goﬁ(xl(xl+xz)m):90+ MgoXy, (2a)
1
0 J
AgE i(m+1—i)CLxI"'x, Ag X1 Xy —
%,
X(X1+X)™ | =mAgX,+m(m—1)Agx;X,, (2b)
_mgoz CI m+l |x|2
= —MgoXy(X1+X2) "= —mMggXy, (20
il d
—mAgE iClx*1- 'x'z——mAgxlxz&X (Xg+X)™
= —M?Agx; Xy, (2d)
o p
hOE iClx I Ti= hox2 (X1 +X2)"=mhyX,, (20
l

Jd 0
AhE i2C! xiIxpr i Ahxzax X5 (Xg+Xo)™

=mAhx,+m(m—1)Ahx;X,, (2f)

_thE CI Xlxr2n+l i

= —MhgXa(X1 +X%2) "= —mhgx,, (29
m
—mAhZ iCLxE X xL
9 m 2
:_mAhX]_Xza_Xl(Xl"‘Xz) =—m AhX]_Xz. (2h)

Substituting these values into expressi@hand abbre-
viating some terms. we finally obtain

m1=0o+m(Ag+Ah)(1—x;)?
+KkTIn Xlzgo+ kKTIn Y1X1, (3)
where

Y11= eX[{

m(Ag+Ah)(1—x,)?
kT ) )

ponent.

Equations of the typ€3) and(4) are well known in the
theory of regular solutions, the only difference being that the
expression for the activity coefficied) contains the experi-
mentally determined interaction paramete(T) instead of
m(Ag+Ah). In many casesgespecially for IlI-V semicon-
ductors it is found* that «(T)=a+bT, wherea andb are
constants. However, the factor(Ag+ Ah) can also be ex-
pressed similarly, recalling thatg=AH;+AS; T and Ah
=AH,+AS,T. Hence

a=m(AH;+AH,), b=-m(AS;+AS,).

We shall now determine the physical meaning of the
parametersas andb. The quantitymAH, is the change in
enthalpy per atom whem neighbors of species 1 are re-
placed bym atoms of species 2 or, which amounts to the
same thing, when an atom of the pure component 1 replaces
an atom of pure component 2. The quantiAH, has the
same meaning for an atom of the second component. Conse-
quently,m(AH;+ AH,) is the change in enthalpy accompa-
nying the exchange of atoms between the two pure compo-
nents andm(AS;+AS;,) is the change in entropy for this
process.

The assumptions made above that both components have
the same coordination numbers and the atoms are of similar
size limit the validity of these results. This reasoning only
fully applies to a few solutions, and specifically to solutions
of group IV semiconductors and solutions of metals with
coordination numbers of 8—1(Ref. 4. Metalloid associa-
tion is observed in solutions of II-IV and IlI-V elements so
that an association compound must be assumed for each
atom, which leads to a large difference in the sizes of the
atoms of the two components and a difference between their
coordination numbers. Nevertheless, for low coordination
numbers the size of the atoms is not so critical because of the
short-range order. The influence of the atomic size may be
taken into account by suitably defining the free energies
andh; in Eq. (2). In this case, the mole fraction of the com-
ponent will appear in the coefficient of activity as emh
degree polynomial rather than as a square. The temperature
dependence remains the same.

1H. C. Casey and M. B. Paniskleterostructure LaseréAcademic Press,
New York, 1978; Mir, Moscow 1981, 364 pp.

2R. A. Swalin, Thermodynamics of SolidsViley, New York, 1962; Met-
allurgiya, Moscow, 1968, 314 pp.

3S. V. Bulyarski and V. I. Fistul’, Thermodynamics and Kinetics of Inter-
acting Defects in Semiconductdii® Russian, Nauka, Moscow(1997),
352 pp.

4M. 1. Shakhparonovintroduction to the Modern Theory of Solutiofis
Russian, Vysshaya Shkola, Moscol976, 296 pp.

Translated by R. M. Durham
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Flow in a turbulent supersonic boundary layer with a heat source
O. B. Larin and V. A. Levin

Institute of Mechanics, Moscow State University, Moscow
(Submitted October 28, 1998
Pis'ma Zh. Tekh. Fiz25, 38—42(April 12, 1999

A numerical analysis is made of a turbulent supersonic boundary layer with a heat source for a
wide range of heat supplied to the gas. It is shown that the frictional resistance may be
reduced appreciably and the efficiency of using a heat conductor to achieve such a reduction is
estimated. ©1999 American Institute of Physids§1063-785(19)00604-7

An analysis is made of plane supersonic flow around a Hereu andv are the projections of the velocity vector
cooled plate in the presence of an external heat supply in an the orthogonal coordinate axegparallel to the surfage
rectangular region. The system of averaged equations for thendy (along the normal to the surfaceespectivelyp is the
turbulent motion of an ideal gas in the absence of externadlensity,p is the pressureT is the temperaturd, is the en-
mass forces in the boundary-layer approximation has théhalpy, Q is the specific quantity of heat supplied externally

form per unit time to a given point in the mediuta known func-
tion of the coordinatesm is the molecular weight of the gas,
gpu 9PV« -0 (1)  Ris the universal gas constakip’,v’) is the correlation of
IX ady ' the density pulsations and the normal component of the ve-
locity, u and u; are the dynamic coefficients of molecular
pua_qupv ‘9_“2 i(u ‘9_”) ) and turbulent viscosityg, is the specific heat of the gas at
28 *ay ay\"*ay)’ constant pressure, and Pr ang &e the Prandtl number and
its turbulent analog. We assume that the last three parameters
9o do_ 0 dl ou are constant.
pUW"‘pU*a_—_()\*_‘f‘,U«*U— +pQ, ©) _ . L . .
y dy aay aay The coefficient of turbulent viscosity is determined using
om 2 the widely used two-layer modél.
P=aT pv,=pv+(p'v'), lo=1+ >, The boundary conditions at the surface of the object

around which the flow takes place/€£0) have the form
u=0,v=0, andT=T,,. The flow characteristics at the outer
boundary of the layer denoted subsequently by the subscript
e are assumed to be known.

B
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] FIG. 1. Variation of the local coefficient of surface friction over the
] 5 plate length. Specific heat supply 1—0, 2—1, 3—2, 4—4, 5—38,
4 6—16, 7—32, and 8—64.
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The problem is solved numerically using a finite- 40% and 60%, respectiveljF(x)zfila-wdx, X1=0.2,
difference method. The syste(t)—(3) is first converted to x,=0.6L), which is much greater than the reduction calcu-

dimegiionless form using the normal = coordinate ey by Kazakowt al? for a supersonic boundary layer at a
n=06"1(x)[¥pdy, where §(x) is some normalizing func- heat-insulated surface

tion. We use an implicit, arbitrarily stable, difference As the specific heat supply increases, the flow of heat

scheme, which gives a second-order approximation for th . . . o
mesh steps\x andA7 and possesses good stabilizing prop_?rom the gaf to the Wil”s is appreqably intensified. For ex-
ample, forg= 16 andq= 64 the maximum heat flows are 1.5

erties.
Below we present some results of calculations made fopnd 1.9 times those in the absence of any thermal action.
an incoming ﬂOW W|th the Mach numbMe: 3. We assume The efﬁciency of USing a heat source to reduce the fric-
that the temperature of the cooled wall is the same as the gdional resistance is estimated using the parameter
temperature at the outer boundafy,=T.. The Prandtl
numbers and the ratio of specific heats are=@i72,
Pr,=0.9, andy=1.4. The coefficient of molecular viscosity
u is assumed to have a power dependence on temperature H=
with the exponento=0.76. *
We assume that an external heat supply with the con-
stant parametey= Q(cpTeue)*lL is provided in the rectan-
gular region whereAF = (F),— (F)o andQ, (x) is the external heat sup-
0.2<x/L<0.6, 5<y/Y<25. (4)  Plied to the gas per unit time upstream from the cross section

Fue

Here we haveY = ucp, 'u, 110" and L=Y-10". Note
that the region(4) is completely within the boundary layer.
Figure 1 shows distributions of the local coefficient of

The distributiondH(x) are plotted in Fig. Zthe number-
ing of the curves is the same as in Fig. Eor low values of

surface frictionc;=27,p; “u; 2, where Tw= (Ul 3y)y—q q the' heat supply efficiency depends weakly on thg total

is the friction stress. Curves 18 are plotted for the followingduantity of heat supplied to the flow. When the specific heat

values of the specific heat supply parameter0, 1, 2, 4, 8, supplyq is increased appreciably, the heat supply efficiency

16, 32, and 64positive values of the parameter in a geomet-drops slightly.

ric progression It can be seen that the external heat supply

causes a substantial reduction in the local friction. For in-

stance, forg=64 the local coefficient of surface friction at

the end of the heat release zone is 5.6 times lower than that

for q=0. 1T. Cebeci and A. M. O. SmithAnalysis of Turbulent Boundary Layers
Values of the parameter; corresponding to the case of  (Academic Press, New York, 1954104 pp.

no heat supply are restored relatively slowly downstream A V- Kazakov, M. N. Kogan, and A. P. Kuryadhizv. Ross. Akad. Nauk

from the heat source. Heat sources with the parameters

g=16 andq=64 reduce the frictional resistanégx,) by  Translated by R. M. Durham

Ser. Mekh. Zhidk. Gaza No. 1, 48997.
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Hybrid “antenna—amplifier” relativistic traveling-wave tube using an azimuthally
asymmetric mode of a rod slow-wave system

A. S. Shlapakovskil

Research Institute of Nuclear Physics, Tomsk Polytechnic University
(Submitted August 19, 1998
Pis'ma Zh. Tekh. Fiz25, 43-50(April 12, 1999

A linear theory is developed for a Cherenkov microwave amplifier with a slow-wave system in
the form of a circular waveguide with a dielectric rod. In this system the rod antenna can
couple out the radiation into free space without additional channels and mode converters. An
analysis is made of the general case with no azimuthal symmetry and conditions are
determined where the dominant TEMasymmetric mode predominates. 99 American
Institute of Physics.S1063-785(09)00704-1

In the very first study of the generation of high-power higher-order modes. For this purpose it is sufficient to derive
microwave radiation by a relativistic high-power electronthe “hot” dispersion equation for the system without assum-
beam, Natiohused an electrodynamic system in the form ofing azimuthal symmetry for the perturbations. By solving
a waveguide with a ribbed rod, which provided the requirecthis equation numerically we can obtain instability growth
slowing of the electromagnetic wave for Cherenkov interacates for any mode with an arbitrary azimuthal index.
tion. In a coaxial geometry the maximum beam transport  In the present paper, such an investigation is made for a
currents increase, which made this geometry a natural choicércular waveguide with a dielectric rod and a cylindrical
for the currents of several tens of kiloamperes used in thes@lectron beam between the rod and an external conducting
experiments_ In addition to the poss|b|||ty Of using super-Wa”. In faCt thIS SyStem iS a Variant Of the dieleCtI’iC Cheren'
power beams, a coaxial configuration has the advantage ofkPv masefwhose conventional slow-wave system is a wave-
reduced microwave field strength at the surface of the slowguide with a dielectric insext o _
wave structuré-4 Guninaet al? also stressed the advantage ~ We shall assume that the beam is infinitely thin, mo-
that the oscillation spectrum of a corrugated rod is considerfo€nergetic, and completely magnetized. For fields propor-
ably more sparse than that of a waveguide section of similafional to exi(l6-+kz—wt)}, wherew is the frequencyk is
dimensions. This allowed successful mode selection to b€ longitudinal wave number, ards the azimuthal index,
achieved in a Cherenkov generator in the millimeter range.the depgndence ,Of the Ionglt_udlnal componﬁggndHZ on

A coaxial system with a retarding rod also has anoththe radial coordinate allowing for the cond|t_|ons at the
specific, very attractive feature first noted by Shlapakdvski metal surface'are expressed by Bessel functions of the real
This relates to the novel possibilities for coupling micro- (J) and imaginary(l, andK,) argument
waves in and out of the amplifier. A dielectric rod or a metal
ribbed or corrugated rod is in fact a transmission line which
forms the basis of the widely used surface wave antennas, _
which have been developed in defaif a cylindrical elec- E,=Bel(an+Ceki(an),

E,=Agdi(pr), H,=Ayd(pr), r<a,

a<<r<ry,

tron beam is launched along the surface of this antenna, the _

' E,=Dg[K,(gb)l =1 (gb)K , <r<b,
microwave signal supplying it will be amplified by the Cher- 2= DelKi(@b)li(an =habK,(an], - ry<r
enkov interaction mechanism. An external coaxial conduc- H,=Bu[K/ (qb)l,(qr)—1/(qb)K,(qr)], a<r<b.

tor, which may serve as a collector, is required to ensure that 1)
the beam propagates. Hence it is possible to have a hybrid
comprising of a traveling-wave tube and a surface-wave an-  Herea is the radius of the rod,, is the beam radius, and
tenna. b is the waveguide radiusp®=cw?/c®—k?, q°=k?
The usual working mode of a rod antenna is the domi-— w?/c?, ¢ is the permittivity of the rod material, an },,
nant asymmetric TEM mode, whereas the symmetric M  Bg ,y, Cg andD¢ are arbitrary constants. The conditions for
mode is typical of a traveling-wave tube. In order to deter-continuity of the azimuthal components of the fi&lg and
mine the potential scope of a hybrid “antenna—amplifier” H, at the surface of the dielectric have the following form:
system, we need to determine the gain and gain profiles for

the TEM;; mode as a function of the parameters of the beam 1 [ | @ dH,

and the slow-wave system in order to compare these first EZ(kFEZ+'E dr ) a0

with the values typical of the conventional configuration of e
traveling-wave tubes and second, with the values obtained in _ i(kl—E L@ dH,

the same coaxial system for the FMmode and other I A : c dr=ato
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S|ieg 5o ki H: fw,k)= -

p c ar r r=a-0 cpga Fe(ga,qrp) Ji(pa)
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Using linearized equations of motion and continuity, we

can obtain the constraint on the discontinuity of the deriva
tive of E, at the beam surface

[ ] _2ely, GPEJry)
r:rb

y’mur, (0—ku)?’
wherel, is the beam current is the electron velocity, and
y=(1-u?/c?) ~2is the relativistic factor. Substituting con-
ditions (2) and (3) into the expressionél) and allowing for
the conditions of continuity oE, andH, finally yields the
dispersion equation for this system

dE,
dr

)

HDF’E(qa,qb) eqJf (pa)|[ pFi(qa.qb)
Fe(ga,qb) Ji(pa) || Fu(ga,gqb)
aJ(pa)| [(e—1)lwk 2} )
J(pa) cpga | (@KW
_ 2ely ,Fe(qry.qb)
_‘}/3mu FE(qa,qb) FE(qa!qrb)f(w!k)! (4)

where
Fe(x,y)=10)K(y) = 1i(y)Ki(X),
FEOGY) =1 ()K(y) = Li(Y)K[ (%),
FuOxy)=HL)K{ (y) =1/ (Y)K(X),

FrOGY) =1 00K (y) = 1 (Y)K{ (),

In the absence of a bearh,&0) Eq. (4) is the same as the

well-known dispersion equation for the azimuthally asym-
metric modes in a waveguide with a dielectric rod.

Figure 1 shows the instability spectrum obtained by
solving Eq.(4) for various azimuthal indicesl €0,1,2,3).

The beam parameters used for the calculations are typical of
relativistic traveling-wave tubegNote that because of the
influence of the Coulomb field the valye= 1.8 taken for the
given current and beam radius corresponds to an applied
voltage of~470kV). The value ofe is typical of dielectric

rod antennas. The frequency at which the maximum spatial
growth rate is achieved for the TEMmode depends on the
waveguide radius. For the given ratio of rod and waveguide
radii this maximum falls within the 3 cm wavelength range
for b~2.0—2.5cm, which corresponds to a gap of 2.0-2.5
mm between the beam and the dielectric and a gain per unit
length of 0.8—1.0 dB/cm. Therefore, both the geometry of
the system and the gain are of the same order of magnitude
as those of known experimental relativistic traveling-wave
tubes and dielectric masers.

However, it can be seen that for these parameters the
absolute maximum of the spatial growth rate is obtained for
the TEM,; mode rather than for TEM, and that even for
the TEM;; mode the growth rates are of the same order of
magnitude as for TEM despite the much higher frequency.
This can be attributed to the specific radial dependence of the
transverse field components: for the TEMnode the trans-
ferred power is distributed over the entire cross section of the
rod, whereas for the other modes it is concentrated to a larger
or lesser degree near the surface. Thus, the same power cor-
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responds to a smalldét, component for the TEW mode. the further the TEN,; mode from the other modes in terms

The situation changes if the radius of the rod is reduced®f the phase-matching frequency with the electron beam.
and the distance between the beam and its surface is if-his implies that the scale of localization of the field in the
creased. In an isolated dielectric rod, the TENMhode has no  vacuum region near the surface of the rod may be consider-
critical frequency, whereas a critical frequency does exist foably greater for the TEM mode than for the other modes,
the other modes and is determined by the thickness of thie., it will predominate in the instability spectrum of the
rod. Moreover, all the propagating modes have a surfacsystem if the beam moves a large distance away from the
field structure and phase velocities less tisarf the rod is  dielectric.
surrounded by a conducting wall, critical frequencies exist ~ Figure 2 shows the instability spectrum for the same
for all the modes and these are determined by the wall diamesurrent and electron energy but a smaller raiib=0.3 for
eter; in this case frequency ranges in which the phase veloéwo values of the beam radiu$or r,/b=0.4 the valuey
ity is greater tharc are observed for all the modes. If the =1.8 corresponds to an accelerating voltage of 521 kV and
radius of the rod is smaller than the waveguide radius, théor r,,/b=0.5 it corresponds to 494 KVIt can be seen that
presence of a conducting wall will have no significant influ-in this case the growth rate for the TEMmode predomi-
ence on the spectrum of waveguide modes in the region afates, especially for,/b=0.5. The gain profile for the
slowed phase velocities. Consequently, the thicker the rodfEM;; mode falls within the 3 cm range, for example for
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FIG. 3. As Fig. 1 fore=5,a/b=0.3,r,/b=0.5, y=1.4, and
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b=23.5cm which corresponds to a gain per unit length ofare achieved for normal beam parameters and geometric di-
0.74 dB/cm for a 3.5 mm beam—dielectric gagolid curve mensions for these systems. In addition, the use of a rod
and 0.37 dB/cm foa 7 mm gap(dashed curve antenna as a natural means of coupling radiation out of this

The last figure for the gain is fairly low, so this geometry System can substantially increase the scope for controlling
would be more acceptable for smaller waveguide radii andhe microwave output beam at high powers.
therefore shorter'wavelengtt‘ﬁay, the gain per urut length is This work was partially supported by the Russian Fund
doubled whenb is halved and the frequency is 20 GHz for Fundamental Researcfsrant No, 98-02-17931
However, it should be noted that the TEMmode may ’
dominate in the 3 cm range at a lower electron energy and
higher permittivity of the rod material. Figure 3 gives the
results of calculations fogs =5; the beam parameters corre- 1J. A. Nation, Appl. Phys. Lettl7, 491 (1970).
spond to a voltage of 265 kV. Here the frequency at which 2N. I. Gunina, S. D. Korovin, S. D. Poleviet al., Pis’'ma Zh. Tekh. Fid4,
the growth ratg of the TEM mode is. high(?St is 1.0 GHz for 3éﬁ’5.g2§a8:e[,s,£.vllzi-gﬁz?; :ntljy\s/\'/.l_?tﬂl;;l’aiejf:lléé?fsgaéns. Plasmal8cB31
b=2cm. In this case, the beam—dielectric gap is 4 mm and (199g.
the gain 0.97 dB/cm. These are normal values for a“T.J. Davis, L. Schehter, and J. A. Nation, IEEE Trans. Plasma 2@.
traveling-wave tube amplifier although the gain profile in 5504(192?- covski
this case is considerably narrower than that for the paramgé'_ ls_"_s\/v;f;?\r’asvgiigo\x a?/zlfnsth?w(;(ggZ?'N ew York, 1965: B
eters in Figs. 1 or Zfor the solid curve ergiya, Moscow, 1970, 448 pp.

To conclude, the dominant azimuthally asymmetric 7Yu. A. llarionov, S. B. Raevski and V. Ya. SmorgonskiCalculations of
mode may predominate in the spectrum of electron beam C_orrugated and Partially Filled Waveguid¢m Russiad, Sovetskoe Ra-
instability in the rod slow-wave system. Moreover, typical o' Moscow(1980, 200 pp.
gains and gain profiles for relativistic traveling-wave tubesTranslated by R. M. Durham
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It is shown that in turbulent flows with a divergent itsyanski integral, the coefficient of

turbulent diffusion may be determined by pulsations whose scales are comparable with those of
the liquid itself rather than by the largest-scale turbulent vortices. This is a new physical
mechanism which must be taken into account to explain the experimentally observed phenomenon
of impurity “hyperdiffusion” in turbulent media. The contribution of large-scale pulsations
increases substantially with the onset of turbulence regimes which are accompanied by the
spontaneous generation of structures comparable with the dimensions of the liquic@93

American Institute of Physic§S1063-785(19)00804-9

At present considerable attention is being focused on o [ti—ta 1=,
studying methods of controlling turbulent momentum, heat,  (f(r,1))=0, (f(ry,t)f(r2,t2))=fsK T
and mass transfer processes in order to minimize the drag 2

accompanying the motion of objects when liquids are trans-
ported through pipes, to achieve more uniform heating oivhereK describes the correlation properties of the fofce
liguid volumes, or more uniform mixing of various chemical which sets the liquid in motion, and from the definitionf@f
components. The type of turbulence is fundamentally im-
portant when studying the diffusion of passive impurities, as f K tor drdter?
in the atmosphere, for example. In order to estimate the co- 7o' T rat=roo.
efficient of turbulent diffusiorD, on scales of the ordérwe
can writeD,~v,l, whereuv, is the characteristic velocity of Without loss of generality we can assume that the fdrise
turbulent pulsations on scales of the ortleFor a Kolmog-  purely sinusoidal, having included a potential component in
orov spectrum we have,~1%3, for a turbulence spectrum the pressure gradient.
with fixed helicity we havey,~1%2, and for turbulence with 2. In Ref. 4 the present authors established that, depend-
a fixed rate of dissipation of the helicity~1?® (Ref. 2, ing on the force which sets the liquid in motion, three fun-
which yieldD,~143, D,~1%2 andD,~1%3, respectively. If damentally different turbulent steady states may occur in the
the largest scale of the turbulent vortices is of the ordég pf  liquid, and we determined the dimensionless parameters re-
the coefficients of turbulent diffusion are estimated assponsible for the transition from one state to another:
D~123 D~132 andD~133, respectively. y="fo73/ro andT = y*®Re. It was shown that foy<1 and
This estimate oD implicitly assumes that the velocity— I'<<1, the Kolmogorov spectruri(k) ~ 1/k>2 forms in the
velocity correlation function decays fairly rapidly when inertial interval. In the transition to turbulent flows under the
I>1. and pulsations having scales larger tHarmake no action of forcesf, of larger amplitude, i.e., in going to
contribution to the transfer coefficient. A similar situation y<1 andI'>1, a section of the spectrum witb(k) ~ 1/k?
arises whenever the kfsyanski integral converge How-  appears near the viscous interval, “cutting off” the Kolmog-
ever, the convergence or divergence of thétﬂ;_ynnski in- orov spectrum from the viscous interval. A further increase
tegral depends on the method of excitation of the turbufencen the amplitude of the forcé, i.e., a transition toy>1 and
and in cases where this integra| divergesy estimates for thE>1, has the result that the entire inertial interval is the
coefficients of turbulent diffusion and thermal conductivity “occupied” spectrumE(k)~1/k?, and outside the inertial
must be fundamentally reexamined because of the contribddterval large-scale structures begin to be generated with
tion of long-wavelength pulsations with-1. . This aspectis characteristic scales up t9*ro. In the limit <1 the
considered in the present paper. power d|s§|p§ted per unit mass of liquid does not depend on
1. Since we are only interested in liquid flows with large the viscosity, in accordance with the Kolmogorov theory, but

Reynolds numbers (Rel), we shall analyze the Navier— in the trans_ition to turbulent regimes v_viIh>1 the_ vigcous
Stokes equation with the external forfe, t): losses begl_n to dgpend on_the viscosity of the I|qU|_d. When
turbulence is excited by this method, theitsyanski inte-
gral diverges for any values of the parametgendI’. Thus,
three different types of flows are created for which the coef-
v _ . ficient of turbulent diffusion(thermal diffusivity behaves
EHVV)V_ ~VptvAvHi(ny),  divv=0, @ differently. We shall analyze these three cases separately.

1063-7850/99/25(4)/3/$15.00 271 © 1999 American Institute of Physics
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3. Let us assume that<1 andI'>1. Then, from Ref. 4
we have

<(V(r!t)_v(out))2>:Cl(f(z)Tor)Z/s for 7\0<r<r0,
()
2/3

férgro
for

(v(r,t)v(0t))= C2< 2

ro<r,

(4)

whereC, andC, are universal constants ang is the vis-

cous length. Thus, the following estimates hold for the coef

ficient of turbulent diffusion
D\~ R84 for Np<l<r,
and D~ 2373 1R for ro<l.

4. We shall now consider the case<1, I'>1. In this
case the velocity correlation differs slightly from thaiven
by Eqgs.(3) and (4):

((v(r,t)—=v(0,1))2)=Cqfor for No<r<for3, (6)
((v(r,t) =Vv(0,1))2)=Cy(f37or)?® for fora<r<ry,
(7)

237 23
(v(r,t)v(O,t)>=C2( 2 ) for rg<r, (8

S. N. Gordienko and S. S. Moiseev

fusion is determined by the largest-scale pulsations, of the
same size as the dimensiéh of the vessel containing the
liquid, i.e., this coefficient is given by

D~ £8P oR¥=D ,4(RIrg)® for Re>ry, (16)

f 2/3_1/3.4/3
0

where D ;=515 Ty~ is the diffusion coefficient deter-
mined by the largest-scale vortices.

If y>1 holds, i.e., if structures are spontaneously gen-
erated, in the limiR> y?%r; the size of the vessel is larger
than the scale of the incipient structures and the coefficient of
turbulent diffusion is determined as before tiy6):

2/3_1/3
D~ fO 5 rOR1/3: ,y1/6D y>1( R/r0)1/3

for R>v%%rg, (17

whereD .., =337 is the coefficient of turbulent diffusion

as a result of the largest-scale vortices whenl.

In cases wherey>1 holds but the largest scale of the
resulting structures can exceed the size of the vessel
R<y?®r,, the main contribution to the turbulent diffusion is
made by structures having scales of the ofdeand

whereC, is a universal constant. The behavior of the coef-

ficient of turbulent diffusion on different length scales is

given by
D~ f34%2 for Ao<l<for2, 9)
D\~ 233448 for fora<l<r,
and D~ 2R3 1R for ro<l. (10)

5. Whenvy>1 andI'>1, the velocity correlation func-
tion is given by

((V(r,t)=v(0,1))2)=Cofor for Ng<r<rgy, (11
2r3 1/2
(v(r,t)v(O,t)>=C3(¥) for ro<r<y?r,,
(12)
f2r3’7' 2/3
(VLOVOD)=C| 7| for y*e=r, (13

whereC; is a universal constant. In this case, the coefficienﬁ

of turbulent diffusion is given by

D,~f34%2 for Ag<l<ry, (14)
D~ fe2r34%4 for ro<l<y?r,
D~ 3R 13 for 5% y<l. (15)

6. It follows from expressions3), (4), (6)—(8), and

D~f3ardR¥=D .1(RIrg)¥ for ro<R<y?,.
(18

Consequently, in the range of smaller scales of the larg-
est turbulent vortex the coefficient of turbulent diffusion in-
creases rapidlyfaster than) whereas in the range of larger
scales, this coefficient continues to increase but slowly
(slower thanl) because the total turbulent diffusion coeffi-
cient is determined by the dimensions of the liquid itself.

An important consequence of expressidas)—(18) is
that for the same diffusion coefficients for the largest-scale
vortices(whenD ., andD .., are the same the true dif-
fusion coefficients may differ by a large factor. Note that the
contribution of long-wavelength pulsations for turbulent re-
gimes accompanied by the spontaneous generation of struc-
tures, as given by expressiorid7) and (18), is always
reater than the contribution of the long-wavelength compo-
ent for turbulent flows which do not lead to self-
organization. In fact, expressiqi7) contains an additional
factor y*6 compared with(16) and expressiofi18) contains
the factor R/ry)%* compared with R/r)Y in expression
(16).

It follows from the above reasoning as applied to the
physics of impurity transport in the atmosphere that a knowl-
edge of the scale and velocity of the turbulent pulsations in

(11)—-(13) that for this method of exciting turbulence the vortices can be used to obtain a lower estimate of the turbu-
maximum scale of the turbulent vortices is of ordgr How-  lent diffusion coefficient of impurities. However, the true
ever, as a result of the slow decay of the velocity correlatiorvalue of the turbulent diffusion coefficient is many times
function forI>r, long-wavelength pulsations make a deci- larger than this lower bound.e., hyperdiffusion takes plage
sive contribution to the turbulent diffusion coefficient. If and in order to determine this, we also need to study the type
y<1, i.e., the turbulence is not accompanied by the spontasf turbulent flow, which can explain the dependence on the
neous creation of structures, the coefficient of turbulent difpropagation velocity of contaminants on specific conditions.
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The laws of large departures from equilibrium and the laws governing structural transitions
indicated previously by the author are used as the basis for discussing anomalous phenomena.
Their main properties are described, a classification is put forward, a simple model is

proposed to describe an anomalous phenomenon, and several families of possible phenomena are
indicated. ©1999 American Institute of Physids§1063-78519)00904-7

Anomalous phenomena occurring in nature, achievedlischarges?’~'* the plasma-ion method of water
experimentally, and used in technologies are attracting corelectrolysis:>® cold nuclear fusion, and high-temperature
siderable interest because of their unusual nature, thegsuperconductors.
counter-intuitive character, and also because of the desire to These laws can also be usefully applied to fairly well-
interpret the nature of the phenomenon and use it to effecstudied anomalous phenomena such as anomalous
tively. photoconductivity:” and also to those anomalous phenom-

Ball lightning, although a fairly well-known anomalous ena accorded the status of discoveries in Ref. 18. These in-
phenomenon, remains mysterious in many respects despitdude plasma neutron radiatiofdiscovery No. 3, I. V.
long-term efforts to identify its nature and reproduce a simi-Kurchatov et al), the formation of a high-temperature
lar phenomenon in the laboratoty® This example shows plasma in an rf discharg@liscovery No. 87, P. L. Kapitsa
how difficult it is to investigate an anomalous phenomenorthe self-focusing effedtdiscovery No. 67, G. A. Askar'yan
and unravel its mechanism. the multifocus property of a wave beauliscovery No. 147,

A fairly large number of anomalous phenomena haveA. M. Prokhorovet al)), the formation of hydrogen-saturated
now been observed under laboratory conditions, although aones(discovery No. 313, V. N. Shapovalov and V. Yu.
purposeful search for and discussion of the general propertidéarpov), the laws governing the interaction of x-rays with
of anomalous phenomena has to date not seemed possibleatoms (discovery No. 297, A. P. Lukirskiand T. M.

The present author recently identified a system of lawsZimina), the phenomena of large reversible strajdscov-
of strong nonequilibrium, i.e., the qualitative boundary, ab-ery No. 239, G. V. Kurdyumov and L. G. Khandjpshe
normality, and alternation of abnormality® and also estab- phenomenon of catalyst modificatigiiscovery No. 306,
lished laws governing structural transitiofSwhich allow S. Z. Roginski et al), bioelectrocatalysigdiscovery No.
us to discuss anomalous phenomena for various systems 811, I. V. Berezinet al), the law of self-regulation in cellu-
general terms. It becomes possible to specifically search fotar excitation(discovery No. 17, D. N. Nasongvand the
observe, and study anomalous phenomena on a regular bagiienomenon of intercellular remote electromagnetic interac-

In the present paper classes of anomalous phenometians (discovery No. 122, V. P. Kaznacheet al.).
are described and a more detailed analysis is made of the Itis useful to apply the laws of nonequilibrium to differ-
phenomenon of anomalous relaxation. Families of possiblently organized cycles of the second kind of energy conver-
anomalous phenomena suitable for observation and applicaion (A. B. SerogodsKiand G. V. Skornyakov

tion are indicated. 2. Even though each one is different, the wide variety of
1. We shall outline a wide range of anomalous phenomanomalous phenomena can be categorized using the laws
ena which are fairly well-known. expounded in Refs. 4—8 We note the general properties of
First, there is ball lightning and its numerous anomalous phenomena and the significant indicators of the
imitations!+? different classes of these phenomena.

The phenomena and effects of anomalous relaxation 2.1. Anomalous phenomena occur states and regimes far
constitute a large family of anomalous phenomena. Anomafrom equilibrium; they cannot occur as a result of weak dis-
lous relaxation is a process in which the internal degrees diurbances of quasiequilibrium systems.
freedom of particles are excited above equilibrium and after The wide variety of anomalous phenomena can be sub-
transformation, they are deactivated as a whole range dfivided into classes according to the values, character, and
anomalous effects, including the laser effect. number of nonequilibrium factors, or measures of action.

Anomalous relaxation has been studied fairly compre-  The first class includes single-factor effects of a resonant
hensively for shock waves in gaseand shock waves acti- nature which reveal an anomalous initial structure. The ac-
vated by a glow discharg@!! tive measures of actio®, are small and the resonance cri-

Various anomalous phenomena which can be fruitfullyterion has values close to one, #€k.
discussed using the laws of nonequilibrium include erosion  Effects of this type include anomalous photoconductiv-
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ity, various discoveriegNos. 165, 175, 191, and 225; Ref. the alternation of properties and the behavior of quantities as
18), anomalies of kinetic coefficientsand the effect of a a function of the action factor, time, and space, as is found

universal structural transition quanttif{12.5 K). for anomalous relaxation in shock wavisfor striations,
2.2. As a result of the qualitative boundary law, anoma-and temporal oscillations in chemical reactions.
lous phenomena occur as threshold processes. 2.6. A common property of anomalous phenomena is the

A second class of anomalous phenomena can be identpresence of an anomalous struct(articular to each object
fied by thresholds, typically exhibiting abrupt thresholds forof the anomalous phenomenpa more anomalous structure,
the beginning and endz,~1 and also an inverse stage, in up to the exotic, corresponds to a higher class of anomalous
addition to be being single-factor effects. In this case, arphenomena.
anomalous structure forms during the process, unlike the first We know!® that a structure is formed by structure-
class of anomalous phenomena. Typical phenomena of thkinetic elements and the coupling between them. Anomalous
second class include negative differential susceptibility efeffects have anomalous structure-kinetic elements: electro-
fects (such as diffusion, conductivity, and viscosityself- magnetic turbines, electron traps, exciton—impurity com-
focusing of electromagnetic beams, plasma filamentatiorplexes, dynamic domains, hydrogen-saturated zones, models
and the first stage of anomalous relaxation in a shock wavef ball lightning invoking exotic clusterdand so on.

This class must also include chemical vibrations and many Bearing in mind the transient structure of the structural
phenomena analyzed by synergetics. transitions’ we note some general properties of anomalous

2.3. The formation of anomalous phenomena in the secstructure-kinetic elements and their coupling.
ond and subsequent classes is caused by structural transitions Generally these elements are complexes with a strength-
with a defined inversed—anomalous stage. ened coupling between them, activated, metastable, and ca-

The third class of anomalous phenomena is charactefable of absorbing external energy and deactivating under
ized by two or three successive structural transitions. In thi§aturation. As a result of their metastable nature, the struc-
case, the process of increasing action includes internal fadure of objects of anomalous phenomena is extremely vari-
tors and the anomalous phenomena at the stage of the secotele, even under small influences. In general the variety of
and third structural transition reveal an increased range oftructures in strong nonequilibrium is extremely large; living
anomalous effects. matter and the multilevel physical world known to us, being

A typical anomalous phenomenon of the third class isof honequilibrium origin, only realizes this variety to a small
anomalous relaxation of the second and third stage. Thigxtent.
class includes erosion discharges and also plasma-ion elec- Among the various properties of anomalous phenomena
trolysis of water. specified, special mention should be made of the capacity to

2.4. In general, unexpected results which are difficult tointensively absorb and concentrate energy. On account of its
predict are obtained when tw@nd especially thrgestruc-  universal nature, this property is essentially an energy con-
tural transitions take place simultaneously under the actiog§entration law.
of two (three independent factors. 3. We shall demonstrate some general properties of

This type of anomalous phenomenon be|ongs to th@nomalous phenomena for the fairly typical case of anoma-
fourth class. It is easy to specify a set of possible anomalou®us relaxation.
phenomena in this class by combining different factors. ~ The abrupt threshold for anomalous relaxation with in-
However, their results can only be predicted with a low prob-creasing action is determined by the resonant and amplitude
ability. energy relations

There are some cases where, in the presence of several
factors and structural transitions, the result of an anomalous
phenomenon is fairly predictable. An example is bioelectro- . n
catalysis in which the most effective biocatalyst, an enzyme, N 7kT1+ n—8i+e
being inserted in the electrochemical reaction chain, in- !
creases the reaction rate millions of times. This anomalousthere ¢;, e, and ¢, are the initial excitation energy, the
phenomenon removes the barrier between living systems arehergy of the external action on the structure-kinetic ele-
electrotechnical ones. Natural anomalous phenontsueh  ments, and the activation energy, ,, n;, andn, are the
as tornados, ball lightning, and unidentified flying objgcts particle number densities before and after the action, prelimi-
generally occur as a result of several important factors andarily excited, and activated structure-kinetic elements,
several structural transitions taking place simultaneously andre the numbers of degrees of freedom, &nd are the ini-
successively. Consequently it is impossible to predict theitial and final temperatures.
occurrence, nature, and resultant effects with sufficient cer- A regular structural transition occurs when the threshold
tainty. These phenomena form a superclass. is reached. For a shock wave this is manifest as branching of

2.5. In accordance with the law of alternating abnormal-the front(in gases, in a glow dischargé! and in metal®).
ity, all anomalous phenomena take place “at intervals,” i.e., A slight increase in the action beyond the thresheid
in relatively small intervals of measures of action which al-transfers the system to an anomalous regime. This regime is
ternate with intervals of normal behavior of the process. characterized by strong inhomogeneity of the density and

The law of alternating abnormality is a specific refine- other quantities(striations, filamentation, microexplosions,
ment of the law of alternating nonequilibriuhi.It prescribes  cores, anomalies of radiation spectfbetween infrared and

gite=ag,, a=1, 1)

n
>n2(§sz+ n—zsa), @)
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X-ray), an increase in viscosity, and other effects associatefimp or a peak in the kinetic coefficients. These effects

with high material activity. These include an appreciable in-were discussed in Ref. 5. For instance, when a gas is exposed

crease in energy above that dissipated in the plasma ion eleg the action of radiation at a frequency equal to half the

trolysis of water;>'® the failure of a core which burns dissociation energy and an intensity sufficient to excite a

through metals to burn tracing papérand so on. quarter of the molecules, anomalies of the viscosity, electri-
When the action increases above the thresleglly & ¢4l and thermal conductivity will be observed.

resonance width the anomalous regime is replaced by a regu- family of anomalous relaxation phenomena and ef-

lar one, which is surprising if we are not familiar with the o (s for shock waves in gases was predicted by the author
law of alternating abnormality. As the action increases fur-On the basis of the qualitative boundary law. These were
ther until conditions(1) and (2) are satisfied for the second )

o observed and studied in Ref. 9, and extended to the case of a
structural level, a threshold transition takes place to a secon . 110 - .
ow discharge*® A whole range of predictions confirmed

anomalous regime, and so 6f. glow € . . o
Typical structure-kinetic elements for anomalous relaX_experlmentally indicates the predictive capabilities of the au-

ation in gases are excited*Mmolecules, M , M3* biomo- thor's criterion (1,2) (Ref. 22, which can undoubtedly be
lecular ions. and more intricate comple%és 2 used to observe new anomalous relaxation effects.

4. We shall now briefly discuss a phenomenological A Set of en.ergy.goncentration. anomalous phenomena
model of an experimentally reproducible anomalous phecan usefully be identified. The family of self-focusing phe-

nomenon of the first—third class, such as a long-livedomena has been studied most comprehensivély A.
Protasevich plasma formatiéh. Askar’yan, A. M. Prokhoroet al). Filamentation is another

Taking into account the laws of nonequilibrium, the laws similar effect. Among the many possible effects we note self-
governing structural transitions, and the main properties ofocusing of a beam in a solid insulator, which may be ob-
anomalous phenomena, we reflect these by means of an eserved as a very thin channel formed by a beam of fairly
pression for the determining quantities large diameter.

The laws of nonequilibrium can be used to predict
highly exotic anomalous phenomena and provide a qualita-
tive description. For example, a family of mag8eld struc-
tural transitions can be considered for various fields.

n+m=<3 n+m<3

d(gy)= > by@™y" / X comg™y™ 3
n,m=0 n,m=0

Hereg andy are action factors, and,,, andc,, are coef-

ficients determined from general constraints and experimen-

tal data. One of the action factors may be time, as in the case

of chemical reactions, and another may be the field acdon

possible radical change in the result of the reaction depend:|. p. stakhanovThe Physical Nature of Ball Lightnirign Russiaf, Mos-
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A unified formulation of a method which conserves the pseudopotential norm and the electron
density functional is used to calculate the total energy and the equilibrium atomic volume

of calcium oxide. Various methods of screening the pseudopotential are considered as a fitting
procedure. ©1999 American Institute of Physid$$1063-785(89)01004-4

In order to determine the total energy, the equation for-or the non-Coulomb component of the electron—ion inter-

the crystal ground state action we have
1o \ehs H XC : 8mz
— 5 VIR WP+ WE(r) + W) | W (r) a;=lim W|oc(g)+Q—gz : (8)
gﬂO
=E Wi (r), ()

whereW,,.(g) is the Fourier transform of the local compo-
where ¥, is the wave function, andVBHS(r), WH(r), nent of the first-principle Bachelet—Hamann-Sofitu
and WXS(r) are the Bachelet—-Hamann—Sdelu Pseudopotential.

pseudopotentidl, the Hartree potential, and the exchange  The sum in formulal) is calculated at high-symmetry
correlation potential, respectively, must be solved jointlyPoints in the Brillouin zone by solving the secular equation
with the equations

1
V2VH(I’)=—47TP(V), (2) E(k+g)_En(k) Cn,k(g)
WXC(r) = SEX“ p(r)1/ 5p(r), ()
W(k+g,k—g')C, (g )=0, 9
! +§ (k+9,k=9')Cni(g") @)
p(l’):izl [Wi(r)]2. ) where C,, ((g) are the coefficients in the expansion of the

] o pseudowave function in terms of plane waves
Herep(r) is the electron densityyl is the number of elec-

trons, andE*C is the exchange correlation energy. B
In a combined formalism of the electron density func- ‘P”vk(r)_zg Cox(@lk+9), (10

tional theory and the norm-conserving pseudopotential the
total energy is given by wheren is the zone number andis the wave vector in the
first Brillouin zone. The Fourier transform of the potential

1
E= N2 B EntExketaiz, (5 W(k+g,k+0') =Waps(k+g,k+0') +Wiy(g—g)

where the first term is the sum over all occupied electronic +Wi(9—9) (11)
statesN is the number of atoms of different species per unitconiaing not only the Hartree and exchange correlation Fou-
cell, E,¢ are the exchange correlation contributions which argia; transforms but also the Fourier transform of the
calculated using formulas which approximate the Nozieres—gachelet—Hamann—Schiar pseudopotential. At the first
Pines expression by Chebyshev polynomfals: step of the self-consistent iteration procedure the linearly
screened local component of the pseudopotential is usually

EXC=QEQ [£x(Q)—Wie(9)1p(9), 6)  used:

where () is the volume of a unit cellg,. is the exchange W(9)=Wio(9)/2(9). (12)
correlation energy density, andg) is the Fourier transform \here(g) is the permittivity function in the Lindhardt form.
of the electron density. The electrostatic eneffigyfor com-  The matrix element of the local component of the Bachelet—
pounds with two species of atoms was calculated using forkamann—Schiter pseudopotential is a superposition of the
mulas given in Ref. 4. The Hartree term is given by similar matrix elements for calcium and oxygen and is ex-
pressed in the form

e S T (g2 7
=z 2 gl @ Wiod( @) = S(0)[Wioe e 0) + Wi d@expligh) ], (13)
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TABLE I. Equilibrium atomic volumes and total energies for calcium oxide In calculation Il the results of the first principle calcula-
for B1 andB2 structuregatomic volume in (a.ud energy in RY. tions are fitted using

Bl B2 AE=b/Q, (15

Q E Q E where() is determined from the condition

[ 70.72 —17.497 89.54 —-17.419 _
[ 103.07 -17.101 95.66 ~17.079 Ea,,,= Eexp- (16
:'\'/ gg';j :g'gsg gg'gz :12-;22 Calculations 11l and IV were done using the Lindhardt
Vv 91.30 —17.092 9596 _16.646 dielectric func_t|ons(g). Ir_1 the self-consistent calculations a
VI 93.17 —17.055 94.03 ~16.882 “new” screening potential is calculated at each step, which

corresponds to additive screeniiyjin calculation Ill the

nonlocal componerit=2 of the Bachelet—Hamann—Sctdu

pseudopotential is screened with respect to the imparted mo-

mentum by the functios(g). Similarly, the local component

of the pseudopotentidll2) is screened in calculation IV.
Calculations V and VI were also made under conditions

whereS(g) is the structure factor of the fcc and ccp lattices
for B1 andB2 structures, respectivelw=a.(1/2,1/2,1/2),

and'(I:'lfw(Iasstehfu:::tlgeu;ct)igig?; solved for the self-consistent where the local component of the pseudopotential is
q screened in the first step of the iteration procedure. In this

calc_ulat|ons at each step. The con;tructllon of the crystal poéase, the constants ande, were used as screening factors
tential W(g) at the next step of the iteration procedure takesan d the potential13) had the form
into account the electron density distribution obtained at the
previous step.Integration over the first Brillouin zone was Wioce(9) = S(9)[Wioe,cd 9)/ &1+ Wioe ol g)expligh)/e2],

(1

replaced by summation over a single Baldereschi goint.

The equilibrium atomic volumes and total energies Wer@yhere ¢, was taken as 0.95. For calculation V we have
obtained from the equation of state of the crystgdat0 and £,=0.9, and for calculation VE,;=0.8. The experimental
T=0: values are)=94.09 (a.uj andE=—17.07 Ry.

JE\
(m) 5_ 0, (14

. i (1982.
Where_s is the entropy. For the CalCU|at_|0n5 we Us_ed eXpan-2a_a. Katsnel'son, V. S. Stepanyuk, O. F. Farberovighal, Electronic
sions in terms of 59 vectors of the reciprocal lattice for the Theory of Condensed Medjm Russiaf, Moscow State University Press,
B1 structure and 57 for thB2 structure. Moscow (1990, 240 pp.

3
. . G. L. Krasko, Z. Naturforsch. 86, 1129(1981).
The results of the calculations are presented in Table I“‘L. I. Yastrebov and A. A. Katsnel'soroundations of the One-Electron

Calculation I is done from first principles. The accuracy of Theory of Solid$AIP, New York, 1987: Nauka, Moscow, 1981, 320 pp.
the first-principle calculations can be enhanced by using &P. J. H. Denteneer and W. van Haeringen, J. Phy$8,G1127(1985.
higher-order secular equation or more accurate methods of?- Baldereschi, Phys. Rev. 8 5212(1973.

summation over the Brillouin zondéover Chadi—Cohen D. J. Chadiand M. L. Cohen, Phys. Rev.835747(1973.

points). Translated by R. M. Durham

1G. B. Bachelet, D. R. Hamann, and M. Sdiely Phys. Rev. B26, 4199
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Results are presented of experiments to determine the maximum depths of superdeep penetration
and to check the conclusions of an existing model of this effect.1999 American
Institute of Physicg.S1063-785(19)01104-7

The maximum depths of superdeep penetration of powbe seen simply as a particular case of the stinging effect
ders into targets® have attracted major interest among re-described by thenthis term is taken from Ref.)4 which
searchers since this effect was first observed experimentallgescribes a mechanism for the formation of an extremely
Using layer-by-layer chemical analysis, micro-x-ray spectrahigh-pressure zone on the axis of annular impact beneath the
and x-ray structural analysis, neutron diffraction analysissurface of the solid, which frequently leads to the formation
and various other indirect methods of studying solid materi-of caverns into which, in the view of these authors, the par-
als, the authors of Refs. 1-3 showed that the superdeep peticles penetrate.
etration of microparticleqinitial sizes of around 1Qum) Without going into a detailed polemic on the conclusions
from a powder flux may reach depths of several tens of milveached by Adaduroet al,* we note that in the superdeep
limeters. However, these studies of the maximum depths gfenetration experiment, this twisting of the charge facing
penetration did not exhibit high accuracy and the experi-occurs extremely rarely, whereas superdeep penetration is
ments were not definitive. In order to improve the reliability regularly recorded. Moreover, with this approach, weakening
of the results, we developed a special apparatus which ca@f the barrier should be expected regardless of the type of
identify penetration to various predefined depths. penetrating material. However, practical experiments and ten

For this purpose we placed a detector in the path of &ears of using this effect in practice have shown that the
particle flux generated by an explosive accelerékig. 1). matrix can either be strengthened or weakened depending on
This detector was a protective steel container in whichhe type of penetrating material. Moreover, Aleksentseva
samples were inserte(Fig. 2), which completely protects €t al® have reliably recorded superdeep penetration by using
the inserted material from the influence of lateral movementa system in which there is absolutely no possibility of the
The depth of penetration is determined from the particledarrier interacting with anything but the powder flux. In this
piercing the upper sample in the container. The penetratingase, however, a direct response to the proposal put forward
material is collected inside the working chamber of the conby Adadurovet al* may be provided as a result of a direct
tainer by sets of foils each 0.00003 m thialp to 30 inter-  €xperiment, which in any case is far more convincing than
spersed with tracing paper which reliably decelerates th@ny polemic. This can be accomplished by removing the
powder particles. A subsequent chemical analysis can not
only reveal the penetration to depths determined by the upper
sample but can also provide a quantitative assessment of the
process without using expensive equipment.

By then increasing the height of the upper test sample
(Fig. 2), the authors reliably observed an increased content of
the penetrating powdefcobaly in the foils to depths of
around 70-75 mn(the initial size of the cobalt particles was
less than 1Qum), which provides reliable confirmation that
the particles have penetrated to this depth as a result of su-
perdeep penetration.

By using the system shown in Fig. 2 to record the results
of superdeep penetration, it was possible to make a direct
experimental check of the conclusions reached by Adadurov
et al,* who suggested that superdeep penetration is deter-
mined by the consequences of axisymmetric annular impact
when the aluminum facing of the powder container in the
acceleratofFig. 1), accelerated and twisted into a ring by the FIG. 1. Schematic of explosive accelerator for powder particles for super-

explosive energy, encounters the surface of the t?-rget- Thfeep penetrations—detonator,B—explosive,C—powder container, and
author$ therefore assume that superdeep penetration shoulbl—facing of powder container.
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analysis of the foils removed from the container chamber
S S after treatment revealed a definite increase in the content of
) A penetrating materialcobaly, which provides undisputable
evidence that the powder has penetrated to a depth of at least
e 50 mm (for the cobalt powder used with particle sizes less
B than 10 um the relative depth of penetration in this case
exceeds 5000, which is undoubtedly of the order of magni-
C tude of that recorded for superdeep penetration
1 1 , To conclude, these experiments have established that:
Painbrily ol W : a) The maximum depth of superdeep penetration of co-
S D balt powder with particle sizes less than if is at least 70
P e mm (i.e., the relative depth of penetration exceeds 7000
S b) Superdeep penetration is not the result of a stinging
SV B effect caused by the annular impact of the facing of the pow-
N der container accelerated by explosive products since, at
variance with the view held by Adaduret al.* this effect is
observed when a barrier is exposed to a particle flux accel-
FIG. 2. Schematic of composite protective containdr—test sample, ~€rated by an accelerator containing no such structural ele-

B—working chambeKcylindrical cavity, C—set of foils interspersed with ment.
tracing paperD—Ilower blanking sample.

¢ \J/ ¢1 ¢ obtain a more reliable determination of penetration. An

“Cu|prit” (|n the opinion of the authors of Ref_),4j.e" the IL. V. Al'tshuler, S. K. Andilevko, G. S. Romanov, and S. M. Usherenko,

aluminum facing of the powder container, from the accelera- '(Dl'gg’]‘ Zh. Tekh. FiZLY5), 55 (1989 [Sov. Tech. Phys. Lettl5, 186

tor sys.tem(Fig..l). . . _ ?S.K. Andilevko, G. S. Romanov, V. A. Shilkin, and S. M. Usherenko, Int.
This experiment was carried out using the composite J. Heat Mass Trans86, 1113(1993.
protective containefFig. 2) as the collecting device. The Sgﬁ-ﬁand"&' SM-MVfiersvoulfs. RS. KMAntilllle’\\l/g),Bgé(\l/égF;oman. V. A
. . . H . 1KIN, an . M. Usherenko, Rev. Metall. s .
explosive acc_elerato_r shown in Fig. 1 had no facmg_m the4N. A. Adadurov, A. F. Belikova, and S. N. Buravova, Fiz. Goreniya
powder container. Direct contact between the explosive andyzryva 28, 95 (1992.
the powder causes some loss of acceleration energy becaus®. E. Aleksentseva, D. V. Isaev, and D. A. KrivchenkoPimceedings of
detonation products are “blown” straight through the porous the International Conference on Shock Waves in Condensed Matter
. . St. Petersburg, 1996, p. 122.
layer of powder, so the height of the upper sample in the >~ " coPUd P

composite protective container was set at 50 mm in order t@ranslated by R. M. Durham
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Extension of a model analysis of the degree of polarization of light
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A theoretical approach is developed in which partially polarized radiation can be represented as a

sin 2p,

COS 2

o %dA
+|S|n? n

sum of coherent and incoherent components and also of the action of some imaginary
device with time-dependent birefringence. This approach allows the Jones vector matrix method
to be used for the calculations, which is important for theoretical calculations of the
polarization state. ©1999 American Institute of PhysidsS1063-785109)01204-5
As we know, partially polarized radiation can be repre- %
sented as a combination of two mutually completely incoher- M= My = — 5(7 )sm —Am—)
ent components having the largest possible difference in in-
tensity and opposite directions of rotatibnUsing this xd
concept, Kakichashvili modified the Jones vector matrix +i sm( ) r{ Am)
method by introducing the formal operation of incoherent
summation of amplitudes and determined the rules of opera- | xd xd
tion with the appropriate index. This approach generalized ™22 COS( An) COS'{?AM)
the Jones vector matrix method for the arbitrary partial po-
larization of electromagnetic waves, while completely con- e ’_<%_d
o . . sin Ant
serving its formal scheme of usage. This modification was
used previously in polarization holography in the particular
case of an unpolarized reference wave and was confirmed X sink(x—dAnr +cos>'(%—dAnr cos2|. (1
theoretically and experimentalfy’ 2 2
iall In Rlef..6, (;<ak|((j:_ha}shvm ct?ns;]dered tlhe iorr:natmr? of p?r- Let us assume that an elliptically polarized plane whve
o o ot os o ey oy g0 POPRGRINg long 1€ 5 wih e majr s cf
larized I?ght In tr?e prese?nt paper this appr())/ach is devglgpe lipse qriented aIE)ng(, reaches_, the device _describgd by
further and étheoretical analysis is made of the operation O%xpressmr(l). If A andp are fairly fast functions of time
) ) e omparable with the optical frequency, the device is time-
a suitable device for the case of complgx b|refr|ngenge. ependent and the field directly after the device may be rep-
. We shall re_present the mode_l deV'Ce as a [nedlum o?esented as two componerig and Eg, connected by the
thlckne_ssd having trle comp_lex blrf!frlngen_aén':ny—nx incoherent summation sig® (see Ref. § and the field of
=An—iAnr, wherefy=n,=inry, fe=n—inc Ny and o g anmitted wave is given by
n, are the real refractive indices, ang and 7, are the ex-
tinction coefficients. For simplicity we shall also assume that E=ME=E,®Eg, 2
the axes of birefringence and anisotropic absorption coincide

and are oriented at the anglerelative to the laboratory B , 1 e Ey<
coordinate systertsee Fig. 1 E=E.expi(wt—x2) +ig) O\SZE_X\L
The corresponding Jones matrix of the model device is
written as where
. ixd .
i 5d My My Ep=E, expi(wt— xz)exp— T(nx(t)Jrny(t))
M =exp——(Ay+hy)| - |,
2 My My N
X( mll(t) )
Tidmyy(t) )
R xd xd
My4=CO0 7An cos 7Anr i¢
Eg=E exp|(wt—xz)exp—| (nx(t)+n (t))( )
[ 2d o fad
—Sinf —-An7|cos2p|+isin —-An In its most general form, we show that this representa-

tion of the mutually incoherent componers, and Eg is
possible because there is no linear functional coupling be-
tween the matrix elementsy(t), My (t), and My, ,((t),

[ =d xd
X sm)—(7An7—) —cos}‘(TAnr) Ccos2p|,
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Y

X FIG. 1. Time-dependent model device.
unlike the identically equal elemenis; ,(t) = h,4(t). Using The set of equation$3) uniquely indicates that after
for this purpose the generalized Wronskian for complexpassing through the device, the field can be expressed in the
equations, we have form (2), whereE, is the completely unpolarized component
N andEg is the completely polarized component. In this situ-
xd xd An(t) X o .
W[ iy(t), mzz(t)]— sin An(t) cog 2p(t) ation, the degree of polarization may be giverf by
| 2»d xd _ s
+2i 7cos’-<7An(t)) v e 4
JAR(t) . . Here we have
X cos 2o(t) P —sin(xdAR(t))
lg=EgEg, I|n=ExEa,
dp(t)
><sm2p(t)— #0, b2 R
Eg Eg=(1+ &) Egmi(t) iy (t),
o xd :
WLMyy(t), () ]= -2 SIr?<7An(t))[SIn2 2p(t) ExEa=E2(M¥(t) My (1) + E2ms, (1) Myy(1)).
P( ) By calculating the intensities of the appropriate compo-

+c0s 2p(1)sin 2p(1)] nents, using Eq(1) and substituting into expressidd), we

. obtain in its most general form an expression for the degree
An(t) of polarization of the transmitted light for a time-dependent
#0. (3 : . e )
model device with complex birefringence:

~ 2
|75|n p(t)

(1+ &2)sirf 2p(t) + sir?

smhz( dAnT(t) dAn(t))

V:

(5
(1+&)

1+2 smr?( « Anr(t)) } —(1— &%)sinh(xdAn(t))cos 2(t)

Quite clearly, since the degree of polarization written intime dependencaAfi(t) andp(t). Under these conditions we
the form(5) is a function of time, at each i it has the meaning must generalize the definition of the degree of polarization to
of some instantaneous quantity which is a function of thebe a quantity independent of the time of observation.
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A study is made of a layer having an exponentially broad spectrum of local resistances, one of
whose dimensions is smaller than the self-averaging dimension. An investigation is made

of the hypothesis of scale invariance and the Gell-Mann—Low function for finite scaling in systems
with an exponentially broad spread of resistances. A comparative analysis is made of the

scale behavior of these systems and the case of strong localizatioh99@ American Institute

of Physics[S1063-785(0109)01304-X

In many cases where the electrophysical properties othreshold of this realization. Thu§, is also a random quan-
materials are being studied, these can be modeled usingtiéy. The distribution forp, is close to a Gaussian centered at
medium having an exponentially broad spectrum of locak p)=pcs+A(L/a) ¥ with variance S=B(L/ay) ",
resistances. Examples may include doped semiconductorghereA andB are various constants af>A (Ref. 1. In
(the so-called Miller and Abrahams meshonducting adhe- the assumed approximation the transverse conductance of
sives, various thick-film resistors, and so'otiThe problem this layerG, is the sum of the conductances of the L
of the effective conductivity of these systems is solved using<L cubes. Hence(G, may be expressed in terms of the
a percolation-type approativhich can be used to obtain the average over the realizations
effective conductivity on the basis of information on a two-
phase medium near the percolation threshold. As a result of G.=N{G,
the strong nonequilibrium, these systems have large correla-
tion lengths¢, i.e., the dimension used for self-averaging of
the physical properties. Thus, the case when some of thghere N is the number of cubes into which the layer is
linear dimensions of a sample are smaller than the value of gjvided and the braces indicate the average over the realiza-
for the three-dimensional problem is of considerable practitions, For the averaging we use a Gaussian distributior for
cal interest. For example, the conductance of a layer withyith the varianceS and the mearx.). Equation(2) gives

{Gr}:gOeXC3A—A)\(L/aO)’1/V+ BZAZ(L/BO)fZ/V, @

L <¢ depends stronglyexponentially on its thicknesd.. the specific conductance over area
Here we find the transverse conductance of a layer hav-
ing the dimensionsCX LXL, where £>§¢ and L<¢, in G, %exchfo(L/ao)’l’MBzxz(uao)’z’”_ 3)

which the local resistance spectrum has an exponentially 2~ L2

broad spread. i ) - . :
Let us assume that the local conductivity is This expression holds when the longitudinal dimension

=gexp\x), whereA\>1 is a quantity characterizing the of the layer L is. sufficient for.self-averaging, i.e., fof
width of thes spread and &x<1 is a random variable with >¢&., where ¢, is the correlation length of the layer. In
a uniform distribution function. The correlation length of the order to determing, we find the fluctuation of the conduc-
three-dimensional system &=\ " (Refs. 1 and B where tanceG, , which is the sum of the conductances of the ef-
a is the minimum dimension in the system, for a mesh thisfective cubes forming the layes, =>G, . -
is the coupling length, and is the critical index for the ~ SinceG_ is a sum of independent random quantities, in
correlation length of a two-phase percolation medium. this approximation the relative fluctuation i& =g /N
We shall arbitrarily divide the layer intoX L XL cubes and
and we shall replace these with effectively homogeneous
cubes having conductances equal to those of the various re- e == e
alizations. The expression for the transverse and longitudinal + {GKN L
Eﬁgdpuhcéglgys?/;g; I?t/]%rwc;btg(l)r:)edd ;gslzgggta\?v?tfﬁz fsvreﬁm the limit L<¢, the one inside the brackets can be ne-
) . . glected and the correlation length becomes
known result$~® According to Shklovskii and Efros,the g g

conductance of an isolated realization is & ~L eBz)\Z(L/ao)’Z/”. (5)

_{G3-{c}*_L?

B2AY(L/ag) 2" _ 1], )

~.eMe - =1— " .
Gr~0goe™e  go=%00, Xc=1-Ppc, @ In fact the conditions ¢, yields 85, <1. However, when
wherep, is a random quantity which defines the percolationL~ ¢ holds, Eq.(4) gives &, ~L~¢.
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FIG. 1. Dashed curve—Gell-Mann—Low functigs(G) for
strong localization; solid curve—the same function for a me-
dium with an exponentially broad spectrum of resistance dis-
tribution. The direction of the arrows indicates the direction of
/ nG increasing sample dimensidn

It follows from Eq. (2) that the conductancgs,} aver-  from the figure that the Gell-Mann—Low function for this
aged over the realizations can be expressed simply in ternmmoblem differs fundamentally from that for strong localiza-
of the specific conductance of the layer over a@a, and tion. Whereas for strong localization the value®f sepa-
specifically {G,}=(L/£)?G, . Thus, measurements of the rates two fundamentally different dependences of the con-
layer conductance can directly yield the conductance ofluctance orl (aboveG, the conductanc& increases with
cubes having dimensionk shorter than the correlation increasing dimension whereas bel@y it decreases in our

length, averaged over realizations. case B({G}) increases with increasing dimensions both
We shall analyze the dependencd Gf} onL in greater above and belovG. .
detail. A well-known similar problef’ involves determin- Note that we can also apply the above reasoning to de-

ing the dependence of the conductance on the dimensions t#rmine the longitudinal conductivity of this layet’. After

a system with strong localization. According to the hypoth-replacing the realizations with homogeneous cubes, we con-
esis of scale invariance’, the conductance is the only quan- vert to a two-dimensional system which satisfies the condi-
tity that determines the behavior of a system as its dimentions for obtaining an exact solutidri.et us assume that the
sions vary. This statement may be written by introducing thdocal conductivity of the two-dimensional system(r) has a
Gell-Mann—Low functiong(G): random distribution. We introduce the variablg(r)

) =Ino(r) —(Ina(r)), where the angular brackets denote av-
B(G)=dInG/olnL; ) eraging. A<ccordin>g to Dykhn@,if the density distribution
The dashed curve in Fig. 1 gives its dependence @nfor function y is even, the effective conductivity problem has an
the strong localization problem. exact solutionr,= exp(In o)). Using this relation, we derive

Le Doussal formulated a similarity hypothesis fdG,}  the well-known Shklovskii~Efros expressfon
(finite scaling which may be written as follows in the termi-
nology adopted above:

€— A—A(L/ag) ~
{G}=GF (LA™, Gc=gee*, 7 o= 0ge’e o 8

where the scaling function has the following asymptotic

forms: F(z<1)—1 andF(z>1)—z" and we confined our The self-averaging dimensiaf) for G, differs from¢, .
analysis to the three-dimensional case. In accordance wittWe can consider this two-dimensional system to be a system
this asymptotic form we havéG,(L¥"\ "'<1)}~G, and  with an exponentially broad local resistance spectrum. Then
{G(LY'N"1>1)}~G.LA". It follows from Eq. (3) that its correlation length is determined by the characteristic spec-
{G,} obtained here satisfies these asymptotic forms. Moretral width® A*: &=L(\*)"2, where v, is the two-
over, the explicit expression allowed us to calculate the funcdimensional percolation index of the correlation length and
tion B({G}) given by the solid curve in Fig. 1. It can be seenL is the minimum dimension in a system of homogeneous
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Losses in diamond in the millimeter range

B. M. Garin, V. V. Parshin, V. G. Ral'’chenko, V. I. Konov, A. N. Kopnin, A. B. Mazur,
M. P. Parkhomenko, and E. E. Chigryal

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino, Moscow Province;
Institute of Applied Physics, Russian Academy of Sciences, KNitbwjorod Center for Natural
Scientific Research, Institute of General Physics, Russian Academy of Sciences, Moscow

(Submitted May 19, 1998
Pis'ma Zh. Tekh. Fiz25, 85-89(April 12, 1999

A theoretical and experimental investigation is made of the magnitude and nature of the
dielectric losses in weakly absorbing synthetic diamonds in the wavelength range 1.75-6.8 mm
at temperature$ =20-500 °C. Some samples exhibited extremely low lossess(tan

<10~ ®) which makes plasma-chemically deposited diamond wafers suitable for fabricating
windows for megawatt continuous gyrotrons. It is shown that in principle, a further substantial
reduction in losses can be achieved. 1899 American Institute of Physics.
[S1063-785(09)01404-4

Progress achieved in the technology used to synthesizgrates were 55—-60 mm diameter disks up to 1.3 mm thick.
polycrystalline diamond films by deposition from the gasThe measurements were made in open resonators at the In-
phase and the development of large-diamégerL0 cm) dia-  stitute of Radio Engineering and Electroriiend at the In-
mond wafers of thickness up to 1-2 mm has opened uptitute of Applied Physic&’ The temperature dependence of
possibilities for measuring low dielectric losses in diamondshe losses and the refractive index was also measured over
in the millimeter wavelength range and also for fabricatingthe rangeT=20-500°C. The results for a series of unpol-
diamond windows for powerful sources of millimeter radia- ished disks measured at the Institute of Radio Engineering
tion, i.e., gyrotrons. Galdetskand Garirt and Garif pre- and Electronics are given in Tables | and II.
dicted theoretically that in crystals with a diamond lattice ~ The losses lie in the range tas-(1-10)x 10”4 and they
structure, extremely low intrinsic lattice losses may occur intend to decrease as the growth rate and nitrogen impurity
the millimeter and submillimeter ranges, corresponding tacontent decrease. After annealing in aiffat 550 °C sample
those of an ideal crystal and defining the theoretical limit toNo. 111 showed a significant reduction in @&from ~1.5
which losses can be reduced. Moreover, of these crystalss 10”4 to ~5x 10 °.
diamond has the lowest theoretical limits for reducing the  The lowest losses were observed for sample No. 113
lattice losses and the losses caused by free cafrters. (growth rate 2.4 um/h, nitrogen concentration >210'

Results of measurements of the losses in synthetic diaem ) in measurements made at the Institute of Applied
monds are available in the millimeter raffg®and also at Physics(see Fig. L In order to improve the measurement
lower frequencied.However, the temperature—frequency de-accuracy because of the low losses, the disk was polished on
pendence has been very little studied, the nature of thedeoth sides with a deviation from plane-parallel of less than
losses has not been identified, and the influence of the di@.005 mm over its 55 mm diameter. The thickness was re-
mond synthesis conditions on the losses and the possibilitguced from 1.05 to 0.74 mm, for which the 170 GHz mea-
of reducing these substantially have not been consideredurement frequency was in resonar(tieis thickness is a
These aspects are examined in the present paper. multiple of half the wavelength in the matepiaAfter me-

Garir? and Garinet al2 obtained rough theoretical esti- chanical treatment the disk was annealed in air. The method
mates of the absolute values of the intrinsic lattice losses inf measuremef was modified slightly so that the error in
diamond, silicon, and germanium: tdr-10"°, 3x10°8,  these measurements of tAwas +107°. The losses in this
and 2< 107, respectively, ah =2 mm and room tempera- sample, ta®~8x10 ¢ (170 GHz; 20°Q, are among the
ture. From a comparison with experimental data on the lowdowest reported in the literature for diamdrahd are close to
est losses recorded in gold-compensated sifi€¢8i:Au) we  the lowest losses (tafi~3x10~6) recorded for Si:AuRef.
can deduce that under these conditions the value of fan  8).
the intrinsic lattice losses in diamond should at any rate be Calculations of the transmittivity show that the best of
<3x10°8, these diamonds can be used to fabricate windows for

We investigated series of polycrystalline diamond wa-=3 MW cw gyrotrons.
fers grown at the Institute of General Physics by plasma- The dependence of the losses on the frequdnicythis
chemical deposition from CHH,—O, mixtures in a micro- range(Table 1) follow a 1/f law to a first approximation.
wave dischargd.The growth rate was 2—-mm/h and the The observed frequency—temperature dependence may be at-
concentration of nitrogen impurities was in the rangetributed to conduction losses in nondiamond phases having a
(2-30)x10cm™3. The samples separated from the sub-highly nonuniform distribution of local dynamic electrical
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TABLE |. Losses tans at A=2.15mm at room temperature in diamond

films. no GHz
2,400/ 170,5
Sample No.  Average thicknesgm  Growth rateum/h  tans, 10 # T
92 1280 5.0 8 +
83 190 4.6 10 2,395
79 490 4.5 15-3 T— 1700
70 230 3.9 <5 +
111 490 3.7 1-2 2,390t
93 430 3.2 2 -
56 270 2.7 2 T
100 640 2.6 1.5-35 2,385 169,5
AST 180 25 <2 T
2,380
. . . +-169,0
conductivity o, which contain amorphous carbon and nan- -+
ographite. Data obtained by Raman spectroscopy indicat 2_375.:
that the relative volume fraction of these phases is less tha I
1073. Moreover, the losses increase with decreasing fre 1 1685
5 T T I T T T T T T T ,

quency slower than 1/for f<10GHz (Ref. 7) because
fewer regions satisfy the conditiom%w, where 7y 0 100 200 300 T :180 500 600
=¢ggql/o ande are the local values of the Maxwellian elec- ’
trical relaxation time and the permittivity, respectivedy, is  FiG. 1. Temperature dependence of &(1), the refractive index (2), and
the dielectric constant, and=2=f. The relatively weak the resonant frequend®) in a diamond disk 0.74 mm thick.
temperature dependence of the log$esT<400 °O can be
readily attributed to the weak dependence of the electrical ) o ) B ] ]
conductivity in nondiamond inclusions. The increase in theRussian Scientific and Technical Program “Physics of Mi-
losses observed foF>400°C may be caused by a dipole crowaves” (Projects Nos. 3.3 and 3.19
relaxation process in the nondiamond phase.

The temperature and frequency dependence of the obtA. V. Galdetski and B. M. Garin, Preprint No. 17320 [in Russiad,

; ; St : Institute of Radio Engineering and Electronics, Academy of Sciences of
served losses differs from the behavior of the intrinsic lattice the USSR, Moscow1981, 31 pp.

losses(which should increase appreciably. with incr?aSing 2B. M. Garin, inAbstracts of Russian Scientific and Technical Conference
frequency and temperatdfé) and are considerably higher “Dielectrics-93", St. Petersburg, 1993, Vol.[in Russiad, pp. 98—99.
than their estimated values. Thus, the intrinsic lattice losse$B: M. Garin, A. N. Kopnin, M. P. Parkhomeniet al, Pis'ma zh. Tekh.

P il , : : : . Fiz. 20(21), 56 (1994 [Tech. Phys. Lett20, 835(1994]; B. M. Garin, A.
in diamond(as in SIIICORB) remain experlmentally unidenti N. Kopnin, M. P. Parkhomenket al, in Proceedings of the 21st Inter-

fied. national Conference on Infrared and Millimeter Way&erlin, 1996, pa-
These data and the reasoning put forward above, to-per CT15.

gether with estimates of the intrinsic losses indicate that R. Heidinger, inDigest of the 19th International Conference on Infrared

. L . . and Millimeter WavesJapan, 1994, pp. 277-278.
there is scope for achieving a further substantial reduction ost_ S. Sussmann, J. R. Brandon, G. A. Scarbrebll, Diamond Relat.

the losses in diamond and for obtaining the lowest losses in mater. 3, 303 (1994.
the millimeter and neighboring ranges compared with other®V. V. Parshin and V. A. KhmareProceedings of the Ninth Joint Russian-
materials German Meeting on ECRH and Gyrotrorid97, pp. 143-144; R. Sporl,
' R. Schwab, and R. Heidingehid., pp. 167-174.
This work was partially supported by the Russian Fund "A. Ibarra, M. Gonzalez, R. Vilaet al, Diamond Relat. Mater6, 856
(1999.
for Fundamental Resear¢f®rant No. 96-03-32798and the 8R. Heidinger, J. Molla, and V. V. ParshiRroceedings of the 21st Inter-

national Conference on Infrared and Millimeter Way8grlin, 1996.
9V. G. Ralchenko, A. A. Smolin, V. I. Konoet al, Diamond Relat. Mater.

TABLE Il. Losses at wavelengths=2-7 mm in sample No. 79. 6, 417 (1997.
0yy. A. Dryagin and V. V. Parshin, ifProceedings of the International
N, mm 2.15 3.9 6.0 6.8 Conference on Infrared and Millimeter Wayed992, Vol. 13,
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Continuous optical discharge in a thermionic converter for conversion of laser radiation
energy into electrical energy

I. V. Alekseeva, A. P. Budnik, V. A. Zherebtsov, A. V. Zrodnikov, and S. T. Surzhikov

A. . Lapunski Institute of Physics and Power Engineering, State Science Center, Obninsk, Russia
(Submitted October 3, 1998
Pis’'ma Zh. Tekh. Fiz25, 90-95(April 12, 1999

A model is developed and calculations are made of the characteristics of a continuous optical
discharge in the interelectrode gap of a thermionic converter for conversion of laser

radiation energy into electrical energy. €99 American Institute of Physics.
[S1063-785(109)01504-9

1. The idea of thermionic conversion of laser radiationcore region of the discharge and we shall allow for the pro-
energy into electrical energy was proposed by Reisot973  cesses in the electrode regions by means of boundary condi-
and was later confirmed experimentally at the end of thdions. Using the well-developed methods from the theory of
eighties? Rasor’s idea was based on an even earlier study.a continuous optical dischargeand the thermionic method
Until now, however, no adequate theory has been put forof converting thermal energy into electriale can obtain a
ward for this method of energy conversion and no effectiveclosed system of equations and boundary conditions to de-
methods have been developed for the mathematical modelirgfribe the steady-state core of a continuous optical discharge
of a continuous optical discharge in the interelectrode gaph @ thermionic converter. This system includes equations
The aim of the present paper is to develop a model andvhich describe the propagation and absorption of laser radia-
mathematically simulate a steady-state continuous opticdion in the quasioptic approximation, transport of the plasma
discharge in a thermionic converter. self-radiation in the multilevel approximation, and equations

The thermionic converter may be considered to be a gagiescribing the energy balance in the plasma, and the distri-
filed diode with a hot emitter and a cooler collector, with a Pution of the electric potential and the current density in the
continuous optical discharge burning in the interelectroddliScharge plasméfor further details see Ref.)9

gap? A characteristic feature of the discharge is that electric > !f the plasma at the boundary is weakly ionized, the

current flows through it and the electrodes are close to th@oundary condition to determine the plasma temperature at

high-temperature region of the discharge. A major factor inthe emitter boundary of the equilibrium region has the form

the discharge energy balance in the interelectrode gap is the d
transfer of energy to the electrodes by the highly nonequilib- _()\‘)”(W> =—2(T11—Te)de
rium plasma radiation and by the charged and neutral plasma T
components. V2T T

2. An analysis of the experimental datshows that in _(}\H)TlL—[InN_
most of the interelectrode gap the plasma in a thermionic " .
converter is almost in equilibriurtwe shall call this region _(1_ E 1/2+ E 42T
the discharge cojeDeviations from equilibrium only occur T1 : m

in the thin layers near the electrodes, and the thickness of the N
electrode Iayer_ in which the temperature of the heavy plasma +eAgr—TrqIn j) (i1
componentsT; is lower than the electron temperaturg is Niy
considerably greater than the thickness of the layer in which
the charged particle concentration is below the equilibrium —Jm1
value. Generalizing the approach developed byafles and
Bakshf and Bakshet al® for a thermionic converter of ther- The subscript T1” denotes values at the boundary. Condi-
mal into electrical energy to the case of a continuous opticajion (1) describes the plasma energy balance at the boundary.
discharge bounded by electrodes, we can appreciably singts left-hand side gives the thermal energy flux from the dis-
plify the description of the discharge by isolating three layerscharge core. This energy is dissipated in heating the elec-
in the electrode regions, namely, the space charge, nonequions emitted by the emitter to the plasma temperaliye
librium, and quasiequilibrium plasma layers. By analyzing(first term on right-hand side goes to the emitter via the
the processes in these three regions, we can determine ttifermal conductivity of the heavy plasma componditas
boundary conditions for the equilibrium plasma of the dis-and atomy is dissipated in generating ions passing to the
charge core. emitter in the nonequilibrium electrode layer, and passes to
In accordance with the basic idea of the present studythe boundary by the electron currdast term. HereTg is
we shall give a detailed description of the processes in théhe emitter temperatura, is the thermal conductivity of the

. (D

1
( 57 k«(eTT)l) Tri—eAer;
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FIG. 1. Isotherms and beam path through the continuous optical dischargelG. 2. Radial distribution of the laser radiation intensity (curve 1 at
plasma for an idling diode with;=0.2 cm andr,=0.5 cm, laser radiation  z=0 in arbitrary units, and also of the electric field potentigl (curve 2 in
power—90 kW,Jg=500 A/cn?, P=1 atm, andF=15cm. The numbers volts, and the plasma temperat(f® (curve 3 in kilodegrees Kelvin for the
near the isotherms are the temperatiimekK). same converter parameters as in Fig. 1.

plasmaJg is the flux density of the electrons emitted by the
emitter, A, is the total thermal conductivity of the heavy dinal dimension of the high-temperature discharge region
plasma component$,t, is the thermal relaxation length at along thez axis is approximately 2 cm and is appreciably
the emitter,E; is the atomic ionization potentiak is the greater than the distance between the electrd@e3 cm).
electron chargeA ¢, is the jump in potential between the The plasma temperature at the center of the gap is approxi-
equilibrium plasma and the emittem, is the electron(ion)  mately 18 kK and drops to 9 kK at the boundaries of the
density,n;, is the quasiequilibrium electrofion) density at  discharge core and the nonequilibrium electrode regions. Re-
the emitter (when T.=Ty;, but T;=Tg), (j;)1 fraction of the laser radiation strongly influences the forma-
= —(Dani1)/(V2L;,) is the density of the ion flux to the tion of the discharge structur&ig. 1). A large temperature
emitter, D, is the coefficient of ambipolar diffusion at the gradient at the thin 10 3-102cm) electrode regions
emitter,L;, is the ionization relaxation length near the emit- gives rise to large € 10° W/cn?) heat fluxes transferred by
ter, J is the electron flux density, ankg) is the electron the heavy plasma components from the discharge core to the
thermal diffusion ratio. The boundary condition to determineelectrodes. The high plasma temperature at the electrodes is
the temperature at the collector boundary of the equilibriurralso responsible for large amounts of energy being dissipated
region is similar. The other boundary conditions are formu-in generating ions in the nonequilibrium regions. Neverthe-
lated in the usual way and are omitted here for lack of spacdess, under these conditions the main losses of energy from
Note that we pay particular attention to the electrode regionthe discharge are attributed to the plasma intrinsic radiation
here because of their decisive role in the energy conversiofup to 1¢ W/cn?).
process. The plasma in the central part of the discharge core is
4. The system of equations for the discharge core waalmost completely ionized whereas in the electrode regions
solved by iteratiort® Prior to solving the problem, we com- the degree of ionization of the plasma is low @.1). The
piled a database of transport coefficients, and of thermodistribution of the electric field potential in the interelectrode
physical and optical properties of an argon plasma under thgap has a characteristic structure with a large jump near the
conditions obtaining in a thermionic converter. The calcula-collector (~10V) and a relatively small drop at the dis-
tions were made for an argon-filled converter at electrodeharge core plasma<(1 V). The calculations showed that as
temperatures- 10° K, argon pressur®~1 atm, andJz up  the current through the diode increases, the plasma tempera-
to ~10° Alcm?. A cylindrical 5.3 um laser beam, directed ture at the emitter increases because the electrons are heated
along thez axis, was focused into a ring at a distaffcéom  at the emitter potential drop whereas at the collector the
the entrance to the thermionic converter=0) at the center plasma temperature decreases. However, these changes in
of the gap between the emitter and the collector which comtemperature are small because of the stréegponential
prised two coaxial cylinders of radii; andr,, respectively. temperature dependence of the energy transferred to the elec-
This geometry is selected first to simplify the mathematicaltrodes by the heavy plasma components and also of the en-
description by using axial symmetry and second, having irergy expended in generating ions in the nonequilibrium elec-
mind that efficient operation of the converter requires thetrode regions.
emitter area to be considerably larger than the collector area. To conclude, we have proposed for the first time an ef-
We assumed that the laser radiation is completely reflecteféctive approach to the theoretical analysis of the thermionic
by the electrodes and the plasma radiation is completely al&zonversion of laser radiation energy into electrical energy.
sorbed by them. We have also developed a mathematical model of a continu-
Typical results are plotted in Figs. 1 and 2. The longitu-ous optical discharge and calculated the distributions of the
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Efficient lasing of a mixture of organic dyes at 610 and 670 nm
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The efficiency of the lasing regime of a pulsed tunable laser at the “exotic” wavelengths of 610
and 670 nm, which are needed in nuclear physics, is investigated. A method for performing
model calculations of the active media for such a laser, i.e., working mixtures of high-molecular-
weight dyes, is developed. The conditions specifying a quasiequilibrium window, in which

the achievement of high output characteristics is possible for such a mixture at assigned
wavelengths, are derived. It is interpreted on the basis of the law of alternating nonequilibria

in the theory of nonequilibrium states. The results obtained are verified experimentally: a high-
power miniature pulsed laser with an active medium consisting of a mixture of dye

solutions with high output characteristics at the assigned wavelengths of 610 and 670 nm is
created. ©1999 American Institute of PhysidsS1063-785(09)01604-3

The possible types of lasers widely used in everydayained fairly easily, for example, from a Cuvapor laser
practice include tunable dye lasers. As was noted in a recei =510 and\ =578 nm or from the second harmonic of a
survey of the world market of laser technologlethe areas gplid-state N&"—YAG laser (=532 nm), obtaining the
of practical application of these lasers are constantly expandsecond and third working beams of light is a formidable task.
Ing. They can be produced only by a pulsed tunable dye laser.

This is attributed to the unique properties of these lasers, ap analysis of the lasing characteristics of known or-
which are reliable high-power sources of low-divergencegyanic dyed showed that these wavelengths, unfortunately,
monochromatic coherent radiation that can easily be tunegh; o5, the tails of the lasing curves of the most widely used
over the entire visible range, as well as in the near-Uv an(ﬁyes. Hence the creation of a high-power laser with high
IR spectral rangesN(=0.26-1.1 um). None of the other o 1t characteristics at=610\ =670 nm is a fairly com-
types of lasers offers these features. _ _ licated task. Thus, apart from the fact that an exotic laser

However, as a rule, thgse lasers are fgwly comphcatec{;/ith high output characteristics is needed to solve the prob-
cqmpersome, and EXPENSIVE, espeua!ly in regard _to the|5m posed, it must also operate in an exotic regime with an
principal element, the organic dyes serving as the active Ias%rXotic active medium.
medium._Therefore, the areas of application_qf such Ia_lsers A detailed combined analysis of the dynamics of the
are restricted. They are usual_ly areas requining a rellabl?asing, photochemical deactivation, and reduction regimes of
high-power laser source of radiation with high output char-

acteristics that can be tuned over a fairly broad spectral rang%ye molecules, as well as their laser pumping was given in

or can generate radiation at strictly defined wavelengths ef. 4. It was noted that conditions for the steady operation

which are inaccessible or not cost-effective when other typegf a .|IQUId dy.e. layer can be created in this regime qnder
of lasers are used. certain conditions when the dye-flow—pump-radiation—

Such situations are encountered fairly often in researcfaVity system is far from equilibrium and that the deviation
experimentation and in medical practicédiagnostics, of the system from equilibrium is considerably smaller in

therapy, and surgeyi.e., where a high degree of selectivity this quasiequilibrium windowthan under ordinary condi-

of the working process must be ensured. tions. This permits significant improvement of the output
For example, in nuclear physics one of the most impor-°

haracteristics of the laser. A novel dye laser active eletent

tant problems for the near future is determining the numbelv@s designed on the basis of the effect and was found to
of short-lived nuclei of the radioactive isotopki,, and in- exhibit good output and service characteristics. Mixtures of
vestigating their characteristics. On the basis of this informasolutions of various dyes in diverse concentrations can be
tion, conclusions can be drawn regarding leaks in commerused to create an exotic active meditiet us consider the
cial and research nuclear reactors and their efficiency. Suc¢pnditions and method for designing and preparing such
investigations are usually carried out using multiphoton lasefmixtures.

resonance ionization spectroscopy, which was developed by First, the dyes employed as ingredients in such a work-
V. S. Letokhovet al? Investigating®Liy; by this method ing mixture must be chemically compatible. Complicated
requires three high-power laser beams with high output chamhigh-molecular-weight biopolymer&hodamines, oxazines,
acteristics at;=510—-580 nm,\,=610 nm, and\;=670  coumarins, oxadiazoles, phenylamines,)eice employed as
nm strictly synchronized in spaceo within 1 xm) and time  active laser media, but the latter can also be relatively simple
(to within 1 ng. While the first of these beams can be ob-acids (for example, aminobenzoic acidand salts(for ex-
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ample, alkali-metal and alkaline-earth-metal nitrates, brilliant

dyes, sulfoflavins, etg. To simplify the problem, let us cal-

A. Yu. lvanov

culate the output characteristics of a mixture of two biopoly-consideration, which is a special case of Couette ffbhis

mers with the molecular Weightsﬁﬁ, the densitieg; ,, and
the kinematic viscositieg; ,. Let them be chemically com-

condition requires that the Reynolds number Re satisfy
2

Another condition for attaining an efficient lasing regime
in a dye laser is laminar flow of the dye in the design under

patible, i.e., chemically neutral toward one another and the
solvents used. As the latter we shall take a single simple
solvent, for example, high-purity ethanobidsOH. whence follows the condition of matching of the kinetic vis-
Second, these two dyes must be spectroscopically contosities{ 7}*2 of the mixture components.
patible, i.e., excited fairly easily by the pump radiatidar Finally, according to Ref. 4, on the one hand, the photo-
example, the fundamental light from a copper las&r ( thermodynamic fluctuations of the flow of the working dye
=510 orA=578 nm or the second harmonic of a neody- mixture appearing under the action of the pump radiation
mium laser § =532 nm]. This implies closeness of the ab- pulse must also lie within a certain quasiequilibrium win-
sorption band peaks aty, and\3, with high values of the dow, and, on the other hand, the accompanying photocon-
absorption cross sections;, and o,, at the wavelength of vection of the dye flow must provide for sufficiently rapid
the pump radiation. It is also desirable that the required lasreplacement of the deactivated molecules of both compo-
ing wavelength of the mixture be on the red tail of the lasingnents in the mixture. This requires that the intensity of the

curve of one ingredient and on the blue tail of the lasingpump radiation pulsé, and the Rayleigh number Ra not
curve of the other ingredient and that the fluorescence quarexceed certain critical values:
1,2
pcn’ )

tum efficienciesj fl'z of the possible components of the mix- ,
<15%= ( D———
g e (0aNm)gBr3m

ture in the assigned spectral range be fairly high.
When these two conditions are satisfied, the working
Npm)logBr®| 12
Ra}ZZ(M) <Ra&*2=(
Kxm

R@%e[O,TXlO“], 2

4P,
IO=

mixture of two dyes in ethanol should lase efficiently at the
assigned wavelength as a result of intermolecular interac-
tions. An analysis of the literatuté2° showed that at
=610 nm mixtures of Rhodamine 6G and Rhodamine 4C
perchlorateR6G and R4CPor Safranine T(ST) can work

on the blue side of the spectrum and that mixtures of pheny- \
lamines 166 and 43@FA166 and FA43Dcan work on the Here P, and 7, are the power and duration of the pump
red side. Foh =670 nm the same phenylamingsA166 and  radiation pulse¢; , and 3 , are the specific heats and volu-
FA439), which have a high fluorescence quantum efficiencymetric expansion coefficients of the components of the work-
j+ in this spectral range, can be the blue components of thing mixture, andk; , andy; , are their thermal conductivities
mixture, and it is reasonable to employ either oxazine-1 perand thermal diffusivity. The conditiong) also impose re-
chlorate(O1P) or the A and B isomers of Nile blueNA and  quirements on the propertigs, 3,«,x} of both components
NB) as the red components of the working mixture. of the working mixture.

In addition, as we have already noted above, when a Thus, as the deviation of the dye-flow—pump-radiation—
dye-flow—pump-radiation—cavity system is far from equilib- cavity system from equilibrium increases, the structure of the
rium, it is possible to ensure conditions for the stable Stationworking mixture changes if the system approaches a quality
ary operation of dye lasers in this quasiequilibrium window.boundary, whera —\, 7— 75, e—&5. The lasing dynam-

In the design described in Ref. 6, one of these conditions ifs of this mixture become anomalous, allowing the achieve-
matching of the dynamics of the pumping and circulation ofment of high output characteristics for the exotic dye mixture
our dye mixtures to the dynamics of their photodeactivationserving as the active working medium of an exotic liquid

and reduction when the stroboscopic effect is eliminatediaser operating in an exotic regime in some quasiequilibrium
This condition requires that the angular velocityf the cell  window,> which is specified by physicochemical characteris-
with the dye mixture in the active element of the liquid lasertics {c,p, x,«, 7, 8,&, TreqsC: Na A, 02, ] 1+ 12 Of the working

2 r4 1,2
Tl ©

m
D;=1,; g=9.8—2.
c

satisfy components of the mixture, the propertigs,r, &y .14} of
5 the flow of the mixture and the laser design, and the param-
10 1 2mr eters{Pg, 7o} of the pump radiation. This enables us to solve
we 2| NyN ENon: ' @ the problem posed and to obtain high-power beams of laser
mglg NalNm D4 Tred p p gn-p

radiation at the exotic wavelengths=610 and\ =670 nm
wherer is the radius of the cell with the dygjy andly are  with good parameters. Such beams are needed to determine
the diameter and length of the lasing zone iN§, andN,,  the number and explore the characteristics of short-fivig
are Avogadro’s number and the number of photons in thewuclei, which are important for nuclear physics. This prob-
pump radiation pulse, anél and 7.4 are the photodeactiva- lem was successfully solved in an experiment with pump
tion efficiency and reduction time of the working dye mol- radiation from copper-vapor lasers with=510 and A
ecules under the action of the pump radiation pulse. Hence 578 nm.
can be seen that the molecular weight, photodeactivation ef- Thus, experimental confirmation of the law of alternat-
ficiency, and reduction time of both components of the work-ing nonequilibrium has been obtained, permitting us to ob-
ing mixture {N,,&, 7eqt 12 must satisfy the conditiofil). tain an important experimental finding. It is highly probable
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Theory of the undulator superradiance of an electron beam pulse in the group
synchronism regime

N. S. Ginzburg, I. V. Zotova, and A. S. Sergeev

Institute of Applied Physics, Russian Academy of Sciences, Witbwjorod
(Submitted November 18, 1998
Pis'ma Zh. Tekh. Fiz25, 8—16(April 26, 1999

The properties of the superradiance of a short electron beam pulse moving in an undulator field
and exciting a waveguide mode field under group synchronism conditions are analyzed.

This regime is shown to be characterized by the maximum growth rate of superradiance instability.
The development of such instability results in bunching of the particles and the coherent
emission of a short electromagnetic pulse by the beam pulsel999 American Institute of
Physics[S1063-785(019)01704-§

A great deal of attention has recently been focused omand w,=k,V| is the oscillation frequency of the particles,
the theoretical investigation of the superradiance of spatiallexhibit tangency(Fig. 13. The interaction of the electrons
localized electron beam pulst€ Superradiance involves with the magnetic field in this regime can be analyzed most
the coherent emission of a considerable fraction of the beansimply in the localK’ reference frame moving with the
pulse particles in a zone with dimensions exceeding théranslational velocity of the beam pulse. Using the Lorentz
wavelength in the general case. This becomes possible astransformation, we can easily show that the longitudinal
result of the development of bunching of the particles withinwave numbeh’ in the K’ frame tends to zero in this case
the beam pulse, as well as the mutual influence of differenand that the beam pulse emits at a quasicritical frequency in
parts of the beam pulse due to slippage of the wave relativéhis frame as a resulFig. 1b.
to the beam pulse. In most of the theoretical studies devoted Assuming that the transverse structure of the radiation
to this problem it was assumed that this slippage is due to thiéeld coincides with one of the waveguide modes and choos-
difference between the group velocity of the wave and thang the cutoff frequency as the carrier frequency, we repre-
translational velocity of the beam pulé&At the same time, sent the radiation field in the form
there is special interest in the case of group synchronism, in R
which the translational velocity of the beam pulse coincides E¢=Re(Eg(r,)A'(z',t")exdiwt’]),
with the group velocity of the wave/~Vy,. In this case the R
mutual influence of the electrons, as well as the flow of elec- Es=« "V, ¢m. 2], 2
tromagnetic energy out of the interaction space, are caused ,
by dispersive spreading of the wave packet. Moreover, a¥heéré  the ~ membrane function has the form
was shown in Refs. 8-10, the group synchronism regime i¥m=Jm(xr)exp(me) for a cylindrical waveguidem is the
optimal for observing the cyclotron mechanism of superradi-{’lz'nmt_hal mode indexy S the transverse wave number, and
ance. Experiments on the generation of ultrashort microwavam(X) IS @ Bessel function. ,
pulses in such a regime when an electron beam pulse moves In .the local reference fr_ame the undulator field trans-
in the field of a helical undulator were described in Ref. 11.[0rMS into an electromagnetic wave, whose transverse com-
The radiation propagated in a cylindrical waveguide, and th&#ONents are given by the relations
electron beam pulse had a cylindrical shape and was focused
by a uniform magnetic field. The present paper is devoted to
a theoretical analysis of the features of undulator superradi- ,
ance in the group synchronism regime. Eu, =8 YI[zo.Hy, 1, ©)

Let us consider the emission from an electron beam B 2 N1/ L ,
pulse, whose particles move along helical trajectories in thg"herey\\_,(l_v\\/,c ) ando,=you, hy=hey
field of an undulator of corresponding symmetry: _Thus, in theK frame an 'electron beam pulse, which is

stationary as a whole, is subjected to the effects of the pump
_ " ; N - wave (3), and excites the scattered fiel®), whose fre-

Hu=Re(AHexlik2),  H=duZotiky Vi, (1 quency, like the pump frequency, is close to the cut off fre-
where ¢,=1,(k,sr)exple) is the membrane function, duency. In these fields the averaged equations of motion of
k,=2m/d, dis the undulator period, arid(x) is a modified ~€lectrons, which describe longitudinal bunching, can be writ-

Hy, =Re(A,yjH, exdi(wt’ +hiz)]),

Bessel function. ten in the form of the equations of a pendufédm

In the group synchronism regime the dispersion charac-
teristics of the waveguide mode= .cflx/wz—wcz and the g0 —ReKala*exdif]), (4
electron fluxw—hV|=w,, wherew, is the cutoff frequency ar'?
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Tech. Phys. Lett. 25 (4), April 1999 Ginzburg et al. 297

@ !
6))
Cl)c FIG. 1. Dispersion diagrams of the group synchronism
; regime in the laboratory(a and local (b) reference
I~ fi .
0, h O, =0, h’ rames
a b

where = (w.—w)t'—h/z’ is the combination phase, B=\2b’w./c and5(Z') is a delta function. When the con-

T =0t ag=eA'y/2mco., a,=eA,yj/2mcw/, and dition (6) is satisfied, the length of the beam pulse is signifi-
cantly shorter than the wavelength of the radiation in the
we . . '
K= Jn—1(ksRo) o(kyRo) waveguide, but still exceeds the pump wavelergth,>1.
We™ OH For this reason, coherence of the radiation from the entire
we volume of the beam pulse can be ensured only by means of
— ——— I+ 1(ksRo) 12(kyRg) particle bunching. In the case under consideration, after
wc-l- wy e . .
minimization of the number of independent parameters, the
Xexgd —i(m—1)¢] equations are reduced to the form

is the coupling coefficient written under the assumption that 20 —
the electron beam pulse has a cylindrical shape with a mean ’ Rel, ImI’
radiusR, and is injected along the guiding magnetic field,
whose intensity is far from the resonance value, andis
the gyrofrequency. .
When there is emission at the quasicritical frequency,
the evolution of the longitudinal profile of the field can be -2 0
described by the inhomogeneous parabolic equation 0.0 | ! { l ! | L

Rel’
—

N
>

LY K*f(Z)lJ’% a—i0)do,, (5
[ +—=2Ma =] exp—i ,
az'% " o7 : mJo °

where the excitation factor can be found from the solution of ImI"
the electron equations of motidd). HereZ' = \/Ez’wc/c,
M= (elg/16m°mc®)dA oy R~ 23,2 (vn) (1 —-m?/v2) "t is the
form factor,R is the radius of the waveguidg; is the elec-
tronic current in the laboratory frame, akd=2mc/w.. The
functionf(Z") describes the longitudinal density distribution
of the beam pulse. The boundary and initial conditions for
Egs.(4) and(5) have the form

0], —o=60p+r cosby, 6Oe[0,27],

29 ,
;|T'=0=_A’ aS|T’=O=01

where A= (0~ w.)/w. is the mismatch between the fre-
guency of the electron oscillations in the pump field and the
cutoff frequency and the parameteg 1 assigns small initial
fluctuations of the beam-pulse density.

Let us next explore the case of a relatively short beam
pulse satisfying the condition

b'2/\cT' <1, (6) 20

;L .
whereb’ = byH Is the length of the electron beam pulse andFIG. 2. Growth rate and electron frequency skdtand the real and imagi-

T' is the time for development of the proce@Be inverse nary parts of the longitudinal wave number of the eigenmode exéited
growth rate. In this case we can sé{Z’')=Bd4(Z'), where  versus the mismatch parameter.
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FIG. 3. Distribution of the field in the local reference fragag
and superradiance pulse received by the detector in the labora-
tory frame(b).

a
2.0 b
1.0 —
i
0.0 T | T |
0 10 20
28 a2 . Py magnetic energy flux directed from the electron beam pulse
iFjL?:;&(Z,)Jo exp(—i6)dép, toward the external spadeRe h>0]. For this mode it is
T important to stress that the field amplitude drops fairly rap-
326 . _ idly with increasing distance from the beam pulseﬁlﬂO.
FIRG(a'eXF{W]), (7)  The growth rate of the superradiance instability is deter-
>

mined by excitation of the mode indicated and is given in
where 7'=7'G, Z72'=GYz’, a=ala*KG 2, and dimensional quantities by the relation
G=(MBJa,|?|K|?)?5. It is important to stress that EqE),
which describe the superradiance process under group syfim w'|=wcsin( _77)
chronism conditions, are completely analogous to the equa- 5
tions describing the channeling of radiation by a ribbon-
shaped stream of electrohs.

To investigate the linear stage of superradiance, we
present the radiation field in the forma=agexdil'”
—ih’|Z']] and linearize Eqs(7). As a result we obtain the
characteristic equation

2/5

bd a 2K |?
ke |

2
-
R2 " 32(vp) (1 - m2/)

« 1 elg
4\/577 mc
It should be noted that, first, the growth rate is determined by

the total charge of the beam pulse and that, second, despite
the flow of electromagnetic energy into the external space,

A(R2—A)2=i ®) the instability has a threshold-free character. The latter is due
' A to the infinite lifetime of the particles within the beam pulse.
which specifies complex eigenfrequendies h?. In the case Plots of the growth rate, the electron frequency shift, and

of exact group synchronism&(= 0), only one of the five the imaginary and real parts of the longitudinal wave number
eigenmodes which are solutions ¢8) is a mode which h versus the mismatch parametérare shown in Fig. 2,
grows with time[Im I'= —sin(2a/5)] and has an electro- whence it follows that a deviation from the group synchro-



Tech. Phys. Lett. 25 (4), April 1999 Ginzburg et al. 299

nism regime reduces the growth rates. It is noteworthy thatadiance. The superradiance pulse duration for the param-
the simple mode under consideration does not allow foeters just indicated should be of the order of 350 ps, in agree-
space charge, whose inclusion should shut off the instabilitynent with the experimental data. Formula0) gives an

at fairly large negative values df, where the electron os- estimate of roughly 15 MW for the absolute power of the
cillation frequency is significantly smaller than the cutoff superradiance pulses in the saturation regime. The experi-
frequency. At the same time, the instability continues to exismentally recorded peak power was of the order of 250 kW.
at arbitrary positive values d. In this case there is a drop "€ reason for the significant disparity may be that the un-
in the instability growth rate with a simultaneous increase indulator length was insufficient for observing the saturation
the flow of energy into the external space, which is causefi€9ime, as well as the influence of the velocity spread of the
by a rise in the group velocity due to an increase infRe p_artlcles_. It should also be T‘Oted that this dls_parlt_y IS par-
Figure 3a presents the results of numerical simulation 0Fally attributable to the errorén the downward directionin

the nonlinear stage on the basis of E8. The evolution of he measuremgnt of the absolute power of ultrashort sub-
the profile of the electric field amplitude in the local refer- nans\fgiﬁgﬂkmﬁﬁngvgpgsﬁsﬁd s and M. 1. Yalandin for
ence frame is shown. In this frame the electron beam pulsgOme useful discuési(-)ns. ' P n
radiates isotropically in the-z' directions along the wave- This research was s.u orted by the Russian Fund for
guide axis. At the same time, in the laboratory frame, if the PP y

X . Fundamental Researc¢Brant No. 98-02-17308
translational velocity of the beam pulse exceeds the group
velocity Of_ the Wav,e,’ bOt_h cpmponents _Of the, radiation V. V. Zheleznyakov, V. V. Kocharovskiand VI. V. Kocharovskj Usp.
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field received by a detector in the laboratdfyframe, the  °R. Bonifacio, C. Maroli, and N. Piovella, Opt. Commu68, 369 (1988.
line 2’ +VHt' = const, along which the detector moves in the 3?. B;))nifacio, N. Piovella, and B. W. J. McNeil, Phys. Rev.44, 3441

: 199).

Ioc,al, K’ reference frame, ;hould b? const_ructed In the“N. S. Ginzburg, Pis'ma Zh. Tekh. Fiz4(5), 440(1988 [Sov. Tech. Phys.
(z',t") plane. The detector signal obtained using such a pro- Lett. 14(3), 197 (1988].
cedure will have the form of a fairly short pulgEig. 3b. °N. S. Ginzburg and A. S. Sergeev, Pis'ma Zh. Tekh. E&20), 9 (1990

The peak power in the pulse is given by the expression [Sov. Tech. Phys. Letl6(10), 768(1990].
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An expression for the longitudinal chromatic aberration of an accelerating gap with an arbitrary
distribution of the electrostatic field along the electron trajectory is presented, and a

method is proposed for reducing it in time-transforming chronographs to values of order 10 fs.
© 1999 American Institute of PhysidsS1063-785(109)01804-3

The main factor restricting the temporal resolution of a Uo Uy /m(m+2)
time-transforming chronograph of the streak camera type is En=— Fk: Y : €)
In(m+1++ym(m+2))

the longitudinal chromatic aberration of its accelerating bap,
which is defined here as the spread of the time of flight of 2
electrons across the gap due to their initial distribution with En=——Epn, 4
respect to the longitudinal component of the velocity. This m+2

paper explores the possibility of reducing this aberration (Qynerem=h/R andk is the field intensity amplification fac-
the smallest possible values. For this purpose we first detefz . ot the emitter.

mine the expression for the time of flight of a nonrelativistic
electron across a gap, which is formed in the general case hy,

a cylindrical emitter and a flat electrode. under the assumption thil=U, holds here. We multiply

Let an emitter of circular cross section with an arbitraryboth sides of Eq(2) by l/\/m and integrate ovetJ
radiusR be at a potential- U, relative to an electrode, and from 0 to «. Then, settinga=U Owe obtain an algebrgic
let an electron move along thecoordinate axis, which co- ’ o

incides with the line of intersection of two orthogonal sym-

To simplify and make the representation of the ensuing
pressions more explicit, we determikg from Eqg. (2)

equation inU,, whose solution is

metry planes of the field. Then, in a system of units in which Ug k-1
the electron charge equalsl and its energy is given in fEU_OZZW- )
electron volts, the familiar expressfofor the time of flight
across a gap takes the form With consideration of the definitiob) and the represen-

tation (2), the integration in(1) gives an expression for the

1 \/m 01 du time of flight of an electron with the initial energ/,; across
=:V73 on E wW_u’ 1) agap:
2 m

wherec is the speed of lightV andW, are, respectively, the t(Wi)=toj ) V1+W;— YW+ 5[\/1+Wi —J1-&+ Wi]},
total energy and the rest energy of the electron; drahdE (6)

are the potential energy of the electron and its rate of varia-
tion along thex axis, which are numerically equal to the wherety=(h/c) yWy/(2Uq) andW;=Wy; /U,.
absolute values of the potential and field intensity, respec- Then the longitudinal chromatic aberration of the gap is
tively, in the specified system of units. defined as

The integrand function F is continuous and monotonic
in its domain of definitionU e[ U¢,,0]. Then, according to
the second mean value theorem in integral calctiltiss
integral can be represented in the form

At=t(W;)—t(W,), (7)

where we assum#é/,>W,, andW,; andW, are defined as

the boundaries of the confidence interval from the initial en-

ergy distribution of the electron, which corresponds to its

J’O 1 duv 1 J’Ug du N 1 J’O du @ distribution with respect to the longitudinal component of the
U E \W-U EmJu, yW-U EnJu, yw—u’ velocity.

As arule,W;<0.01. Then, expanding the square roots in
whereE,, and E,, are, respectively, the maximum value of formula(6) into series in powers df; , we simplify (7) and
the field intensity at the emitter and the field intensity at the'éPresent it in an explicit form:
electrode at the end of the gap of lendtlunder consider-

ation andU; is a value which must be determined. At=t E Wo— W, —| 1+ m 1— 1 W—W,; _
In the electrode system under consideratifyy and Ey, Ok 2 ! 2 NE 2
equal (8
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Figure 1 presents the dependence of the aberration dis is possible when emitters with a small radius of curvature
the emitter radius for two values of the gap widltil and 30  are employed. We note that the use of such emitters is most
mm, and an accelerating voltage equal to 8 kV, where thefficient in instruments with longitudinal modulation of the
solid lines are plots of the results obtained by numericaklectron beari.

integration of the relativistic equation of motiénhe dashed We thank |. G. Merinov for assisting in the numerical
lines are plots of the results obtained from form(83 and calculations.
the points are the results obtained from form(8awithout This work was supported by the Russian Fund for Fun-

consideration of the expansion term which is linear with re-damental ResearqProject 96-02-18364

spect toW,;. At large values ofR these lines essentially

coincide for the same initial energy spread, which is indi-

cated in the figure by the numbers of the curnvkand2 —

Wp1=0.335 eV andWy,=3.925 eV, which correspond to a | N

secondary-electron emitter in a monitor of the phase distri- (El'g%zf‘s"gvskgﬁ;sd g'o a'ziaggge(’l‘g‘;é?"k" Akad. Nauk SSEFS, 1062
bution of particles in a beam pulSe3 — W;=0 and 2| D Landau and E. M. LifshitzMechanics 2nd ed., Pergamon Press,
Wy,=1.1 eV for the case of the photocathode of a chrono- Oxford—New York (1969 [Russ. original, Nauka, Moscowl965, 204
graph for x radiationst — Wo,=0.5 eV andWo,=1 eV, as -3{)/p.]|. Smirnov, A Course of Higher Mathematics, Vol. 2: Advanced Cal-
an _exgmp_le for the_ (_:ase of a chronograph for eIeCtromagnethCLllIu.s Addiso,n-Wesley, Readging, Mas$1964 [’Russ.. 6riginal, Gos-
radiation in the visible region of the spectrum. It follows tekhizdat, Moscow—Leningrad 967, 627 ppl.

from the plots presented that the error of the calculations*A. M. Tron and I. G. Merinov, inProceedings of the 18th Linear Accel-
based on formul#d) is negligibly small and that reduction of ~ erator Conference, 2126 August 1966, GeneveCERN (1996, pp.
the longitudinal chromatic aberration of the gap by one to S14-517.

two orders of magnitude down to a value of the order of 10Translated by P. Shelnitz
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Influence of a thin layer with arbitrary conductivity on the characteristics of acoustic
waves in potassium niobate
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The influence of a thin layer of arbitrary conductivity on the characteristics of acoustic waves in
potassium niobate is investigated theoretically. The conductivity of a thin layer on the

surface of a potassium niobate crystal or plate is shown to have a significant influence on the
damping and velocity not only of symmetric Lamb waves and quasi-shear-horizontal

waves but also of Gulyaev—Bleustein waves. It is found that a relative change in velocity as

large as 50% can be achieved for quasi-shear-horizontal waves by altering the surface conductivity.
The results obtained reveal great prospects of using potassium niobate to create
acoustoelectronic devices with controllable characteristics.1999 American Institute of
Physics[S1063-785(109)01904-7

Papers devoted to the investigation of the characteristics 92U #u PP
. . I
of. both surface acou;tlc wgv(aSAWs, Ref. 3 and waves in P Cijui 7%, % €ij 3%, 7% (1)
thin plates of potassium niobat&kNbO;; Ref. 2 have re-
cently been published. This new acoustic material has very PP a2,
high piezoelectric, electro-optic, and nonlinear-optical SJké,X]_ éxk_ejlk ox; 3Xk:0’ 2

coefficients? It was shown in Ref. 1 that the square of the _ ) ) ) )
electromechanical coupling coefficiel of surface waves Whereu; is the displacement of the particles in the medium;
in the X direction of aY-cut KNbO; crystal has a value of X; are the spatial coordinatesis the time;® is the electric

53%, which is roughly 10 times greater than the correspondpc’tem'al;p is the density of the medium; anGy, , €
ing parameter for LINbQ As has been reportédda thin andej, are the elastic, piezoelectric, and dielectric constants

nducting layer has an effect on the characteristics of suf| 11 1edium, respectively.
conducting ‘ayer has an €efiect on the charactenstics ot su The waves propagated along theaxis, and thexs axis

face acoustic waves with an efficiency that depends on thﬁ/as directed into the interior of the medium. The material

electromechanical coupling coefficient of the waves. In a:gnstants of potassium niobate needed for the calculations
previous investigation of quasi-shear-horizontt@SH  \yere taken from Ref. 3.

waves and symmetricS) and antisymmetric &) Lamb The mechanical and electrical boundary conditions used

waves propagating in thin potassium niobate plates, we digo analyze the propagation of Gulyaev—Bleustein waves in a

covered thatk? can reach values of 100, 60, and 20%, semi-infinite crystal with a thin layer of arbitrary conductiv-

respectively’. At such high values of the electromechanicality on its surface were vanishing of the mechanical stresses,

coupling coefficient it can be expected that the conductivitycontinuity of the electric potential, and a jump in the normal

of a thin layer on a KNb@surface will have a more signifi- component of the induction due to the surface chatgm

cant effect on the characteristics of acoustic waves than wifhe free boundary with the vacuum:

thin layers on other less piezoelectrically active crystals. This = 5— _ 5 jud/v2,

paper is devoted specifically to exploring of this question.
It was discovered as a result of the experiments per

formed that a wave withK?>=53% propagating in thX di-

rection of a Y-cut crystal is a weakly inhomogeneous When the propagation of acoustic waves in a plate was

Gulyaev—BIeugtem wave, r{;\ther than a R.ayle|gh Wave’_aanalyzed, these boundary conditions were supplemented by
was reported m Ref. 1. This p_aper descnbe_s a theoreucqhe conditions for the other boundary with the vacuum. Since
analysis of the influence of a thin layer of arbitrary conduc-inere is no thin conducting layer on this boundary, the nor-

tivity on the damping and velocity of Gulyaev—Bleustein ma| component of the induction was assumed to be continu-
waves, QSH waves, and symmetric Lamb waves in potaspus, and the other conditions were assumed to be identical to
sium niobate. the conditions on the first boundary. The system of equations

The problem was solved using the standard equations afritten together with the boundary conditions was solved by
motion of an elastic medium and the Laplace equation:  a known method.

where o is the surface conductivity,is the unit imaginary
number, andw andV are the frequency and velocity of the
acoustic wave.
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FIG. 1. Dependence of the damping of acoustic waves on the surface con-
ductivity: a — Gulyaev—Bleustein waveg=0°, Y-cut crystal, b — QSH — T T I .
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FIG. 2. Dependence of the relative change in the velocity of acoustic waves

The calculations performed yielded the dependences cfg)SEfface ;%nsvlgz/;tya_; ?(ucl:yetlec\:_Bt;uitein w%:l/:\i:?ﬂ_\gggt \({:ré/st
the damping of Gulyaev-Bleustein wavéfsg. 1a, quasi- [’ lQ_ h/x:O.(gl, A E/x:yg.oés, 5 S h/}\jof’i‘ e
shear-horizontal wavegFig. 1b, and symmetric Lamb _(255_ h/\=0s5.
waves(Fig. 19 on the surface conductivity of a thin layer at
the boundary for the directions characterized by the largest
electromechanical coupling coefficient. In the case of the
QSH andS, waves an analysis was performed for varioustion, when such devices are operated, the waves in the plates
thicknesses of the potassium niobate plate (his the plate can be used in the low-frequency range, and the surface
thickness, and is the acoustic wavelength acoustic waves can be used in the high-frequency range.

The absorption maxima observed in the figure are attrib- ~ This work was performed with financial support from
uted to the fact that at small values of the surface conductivthe Federal Special-Purpose Program “State Support of the
ity the layer does not have any influence on the acoustidntegration of Higher Education and Basic Science in 1997—
waves and does not introduce damping, but at large values @000” within Project 696.3 and was supported by a National
o, the layer becomes an ideal conductor. Science FoundatiofNSF) grant.

Figure 2 presents plots of the dependence of the relative
change in the velocity of Gulyaev—Bleustein wavas QSH
Waves,(b)’ andSO Lamb Wav?s(c) O_n the COI’IdUCtIVIt}US of K. Yamanouchi, H. Odagawa, T. Kojima, and T. Matsunura, Electron.
the thin layer on the potassium niobate surface. Lett. 33, 193 (1997).

It is seen that the velocity of the acoustic waves de-2I. E. Kuznetsova, B. D. Zaitsev, S. Joshi, and I. A. Borodina, Electron.
creases with increasing conductivity and that it achieves,Lett. 34 (1998. o
saturation at a certain value of,. The maximum value of Mégon'k‘ R. Schlesser, and I. Biaggiet al. Appl. Phys.74, 1287
the velocity change corresponds to the electromechanicalg. p. zatsev, I. E. Kuznetsova, and I. S. Nefedov, Pis'ma zh. Tekh. Fiz.
coupling coefficient. 20(4), 60 (1994 [Tech. Phys. Lett20(2), 159 (1994)].

Thus, it can be concluded on the basis of the experi—s'\"- K._ Balakirev and |I. A._Gilinski, Waves in Piezoelectric Crystals
ments performed that the creation of acoustoelectronic de-<USSiah Nauka, Novosibirsk1982, 237 pp.
vices with controllable characteristics is possible. In addi-Translated by P. Shelnitz
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Photoluminescence of porous-silicon/diamondlike-carbon-film structures subjected
to rapid thermal annealing

A. G. Rozhin, N. I. Klyul, Yu. P. Piryatinskii, and V. A. Semenovich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, Kiev, Ukraine; Institute of
Physics, Ukrainian National Academy of Sciences, Kiev, Ukraine

(Submitted October 29, 1998

Pis'ma Zh. Tekh. Fiz25, 27-32(April 26, 1999

The influence of rapid thermal annealing on the photoluminescence properties of porous-silicon/
diamondlike-carbon-film structures is investigated. Redistribution of the radiation from the
long-wavelength to the short-wavelength region is discovered. Models of the processes observed
are presented. €999 American Institute of Physids$1063-785(19)02004-3

The intense photoluminescen@®l) characteristic of the The samples were annealed in a rapid thermal annealing
visible emission region of porous silicd®S has aroused system in an argon atmosphere at 1100 K for 30 s.
enormous interest in this materfaDespite the considerable Photoluminescence was excited by a nitrogen laser

amount of research that has been performed, there are stil=337.1 nm with a duration of the exciting pulse equal to
some open questions. They pertain primarily to the mechat0 nm and a pulse power equal to 5 kW. A stroboscopic
nisms of PL and the degradation of its intensity. The studiesletection system capable of recording PL spectra with a time
exploring the influence of various surface treatments on stadelay and investigating the kinetics of their variation was
bilization of the optical properties of porous Si are of specialemployed. The PL spectra were recorded with nanosecond
interest? The results in Refs. 4 and 5 attest to the prospectand microsecond time delays relative to the maximum of the
of using various forms of carbon as a modifying material. Atlaser pulse at room temperature.
the same time, the research aimed at studying the influence Figure 1la shows the PL spectra of the original samples
of thermal treatments on the surface layer of porous Si i®f porous Si, a diamondlike carbon film on silicon, and a
interesting. Shinet al® showed that oxygen annealing at PS/DLC-film structure before thermal treatments. As can be
T=1100 K fort=200 s causes PL quenching, while anneal-seen(Fig. 1a, curvesl-2), the deposition of a diamondlike
ing in an argon atmospherd £ 1100 K andt=60 9 causes carbon film on a porous Si surface causes a small blue shift
a red shift of the PL peak~150 nm and a significant drop of the integrated PL spectra from 675 rporous Si, curve
in its intensity’ 1) to 650 nm(PS/DLC-film, curve2). Curve 3 (Fig. 13 is

In the present work time-resolved PL methods were usethe nanosecond PL spectrum of a diamondlike carbon film
to investigate the dynamics of the PL spectra of porousdeposited on polished silicon. This spectrum is similar to the
silicon/diamondlike-carbon-film (PS/DLC-film) structures  PL spectrum of finely dispersed diamorfd¥he dominant
subjected to rapid thermal annealinglat 1100 K in an inert  feature in the spectrum is the emission peak at 440 nm,
atmosphere. Fairly intense PL is still observed after suchvhich can be assigned to the luminescence of diamondlike
anneals. (sp®) carbon formations. Curve4 and5 (Fig. 18 are the

The samples of porous Si were obtained via the usuahanosecond PL spectra of porous Si and a PS/DLC-film
procedure for the electrochemical etching of silicon. Wafersstructure, respectively. A comparison of the nanosecond
of p-Si(100 with a resistivity equal to 1Q)Xcm (KDB-10)  spectra reveals that the nanosecond spectrum of the PS/DLC-
were used. An aluminum ohmic contact was deposited on thBIm system is the result of the superposition of the nanosec-
rear side of the wafers before preparing porous Si, and thend PL spectra of porous Swith a peak at~550 nn),
porous Si layers were formed in a Teflon cell with a platinumnanoclusters of diamondlike carbon in silicon pofegth a
electrode. The etching was carried out in the dark in a 48%peak at—~470 nnj, and their interaction products on the PS/
HF:C,H5;OH solution with a 1:1 component ratio. The po- DLC-film interface.
rous Si samples were prepared with a current density equal to Figure 2 presents the PL spectra of porous Si and PS/
50 mA/cn? and etching times equal to 5 min. DLC-film samples measured with microsecond time resolu-

The diamondlike carbon films were deposited from thetion. Curvesl, 2, and3 correspond to the PL spectra of the
plasma of a capacitive rf dischard#3.56 MH2 at a low original porous Si measured with time delays of 0, 5, and
pressure(0.8 Torp with the substrate at room temperature 15 us. A comparison of the integrated PL spectr(ffig. 1a,
(300 K). A CH4:H,:N, gas mixture with a 10% nitrogen curve 1) with the microsecond spectf#ig. 2, curvesl, 2,
content was used. During the deposition process the substraaad 3) shows that the PL peak shifts from 690 nm in the
was under an rf potential equal to 1900 V. The thicknesses dhtegrated spectrum to 630 nm in the microsecond spectrum.
the diamondlike carbon films were measured on ak4381  As the delay time is increased from O to A5, a red shift to
laser ellipsometer at a wavelength of 632.8 nm and varied 850 um is observed. These spectral changes are characteris-
the range 50—-100 nm. tic of manifestations of a quantum-size efféethich results
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FIG. 2. Photoluminescence spectra of the systems measured with microsec-
4 ond resolutionl, 2, 3 — spectra of the original porous Si with time delays
equal to 0, 5, and 1%, respectivelyd, 5, 6 — spectra of PS/DLC-film
-3 4 structures with time delays equal to 0, 5, andd§ 7, 8, 9 — spectra of
PS/DLC-film structures with time delays equal to 0, 5, andu$fter rapid
thermal annealing in an argon atmosphereTat1100 K for 30 s. The
intensity of curves/, 8, and9 has been enhanced by a factor of 16.
' /\ ' ; As has been reportéd? porous Si has a layered struc-
400 500 600 700 800 900 )

A nm ture, which is manifested by redistribution of the filament
’ diameters from smaller values near the surface to larger val-
FIG. 1. a— Photoluminescence spectra of the systems before thermal treaes in the inner Iayers, The lowest |a_yer of porous{vﬂth
ments:1 — integrated spe_ctrum of the original porous &i— integrateq filaments of the Iargest diame}és more protected by a dia-
spectrum of the PS/DLC-film systeri,— nanosecond spectrum of a dia- . . . .
mondlike carbon film on polished silicod, — nanosecond spectrum of mondlike carbon film. The properties of these filaments are
porous Si,5 — nanosecond spectrum of the PS/DLC-film system. The in-modified only slightly by RTA, while the surface filaments
tensity of curves3, 4, and5 has been enhanced by a factor of 17. b — of small diameter lose their emissivity during thermal an-
Photoluminescence spectra of the systems a_fter rapid thermal annealing Hbaling. As a result, luminescence from the lower arrays with
an argon atmosphere &t=1100 K for 30 s:1 — integrated spectrum of the . . .
porous Si2 — integrated spectrum of the PS/DLCfilm systeé3n— nano-  flaments of larger diameter is observed. Consequently, the
second spectrum of porous %i— nanosecond spectrum of the PS/DLC- emission in the microsecond spectrum is redistributed from
film system. the vicinity of ~610 nm for the untreated PS/DLC-film
samples to 730 nm after the RTA treatments. In a certain
sense, these findings confirm the influence of the quantum-
size effect on the PL.
from redistribution of the emission from quantum filaments  The hypotheses under consideration are confirmed by
of small diameter to filaments of larger diameter because ofneasuring the integrated and nanosecond spectra of porous
the difference between the lifetimes of the excited states. Th8i and PS/DLC-film samples subjected to RTA. The inte-
microsecond spectra of the PS/DLC-film systéRig. 2, grated spectrum of the original porous (&ig. 1b, curvel)
curves4—6) exhibit a~10-nm blue shift relative to the cor- contains an intense band in the vicinity of 720 nm and less
responding microsecond spectra of porous Si. Note the smailitense luminescence at 420—-500 nm. The integrated spec-
drop in the PL intensity for the PS/DLC-film structures rela- trum of the PS/DLC-film systertFig. 1b, curve2) also con-
tive to the PL intensity of the original samples observedtains emission at 720 nm, which is associated with the mi-
when the delay time is increased. crosecond luminescence of porous Si. At the same time,
Curves?, 8, and9 (Fig. 2) are the microwave PL spectra there is a sharp increase in PL with the formation of a peak at
of PS/DLC-film samples subjected to rapid thermal anneal470 nm, which is characteristic of the luminescence of Si—-C
ing (RTA) at T=1100 K fort=30 s. As a result of the RTA compounds! According to the foregoing arguments, this
treatments, the spectral lines in the microsecond componepeak is presumably caused by the participation of Si—C for-
of the original porous Si are redistributed. The intensity ofmations and, probably, the porous-Si/diamondlike-carbon-
the microsecond PL component for the PS/DLC-filmfilm interface in the emission processes. These conclusions
samples drops by a factor of 16. This drop is accompaniedre based on an analysis of the nanosecond spectra of porous
by a red shift of the PL peaks of the PS/DLC-film structuresSi (curve 3, Fig. 1B and the PS/DLC-film systenturve 4,
amounting to~120 nm. Fig. 1b. Evidently, the nanosecond PL spectra of porous Si
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Equations are presented describing a system of coupled generators, taking into account the
feedback delay and time lag in each partial generator. The delay in the coupling elements between
the generators is also taken into account. A numerical analysis of the dynamics of one, two,

and three generators is performed. It is shown that chaotization of the oscillations occurs more
readily in a coupled system of two or three generators than in the case of a single generator.

This is confirmed by the results of experiments on transistor microwave generators. It is found that
noise fluctuations can be obtained in a system of three coupled transistor generators over a
broad range of frequencies in the centimeter wavelength rangel99 American Institute of
Physics[S1063-785(109)02104-7

The familigr inv.estigations of cpupled autostochasticQ, are the resonant frequency and @éactor of the second-
systems pertain mainly to the physics of the proceés?as, order filter,C;; are the coupling constant$;; are the cou-
and experlmepts have begn carrleq out 'at low frequeﬁélgs. ling delay times, and3; and n, are constant coefficients
At the same time, dynamic chaos is of interest for practical, jich specify the gain of the respective partial generator in

applications, part_lcul_arly in C(_)mmunlcatlon sys_te?ﬁs. the ring and its nonlinearity, respectively. A dot over a letter
Large-scale chaotic signals at microwave frequencies are ‘Henotes differentiation with respect to time

special interest for communicatiofidhe production of such In accordance with the experiment performed, we con-

5'9”‘?"5 shoulq become possple when Fhe recc_ent Progress il ourselves to the case where the partial generators differ
the field of solid-state electronics associated with the promo-

. ; ) . - ._only with respect to the values of the eigenfrequencies of the
tion of transistors to the microwave range is utilized. This y b g q

calls for an investigation of the possibility of creating broad_oscnlatory systems and the gain coefficients. The remaining

band autostochastic microwave generators. This paper exa arameters are assumed to be identical, imply@g=C,

: ; ; i=Q, Tj=7=7, ni=n, and §=4 (for the maximum
ines transistor microwave generators based on three couple

auto-oscillatory systems. A mathematical model is investi-va‘!ruzrljd:;’_)(') Iln this caseQ, n, and 5 are taken to b&@=n

gated, which reflects the properties of coupled microwave )
generators as faithfully as possible, and the results for an In the case of o_ne.generatd(%l) the osc_lllatory pro-
experimental autostochastic system of three coupled transiS€SSX(t) depends significantly on the delay timeFor ex-
tor generators are presented. a_mplej if t_he res_onant frequeney=1 and the gain co_efﬂ—
The equations of a system of many coupled generator%'e”t lies in the mtervaBe[Q,G]_, only regglar_oscnl_atlons
with delay and a time lag including the coupling delay can bePccur for 7=1.25. The excitation of oscillationgwith a

represented with consideration only of the capacitive cou$ingle-turn limit cyclg occurs wherB=1.2. In the case of a
pling in the following manner: large delay(7=2) chaotic oscillations appear whédi>4.4.

Oscillations are excited at ond¢ehenB=2.2) on the basis

of a three-turn limit cycle without a regime of one-stroke

oscillations.

. S In the case of two coupled generators the character of the

X[xi(t=7)—yil6 "(1+y;) oscillations depends on the value of the coupling parameter.

In the case of the resonant frequenaigs= 1 andw,=2 and

+ 2 Cjixj(t—Tji)+, the gain coefficient8,=B,=5, the transition to chaotic os-
7 cillations occurs wher=1.25, at which the coupling param-

eter reaches the valug=0.2. In the case of=2, where a

chaotic regime is realized autonomously in each of the par-

wherei,j=1,2, ... k, andk is the number of partial genera- tial generators, an increase in the coupling between the gen-

tors. Each partial generator consists of a nonlinear element,erators changes the character of the chaotic oscillations.

first-order filter, a delay line, a second-order filter, and a  When three generators with different values for the

differentiating element, which are assembled to form a ringeigenfrequencies of the partial oscillatory systerag =1,

The following notation is usedj; is the time constant of the w,=1.3, andw;=1.1) operate together, the value of the

first-order filter,r; is the delay in the feedback loow; and  coupling parameter corresponding to chaotization of the os-

X+ ﬂ)'(i"_wizxi:wiz[ Bi[1—(1—m)y"]

SYi+yi=x(t—7),
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cillations for 7=1.25 andB,=B,=B3;=5 is smaller than in
the case of two generators. The chaotic regime persists when
T=2.

Figure 1 presents realizations of the oscillatory processes
x1(t), X,(t), andxz(t) obtained in the regime specified by
C=0.2for=2. It follows from the realizations in Fig. 1 that
the oscillatory processes in the different partial generators
are not synchronized. It is also seen that the “mean” fre-
quencies of the chaotic oscillations are different and increase
in accordance with the values of the eigenfrequencies of the
partial oscillatory systems.

The numerical analysis presented provides evidence that
the appearance of more “developed” chaotic motions be-
comes possible as the number of interacting partial genera-
tors is increased. Therefore, we can anticipate the possibility
of obtaining stable regimes of broad-band chaotic oscilla-
tions when a system of several coupled generators is created
in practice.

An experimental investigation of a physical model was
carried out in the centimeter range using microwave bipolar
transistors and a standard microstrip technique. The micro-
wave scheme included three coupled generators differing
only with respect to their working frequencies. The oscilla-
tory system of each generator consisted of segments of mi-
crostrip lines. The collector-base voltatg |, of the tran-
sistors was chosen as the control parameter in the
experiments.

It was found experimentally that the width of the range
of variation of the control parameter within which the gen-
eration of chaotic oscillations is realized increases as the
number of generators included is increased from one to three.
The spectral power densityS] of the chaotic oscillations
generated is observed to become more uniform and and the

FIG. 1. Realization of oscillatory processes in partial generators for the caspectrum becomes broader.
of the simultaneous operation of three coupled generators first genera-
tor, b — second generator — third generator.

Figure 2 presents the spectrum of oscillations generated
by the system in the centimeter range. The nonuniformity of
the spectral power density of the noise in the 2—-6 GHz band
amounts to~15 dB.

The results of the experimental investigations are consis-
tent with the theoretical investigations. An autostochastic
system which operates stably in a noise generation regime

$,dB
w
o

FIG. 2. Variation of the spectral power density of the chaotic
oscillations generated as a function of frequency.

[

GHz
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was created on the basis of three coupled generators. 1v. S. Afraimovich, N. N. Verichev, and M. I. Rabinovich, Izv. Vyssh.
The mathematical model of a system of coupled genera- Uchebn. Zaved. Radiofi29, 1050(1986.
tors presented in this paper allows Us to take into account theE- V- Kal'yanov and M. N. Lebedev, Radiotekh. Elekird.1570(1985.
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Multiple-tip liquid-metal field emitter
O. P. Korovin, E. O. Popov, V. N. Shrednik, and S. S. Karatetskil

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 29, 1998
Pis'ma Zh. Tekh. Fiz25, 39—-44(April 26, 1999

A stable field emitter with a large tip densitup to 1& cm 2) has been created using track
membrane technology. The emitter has been tested in various current collection regimes from a
constant current to short pulses of nanosecond duration with a repetition frequency of

several kilohertz. The high stability of the emission current at moderate electronic current densities
up to 100 mA/cm is attributed to the presence of a large number of emitting tips and the

dynamic equilibrium between the repulsive forces of the electric field and the forces due to surface
tension. ©1999 American Institute of Physids$51063-785(09)02204-1]

The results of investigations of liquid explosive electron The maximum field intensityfe achieved is insufficient for
emitters using tips have been widely discussed in thexciting an appreciable ion current due to field evaporation
literature! 3 Less attention has been devoted to liquid-metalin the backward half-wave. The position of thé) curve
field emitters, probably because of the ease of the transitiorelative toU(t) is symmetric. It was the same at 50 Hz and
of the emission process from a field-emission regime to amt 5x 10* Hz, indicating the lack of a delay in the variation
explosive electron emission regirfe. of the shapegin response tdJ(t)] of the emitting surface at

This paper presents and discusses the results of an invethie frequencies investigated. Figure 1b shows a typical
tigation of a multiple-tip liquid-metal emitter of a novel de- current—voltage characteristic obtained from one of the posi-
sign, which operates stably in a field-emission regime. Ative voltage half-periods. The trace of the characteristic in
polyethylene terephthalate track membrane, whose holes akég. 1b is nearly exponential.
filled with liquid gallium, is used to create the emitter. The Figure 2 reveals the stability of the emission current over
gallium film has a common contact with the conductor on thdong times. The mean spread of the current amplitude does
rear side. The use of a track membrane permits the formationot exceed 5%. The maximum currents collected could be
of an ensemble of tips with aa priori assigned density and increased to several milliamperes by increasing the voltage
ratio between the height and diameter of an individual emitamplitude U ., without a loss of stability for a long time
ter. The track membranes presently employed in selectivéhours.
clean-up filters are obtained by bombarding a film with A further increase inU,,, led to a situation in which
heavy ions having an energy of several tens of megaelectrdmgh current spikes appeared from time to tifmeore fre-
volts. After irradiation, the film is illuminated by ultraviolet quently asU,,,, increasels superposed on a background of
light and subjected to chemical etching. The film thickness istable periodic current pulses. The oscillograms revealed that
usually 10um. The diameter of the holes can range from 0.3the times of these high spikes are much shorter than the
to 1 um, depending on the requirements. The density of thgeriod of U(t) or I(t). We attribute these spikes to the ex-
channels in the film can reach®6m™2. The emitter area is citation of explosive electron emission. We intend to de-
restricted by the dimensions of the film and can, in principlescribe these less stable regimes in greater detail later on. It is
amount to tens of square meters. important to note that at values &f ., below the values

Field emission was investigated in a diode structure withcorresponding to regimes with current spikes, field emission
a flat anode. The anode-cathode distance in different expenwas stable and long-lived, yielding a current density aver-
ments was 3—4 mm. In our experiments the cathode area wagjed over a period greater than 0.1 AfcWhen infrequent
about 0.25 cry and the channel density was<@0’cm 2. spikes of explosive emission occurred, field emission was
The channel diameter was 6:8.4 um. A sinusoidal voltage restored to its previous form with respect to all parameters
U with a frequency of 50 Hz, 440 Hz, or 50 kHz, as well as after each spike. In contrast, multiple-tip systems of solid
a constant voltage, or short negative pulses of nanosecoraitters operating in a field emission regime are known not
duration were supplied to the cathode. The regimes with ato recover their former parameters after explosions of indi-
alternating sinusoidal voltagd(t) were investigated most vidual tips and gradually degrade.
thoroughly. It is these regimes which will be discussed inthe  Thus, the liquid-metal field-emission cathode under dis-
present paper. cussion is distinguished by its good stability and long life-

Figure 1a shows an oscillogram of the voltdg@and the time at a moderate mean current dengity a vacuum with
emission currenttin one of the cases, in which the frequency a residual pressure on the level of 0Torr. Other advan-
of U(t) was 440 Hz. The typical “threshold” behavior of tages of such a good and delay-free cathode include the pos-
appearingand disappearindield emission is observed. The sibility of increasing its area and the possibility of employing
amplitudes ofU(t) andI(t) are relatively low in this case. essentially any cathode orientation and configuration. A film
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FIG. 1. Oscillogram of the voltage and the emission curreit
(a) and current—voltage characteristic recorded using a computer
and an analog-to-digital convertés).

7.5 8 8.5 9 9.5
U, kV

emitter can be either flat or bent into a ring, a tube, or a moreolid of revolution and its end surface is a hemisphere of
complicated figure, as required. radiusr, the conditions for equilibrium betwegm:- andp,,

It would be interesting to evaluate the parameters of ingive*
dividual tips and to explain the high reproducibility of the
current in the cathode under discussion. The stability of ES 20
emitters in regimes without explosions is due to negative %=ﬁ,
feedback, which does not allow the tips to sharpen without

bound or the emission current to grow without bound. In OUN hereo is the surface tension. The subscript 0 distinguishes

case this feedback is most probably provided by the surfac; o ! . o
tension of the liquid, which tends to blunt the point of an ﬁloeme?ll;”;r:;rg field and radius. The equilibrium valésg

individual tip. AsU(t) increases, the electric field intensity
E at the rounded end of the gallium column increases. At

some moment the electrostatic pressure of the figid E.—4 |To )
(which draws and sharpens the emitjeoecomes equal to 0

the compressive pressure of the forces due to surface tension

P, . Under the assumption that an individual emittgp) is a The equality(1) holds at each moment in time. Measur-

@
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ing Eq, o, andrg in V/cm, N/cm, and angstroms, respec- explosive emission. Therefore, we assume that stable opera-
tively, we rewrite (2) for gallium at room temperature tion of our cathode is achieved fgr no greater than

[0=7.12X10 2 N/cm (Ref. 5] in the form 10° A/lcm? and minimum radii of the “pulsating” tips in the
range 350-500 A.
Eo=56.76X 107i' 3) Thus, the observed stable and reproducible emission of
Jro the cathode under discussion is attributed to the fact that a

field-emission cathode with physically reliable negative
feedback operates at values of the current denjditvat are
relatively low for field emission. On the other hand, a sig-
nificant total current is created by the large numb®r of
simultaneously operating tips. In this case the problem of
equalizing an ensemble of tips, which is significant for a
solid-state cathode, does not exist. Liquid tips are equalized
automatically as a result of capillary equilibrium, whose es-
tablishment is promoted by the small initial radius of the
liquid column assigned by the small channel diameter.

This work was carried out with support from the Russian

Setting the emitting surface equal té (Which is per-  £und for Fundamental ReseartProject 98-02-18414
fectly correct for an estimatewe can calculate the emission

currentlo from one tip, and if the number of working tig8 1 A Mesyats and G. N. Fursein Cold Cathodedin Russiad, M. |.
is known (or somehow assigng¢dve can calculate the total  Elison (Ed), Sov. Radio, Moscow1974), pp. 284—286.
currentlgn and compare it to the measured value. 2G. N. Fursey, L. A. Shirochin, and L. M. Baskin, J. Vac. Sci. Techt].
- " o . 410(1997.

d Thg lstabllezscuzelr:ctSN|thout eX||oI03|1%ns 9h.h?]d. aer“ 3G. N. Fursé and V. M. Zhukov, Zh. Tekh. Fiz44, 1280 (1974 [Sov.
tudes elow 15 mA. If we sm_equa to 10, which is close Phys. Tech. Physl9, 804 (1974].
to the highest possible value in our case, a current of 15 mA‘C. Herring,Structure and Properties of Solid Surfad& Gomer and C. S.
sustains tips with a radius of about 485 A in equilibrium with . Smith (Eds), Chicago, University of Chicago Pre€953, pp. 5-72.
respect to the forces of surface tension. In this case the cur-Chemical Encyclopedifin Russiad, Sovetskaya Bisiklopediya,(1988,
Y . . ’ . . Vol. 2, p. 479.
rent densityj ~64 6A/cnt is relatively low for field emis- ey g FomenkoElectronic Properties of Materials. A Handbogik Rus-
sion. Ifn=10° is assumed, an ensemble of tips wighequal siarl, Naukova Dumka, Kie\(1984).
to about 370 A and ~103 Alcm? is required for a total V. N. Shrednik, inCold Cathodegin Russiafd, M. I. Elison (Ed), Sov.
current of about 15 mA. Fon<1CP a further increase i Radio, Moscow(1974, pp. 166-169.

can lead to self-heating of the tips and to the development ofranslated by P. Shelnitz

It is not difficult to calculate different values & in the
range of values of of interest from formula(3). For an
assigned value of and the known work functiop=4 eV
for gallium® it is not difficult to find the relation between the
field-emission current densifyandr, using the formula for
j in Ref. 7. Ifj is measured in A/chandr, in angstroms, we
obtain

1 -
j=1.766<10"—10" 7, (4)
0
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Nature of the anomalous dispersion of particles in fullerite—alkali-metal-halide
composites

V. A. Reznikov and A. A. Sukhanov

St. Petersburg State University, St. Petersburg
(Submitted December 26, 1998
Pis'ma Zh. Tekh. Fiz25, 45-49(April 26, 1999

The occurrence of a solid-phase reaction between powders of the fullggitn@ potassium
halides under the conditions of mechanical grinding is established. The electrostatic
potential and surface-active properties gf, @olecules are considered as causes of the
anomalously high degree of dispersion of the particles within a compositel999 American
Institute of Physics.S1063-785(09)02304-9

KBr—Cg, composites are widely used to record the vi- The characteristic rate of the solid-phase interaction of

brational spectra of fullerene. The standard sample prepar®olymorphous semiconductor materigighich include Gg)
tion method includes grinding the powders in a vibratory ballis about 10° cm/s and can rise in the region of a structural
mill, in which a uniformly colored composite with linear phase transition or as a result of an increase in the total area
dimensions of the particles equal to 3x/ forms during a  of the phase boundaries when the linear dimensions of the
period of 5-30 min. interacting particles are diminishédhe formation of a two-
When similar methods are used to disperse a coars&omponent amorphized phase during a period of ordéis10
grained K-Hal powder, the linear dimensions of the particlePresupposes a decrease in the linear dimensions of the par-
usually decrease to 20—50m, whereas the degree of disper- ticles by a factor of 18- 10%, which may be associated only
sion of K-Hal particles achieved as a result of grinding to-with fullerite. A similar estimate of the size of the fullerite
gether with G is characteristic of the use of disintegrators particles can be obtained from a model of the uniform coat-
or electropulsing dispersion methods. It would be reasonabl#§g by Cso molecules of K-Hal particles with linear dimen-
presumption that the inclusion of fullerite particles in the sions of 3—5um when the initial relative concentration of
mixture promotes the increase in the degree of dispersion dtllerite is 1.0-1.5%.
K-Hal. The dispersion of fullerite to the molecular or supramo-
The occurrence of a reaction between the original comlecular level during mechanical grinding together with a
ponents within the composite is indicated, in particular, bypowdered dielectric indicates that there are several causes of
the water solubility of all of the composite material and thefracture of the particles.
separation of a brown amorphized phase upon subsequent The formation of aqueous dispersions qf,@uring the
evaporation, which, according to x-ray fluorescence datayltrasonic treatment of a fullerite powder in water has been
contains potassium and the halogen in equal concentrationegported’ It can occur as a result of cavitation on the particle
The amorphized phase can be extracted from the composigurfaces, as well as when current pulses pass due to the for-
material by weakly polar organic solvents, for example,mation of local fields of high intensity on the gas-—liquid
dichlorobenzendDCB). Precipitation of the material upon interfaces(the Margulis effedt The stability of suspensions
evaporation of the solvent yields a fractally aggregated phasender these conditions can be specified by the polarization of
of K-Hal and reddish orange or reddish brown particles com-r and 7—o bondsS and the interaction of & with mobile
posed of carbon, which match the morphology of fulleriteH* and OH groups?® as well as the Coulomb adsorption
and fullerides. The volumetric concentration of the fullerite of dipolar molecular complexes on the gas-liquid phase
particles in the precipitate is 5—10% when the initial concenboundaries.
tration of Gy within the composite is 1.0-1.5%. The electropulsing dispersion mechanism is confirmed
In addition, at about 100—120 °C thermally induced re-by obtaining an optically transparent suspension gf [§ar-
crystallization is manifested in compacted samples of theicles that is stable for 10—-25 h when powdered fullerite is
composites by the formation of black particles of cubic habitsubjected to electric pulses. The absorption spectrum of an
in KCI-Cq4, pellets and a surface “growth” of light brown aqueous suspension ofds distinguished from the spectra
octahedral crystals in Kl—£g pellets. Thermolysis of the of Cg, by redistribution of the intensity of the band (334
KCI-Cg, amorphized phase at 16050 °C or the KBr-G,  nm) and the structured band at 450—650 nm in favor of the
amorphized phase at 36340 °C yields equivalent volumet- latter, which, according to Ref. 6, corresponds to enhance-
ric concentrations of fullerite and K-Hal. A guantitative es- ment of the intermolecular interactions as a result of cluster—
timate of the mass of fullerite obtained as a result of thermatluster aggregatidnand is confirmed by the fractal precipi-
decomposition of the amorphized phase matches the originéhtion pattern withD =1.68.
mass of fullerite in the composite or is 10—15% smaller. It would, therefore, be reasonable to postulate a decisive
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role for electrostatic discharges in the dispersal of fulleriteresult from the directed diffusion of vacancies to the surface,
particles. This is indirectly indicated by the dependence ofas well as the adsorption of particles with a large dipole
the dispersion efficiency on the moisture content of themoment on the surface, which distort the distribution of the
K-Hal powder. A significant role in the structure of fullerite electron density in the local coordination environment. The
is played by the intermolecular electrostatic interactionknown properties of g, (see Refs. 3, 7, 13, and jdllow us
whose damping in an electric field unavoidably leads tato regard them as the natural and main cause of the processes
higher mobility of the molecules. indicated. In particular, the polarity of K-Halggcomplexes
The electropulsing model of the dispersal of fullerite follows from the dissolution of the amorphized phase in HCI,
particles in a mixture with dielectric particles was tested byand polarization of ther-electronic subsystem ofggon a
introducing powdered Agl particles into a fullerite—K-Hal K-Hal surface follows from the modification of the absorp-
mixture, as well as by replacing the K-Hal powder by an Agltion spectrum of g molecules extracted from the KCl4£
powder, which simulates Ag-Hal photographic-sensitivity composite together with weakly bound KCI toward closer
centers and for which metallization has been established urcorrespondence to the spectral features @f @e appear-
der the action of current pulses obtained as a result of aance of a band at 382 nm and quenching of the band at 407
electrostatic separation of chardes.Similar mechanical nm, as well as a 200-280 meV hypsochromic shift of the
treatment of K-Hal—-Agl powders, including subsequent irra-long-wavelength structured band
diation of the mixture, does not produce a photographic ef- Thus, Gg particles of molecular size, which exhibit the
fect. properties of surfactants capable of breaking up an ionic
INAgl-C¢y and KI-Agl-G, composites, pronounced crystal, form as a result of electromechanical grinding.
metallization of the Agl particles and an 8—12-fold decrease
in their linear dimeqsions, as well as the formation of a simi—_lA_ R. West, Solid State Chemistry and Its Applicationsviley,
lar colored amorphized phase, are observed. Subsequent irchichester—New York1984 [Russ. transl., Mir, Moscow1988, Part 1,
radiation of the Agl—G, composites is accompanied by pho- p. 555.

tolysis of the Agl particles. Within the crystallization model ZE- OaPet;ossgg":gﬁ-(g%%hkovv and G. V. Andrievsky, J. Chem. Soc.,
. . araaay lran 3 .
of the photoprocess in AgHdRefs. 10 and 1)1 this result 3yu. M. Shul'ga and A. S. Lobach, Fiz. Tverd. Telst. Petersburgas,

corresponds to the formation of a complex salt on the Agl 1092(1993 [Phys. Solid Stat&5, 557 (1993].
surface, which performs the function of sensitivity centers.“A. G. Lipson and V. A. Kuznetsov, Zh. Tekh. FiB6(6), 26 (1996

The relatively small decrease in the linear dimensions of the [Tech. Physal, 535(1996]. _ .
Agl particles in comparison to K-Hal can be attributed to an K.'S. Suslik, Sci. Am260(2), 62 (1989 [V Mire Nauki, 4, 54 (1989
glp p 5M. A. Terekhin, N. Yu. Svechnikov, V. G. Stankeviet al, Opt. Spek-

increase in the role of the covalent interaction and to the trosk. 78, 75 (1995 [Opt. Spectrosc78, 66 (1995].

polymorphism of Agl, where fracture of the particles along ‘A. V. Eletskii, Teplofiz. Vys. Temp34, 308 (1996.

N . . 8 . .y .
the basal plane, i.e., a decrease in the concentration of sur—\L/ét':\' 1%“;;‘3358']5 ma Zh. Tekh. FiZ6(1), 44(1990 [Sov. Tech. Phys.

face chrodefects, is possible. It is thus reaspnable to allowy, A Reznikov and A. L. KartuzhanskiPis'ma zh. Tekh. Fiz17(15), 45
a decisive role for the fullerene molecules in the anoma- (1991 [Sov. Tech. Phys. Lettl7(8), 551 (1991)].
lously high degree of dispersion of the K-Hal particles andloz/- Aég]vo"' Zh. Tekh. Fiz. 64(12), 115 (1994 [Tech. Phys39, 1264
o . : 1994].
d|S|ntegrat|(_)n of _the|r s_urfaces, Wher_e the latter fqllows fromnv. A. Voll and O. A. Trofimov, Zh. Fiz. Khim.70, 323(1996.
the excessive dissolution (_)f K-Hal in DCB relative to the 12y | Likhtman, E. D. Shchukin, and P. A. Rebind@®hysicochemical
composition of the amorphized phase as a result of the ag-Mechanics of Metals; Adsorption Phenomena in the Process of Deforma-

gregation of particles of molecular size aroungo @nol- tion and Failure of Metals Israel Program for Scientific Translations,
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Long-range gettering of microdefects in silicon single crystals during the formation
of porous silicon layers on their surface and ion irradiation

V. A. Perevoshchikov and V. D. Skupov

Scientific-Research Physicotechnical Institute, N. I. LobacheMskhni Novgorod State University, Nizhimi
Novgorod

(Submitted November 12, 1998

Pis'ma Zh. Tekh. Fiz25, 50-54(April 26, 1999

Experimental data on the dissolution of microdefects in the near-surface regions of silicon single
crystals during the electrochemical formation of porous silicon layers followed by argon-

ion irradiation are presented. A decrease in the microdefect concentration is detected near the
interface with porous silicon and near the opposite surface of the sample$99@

American Institute of Physic§S1063-785(19)02404-(

The purpose of the present work was to investigate théng thickness of the porous silicon layer. The influence of ion
influence of the electrochemical formation of single-crystal—irradiation is illustrated in Fig. 2, which presents distribution
porous-silicon (Si— Siy,y) structures and their subsequent profiles of the relative change in the defect density,
irradiation by moderate-energy ions on the microdefect
structure across the entire thickness of the substrates. The sN, = Ngef_ Ndef/Ngefv
results of such measurements are important for a deeper un-

derstanding of the physical mechanisms of the formation of,pareN0  andN e are the microdefect densities before and
Shyor and the structural transformations in the entirg, Si jqer jrradiation. They clearly reveal, on the one hand, an
~ Sipor System and are of fundamental importance for more,,nancement of defect dissolution upon irradiation and, on
complete practical implementation of the h'grﬂ?}’ UnIqU€+he other hand, a nonmonotonic dependence of the efficiency
physicochemical properties of 3 Sho structures. of this process on the thickness of,$i The defect-
The experiments were performed on structures form‘5"{]Jissolution-stimulating effect of irradiation weakens appre-
by the anodic treatm_ent of KDB-0.00001) silicon crystals ciably near the Si—Siy, interface for Sjo thicknesses
of thickness 36Qum in a 1:1:2(vol/vol) HF:H,0:GHsOH  greater than 1um and near the opposite side of the struc-
solution at an anodic current density equal to 10 mA ém ture at 2um.
The surface of the original crystals was prepared by the usual According to Refs. 3-5, the formation of a transition
technique’ The dislocation density in the original substratesregion in Siy— Siper Structures and the dissolution of micro-

was at most 4.X10° cm 2 The thicknesses of the §i  gefects in dislocation-free silicon are caused by the interac
layers with a porosityC=30—33% wered=2, 10, and 20 {5 of components of the original impurity-defect composi-
pm. The structures were irradiated from the side of thﬁés' tion with nonequilibrium vacancies appearing near the
Iaygg by 40-keV argon ions in a dose equal to &25)1 reaction surface when gidissociates locally during the for-
e t_he measurements, _the porous S,'I'an layergyation and subsequent irradiation of,i Vacancies can
were removed in a 15% KOH solution. The distribution pro- 554 originate from the impurity atmospheres around micro-
file of the microdefect density across the thickness of th‘?:iefects, which are displaced from equilibrium by the sign-
structures was constructed from selective chemical etChinglternating mechanical stresses of the elastic waves gener-
patterns - obtained during layer-by-layer etching of theyteq in the zones where electrochemical reactions occur and
samples at the rate of ummin ~ in a 1:2 (volvol)  yhe implanted ions are slowédrhe appearance of vacancies
HF:CrQ; solution. In each etching step the mean microdefecl ing' the formation of Sy is naturally associated with the
densityNger was calculated from the number of etching pits presence of local active centers on the dissolving surface of

dgtected in at Ie_as_t 15%8 fields of view OT a Neophot-32 Si,, on which electrochemical reactions take place, prima-
microscope to withint8% at the 0.90 confidence level. rily the formation of Sik and the reduction of Si from it.

Experimental distribution profiles of the microdefect Let U, . be the energy of an active center, which is
act. c. 1

density across the thickness of the structures before and aftgfyqe 1o the total activation energy for the formation gf,Si
the formation of Sj, layers of different thickness are pre- nq jetT,  _ be the local temperature of the crystal lattice at

sented in Fig. 1. It can be seen that a decrease in the micrgse gjte of formation of an active center, which is defined as
defect density occurs as a result of the electrochemical trea:

i i ¢ 1i'act_ = Ut /K (K is the Boltzmann constantThen the va-
ment both near the interface of the single crystal with thecancy flux is defined by the expression

Sipor layer and near the opposite side of the substrate, i.e., it

is manifested as long-range getterthdhe number of de- s

fects dissolved and the effective depths of the regions freed l,= wnOCVoexp< _ Uact-c-) p( Et, )

of them on both sides of the structures increase with increas- KT KTactc
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i Ndefcm2 distances from the Ji-Si,,, interface satisfying the condi-
110 1 , _1 .
1 tion z>(271,7) " 2 can be estimated from the relatfdh
00... e 00:8;0- ‘g)g; E—Q=Q<B:8:a€=®8.02,
72, 08 B e
6 [ ox 3
¢ 4'
M/ - 4Gea 1
5 S?ZP 1-d=0um p= (27l ,7)2,
4 5/ 0 2-d=2um a
W 3-d=10pum
3 [ 4-d=20pm
5 wheree is the lattice strain accompanying the appearance of
1
a vacancy is the coordination numbep~(a(})3 is the
effective radius of the elastic wave sourd is the atomic
volume, and G is the shear modulus. Setting=v,*
I [ e /S ——— X ex /KT), whereE,,, is the vacancy migration energy,
0 10 20 30 40 50 310320330340350360 PEr./KT) m ymig 9.
X, um and using known numerical values of the parameters for Si

(¢=0.2, =4, andE,,,=0.33 eV}, for the amplitude of the
FIG. 1. Distribution profiles of the microdefect density across the thicknessyaves on the opposite side of the structures we have
before(1, 1) and after(2, 2; 3, 3; 4, 4') the formation of porous silicon b4 3 \pa, Waves with such an amplitude initiate the dis-
layers of various thicknesg; 3, 4 — near the porous silicon laye2;, 3', 4 . . ) o
— near the opposite side of the samples. solution of microdefects by creating nonequilibrium vacan-

cies when impurity atmospheres and surface sources are
H is the density of Si at the reaction surface "

ereno 1s the density of i aloms on the réaction surface e gissolution of microdefects is mediated not only by

(the reticular density c is the bulk porosity of Sj,; vq is . . .

vacancies and waves generated by implanted ions, but also

the Debye frequency; ani;, is the energy of formation of . . : L
vacancies near the surface, which is almost 2.5 times smallgry vacancies appearing as a result of the dissociation of va-

than the value in the bulk of the crysfalTaking np~1.4 ~ cancy complexes present in single-crystal regions of thg Si
X10% cm 2, ¢~0.3, ro~10" s1, U,4.~0.041 ev layers. The fact that such complexes appear during electro-

(Ref. 1, and E{~1 eV, we obtain I,~6.4 chemical treatment and are then partially “burned off” dur-
X 10 cm~2s71, ing irradiation is supported by the data from measuring the
The decrease in the defect density near the opposite sidefractive index of Sj, layers on an LE-601 ellipsometer
of the structures, as in the case of ion irradiafiés,a result  (A=0.63 um). In the as-grown structures the mean value of

of the action of elastic waves. The amplitude of elastic the refractive index over the Si surface was 2.4350.004,
waves with an oscillation periodpropagating in a crystal at gnd the value after irradiation was 2.709.001, i.e., the
density of the porous layer increastds the thickness of
the S}, layer increases, the role of sinks for point defects
and the damping influence of pores on the propagation of
surface waves becomes gredtemd the efficiency of long-
range gettering consequently decreageg. 2).
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18 / ] A. V. Kulikov, V. A. Perevoshchikov, V. D. Skupoet al, Pis'ma Zh.
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sity as a function of depth in irradiated structures from the side of the porous Russian, Energoizdat, Moscow1982, 216 pp.
silicon layers of various thicknesgurves, 2, 3, and 4) and from the
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Radiation effects in high-electron-mobility transistors
A. E. Rengevich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, Kiev
(Submitted November 16, 1998
Pis'ma Zh. Tekh. Fiz25, 55-58(April 26, 1999

The influence of°Co v radiation on the current—voltage characteristics of high electron mobility
transistors is examined in the dose range from1D* to 6x 10° R. No changes are

observed up to a total dose o110’ R, but radiation-induced degradation of the transistors
occurs when the dose exceeds 10° R. The possible causes of the effects observed are discussed.
© 1999 American Institute of Physids$1063-785(09)02504-3

Despite the abundance of information on radiation ef-for the slope and noise coefficient. At the same time, it is
fects in gallium arsenide and semiconductor devices baseithown that the changes in the parameters for similar HEMTs
on it, as well as the numerous data on the radiation stabilit¢an be as large as 60% of the initial values already at a dose

of these materials, the information regarding the influence ogqual to 2x 10° R*° The results obtained can be explained,
radiation on the electrical characteristics of microwave field+s it is taken into account that the HEMTs and FETs with a

effect transistordFET9 with a Schottky barrier and, espe-
cially, klliggh electron mobility transistor6HEMTS) is very
I|m|ted: . . 6 o Since the working layers of the transistors of both types
This paper examines the influence®€o y irradiation . . _ . .
on the low-frequency current—voltage characteristics ofontain 7ga|||51r371 arse.mde with a dopant concgntranon
HEMTs. The samples were irradiated in an MRX25M %7X.101 cm* and since, according to the experimental
system with a beam intensity equal to 140 R/s in the dosdata in Ref. 6, the radiation-induced changes occurring in
range from X 10" to 6x 1(F R. The temperature in the ir- them under the action of%Co y quanta appear at doses
radiation zone did not exceed40 °C. The typical structure greater than X10° R, the effects observed in our experi-
of a high electron mobility transistor is shown in Fig. 1. ment in the FETs both with a Schottky gate and with a high
The measurements showed that in the dose range froelectron mobility cannot be attributed to radiation-induced
1x 10" to 1x 10" R the variation of the parameters is smaller changes in the gallium arsenide. At the same time, even at
than the instrumental error of the measuring Ualo). In- comparatively lowy radiation doses, the properties of barrier
creasing they radiation dose to % 10° R causes variation of ang ohmic contacts on gallium arsenide undergo significant
the saturation current, slope, and cutoff vol_tage by no MOr%hanges associated with radiation-induced mass transport in
thz;n 10%. TTZ” therfe>6z711r§8 s%?arr]p ((:jhanges n fthﬁ parametefg, contacts, i.e., some “sharpening” of the distribution pro-
and at a total dose o the departure of the param- file of the metal on the metal/GaAs interfa@enprovement

eters from the initial values amounts t€40%. Typical f th N . iated with thi nd with
dose-dependent changes in the saturation cufenslope O_ e, parame er.s IS assouae. Wi X is effeand wi
diffusive “spreading” of the barrier, which causes degrada-

(b), and cutoff voltage€c) of HEMTs are shown as percent- ~ : g e
ages relative to the unirradiated state in Fig. 2. tion phenomena in the contactsQualitatively similar

The samples investigated did not exhibit the expectedhanges are observed when FETs are exposetfo y
significant advantage in radiation stability over transistorgjuanta; therefore, it can be assumed that the observed
with a Schottky barrier. The relative changes in the paramradiation-induced effects in the HEMTs are attributable to
eters were comparable, but the HEMTs had better parameteradiation-induced changes in the contacts.

Schottky barrier were found to have the same radiation sta-
bility.

Au-035 Si0,-03 Ti-0.1 Au-06 Au-025 polyamide

FIG. 1. Structure of field-effect transistors with a high elec-
tron mobility: n{ GaAs, 1x10' cm 3, d=0.5um; n*
GaAlAs, 1x10® cm™3, d=0.35um; SpGaAs,
d=0.02um; n GaAs, 7X10" cm 3, d=0.45um; n~
GaAs, Ix10"¥ cm™3, d=1 um.
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Effect of anodic etching of heavily doped silicon on the location of the plasma
minimum
V. B. Shuman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 24, 1998

Pis'ma Zh. Tekh. Fiz25, 59—-61(April 26, 1999

It is shown experimentally that the minimum in the reflectance spectrum of heavily deed
shifts strongly toward lower frequencies when porous Si layers form on it19€9
American Institute of Physic§S1063-785(19)02604-X]

Papers proposing the use of porous silicon layers as an- The surface concentration of the impurities in the diffu-
tireflection coatings on silicon solar cells have appeared ision layers was estimated from Irvin’s curVesd from the

recent years. For example, in Ref. 1 anOdiZing was Carriegosition of the p|asma m|n|muﬁ]b0th methods g|\/|ng Vir-
out without an external current sour¢as a result of the |y identical values of-2.0x 102° cm 3. Silicon was an-

intrinsic photo-em, in Ref. 2 it was carried out with an 4,64 in a water—ethanol solution of HE:1:2) at current

external souree, an_d in Ref. 3 porous silicon layers WeTensities in the range 2-50 mA/éniThe thickness of the
formed by stain etching. In these planar solar cells the porous ; ilicon laver was less th Th tral depen
silicon formed from a part of the emitter layer, which was aPorous stiicon fayer was 1ess anun. The spectral depe

thin (less than 1um), heavily dopedp- (Ref. 1) or n-type dence of the reflection coefficient was determined using an

(Refs. 2 and Blayer. IKS-29 spectrophotometer with an IPO-22 attachment in the
The reflectance spectrum of the surface of the degeneraf@nge 4000—-400 cfit at room temperature.
semiconductor has a minimum in the infrared regiomgt Appreciable displacement of the position of the plasma

whose position is determined by the free-carrier concentraminimum is observed only after the anodizing @fSi and
tion, the effective mass, and the dielectric constant of thex* diffusion layers. The dependence of the position of the
semiconductof:® Since the refractive index is lower in a plasma minimum on the charg@flowing during the forma-
porous silicon layer than in single-crystal silicon and de-tion of a porous silicon layer on uniformly dopedSi is
pends mainly on its porosifyit would be interesting to trace shown in Fig. 1. After the formation of porous silicon,

the variation opr after anoq!zmg heavily doped silicon. shifts toward lower frequencies. This shift depends linearly
The following types of silicon wafers were used to form . . .
on the amount of charg® and is essentially independent of

porous silicon: di t density. Th trend is ob d after th
a) wafers of (111) orientation, which were uniformly an0dic current density. The same trend is observed after the

PR . . =
doped during grown with arsenic or boron to a concentratio! _diffusion layers are anodized, i.e., the plasma minimum
~2.3x10° cm 3, shifts toward lower frequencies. However, this shift is more

b) n"nn* andp*pp" structures obtained as a result of significant, possibly because the doping level of the diffusion
the diffusion of phosphorus or boron to a depth of 4 in  layers is almost an order of magnitude higher than in the case

lightly dopedn- or p-Si, respectively. of silicon doped during growth. Thus, the shift for uniformly
- 4000t
£ o 4
g 9ap t v 2
2 °3
3 800 + 4
FIG. 1. Dependence of the frequency of the plasma minimum
700 ¢ on the charge flowing during the anodizing of silicon with a
donor concentration equal to %30 cm™3. Current density,
6oot mA/cn?: 1 — 2,2 — 5,3 — 15,4 — 50.
500 ¢ +
4100 P W G U S VU SO SR SV S
) 500 1000 1500 2000
charge, mC
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dopedn-Si at Q=500 mC isAw,~130 cm !, whereas for  'A. Prasad, S. Balakrishnan, S. K. Jain, and G. C. Jain, J. Electrochem.
the diffusion layers oq{111) wafers it isAw,~210 cm'* Soc. 129, 596(1982.

) . .
. 1 S. Strehlke, D. Sarti, A. Krotkus, K. Grigoras, and C. Levy—Clement,
and for those 0}4100) wafersA w,~500 cm = _ Thin Solid Films297, 291 (1997).
The experimental results presented show that thiss|. schirone, G. Sotgiu, and F. P. Califano, Thin Solid Fil&7, 296
method can be used for the quick contactless nondestructiv§(1997)- _
testing of the characteristics of porous silicon layers formeds\éV'EG' Gsapr':ﬁrra\r/‘\? :é;b;g“'aigyé F;e‘g’osrggrglii?)'l Phys. L5132
as antireflection coatings on the emitter layers of solar cells ;964 Y ' o A '
with ann™pp™ structure. ®R. W. Hardeman, M. I. J. Beale, D. B. Gasson, J. M. Keen, C. Pickering,
This work was carried out with financial support from _and D. J. Robbins, Surf. Sc152/153 1051(1983.
. 7J. C. Irvin, Bell Syst. Tech. 21, 387 (1962.
the Russian Fund for Fundamental Resedf&tant No. 96- ' ’

02-17902. Translated by P. Shelnitz



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 4 APRIL 1999

Investigation of a glow discharge in a mixture of Ar and OH
A. Ya. Vul', S. V. Kidalov, V. M. Milenin, N. A. Timofeev, and M. A. Khodorkovskil

St. Petersburg State University; A. F. loffe Physicotechnical Institute, Russian Academy of Sciences,
St. Petersburg; “Applied Chemistry” State Scientific Center
(Submitted December 24, 1998

Pis’'ma Zh. Tekh. Fiz25, 62—66(April 26, 1999

A glow discharge in a mixture of argon and hydroxX@H) is investigated experimentally. It is
shown that under certain discharge conditions a considerable portion of the electrical

energy imparted to the discharge is used to generate resonant emission of OH molecules. The
results obtained point to a realistic possibility of creating a new, ecologically friendly

source of optical radiation, which can replace mercury lamps in the near futurd999®

American Institute of Physic§S1063-785(19)02704-4

Most modern efficient low-pressure sources of opticalof the plasma obtained. The investigations were carried out
radiation are based on discharges in mixtures of a readilin a dc discharge and in a radio-frequengf) discharge
ionizable impurity and a buffefinert) gas. excited by a 60-MHz electric field. The discharge was cre-

Examples of such light sources include mercury lampsated in quartz tubes of various lengfrom 3 to 10 cm and
low-pressure sodium light sources, light sources based odiameter(from 1.0 to 4.5 cm The optical (intensities of
various metal vapors, el It was shown in Ref. 3 that spectral lines and bands in the range 200—-800 anu en-
molecules of hydroxyl OH can serve as the readily ionizablesrgy (electric power imparted to the discharge and radiated
impurity. The present work is a continuation of the researchpower in several lines and the resonance band of OH at 306.4
whose results were reported in Ref. 3. nm) characteristics of an argon discharge with various con-

The purpose of the present work was to study the opticatentrations of HO were measured. The pressure of the inert
and energy characteristics of a discharge in a mixture of Agas varied in the range 1-30 Torr. The current in the dc
and OH formed as a result of the dissociation of water mol-discharge varied from 50 to 500 mA, and the current in the rf
ecules under glow-discharge conditions and to evaluate théischarge varied from 5 to 30 mA.
role of the elementary processes determining the properties The experiments showed that the discharges of both

OH II

3064 nm

I Al Arl
7635 nm 763,5 nm

OH

3064 nm
FIG. 1. Emission spectrum of the plasma of a dc dis-
charge(l) and of an rf dischargéll): a — argon dis-
charge b — Ar+OH discharge.

b
e
300 500
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FIG. 3. Intensity of the resonance band of OH at 306.4 nm and of the H
line at 656.3 nm as a function of the argon pressure. The concentration of
water molecules is twice as large for the dashed curves as for the solid
curves.

FIG. 2. Intensities of the lines of argai@63.5 nm), atomic oxygen(777.2
nm), and atomic hydroge(656.3 nm and 486.1 nnand the resonance band
of OH (306.4 nm as a function of the concentration of water molecules
CHZO in the discharge chamber.

values and then decrease as the concentration@©frides. It

is noteworthy that the intensity of the Ol line at 777.2 nm

decreases far more rapidly than the intensity of the hydrogen
types, i.e., the rf capacitive discharge and the dc dischargdines, although the latter have excitation energies which are
have very comparable optical and energy characteristics. Figippreciably highef12.09 eV for H, and 12.73 eV for H)
ure 1 presents the emission spectra of these two dischargesthman the excitation energy of the Ol line at 777.2 (i0.74
pure argon and in pure argon with comparable concentraeV). This decrease can be attributed to a drop in the concen-
tions of HO molecules. It is seen that the pictures are qualitration of atomic oxygen as the dissociation product of the
tatively identical. This is evidence that the principal elemen-water molecules, since the channel producing atomic hydro-
tary and plasma chemical processes determining thgen and OH molecules probably begins to dominate at suf-
properties of the plasma in the discharges under consideﬂ-ciem|y large concentrations of J@. This conclusion is

a_tion are similar and that conditions under Whi(_:h the intengnfirmed by the sharp increase in the intensity of the reso-
sity of the resonance band of OH at 306.4 nm is far greatefsnce pand of OH at 306.4 nm.

than the intensity of the other bands and lines can be Variation of the pressure of the inert gas also has an

achieved in both .types of d|scharge§. . effect on the properties of the discharges investigated: an
As our experiments showed, variation of the concentra-:

tion of water molecules strongly influences the optical Charjncrgaseflr;]the argon pressurefcauses an increase |n'theh|n-
acteristics of the plasma of an AIOH discharge. Figure 2 ten5|'ty of the resonance ba.nd ° O.H and |mprovement |n't' N
shows the intensities of several atomic lines observed in threelatlon bgtvyeen the |nten§|ty of this band and the intensities
discharge investigatefbf argon at 763.5 nm, of atomic hy- pf the em.|55|on from atomic oxygen and hydroggp. A'further
drogen at 656.3 nm and 486.1 nm (Hind H), and of increase in thg argon pressure may have a positive influence
atomic oxygen at 777.2 njrand the resonance band of OH ON the properties of the plasntaig. 3).

as a function of the concentration of,® molecules. Emis- The energy efficiency of the emission of OH at 306.4 nm
sion from other possible products of the plasma chemicayvas evaluated by comparing the intensity of this emission
reactions(for example, molecular hydroggmwas not ob- with the emission of a mercury discharge, for which the ab-
served. It can be seen from the figure that at relatively smaffolute values of the intensity of most of the lines in the UV
concentrations of water molecules an increase in their corand visible portion of the spectrum are knowhThe com-
centration causes a rapid increase in the intensities of thearison revealed that the efficiency of the generation of the
atomic lines of oxygen and hydrogen. The intensity of theresonant emission of OH molecules at 306.4 nm by an Ar
argon lines in the visible portion of the spectrum decreases- OH discharge can be very high. Under the conditions in-
and rapidly drops below the intensity of the, line and the vestigated at least 25% of the electrical energy imparted to
line of atomic oxygen at 777.2 nm, which reach their peakthe discharge is used to generate this band.
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Investigation of the electrochemical coupling coefficient of acoustic waves in thin
potassium niobate plates

S. G. Joshi, B. D. Zaitsev, |. E. Kuznetsova, and I. A. Borodina

Saratov Branch of the Institute of Radio Engineering and Electronics, Russian Academy of Sciences,
Saratov; Marquette University, Milwaukee, WI 53210, U.S.A.

(Submitted December 3, 1998

Pis'ma Zh. Tekh. Fiz25, 67-70(April 26, 1999

The characteristics of antisymmetric and symmetric Lamb waves, as well as quasi-shear-
horizontal waves, propagating in thin potassium niobate plates are investigated theoretically. It is
found that the square of the electromechanical coupling coefficient of acoustic waves in

such plates can reach 100% in certain directions. The results obtained indicate that potassium
niobate is a highly promising material for creating various acoustoelectronic devices.

© 1999 American Institute of Physids$1063-785(09)02804-9

The demand for various high-frequency and broad-bandor the most interesting cuts and various plate thicknesses.
acoustic-wave devices has been continually growing in reThe Euler angles were determined by the method described
cent years in connection with efforts to improve electricalin Ref. 6.
communication systems. One of the important parameters of It was discovered for certain propagation directions that
such devices is the electromechanical coupling constant of
acoustic waves. Among the most interesting materials is po- 00000 — V, m/s
tassium niobate KNbg§) which has very high piezoelectric,
electro-optic, and nonlinear-optical coefficiehtdt was
shown in Ref. 2 that the square of the electromechanical
coupling coefficientK? of Rayleigh surface waves in thé 2000.00 — T
direction of aY-cut KNbQ; crystal has a value of 53%,
which is roughly 10 times the corresponding value for
LiNbOs. It was discovered in recent studiéghat the value 3
of K2 for acoustic waves propagating in thin plates is signifi- 0.00 ' : : —1
cantly greater than the value for surface waves. 1

In the present study we theoretically analyzed the char-
acteristics of quasi-shear-horizontal waves and Lamb waves
propagating in thin potassium niobate plates. The problem
was solved using the standard equations of motion of an
elastic medium, the Laplace equation, and the material equa-
tions for mechanical stresses and electric displacement. The  6000.00
waves propagated along thg axis, and thex; axis was
directed into the interior of the medium. The boundary con-
ditions were the vanishing of the mechanical stresses and
continuity of the electric potential and the normal component
of the electric displacement on the free boundaries of the c
plate with free space. |

The material constants of potassium niobate needed for
the calculations were taken from Ref. 1. The system of equa-
tions derived, together with the boundary conditions, was
solved by a well known method.

These calculations yield the velocity and the square of
the electromechanical coupling coefficiedt?= 2AV/V) for
the zero-order symmetricSp) and antisymmetricAy) Lamb
waves and quasi-shear-horizont®QISH) waves as functions
of the propagation direction iX-, Y-, andZ-cut crystals for FIG. 1. Dgpendence of the velocity of acoustic_waves on their propagation
various thicknesses of the potassium niobate plate. dlrectlon_ln a KNbQ plate for various plate thicknesses: a Ay wave

. propagating in &-cut crystal, b —S; wave ¢ — QSH wave propagating in

Figure 1 presents plots of the dependence of the velocis y.cyt crystal.1 — h/A=0.01,2 — h/\=0.025,3 — h/\=0.05,4 —

ties of Ay, Sy, and QSH waves on their propagation directionh/x=0.1,5 — h/x=0.25,6 — h/A=0.5.
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acoustic wavelengihfor the propagation directions a4,
S, and QSH waves characterized by the largest value.
The results obtained allow us to conclude that this ma-
terial is highly promising for creating various acoustoelec-
3 tronic devices. In addition, acoustic waves propagating in the
80.00 — . - . .
thin plates can be utilized when such devices are operated in
the low-frequency range, and surface waves can be utilized

" in the high-frequency range.
This work was performed with financial support from

40.00 — 2 the Federal Special-Purpose Program “State Support of the
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100%). Figure 2 presents the dependencédfon the rela- ~ MOScoW (1968, 232 pp.
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Gas-sensitive properties of copper-containing fullerene membranes
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and A. A. Shaklanov

St. Petersburg State Technical University; A. F. loffe Physicotechnical Institute, Russian Academy
of Sciences, St. Petersburg

(Submitted September 23, 1998
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The gas-sensitive properties of copper-doped polycrystalline fullerene members are studied in the
temperature range 280—360 K. The presence of isopropanol vapor in the surrounding air is
found to increase the microwave absorption of the samples examined. The sensitivity of the
samples is temperature-selective and depends on the relative orientation of the crystals, as

well as the vector of the electric component of the electromagnetic microwave field.999
American Institute of Physic§S1063-785(19)02904-3

Semiconductor oxide materials are widely employed insample relative to the electric vector of the microwave field:
the fabrication of gas sensors. Films of §ni@ave become with the growth axis of the single crystalg)( parallel and
widely employed" In addition, thin films of copper-doped perpendicular to the vector of the electric component of the

amorphous carbon have been investig&t€te gas-sensitive microwave field E). Figure 2a presents plots of the tem-
properties of thin fullerene films have also been

investigated. Their gas-sensitive properties are manifested
as variation of the dc resistivity in the presence of various
gases.

In the present work we investigated copper-containing
fullerene membranes prepared according to the technology
described in Ref. 4. Each such membrane is a polycrystal + 1 a
consisting of oriented single crystals of graded composition,
which gradually varies along the growth axis from purg C
on the substrate side to pure®n the opposite side. The
mean copper concentration in the sample obtained is of the
order of 10 3% (Ref. 4. Figure 1 presents a general sche-
matic view and a photograph of a membrane slice. The di-
rection of the growth vecton is from | to Il (the slice mea-
sures 2 mm in the I-II direction

The microwave absorption of the sample was investi-
gated at 41 GHz in gaseous media. The sample was placed in
a waveguide module attached to the output of a G4-141 mi-
crowave generator. The module permitted cooling and heat-
ing of the sample in a gas atmosphere. The poérans-
mitted through the sample was recorded by an S4-27
spectrum analyzer. The measurements were performed with
continuous heating of the sample in the temperature range
260—-360 K at the rate of 10 K/min. During the measure-
ments the sample was exposed to the gas five to eight times
for 10— 30 s. When a series of successive measurements was
performed, the sample was cooled for 5 min to the initial %
temperature. The vapors formed when air was bubbled
through liquid isopropanol (£4,0H) served as the gas.

The measurements showed that in an atmosphere of iso-
propanol vapor the absorption of the microwave field by the
sample increases relative to &P=P,— P (whereP, cor-
responds to ajr The gas fed into the waveguide without the
sample did not cause any change in the transmitted signal.
Measurements were performed for two orientations of theFIG. 1. Schematic viewa) and photograph of a membrane slid®.

1063-7850/99/25(4)/2/$15.00 326 © 1999 American Institute of Physics
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a perature dependence of the relative chadd®/P, in the
14 transmitted signal (compared with ajr in the range
E 260—-360 K for two orientations of the samplé — n|E,
2 — nlLE). It is seen that the sensitivity is -2 times
127 higher for the sample oriented parallel to the field. Subse-
guent measurements were performed for this orientation. A
o 101 distinct sensitivity peak is detected at a temperature of about
® 350 K for both sample orientations. In addition, a weaker
o’ maximum is detected at 290 K.
E 8 1 The sample was investigated in a regime of successive
< measurements, in which it was repeatedly subjected to con-

6. tinuous heating and cooling back down to the initial tempera-

ture (thermal cycling. The results of these measurements are
2 shown in Fig. 2b. The numbefs-3 correspond to the num-

4 bers of the successive heating cycles. The figure shows how
the sensitivity peak at 350 K is gradually smoothed, while
the other peak at 290 K remains stable. In the last measure-

21 ment the sensitivity of the sample approaches 1% at 350 K.

The results obtained permit comparison of the gas-

0 - < sensitive properties of the samples investigated with those

250 270 290 310 330 350 370 already known. In the temperature range considered the sen-

T. K sitivity of the copper-containing fullerene membranes sur-
passes that of both pure and antimony-doped ,Stiin

14 films,! as well as both pure cupric oxide thin films and simi-

. b lar films doped with amorphous carb®n.
It can be theorized from a comparison with Ref. 2 that

124 the sensitivity of samples similar to those considered will
increase with increasing copper concentration.

10 This research was supported by the National Council for
Fullerenes and Atomic Cluste(Broject 98063 “Gradient)
B and the Russian Fund for Fundamental ReseéEshnt 96-
° 8 02-16886a
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Photovoltaic properties of semiconductor-protein heterocontacts
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It is found that heterocontacts consisting of a semiconduetgy., InS¢ and a natural protein

exhibit a broad-band photovoltaic effect and do not display an appreciable short-

wavelength drop in the spectral range from 1.2 to 3.7 eV. The maximum photosensitivity of such
structures, which reaches 2 mA/W Bt 300 K, is observed when they are illuminated on

the protein side. It is concluded that the structures created can be employed as broad-band
photosensors of optical radiation. €999 American Institute of Physics.

[S1063-785(109)03004-9

The research on optoelectronic phenomena in heteroroltaic effect appears. Its sign does not vary in response to
structures containing a direct contact between two semicorehanges in the wavelength and the location of the light probe
ductors of different atomic composition or semiconductorson the surface of the structures, but the magnitude of the
with other mediaa metal, electrolyte, living tissue, ethas  photoresponse is greater when the structures are illuminated
been expanding continuously, providing for both improve-on the protein side. The photovoltage is characterized by
ment of the parameters of conventional semiconductor denegative polarity of the semiconductor in all the structures,
vices and the discovery of new functional relationships,n agreement with the transmission direction of the IVC. As
which ha\ée initiated the development of new devices anqne measurements showed, a short-circuit photocurrent in the
system§.‘ This paper reports the first observation of a pho-yge/protein structures flows in the transmission direction
tovoltaic effect appearing when a semiconductg., InSg over the entire spectral region with photosensitivity. This

'S m_l%ontact with a ne}[turafl fhmte'r?' toelectri " means that the photosensitivity of the structures is deter-
€ measurements ot the pholoelectric properties Werg,q 4 only by processes on the semiconductor/protein inter-

performed on struc_:tures which were created by depositing fhce. Therefore, the photogenerated charge carriers are sepa-
fresh natural protein on the surface of cleaved wafers of the

layered semiconductor InSe with thicknesses from 10 to 5 ated in the electric field of this potential barrier, and a

pum and perfectly smooth planes. The indium selenide Singlghotovolta_g_e_consequently appears. The maximum current
crystals were electrically homogeneous with a free—electror‘?ho'tosens't'vIty for thg _b?St, structuresSs=2 mA/W, and
density n=2x 10 cm™3 and a Hall mobility of about the voltage photosensmw.ty .Su_z 10* VIW at T_= 300 K. It
70 cn?/(V-s) atT=300 K. Transparent thin layers of metals " be gssumed_that optimization of the design of the struc-
(Ni, Mo) deposited by vacuum thermal sputtering ontotUres Wll! make it pos_S|bIe_ to surpass the parameters just
quartz glass plates with thicknesses equal to-@2 mm cited, which even at this point can be regarded as fairly good,

served as electrical contacts to the protein. The final form ofince this is the initial stage of the first investigations of a
the structures was a semiconductor/liquid-protein/metallized?e€W generation of structures.

glass sandwich. To hold the components in place, an insulat-

ing varnish was applied to the metallized glass surface up to

the perimeter of the InSe wafer. The varnish fixed the posi-

tion of the semiconductor relative to the metal contact, pre- r
venting desiccation of the protein and precluding contact be- L sp
tween the metal and the semiconductor. The protein filling
the gap between the parallel planes of the InSe wafer and the
metallized glass had a thickness of 0:05.1 mm.

The measurements of the stationary current—voltage
characteristic$lVC’s) showed that the structures obtained in
the manner indicated have a clear-up rectifying ability. A ' L L '
typical IVC of one of these structures is shown in Fig. 1. We | ’
note that the electrical parameters of the structures obtained
did not display appreciable signs of degradation and that the o _
transmission direction always corresponded to negative pd-c: 1: Steady-state current-voltage characteristics oh-&mSe/protein

. . structure aff =300 K. (The transmission direction corresponds to negative
larity of the external voltage at the semiconductor. polarity of an external bias voltage on the semiconductor plane and the

When the structures obtained are illuminated, a photoeontact area is=0.1 cnf).
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A typical spectral dependence of the current photosensihalf-maximum of theS, spectra reaches 2.2 eV in this case.
tivity, which is defined as the ratio of the short-circuit pho- Such a broad-band photovoltaic effect allows us to assign the
tocurrent to the number of incident photons, for one of therole of the broad-band component in these structures to the
structures obtained is presented in Fig. 2. It follows from itprotein. For the protein layer thicknesses used the absence of
that the window effect with respect to the intensity of naturalpronounced features in the spectral dependence of the pho-
light, which is characteristic of ideal heterojunctidnis,ob-  tosensitivity also allows us to assume that the losses due to
served when the structure is illuminated on the protein sidepsorption in the broad-band window of these structures do
(Fig. 2, curvel), while an even sharper short-wavelength not prevent their use as broad-band photoconverters of natu-
boundary appears on the spectral dependence when the strygr jight. The absence of an appreciable short-wavelength
ture is illuminated on the semiconductor side. Therefore, theyro in photosensitivity in these structures can also serve as
photosensitivity becomes narrowly selective in such a phog pagis for concluding that such a heterocontact is of a high
todetection geometrythe half-width of the spectra at half-  ,5jity with respect to current transfer and the recombination
maximum iséy,,= 30— 40 me\) due to the sharp increase in of nonequilibrium charge carriers.

optical absorption in the InSe wafer when direct interband In conclusion, we stress that the photoelectric properties

transitions take place and the layer of photogenerated carreg semiconductor-protein heterocontacts have been found to

is separated from the active region of the structure by disbe verv close to the known bproperties of semiconductor-
tances exceeding the diffusion length of photoholes in InSe; y 28 This si prop
The slope of the long-wavelength exponential photosensitiv-eleCtrOIyte contacts? This similarity suggests that the role

ity edge in the structures obtain&g=80 eV~ corresponds pf t_he_protein in photoelectric phenom(_ana in such structures
to direct optical transitions in the semiconductor, and the® S|mllar to the role perfgrmed by classical electrolyt@he i
energetic position of the discontinuity at the photon higher viscosity of proteins and the absence of the corrosive

energyfiw=1.23 eV(Fig. 2, curvel) or the maximum at the effects on se.miconductor.sur-fa(-:es inhergnt to electrdlytes
same photon energygurve?) is consistent with the value of favor' gppl|cat|0ns of proteins in investigations of the photo-
the gap width of InSe and the features of the spectral depe,§_en5|t|wty of new materials for quickly creating such con-
dence of the photosensitivity in other types of structures fabtacts and in the creation of photosensors. We also note the
ricated from the same semiconductof.It can be assumed Possibilities of studying the dynamics of processes in the
that the spectral dependence of the photosensitivity of th@roteins themselves using observations of the spectra of the
n-InSe/protein structures has the form characteristic of ideaphotovoltaic effect when the heterocontacts are illuminated
semiconductor heterostructures. on the protein side.

When the structures are illuminated on the protein side, Thus, as in the case of other substances of a biological
the photosensitivity of the proposed heterostructures remairgature;® a contact consisting of a semiconducterg., InSg
at a high level over a broad spectral range, and no apprexnd a protein displays a photovoltaic effect, which can be
ciable short-wavelength drop in the photocurrent is observedsed to develop broad-band photosensors of optical radia-
up to 3.7 eV(Fig. 2, curvel). The full width at tion.
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The results of an experimental investigation of the optical properties of anodic vanadium oxide
films are presented. It is shown that films of different phase composition,(V&Ds, or

a mixture of two phasgscan be obtained, depending on the oxidation regime, and that the
absorption and transmission spectra are modified significantly in accordance. The optical
properties of the oxides, whose composition is close to stoichiometric vanadium dioxide,
demonstrate the occurrence of a metal-semiconductor phase transition in the amorphous
films. The results presented are important both from the standpoint of technical applications of
thin film systems based on anodic vanadium oxides and for more detailed understanding

of the physical mechanism of the metal-semiconductor phase transition and the influence of
structural disorder on the transition. ®0999 American Institute of Physics.
[S1063-785(09)03104-3

The study of the optical properties of vanadium oxides isoptical properties of thin films of vanadium oxides. The
of considerable interest from the standpoint of various techsamples investigated were obtained by anodically oxidizing
nical applications. In particular, the abrupt and reversiblevacuum-deposited layers of metallic vanadium on quartz,
changes in the optical properties of vanadium dioxide assaglass, and glass-ceramic substrates. Two different oxidation
ciated with the metal-semiconductor phase transition toregime$ were used, and two types of samples were accord-
gether with the interference phenomena in thin films permiingly obtained: essentially stoichiometric Y@type I) and
the use of this material as a reversible medium for recordindilms with an increased content of the®; phase(type II).
and storing optical information, controllable mirrors with The transmittancel and the reflectanc® were measured
variable reflectivity, visualizers and detectors of IR and mi-spectrophotometrically in the range fron=300 to 2000
crowave radiation, and other devicem addition, the fabri-  nm.
cation of highly sensitive efficient bolometers based on va- Figure 1 presents the transmission spectra of four
nadium oxides, i.e., both VQand the highest oxide (XDs), samples obtained under different conditions. Just as in the
as well as films composed of a mixture of Y@nd \,Os  case of many applications in optical devices, films on trans-
phases, was reported in Ref. 2. In the latter case it is possiblgarent substrates are needed to mea3ufehis means that
to attain the unique combination of optical and electricalduring the anodizing the vanadium layer must be oxidized
properties in a material needed to optimize the parameters afown to the substrate. It turned out, however, that in this
IR detectors. Amorphous XD also displays an electrochro- case the composition of the anodic oxide corresponds mainly
mic effect? which is utilized in electrochromic displays, con- to the highest oxidation number of vanadium,Q¥), re-
trollable filters, and optical media with variable transmissiongardless of the oxidation regime employed, i.e., regardless of
(“smart windows”).2 whether a film of type | or type Il is obtained. The presence

One of the convenient methods for obtaining thin filmsof a considerable quantity of vanadium pentoxide is also
of metal oxides is electrochemicénodig oxidation. As a evidenced both by the electrophysical properties of such
rule, anodic oxide films are structurally disordered, and theisamples(the relatively high resistivity and the absence of a
stoichiometry(when transition metals with variable valence metal-semiconductor phase transilicand by theT(hv)
are oxidizedl corresponds to the highest oxide. However, incurve. The latter exhibits a sharp drop in transmission in the
the case of the anodic oxidation of vanadium, the phase comegion between 2 and 2.5 el¢urve 1 in Fig. 1), which
position of the oxide film has been identified in some studiesorresponds to the fundamental absorption edge £0sV
as W,Og and in others as VQor a mixture of \LOs with the  (Ref. 5.
lower oxides(see, for example, Ref. 3 and the references This effect clearly occurs because further oxidation of
therein. Preliminary results, which show that the phase com-the lower oxides to YOs in the growing anodic oxide takes
position of the anodic oxide of vanadium can be controlledplace when it reaches the boundary with the dielectric sub-
by selecting appropriate oxidation regimes and conditionstrate. This process can be avoided either by leaving a semi-
(electrolyte composition, anodic current density, and oxidatransparent vanadium layer during the oxidation process or
tion time), i.e., that the oxygen stoichiometry of the oxide by employing a transparent conducting coatifay example,
film can be varied from V@ to V,0g, were presented in SnG)) as an underlayer between the substrate and vanadium.
Ref. 4. The transmission spectrum for one such sample is illustrated

This paper describes the results of an investigation of théy curve?2 in Fig. 1. The presence of interference extrema
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It is noteworthy that it is difficult to evaluate the optical
properties of the samples and their relationship to the phase
composition from the transmission spectra alone. More de-
tailed information regarding the optical properties of the ma-
terial can be obtained from an analysis of its absorption spec-
trum (A=1-T—-R), whence the linear absorption
coefficient « can easily be obtained using the Bouguer—
Lambert law. However, in the case of anodic oxides of va-
nadium the interpretation of data @t(\) is complicated by
the presence of additional layeis or SnG,), which must be
introduced for the reasons discussed above. Therefore, we
determined the optical constamt&indk (anda=4wk/\) by
a method based on measurements of the reflection coeffi-
cients for polarized lighR, andRs, from whichn andk can
be calculated numerically using known relatiéns problem
similar to the inverse problem of ellipsometry is actually
T solved. The only difference is th&, andRs are measured in
0 ’ ' 1 l """"""" | = T] the experiment instead of the ellipsometric anglesndA.

05 10 L5 20 25 10 35 Anm The results for three samples are presented in Fig. 2a. For
‘< : ‘ : - ) : ’ comparison, the figure also shows the spectra of single crys-
FIG. 1. Transmission spectra of anodic oxides of vanadilit:— samples  tals of VO, (Ref. 7) and V,Os (Ref. § and crystalline films
obtained using different technologiésee the discussion in the text of VO, (Ref. 8 (Fig. 2b.
The absorption spectrum of the samples of tyjjeurve
1 in Fig. 29 corresponds to pure vanadium dioxide and
with A(hv)~0.26 eV is associated with a relatively thick qualitatively mimics the course of the(hv) curve of a VQ
(d~600 nm layer of tin dioxide. Spectrg, 3, and4 in Fig.  single crystal. Therefore, the absorption band with=1 eV
1 belong to samples of type I, i.e., samples obtained underan be assigned to the band gap of V@®ef. 1), and the
oxidation conditions which ensure the growth of a film with relatively broad peak beginning in the vicinity of 2 eV is
a relatively large content of vanadium dioxide. This is evi-caused by ““2—3d” transitions. This band withhy=2
denced both by the electrophysical properties of these-3 eV may not be observed in some cases, for example, in
samples and by direct investigations of the phase composW¥O, films when the oxygen stoichiometry is varfetsee
tion using Auger spectroscopy. It is further confirmed by theFig. 2b, curved). The observed differences are attributed to
absence of the absorption characteristic of vanadium pentoxnodification of the electron spectrum of the amorphous an-

T,%

ide at 2—2.5 eV on curvé. odic film in comparison to a single crystal.
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FIG. 2. a — Spectral dependence of the refractive index and the absorption coefficient of disorderetl ¥& 5, 5a — sample of type I(1, 5 —
semiconductor phasda, 5a — metallic phasg 2, 3 — samples of type Ilb — Spectral dependence of the absorption for vanadium oxlbg<2 —
single-crystal VQ (1 — E|a,, 2 — E||a;, semiconductor phaséa — metallic phasg’3, 4 — VO, films (3, 4 — films with different stoichiometry®s, 6
— single-crystal MOs (5 — E||a, 6 — E||c, whereE is the electric field intensiy’ The values ofa for V,05 have been magnified by 100.
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The transition to the samples of type Il is accompaniedstandpoint of technical applications of thin-film systems
by alteration of the absorption spectfg. 2a, curve and  based on anodic oxides of vanadium and for a detailed un-
3), particularly a decrease in the absolute valuer@fnd the  derstanding of the physical mechanism of the metal—
appearance of the feature lat~2.5 eV, which are associ- semiconductor phase transition and the influence of struc-
ated with the appearance of a certain quantity of D  tural disordering on it. In this regard there would be interest
phase. It is known from independent Auger electron spectroin a further investigation of the optical properties of amor-
scopic and x-ray diffraction studies of the phase compositiorphous VQ, which could be used to evaluate the electron
and structure of anodic oxide films on vanadithhthat the  energy spectrum of this material in the absence of long-range
samples of type | consist of amorphous vanadium dioxidecrystallographic order.
with a transition layer on its outer boundary, which is en-  This work was carried out with the support of the “Uni-
riched with oxygen and close in composition tgQ®. The  versities in Russia—Basic Research” PrograAroject
samples of type Il are also amorphous to x rays, but the oute2613.
vanadium pentoxide layer thickens when we go over to this
oxidation regime. This also accounts for the observed trans-
formation of the absorption spectra of the anodic oxide ofta A Bugaev, B. P. Zakharchenya, F. A. Chudnovskihe Metal-
vanadium. Semiconductor Transition and Its Applicatiofis Russiar, Nauka, Len-

Note that the use of the model of a single-layer homo- ,in9rad(1979, 183 pp.

. . g . Y . 2H. Jerominec, F. Picard, D. Vincent, Opt. Er@ellingham 32, 2092
geneous film to calculate the optical constants is not entirely (1993.
correct in the case at hand: the valuesnodindk thus ob- 33, L. ord, S. D. Bishop, D. J. DeSmet, J. Electrochem. 988 208
tained are not true characteristics of the material, but effec- (1992. ) _ _
tive global parameters. However, as can be seen from the™ A- Chudnovskii, A. L. Pergament, and G. B. Stefanovich, “Anodic
oxidation of vanadium,” inSeventh International Symposium of Passivity
results presented, the character of the spectral dependence %d Passivation of Metals Semiconductors. AbstraClausthal, Germany
these parameters corresponds to the behavior of the true op¢1994, p. 149.
tical constants of vanadium oxides and faithfully reflects the°N. Kennyet al, J. Phys. Chem. Solida7, 1237(1966.

o : V. I. Pshenitsyn, M. I. Abaev, N. Yu. LyzlovEllipsometry in Physico-
presence and quantitative ratio between thez\éﬁd V205 chemical Investigationfn Russian, Khimiya, Leningrad1982, 152 pp.

phases. _ o _ _ o V. G. Mokerov and V. V. Saiikin, Fiz. Tverd. TelaLeningrad 18, 1801
Thus, the anodic oxidation of vanadium gives thin films (1976 [Sov. Phys. Solid Stat&8, 1049(1976].

of various oxides, such as \JOV,0, or a two-phase VQ-  °G. A. Nyberget al, Thin Solid Films147, 111 (1987. o
V.,,O- svstem. The phase composition is controlled b SeleCt-QG' B. Stefanovich, “The metal-semiconductor phase transition in struc-
25 SY ’ P P y turally disordered vanadium dioxide,” Dissertation for the Degree of Can-

ing appropriate oxidation regimes. It should be stressed thatgigate of Physical and Mathematical Sciences, Petrozav(i®36, 185
the metal-semiconductor transition is preserved in amor- pp.
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to crystalline VQ (Ref. 10. This is important from the Translated by P. Shelnitz
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Influence of heating of the active region in InGaAsP/InP injection lasers on their
spectral characteristics

L. Ya. Karachinskii, A. M. Georgievskil, N. A. Pikhtin, S. V. Zaitsev, I. S. Tarasov,
and P. S. Kop'ev
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(Submitted December 22, 1998
Pis'ma Zh. Tekh. Fiz25, 88—94(April 26, 1999

Spectral and spatial characteristics of the output of InGaAsP/InP separate-confinement double
heterostructure laser are investigated. The measurements are performed in quasicontinuous

and continuous pumping regimes at room temperature. These lasers are shown to be spatially
single-mode over the entire working range of currents. The broadening of the longitudinal

modes under quasicontinuous pumping is attributed to heating of the active region of the lasers.
The pump pulse duration at which heating of the active region of the lasers can be neglected

is estimated. ©1999 American Institute of PhysidsS1063-785(0109)03204-§

Injection heterostructure lasers based on InGaAsP quagrown by a modified liquid-phase epitaxial metto@ihe la-
ternary solid solutions are the main sources of radiation foser design described in Ref. 3 with a mesa/stripe width
reading, processing, and transmitting information in fiber-w=4um and a thickness of the active region equal to 200 A
optic communication lines. Attention has been focused orwas used. The laser diodes were mounted on a copper heat
increasing the output power of such lasers under both corconductor with the stripe facing downward to ensure more
tinuous and pulsed pumping. The main criterion in such enefficient heat removal. The maximum radiated power in the
deavors has been the retention of stimulated emission only ioontinuous pumping regime was 50 mW at a current equal to
the zeroth-order transverse mode. four times the threshold value (4).

The present work was devoted to an experimental inves- The output spectra of the lasers were investigated with
tigation of the spectral and spatial characteristics of the emisguasicontinuous pumpingectangular pulses with a duration
sion of InGaAsP/InP injection lasers with an output wave-of 0.5-10 s and an off—-on time ratio of order 10@nd
length equal to 1.3—1.5am. The purpose of this study was continuous pumping. The spectra were measured above the
to demonstrate the spatially single-mode nature of the outpdasing threshold af =300 K. The temperature of the heat
of the lasers investigated for the case of a multiple-frequencgonductor was stabilized to withit 0.2 K.
lasing regime. The measurements were performed over a The output spectra of the lasers recorded with pumping
broad range of currents for the cases of both continuous and
guasicontinuous pumping.

The separate-confinement double heterostructure we -
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FIG. 1. Output spectra of InGaAsP/InP lasers with pumping by currentFIG. 2. Long-range radiation field of INnGaASP/InP lasers in the plane of the
pulses having a duration of As and various amplituded: — 21, 2 — p—n junction at a current equal tol ¢ for various pump pulse durations:
3lph, 3— 4ly,. 1—05ups,2—1 us,3—2us,4— 4 us,5— 8 us.
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FIG. 3. Long-range radiation field of a laser with spectral resolu-
tion in the plane of th@p—n junction for 4, and a pulse duration
of 1 us at two peaks in the spectrum of the longitudinal m¢ske
also Fig. 3: 1 — \q, 2 — \,.

! I I 1 ]

-20 -10 0 10 20

degrees

by current pulses having a duration gi4 for various injec-  of the laser in establishing thermodynamic equilibrium. Mea-
tion levels are shown in Fig. 1. Along with the red shift of surements of long-range radiation fields of the lasers both in
the longitudinal modes, broadening of the modes toward théhe plane of theg—n junction and in the perpendicular plane
short-wavelength portion of the spectrum is observed. In adat various pump currents and pulse durations did not reveal
dition, as the pump current is increased at a constant pulseny variation in the output of the laseffSig. 2). The long-
duration, not only broadening of the mode due to displacerange radiation field was also investigated with spectral reso-
ment of the fundamental peak, but also the generation of hution. The monochromator was tuned to different peaks (
second maximum take place. This spectral behavior suggestsid A, in Fig. 1) of the broadened mode. A procedure for
that the output spectra of the lasers contain a first-order transuch an investigation was proposed in Ref. 4. The measure-
verse mode along with the zero-order mode. However, suchments confirmed that the lasers investigated are spatially
broadening of the longitudinal modes was not observed irsingle-mode and that both peaks in the spectrum have the
the continuous pump regime. Hence it can be concluded thaame distribution profiléFig. 3) and correspond to the same
such changes in the form of the longitudinal mode are dransverse mode.

consequence of dynamic processes in the laser and could be It is commonly assume(Ref. 5, Part A that there are
caused, say, by competition on the part of transverse modeéwo mechanisms that can alter the refractive index in a struc-

FIG. 4. Output spectra of InGaAsP/InP at a current equalltp 3
for various pump pulse durations— 1 us,2 — 2 us,3—4 us,
4 — 8 us.
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06 | Interpolation of the plotFig. 5 by an exponential function
(the dotted ling gives essentially zero displacement of the
peak of the longitudinal mode for a pump pulse duration
tending to zero. This allows us to rule out effects associated
with variation of the carrier concentration in the active re-
gion of the laser.

Figure 4 schematically shows how interpolation of the
shift of the mode peak permits estimation of the times during
which the shift is smaller than the width of the longitudinal
mode. For this purpose, the spectra are given in a logarithmic
progression with respect to the pump pulse duration in the
ok . ! figure. The value of 100 ns obtained for the duration at
0 5 10 which the heating of the active region does not produce
changes in the output spectrum is fully consistent with the
results obtained in Ref. 7.

FIG. 5. Shift of the principal peak of the longitudinal mode versus pump The results obtained allow us to conclude that the
pulse duration. InGaAsP/InP lasers investigated are spatially single-mode in
the working range of currents. The presence of the second

ture and, consequently, cause shifts in the longitudinaPeak in the broadened longitudinal mode is not a conse-
modes. The refractive indexcan vary due to changes in the quence of the presence of a first-order transverse mode in the
temperature of the laser and/or the carrier concentration. THeutput spectrum. It can be attributed to redistribution of the
variation ofn as a result of variation of the carrier concen- intensity between the longitudinal modes during the estab-
tration (chirping) can be associated both with relaxation pro-lishment of thermodynamic equilibrium. It was found that
cesses in the laséRef. 5, Part B having a characteristic the broadening of the longitudinal modes with increasing
time much shorter than 100 ns and with self-modulation ofpump current and with increasing pulse duration is a purely
the radiation in the lasBrwith characteristic times much temperature-induced effect.

shorter than 100 ps. The variation of the refractive index

associated with heating can be observed over times of tht;D 2. Garbuzov, 1. E Berishev, Yu. V. Ilin, N. D, IFinskaya, N. A
Order Of tens Of microseconds' ThlS difference in tlme ScaleS Pi.kht.in, A. V. O’vc.hinnikov, an’d l. .S. .Tara’sov., Pi.s'ma Zh. 'i'ekim |.:iZ.
allows the influence of heating on the magnitude of the mode 17(6), 17 (1991 [Sov. Tech. Phys. Lettl7(3), 200(1991)].

shift to be distinguished. 2D. Z. Garbuzov, I. N. Arsentyev, A. V. Ovchinnikov, and I. S. Tarasov, in

The output spectra of the lasers were measured as CLI,EAO_ISSH?\?a\r(]ﬁm\]/TeIIC’irr:n.NDigDesltI’ifl(ZEé;:G\&gia.Korsakova A Vo
function of the pump pulse duration at a constant valge of the | eshio, A. V. Lunev, A. V. Lyutetski A. V. Murashova, N. A. Pikhtin,
pump current(Fig. 4). The measurements were carried out and I. S. Tarasov, Pis'ma zh. Tekh. F21(5), 70 (1995 [Tech. Phys.
with a constant off-on time ratio for the pulses to avoid 4k|ett\-(21((33), t|98(19259]’\-/I eordioveki V. 1. Konch S V. 7a

. : . Yu. Goraeev, A. . eorgievski, V. I. Kopchatov, S. V. Zaitsev,
d|spla_cement of the modes in the output spectrum due to A Yu. Egorov, A. R. Kovsh, V. M. Ustinov, A. E. Zhukov, and P. S.
var_latlon O_f the constant component of the tempe_rature of the kopev, in Proceedings of the 5th International Symposium “Nanostruc-
active region of the laser. It can be seen from Fig. 4 that the tures: Physics and TechnologySt. Petersburg, Russ{a997, p. 183.
magnitude of the broadening of the longitudinal mode de-°H. C. Ctalsiyv_ Jr. ?nd '\F/>l-:-BPa’\r;Iislre_telrostngctgre Lat_sers,CEart At: F_utr_n-

. amenta rinciples, Pal . aterials an perating aracteristics

pends_on the durgtmn of the pump pU|Se' The_dependence 0ﬂcademic Press, New Yorkl978 [Russ. transl., Mir, Moscow1981)].
the shift of the principal peak of the longitudinal mode on sg v, zaitsev and A. M. Georgievski, iRroceedings of the International
pump pulse duration was investigat¢ig. 5. Since the _Conference QDS'963pn. J. Appl. Phys, Part 36, 4209(1997.
pulse duration was varied from 0.5 to 13, this shift can be ;lé q-gzg(hltgné g 2 Ta}fas‘c)jvv ?n‘;g"-l'gé"l"iggv- Fiz. Tekh. Poluprovodn.
attributed to a temperature effect associated with heating of =™ (1994 [Semiconductorgs, (1994

the active region of the laser relative to the heat conductortranslated by P. Shelnitz
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