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The defect structure and microhardnessyefe irradiated by a high-power pulsed beam have
been studied using positron annihilation, transmission electron spectroscopy, and a
nanoindenter, and results are presented. It is shown thatHe exposed to a high-power pulsed
beam, the pressure gradient and depth of formation of the shock wave front influence the
formation and location of the dislocation density maximum and the microhardness maximum in
the modified layer. ©1998 American Institute of Physid$$1063-785(18)00902-1

As is well known, high-power ion beams are used forwith channeling were measured ugia 2 MeV “He" ion
surface modification, ion mixing, and for the deposition of peam. The defect profile was measured in the molten zone of
films and coating$~* However, there are various unresolved the surface layer using a 0.2—30 keV slow positron beam,
problems which make it difficult to predict the changes in thewhich allowed us to analyze layers between a few nanom-
physicochemical and operating characteristics of metallieters and 1.2:m thick.
materials. The main difficulty involves taking into account As a result of quenching from the liquid stagnd pos-
all the processes accompanying the action of a high-powetibly from the gaseous statea high concentration of va-
pulsed beam which may influence the defect structure angancy clusters, impurity complexes, and dislocations form in
microhardness, and their final profile in the material. Somey surface layer up to 1.2m thick, as is evidenced by an
of these processes taking place in a metal exposed to a higlhcrease in th& parameter of the Doppler broadening curves
power pulsed beam include heating, melting, evaporationgf the annihilation peak compared with the initiainirradi-
expansion of a vapor-plasma clodablation), shock wave ated a-Fe sample(Fig. 1a. In the layer where the highest
formation, quenching from the liquid to the gaseous statethermomechanical stresses are credstdhe boundary be-
mass transfer, and so on. The aim of the present study was t@een the liquid and solid phageghere is a high concentra-
make an experimental investigation of the defect structurgion of vacancy clusters, betweerxa0'” and 168 cm 3,
and microhardness after exposurefe to a high-power together with an advanced dislocation structure having the
pulsed beam, and to examine the effects which influence thecalar densityp=6.5x10° cm 2 (Fig. 1a, curve and 3).
change in depth of the modified layer. The results obtained using Rutherford backscattering with

For the investigations we used coarse-grait@—3 channeling(Fig. 10 indicate that the concentration of inter-
mm) 14x14x2 mm annealeda-Fe samples. The high- stitial atoms also increased, as is indicated by the increase in
power pulsed beam irradiation was performed using an acy for the (100 and(001) directions compared with the initial
celerator with the beam parametérg— 300 keV, pulse du- oriented crystalcoarse-grained
ration t=100 ns, and current density varying betweerf 10 Note that considerably larger interstitial defects form in
and 2.5<10° Alcm? (Ref. 5. The beam composition was the (100 direction. In a surface layer up to &m thick the
C*~50% andH*"~50%. The residual pressure in the ac- dislocation structure consists of individual, uniformly distrib-
celerator chamber was 18 Torr. The beam cross section uted dislocations. The average dislocation density directly at
was much greater than the size of the samples. the surface reaches X@0° cn?. Substantial changes in the

Foils were prepared at known distances from the surfaceislocation structure begin to appear at depths of 30#0
for the electron microscopic examinations of the dislocationwhere the dislocation structure becomes extremely nonuni-
structure formed in the surface layers of a target exposed tofarm. In addition to a chaotic dislocation structure consisting
high-power pulsed beam. The method of preparing the foilof separate dislocations and entangled dislocations, the struc-
was described in Ref. 6. The positron lifetime was measureture contains small-angle boundaries which range between
using a spectrometer with a time resolution of 220 ps and dislocation networks with a misorientation angle of 5—7° and
fixed full width at half maximumAt. The positron source regions with a polygonized structure. Under high-power
was?Na (B*,7y) evaporated onto aluminum foil in a Mylar pulsed beam irradiation, the thermal relaxation time is sub-
envelope. The source intensity wag=150 ps,1,=6.6%;  stantially shorter than the irradiation time, so that the almost
T,=450 ps,l,=2.6% and the spectrum was calibrated usinginstantaneous heating of the metal creates stresses in the
207Bj, The microhardness measurements were made usingsolid matrix near the surfadghermal impadt The material
Micromet system. The Rutherford backscattering spectréghen melts and is ejected from the surface on the irradiated
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FIG. 1. a—Variation of theS parameter of the Doppler broadening curves

of the annihilation peak with depth of theFe layer:1—initial state;2—
irradiated by a high-power pulsed beam with: 150 A/cn?, 7=100 ns;
3—irradiated by a high-power pulsed beam wijith 400 A/cn?, 7=100 ns;

b—Energy spectra of Rutherford backscattering of ions with channésing
MeV “He™): 1—(100 orientation in initial state2—(001) orientation irra-

diated by a high-power pulsed beam witk 400 A/cnf, 7=100 ns;3—
(100 orientation irradiated by a high-power
j=400 Alcn?, 7=100 ns, and—misorienteda-Fe grains.

pulsed beam with
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FIG. 2. Dislocation densitya) and microhardnes®) in a-Fe irradiated by

a high-power pulsed beam as a function of the depth of the hardened layer
(C is the dislocation density of the initial states adds the microhardness

of the unirradiated sample 1, 3—j=150 Alcn?, 7=100 ns; 2, 4—
j=400 Alcn?, 7=100 ns.

Thus, the criterion for the formation of a shock wave is

side. The resultant recoil momentum produces addlt'Onaéatisﬁed and its initial pressure is a few gigapascal, i.e., the

compression of the material in the solid phase. We show th
the wave generated in this case is a shock wave. The crite-
rion for shock wave formation was obtained for the action of

a laser beafhand for our case will have the form

IS,

P CepoRo, (1)
u

Q=I1ST, 2

MA= R6 ! ’ (3)

wherel is the intensity S is the irradiated area, arRy}, is the

ion range in the material. These irradiation conditions give

| ~10° W/cn?=102W/m?, 7~10""s, and S~10 % m?.
For our target, withC,=5x% 10> m/s, po=7.9x 10° kg/n?,
Ro=1um=10®m, we obtain

IS
—~ 10'° and ClpoRo~10"2 (4)

ave is a weak one between 2 and 10 GPa.

As the shock wave propagates into the target its pressure
drops, causindd, to decrease with depttirig. 2). However,
the shock wave front becomes steeftérs is confirmed by
our calculationsand the pressure gradient increases, reach-
ing a maximum in the region where the shock wave front is
formed. Intrinsic and impurity defects will be generated most
vigorously near the shock wave front. Interstitial sites are
considerably more mobile than vacancies, so that their sink
for dislocations fixes the latter, reducing their mobility. Both
the matrix atoms and defectscattering centeysacquire the
momentum of the shock wave.
Figures 2a and 2b give the average dislocation density
(curvesl and?2) and the microhardness as a function of the
distance from the surface ofFe irradiated by a high-power
pulsed beam. These curves show well-defined peaks at the
surface and in the interior of the modified layer. An increase
in the energy flux{current densityof the high-power pulsed
beam shifts the second peak closer to the surface, i.e., the
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Initial peak on the time dependence of the heterogeneous recombination velocity of
hydrogen atoms at the surface of phosphor crystals
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The radical recombination luminescence of phosphor crystals in strong atomic fluxes was
investigated. An initial emission intensity peak was observed whose amplitude depends on the
magnitude of the atomic flux, the phosphor crystal temperature, and the interval between
switching the atomic source off and on. ®998 American Institute of Physics.
[S1063-785(08)01002-1

The heterogeneous recombination reaction of hydrogeradical recombination luminescence and the adsorption ki-
atoms at the surface of solids is accompanied not only by thaetics of the H atoms were recorded after a pause in the
generation of phonons but also by the electronic excitation oéxcitation of the sample by atomic hydrogen, during which
the crystals, which results in the emission of photons and¢hemisorbed atoms were desorbed from the surface by re-
electrons as well as the formation of electron—hole pairs. Theombination.
electronic accommodation of the chemical reaction energy The curvesl(t) contain an initial peak fol s duration
produced by the heterogeneous recombination of H atom@ig. 1), whose amplitude depends on the magnitude of the
may be the dominant mechanism of energy dissipation whiclatomic flux j, the phosphor crystal temperature, and the
controls the reaction rate and the intensity of the surfacgause between switching off and switching on the atomic
chemiluminescenck For weak fluxes of atomic hydrogen source. When the density of gas-phase atoms is reduced by
(j=10"—10" cm 2.5 %) the intensityl of the radical re- decreasing the rf discharge power, the initial peak on the
combination luminescence of phosphor crystals depends lircurve I(t) disappears. According to the piezotransducer
early on the densitiN of chemisorbed atoms and the atomic readings, after the atomic source is switched on, filling of the
flux j: surface of the phosphor crystals with chemisorbed H atoms

takes place slowly and continues for more than 20 s, and the

[(t)=ajN(t), (1) I(t) and N(t) curves differ. Recombination desorption of

) ) ] o ) atoms is observed for more than 100 s after the rf discharge
wheret is the time,a is a coefficient WhIC_h depends on the 5 switched off.
temperature and type of phosphp#0.25un, n is the den- The curve(1) obtained for low atomic hydrogen fluxes
sity of gas-phase atoms, andis their thermal velocity:? for CaO—Bi, ZnS—Tm, and other phosphors indicates that no

We observed that conditiafd) is not satisfied. We found luminescence is excited in the H atom adsorption processes
that for strong atomic fluxeg~10®¥ cm2.s™! and the (no adsorboluminescence is obsenvktl Thus, the initial
curvesl (t) become abruptly nonmonotonic. peak observed on the curveg) should be attributed to the

Spectrally pure hydrogen was prepared by diffusionabruptly nonmonotonic time dependence of the reaction rate
across electrically heated nickel and was pumped continufor the heterogeneous recombination of atoms, which is re-
ously through a vacuum chamber containing the sample. Hysponsible for the excitation of radical recombination lumi-
drogen atoms were generated using an rf electric discharge imescence.

a molecular gas. For the experiments we used finely dis- In order to interpret these experimental results, in the
persed CaO-Bi and ZnS—Tm phosphors with a specific sumodel describing the heterogeneous recombination reaction
face area of~1 n?-g~ L. The intensity of the radical recom- of hydrogen atoms at the surface of soffds,

bination luminescence was recorded using a photomultiplier

and a recording millivoltmeter. The phosphors were depos- RtZ=RZ (1) RZ=(R2) (ll)

ited on an electrically heated molybdenum substrate or were
deposited on both surfaces of a quartz piezoresonance trans-
ducer which measured the weight with a sensitivity of 10
monolayers.

The samples were preliminarily outgassed in atomic hyyye also take into account the physical adsorption of atoms in

drogen. The temperature of the walls of the glass vacuunhe second adlayer and transitions of atoms from the second
chamber containing the sample was held'at450 K for 2 adjayer to free adsorption states of the first adlayer:
h, and the removal of adsorbed contaminants was monitored

from the readings of the piezotransducer. The kinetics of the R+V=RV (VIl) RV+Z=V+RZ (VIIl),

2RZ—-R,+2Z (Il) RZ+(RZ)—R,+2Z (IV)

R+Z=(R2) (V) 2(R2)=Ry+2Z (VI)

1063-7850/98/24(2)/3/$15.00 105 © 1998 American Institute of Physics
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FIG. 1. Time dependence of the radical recombination
luminescence intensity of ZnS—-Tii—4) and CaO-Bi
(5-9) phosphors after switching on a source of hydrogen
atoms =10 cm~3) at temperaturgK): 1, 5, 6—295,
2—333,3(x 10)—370,4( X 10?)—395,7—413,8—470,
and 9—570. Interval between switching off and switch-
ing on the H atom sourcés): 1-4—120, 5—60, and
6-9—600.
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whereR is an atom,R, is a moleculeZ is an adsorption
center,RZ is a preadsorbed atomRg) is a chemiadsorbed
atom,V is a complex oin chemisorbed atomsy=3, 4, and

cence centers in reactigfll) compared with nonadiabatic
transitions with exchange of chemical bonds, which are re-
sponsible for the electronic excitation of the surface in reac-

RVis a physically adsorbed atom near the minimum of theijon (IvV) (Ref. 3.) In this case, the theoretical curdt)

potential relief, formed by a group ah chemisorbed par-
ticles. Reactiongl)—(VIIl ) correspond to the rate equations:

N, = (ky+kgng)ng— (kj+kp+ kgnT)n, — 2ksn?
—kaniny+kon,,

n,=k,N; +ksny—kanin, — 2kgna+ 2kgn2,

Ns= (K7 +Kgny)n3'—kinz—KgNany,

n;+n,+n,=1,

wheren,;=[RZ], n,=[(R2)], nz=[RV], andn,=[Z] are
the surface concentrations of the materi&s; kg are the
rate constants of the reactios=jo;, i=1, 5, 7, ando; is
the cross section for adsorption of atoms in st&&@s (R2),
and RV. Here we have I= 773k3n§+ naKan1N5,
J=kzn3+k,n;n,, wheren; and 5, are coefficients, and

the following rate constants in reciprocal
k;=1.62<10%, k;=10", ky,=k,=ki=0, k3=2.86x 10",
ky=10°, kg=1.45x1072, ke=102, k,=1.42x10 3,
k;=10", kg=2X10", k{=2x10", m=3, 5;=2x10"%,
and 77,=0.5 (the condition7;<< 7, may be explained by the
low efficiency of the dipole—dipole interaction which is re-

contains an initial peak of duration1s and has the same
profile as the experimental curvE(t) (Fig. 2), where
J(t)~ksn2(t), I(t)~ n3ksn3(t). The theoretical adsorption
and desorption curves,(t) exhibited the same behavior as
the similar experimental curvdd(t). The theoretical value

of the heterogeneous atomic recombination coefficient
y=J*n¥Noyj 1=10"2 also agrees with the experiment,
where the asterisk denotes steady-state values and
No=10cm™2 is the density of adsorption centers for H
atoms on the surface of ZnS and CéRef. 3.

Using different values ofn (between X10% and
3% 10 cm™3), we calculated the reaction ratd$ under
steady-state conditions and at the maximum of the initial
peakJ,,, and also the position of the initial peak for which
we simulated half-minute pauses between switching off and
switching on the atomic source. According to the calcula-

is the rate of heterogeneous atomic recombination. We takionS: In the interval0, 7], wherer=0.5-2's, an increase in

seconds:the density of gas-phase atoms is accompanied by a shift of

the maximum of the initial peak from 0.1 to 1 s. With in-
creasingn, J,, increases more rapidly thad* and for
n=10" we findJ,,=0. This explains the absence of initial
peaks on the experimental curvgs) for weak atomic fluxes
and also the previously observed giant flashes of radical re-

sponsible for the electronic excitation of surface lumines-combination luminescence when phosphors are excited by

FIG. 2. Curves showing how the theoretical curmgét)
(dashed curvgsand J(t) are influenced by the interval
between switching off and switching on the atom source
(9): 1, 4x10™Y), 5(x 10 %)—30, 2—90, 3—270, and
by the density of gas-phase atoms: 10”3 cm™3): 1—
3—1, 4—3, and5—3x 10%.
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strong fluxes of H atomsn=10'® cm ™) (Ref. 6. Using Eq.
(2) for weak atomic fluxesj= 10— 10 cm 2-s71) gives a
theoretical dependence the same as expregdipffor the
intensity of the radical recombination luminesceficecases
of small perturbations, the nonlinear systéh(VIIl) be-
haves as a linear ope
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Formation of a low-resistivity penetrating metal—Si layer under the action of CO - laser
radiation

P. S. Shkumbatyuk
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Some characteristic features observed as a result of the action 0fa€ radiation on a
metal—silicon layer are described, especially the formation of a low-resistivity penetrating layer.
The assumption is put forward that this low-resistivity penetrating layer forms as a result

of the solid-phase dissolution of metal in Si or by diffusion of the metal into defects formed by
laser radiation. ©1998 American Institute of Physid$$1063-785(18)01102-]

Studies of the action of laser radiation with=E, on  formation. According to Refs. 1-3, one method of studying
Si are known to be of scientific interest as a possible techthe action ofhv<<E, radiation on Si is to investigate the
nological method of controlling the electrophysical proper-thermal effects induced by the absorption of radiation by free
ties of ion-doped alloys. Of particular importance is thecarriers.
problem of defect formation, where the influence of local = Thus, some characteristic features of the action of cw
electronic excitations and heating induced by the laser radia=0, laser radiation on metal-Si are reported here. A
tion may be the dominant mechanism. In view of the impor-metal-Si sandwich(p—Si, p=1Xx10* Q-cm, t=0.6 mm
tant role of electronic and electron—phonon excitations, studwas exposed to C{aser radiation at a power density up to
ies of the action ohv<E, laser radiation on Si are equally 10® W/cn? for up to 20 s at room temperature in air. The
important in order to investigate the mechanism of defectetals used were Au, Cu, and Al weighing up to 2 mg. The
temperature to which the metal—Si was heated by the radia-
tion, measured by pyrometry, was 1-%.20° °C.

Figure la shows the surface of one half of a cleaved
Al-Si interaction zone after exposure to laser radiation. De-
pending on the irradiation time and the power density, the
contact zone had a depth of up to 0.1 mm with an oxidized
surface consisting of Al and Si. Within this layé¥ig. 1b a
polycrystalline friable structure is observed, with no metal
inclusions. With decreasing power density and increasing ir-
radiation time(Fig. 19, the structure becomes less friable
and the metal—Si surface area decreases. After laser anneal-

7,4t

0.6

22.

02 0.4 o6 UV
FIG. 1. Structural changes to a low-resistivity penetrating Al-Si layer afterFIG. 2. Current—voltage characteristics of a low-resistivity penetrating

laser irradiation: a—irradiated surface; b, c—vs. thickness, and d—uvs. thickmetal—Si layer at 300 Kl—Au-Si, 2—Cu-Si,3—AI-Si, 3'—AI-Si at 77
ness after laser annealings 60) (a, b, c—x40. K, and 4—after annealing.

1063-7850/98/24(2)/2/$15.00 108 © 1998 American Institute of Physics
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ing (Fig. 1d), a single-crystal structure is observed with antem was limited by the resistance of the output contacts

elevated defect concentration in the irradiation zone. Aftewhich was 0.79) at 300 K. Before soldering the outputs for

irradiation of Cu—Si a polycrystalline structure is observedAl-Si, Au was fused onto the surface of the contact by short-

within the layer, with larger blocks compared with the Al-Si lived laser irradiation. Figure 2 gives the linear current—

structure and no metal inclusions. The interaction surfaceoltage characteristics of the low-resistivity layers for the

consists of copper oxides and silicon particles. When contaqgiositive direction of current. For the annealed lagf€ig. 2,

is established between Au and Si, no polycrystalline struceurved4) the increase in resistivity is caused by a decrease in

ture is formed and penetrations in the form of microchannelshe metal concentration, which indicates that metal reaches

and Au inclusions are identified over the thickness. the surface region, possibly in the direction of the laser irra-
Assuming that the metal—-Si structure does not melt as diation.

result of the irradiation and annealing, it may be postulated

that a low-resistivity penetrating layer is formed by solid-

phase dissolution of the metal in Si or by the diffusion of 1r A weeks, J. Non-Cryst. Solidet, 435(1983.

metal in laser-induced defects. 2A. V. Zoteev and V. F. Kiselev, Vestn. Mosk. Gos. Univ. Ser. Fiz. Astron.
The electrical properties of the penetrating layer were 28 No 1, 20(1987.

investigated using the current—voltage characteristics at 77" W- Boyd, J. Appl. Phys54, 3561(1983.

and 300 K. For the measurements the resistance of the sysranslated by R. M. Durham
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Structural, mechanical, and frictional properties of titanium nitride films exposed to
continuous ion beam bombardment

. G. Romanov, I. N. Tsareva, and L. A. Krivina

Nizhni Novgorod Branch of the A. A. Blagonravov Institute of Mechanical Engineering,
Russian Academy of Sciences
(Submitted July 10, 1997

Pis'ma Zh. Tekh. Fiz24, 64—68(February 12, 1998

The influence of low-dose (16-10"° cm ) ion bombardment on the structural, mechanical,

and frictional properties of titanium nitride films has been studied and results are

presented. It is shown that at these doses plastic deformation processes take place in the target
material, which change the degree of crystallinity. By selecting the bombardment

conditions, the properties of TiN films can be varied fairly widely. 1®98 American Institute

of Physics[S1063-785(18)01202-9

Recently, considerable attention has been paid to newadiation defects. When the yield stress is reached, plastic
wear-resistant coatings used in various fields of technologydeformation processes begin to take place, leading to the
Of particular importance are ion-plasma technologies whictpartial relaxation of these stresses. It was shown in Refs. 2
can produce carbonitride films with enhanced physicomeand 3 that for thin films the rangé = 10~ 10" cm™2 cor-
chanical, tribological, and anticorrosion properties. Howeverresponds to inelastic deformation doses. However, in mate-
the development of modern materials science requires reials with different degrees of crystallinity, plastic deforma-
search to strengthen still further already available hightion processes are not always manifest in the same way. In
strength materials. lon implantation is extremely promisinghigher-quality crystals whose texture follows the directions
for these purposes. of the slip system the grains may become misoriented, while

Here we report results of a study of the influence ofin lower-quality crystalgFig. 19 the opposite process takes
continuous ion beams on various properties of titanium niplace, as is clearly illustrated in Fig. 1d. The grains become
tride films. The films were deposited at a pressure of 1.06 Paligned in the direction of plastic deformation and the degree
using an NNV-11 system. For the experiments we used cesf texturing increases.
ramic substrates (AD3;) and NaCl samples. The thickness of ~ After bombardment of the films in this range of doses,
the films varied between 0.25 andudn. The samples were the mechanical properties show some improvement. Figure 2
bombarded by continuous 40 keV'Band Ar* ion beams at shows the dose dependences of the microhardness increment
j=8-10uA/cm? using the ILU accelerator. The ion doses of TiN films. Since the depth of indentation exceeded the
varied between & 10*3 and 6x 10'® cm2 Before and after film thickness in the microhardness measurements, the ex-
the ion bombardment, the TiN samples were subjected tperimental values oH, before and after ion bombardment
electron diffraction and x-ray structural analyses. The microcorrespond to the compound TiN-&);. The following
hardnesski ) and coefficient of friction { ) were measured formuld® was used to determine the true values of the micro-
by dry sliding using a ShKh-15 indenter. hardness of TiN:

The initial thin films(0.25 um) had a NaCl fcc structure _ 2
(Fig. 13 with lattice parameten=4.24 A (in good agree- H,=Het (Hem Ho)/[2(WH +3(h/)7],
ment with the published datg an average grain size of 2.8 whereH, is the microhardness of the compourht, is the
um, and a well-defined texture. This texture was obtainednicrohardness of the substrate, measured at the samet load,
because for the electron diffraction analyses the films werés the film thickness, antl is the depth of indentation. Sev-
deposited on freshly cleavéi00-oriented sodium chloride. eral sections can be identified on tHe, (®) curves for B
However, it may also be caused by the growth texture oband Ar" implantation. An initial increase il , is caused by
served at these thicknesses. the formation of point defects and isolated dislocations. For

After ion bombardment, the grain size of the TiN films &>10' cm™? plastic deformation processes take place and
remained almost constant. Some reduction in the lattice paAH, remains almost constant. An increase in the microhard-
rameter to 4.225 A and 4.205 A was observed as a result afess at doses above'®@m? is caused by the formation of
Ar™ and B" ion bombardment, respectively. At the dose stress fields from dislocation pileups. Bombardment with bo-
®=2x10"cm 2 some disordering of the grains is ob- ron has a weaker hardening effect because of its lower
served(Fig. 1b. Electron diffraction patterns obtained under atomic mass.
general diffraction conditions revealed a decrease in the in- The coefficient of friction revealed a more complicated
tensity of the texture maxima. This behavior occurs undedependence on bombardment dgBe. 2). Over the entire
implantation because high stresses are created in the targainge of doses, the coefficient of friction was higher than its
material by the implanted impurities and the formation ofinitial value. However, its increase differed in different sec-
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FIG. 1. Transmission electron-diffraction patterfgeneral dif-
fraction) of TiN films bombarded by B ions: a—before bom-
bardment, b-®=2x10"* cm?, c—before bombardment, and
d—d=10% cm™2

tions of the dose dependence. Since the radiation-inducdfe microhardness increment is constant, the coefficient of
hardening effect should help to reduce the coefficient of fricriction increases at a greater rate because of plastic defor-
tion, any increase irf is probably caused by an increase in mation processes accompanied by a reduction in the degree
the average tangential stresses during contact between tRé texture (Fig. 19. It is known that in fcc crystals plastic
indenter and the irradiated TiN coating. At the initial bom- deformation takes place in thig¢11) planes. Since the grains
bardment stage (13- 10" cm™?) shear in the microcontact in the irradiated TiN films are preferentially oriented in the
may be difficult because of the compressive stresses creatéd00 direction, which is unfavorable for shear under fric-

by the radiation defects. In the range4010'° cm™2 where  tion, this factor could be responsible for the increased values
of the friction coefficient. In lower-quality crystals the de-

gree of texturing is increased after bombardment, causing a
A A7 | B decrease in the coefficient of friction. Thus, the repeated
I‘P? f plastic deformation processes taking place under bombard-
ment explain the multivalued dependencefobn the ion

0} \/QF dose.
\/\qﬂ/ These investigations have show that quasicontinuous ion

I beam implantation can be successfully used to modify the
5 10’3 /0” 207 Pm properties of wear-resistant TiN coatings. However, the wide
range of structural changes accompanying the ion bombard-

T At ment must be taken into account.
L. I. Mirkin, Handbook of X-Ray Analysis of Polycrystalline Materials
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FIG. 2. Dose dependences of changes in microhard@essd coefficient
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Electronic spectrum of Bi ,Sr,CaCu,Og near the Fermi level from results of numerical
calculations and ultraviolet  (8.43 eV) photoelectron spectroscopy

A. M. Aprelev and A. A. Lisachenko

St. Petersburg State University, Physics Scientific-Research Institute
(Submitted June 26, 1997
Pis’'ma Zh. Tekh. Fiz24, 69—-74(February 12, 1998

The structure of the spectrum of the partial density of filled states £8rgaCy0Og in the range
Ep<4 eV, obtained by ultraviolet{r=8.43 eV) photoelectron spectroscopy was compared

with that calculated by the strong coupling method. The results of the calculations agree with the
experimental results in the range of binding energiesE}, <4 eV. Analysis of the

evolution of the spectra under thermal and phototreatment in ultrahigh vacuum and in oxygen
reveals that oxygen atoms from Cu—O planes possess the highest mobility in the lattice

and the surface of the single crystal is formed by Bi—O planes.1998 American Institute of
Physics[S1063-785(18)01302-0

The properties of the normal and superconducting statesorded. Since the energy of an excited electron is comparable
of high-temperature superconducting cuprates are attributedith the work function, the electron beam is strongly re-
to characteristics of their electronic structure and specificallffracted at the surface barrier, which appreciably narrows the
to the energy spectrum of filled states near the Fermi fevel.probed region irk-space. In addition, the use of an immer-

In an earlier studultraviolet (hnr=8.43 eV) photoelec- sion objective system with a constant extraction potéential
tron spectroscopy was used to identify and study the strudias the result that the size of the probed region depends on
ture of the spectrum of filled states of Br,CaCyOg near the electron binding energy in the initial state. From calcu-
the Fermi levelE,<4 eV. An analysis of thén situ evolu- lations made in Ref. 4, the spatial boundary of the region
tion of the spectrum during thermal and photoactivated treattE,, ,k, ,k,) is a surface of revolution with its axis normal to
ments in vacuum and in oxygen revealed that the intensity othe surfacgFig. 1). Values of the quasimomentum as a per-
various peaks in this structure correlated with the oxygercentage of the Brillouin zone of B$r,CaCyOg in the '-M
concentration in the sample. This suggested that they may ldirection are plotted on the abscissa. It can be seen from the
genetically linked to hybridized oxygen orbitals. The differ- figure that states in a region &fspace considerably smaller
ence between the photoelectron spectra obtained for differetitan the Brillouin zone(approximately 10% smallgrare
oxygen contents in the sample may be attributed to the paprobed in our photoemission experiments. Thus, it would be
tial density of single-particle states. incorrect to compare the experimental spectra with the spec-

An important argument in support of these hypothesedra of states integrated over thedensity reported in the
would be that the difference between the experimental spediterature. Thus, the densities of filled states were calculated
tra obtained for different oxygen contents agreed with thewith allowance for specific characteristics of the experiments
calculated spectrum of the partial density of filled oxygenreported in Ref. 2. The calculations were made by S. S. Na-
states. At the same time, this agreement would also indicatein (Institute of Solid State Physics, Russian Academy of
that the model and approximations used for the calculation§ciences using a semiempirical strong coupling method
are adequate. However, it is impossible to make a direcivhich has proved highly successful in calculations of the
comparison between the experimental redultsd the calcu- electronic  structure of BSKLCUQ;,  Lay g:Sk 1{CUO,,
lated results reported in the literatueee Ref. 3, for ex- YBa,Cu;0,, and TiBaCuQ; (Refs. 6 and Y.
ample because only part of the Brillouin zone is probed in The calculations were made for the body-centered cubic
our experiments. lattice of the tetragonal phase of Br,CaCyOg compounds

The aim of the present study is to calculate the partiala=b=5.398, c=30.52. The basis orbitals included the
density of filled oxygen states integrated over the experimenés?, 6p°, 5d!° Bi orbitals, 52, 5d Sr orbitals, 42, 4s,
tally probed part of the Brillouin zone and to compare the3d'® Cu orbitals, 2 and 2 oxygen orbitals, and @ Ca
calculated results with the experiment. orbitals. A detailed description of the calculation method is

Calculated and experimental results. To compare the exgiven in Refs. 6 and 7. The results of calculations of the
perimental and calculated spectra, we need to take into apartial density of states associated with oxygen and making
count some characteristic features of the experiments. F@n appreciable contribution in the binding energy range 0—6
instance, in our experimertsinusually soft radiation with eV are plotted in Fig. Zcurvesl—3). The states obtained by
the photon energhv=28.43 eV is used to excite the photo- hybridization of oxygen orbitals with strontium, bismuth,
emission. The photoelectrons emitted in a cone with an verand copper orbitals are situated in the O-Sr, O-Bi, and
tex angle of 34° and axis normal to the surface were re©O—Cu planes, respectively. Each cuiffég. 2, curvesl, 2,
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10 FIG. 3. Experimental photoelectronic difference specira3—difference
KY R spectra for heating in ultrahigh vacuum to 570 K;-and in 0.5 Torr oxygen
K, (% K for Bi2212(a=b=3.8A)) to 570 and 670 K-2, 3; 4, 5—difference spectra obtained for illumination
i T-M

with the complete spectrum of a DRT-120 (0.05 Wfgmercury lamp in

FIG. 1. Size of thek-region probed in the photoelectronic spectroscopy Ulrahigh vacuum and oxygel@.5 Tory for 30 min, respectively.

experiment fiv=28.43 eV) as a function of the kinetic energy of the emitted

electrons. . . . .
O-Cu planes is consistent with the difference spectra ob-

tained for heating of a B6r,CaCyOg single crystal, cleaved

and3) exhibits some characteristic features: the partial denin ultrahigh vacuum, from 77 to 300 KFig. 2, curve4),
sity of O(Cu) states has two peaks B, =1.8 and 2.8 eV, followed by heat treatment in ultrahigh vacuum and oxygen
O(Bi) has a peak at 1.4 eV, and the density ¢B@ states at 570 K and 670 KFig. 3, curvesl-3). The experimental
has a maximum &E,=2.3 eV. spectrum does not reveal any featureEgt=1.5 eV caused

The partial densities of filled electronic states were com-by the oxygen from Bi—O planes. In addition, the possible
pared with the experimental difference spectra obtained fogontribution to the experimental spectrum made by the oxy-
different treatments in ultrahigh vacuum and oxygen. Thegen orbitals from Sr—O planes is also small because the 2.3
difference spectra were obtained by subtracting the spectrugV peak is only negligibly higher than the 1.8 eV peak.
of the sample before treatment from the photoelectronic  This result suggests that the electronic structure may be
spectrum after some particular treatment. In the range ofdequately described using the single-electron approximation
binding energies £ E,<4 eV, the position of the peaks of in the binding energy range<lE,<4 eV. It should be noted

the calculated density of states formed by oxygen frorthat, unlike the calculated partiabxygen density of filled
electronic states in the range<@®,<4 eV, the experimental

photoelectronic spectrum has significant characteristics at
. ) ) 0.18 and 0.9 eV. This may be caused by the inadequacy of
the model which does not take into account the carrier cor-
x10 relations and the nonuniformity of the oxygen distribution
2t 4 T caused by interaction of oxygen vacancies with appreciable

E diffusion of oxygen in the lattic&®
i a F A comparison between the intensity of the peaks in the

experimental difference spect(gig. 1, curve4 and Fig. 2,
curvesl-3) and the calculated spectra of filled statewg. 1,
curves1-3) indicates that oxygen from the Cu—0O plane has
{14 the highest mobility in the B6r,CaCyOg lattice and as a
2 result of thermally activated oxygen depletion of the surface
ot L N 12 layer, new vacancies appear in Cu—O layers.
il IN=—|]o Unlike heat treatment, photoactivation gives rise to a
; . : - characteristic in the spectrumBg= 1.5 eV (Fig. 2, curvest
4 3 2 1 0 and5). This experimental observation may be attributed to
Eg. eV an increase in the relative contribution made by oxygen from
the Bi—O plane to photoactivation of oxygen exchange be-
FIG. 2. Calculated spectra of the partial oxygen density of electronic stategyeen the sample and the gas phase. This may involve the

and experimental difference photoelectronic spectris3—calculated par- ; ; ; ; ;
tial densities of electronic states for oxygen from the Sr-O, Bi-O, andphOtoaCtlvated desorpndladsorptlom of QXygen’ bearing in
Cu—0 planes, respectively, ark—difference spectrum corresponding to Mind that for cleaved BBr,CaCuyOg single crystals, the

heating between 77 and 300 K in ultrahigh vacuum. boundary with vacuum is formed by the Bi—O plane.

alnt. , D0.S. (arb. units)
Be
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Influence of changes in the density of a solid on the diffusion mobility of atoms under
bombardment by high-power nanosecond charged particle beams

G. A. Bleikher, V. P. Krivobokov, O. V. Pashchenko, and S. N. Yanin

Nuclear Physics Scientific-Research Institute, Tomsk
(Submitted July 23, 1997
Pis’'ma Zh. Tekh. Fiz24, 75—79(February 12, 1998

A theoretical analysis is made of the behavior of the diffusion coefficient of a metal having a
nonequilibrium density as a result of the action of high-power nanosecond radiation

fluxes. It is shown that a reduction in the density of the sample as a result of thermomechanical
processes substantially increases the diffusion mobility of the atomsl998 American

Institute of Physics.S1063-785(08)01402-3

In experiments to study the mixing of thin films under damping method and was 0.42456 nm, which corresponds to
the action of high-power nanosecond energy fluxes, it hasensity po(Tmg) =2.362 g/cm. For a given temperaturé
been observed that the atoms exhibit extremely high mobilitghe atoms were assigned velocities consistent with a Max-
with effective diffusion coefficients of T?—10"* cm¥s,  wellian distribution. The equations of motion for the atoms
which is several orders of magnitude higher than the diffu-were then solved before the establishment of statistical equi-
sion coefficients in liquid metals. This effect was identified librium between the potential and kinetic energies of the sys-
for ion beams(Ref. 1, for examplg electron beamd,and tem (~10"*s). Only then did we begin to calculate the
also for pulsed laser radiation. diffusion characteristics.

Various mechanisms of atomic migration have been con-  In the modeling process we calculated the mean square
sidered to explain this effect, such as diffusion and thermaftomic displacement
diffusion in the molten surface layer of the sample, hydrody- N
namic mixing, and impurity segregation in a moving solidi- (R¥)=— E (Ri(t)—Rg(0))?,
fication front? This cannot be regarded as an exhaustive list, N =1
however, and calculations of atomic transport based on thesgnere Ri(t) is the position of theith atom at timet. The

mechgnisms usually giye results lower than those Obtai”eéiependence(Rz(t)) becomes linear within approximately
experimentally. There is thus a need to search for othejp-12g sq that the diffusion coefficiel can be calculated
mechanisms for the transport of material under the action ofising the formula

concentrated pulsed radiation fluxes. ,
The action of high-power nanosecond beams stimulates D=(R%)/6t.

intensive thermomechanical processes in a solid, as a result 1, -heck the model, calculations were first made for the

of which the material has a densipydiffering from the nor- o yjilibrium density of liquid aluminum. The values obtained
mal valuep, by between a few and tens of percent for mi- for the self-diffusion coefficient of liquid aluminuiisee Fig.

croseconds or even millisecoridéig. 1). This change in 5 gng Table ) agree with the experimental d&tayhich in-
density should cause changes in the diffusion characteristiG§icates that this model is accurate.

of the material. Here we make a theoretical study of the
behavior of the diffusion coefficient of a liquid metal under
conditions of nonequilibrium density.

To this end, we carried out molecular dynamics model-
ing of the diffusion processes, taking the self-diffusion of
aluminum as an example.

We used the interatomic interaction potential obtained
by the pseudopotential method using Heine—Abarenkova—
Animalu form factors. The crystallite calculated was a cube
consisting oN= 2048 mobile atoms. Periodic boundary con-
ditions were set at all faces. The temperature dependence of
the fcc lattice constant of aluminum in the temperature range
1000-2500 K was determined by the expression 8000 t+—r—+rr—r 1T T
a(T)=a(Tmp) *V1+B(T— Ty, Where T,,,=934 K is the 0.0 0.2 04 t, us
melting point andg=0.113x<10 ® UK is the volume coef- FIG. 1. Evolution of the density near the surface of a copper sample bom-

ficient of eXpanSion- The Iatt_ice Cons_tam at the melting _pc_)int)arded by a 0.5 MeV electron beam with a pulse length of 100 ns at differ-
a(Tmp) was calculated for this potential by using an artificial ent current densities.
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1.0E—003 - D 2 lecular dynamics modeling, while the solid curves give a

. . cm /S least-squares fit using the Arrhenius expression

] E
8.0E-004 = B

; D(T)=Dy exp< kT)’

. whereD is the preexponential factor aiit}, is the diffusion
6.0E—004 o

] activation energysee Table)l

. Thus, these results indicate that the reduction in the den-
4.0E—004 -} sity of an irradiated sample caused by thermomechanical

] processes substantially increases the diffusion mobility of the

] atoms, mainly as a result of a decrease in the diffusion acti-
2.0E-004 7 vation energy. Since the material at the surface is in a rar-

3 efied state for microseconds or millisecoridhis mecha-

7 T, K nism makes a significant contribution to the increased
0.0E+000 tT TV Ty P T YT rrrrrrryrrrearT ] . . . . .

1000 1500 2000 2500 diffusion and thermal diffusion fluxes, which are propor-

tional to the diffusion coefficient.
FIG. 2. Coefficient of self-diffusion of liquid aluminum versus temperature To sum up, we can affirm that the transport of atoms at
and density calculated using the molecular dynamics method. ’ . .
the surface of a solid exposed to high-power nanosecond
radiation fluxes is a complicated process which involves sev-
eral mechanisms. Only detailed allowance for all these trans-
Results of calculating the diffusion coefficient of alumi- port mechanisms can yield a mathematical model which pro-
num for various temperatures and densities are plotted ifides a quantitative description of this effect.

Fig. 2. The asterisks indicate the points obtained by the mo-
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[Sov. Phys. Tech. Phy83, 1214(1988].
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TABLE |. Preexponential factor and diffusion activation energy as a func- Leggieri, and A. Luches, Thin Solid Filnist5, 147 (1986.
tion of aluminum density calculated using results of molecular dynamics 35 Miotello, L. F. Donadalle Rose, and A. Desalvo, Appl. Phys. Ldi),

modeling. 135 (1982.
4V. P. Krivobokov, O. V. Pashchenko, and G. A. Sapul'skaya, Zh. Tekh.
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Structural transition and its governing laws
G. E. Skvortsov
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Pis'ma Zh. Tekh. Fiz24, 80—85(February 12, 1998

An analysis is made of the phenomenon of structural transition which generalizes the phase
transition concept and encompasses structures of all levels and strong nonequilibrium. The main
properties, the laws governing structural transitions, and the effects caused by them are
indicated. A simple model is proposed to describe structural transition and is used to analyze
various nonequilibrium transitions. @998 American Institute of Physics.
[S1063-785(1®8)01502-X]

Some laws governing highly nonequilibrium processesHeree is the energy acting on a structural element, and
were identified and discussed in Refs. 1-4. The present paetermines the “analytic form” of the structural element in
per examines the application of these laws to the phenonterms of energy asg is approached from the right and from
enon of structural transition. the left (hysteresis The spectrumes=sT,, To=12.5K

The genetic link between structural transition andconsidered in Ref. 6 may be taken agand most of the
instability® is used to establish the main properties and lawsesults of Ref. 6 can be described, including the “devil's
governing a transition. The analysis is made using extremurstaircase,” by suitably selectingand| - .
principles characteristic of structural transition, which differ Expression(2) allows for the extremum property of a
from equilibrium laws. A simple, effective model is pro- structural transition: max res fag=¢4 corresponds to the
posed to describe quasisteady-state structural transitionsitial stage of the transition process. The extremum depen-
(ranging from the transition to turbulence to the transition todence in terms of the departure from equilibrium is attribut-
superconductivity. able to the threshold processes of activation of the internal

1. A structural transition is a macroscopically observabledegrees characteristic of structural transitions. Note that
process with a substantial change where an object, the sysiin res corresponds to the stable struct8se
tem O4[S;] having the structures,, is transformed as a 2. A genetic link between the phenomenon of structural
result of the action to giv®,[S,]. transition and instability was identified in Ref. 3: a structural

The numerous structural transitions include quasitransition accompanies instability while in a system with a
equilibrium phase transitiomsmany-particle nuclear-atomic large number of degrees, instability is generally caused by
disintegration processes, chemical reactions, and macrostrustructural transition.
tural transformations. This link can be used to specify new criteria for struc-

The structure of an object consists of a hierarchical systural transition, to give a suitable classification, and to make
tem of substructures of levelS=1,2... and isdefined by a dynamic analysis of structural transition.

the sequence of sets The criteria for structural transition consistent with this
N . 1 link are all general instability criteriaj.e., rate, bifurcation,
51 75.85.N5iMs Nsi 1, Tsi1,E501), (@) and balance criteria.

where the first three quantities are the space, time, and en- These three types of criteria reflect different aspects of
ergy characteristics of the Coup"ng between the structuretne structural transition phenomenon. In its quaSISteady-State
kinetic elements(fluctong of level S, nq is their number form, the rate criterion reflects the activation slowing of the

density, and the last four quantities are the parameters of tH@te at the initial stage of the structural transition, whereas in

structural elements. The definitions of these quantities anis abruptly increasing form it indicates the concluding stage
the relations between them for tteeand s+1 levels are ©Of destruction of the initial structure. The bifurcation crite-

given in Ref. 4. rion reflects the appearance of various possible results of the
Most structural transitions can be included in a systenftructural transition, i.e., the “creation” property. This is
with three levels: macroscopic fluctons=1), macromo- caused by the inherent instability of a large reaction to small
lecular globuleg2), and atomic molecular cluste(8). perturbations. The balance criterion indicates that the action
The energy model of a multilevel sequence of structuraPf the system coupling and the external action preceding the
transitions may be represented with allowance for the lawstructural transition are equal.

given in Refs. 2—4, by an expression for the resonant depar- When the structural transition is accomplished by means
ture from equilibrium of a controllable action, such as a linear increase with time,

g=0ot, in accordance with the relation
res= >
&

1

€s

€1

1+

r(e_ss>l+} 1
Z°s _ 2
€1 @ d@(g(t))=dg®(g)do, ()
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the bifurcation-jump singularities of the determining quantity The determining relationg6) should reflect the laws of

®(g) coincide with singularities in the time analysis. qualitative boundary, abnormality, and alternation of non-
The general balance criteribn equilibrium.
B _ B For the case of a single action and state paranmeter
dA=0.[A]=g-[A]. 9.[Al=0-[A] ) simple dependence satisfying these laws and giving an ac-

in its simplest form gives an approximate criterion for struc-ceptable interpolation in the structural transition region has
tural transition, namely, that the active departure from equithe form
librium equal unity?*

Note that reliable experimental criteria for structural d(x,p)=a,
transitions are singularities of structure-dependent quantities,
such as electromagnetic susceptibilities, taking the form of

1
—x3—a,x2+agx

3 +a4EalB(X)X+a4,

: . 6(d;—D,) Xi+Xo —
kinks, peaks, and jumgs. a =1 2 2 A —x.x
We observe that the Landau thebmith allowance for Txemx)® T 22 Pt
the choice of free energy, is essentially a bifurcation theor
gy y y a4:q)1_alBle. (7)

(catastrophe

3. The familiar classification of structural transition as Hereq)(x), X= g/gl are quantities normalized relative to the
being indicated by a jump, reflecting some singularities aspitial boundary of the structural transitiomb(x;=1)=1,
sociated with the structural transition, neglects some impory(l‘2 are the zeros of the functioms’(x), andx, is the final
tant characteristics. boundary of the structural transition.

We give a classification of structural transition according  The functiond(x) gives an N-shaped curve in the struc-
to natural indications. As the most suitable we take thesgyral transition region which is essentially universal: an in-

indications of a ++2 transition: crease represents the normal reaction of the struyre
_ _ max ® at x; represents the onset of structural transition, a
Erx—™&q H2 Hl . .
S,—S,, AE= , All= BT decrease—an anomalous reaction of the “mixture”—
&1 1 represents a transition froB) to S,, min ® atx, represents
ig the end of the structural transition, and an increase represents
H1p= 712 —tl (5)  the normal reaction o§,.

The region of anomalous behavidr’' <0, x; <x<X, is

s1, are the primary structural characteristiéss is the en-  characterized by the evolution of fluctuatiofisstability) to
ergy effect of the structural transitiofil; , are the values of the higher level athb”(x)=0.

the structure-dependent quantities, is the required transi- The problem as to how abruptly the quantities vary dur-
tion time, andH 1, is the rate parameter. ing a structural transition in the modé¢Y) is as follows.

For the first indication, in a three-level structure there areAccording to the model7), the values of®(g) have the
clearly nine kinds of structural transition. The other threegreatest abruptness in  the ftransition  process
indications are best classified according to three gradationqsqy(x_”:3(q)l_<p2)/2(x2_x1). If the abruptness is small,
corresponding to low, moderate, and high valueABf AIl,  then if ® is used as the control parameter, the values of
andHy,. g(®) will undergo a jump:Ag=g:—0,, Pnin<P<Dp -

The first type include quasi-equilibrium phase transi-  The critical point evidently corresponds to the condition
tions, while the last type include explosive structural transi-g, =g,.
tions, ultrafast compression of solids, and the formation of ~ The proposed model of structural transition can be used
the elements. to describe a wide range of phenomena, and also sequences

It is useful to bear in mind the link between the type of of structural transitions if an additive modification is used
structural transition and the characteristic of its accompany¢see formula(2)).
ing |nstab|I|ty soft and hard regimes for structural transitions 5. The description of various structural transitions using
of the second and first kind, a self-oscillatory regime forthis model is considered.
structural transitions of the second kind, positive feedback 51, Boiling regime, data from Ref. 9, p. 158. The deter-

for explosive structural transitions, and so on. mining quantity is the heat flux
4. By applying the laws given in Refs. 2—4 and the ex-
tremum laws, it is possible to obtain a simple description of — . d(7) B AT
the first type of structural transition. Its form is similar to the a(n= q; 0r=0a(AsT), 7= AT
van der Waals theorfRef. 8, p. 549 but it has a fundamen-
tal basis and a wide range of validity. A T=19K; q;=85x10 W/m?, A,T=280,

The initial quantities of interest are the fluxes and forces, R
which for a structural transition of the first kind are functions d2= 10
of a set of departures from equilibriufy,} and have the |n accordance with the modér), we have

form
a;=0.00206, a,=7.85, a;=14.7,

Po(9)= 2 Ban(9)9m. © 2,=0.985; q'(7)=—0.097. ®
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In the transition to the metastable region a temperatur&Ve have
jump will take place(and be observedecause of the small 2,=6.94, a,=13, a;=16, a,= 3.4
abruptness ofy.

5.2. Anomalous relaxation in shock waves; data from & ()= _q.6, (10)
Ref. 10, p. 134, Fig. 19. The determining quantity is the

density behind the shock wave front With increasing pressure, a jump in flow rate should occur at

the beginning of the transition to turbulence.
Among the many existing commentaries on this work, it
Peci Mg’ is merely noted that these examples and other data indicate
that transient metastable states are realigtiche van der
P1=0.01 mm, pg;=11.9, pc,=11.4. Waals model they are generally eliminated as unrealizable
We have Moreover, by suitably using these states, we can obtain
a,=114, a,=1.07, a;=1.13, a,= —44.6; cycles of energy conversion of the second kind.

Iy — 1G. E. Skvortsov, Pis'ma zZh. Tekh. Fid6(17), 15 (1990 [Sov. Tech.
p'(m)=-086. ©) Phys. Lett.16, 647 (1990].
This transition, according to the physical mechanism ofz% '52-4?\)'((\1%3%?% Pis'ma Zh. Tekh. Fi23(6), 85(1997 [Tech. Phys. Lett.
anomalous relaxatio, takes place from level 3 to level 1. 525\ (i (L bicima 7. Tekh. Fiza7), 23 (1997 [Tech. Phys. Lett.
The model indicates a jump M ¢ which corresponds to 23 261 (1997].
the observed bifurcation of the shock wave. 4G. E. Skvortsov, Pis'ma zZh. Tekh. Fi23(10), 17 (1997 [Tech. Phys.
It should be noted that the data from Ref. 12, p. 318, Fig. et 23 383(1997]. o _
19 demonstrate the existence of anomalous relaxation a‘{Yu. F. Gufan,Structural Phase Transitior{$n Russian, Moscow(1982.
: ; Systems of Singular Temperature Points of SdlidsRussiarl, Moscow
4.2-5 km/s for 1 atm, and also a weaker singularity at a (1984.
shock wave velocity of 2 km/s. "E. N. Perevoznikov and G. E. Skvortsov, Zh. Tekh. B2, 2353(1982

It is interesting to note that strong shock wave singulari- [SoV- Phys. Tech. Phy&7, 1451(1982].
9 9 g 8L. D. Landau and E. M. LifshitzStatistical PhysicsPart 1, 3rd ed(Per-

ties are indicated in condensed me(hef. 12, p._31]; these gamon Press, Oxford, 1977; 4th ed., Nauka, Moscow, 1976
are presumably caused by anomalous relaxdser Ref. B 9S. S. KutateladzeAnalysis of Similarity and Physical Modef# Rus-
5.3./ Transition to turbulencgRef. 9, p. 2). The deter- sian], Novosibirsk(1986.

. P : e Ophysics of Fast Processe¢ol. 3 [in Russiad, Moscow(1971).
mining quantity is the reCIProcal drag coefficient 11G. I. Minin, A. P. Bedin, N. I. Yushchenkova, G. E. Skvortsov, and A. P.

M
p(m=22 m="2: M,=10.8, M,=12.2;

o1 Re Ryazin, zh. Tekh. Fiz51, 2315(1981) [Sov. Phys. Tech. Phyg6, 1363
&ry=—, r==—; Re,=2.5, 4x10% (1981)].
¢ Re, 2physics of High-Speed Process¥sl. 2 [in Russian, Moscow(1971).

¢1,=0.03, 0.04. Translated by R. M. Durham
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Possible transport of an electron beam with above-limit current in a vacuum channel
with plasma partitions

A. E. Dubinov, V. D. Selemir, and A. V. Sudovtsov

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

(Submitted May 22, 1997

Pis'ma Zh. Tekh. Fiz24, 86—90(February 12, 1998

Computer modeling by the particle-in-cell method is used to demonstrate that a high-current
electron beam with an above-limit current can be transported in a vacuum channel with plasma
partitions, whereas without these partitions a virtual cathode forms, blocking the channel.

© 1998 American Institute of Physids$1063-785(08)01602-4

Many scientific and technical applications require energytudinal magnetic field of 50 kG was applied. An electron
to be transferred in the form of high-current electron beam$eam with a linear current density of 400 A/cm and an elec-
over large distances without appreciable losses. To this endron energy of 0.5 MeV was injected into the waveguide.
evacuated transport channels with a magnetically guided
beam are being developéd.

However, the transport channel described in Ref. 1 has a
fundamental constraint on the current which can be
transported,above which a virtual cathode forms and blocks
the channel.

An original solution designed to increase the transport-
able current above the existing limit was proposed in Ref. 3
This solution essentially involves dividing the channel into .
sections and separating them with electrically conducting T5 .00 .'.'.;'_-'v'-'--,'_ L L T i
films, foils, or grids whose thickness is less than the mear Pray L : PR I . -
free path. W ERE A A RPN A BRI s B R e |

Note that this channel need not contain a magneticg
beam-guiding system. Since the conducting fifiwil, grid) v
shunts the radial defocusing electric field of the beam in its,
vicinity, only magnetic focusing forces act on the electrons
near the film as a result of the self-induced magnetic field ol T T T
the beam, obviating the need for external focusing. However 0.0 10.0 20.0
this channel may also be used with a magnetic system. z, cm particles

A disadvantage of this type of transport charirislthe
strong angular scattering of electrons by atoms from the filrr transportation
(foil, grid) which leads to losses of beam electrons and re: o . | | I
duces the transport efficiency. In addition, thin films are not < .
sufficiently long-lived and become damaged after a few elec e - .Wﬂ“"""
tron current pulses. %, r*:'}'*’"""‘":#

L) PLS
Theoretical and experimental investigations which we ] "L"F:;: "‘ i
carried out to develop microwave generators with a virtual ‘-‘,-'
cathode, in which a thin plasma sheet is used as the difode, o *
led us to the idea of replacing the thin films and foils in g ol
transport channels with thin plasma partitions. However, th|<\ ¢
solution needs to be checked to determine whether beam & s
beam—plasma instabilities occur in the channel and disrug 7] 2
the transport process. <
To this end we carried out computer modeling ofachan- o |~ b
nel with plasma partitions, for which we used the 2.5- < J ! ' ' '
dimensional version of the well known Karat c8dmsed on '0.0 10.0 . 20.0
a completely self-consistent PIC code. z, cm  particles
The transport channel was formed by a planar waverg. 1. Results of modeling for a free channel: a—channel geometry with
guide 30 cm long and 10 cm wide to which a strong longi-beam, b—phase portrait.

transportation

1 1 l 1

0.0

e

ot
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transportation sults of the modeling are plotted in Figs. 1 and 2, respec-
tively.

It was found that in the absence of the plasma partitions,
a virtual cathode forms in the chanr(@ig. 1b, which indi-
cates that the electron current is above the limit for this
waveguide.

With the plasma partitions in the channel, the electron
beam propagates completely through the waveguide, without
forming a virtual cathodéFig. 2b).

Thus, it has been established that a transport channel
loaded with plasma partitions can transmit electron beams
with above-limit currents without appreciable losses.

However, it should be borne in mind that an electron
beam entrains positive plasma ions in the collective motion,
which may be useful for accelerating ion beams. In this case,
and also if a pure electron beam is required, a magnetic
particle separator can be installed at the exit from the trans-
port channel.

8.0

4.0

X, Cm

0.0 10.0 20.0

This work was carried out as part of the Russian Fund
for Fundamental Research, Project No. 96-02-17047a.
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FIG. 2. Results of modeling for a channel with plasma partitions: a— “A. L. Babkin, A. E. Dubinov, V. G. Kornilovet al, Russian Patent No.
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z, cm particles

. . . 6
Two situations were modeled: a free waveguide and a

waveguide loaded with two plasma patrtitions, 3 cm thick,
each containing a plasma density ok30'* cm 3. The re-  Translated by R. M. Durham
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Photolytic properties of a pulsed discharge in water
V. L. Goryachev, F. G. Rutberg, and A. A. Ufimtsev

Institute of Problems in Electrophysics, Russian Academy of Sciences, St. Petersburg
(Submitted August 18, 1997
Pis'ma Zh. Tekh. Fiz24, 91-95(February 12, 1998

Results are presented of an experimental investigation of the photolytic properties of a pulsed
discharge in water. A model is proposed for this process which satisfactorily describes

the dependence of the hydrogen peroxide concentration on the specific discharge enet@g8 ©
American Institute of Physic§S1063-785(18)01702-9

It has been established that, regardless of the singlevere obtained in Ref. 4 for the hydrogen concentration
pulse energy, pulsed discharges in water have the capacity formed as a result of the ultraviolet irradiation of water. It
cleanse water of bacterial and chemical contamindtfon. was established that the presence of impurities in the water
These discharge properties are now beginning to be used Bubstantially reduces the,8, concentration, as is observed
various water purification technologies under industrial con-n our experiments, where the,8, concentration in tap wa-
ditions. However, the physical mechanisms responsible foter is lower than that in distilled water. The experimentally
the action of a discharge in water on microorganisms andletermined dependence of the®J concentration on the de-
organic and inorganic substances present in the water are Ippsited energy reflects the characteristic features of photoly-
no means clear. This particularly applies to the long-ternsis induced by a source of electromagnetic radiation having a
maintenance of the bactericidal properties of water treatedontinuous or near-continuous absolute black-body radiation
with electric discharges. Since the plasma column of apectrum aiT=(1-2)x10* K. At these temperatures the
pulsed discharge in water has a temperaturéntensity of the ultraviolet radiation in the range 100—300 nm
T=(10-20)x 10° K (Ref. 3 and pressur®=10"-1C Pa, contains an appreciable fraction of the entire spectrum. Since
it is logical to assume that it is a powerful pulsed emitter ofultraviolet radiation in the range 100—200 nm is absorbed,
ultraviolet radiation. The fraction of radiation in the wave- leading to the formation of hydrogen peroxitieand 200—
length range\ =100—200 nm may be very appreciable and300 nm photons are strongly absorbed byDkimolecules,
this part of the electromagnetic radiation spectrum absorbethe irradiation of water by a pulsed discharge plasma is ac-
by water causes a photolysis reactfoh: companied not only by the generation of®3 but also by a

dissociation process, which is reflected in the behavior of the

HZ0+hv— (H,0)* —H+OH. experimental dependence. To a first approximation, this de-

The concentration of product hydrogen or hydrogen perpendence may be described by the following differential
oxide (H,0,) can serve as a quantitative measure of thisequation:
reaction. dn

Here, the intensity of the photolysis process caused bya —=A—-BXxn. (1)
pulsed discharge in water is estimated from the measured dE
H,0, concentration in the water after treatment with a pulseHeren is the concentration of 0, moleculesA is the rate
periodic discharge. of H,0, generation as a result of the absorption of energy

The investigation was carried out using apparatus defrom photons having the highest energy yield, &ds the
scribed in Ref. 6. The discharge took place in a cylindricalcoefficient of energy absorption of a single® molecule.
cell 50 mm in diameter using point-plane electrodes. The To a first approximation, we can write the following
average specific input energy was varied by varying thexpressions for the coefficients andB:
number of pulsed discharges. The single-pulse energy was
determined from measurements of the voltage and current. = (Y1®1)/(hwy), )
The pulse repetition frequency was 0.5 Hz. Under these corwherevy; is a coefficient determining the fraction of the elec-
ditions the water was efficiently mixed by the pressure pulsesromagnetic radiation in the rangg + Av, which has the
excited by the discharge. The,®, concentration was deter- highest quantum yield; for the H,O+ hv;—H+OH reac-
mined by titration in the analytical laboratory of the Applied tion, and
Chemistry Russian Scientific Center. The experiments were
carried out using distilled and ordinaftap water. B=(722)/(hvz004). ®)

The results of the measurements are plotted in Fig. 1Herey, and®, are similar toy, and®, but for the reverse
which gives the mass concentration of®J as a function of reaction HO,+ hv,=20H, o4,is the absorption cross sec-
the average specific energy deposited in the water by thion, and thed is the characteristic size of the cell which
electric discharge. It can be seen that the qualitative behaviatetermines the absorptidm our case, the cell radiusThe
for the distilled and tap water is the same. Similar curvegquantum vyields for the photolytic generation ot®} are
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FIG. 1. Hydrogen peroxide concentration versus specific discharge energ
1—distilled water and>—tap water.
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where n,,=A/B is the limiting H,O, concentration which
can be obtained for discharge enerdies 1/B.

A comparison between the experimental and calculated
results yields the following conclusions. The experimentally
determined value of the coefficieBtis an order of magni-
tude higher than the calculated value. This is evidently be-
cause the dissociation of,B, is not caused only by the
ultraviolet irradiation. An additional contribution to the dis-
sociation process is made by reactions with impurities, such
as iron or copper ions formed by erosion of the electrodes.
This is supported by the fact that the curve for tap water is
lower than that for distilled water. Thus, the limiting,®,
concentration obtained experimentally is considerably lower

fhan the calculated value. The presence of impurities also

explains why the O, concentration obtained after the ac-
tion of the discharge decays rapidly with time, as was shown
by the measurements. The experiments showed that the con-

given in Refs. 4, 5, and 8. The absorption cross section fogentration falls almost to zero over a few days.

the photoprocesses leading to the dissociation £#9,Hand

the quantum yield of this process are given in Ref. 7. These

values in the expressions for the coefficieAtandB will be
used for the following estimates, written in the form:

B=0.19y,®, cn/d,
A/B=2.0X10?( y,®1)/(y,®,) mgll. (4)

The values of the coefficientg, and y, determine the total

The main conclusions are as follows:

1. It has been established experimentally and theoreti-
cally that a pulsed discharge has a photolytic action in water,
leading to the formation of hydrogen peroxide.

2. Abovew>10-15 J/crh the steady-state concentra-
tion of hydrogen peroxide depends weakly on the specific
discharge energy.

3. The hydrogen peroxide concentration is strongly in-

spectral fraction of the radiation energy in the energy deposiuenced by impurities contained in the water, particularly

ited by the electric discharge. The coefficieat takes into

account that part of the spectrum corresponding to the gen-

eration of HO, A =100-200 nm, whiley, allows for that
corresponding to dissociation,=200-300 nm. Since it is
fairly difficult to determine experimentally the fraction of the

erosion products from the electrodes.

This work was supported by the Russian Fund for Fun-
damental ReseardiGrant No. 97-02-16022

energy dissipated in radiation and its emissivity, we confine
ourselves to a lowest-order estimate. Moreover, an estimat?
of the plasma column temperature can be used to estimatg- G- Zhuk, Electron. Obrab. Mater. No 1, §1971.
the ratioA/B. This estimate was based on the equation for o 2gomaz V. L. Goryachev, A. S. Remerinand F. G. Rutberg,
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Enhancement of the characteristics of thin-film electromluminescent structures based
on ZnS:Mn films after low-power laser irradiation

Ya. F. Kononets

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, Kiev
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It is shown that short-term exposure of thin-film electroluminescent structures based on ZnS:Mn
films to ultraviolet pulses with energy much lower than the threshold energies for laser

annealing of ZnS:Mn films can enhance the brightness and efficiency of the electroluminescence,
increase the slope of the brightness-voltage characteristics, improve the operating stability,

and increase the electrical safety margin of the structures. It is established that the improvement
in the properties of structures is caused by the photostimulation of below-threshold defect
annealing processes and impurity diffusion, which lead to redistribution of the Mn ions in the ZnS
film and reduce the concentration of shallow states which influence the structural
characteristics. ©1998 American Institute of Physids$51063-785(08)01802-3

Thin-film electromluminescent structures using ZnS:Mnfiims and insulating(l) SiO,-Al,O5 films on glass or sap-
films are widely used in high-information-capacity displaysphire substrates coated with a conductingOsn (M) layer
in information systemé.These displays have appreciable ad-and heated toT,=100-150°C. The thickness of the
vantages over liquid-crystal or plasma displays, but they argnS:Mn layer was~0.6 um and the Mn concentration was
expensive so that it is essential to reduce their cost to make.8 wt. %. The thickness of the lower and upper insulating
them more competitivé. layers was of the order of 0,.8m. The structures were fab-
One of the technological operations involved in the fab-ricated in a single process cycle, but before the upper elec-
rication of these thin-film electroluminesce(fFEL) struc-  trode Al (M) layer was deposited, the structures were either
tures is thermal annealing in vacuum at 500-600 °C, whichreated for 15 min with pulsed radiation from an LGI-21
is required to achieve a uniform impurity distribution and to laser(\ = 337 nm, E,=10"3 J/cn?, f=50 H2) or they were
activate these impurities, to improve the quality of thethermally annealed in vacuumrfa h attemperatures of 300,
ZnS:Mn film, and therefore enhance the brightness and ele@00, and 500 °C. The three types of structures obtained—
troluminescence efficiency of the TFEL structdridowever,  without annealing, thermally annealed, or ultraviolet treated
this annealing makes the fabrication technology more com¢ultraviolet annealed—were used for the investigations.
plex because of the need to use high-melting substrates and Studies were made of the photoluminescence and elec-
protective measures to prevent interlayer diffusion of impu-roluminescence spectra, the brightness and electrolumines-
rities. Laser annealing, which can recrystallize the ZnS:Mncence efficiency, defined as the ratio of the brightness of the
layer without heating the substrate, requires powerfuktructure to the current flowing through it, and also the trans-
sources of ultraviolet radiation since the laser annealingorted charge as a function of the applied voltage, and the
threshold is=0.5 J/cnd, and the process must be carried outkinetic characteristics of the luminescence in various spectral
in a rare-gas atmosphere at a pressure of a few atmosphereginges. The brightness-voltage and charge-voltage character-
It was recently observédhat in ZnS:Mn films exposed istics were measured using standard techniques, and a
to low-power pulsed ultraviolet radiatiothv=3.6 eV, KSVY-23 spectrometer was used to study the spectral char-
E,>10 *J/cnf), considerably below the threshold energiesacteristics of the luminescence. The photoluminescence was
for laser annealing, the photoluminescence intensity of thexcited by pulsed radiation from an LGI-21 laser and the
Mn2* ions (\ me,=585 nm) showed an appreciable increase electroluminescence was excited by a sinusoidal voltage of
The magnitude of the effect depends on the technology useflequency 40—5000 Hz or by alternating voltage pulses of
to fabricate the ZnS:Mn films and on the power and duration 0—40 us length. These pulses were also used to study the
of the ultraviolet irradiation. The aim of the present study isluminescence kinetics with a time resolutionsfl0~© s.
to determine the influence of this effect on the electrolumi-  The investigations showed that the emission band of the
nescence properties of TFEL structures using ZnS:Mn filmsMn?* ions dominates in the photoluminescence spectra of all
in order to identify the nature of the effect and the possibili-types of structure, since the emission outside the manganese
ties for using it to fabricate TFEL structures without thermalband, including the so-called self-activated emission in the
annealing. ~450 nm range, is two orders of magnitude weaker. It was
The investigation was carried out using Metal-Insulator-established that the ultraviolet treatment and the thermal an-
Semiconductor-Insulator-Metal TFEL structures fabricatedhealing do not significantly alter the luminescence kinetics. It
by electron-beam deposition of semiconducti&y ZnS:Mn  was found that the ultraviolet annealing effect for the
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5 brightness-voltage characteristigurves1-3) and the elec-
troluminescence efficiencicurves1’'—3’) as a function of
voltage for the initial Ts<=120 °C) structurescurvesl and
1") and for those which had undergone additional ultraviolet
annealing15 min, curve and?2’), or conventional thermal
annealing(curves3 and3'). It can be seen that this ultravio-
let annealing enhances the brightness and efficiency of the
electroluminescence, increases the slope of the brightness-
voltage characteristidsee curved and2), and improves the
electrical safety margin. The TFEL structures exposed to
standard thermal annealing B§=500 °C(curves3 and3’)
have a higher brightness and electroluminescence efficiency
t, mun but the slope of the current-voltage characteristics is gentler
and the electrical safety margin is lower, apparently because
FIG. 1.73|nfluence of time of exposure to pulsed u_Itravio_Iet radiation of the deterioration in the properties of the insulating layers
(Ep=10 Jlen?, =50 H2) on the photoluminescence intensity near 585 . -
nm (2-5) and 450 nm(1) for the initial ZnS:Mn films (1, 2) and after caused by the thermal annealing. This is why thermal anneal-
thermal annealing at 300, 400, and 500(80rves3, 4, and5, respectively.  ing is usually carried out before the upper insulator is depos-
ited.

) . ) ) i ) . It is knowrf that doping of ZnS with manganese, which
ZnS:Mn films, i.e., increase in the photoluminescence INteN}s an efficient luminescence center in ZnS, isoelectronically

sity of the Mrf " ions during excitation, is appreciablEig. replacing a zinc atom in the cationic sublattice, is more ef-

1) for the initial ZnS:Mn films (curve 2), and decreases fective when thi blatti Ntains vacanci Jinc vacan
(curves3-5) after thermal annealing or an increase in depo—E_BC € whe S sublatlice contains vacancies—zInc vaca

sition temperature. Ultraviolet annealing of the ZnS:Mn film C|.es (Vzn)—where the manggnese IS mcorpgrated, as ,'S !n-
(T.=120 °C) for 15 min is equivalent to thermal annealing dicated by the decrease in the self-activated emission
at 400 °C for 1 hsee curve and4 in Fig. 1). The increase Observed when the ZnS is doped with manganese. The in-
in the photoluminescence of the Rnions during ultraviolet ~ crease in the self-activated emission observed as a result of
treatment of the ZnS:Mn films is accompanied by a decreasdltraviolet annealing in undoped ZnS films and its decrease
in the self-activated emissiaeurve 1), which is usually at- in ZnS:Mn films indicates that the ultraviolet quanta stimu-
tributed to intrinsic ZnS luminescence centers, includinglate V,, defect formation processes and therefore the diffu-
(Zni—Vz,) defects’ Note that in undoped ZnS films, how- sjon of manganese ions to form additional luminescence cen-
ever, ultraviolet annealing increases the intensity of the selfiers. It is knowd that the activation energies of these
activated emission. processes decrease considerably in highly disordered lattices

Manganese emission also dominates in the glectrolumlénd thus these processes may play an important role on ex-
nescence spectra of these structures and ultraviolet anneal-

. ) ; ) osure to ultraviolet pulses at below-threshold pofver.
ing, like thermal annealing, does not substantially alter th P P

spectra or kinetics of the luminescence. Figure 2 gives th It is postulated that the observed influence of these
' %elow-threshold ultraviolet radiation pulses on the properties

of ZnS:Mn films deposited af<150 °C and therefore con-
taining a considerable number of nonequilibrium defects in-
cluding manganese atomic inclusions, is caused by the pho-
13 tostimulation of defect formation processes suci/gsand
diffusion of Mn to form additional luminescence centers.

(5, ]

J;um’ , arb. units

[2)
'§ This is accompanied by a reduction in the number of shallow
205 states which influence the brightness and efficiency of the
S electroluminescence, the slope of the brightness-voltage
< characteristic, and the operating stability of the TFEL struc-
11 ture.

The ultraviolet annealing conditions were not optimized,
but the results indicate that exposure of the TFEL structures
to LGI-21 laser pulses for 15 min is equivalent to thermal
ananealing of these structures fioh in vacuum at 400 °C. It

uv has thus been demonstrated that thermal annealing may be
replaced by a short period of selective ultraviolet annealing
FIG. 2. Brightness B) and efficiency f) of the electroluminescence \yhijch, by simplifying and reducing the cost of the fabrica-
(1'-3') versus voltagef(=5 kHz) for the initial TFEL structurefl, 1') and . hnol d TEEL ith
those treated with ultraviolet radiation for 15 n{ 2') or thermal anneal- tion techno Ogy' _Can prp uce ] StrUCture'S with accept-
ing at 500 °C for 1 h3, 3"). able characteristics on inexpensive, low-melting substrates.
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Influence of electron irradiation on the fundamental absorption edge of a copper
monoxide CuO single crystal

Yu. P. Sukhorukov, N. N. Loshkareva, A. S. Moskvin, V. L. Arbuzov, and S. V. Naumov

Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg;
Urals State University, Ekaterinburg
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Pis'ma Zh. Tekh. Fiz24, 7-12(February 26, 1998

As a result of irradiation of a CuO single crystal with 5 MeV electrons, the fundamental
absorption edge has an “Urbach” appearance and characteristic features appear near the edge.
These changes are explained using a model of polar-center phase nucl&298%

American Institute of Physic§S1063-785(18)01902-§

In systems with charge nonuniformity, which includes usual polarization properties for bands associated with opti-
the p-type antiferromagnetic semiconductor CuO, nucleical transitions: in unpolarized light, the band maximum was
(microgranules of a new phase of poldelectron and hole  observed at higher energies than in polarized light. This ob-
Jahn-Teller centers are formé@hese nuclei are responsible servation suggests that this band is caused by light scattering
for the many unique properties of copper-oxygenat defects, evidently at phase nuclei of polar centers, whose
compound$. These nucleation centers may be crystal derefractive index differs from that of the matrix.
fects, including radiation defects. In earlier studies we inves-  The broadening of the absorption edge of the irradiated
tigated the influence of 5 MeV electron irradiation on the sample is accompanied by a considerable reduction in the
electricaf and optical properties of CuO single crystiMle  absorption coefficient near 1.6-2.0 eV. In the range
observed that the electrical resistivity of the single crystalk~1000 ! the absorption edges of the irradiated and unir-
increased and the absorption intensity became redistributaddiated CuO intersect, being divided into two parts at the
between bands corresponding to transitions in the matrix andoint of intersection: lengthened tails at the base and a
p-type polar centers. Here we present the results of a study foroadened section at the peak of the absorption band. In
determine the influence of electron irradiation on the fundapolarized light the broadening of the absorption edge re-
mental absorption edge of CuO. mains unchanged.

The characteristics of the CuO single crystals used were Whereas the behavidt ~(ho—Eg)? observed before
given in Ref. 1. We used a sample of thickness{5) wm irradiation of CuO aff=300 K andT=80 K indicated the
in the (110 plane, in which the crystal axis lies. The CuO  existence of indirect allowed transitionsfter irradiation we
was irradiated at 250 K using a linear accelerator at an eleaid not obtain any curves typical of a specific type of tran-
tron energy of 5 MeV and fluence of>x310'® cm 2 The  sition. Unlike the unirradiated CuO, the absorption edge of
optical absorption spectra were investigated using dhe electron-irradiated single crystal is described by an expo-
KSVU-12 optical system in the spectral range 1-2 eV usingiential dependence of absorption on enefdybach edgge
both natural light and polarized light witkllc and E_L c. The curves obtained at different temperatures in natural light
The measurements were made over the temperature rangenverge at a “focal point’"Eq=1.62 eV (inset in Fig. 1.
70-300 K and the relative error in the determination of theAs the temperature increases, the slope of the curves de-
absorption coefficient was 1.8%. creases. Calculations of the temperature dependence of the

According to the cluster model, the fundamental absorpoptical gapEly(T) were made using a model proposed in
tion edge in CuO can be attributed to transitions vaith—e, Ref. 6 using the following values for the parameters:
charge transfer in theCuQ,]® cluster® In an unirradiated oy=0.424—the parameter of the change i, (T), the
CuO single crystal, the edge is described by indirect allowedigh-temperature variatiodE,/dT= —0.004 meV, and the
transitions for which the band gap, is 1.46 eV at room sum of the constants which include the contributions of the
temperature and 1.54 eV at=80 K. self-energies of the electrons and holes to the lattice vibra-

Electron irradiation of a CuO single crystal causes con+tions and the expansion of the crysfg)+A.=89 meV. In
siderable changes near the absorption edge, as shown in Ftbis case, the photon energy was takenhas=50 meV
1: 1) a narrow band appears hiv=1.34 eV, 2 the fine  which was obtained by analyzing the absorption edge of the
structure of the narrow exciton-like band at 1.7 eV disap-unirradiated single crystaiThe values oEl, obtained using
pears, and Bthe fundamental absorption edge becomeshis formalism, 1.42 eV afT=295K and 1.61 eV at
broader. The 1.34 eV band has a high absorption coefficienf=80 K, differ from the value ofEy for the unirradiated
K~1000 cmil, When the temperature is reduced to 80 K, crystal.
its intensity increases negligibly and its position remains the  Prior to irradiation of CuO with the polarizatidgllc, the
same. We recently observed a similar band when CuO singlemperature dependenég(T) in the range 8&T<273 K
crystals were bombarded with Féons. This band had un- was accurately described by the Varshni forntufa.devia-
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tion of the experimental curve ne@ir=205 K was caused by concentration of phase nuclei of polar centers. An increase in
the appearance of a fine structure at the exciton-like peak ithe number of polar centers is caused by a decrease in the
the presence of magnetic ordering. For the irradiated Cu@umber of initial [CuQ,]°~ clusters corresponding to the
single crystal, the temperature behavior of the optical gag-uO matrix, and leads to redistribution of the intensities of
Elg(T) can be investigated by measuring the temperaturéhe electric-dipole transitions: a decreas«irat the absorp-
shift of the absorption edge at values Kfabove, at, and tion edge and an increase in the infrared bands associated
below the point of intersection of the edges, respectively: 1with transitions tap-type polar Jahn-Teller centetdhe dis-
K=1650 cm'!, 2) K=1100 cm?, and 3 K=1400 cm! appearance of the fine structure of the exciton-like band near
(Fig. ). In natural light the curvekly(T) for all K decrease the absorption edge is caused by the broadening of the edge.
monotonically (Fig. 2 and the curveEly(T), obtained at However, the anomalies d&ly(T) near the magnetic phase
K=1100 cm! is the closest tdEy(T) for the unirradiated transitions may indicate that this fine structure makes some
sample. The total variation &l4(T) in the range 70-300 K  contribution(inset to Fig. 2. Similar but weaker anomalies
is 0.11 eV, as for the unirradiated sample. For polarized lightvere observed in the unirradiated sample and were attributed
an Urbach treatment of the absorption edge reveals that the the appearance of a fine structure at the 1.7 eV exciton-
curveEly(T) ceases to be monotonic, and anomalies appedike band?®
near the magnetic phase transition point3@=213 K and The appearance of a lengthened tail in the lower part of
Tn2=231 K (Ty; is the temperature of the transition from the absorption threshold of the irradiated sample may be at-
collinear three-dimensional antiferromagnetic ordering totributed to a lower-intensity band associated with the fine
noncollinear andTy, is the temperature of the transition structure and to light scattering at radiation defects. With the
from noncollinear antiferromagnetic ordering to low- exception of the 1.34 eV peak, the difference between the
dimensional magnetismWith decreasind, the character- absorption coefficient in the tail before and after irradiation
istic features ofEly(T) are intensified, and this is observed depends linearly on 1# which may indicate light scattering
most clearly forEllc andK=1100 cm! (inset to Fig. 2. by inhomogeneiti€s—inhomogeneous-phase nuclei formed
The decrease in magnitude and broadening of the edge atound radiation defects.
the threshold absorption peak observed under electron irra- To sum up, the formation of additional nucleation cen-
diation of CuO is attributed to an increase in the volume anders as a result of electron irradiation of a CuO single crystal
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Anisotropy of the nonreciprocal linear birefringence in crystals
M. A. Novikov and A. A. Khyshov
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Results are presented of an experimental investigation of nonreciprocal linear birefringence

(a difference between the phase velocities of counterpropagating waves having the same linear
polarization in lithium iodate and potassium dihydrophosphate crystals in a magnetic

field. An original double-pass optical measuring system using two linear quarter-wave phase
plates(Fresnel rhombsis used to demonstrate a new method of studying the effect which can give
a fairly high sensitivity and avoid accompanying effects. 1898 American Institute of
Physics[S1063-785(18)02002-3

As we are well aware, allowance for spatial dispersion inwith respect to the first two subscripts and its manifestation
crystals leads to qualitatively new optical phenoméia;,  depends strongly on the type of anisotropy which may occur
cluding nonreciprocal linear birefringenc¢a difference be- in the selected direction of light propagation. It was shown in
tween the phase velocities of counterpropagating waves haRef. 8 that the most favorable situation arises when strong
ing the same linear polarizatipnit was noted in Refs. 2—4 natural linear birefringence is observed in the direction of
that a similar effect occurs in magnetically ordered crystalslight propagation. In this case, the Faraday effect makes a
which was recently observed experimentally. small contribution to the nonreciprocal phase shift. Even

It was shown in a study made by one of the autfitiat  greater discrimination against the Faraday effect can be
nonreciprocal linear birefringence also occurs in noncenachieved if a transverse variant of nonreciprocal linear bire-
trosymmetric crystals exposed to an external magnetic fieldringence is selected and the light is directed perpendicular to
and this was first observed experimentally in Ref. 7 using dhe optic axis of a uniaxial crystal. In this case, the induced
laser gyroscope. nonreciprocal linear birefringence is added to the natural lin-

This effect is between three and four orders of magni-ear birefringence. As a result, the ordinary “0” and extraor-
tude weaker than the Faraday effect, and its observatiodinary “e” waves will have different phase shifts for the
therefore presents major experimental difficulties. This is obopposite directions. This configuration was selected to ob-
viously the reason why very few experimental results haveserve nonreciprocal linear birefringencednLilO ; and KDP
been reported on this topic by other authors in the literaturerystals. The following expressions can be obtained for the
known to us. However, the number of published theoreticahnisotropy of the nonreciprocal variation in the refractive
studies on this effect is very large indeed. Thus, the develindex of these crystafs:
ngn;ig;f)f methods of studying this effect is a matter of some on(a-Lil0 )= Ancf B An§

The aim of the present study is to develop a new method 7H(0)
of investigating nonreciprocal linear birefringence which can =+ (Coo12~ Csslz)( N )
ensure fairly high sensitivity and can avoid the influence of
accompanying stronger effects. The advantage of this sn(KDP)=An;—An,
method is demonstrated by measuring the nonreciprocal lin-
ear birefringence in lithium iodatex( LilO3) and potassium =+ (C1120~ C1111~ 2C 1215~ Caa1d)
dihydrophosphatéKDl_:’) crys'gals. _ _ _ 7H(0)

In order to describe optical effects in a static magnetic (
field with allowance for the spatial dispersion, we use an
expansion of the permittivity tensor in the following fofm:  where Cij« are the tensor components describing the in-

_ duced nonreciprocal effect in these crystalds the wave-

21 (K, H(0)) = #ij + AijcHict Bijckict Cijia kiHi (0), (1) length, and® is the angle between the direction of propaga-
wherek is the wave vector andl(0) is the vector of the tion of light in the crystal and thX axis in a KDP crystala
static magnetic field. In Eq1) the first term of the expan- crystal cut at 45° to th& axis was used in the experimgnt
sion is responsible for the natural linear birefringence, theé~or «-LilO3 no dependence o8 is observed.
second is responsible for the Faraday effect, the third for the For the experiments we used a double-pass optical sys-
natural optical activity, and the fourth for the nonreciprocaltem to measure the nonreciprocal linear birefringence. This
linear birefringence. Only the terms in the expansibhas-  system incorporated two quarter-wave phase pléfessnel
sociated with the tenso#;;, andCj;,; can give rise to non- rhombs in front of the crystal(CR) and a rotating mirror
reciprocal optical effects. The axial tengy; is symmetric (M) (see Fig. 1 The first and second Fresnel rhombs were

2

)sin(Z@), ©)
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It can be shown that for this optical measuring system,
N when the laser radiation is vertically polarized, we have
o M A4 , ot
s N = Eo| 5~ . ®
A 3 !
S 1
M |Eouli=1Eol? 5+ d¢], )
W2
whereE, is the amplitude of the incident optical radiation.
From Eqgs.(6) and (7) the signal at the exit from the
differential amplifier will be given by
bl < AJ~2|Ey|?8 )
D1 D2 or o

where do = d¢qy cosdt) and() is the modulation frequency
of the magnetic field generated by the electromagnet. The
dependence ob¢, on the amplitude of the magnetic field
was measured experimentally. As was to be expected from
Egs.(2)—(5), this dependence exhibited linear behavior. The

oriented at angles of 45° and45°, respectively. It is easy Measured values for these crystals were

to show that this system eliminates the influence of recipro- 5,

cal optical effects and isolates the Faraday effect of nonre- T

ciprocal linear birefringence in its pure form. The use of a

modulation method of measurement can enhance the sensi- gn A\1L

tivity of the measurements and reduce systematic errors, W(KDP)=(2-32i0-5)><1016<5) :

which ultimately provides more reliable data on the nonre-

ciprocal linear birefringence. During the experiments it was confirmed that the effect did
The polarization characteristics of the optical system camot occur if the magnetic field was parallel to the optic axis

be conveniently calculated using the well-known Jonesf the crystals. In addition, as was to be expected, reversing

method. It is easily shown that the Jones matrix for passagte direction of the optic axis for both crystals reversed the

twice through a Fresnel rhomb, crystal, Fresnel rhomb, mirsign of the effect since-LilO ; and KDP crystals are polar.

FIG. 1.

-1

A
(a-LilO3)=(3.57+0.25 X 1015(5

ror, and back may be written in the form: The crystals were shielded with aluminum foil to eliminate
the influence of the Pockels electrooptic effect.
cog 5p) —sin(5¢) _ Thesg results indicate that the pro.posed met_hod can con-
) , (4 siderably increase the scope for studying nonreciprocal linear
sin(é¢)  cogo¢) birefringence which is interesting not only from the physics
point of view but also for various applications in laser optics,
where ¢ is the nonreciprocal phase difference: such the development of nonreciprocal phase elements in

optical gyroscopes.

Sp= 2—775nd (5) This work was partially supported by the Russian Fund
A ’ for Fundamental Resear¢Brant No. 95-02-05653

whered is the crystal length. After passing through a system
described by 'the .mam{(‘l)’ the _an_gle.Of inclination of the V. M. Agranovich and V. L. GinzburgCrystal Optics with Spatial Dis-
plane of polarization of the radiation is modulated. persion, and Excitonnd ed.(Springer-Verlag, New York, 1984Russ.
The radiation source was an LGN-302 «0.63 um) original, earlier ed., Nauka, Moscow, 1965

helium-neon laser. A nonreciprocal optical isolaft$) was ~ ,R- M- Hornreich and S. Strichmann, Phys. R&V1, 1065(1968.

. . “ . V. N. Lyubimov, Kristallografiyal4, 213(1969 [Sov. Phys. Crystallogr.
placed in front of the laser to eliminate any “reaction” of the ,, 168 (1969].
reflected light on this laseisee Fig. 1 To reduce the influ-  “R. V. Pisarev, zh. Esp. Teor. Fiz58, 1421(1970 [Sov. Phys. JETRL,
ence of the laser amplitude noise, we used a differential po—5761 (1970]. '
larization detector consisting of a Wollaston prigw) and ,\Bﬂ'a?t'eg'cgg’;s(i‘gg\; V. Paviov, R. V. Pisareat al, J. Phys.: Condens.
two phOtOdIOdeS(Dl and DZ. The sensitivity of the mea- 6M. A. Novikov, Abstracts of Papers presented at Nonlinear Optics Con-
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tion method using a variable magnetic field with a frequency 'V. A. Markelov, M. A. Novikov, and A. A. Turkin, JETP Let®5, 378
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electromagnet. A semlt_ransmltt|ng_m|rr(JID) was used t0 4 383(1979].
separate the beam on its return trip. At a laser power of 1
mW the sensitivity of the system was 10rad with an av-
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Laser interferometer with fine-focused beams to monitor the spatial position of an
object
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(Submitted August 12, 1997
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Analogies with interferometers using a light source with low temporal coherence are used to
analyze the principles of the construction of laser interferometers with averaging over the
photodetector aperture, whose sensitivity to the position of an object being monitored at the
maximum of the output signal is as good as that of low-coherence interferometry and tomography.
© 1998 American Institute of Physids$1063-785(108)02102-§

A new trend in optical measurements—Ilow-coherenceof the phase difference which is determined by the configu-
interferometry—has recently been actively pursued. Theseation of the interferometer system, andb () is the ran-
techniques can monitor the position of an objéotluding dom phase difference caused, for example, by interference
those in the bulk of a dispersive mediumsing the modulus  between laser speckle fields.
of the degree of temporal coherence of the radiation, i.e., In low-coherence interferometry the interference signal
using the maximum of the interference signal, with a sensivanishes forAt> 7. when the waves become mutually inco-
tivity determined by the temporal coherence lenlgthin  herent, i.e., when the difference between the initial phases of
Ref. 8, the modulus of the spatial coherence function of thehe oscillationsA ¢y(At,t) becomes a strongly fluctuating
radiation was used as the informative parameter. Bearing ifunction during the averaging time, . It follows from Eqg.
mind the space-time analogies in the properties of wavél) that a similar result is obtained if the spatial components
fields, in the present study we consider a laser interferometef the phase differencAWV ({,Az) +A®d (L) also vary sub-
which, as in a low-coherence interferometry, is highly sensistantially over the photodetector apert8g, for example,
tive to the spatial position of an object at the maximum ofas a result of a longitudinal displaceméy# of the object in
the interference signal, but the laser radiation has a higkhe interferometer system. If specular surfaces are used in the
degree of temporal and spatial coherence. interferometer, we can assui@ =0 and the spatial varia-

The equivalence of the processes of temporal and spatigibn of the phase differencaWV ({,Az) at the photodetector
averaging is best shown when the photodetector does naiperture is then determined only by the interferometer con-
resolve the amplitude-phase spatial distributions in the refiguration and by the phase aberrations of the wave fields. A
sultant interference field. In this case, in the classical intersubstantial variatiom\V at the photodetector apertute
ference equation for the intensity we need to introduce aversther words, mismatch between the phase distributions of the
aging over the ared, of the resolving elemer(or the entire  interfering wave¥') may be achieved in an interferometer
aperture of the photodetector in addition to averaging overwith fine-focused laser beaniBig. 1) when the curvature of
the temporal response of the photodeteetpr The power of  the wave surfaces of the interfering waves at the photodetec-
the recorded field® can then be written as tor aperture differs substantially.

P(AZ)=Py+ P42 Asguming that spherical waves inte'rfere in the exi't arm

of the interferometer, we can easily derive an expression for

[ AW ({,Az) at the photodetector aperture, AW

Xf L{;@ fo V(& D1 (L t—AY) =(7M?Az/\Zz%) &, whereM is the transverse magnification
of the objective in the object arm of the interferometkz,is
X co§ woAt+Apg(t,At)+ AV (L,A2) the longitudinal displacement of the object mirror, ands

the distance between the laser beam constriction and the

+ADL(Q]dtdg, @ plane of the photodetector apertum>(M?Az). Integrating
where P, and P, are the powers of the interfering light in Eq. (1) over the variablg within the angular aperture of
beams, 1,(£t) and 1,({t—At) are the instantaneous the laser beams bounded by the objective aperture, we obtain
intensities’ determined by averaging over the timewhich  the following expression for the coefficient of modulatién
is shorter than the coherence timg, but substantially ex- of the interferometer photoelectric signal:
ceeds the period of the field oscillation§=2m/wg,
At=f(Az) is the time delay of the waves in the interferom- B=|sin(u)/u|, u=axNA?AzZ/2\, 2
eter,Az is the spatial parametek ¢y(At,t) is the difference
between the initial phases of the oscillations of the interferwhere the Abbe sine condition is used aw4 is the numeri-
ing waves AW (¢,Az) is the deterministic spatial component cal aperture of the objective.
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~ agreement is observed between the experimental and theoret-
ical data, which shows that the main contribution to the de-
5 crease in the interference signal is made by the mismatch of
the phase distributions of the waves rather than the amplitude
1 2 3 4 distributions, which were not taken into account to derive
| '__._D;},.<: relation (2).
- 6 If the object has a rough surface, the object field is
-~ speckle-modulatedA® (&) # const which causes an addi-
Az tional mismatch between the random amplitude-phase spatial
distributions of the interfering waves and reduces the signal
modulation coefficienf3, whose value in this case depends
on the specific realization of the speckle field at the photo-
— detector aperture. When the surface of the object is displaced
8 from the constriction of the focused laser beam, the diameter
of the illuminated region increases, which is accompanied by
FIG. 1. Laser interferometer with fine-focused beams to monitor the spatia@ reduction in the size of the speckles in the photodetector
ppsition of the surfacg of an object. usi_ng the maximum of' thg interferenceaperture. This process of mismatch between the interfering
signal: 1—laser, 2—microscope objective3,4—focusing objectives5— . L
reference mirror on piezoelectric eleme®t-object, 7—beam splitter, and waves, added to the mismatch for the deterministic phase
8—photodetector with wide aperture diaphragm. difference AW ({,Az), should produce a sharper extremum
in the dependence of the signal modulation coefficient

Figure 2a gives experimental values for the signal moduﬁ/ﬁmax on the surface displacementz. However, it was

lation coefficient normalized to the maximug B, and observe_d experi_rr?entally that the_ maxima of the _signal
theoretical curves foB obtained using Eq2) for objectives modulation coefficient have approximately the same width as

in the object arm for various numerical apertuNe&. Good for a specular surface for the same numerical apertures of the
objective (Fig. 2b). Thus, the dominant contribution to the

mismatch of the interfering waves in the interferometer as a
function of the displacement of the objekt is made by the
deterministic spatial distribution of the phase difference
AW (L Az) which is found for speckle modulation of the
interfering waves?

Equation(2) can be used to estimate the half-width,,
of the maximum of the modulation coefficieng:
Az, =2\/NA?, which shows that foNA— 1 the photoelec-
%40 tric signal only contains a few interference oscillations,
which are easy to observe experimentally when the ampli-
0.0 S VA , wey tude of the reference mirror vibrations lig> Az, and the
Az, pm numerical aperture of the objective in the reference arm of
a the interferometer il A=0.8. This result corresponds to the
practical limit of a low-coherence interferomefehe ex-
periments showed that the error in the determination of the
position of the objective was smaller thaxz,,. For ex-
ample, forNA=0.4 the average deviation of the values was
~3 um for a specular objects ard4 um for rough objects
(with Az,=8 um).

Thus, an interferometer with fine-focused laser beams
has fundamental measuring and diagnostic parameters as
good as those of interferometers using light sources with a
low degree of temporal coherence. Preliminary experiments
have shown that this interferometer may be used to observe
and determine the position of a reflecting object in a disper-
sive medium, i.e., in situations where low-coherence inter-
ferometry has the widest applicatién.

10} BPBmau

FIG. 2. Normalized coefficient of modulation of photoelectric signal as a
function of the longitudinal displacemeniz of an object with speculaia) The authors would like to thank V. V. Tuchin for useful
and rough(b) surfaces for various numerical apertuiéA of the objective discussions of low-coherence interferometry and tomography

in the object arm of the interferometdr-3—theoretical(@ and experimen- . . . . . ..
tal (b) curves, experimental points, B, andC correspond ttNA=0.20, 1N biomedical applications, and for his interest and support

0.40, and 0.65, respectively. with this work.
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Formation of a diamond-like phase under conditions of preferential deposition of
nondiamond carbon in a microwave gas discharge plasma with electron cyclotron
resonance

S. Yu. Suzdal'tsev, S. V. Sysuev, and R. K. Yafarov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Saratov Branch
(Submitted May 7, 1997
Pis’'ma Zh. Tekh. Fiz24, 25—-31(February 26, 1998

Films with crystallite sizes up to approximately Qun were obtained. Results of complex
investigations of these films are presented. 1898 American Institute of Physics.
[S1063-785(08)02202-2

Studies of the conditions and mechanism for the chemiprobably predominantly amorphous polymer formations of
cal synthesis of diamond films at low pressures and temperaarbon.
tures have important practical and scientific applications. It can be seen from Fig. 1 that at low temperatures under
This topic has recently become a matter of far greater urconditions of preferential deposition of hydrocarbon polymer
gency with the search by researchers in many countries fdilms, the crystallite densities decreased almost linearly with
methods of developing long-lived, highly stable, inexpensivencreasing temperature. The rates of decrease in the densities
field electron emitters for planar displays and devices irand the temperature, described by us as the critical tempera-
vacuum microwave microelectronics. A promising materialture, at which isolated microprotrusions and/or their densities
in this respect is carbon, and particularly one of its structurafould be identified, ceased to vary and depended on the va-
modifications—diamond, which has a most attractive combi0r pressure. The optimum pressure at which the highest
nation of the highest recorded values of various physicodensity of microprotrusions for all temperatures and the
chemical parameters and unique electron emission propehjghest critical temperature were observed, was 1 Pa. At the
ties. The aim of this investigation was to study the lawsMinimum process temperature of 50 °C, the maximum den-
governing the nucleation and growth of the diamond-likeSity of microprotrusions was aroundum~? for 1 Pa, did
phase of carbon in its other allotropic modifications. not exceed O-J“mfz for 5 Pa, and was around 0.Qam "2

Carbon films were deposited on a glass substrate using’@" P=0-05 Pa(Figs. 2a—g The critical temperature for
system described in Ref. 2. The density and characteristit'eS€ Pressures was 250, 200, and 150 °C, respectively, and
dimensions of the crystallites at the surface of the film weregfOrresponded to the temperatures at which the transition
investigated as a function of the substrate temperature drom the deposition of yellow island-like polymer hydrocar-
various ethanol vapor pressures and accelerating potentials %" films to the deposition of continuous transparent films

the substrate holder. A detailed study of the microtopograph?ndid' sis of th diffracti f |
of the films was made using a P4-SPM-MDT scanning f th ntanayS|s Ott ebx-re:(}/l : ract|o? giﬁem‘;o samg s
atomic force microscope. of the transparent carbon films revealed that these predomi-

Figure 1 shows the densities of the crystallites formed
during the deposition of carbon films as a function of the
substrate temperature, for various ethanol vapor pressures in
the microwave discharge plasma. The crystallites had the [0 | 4 L
form of cones or pyramids with base diameters between 0.25 PO e
and 0.5um and heights between 0.08 and Qu&. These -
curves correlate with the curves giving the rates of deposi-

tion of carbon films as a function of these process param- ?Jg 0,10 } 3

eters, obtained in Ref. 3. ¥ [ 2
Typical x-ray diffraction patterns obtained at low sub- X ! <

strate temperatures revealed no well-defined peaks character-

istic of any crystalline phase of carbon, despite the crystal- 0,05 [ 2

line microprotrusions identified with the atomic force
microscope. These films were yellow, did not adhere to the
substratgthey were “friable”), and their electrical resistiv- 0 L = n rea———

ity was not determined. The rates of deposition of these films 50 100 200 300 T,°C

were 80-100 times higher than those for the films Obtame%le. 1. Crystallite densities versus substrate temperature for various ethanol

at higher temperatures. Sinc? an x-ray StrUCtu_ral analysis §apor pressures in an electron-cyclotron-resonance microwave plasma:
vealed no crystal structure in these yellow films, they aren.05 Pa2—0.1 Pa,3—5 Pa, and4—1 Pa.

~

-—r
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FIG. 2. Typical atomic force microscope images of
the microtopography of carbon films obtained in vari-
ous regimes of electron-cyclotron-resonance micro-
wave plasma deposition: a—polymer: 1 Pa, 50 °C;
b—polymer: 5 Pa, 50 °C; c—polymer: 0.1 Pa, 50 °C;
d—diamond: 1 Pa, 300 °C; e—graphite: 0.1 Pa,
300 °C; f—graphite: 0.05 Pa, 300 °C. Scalel um,
Y:1um, Z:0.01 um.

nantly contain diamond-like carbon phases with a hexagondbrmed, these being the products of different chemical reac-
lattice in three different structural modificatiofiensdaleite, tions which take place in parallel. As a result of various
C(20H), and otherg they include a(111)-oriented cubic condensation polymerization processes, C—C bonds of a par-
diamond phase, and have small inclusions of the finely crysticular polymorphic modification of crystalline carbon
talline (002 graphite phase. The transparent films possesse@raphite, diamondor of various macromolecular forms of
high resistivity (up to 10 Q-m) and exhibited good adhe- carbon materials, which do not form a regular crystal lattice,
sion to the substrate. are formed from light, carbon-containing molecules. The ini-
For vapor pressures of 0.05 Pa and lower, and abovdiation of a particular condensation polymerization process
critical substrate temperatures, the nature of the microprotrudepends on the nature of the monomer and characteristics of
sions cannot be identified. This is because at low pressures the kinetic conditions. Depending on these conditions, re-
the microwave plasma, as the temperature increased, tlggmes more favorable for the preferential growth of a par-
films were transformed directly from yellow polymer to ticular allotropic carbon phase can be determined.
“dark” graphite films (Fig. 2f) whose electrical resistivity The formation of a hydrocarbon polymer deposit in a
did not exceed a few tens 6f-m. X-ray diffraction patterns microwave plasma at low temperatures is consistent with
of the dark films contain almost no diamond-like pha@es  known datad whereby the condensation of carbon vapor from
cept for the C20OH) phase but compared with the transpar- the gas phase on a cold substrate, activated by an electric
ent films, they contain considerably more of the phase whicldischarge, results in the formation of an amorphous carbon
includes (002 finely crystalline graphite with both normal layer whose properties differ sharply from those of graphite
and defect packing of the layérs and more closely resemble those of diamond. Under these
The temperature dependence of the crystallite densitgonditions, the nucleation and growth of a diamond-like
obtained at a vapor pressure of 0.1 Pa is interesfigp 1).  phase is not blocked by the deposition of a graphite film
Here the maximum crystallite density was identified at abecause of the low mobility of the adsorbed carbon atoms,
temperature corresponding to the initial stages of the appeawhich impedes its “layered” growth, and also because of the
ance of the dark graphite filn{&ig. 2e. high solubility of graphite in the atomic hydrogen formed by
Thus, these experimental results indicate that the depdhe dissociation of its molecules in the alcohol vapor of the
sition of diamond from a microwave gas-discharge plasmanicrowave gas discharge plasma. For these reasons, the den-
with electron cyclotron resonance at low pressures and tensity of diamond-phase nuclei at the minimum process tem-
peratures is a condensation polymerization process in whicherature of 50° is the highest for all vapor pressiiFeg. 1).
various nondiamond modifications of carbon are alsorhen, in complete agreement with the general theory of the
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formation of condensed media from the vapor pHagee  exception to this is the temperature curve of the crystallite
number of diamond-like phase nuclei decreases with increaslensity at a vapor pressure of 1 Pa, for which the optimum
ing temperature, their critical size increases, and the deposkinetic conditions for the nucleation and growth of the
tion of a hydrocarbon film ceases. This can be attributed firstiamond-like carbon phase are clearly achieved. This re-
to an increased probability of evaporation of atoms from thegime, as has been determined experimentally, has the highest
substrate and second, to the lower evaporation temperatuceitical temperature and the highest nucleation density of the
of the polymer hydrocarbon material. The established valuediamond-like phase, although the density variation with tem-
of the critical temperatures thus correspond to those tempergerature still shows the same general trend.

tures above which atoms of the molecular flux responsible  The observation of a maximum density of diamond-like
for the formation of the hydrocarbon deposit are completelyphase crystallites at 300 °C for a pressure of 0.1 Pa can be
reflected from the substrate. An increase in the vapor presttributed to the same processes of heterogeneous nucleation
sure has the result that atoms evaporating from the substradéed growth of films from the gas phase but under conditions
are trapped by particles of the molecular flux and, beingof preferential graphite deposition.

redeposited on the substrate, form condensation nuclei. In

addition, an increase in the flux density is accompanied by ail/g- Fi-ggudenko and I. I. Kulakova, Vestn. Mosk. Univ. Ser. Khi#, No.
reductlo_n in the path _Ie_ngth I’qulred for the mlgratmg atomszN’. (N. B?iinkina, S. P. Mushtakova, V. A. Gieik et al, Pis'ma Zh. Tekh.

to combine to form critical nuclei. Thus, the critical tempera- iz, 226), 43 (1996 [Tech. Phys. Lett22, 245(1996].

ture at which the growth of diamond-like islands is still ob- N. N. Bylinkina, S. P. Mushtakova, S. Yu. Suzdal'tsev, and R. K. Ya-
served, and also the maximum density of diamond-like phasefarov, Pisma Zh. Tekh. Fi22(21), 88 (1996 [Tech. Phys. Lett22, 902
HUC|ei_ will inqrease with in.cre-asi_ng vapor pressure and in_“)(Al.glgé]L‘Jbbelohde and F. A. LewisGraphite and its Crystal Compounds
creasing particle flux density incident on the substrate. The (oxford University Press, London, 1960; Mir, Moscow, 1965

opposite is also true: the lower the flux density, the more®M. D. Blue and G. C. Danielson, J. Appl. Phy28, 583 (1957.

rapidly the formation of nuclei of the hydrocarbon and dia- 5Thin Films: Inte_rdiffusion and Reaction_edited by J. M. Poate, K. Tu,
mond phases of carbon ceases with increasing temperature®™d J- MeiertWiley, New York, 1978; Mir, Moscow, 1982

as is observed experimentallgurves1-3 in Fig. 1). An  Translated by R. M. Durham
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Calculation of the optimum parameters of a copper-vapor laser lidar for remote probing
of H,

G. V. Laktyushkin, V. E. Privalov, and V. G. Shemanin

Baltic State Technical University, St. Petersburg
(Submitted November 12, 1996; resubmitted March 18, 1997
Pis’'ma Zh. Tekh. Fiz24, 32—35(February 26, 1998

A numerical solution of the lidar equation is obtained for Raman backscattering by hydrogen
molecules and the optimum radiation powers of a copper laser are determined at distances
of 100-6000 m. ©1998 American Institute of Physids$S1063-785(08)02302-1

The copper vapor laser is becoming extremely widelyusing the attenuation factokstaken from Ref. 6.
used in lidart The results of Ref. 2 suggest that a copper- Using the data given above, we calculated the Raman
vapor laser lidar may be used at wavelengths of 0.5106yackscattering power using the lidar equation for one of the
0.2553, 0.5782, and 0.289am with 10 ns pulsegpulse  molecular concentrations, and selected wavelengths and peak
repetition frequency up to 20 khizat typical powers npowers of the copper laser over a range of probing distances
P=10-150 kW. In the pulse acquisition mode where thepetween 0.1 and 6.0 km in order to obtain an optimized lidar

signal is recorded by the liddra probing distance given by system. The results of the calculations fos tHolecules are
the productP N may be used.

We obtained a numerical solution of the lidar equation
for Raman backscattering by molecules of hydrogen and its
isotopes, using copper laser radiation with the parameters

given above. The aim of the study is to select the OptimumTABLE I. Results of calculations of the Raman backscattering power jor H
lidar system molecules for three wavelengths of a copper laser at powers of 1-100 kW,

- . probing distances of 0.1-6.0 km, and a molecular concentration of
The lidar equation for Raman scatteffigwas solved 12 cm-3.

for H, molecules. The corresponding wavelengths are giver

in Table I. The differential cross section for vibrational Ra-km Po, kW 1 10 100
man backscattering was calculated using the well-knowr 1 A, nm P(\R), "W P(\,R), "W  P(\,R), "W
formula?* which may be simplified to give 510 1.646 16.46 164.6
255 5.439 543.39 543.9
do A 289 8.928 89.28 892.8
TN 1) o5 nnmo P(LR), nW  P(LR), "W P(A,R), n\W
510 65.8 0.658 6.58
where the constam is determined using the known cross ;gg ;gi ggi ;é;?
section for the Wavelengoth\o=488.1 nm of an argon ,, \, nm POLR), W POLR), "W P(L,R), nW
laser, ﬁa/dﬂ)=0.8®< 103 crr12/sr, and is A=4.87138 510 16.46 164.6 1.646
X 102 cné/sr. For the specific case of our lidar, in the lidar 255 54.39 543.9 5.439
constantk; we then isolate the cofactar,(\), which de- 289 89.28 892.8 8.928
pends on the spectral sensitivity of the photocathode of thé? Aé{‘g‘ P()‘"j)ilnw P(x,4R’1),an P(’"Rg'ﬂ\iv
photomultiplier, in the form 255 13.60 136.0 1360
289 22.32 223.2 2.232
ki =Ka&,(N). @ 30 nnmo P(LR), pW  P(LR), pW  P(A,R), pW
. . . . 510 1.828 18.28 182.8
The other cofactors in the lidar equation have the follqwmg 255 6.044 60.44 604.4
values: distance stefpR=7.5 m for the measurement time 289 0.921 99.21 992.1
z=50 ns, detector ared,=0.008 nf, K,=0.495 for the 4.0 \, nm P(\,R), pW  P(\,R), pW  P(A\,R), pW
519 nm wavelength, peak laser pulse powegs=1.10 and 510 1.029 10.29 102.9
100 kW, probing distance=0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 ggg g;‘gg gggg g;‘gg
. 1 _3 . . .
and 6.0 km, _e.m.d. molecular concentration'®lém=3. The ' \, nm POLR), pW  POLR), pW  P(A.R), pW
spectral sensitivities of the RE79 and FEJ-140(FEU-124) 510 0.658 6.58 65.8
photocathodes in the ultraviolet were taken from Ref. 6, and 255 2.176 21.76 217.6
the transmission of the atmosphere was calculated as in Ref. 289 3.571 35.71 357.1
510 0.457 457 45.7
R 255 1.511 15.11 151.1
T()\,R)=ex;{—f k()\)~dR} €) 289 2.480 24.80 248.0
0
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presented in Table I. It can be seen that an increase in the These results therefore demonstrate that an optimum la-
laser radiation power leads to a proportional increase in th&er wavelength can be selected for probing molecular hydro-
Raman scattering power, while a reduction in the concentrad€n in the atmosphere at a given distance.
tion of probed molecules causes a proportional decrease ifv. S. Evtushenko, M. Yu. Kataev, and V. M. Klimkin, Opt. Atmos.
the Raman scattering power without changing the spectra},Okean9, 777(1996. o
. . . L. L. P. Vorob’ev, V. S. Evtushenko, V. I. Klimkiret al, Opt. Atmos.

dependence of the cofactors in the lidar equation. With in- okean.s, 1648(1995.
creasing distance, the Raman scattering signal decreases B?l-ggéV'tS'nSkﬁy V. D. Divin, A. V. Keller et al, Opt. Zh. No. 5, 83
two orders of magnitude over the first kilometer, and then by“R. M. Measureslaser Remote Sensing: Fundamentals and Applications
a further two orders of magnitude over the next five kilome- S(Wiley, New York, 1984; Mir, Moscow, 1987

. Laser Monitoring of the Atmospheredited by E. D. Hinkley(Springer-
terg. An gnalyss (?f these res.ults shows that 289 n.m IaserVerIag’ New York, 1976: Mir, Moscow, 1979
radiation is the optimum for this system, which can give the ®Laser Handbookedited by A. M. Prokhorov, Vols. 1 and [Russian
maximum Raman backscattering power for all the molecules transl. with changes and additidnSovet-skoe Radio, Mosco(@978.

over distances between 0.1 and 6.0 km. Translated by R. M. Durham
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Nanostructure of the rapidly quenched magnetic alloy NdFeB
O. A. Velikodnaya, E. I. Lugovskaya, and T. |. Mazilova

“Kharkov Physicotechnical Institute” National Science Center
(Submitted August 29, 1997
Pis'ma Zh. Tekh. Fiz24, 36—40(February 26, 1998

High-resolution field emission spectroscopy has been used to study the nanostructure of the
NdFeB alloy. This revealed a fine banded structure of the grain-boundary phase which is
responsible for the high coercivity of the alloy. €98 American Institute of Physics.
[S1063-785(08)02402-1

Recently NdFeB systems have been used to fabricatdetermined by comparing the threshold evaporation voltages
permanent magnets with an energy density up taand the voltages giving the best image in the hydrogen ions
400 kJ/m 3, which is considerably higher than the theoreti- (2.2x 10'° V/m). The local field-evaporation energy of the
cal limit for most magnetically rigid materials used alloy was calculated in the limit of overcoming the barrier
previously® Although the nature of the high coercivity of created by the superposition of the potential of the image
rare-earth metals remains unclear, it has been established tHatces of ann-fold ionized atom and the potential of the
this is associated with extremely small-scale characteristicexternal electric field:
of the microstructuré? Here we use one of the highest- 33012
resolution structural methods—combined field ion and elec- Qo=(n"e"F)™, @
tron emission microscopy—to study the structure of the alloywheree is the electron charge.

NdFeB? Most of the samples exhibited a two-phase structure.

Needle-shaped samples with a radius of curvature offhe magnetically rigid¢ phases were characterized by a
5-15 nm at the tip were prepared by electrochemical etchingeduced evaporating field strength and the brightness of the
from a rapidly quenched NgFe;sB, alloy obtained by a image was therefore reducBdrigure 1 shows emission im-
standard techniqueThe studies were carried out using a ages of the surface of Ng-e;sB, alloy obtained by field
double-chamber, low-temperature, ultrahigh-vacuum, fieldevaporation in the iofia) and electror(b and ¢ modes. The
microscope operated in both the ion and electron modes. Thien image was obtained directly during field evaporation of
required field was generated by applying a positive dc voltthe surface of the sample at a rate of $im/s. The elec-
age of 10-25 kV and an ac voltage of 6—-30 kV to thetron images of the field-polished surfa¢gigs. 1b and 1c
pointed sample. The amplitude of the ac voltage was selectaglere obtained at negative voltages of 1.5 and 1.7 kV, respec-
to produce a field emission current of density® #Jcm® tively. It can be seen from Fig. 1a that individual atoms and
Hydrogen at a pressure between ftand —107% Pa was  small complexes of them are resolved on the ion images. The
used as the imaging gas. The surface of the samples wasgectron images exhibit significantly higher contrast and their
polished by field evaporation at an intensity of 1.0-EQ5 configuration depends on the electric field stren@tigs. 1b
whereF, is the threshold field corresponding to? giving aand 19¢. The constant-brightness contours of the field elec-
rate of evaporation of I nm/s. tron image correspond to a constant ragit’/F. At reduced

The dependence of the field electron current derdsip  voltages, the electron-microscopic images reveal a fine struc-
the local fieldF is determined by the Fowler—Nordheim ture of a “bright” grain-boundary phase surrounding grains

equatiorf, from which it follows that of the magnetically rigid Ng~e ;B phase and usually iden-
tified as NgB; (Ref. 6. Bands of enhanced brightness are
dJ _ dF observed(Fig. 1c and Fig. 2pwhich are conserved during
7 E @ prolonged field evaporation. These bands indicate the pres-

ence of plate-like inhomogeneities within a neodymium-

wherex=Be*¥F is the coefficient of field sensitivity of the enriched grain-boundary phase, which are characteristic of
electron emission. the spinoidal decay of rapidly quenched alloys. The system

In our experiment$ was varied in the range 3—4 V/nm. of plates is oriented approximately normal to the boundary
Taking ¢ for the estimates to be the work function of pure with the ¢-phase. The average distance between the plates is
iron, 4.4 eV (Ref. 4, we obtain 16 x=<21. The high field (2.5£1.0) nm and their thickness is 5-8 nm.
sensitivity of the electron emission was utilized here to iden-  The electron images of the surface of magnetically rigid
tify comparatively small deviations of the evaporating field ¢-phase grains polished by electric field evaporation reveal
F. caused by ultrasmall-scale characteristics of the alloyno emission contrast characteristics which would indicate the
structure. presence of intragranular structural and compositional inho-

The electric fieldF. required for activation-free evapo- mogeneitiesFig. 1). The average diameter of thgphase
ration of the alloy in the form oh-fold ionized atoms was grains was (2%6) nm. Around 10% of the grains had di-
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FIG. 1. Field emission photomicrographs of rapidly quenched NdFeB alloy:

FIG. 2. lon-microscopida) and electron-microscopit) images of grain-
boundary phase. Traces of parallel plate-like precipitations reaching the sur-
face can be seen

served characteristics of the emission contrast of the grain-
boundary phase indicate regular variations in its chemical
composition.

The nanocrystalline structure of the rapidly quenched
NdFeB alloy observed in the present study corresponds to a
single-domain structure within grains of the main magnetic
phase. Significantly, the volume of the resultant inverse mag-
netic domain, which is determined by the dimensions of the
grain-boundary phase plate, is negligible compared with the
volume of the entire grain. The uniform contrast of the elec-
tron emission images of the magnetically rigid phase grains
indicates that there are no intragranular structural and com-
positional inhomogeneities which could act as pinning cen-
ters for the motion of Bloch walls. The fine grain-boundary
structure observed in the present study may be attributed to
nonequilibrium of the neodymium-enriched phase. These re-

a—ion image obtained during field evaporation of the sample surface, b angUlts should be taken into account when constructing a model
c—electron images of field-polished surface obtained at 1.5 and 1.7 kvof nucleation in rare-earth magnetically rigid materials.

respectively.
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needle-shaped sample;100 nm. The difference between

Matter 182, 315(1995.
4A. Modinos, Field, Thermal, and Secondary Electron Emission Spectros-

the local field gvaporation energies of the intergran_ular plates copy[in Russiar, Nauka, Moscow(1990.
and the material between the plates, calculated using formul@m. Miller and G. Smith,Probe Analysis in Field lon MicroscoffjRussian
(2), was 1.4 eV/atom. This value is clearly substantially  ranst] Mir, Moscow (1993.

greater than the typical values of the specific energies asso-

A. Hutten and P. Haasen, Acta Metall. Mat8g, 1 (1991.

ciated with various types of lattice defects. Thus, the ob-Translated by R. M. Durham
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Spontaneous and stimulated emission in microwave oscillators with a virtual cathode
A. E. Dubinov and V. D. Selemir

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

(Submitted May 15, 1997

Pis’'ma Zh. Tekh. Fiz24, 41-46(February 26, 1998

A one-dimensional model of electron beam emission with a virtual cathode is used to show that
spontaneous emission occurs in a reditron while stimulated emission is observed in

vircators and negative triodes. However, at a certain stage in the latter, the radiative instability is
quenched as a result of the evolution of turbulence in the electron beam. The idea is

therefore put forward that this quenching may be eliminated by specially shaping the leading
edge of the high-voltage supply pulse to the diode of the microwave oscillatol 993

American Institute of Physic§S1063-785(18)02502-¢

The question as to whether spontaneous or stimulated —convective currentthe frequency is approximately
emission occurs in an active electrodynamic system is a kegqual to twice the beam plasma frequency in the injection
issue for understanding the overall dynamics of a microwaveegion:
oscillator. For most vacuum and plasma microwave oscilla-

tors with high-current electron beams, this issue is fairly well Je=lert (Jo~Jer)COSOL, @
determined. However, for virtual cathode oscillatoksuch —displacement current:
as vircators, negative triodes, and reditngh$ this issue 1 9E
still remains unresolved. ib=—(jo—jcr)cOsQt=—"—. —; 3
A one-dimensional model of electron beam emission 4m ot
with a virtual cathode is used to show that spontaneous emis- —total current:
sion occurs in reditrons, while stimulated emission is ob- . . . .
Ji=lctIp=lecr- (4)

served in vircators and negative triodes. However, at a cer-

tain stages in the latter, the radiative instability is quenchedhe rest of the electrong{—j.) are then reflected by the

as a result of the evolution of turbulence in the electronvirtual cathode back into the injection plane. In a reditron,

beam. Thus, the idea was put forward that this quenchingvhere the reflected electrons are immediately absorbed by a

could be eliminated by specially shaping the leading edge ofoil in the injection plane, this current balance is sustained

the high-voltage pulse supplied to the diode of the micro-for an arbitrarily long time.

wave oscillator. In vircators and negative triodes, the reflected electrons
We assume that a high-current electron beam is injectetiuild up in a “cathode-virtual cathode” potential well, cre-

through a thin metal foil into a drift tube to which a strong ating an electric charge given lfgeglecting the lossgs

axial magnetic field is applied and we assume that the beam ¢ ¢

current density is constant in time and givenjgyFig. 1). It q:f (jo—jc)dt:J (jo—jcr)(1—cosQt)dt. (5)

is known that if j; exceeds a certain critical valyg,, a 0 0

virtual cathode forms in the beam. It was shown in Ref. 5 As the charge accumulates, the “degree of suppression”

that the expression fgg, determined by analyzing the maxi- of the electron beam increases, ije,,decreases. We do not

mum %ossible steady state of a beam in a drift tube, may bRnow of any accurate expression for the dependencig,of
given by

jor=(mc¥/e)(y**-1)%5G, oY)

wherem and e are the electron charge and masss the /
velocity of light, y is the Lorentz factor of the electrons in ‘] —
|

the injection plane, an is the geometric form factor.

However, unlike Ref. 5 our analysis is based on the fun- L=

damental idea that the critical current dengity can vary ! :

during the evolution of the system, accompanied by the for- I
i 2

LN
=
A

,,(-><__..J>

mation of a virtual cathode.
Thus, we consider the current balance in a cross section 4 3
positioned at a certain distance downstream from the thuarLIG 1. Geometry of the problemt:—cathode2—anode foil. 3—drift tube.

CathOde in the _dire.Ction of the beam moFid?ig. D). Ifthe  anda—virtual cathode(the cross section studied is indicated by the dashed
difference {o—j,) is not too great, we will have: line.

1063-7850/98/24(2)/2/$15.00 142 © 1998 American Institute of Physics
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FIG. 3. Evolution of the system with a profiled pulse leading edge:
1_j0(t); 2_jcr(t)'

However, this quenching can be avoided by specially
shaping the leading edge of the high-voltage supply pulse.
The criterion for this profile is that the instantaneous value of
the injected currenf, should not be more than twice the

FIG. 2. Evolution of the system with constant injection current: a— jnstantaneous value of the critical currqm_ Then, ifjcr

X(t)=jer()jo; b—E(1).

on the accumulated charge However, we can draw some

and j, increase synchronouslyfor example, so that
jo~1.8j¢), in accordance with E(3), the amplitude of the
electric field will increase.

Since in the nonrelativistic approximation in the diode of

general conclusions on this dependence: a it decreases morfpMicrowave oscillator we usually find

tonically with j ., = for g=0 while j,,=0 for g=c. Thus,
we can qualitatively assume

(6)

whereG' is a certain geometric form factor amd=const.
Substituting Eq(6) into Eq. (5) and differentiating, we
obtain an equation fox=j/jq:

dx

dt

Equation(7) has the steady-state solutior=1. How-
ever, this solution is unstable, since fg(0)=1—4, for
small 6§ the functionx diverges rapidly from its initial value.
Equation (7) was solved numerically by a fourth-order
Runge-Kutta method for various valuesmfG’, ), andé.
The typical evolution ok(t) is plotted in Fig. 2a. The solu-
tion of Eq. (7) may be substituted into Eq3) to give the
evolution of the electric field. In normalized form, we have

q:G’j(?rp’

Xp+1

=W(x—1)(l—cosﬂt). (7

E(t)=fot(1—x)cosﬂtdt. (8

The evolution ofE(t) was calculated numerically and is

jo= SuU¥? 9
whereS is the perveance of the diode abdis the applied
voltage, the oscillation frequendy will depend linearly on
U. As aresult of simple calculations, we obtain a differential
equation forj, for a given profileU(t) similar to Eq.(7):

djcr 3 jcr du (jcr_suslz)'g:rl
W_ED_UE —/—pG,,U32 (1—cosAUt).

(10

HereG"” andA are certain geometric form factors. By select-
ing U(t), we can findj, and j., from Egs.(9) and (10),
respectively, so thaty and ., increase rapidly and the re-
quired relation between them is satisfied. We were able to
select several variants of the paramet8ysG”, and A for
p=1 for an exponential voltage pulse profilé(t) in the
diode for which the conditiofg=<2j., can be satisfied over

a fairly long time. As an example Fig. 3 shows one of these
variants as graphs ¢f, andj.,. Thus, in a vircator and in a
negative triode, stimulated emission can be sustained for al-
most the entire supply pulse.

plotted in Fig. 2b. This shows that, as was to be expected
(see the qualitative reasoning on phase separation presented

in Refs. 2 and B radiative instability with stimulated emis-

sion develops in an electron beam with a virtual cathode in &

IM. V. Kuzelev and A. A. RukhadzeElectrodynamics of Dense Electron
Beams in Plasméin Russian, Nauka, Moscow(1990.
B. V. Alyokhin, A. E. Dubinov, V. D. Selemiet al, IEEE Trans. Plasma

vircator and a negative triode, while spontaneous emission iSsc; 22 945 (1994,

observed in a reditron.

3A. E. Dubinov and V. D. Selemir, Zarub. Radioelektron. No. 4(5495.

It Shou'd be noted tha‘[ our mode| Of Stimu'ated emissi0n4A. A. Rukhadze, S. D. Stolbetsov, and V. P. Tarakanov, Radiotekh. Ele-

ceases to hold fax<<1/2 since at certain timgs<<0 is then

ktron. 37, 385(1992.
5L. S. Bogdankevich and A. A. Rukhadze, Usp. Fiz. N8 609 (1971

fou_nd, which corresponds to return mot_ion of the electrons. [sov. phys. Uspl4, 163(1971)].
Quite clearly,x<1/2 corresponds to vortices of the electron °V. E. Vatrunin, A. E. Dubinov, V. D. Selemir, and N. V. Stepanov, in

beam in longitudinal turbulenfewhich is responsible for
guenching of the radiative instabilitithe time at whichx

Fractals in Applied Physicsedited by A. E. Dubinov[in Russian,
Arzamas-16(1995, p. 47.

passes through 1/2 is indicated by the dashed line in Big. 2Translated by R. M. Durham
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Investigation of superconducting crystals by neutron scattering and nuclear
microanalysis

G. A. Evmenenko, V. M. Lebedev, V. T. Lebedev, A. I. Sibilev, and S. A. Churin

B. P. Konstantinov Petersburg Institute of Nuclear Physics, Russian Academy of Sciences, Gatchina
(Submitted July 1, 1997
Pis’'ma Zh. Tekh. Fiz24, 47-51(February 26, 1998

A combination of nuclear microanalysf®n x-ray spectral analysis, Rutherford backscattering,
and nuclear reactiopsvith low-angle neutron diffraction in the bulk of a Y-Ba-Cu-O

ceramic rod, recrystallized by zone refining, was used to determine the elemental and phase
composition of the initial ceramic, the crystal, and the transition sections. The degree of local
homogeneity of the medium was also determined at scalesl®f—10> nm. © 1998

American Institute of Physic§S1063-785(18)02602-(

A problem in the technology of high-temperature super-~1%). The oxygen content in the samples was determined
conductors is to obtain long crystals with a high critical cur-relative to a standard sample using #@(d,p)1’O nuclear
rent. A rod of the required length and cross section is prereaction’ The energies of the accelerated protons and deu-
pared from YBaCu;O, ceramic by powder technolog¥ig.  terons wereE,~1MeV and 0.9 MeV, respectively, with
1). Melting and crystallization of the blank is carried out in a AE/E~10"%. The elemental and phase compositions are
vertical furnace. As the ceramics melt, they decompose tpresented in Table I. To complete the picture, we investi-
form solid (Y,BaCuQ) and liquid (#: BaCuQ and CuQ  gated another crystal cut from a similar r@erget 2. For
components. The crystals are grown by the peritectic reacdhese methods, the thickness of the surface layer investigated
tion Y,BaCuGQ+_“4=YBa,Cu0, in a thermal field with a in the samples is-20 um.
gradient of 20—50 °C/cm at 1010-1005°. The velocity of the = The crystalposition2) is enriched in the BaCu{phase,
rod in the furnace is X 10 mm/h 1. Crystals of YBaCu;0,  whereas target 2 is enriched inBaCuQ and BaCu@. The
several centimeters long with a critical current densitysurface layer at position8, 4, and 5 consists mainly of
jo=10~1C Alcm? atB=0T andT=77 K were grown at BaCuQ, which is consistent with data given in Ref. 3.
the Institute of Metal Physics of the Russian Academy of At position 2 on the rod, and for target 2 in certain
Scienceg. However, during crystallization the colder upper positions relative to the direction of the deuteron beam from
part of the blank becomes coated with a layer of BaguOthe accelerator, the proton spectr@ipnoducts of the nuclear
with traces of CuO, which leads to shrinkage, loss of stoichiteaction between deuterons alf® oxygen at low energies
ometry, and termination of crystal growth. The lower part isreveals an intensity dip—deuteron channeliiig. 2), which
enriched in the ¥YBaCuQ, phase. There is thus a need to indicates crystallinity in the sampldposition2 on the rod
monitor the elemental composition and microproperties ofand target 2
the various parts of the blank during the crystal growth pro-  We used low-angle neutron diffraction at the wavelength
cess.

We used nondestructive methods of nuclear microanaly-

sis to determine the elemental composition of the target. The Np ] “Dld )%
analysis was carried out using th&8-2 electrostatic accel- 2_103. £’
erator at the St. Petersburg Institute of Nuclear Physics. The " ?/
elemental composition of yttrium, barium, and copper was Y; \L
determined by Rutherford backscattering and x-ray spectral A o
analysis with proton-excited fluorescendeclative error /‘, ,/
103 3 ‘, I’. i
/ N
A7 4 & 4t
, /‘, ." \ o2
, ~ ,‘,' ad
0 _;_’_ﬁ";.' ." 1 A ‘ 2
0.8 1.0 1.2
£y, Mey

FIG. 2. Proton spectrum using tHé0(d,p;)*’O reaction for randon{1)
FIG. 1. Sample showing monitoring positioris:3, 4, and5—liquid com- and oriented2—position2 in Fig. 1,3—target 3 incidence of deuterons on
ponent,2—crystal, 6—transition region, and—initial ceramic. the crystal target.
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TABLE I. Elemental and phase composition of samples.

Elemental content
in atomic ratios

Position Y Ba Cu o} Phases

1 0.034 1 1.13 2.260.02 (BaCuG)+0.038YBa,CusOg g9

2, cryst. 0.90 2 291 6.710.07 (YBa,Cu;05 99 +0.23BaCuQy)

3 0.056 1 1.07 2.160.02 (BaCuQ)+0.063YBa,CusOg g9

4 - 1 1.04 2.05:0.02 (BaCuQ)+0.04Cu0O)

5 - 1 1.04 2.080.02 (BaCuQ)+0.04Cu0O)

6 0.134 2 3.05 5.3t 0.06 (BaCuQ)+0.54Cu0O)
+0.034(Y,BaCuQ)

7, initial 1.01 2 2.94 6.8%0.07 (YBa,Cu;05 ¢7)+0.018Y ,BaCuQ)

Target 2, 131 2 2.77 7.850.07 (YBa,Cu;04 g9 +0.19BaCuQ)

cryst. +0.35(Y,BaCuQ)

A~0.3 nm AN/A~30%) to determine microinhomogene- neutron intensity ) on the imparted momentumqy:
ities in the sample. The neutron scattering for imparted mo!(d)~q % where the exponerd characterizes the fractal
mentag=0.05—0.8 nm? was measured at several positions dimension of the object at scales of'+A.(* nm. For the
on the sampld€Fig. 3) and for target 2. Also plotted are the initial ceramic(position7) we obtaind=4.03+0.03, for the
results of approximating the dependence of the scattereiitermediate regioriposition4) d=3.41+0.05, and for the

iQq), arb. units

10
Opos.2 d =3.23 £+ 0.03
0pos.4 d=3.4110.05

10 b apos.7 d =4.03 £0.03

10%

10%

10%

10'%

L A L 1 S Iy

crystal (position2) d=3.23+0.03. For target 2 we obtained
a value close to threel=3.19+0.04.

Thus, the ceramic part of the sample has a well devel-
oped granular surface with the dimensior-6~2, which
gives the Poroda scattering laWfq)~q~ 4. The exponent
d=3 indicates a dense mediufpolycrysta). The transition
region has an intermediate dimensidnThese results agree
with the elemental and phase composition data and explain
the observed deuteron channeling effgg. 2).

These investigations have shown that it is effective to
combine low-angle neutron scattering and nondestructive
surface-sensitive methods of nuclear microanalyRisther-
ford backscattering, nuclear reactions, ion x-ray spectral
analysis, and channelingo monitor the growth of high-
temperature superconducting crystals and optimize their pro-
duction technology, and to study other similar objects.

This work was carried out as part of the Federal Program
“High-Temperature Superconductivity(Grants 96021 and
95032 and was supported by the State Scientific and Tech-
nical Program “Neutron Studies of Materials.”

11. F. Voloshin, L. M. Fisher, Yu. V. Drozov, and S. A. ChuriApstracts
of Papers presented at 30th Conference on Physics of Low Temperatures,
1994, Part 1[in Russian, p. 70.

20. I. Kashtanova, V. M. Lebedev, and V. A. Smolibstracts of Papers
presented at Fourth All-Russia Conference on Modification of Properties
of Structural Materials by Charged Particle Beams, Tomsk, 189®&us-
sian], pp. 487—489.

FIG. 3. Investigation of microinhomogeneities by neutron diffraction at po- 35 A. Churin, Pis'ma zh. Tekh. Fi21(10), 53 (1995 [Tech. Phys. Lett.
sitions2, 4, and7. The approximating functions are shown together with the 27 375 (1995,
parametersl characterizing the fractal dimension of the object at scales of

10'-1C nm.

Translated by R. M. Durham
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Removal of nitrogen oxides from the air under the action of a microsecond electron
beam

G. V. Denisov, Yu. N. Novoselov, and R. M. Tkachenko

Institute of Electrophysics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg
(Submitted September 10, 1997
Pis’'ma Zh. Tekh. Fiz24, 52—-56(February 26, 1998

The oxidation of nitrogen oxides in a model mixture ionized by a microsecond pulsed electron
beam has been investigated experimentally and results are presented. It is shown that

when the mixture has a high impurity content, the energy dissipated in the removal of a single
toxic molecule is substantially lower than the dissociation energies of nitrogen monoxide

and molecular oxygen, being-2eV. © 1998 American Institute of Physics.
[S1063-785(08)02702-3

Oxides of nitrogen NQpresent in large quantities in flue that used in Ref. 5. The measurement error did not exceed
gases discharged from thermal power stations are a majdo.
cause of acid rain. At the present time, electrophysical meth- During the experiments we determined the absolute
ods of purifying these flue gases are being intensively invesshange in the concentration of nitrogen oxides and the de-
tigated. These methods involve using electric discharges argree of purification, and also the energy expended in the
electron beams to ionize various types of gas. Reactions t&moval of a single toxic molecule. The degree of purifica-
form free radicals such as O, OH, angrDtake place in this  tion 77 and the energy dissipated in the removal of a single
ionized moist gas and these radicals react with nitrogen oxtoXic NO molecule were calculated as
ides to form nitric acid. When ammonia is added, the acid
forms NH,NO; ammonium salts in solid powder form,
which can be removed by various types of filtéfs.

From the point of view of obtaining low energy con-
sumption, it is efficient to use electron beams. Continuous
accelerators delivering electron beams with current densities 5000
of 10 9-10° A/cm? are used for this purpose since they
have reached a sufficient level of technical development.

These beams give a high degree of purification from nitrogen
oxides—up to 98—-100%, with the energy dissipated in re-

moving a single toxic molecule being 15—-20 €Nef. 4. In a
earlier studies using oxides of sulfur and carbon disuifide ——
we demonstrated that the use of pulsed beams can substan- 1000 Y D
tially reduce the energy consumption by several factors. It is - - — S
therefore interesting to examine the possibility of using T I T T T T
pulsed beams to remove oxides of nitrogen. 0 100 200 300 N

Here we present results of experiments to study the re- Co
moval of NO and NG molecules from a model mixture ex-
posed to a microsecond pulsed electron beam. Characteris- ppm
tics of the removal of impurities from an air mixture were
investigated as a function of their concentration. The experi-
ments were carried out using apparatus similar to that de-
scribed in Ref. 5. The electron accelerator delivered a radi-
ally diverging beam with pulse length of 4@s, electron 1500
energy 250-300 keV, and maximum current density
~10" 2 Alcm?. The cross section of the beam extracted be-
yond the foil was 1.44 fand the irradiated volume was 170
liter. 1000 T T T T—T

A model mixture containing 10% oxygen, up to 87% 0 100 200 300 N
nlt_rogen, 30_/0 water Vap‘?r' ar_]d between_ 500 _and 6000 ppr.EIG. 1. a—Change in NO concentration versus number of irradiating pulses
oxides of nitrogen was irradiated. The impurity concentra-y; p_change in NQ(1) and NG, (2) concentrations versus numbirof
tion was measured by a conductometric method similar tarradiating pulses.

T
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7= AINOJINO, oV?molecule - %%
e=jD m/eA[NO](eV/molecule. 4007 25
Here A[NO] is the change in the concentration of nitrogen 300 - 20
oxides after a series of radiation pulses (¢ [NO], is the 1
initial impurity concentration in the mixture (cm), j andr T 15
are the beam current density (A/€mand its duratior(s), D 200
is the energy dose absorbed by the gas per unit lef@th 4 L 10
cm), n is the number of pulse in an irradiation series, and ° /% 2 "
is the electron chargéC). 1007 | 5
The productj 7 was determined by integrating oscillo- . .
scope traces of the beam current pulsesingas measured — T T T T T T
experimentally by a standard technique using film dosim- 0 1000 2000 3000 4000 5000 C,, ppm

eters. The measured value @fwas compared with that cal- o o
culated by the Monte-Carlo method. The results of the meat'C: 2 Dissipated energy (1) and degree of purificationy (2) versus

. . initial NO impurity concentration.
surements and calculations differ by no more than 10%. The Uy

total measurement error ferdid not exceed 0.3. change in the dissipated energyeflects the curves plotted
~ The main problem in the removal of oxides of nitrogenn rig 1a. At low NO concentrations, is appreciable, a few
is the oxidation of NO to give N@since when water vapor ens™ of electron volts per molecule. For example for

is added to the gas, the N@olecules undergo fairly rapid [NOJ,~1000 ppm the dissipated energy is
oxidation to give nitric acid without additional electron beam _ g ev/moleculej An increase fiNO], reduces the value
irradiation of the gas. Figure 1a gives the change in the const ;. For example, when the initial concentration of nitrogen
centration of nitrogen monoxide as a function of the number,,qnoxide is 5500 ppm; is reduced to-2 eV. For compari-

n of radiation pulses. It can be seen that the NO concentrassp, e note that the dissociation energy of the NO molecule

tion decreases linearly with increasing number of pulses. Als g 5 eV and the dissociation energy of molecular oxygen is
the same time, attention is drawn to the fact that the rate of 1o eV (Ref. 7).

decrease in the NO concentration depends on the initial im- 14 conclude. it has been shown that microsecond elec-

purity content. Figure 1b gives the NO and Neébncentra- 4 heams can oxidize nitrogen oxide impurities, present in

tions as a _function of the ngmber of radiatipn pulses.gir in large quantities, with a low energy consumption.
Whereas a linear dependence is observed for nitrogen mon-

oxide, the behavior of the NCconcentration deviates from This work was carried out under the International
linear. Under the action of the electron beam on the air, NGScientific-Technical Center Project No. 271.

becomes oxidized to give NOwhose concentration in-

creases with the number of radiation pulses. Subsequently,> ["angg‘a" .PE”EreE’??Qf{scgfifgfség?ﬁ'gg ”

the NG, concentration, like the NO, decreases. This indicatessy. Frank and S. Hirano, Radiat. Phys. Ches8, 416 (1990.

that electron beam ionization of the gas increases the rate ofJ. C. Person and D. O. Ham, Radiat. Phys. Ch&in1 (1988.

NO oxidation. °D. L. Kuznetsov, G. A. Mesyats, and Yu. N. Novoselov, Teplofiz. Vys.

P . _ Temp.34, 845(1996.
. The energy characteristic of the prpces; c_)f_nltrogep oX 6G. V. Denisov and Yu. N. Novoselov, Pis'ma zh. Tekh. F22(7), 11
ide removal is the energy expended in oxidizing a single (199g [Tech. Phys. Lett22, 270 (1996].
impurity molecule. Figure 2 gives the dissipated ener@s  7A. A. Radtsig and B. M. SmimovReference Data on Atoms, Molecules,
a function of the initial NO concentration in the mixture @and lons [Springer-Verlag, Berlin, 1985; rergoatomizdat, Moscow,
(curvel) together with the degree of purification(curve?2).

The number of radiation pulses was 300 for each point. Théranslated by R. M. Durham
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Efficient electric-discharge CO , laser with a prepulse formed by a generator with an
inductive energy storage device
E. Kh. Baksht, V. M. Orlovskii, A. N. Panchenko, and V. F. Tarasenko

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted July 29, 1997
Pis’'ma Zh. Tekh. Fiz24, 57—-61(February 26, 1998

Results are presented of experimental investigations of al&@r pumped by a self-sustained
discharge from a generator with an inductive energy storage device and a semiconductor
current chopper. It is shown that the energy stored in the inductance of the discharge circuit can
form a prepulse capable of depositing most of the energy in the active mixture for near-
optimum values of the parametEfp. A radiation energy B3 J was achieved in an electric-
discharge laser with a 0.181 liter active volume with a 17% efficiency relative to the

energy stored in the capacitive storage device. 1998 American Institute of Physics.
[S1063-785(08)02802-X]

1. Electric-discharge CQOlasers are now being increas- efficient electric-discharge GQaser in which the discharge
ingly widely used in various fields of science and engineeris formed using a prepulse from a generator with an induc-
ing. It is therefore of topical scientific and technical interesttive energy storage system and semiconducting current chop-
to improve these lasers still further, and especially to enper. We previously used a similar type of generator to pump
hance their efficiency. It is known that efficient electric dis- other types of pulsed lasegXeCl, nitrogen, Penning plasma
charge pumping of C@Qasers involves conserving discharge neon, and nonchain HF lasgfd*?
uniformity and sustaining the optimum parameip (E is 2. The electrical circuit and the laser design were similar
the electric field strength anglis the gas pressurever the o those used in Ref. 12. The active volume was
discharge gap in the range&/p<15 V/icm-Torr, depend-  Vv=1x3.3x55 cm (interelectrode gaml=3.3 cm. Preion-
ing on the mixture composition and the pump durafidie  jzation was provided by ultraviolet radiation from a barrier
range ofE/p corresponds to a voltage across the laser gagischarge which was formed below a grid anode by discharg-
below the static breakdown volta?gend is usually achieved ing a capacitorC,=3 nF. SDL-0,4-800 semiconductor di-
by pumping with a self-sustained discharge for a short timendes, operated in the current chopping mode, were installed
at low currents. Thus, atmospheric-pressure electricparallel to the laser gap. The capacitances and charging volt-
discharge pulsed lasers generally have efficiencies of 5-12%ge in the circuit where current was preliminarily passed in
(Refs. 2 and B The parameteE/p may be reduced during the forward direction through the semiconducting diodes
the exciting pulse by decreasing the charging voltage, but fofbuildup circuiy and in the main circuit wer€,=10 nF and
self-sustained discharge pumping this substantially reduceS;=45 or 90 nF,U,=20 kV andU,;=15-30 kV, respec-
the energy deposited in the active mixture and may lead téively. The time for preliminary passage of current through
contraction of the discharge. Contraction can be avoided anthe chopper, which is equal to the half-period of the current
the deposited energy increased at redUgfal by using pro-  oscillation in the buildup circuit, was taken to be 800 ns,
filed electrodes, which generate a uniform field in the dis-with the transmitted current being an order of magnitude
charge gap, and using a high initial electron concentratiotiower than that in the main circuit. The current pulses in the
from an external ionizer. Intense ultraviolet radiatfofi, discharge circuits, the voltages across the laser gap, and the
high-voltage prepulse shaping systeffisand an electron laser radiation pulses were recorded using shunt resistances,
bean? have all been used as ionizers. However, when tha voltage divider, and an FSG-0.22 photodetector, respec-
ultraviolet radiation intensity increases, the energy expendetively, from which the signals were fed to an S8-14 oscillo-
on preionization becomes comparable with the energy deposcope. The radiation energy was measured with an IKT-1N
ited in the active medium from the main storage system andalorimeter. The active mixtures, consisting of carbon diox-
the overall laser efficiency does not increase, remainingde, nitrogen, and helium, were prepared directly in the laser
<10% (Ref. 3. High-voltage prepulse shaping systems arechamber. The cavity was formed by a spherical copper mir-
fairly complex and have not been widely used. The highestor with R=5 m and a plane-parallel KRS-5 plate.

CGO, laser efficiencies have been achieved by pumping with 3. The main results are illustrated in Figs. 1 and 2. The
an electron-beam-controlled nonself-sustained disch@rgeinductive energy storage device produced voltage pulses
but the advantages of this pumping method are only manifestith a steep leading edge and maximum amplitude3U,,

is comparatively large systems with radiation energies highewhich could generate a volume discharge in the laser gap at
than 100 J, for which biological shielding is required. mixture pressures up to 0.5 atm and charging voltages of the

Here we report for the first time the development of ancapacitative storage device below the static breakdown level.
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U, xv I,xA pulse radiation energy increased to 8. 2. It should be
Ll 11.6 noted that with this pumping system the duration of the las-
L a {12 ing pulses could easily be varied between 4 andu$4by
varying the nitrogen content in the active mixtufeg. 1b.
20r 108 Under optimum conditions the delay time of the lasing pulse
104 relative to the discharge current pulse was us. When the
0 . t : ‘ z 4 storage capacitor was reduced, the charging voltage had to be
as 1 t, us increased considerably to achieve a radiation energy of 2—3J
i P/ Prax » arb. units which increased the voltage across the gas-discharge plasma
b during pumped and reduced the laser efficiency-tH0%.
3 The same efficiency was obtained by using a normal pump-
a5k 2 ing system with storage and peaking capacitors.
1 4. To conclude, we note that a radiation energy of 3 J
T T e , and an efficiency of 17% relative to the energy stored in the
a 2 4 6 8 10 ¢ s capacitative storage systems has been achieved using an
electric-discharge  laser with an active volume
FIG. 1. Oscillosco'pe' traces qf voltage pulses across laser gap, discharge=1 x 3.3x 55 cm, pumped by a generator with an induc-
ccliie;é(r?l):yangn:jaﬂ?“:of;bl)('v'\"'?;;freM'?;ﬁ?;Nﬁi&ghigfﬁf "’ttln; tive energy storage device and a semiconducting cgrrent
He:CO;:N,=3:0.7:1.4(2), and He:CQ:N,=3:0.4:1.6(3) at p=0.4 atm, ~ Chopper. It has been shown that the energy stored in the
C,=45nF, andJ;=30 kV (b). discharge-circuit inductance is used to form a prepulse which
can deposit most of the energy into the active mixture at
) o near-optimum values dt/p. It may be predicted that CO
After the volume discharge is ignited, the voltage across thg,gers pumped by a self-sustained discharge from a generator
gap drops rapidly, and most of the energy is deposited in thg;ith an inductive energy storage system and semiconducting

laser active medium within 1.5-2s at near-optimunk/p  cyrrent choppers will in future have extensive practical ap-
(Fig. 13. Under these conditions, the maximum Operat'”gplications.

efficiency of the CQ laser was improved to 17% and the
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1527 (1974 [Sov. J. Quantum Electrod, 843 (1974)].
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27 419 3G. A. Mesyats, V. V. Osipov, and V. F. Taraseniylsed Gas Lasers
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5J. S. Levin and A. Javan, Appl. Phys. Le22, 55 (1973.
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FIG. 2. Radiation energy and efficiency of glaser versus charging volt- (Moscow 24, 499 (1997).

age. Mixture He:C@N,=3:1:1 at p=0.3 atm, C,=90nF, and
U,=17 kF. Translated by R. M. Durham
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Pyroelectroluminescence of barium beta borate single crystals
V. T. Adamiv, Ya. V. Burak, M. R. Panasyuk, and I. M. Teslyuk

Institute of Physical Optics, Lvov, Ukraine
(Submitted July 29, 1997
Pis'ma Zh. Tekh. Fiz24, 62—65(February 26, 1998

Investigations were made of the pyroluminescence properties of barium beta borate single
crystals. The measurements were made at air pressures of 1-10 Pa and temperatures of 80—400
K. Luminescence was observed as isolated flashes over the entire range of experimental
conditions. It was observed that the light flashes coincided with the pyrocurrent oscillations.

© 1998 American Institute of Physids$1063-785(08)02902-4

Barium metaborate Bal®, can exist in two modifica- The pyroelectroluminescence was recorded using'a.mEE
tions: the low-temperature noncentrosymmegiphase with  photomultiplier. The rate of change in temperature during
space group & and the high-temperature centrosymmetriccooling varied in the range 0.08—0.25 K{i& some cases
a-phase with space groupn8 with a phase transition at liquid nitrogen was poured directly into the cryostaind
1198+5 K (Refs. 1 and 2 The g-phase of BaBO, (BBO)is  during heating did not exceed 0.15 K/s.
of major practical interest, since this is a highly promising  Figure 1 gives the temperature dependence of the inte-
nonlinear optical material with an extremely high radiation grated emission of the BBO crystal during coolifayirve 1)
resistance. Thus, the optical and nonlinear-optical propertieg, heatingcurve 2). It can be seen clearly that the lumi-
of BBO have been studied fairly intensively. However, otheroqcence of the BBO crystal, in the form of isolated flashes,
physical properties of BB@such as the pyroelectric, piezo- is recorded over the entire range of temperatuf@8—

e'eCF”C' and Iummescence properfigrave beeq less well 400 K). The amplitude and repetition frequency of the light
studied. Here we consider the pyroelectroluminescence e;—

fect observed in BBO single crystals. lashes vary erendlng on the rate of change |n.temperatgre
Single crystals of BBO were grown by a modified and the ambient gas pressure, and decrease slightly at high
Czochralski method from a flux onto a seed. The solvent walémperatures. When the temperature stabilizes after a
Na,O. The composition of the flux used to grow BBO was change, the light flashes cease. These characteristics of the
78 mol % BaBO, and 22 mol % NzO. Samples in the form BBO luminescence with varying temperature indicate that
of 1.5X 4X 6 mm wafers were cut from high-quality sections the observed luminescence has a pyroelectric character—
of the as-grown single crystals. pyroelectroluminescence. When conducting contacts were
The measurements were made in a cryostat at a residudéposited on the sample and the pyrocurrent recorded at the
air pressure of 1-10 Pa in the temperature range 80—400 Kame time as the luminescence intensity, it was observed that

—— 1

FIG. 1. Temperature curves of,, for a 8-BaB,O, crystal
during cooling(curve 1) and heatingcurve?2). The direction
of change in temperature is indicated by the arrows.

Tlum » arb. units
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the light flashes clearly coincided with the pyrocurrent oscil-minescence is sensitive to characteristics of the temperature

lations. behavior of the physical properties of the crystal and to the
It is known that the pyroelectroluminescence accompaexistence of phase transitidhs

nying a change in the temperature of a pyroactive crystal is A similar experiment to study pyroelectroluminescence

associated with electric fields which appear in the crystal as was carried out using the-phase of BaBO,. However, as

result of the pyroelectric effect, and has already been obwas to be expected, no traces of pyroelectroluminescence

served in many crystals exhibiting the pyroelectric effect,were identified ine-BaB,0, sincea-BaB,0, belongs to the

such as LiNb@, tourmaline? proustite and pyrargyrité, centrosymmetric class of crystals which do not exhibit the

lithium metagermanatéBeO (Ref. 7), Li,B,O; (Ref. 8, and  pyroelectric effect.

LiB3O5 (Ref. 9. The mechanism responsible for this pyro- In our opinion, one important conclusion can be drawn

electroluminescence is assumed to differ for different crysfrom these results. The observation of pyroelectrolumines-

tals, ranging from a pure electric gas discharge at the surfaagence at temperatures of 300—400 K indicates that strong

of the crystal to the combination of surface breakdown, in-electric fields and discharges are formed inside and at the

ternal breakdown, and the self-radiation of the crystal, asscsurface of the crystals as the temperature varies in the range

ciated for example with photo- or electroluminescence. of operating temperatures of nonlinear-optical BBO ele-
The results of Refs. 10 and 11 indicate that BBO singlements. This may be an additional reason for the more fre-

crystals have a fairly high pyrocoefficie(detween 14.5 and quent(compared with LiBOs) cracking of BBO nonlinear

15.0x 10" % C/m?-K) at room temperature, and this remains optical elements operating at high laser powers.

almost constant in the range 100—300 K. Simple calculations

show that for these values of the pyrocoefficient, a change in Eimerl, L. Devis, S. Velsko, E. K. Graham, and A. Zalkin, J. Appl.

the temperature of the BBO crystal by a few degré&be Phys.62, 1968(1987).

specific values ofAT depend on the rate of change in tem- 22-521- 'Ilg;ogosyan, Eektron. Tekh. Ser. Laser. Tekh. Optektron. No.

pe7raturedT/dt) Is sufficient to pr(_)duce electric fieldSup to 3K(. A). I(\/Iirzr?,.P. D. Townsend, and G. L. Destefanis, Phys. Status Solidi A

10" V/Im as a result of the buildup of pyrocharge. These 47 kg3 (1973.

fields are sufficient to break down air, even at normal atmo-“K. S. v. Nambi, Phys. Status Solidi 82, K71 (1984.

spheric pressure (3@Pa) and especially at the reduced pres- 5§gLif<§Z‘Vi1"gag L. g KaSSShC$UkhNb\r{' 2430?;2?';; al, Zh. Tekh. Fiz.

sures of 1-10 Pain our case. A separate experiment in WhICBS.’L. Bra\(/ina,aL.[Kc.’\lzada);i.chai, N V).lM(’)I'OZO\(/$|€'t&63|.., Zh. Tekh. Fiz.

the samples were heated above room temperature®@®d,0 60(1), 91 (1990 [Sov. Phys. Tech. Phy85, 54 (1990].

showed that pyroelectroluminescence flashes are still obZv. v. Shul'gin, A. V. Kruzhalov, I. N. Ogorodnikowt al, Zh. Prikl.

served, but less frequently and at a lower intensity than thosggpiktf;’m‘;&azkse\((?s&-B drak LT Lyio et al. Obt. Soectiosk6L

at reduced pressure. Attention is drawn t_o the_ complete anal—550 ('198@ [épt_' Spéctr'osc(us'gp'g 61, ):;45(1986).]’. PR '

ogy between the curveg,,(T) for the cooling(Fig. 1, curve  oya v. Burak, Ukr. Fiz. Zh42, 466 (1997).

1) and heating processésurve2), and the absence of back- °Yu. V. Shaldin, R. Popravski, S. Matyyasét al, Fiz. Tverd. Tela(St.

ground luminescence, unlike lithium borafésThis behav-  Petersburg37, 1160(1995 [Phys. Solid Stat@7, 630 (1995

: L - R. Guo and A. S. Bhalla, J. Appl. Phy86, 6186(1989.

ior may indicate that no structural transformations take place

in BBO in the temperature range 80—400(pyroelectrolu-  Translated by R. M. Durham
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Extended region of “anomalous” acceleration in the cathode jet of a vacuum discharge
S. P. Gorbunov, V. I. Krasov, and V. L. Papernyi

Irkutsk State University
(Submitted July 25, 1996; resubmitted July 4, 1997
Pis'ma Zh. Tekh. Fiz24, 66—70(February 26, 1998

It is observed that “anomalous” acceleration of ions in a pulsed vacuum discharge is initiated at
a certain distance from the surface of the cathode and takes place in the bulk of the cathode

jet. It is established that the average ion enesgyncreases as the lengthof the discharge gap
increases. ©1998 American Institute of Physid$$1063-785(18)03002-X]

1. The existing model of ion acceleration in various plasma jet was analyzed by a time-of-flight method using a
types of vacuum discharges assumes a hydrodynamic mechsingle-channel electrostatic analyzer of the “plane-parallel
nism for the entrainment of particles by an electron gas exeapacitor” type, mounted behind the anode on the axis of the
panding into vacuun.In this case, the ions acquire most of discharge. The average energy of the*Qupper ions was
their energy ;<150 eV) in the collisional part of the flow determined from the particle energy spectrum measured over
at a distance o& 102 mm from the surface of the cathdde @ Series of “shots” at constaid by a method described in
and as a result, the ion energy is almost independent of thetail in Ref. 9.

length of the discharge gap, as has been confirmed by 3 !N our previous experimeritS it was shown that the
measurements. average energy of the accelerated ions in the cathode jet

In addition, ion fluxes(generated at instants of current erends on the maximum rate of rise of the discharge current

“surges”) with energies up to tens of mega—electronvolts'- The value ofl was varied by varying the initial voltage
have been observed in high-voltage vacuum disch&rfes across the storage devitkfor a fixed discharge-gap length
and these cannot be explained using the existing model. |t In the present study, the average energy of the accelerated
may be postulated that this “anomalous” ion accelerationparf“des was also determlned for differénb investigate the
takes place in the bulk of the cathode jeee Ref. 7, for region of ion acceleration.

example although this has not been confirmed experimen- ~ Figure 1 gives the curvegU) for various distances be-
tally. tween the cathode and the anode. Each experimental point

Characteristics of the ion acceleration mechanism in &vas obtained over twenty shots and the mean-square devia-
low-inductance vacuum spark were investigated in Refs. &on of | did not exceed 7%. It can be seen from Fig. 1 that
and 9. An analysis of the results suggested a single accelera-
tion mechanism over a wide range of accelerated ion ener- o,
gies, ~10°P—10 eV. I, Ak /'

Here we investigate the region of ion acceleration in the 10 /
cathode jet of a pulsed vacuum discharge under conditions v /
where this anomalous acceleration mechanism is achieved. 1 / o

2. The experiments were carried out using apparatus *
similar to that described in Ref. 8. A vacuum spark was /
formed by discharging a capacitative storage device across 10 J 2
an electrode system consisting of a needle-shaped copper / M
cathode 1 mm in diameter and an anode 30 mm in diameter. A
The anode was a planar stainless steel grid with a mesh size j /
of ~1 mm which could be moved inside the vacuum cham- // /,,

f
dielectric insert. The residual pressure in the chamber was
<5x 10 ° Torr. The discharge current was measured with a 10" uy
Rogowski loop. The character of the discharge and its pa- PELEEILILALLL PURE R R A LL) S
rameters were controlled by the initial voltafyeacross the 10 10 10

ber along the axis of the cathode so that the distance between 10
the electrodes could be varied between 2 and 15 mm. The

capacitative storage system, which could be varied in th(}Q:IG. 1. Maximum rate of current ridein discharge versus voltade across
range 40-1000 V. storage device for various interelectrode gaps 1—=3 mm, 2—

discharge was initiated by high-voltage breakdown of the
The energy and mass composition of the ions in the=15 mm.

[

i IIIllll°

x

b

1 rrulf

NI Bl

keep-alive electrode on the cathode over the surface of a

1
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4 = implies that the anomalous acceleration mechanism is only
. & neV initiated when the plasma jet is some distance from the cath-
ode (i.e., for I>1*) and the particles undergo acceleration
over their entire subsequent path to the anode. It is interest-
ing to note that in the previously cited studie®where
anomalous ion acceleration was observed, the distance be-
tween the cathode and the anode was fairly 1d63e20 mn).

The efficiency of the mechanism can be characterized by
the “force” de;/dx whose value for this range of param-
eters remains almost constant over the length of the dis-
charge gap and depends only on the rate of rise of the dis-
charge current.

This ion acceleration in the bulk of the cathode jet may
be caused by magnetohydrostatic forces associated with the
flowing current and leading to compression of the jet by the
self-induced magnetic fiel@see Ref. 10, for exampleTo
examine this possibility, we consider Ref. 11 where this ef-
fect was observed for a pulsed vacuum discharge with pa-
} rameters similar to those for which the present results were
15 obtained. During compression of the plasma jet a cylindrical
current channel of diametei~2-3 mm was formed at a
distance from the cathode closedoThis implies that in this
region the magnetic forces begin to have a strong influence
on the motion of the plasma jet. Bearing in mind that the
anomalous ion acceleration begins at the same distance from
_ the cathode, it may be postulated that the ion acceleration is
the value ofl is uniquely determined by for fixed | but  associated with the action of magnetic forces.

when the length of the interelectrode gap decreases, the same _ . )
This work was supported by the Russian Fund for Fun-

value of1 is achieved for lowet.
As a result of measuring the average energy of the acdamental ReseardiGrant No. 95-02-04026a

celerated ions, it was observed that for fidethe average

energya_i depends on the length of the interelectrode bap 'L A Krinbera. M. P. Lukounik 4. L. Papemyzh. s, T
. A. Krinberg, M. P. Lukovnikova, an . L. Pape . Sp. leor.

Figure 2 gives curves Ok(l) for 1=6X 10° Als (1), Fiz. 97, 806 (1990 [Sov. Phys. JETHO, 451 (1990].
|=3%x10° A/s (2), andl =10° A/s (3). Note that the initial  2I. A. Krinberg, Pis'ma zh. Tekh. Fiz20, 81 (1994 [Tech. Phys. Lett20,
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A possible method of computer-aided design of materials with a highly porous matrix
structure based on the method of moving cellular automata

S. G. Psakh'e, D. D. Moiseenko, A. |. Dmitriev, E. V. Shil’ko, S. Yu. Korostelev,
A. Yu. Smolin, E. E. Deryugin, and S. N. Kul’kov

Institute of Physics of Strength of Materials and Materials Science, Siberian Branch of the Russian
Academy of Sciences, Tomsk
(Submitted July 3, 1997

Pis’'ma Zh. Tekh. Fiz24, 71-76(February 26, 1998

The method of moving cellular automata was used to model a sample gfcér@mic with a

matrix structure under conditions of uniaxial compression. Studies were made of the

strength and type of damage to the initial structure and its modifications. Particular attention was
devoted to studying the influence of characteristics of the matrix structure on the formation

and suppression of internal stress macroconcentrators. It is shown that the method of moving
cellular automata can be used for the computer-aided design of matrix materials with a

complex structure by specifically influencing the formation and evolution of stress
macroconcentrators. @998 American Institute of Physid$§1063-785(18)03102-4

Studies of the mechanical properties of materials with gredefined statistical topological characteristics. The sample
matrix structure are of considerable interest not only for clasmodeled here was a highly poro(s 46% porosity struc-
sical problems in biomechani¢g,but also for other fields of ture (Fig. 18 measuring 1.88 2.05 cm. The response func-
mechanics, such as determination of the optimum weightfion of the automaton for these problems is determined by
strength ratio(materials used in transporor the optimum  the mechanical properties of the material being modéfed.
absorbed energy/movement ratgmund insulators, vibration One of these parameters is Young's modulus which in the
absorbers present casgfor the matrix elemenjs corresponded to

Experimental studies of the strength and other propertie¥oung’s modulus for a sintered ceramihe samples were
of matrix materials not only involve considerable effort andsintered from nanocrystalline ZgO powde), being
expenditure of materials, but frequently encounter funda2x 10*? dyn/cnf. The loading of the sample was simulated
mental difficulties because of the need to study the dynamicby assigning constant rates of 10 cm/s to the elements of the
of the fracture process in local regions of the matrix. Theupper layer(Fig. 13.
impossibility of making a detailed investigation of the pro- The calculated loading diagram is shown in Fig. 2. It can
cess leads to distortion, and even loss of information on thbe seen that the strength of this structure was
influence of the topological characteristics of the matrix8x 1% dyn/cnf. Note that for a continuous sample of the
structure on its operating performance. same dimensions with the same parameters of the elements,

This aspect is usually studied theoretically using mestthe calculations yielded a strength of %.20'° dyn/cnrt.
methods of the mechanics of continuous media, but discret€hese results show fairly good agreement with the experi-
approaches are now beginning to be uS&udparticular, one  mental results: the strength of nonporous ceramie-ik3
of the most advanced discrete methods is the method ok 10 dyn/cn? while that for 50% porosity is ~6
moving cellular automatéMCA).3~7 x 10% dyn/cn?. Extrapolation shows that the quantitative

In this method, the material being modeled is repre-difference between the calculated and experimental results
sented as an ensemble of elements interacting between thednes not exceed 15-20%.
selves according to specific rules. As a result of the mobility  In practice, the strength characteristics of matrix materi-
of the various elements, this approach can model variouals are usually enhanced by introducing a special filler in the
processes taking place in a real heterogeneous material, inpen poredi.e., those reaching the surface
cluding penetration effects, mass transfer, fragmentation ef- Using the advantages of the MCA method, we modeled
fects, damage formation, crack propagation, and so on. Bthe fracture of a sample with filler in the surface pores. The
setting the conditions at the boundaries, it is possible tanodeled filler was plastic with a Young's modulus of
simulate different mechanical loading regimiesmpression,  5x 10'° dyn/cn?.
tension, shear strain, and so)on It can be seen from the calculated loading diagf&im.

Here this method is used to solve problems involved in2) that the strength of the sample increased to 11.5
studying the respongas far as fractupeof matrix structures. x 1% dyn/cn? (almost 1.5 times Typically, the theoretical
A sample of ZrQ ceramic with a matrix structure was mod- strength of plastic with the parameters used in the calcula-
eled under conditions of uniaxial compression. tions is 1.5 times lower than the strength of the ceramic, and

To generate the matrix structure, we developed a specidhe relative volume of the filler was 21.8% of the volume of
algorithm for constructing arbitrary matrix structures with the matrix material. This is consistent with current thinking
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the complex topology of the sample structure leads to the
formation of stress macroconcentrators. This resulted in the
formation of a main crackFig. 1d, 7=4.15x 10" ") in the
bottom left corner of the sample, and therefore, resulted in a
loss of carrying capacity. It should be noted that the first
damage appeared considerably earlier. It can be seen from
Fig. 1d (r=3.05x10" ") that this damage has a complex
distribution over the sample, releasing and redistributing its
elastic energy.

One possible method of improving the compressive
strength involves locally changing the properties of this ma-
trix structure. This requires a knowledge of the evolution of
the initial sample as far as fracture. Here we modeled the
fracture of a sample with the matrix structure shown in Fig.
1c, where two “strengthening” corundum (4£D;) inclu-
sions were located at the sites where the main crack reaches
the surface. The relative volume of the inclusions was less
than 2%. The results of the calculations revealed completely
different fracture dynamics for the modeled structure. In par-
ticular, it can be seen from Fig. 1e that the incorporation of
inclusions had the following results:

1) it changed the stress redistribution pattern during
loading;

2) it blocked the evolution of a macroconcentrator;

3) it changed the spatial pattern of the elastic energy
release;

SR B R SR ; RSO 4) it changed the dynamics of the formation and evolu-

e 1=29%107¢ 1= 395'10-7 T=4,15*107s tion of the damage;

FI_C;._l. Ia—_lnitia&l stfructture,éa—ma_trlewnh fiIIelr in ?ﬁ?ﬁ porez, c—fmattrix 5) it Suppressed the propagation of the main crack.

e o e s oo g, "1 Ultmately, a5 can be Seen from the Ioacing clagram
shown in Fig. 2, the strength of the sample increased to 13
x 10% dyn/cn?. Note that total fracture of the sample oc-

on the influence of the surface layers on the strength charagurred at 0.35% strain whereas for the empty matrix this

teristics of materials with a matrix structure. value was 0.28%, and for the partlally filled matrix 0.29%. It

The dynamics of the evolution of fracture for a samplecan be seen from the loading diagrams that despite the low

with a surface filler is shown in Fig. 1d. It can be seen that?€rcentage of inclusions, blocking of the concentrator pro-
duced an overall change in the effective Young’s modulus of

the sample.
dyn/cm? To sum up, it has been shown that in addition to
' ! ' j strengthening samples with a matrix structure by total or
: : : 3 partial filling, another possible method of strengthening in-

m"‘ﬁ# *W’%#"t%.

g&r N

S LAYV NG,

NTISIANSNS

12009 f oo SRTRPRNS TP S : volves identifying and suppressing the formation and propa-
§ 3 gation of macroconcentrators. Thus, the method of moving
16409 : 3 N cellular automata can be used to design components and

structural elements made of materials having a highly porous
matrix structure by suitably selecting the filler material, and
specifically influencing the formation of macroconcentrators.
Note that the formation of stress macroconcentrators in
samples with a complex internal structure is a fairly complex
one and requires a detailed analysis in each specific case.
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Efficiency of the generation of characteristic radiation by stopping low-energy electron
beams

V. |. Bespalov, V. V. Ryzhov, and I. Yu. Turchanovskil

Tomsk Polytechnic University; Institute of High-Current Electronics, Siberian Branch of the Russian
Academy of Sciences, Tomsk

(Submitted August 4, 1997

Pis'ma Zh. Tekh. Fiz24, 77-79(February 26, 1998

The Monte Carlo method is used to calculate the generation of characteristic radiation by
stopping low-energy electrons in converters made of Zowraterials and it is shown that this
method of generating characteristic radiation can compete Zvitinches in terms of
conversion efficiency. ©1998 American Institute of Physids$1063-785(108)03202-9

When low-energy electrons are stopped in a material, &-ray radiation yield(curve 1) when electrons with various
significant fraction of the beam energy may be emitted asnitial energiesE, are stopped in a planar layer of argon. The
characteristic radiation, which is produced as a result of pholayer thicknessl was selected to give the maximum yield of
toabsorption of bremsstrahlung and as a result of electroreharacteristic radiation from the converter for a given energy
impact ionization of inner atom shells. Since the cross seckg. It can be seen from Fig. 1 that when low-energy elec-
tion for the second process increases with decreasing atomions [E,<<100 keV) are stopped, a considerable fraction of
numberZ, highly efficient generation of characteristic radia- the energy is emitted as characteristic radiation. The brems-
tion may be achieved by stopping electrons in converterstrahlung energ\AEg, emitted in the continuum only be-
made of lowZ materials. comes equal to the characteristic radiation eneétgy emit-

We used a program which simulates the evolution of arted on the lines foEy>120 keV.
electron-photon cascade in a converter by the Monte Carlo An analysis of the calculated results indicated that the
method, in order to investigate the optimum conditions forelectron energyf’ for which AEx=AEg, depends linearly
the generation of characteristic radiation and to select effion the atomic numbez of the material:
aent ponverters. To calculate the spectral distribution pf the E'=236-5.6xZ(keV).
radiation beyond the converter, we developed a version of
the program which takes into account the generation of It follows from this formula that for converters with>42
characteristic radiation as a result of ionization of hehell ~ the bremsstrahlung yield is always higher than the character-
by bremsstrahlung photons and by electrons. The cross seistic radiation yield.
tion for electron impacK-ionization was taken from Ref. 2. Figure 2 gives the results of calculating the maximum

Figure 1 gives the calculated yield of characteristic ra-efficiency of characteristic radiation generation relative to
diation (curve 3), bremsstrahlungcurve 2), and the total the energy of the beam electrong=AE/E, for convert-

AE, eV Mk, %
500 0.60
[ 1 [
400
- 0.40
300 |- 2
200
i 0.20
100 |- 3
N N R 0.00 |
0 100 200 300 10 20 30 40

E, , keV Atomic number, Z

FIG. 1. Total yield of x-ray radiation energgurvel) and its components:  FIG. 2. Efficiency of the generation of characteristic radiation versus atomic
bremsstrahlundcurve 2) and characteristic radiatiofturve 3) from argon number of converter material for various initial electron energgs keV

as a function of initial electron energ¢The results of the calculations are (the energies are given on the curve@he results are normalized to a
normalized to a single incident electrpn. single incident electroin.
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ers with 13<Z=<36 (between Al and Kx. It can be seen ered to be an efficient method of obtaining x-ray line radia-

thatthe highest efficiency is achieved for the stopping of low-+ion in the kilo-electronvolt energy range.

energy electrons in A(nx=0.57 for E=20 keV). In this

case, the spectrum contains very little bremsstrahlung. 1S. D. Korovin, V. V. Ryzhov, I. Yu. Turchanovsky, and V. I. Bespalov, in
To conclude, when low-energy electron beams with Proceedings of the Tenth IEEE International Pulsed Power Conference

Eo<E' are stopped, most of the energy is emitted in the Albuquerque, NM(1995, Vol. 1, pp. 75-79.

form of characteristic radiatiofline spectrun, so that this H. Kolbenstvedt, J. Appl. Phys8, 4785(1967

method of generating characteristic radiation can be considrranslated by R. M. Durham
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Influence of working gas pressure on the properties of thin films of high-temperature
superconductors obtained by magnetron sputtering

A. K. Vorob’ev, S. V. Gaponov, S. A. Gusev, Yu. N. Drozdov, E. B. Klyuenkov,
and V. |. Luchin

Institute of Microstructure Physics, Russian Academy of Sciences, Nitbwgorod
(Submitted August 18, 1997
Pis'ma Zh. Tekh. Fiz24, 80—85(February 26, 1998

The surface morphology, composition, microstructure, and electrical properties of thin films of
YBa,Cu;0O;_, high-temperature superconductors, obtained by inverted magnetron

sputtering, have been studied as a function of the pressure of the working gas mixture and
results are presented. The main parameters of the magnetron discharge plasma near the substrate
were determined by analyzing the characteristics of Langmuir probes. Changes in the
properties of the films are considered to be caused by bombardment of the growing film with
plasma ions accelerated in the floating potential field of the substrate. Films obtained at

a pressure of 28 Pa and substrate temperature of 630 °C had a superconducting transition end
temperaturel; =89 K and a critical current densify.= 2 MA/cm? (at 77 K) and

were free from secondary phase particles larger than 10 nm19€8 American Institute of
Physics[S1063-785(108)03302-3

The problem of obtaining single-phase films must beperatureT, . and the critical current densify, (at 77 K) for
solved to achieve further improvements in devices based ofyBCO films obtained at a substrate temperatuifg
thin films of high-temperature superconductors. As a result-gg0 °C, as a function of the working gas presspré=ig-
of deviations from stoichiometry during the single-std@e  yre 2 shows secondary-electron images of the surface of the
situ) growth of YBaCu,O;_, (YBCO) high-temperature su- fjims obtained at various pressurps It can be seen from
perconducting films, a heterogeneous system is usuallgigs 1 and 2 that the films with the highest transport prop-
formed, consisting of th&—-2-3phase and phases enriched g(ties contain secondary-phase particles. The chemical com-
in various components. These secondary-phase particles MB¥sition, possible causes, and characteristics of the formation
have a h!gh surface F’ens'ty and SIzes far in excess of _thgf these particles were described by us in detail in Refs. 9
characteristic dimensions of the devices fabricated using 14 10. The particles visible in Fig. 2 consist mainly of cop-
YBCO films1? An understanding of the importance of thiseper It can be seen from Fig. 2 that as the presgude-

problem has stimulgted an intengive search for technologi Creases, the smoothness of the film surface improves. The
to produce YBCO films with & highly homogeneous phasefilms formed at pressures of 28 Pa are free from visible

Corrf?ssﬂﬁgﬁﬁhsg?ﬁ;h S;”Zf:?i of a YBCO con densa,[esecondary—phase particles larger than 10 nm. Figure 1b gives
) brop tge intensity ratid ¢,/ g, Of the characteristic x-ray radiation
are determined to a considerable extent by the method arlIneS of the copper and barium atoms, which show the

conditions of deposition. In particular, when magnetron sput- _ _ ,
hange in the concentration of these components in the

tering is used, the working gas pressure may have a substafj ) )
tial influence on the propertids. YBCO films, plotted as a function of the pressyeAs p

Here we investigate the surface morphology, COrmmsi_decreases, the relative copper content in the film decreases.

tion, microstructure, and electrical properties of thin films of PO the smooth films we finti, /I s,=0.54 and for our stan-

YBa,Cu,0,_, high-temperature superconductors preparedi@d YBCO single crystal we fintc, /1 g,=0.46. The x-ray

by inverted magnetron sputtering, as a function of the presglffractlon dat_a show that the mcrqstructure of the films re-

sure of the working gas mixtut@r/O, in the ratio 1:). The ~ Mains approxm_ately constant in this pressure range. The lat-

design and operating characteristics of the magnetron spui€e parameter i€=1.167-1.169 nm and the full width at

tering system were described in detail in Ref. 8. We investihalf maximum of the rocking curve is FWH@05YBCO

gated the properties of YBCO films on finite substrates. The=0.4—0.6° for all films. By optimizing the substrate tem-

critical parameters of the YBCO films were determined bypPerature T4=630 °C) at a pressure of 28 Pa, we obtained

methods described in Ref. 9. The quality of the crystal strucYBCO films having the parametersi; =89 K, j

ture was monitored by x-ray diffraction measurements using=2 MA/cm? (at T=77 K), free from secondary-phase par-

a DRON-4 diffractometer. The surface morphology of theticles larger than 10 nm.

YBCO films and their chemical composition were studied In Refs. 7, 11, and 12, the observed changes in the sur-

using a JEM-2000 EX II electron microscope fitted with anface morphology, composition, and properties of YBCO

energy-dispersive spectrometer. films are attributed to bombardment of the growing film by
Figure 1a gives the superconducting transition end temnegative oxygen ions, accelerated in the field of the target.
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FIG. 1. a—Superconducting transition end temperafirg; (1) and critical

current densityj . (at 77 K) (2); b—intensity ratiol ¢, /| g, Of the character-
istic x-ray radiation of copper and barium atoii$ and density of ion flux
to substrate positioned 50 mm from the tard@}; plotted as a function of
the gas pressur.

Vorob’ev et al.

bombardment of the growing film by plasma ions accelerated
in the floating potential field of the substrafe"*

In order to confirm this hypothesis, we determined the
main parameters of the magnetron discharge plasma near the
substrate by analyzing the characteristics of Langmuir probes
(normal and double cylindrical probes 0.1 mm in diameter
and 14 mm long and a 010 mm planar probe It was
established that the concentration of charged particles in the
plasma varies between x@.0'Y cm 3 and 2.2 10 cm™3
in the pressure range 25-47 Pa. The electron temperature
and the floating potential of the substrate do not depend on
pressure and are 0.22 eV andL.8 V relative to the plasma
potential (the floating potential of the substrate was deter-
mined from the characteristic of a planar probe whose posi-
tion and size corresponded to those of the subgtrdte
should be noted that the electron temperature and floating
potential were determined more accurately compared with
the preliminary data given in Ref. 13. Figure la gives the
density of the ion flux to the substrate at the floating poten-
tial, obtained from the ion current to the planar probe, plotted
as a function of pressure. lons accelerated in the floating
potential field of the substrate and bombarding the surface of
condensation at energies up to 1.8 eV clearly exist. This
energy exceeds the 1.3 eV activation energy for the desorp-
tion of YBCO component$>1®As a result, selective desorp-
tion of adatoms may take place, leading to changes in the
composition of the condensatEig. 1b.

To conclude, these result show that during in situ growth
in an inverted magnetron sputtering system the properties of
YBCO films may be strongly influenced by bombardment of

However, calculations of the ion mean free path before there condensation surface by plasma ions accelerated in the
malization under our conditions give a value of the order Offloating potential field of the substrate.

1 mm, which is much less than the distance between the

target and the substrat60 mm). We attribute the influence

This work was carried out under the KGNT Program

of pressure on the properties of the YBCO condensate t8Topical Trends in the Physics of Condensed MedidSu-
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FIG. 2. Secondary-electron image of the surface of YBCO
films obtained at various gas pressupesa—38 Pa, b—30
Pa, and c—28 Pa.
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Computer modeling of the migration properties of oxygen in Ba 1-xK,BiO3
N. V. Moseev

Institute of Metal Physics, Russian Academy of Sciences, Ekaterinburg
(Submitted April 24, 1997; resubmitted October 12, 1997
Pis'ma Zh. Tekh. Fiz24, 86—88(February 26, 1998

A molecular statics method is used to calculate the energy barriers for the migration of oxygen
ions in BaBiG, and Ba _,K,BiO3; Vacancy and interstitial mechanisms of diffusion are
considered. The lowest energy barrier was obtained for the vacancy mechanist®@980
American Institute of Physic§S1063-785(18)03402-§

The oxide BaBiQ started to attract interest following the of oxygen ions for different diffusion mechanisms. Migra-
discovery by the authors of Ref. 1 that this oxide becomesion pathA implies hopping of an oxygen ion by a vacancy
superconducting when doped with potassium. It was showmechanism between nearest positions. Migration Bats-
that potassium replaces barium, anhd-30 K was observed sumes hopping by a vacancy mechanism between second
in the compound BgKyBiO,g9 Which has a cubic nearest neighbor positions, and migration patimplies an
structure* interstitial diffusion mechanism. An interstitial oxygen ion in

In Ref. 2, computer modeling was used to investigateposition[0.0 0.0 0.9 hops to the nearest interstitial position
ionic and electronic defects in Ba,K,BiO;. The authors [0.0 0.5 0.Q. All these migration paths are shown in Fig. 1.
calculated the defect formation energies, but they did nott can be seen from Table | that the energy barrier for migra-
determine the migration properties of the defects. Theion pathA has the lowest value. Thus, from the energy point
present author is not aware of any experimental investigaef view, the vacancy mechanism of oxygen diffusion is the
tions of oxygen diffusion in this oxide. The aim of this study most probable in undoped BaBjO
is to calculate the energy barriers for defect migration in the  The influence of potassium doping on the migration
oxygen sublattice, to determine the most probable mechgroperties of the oxygen ions was then investigated. A single
nisms for the diffusion of oxygen. barium ion was replaced by a potassium ion. The energy

The calculations were made using the MOLSTAT com-barriers for the migration of oxygen ions by atomic mecha-
puter prograﬁ‘] which implements the molecular statics nisms similar to those described above were then calculated
method for ionic crystals. This program incorporates a profear this substitution. The results are presented in Table . It
cedure which automatically searches for the saddle point as@n be seen that in this case, the vacancy diffusion mecha-
defect migrates between equilibrium positions. The migranism A, having the lowest migration energy, is the most
tion energy barrieE,, is given by: probable. In addition, on comparing the data for Ba#nd

_ Ba, ,K,BiO3, we find that potassium doping reduces the
Eym=Es—Ep, i ) . . .
migration energy barrier for the vacancy mechanism and in-
whereEg is the defect energy at the saddle point &ylis  creases this barrier for the interstitial mechanism.
the defect energy in the equilibrium position. To sum up, it has been shown that in BaBiGhe va-

The ion—ion interaction potentials for pure BaBi®ere  cancy mechanism of oxygen diffusion is the most probable
taken from Refs. 4 and 5. The'K—C? interaction potential
was taken from Ref. 2. With these potentials, the crystal
structure of the oxide BaK, ;BiO5 determined experimen-
tally in Ref. 6 was correctly reproduced: after relaxation of
the model crystallite, the ion coordinates of a unit cell cor-
responded to those determined experimentally.

First, the migration energy barriers were calculated for
undoped cubic BaBi@ Table | gives the migration energies

TABLE I. Migration energies of oxygen ions in BaBi@nd Ba_,K,BiO;.

O = ¥

Energy barriefgy, , eV

Migration path BaBiO; Ba, ,K,BiO;
A 0.96 0.80
B 3.70 2.55
C 2.94 5.20

FIG. 1.
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Multistable generation of monochromatic radiation in solid-state lasers
K. P. Komarov

Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences, Novosibirsk
(Submitted May 5, 1997
Pis'ma Zh. Tekh. Fiz24, 89—92(February 26, 1998

It is shown that a solid-state laser with unpumped sections of action medium which act as a
saturable absorber, may operate in a stable, single-mode cw lasing regime. The establishment of
lasing in a particular mode under steady-state conditions depends on the initial conditions

of transient evolution. ©1998 American Institute of Physids$$1063-785(18)03502-7

Studies of stable single-mode lasing regimes in solid-  The total gain for th&th mode:, is determined by the
state lasers are attracting interest because of the new posdifference between the gain in the region of positive inver-
bilities which are emerging for the development of reliable,sionG, and the losses in the region of negative inverspn
practical, and convenient-to-use sources of high-powe¥When a small-scale inhomogeneity in the inversion, de-
narrow-band radiation with controllable parameters. It wasscribed by expressiofi),is created preferentially by genera-
shown theoretically and experimentally in Refs. 1 and 2 thation of theith mode, %, is given by
single-mode emission from a solid-state laser may be stabi- |
lized by inserting a slow-response saturable absorber and 9i<=Gk—Sk=2@f N(X)[sir?(karx/L) — siré(i /L) ]dx
negative feedback system in the laser cavity. The grating 0
burned by the standing-wave field of the intracavity radiation
in the losses of the saturable absorber plays the role of a .
nonlinear narrow-band selector which produces single-mode 2m(k=i)lg/L
lasing, while the negative feedback system prevents the evo-
lution of instability associated with the giant pulse emission ]
caused by bleaching of the saturable absorber and thereby
stabilizes the cw regime. Which particular mode is involvedwhere & is the Einstein coefficient for the lasing transition.
in the steady-state lasing depends on the initial conditions ofhe saturation parametesl; was assumed to be small
the transient process. It is shown here that similar multistablel;<1 to derive expressiof2). The gainG, is determined
lasing may be achieved without using negative feedback iby the first term in brace€) while the losses, are deter-
unpumped sections of the active medium with negativemined by the second term. Curves®f andS, as a function
population inversion are used as the saturable absorber. of the mode numbek are plotted in Fig. 1.

An investigation is made of a model in which the active Modes whose frequency detuning from the lasing mode
medium is close to one of the mirrors of a linear laser cavityis up to a value of the order of the reciprocal length
Population inversion is only established near the mirror. Fotgl cm 1 of the positive inversion regionN®(x)>0) have
emission of theth mode, the population difference between similar spatial field distributions in the pumped part of the
the upper and lower lasing levels of the active medium isactive region and therefore the gain for these modes in this

1_

3

(NE+NE)I, S|r'[27-r(k—|)lg/L]}

_sin{2a(k=i)l/L]

NG
Nal 2m(k—)I/L

1

@

given by region is similar to that of theth lasing moddFig. 1). How-
ever, forlg<I in a considerable part of the absorption region,
Ne(x) the spatial configurations of the modes differ substantially
N(x)= (1) and the losses for the nonlasing modes exceed those for the

Lt pl; sim'(i mx/L) lasing mode by~ 5, ZNEI/3. As a result, in the spectral

range ~I§1 cm ! modes with low radiation intensities
whereN®(x) is the population difference between the levels(compared with the lasing mogere suppressed near the
in the absence of the field. In the pumped regiocnx3<l,  frequency of theth lasing modegthese modes make a neg-

the inversion is positiveN®(x)=Ng=const. In the un-
pumped regionl ;<x<I the inversion is negative and the
medium is absorbinfj®(x) = —N,=const(l is the length of
the entire medium The parametey; determines the recipro-
cal saturation intensity of the gain and the absorptiens
the intensity of the emitted mode, the function BinL)
describes the spatial distribution of the field of ilte mode,

ligible contribution to the formation of a spatial grid in the
gain and the lossgslf the spectral range in which the low-
intensity modes are suppressed is broader than the spectral
gain profile(or the spectral band of the additional intracavity
linear selector which narrows the emitted radiation spec-
trum), the cw single-mode lasing is stable with respect to the
excitation of other modes. Is this cw single-mode regime

i is the number of antinodes in the standing wave of thestable with respect to the buildup of relaxation oscillations of

correspondingith) mode,x is the longitudinal coordinate,
andL is the optical length of the cavity.
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the lasing mode intensity? As we know, the answer to this
question is affirmative for spatially uniform pumpifdt is

© 1998 American Institute of Physics
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G, Sk two-mode lasing By means of a series of these translations,

1 this particular spatially nonuniform pumping problem can
clearly be reduced to the uniform pumping problem whose
solution is described in Ref. 3. Thus, this single-mode steady
state is stable with respect to any type of small perturbations.
The number of these stable single-mode steady states is de-
termined by the cavity length, the length of the active
mediuml, and its pumped regiohy, and also by the width
of the active-medium gain profil@r the spectral band of the

i k additional intracavity linear selective elemgnt
FIG. 1. GainG, (curve 3 and losses, (curve 3 versus mode numbie The threshold conditions can be satisfied in this system
with. sp;atially nl(()nuniform saturation§0$ the pumped and unpumped sectionx\”th |9<|, by usmg. a four'leve,l active medium in which the
of the active medium by the standing wave field of ttie mode(l/I,~7; lower lasing level is not too high above the ground level so
INS/IgNE=~0.7). that it becomes significantly populated as a result of thermo-
dynamic exchange, and thus the absorption in the unpumped
part of the active medium is fairly high. This situation can

. . , . _.also be achieved in a three-level system with a fairly low
easy to appreciate that for single-mode lasing the 'ntens't}ﬁensity of active centers in the unpumped region.
distribution is determined by the functidn siré(imx/L) and

tr_le displacement of any fre_lgment of the active_ mgdium in-lK. P. Komarov, Kvant. ElektroniMoscow 21, 1049 (1994,

side the cavity along its axis by an amount which is a mul-2x_p_Komarov, A. S. Kuch'yanov, and V. D. Ugozhaev, Kvant. Elektron.
tiple of half the wavelength, does not alter the parameters of (Moscow 24, 657 (1997).

the interaction between this fragment and the field, i.e., the’Ya. . Khanin,Laser Dynamic$in Russiai}, Sovet-skoe Radio, Moscow
lasing dynamics is invariant with respect to this type of (1975, p. 192.

translation(it should be noted that this is not the case forTranslated by R. M. Durham
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Activation energy for the formation of oxygen vacancies in undoped nonstoichiometric
indium oxide films

A. M. Orlov, B. M. Kostishko, and L. |I. Gonchar

Ulyanovsk State University
(Submitted July 15, 1997
Pis'ma Zh. Tekh. Fiz24, 1-5 (February 12, 1998

An analysis is made of the temperature dependence of the electrical conductivity of undoped
nonstoichiometric indium oxide films. Activation energies are obtained for the formation

of oxygen vacancies and for the mobility of quasifree carriers.1998 American Institute of
Physics[S1063-785(18)00102-3

The widespread use of nonstoichiometric indium oxideusually 10—12 h after annealing. After the equilibrium value
films (for instance, as transparent electrodes in soIar)ceIIsNI had been reached, further holding did not increase the
has stimulated considerable interest in studies of their elegesistivity of the film.
trical properties:™® Since these films conduct electricity by ~ According to the conventional modekach oxygen va-
means of a vacancy mechanism, it is extremely relevant téancy supplies two electrons to the conduction band. The
identify the relation between the activation energy for con-number densityn (m~3) of quasifree electrons is then re-
duction and the energy characteristics of the oxygen vacarated to the activation enerdy; for the formation of oxygen
cies. However, in the literature dealing with this topic, thevacancies and is determined by the relation given in Ref. 8:
resultant(apparent conduction activation energfy/ (Refs. 6 T _13
and 7 is usually given without analyzing the contribution of N(T)=po™(2Ko) eXp(E; /3KT), @
its components. wherepg is the oxygen pressur@®a), K, is the equilibrium

The aim of the present study was to determine the acticonstant for the vacancy formation reactidnis the Boltz-
vation energyE; for the formation of oxygen vacancies in mann constant, an@ is the temperatur¢K). However, it
undoped nonstoichiometric indium oxide films. The contri-was noted in Ref. 1 that the conductivity is also influenced
bution made to the conduction activation energy by varioudy the temperature dependence of the carrier mobility
processes taking place in indium oxide heated tou(T):
T=393-573 K was analyzed by studying the temperature
dependence of the conductivity of samples quenched from e

the annealing temperature. whereC is the size constant arfg, is the mobility activation
Samples of undoped indium oxide films were preparetenergy. The expression for the temperature dependence of

in the working chamber of a VUP-5 system by thermal depothe conductivitys; (S/m), measured at the annealing tem-

sition of metallic indium(99.999% purgfrom a resistively perature, is then given by;=en(T) us(T), which with al-

heated tantalum evaporatdF; & 923 K) in an oxygen atmo- lowance for Eqs(1) and(2), has the form

sphere with a partial pressupe=10 2 Pa. The films were e y

deposited for 5 min on glass substrates which were main- @1(T)=eCT *?p5™(2K¢) ~*® exp(W/3KT)

tf';uned at room tempgrature. The thickness of Fr_]e resultant = agT~ Y2 exp(W/3KT), 3)

films was 0.54um, which corresponds to a deposition rate of

1.8 nm/s. To improve the crystal structure of the films, thewheree is the electron charge. Assuming that the electron

samples were annealed for 5 minTat 473 K. The chemical densityn decreases with temperature and their mobility in-

composition of the indium oxide was determined by Augercreases, the apparent conduction activation enérgyill be

electron spectroscopy using a 0910S-10-005 Auger spediven by

trometer. According to these data, a continuous,lti®n W=E.— 3E @)

with stoichiometric index in the range 1.1-1.2 formed on the f B

surface of the glass substrate. By annealing the film af =373-573 K until a steady-
The temperature dependence of the conductiwiff)  state value ofr; was reached and measuring this value di-

was determined by subjecting the samples to isothermal anectly at the annealing temperature, we obtained the tempera-

nealing in a resistively heated furnace. The concentration ofure dependence of the steady-state conductiaitgT). It

oxygen vacanciebl, decreased with time since oxygen dif- can be clearly seefsee Fig. 1, curvé) that the conductivity

fused from the surrounding medium into the film, filling is thermally activated with the apparent activation energy

some of the vacancies. Consequently, the resistivity of th&V=0.62+0.01 eV. This value agrees qualitatively with the

film decreased. The vacancy concentration decreased untildata given in Ref. 6 where the authors obtained the estimate

reached equilibrium for the particular annealing temperatureW=0.79 eV in a similar temperature range. This result was

(T)=CT 2 exp —E,/KT), )
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pendence of the film conductivity, is determined only by
the vacancy concentration established as a result of anneal-
ing, and may be described by

oo(T)=euePo /(2K o) 3 expl E¢ /3KT). (5)

Relation(5) was used to determine the activation barrier as
E;=1.00=0.01 eV, using the experimentally measured de-
pendence of the conductivity, on the annealing tempera-
ture, which varied in the range 373-573(#ee Fig. 1, curve
2). The activation energ¥,, for the mobility of quasifree
electrons, calculated using E@), was 0.13-0.01 eV.
2 To sum up, we have determined the activation energy
10 14 1.6 1.8 20 22 2.4 26 28 E;=1.00 eV fc_>r t_he formqnon of oxygen vacancies in un-
1000/T. 1/K doped non;tomhpmetnc mdmm oxide films. It has been
) shown that in addition to oxidation, the temperature depen-
FIG. 1. Temperature dependences=c,yT=f(1/T); 2—a,= f(1/T). dence of the carrier mobility influences the change in the
conductivity of the film with increasing temperature, and the
mobility activation energy E,=0.13 eV) has been deter-
obtained for films 0.16Qum thick formed by vacuum evapo- mined.
ration of a pellet of stoichiometric indium oxide.
The activation energf; was determined by placing the

samples in a furnace where they were held for a long time,”- - Dawar and J. C. Joshi, J. Mater. SEB, 1 (1984

. .. . . . Z. M. Jarzevski, Phys. Status Solidi A(13), 29 (1982.
under isothermal conditions in air at a given temperature.sy. Higuchi, S. Uecusa, R. Nakano, and K. Yokogawa, Jpn. J. Appl. Phys.

The holding time was determined by the time taken for the 33 Part 1, 3021994.
system to reach the steady state, which was taken to be wheR- R. Bellingham, M. Graham, C. J. Adkins, and W. A. Phillips, J. Non-

. Cryst. Solids137-138 519 (1991).
o varie e an 5%. The sample ere the ooled
V_ ried by less than 5%. Th _S pl S W_ re then coole J. C. Manifacier, Thin Solid Film$0, 297 (1982.
rapldly at a rate of 200 d99/“"n- QuenChmg the san ple%. George and C. S. Menon, Indian J. Pure Appl. PBgs700 (1995.

helped to maintain at room temperature the equilibrium con-’K. B. Sundaram and G. K. Bhagavat, Phys. Status SolilBAL5 (1981).
Centratlon Of Oxygen VacanCIeS establlshed at the Isothermasflp Kofstad|NOnStiOChiOmetry, Diffusion, and Electrical COndUCthlty in
. . Binary Metal OxidegWiley, New York, 1972; Mir, M , 19

annealing temperature. Since the same measurement temcna Metal OxidesWiley, New Yor Ir, Moscow, 1975

peratures fowr, guarantee constapt., the temperature de- Translated by R. M. Durham
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Control of ion beams by surface ion-acoustic wave fields
N. A. Azarenkov, A. A. Bizyukov, A. V. Gapon, and |. B. Denisenko

Kharkov State University
(Submitted April 22, 199y
Pis'ma Zh. Tekh. Fiz24, 6—-11(February 12, 1998

It is shown for the first time that surface ion-acoustic waves may be used for polishing, etching,
and depositing coatings. The proposed method of treatment is simple and convenient since

the apparatus required is not cumbersome and is easy to fabricate. Compared with conventional
ion beams, the proposed method of surface treatment can deliver high particle currents at

the surface, which should enhance the efficiency of the material treatment. In addition, the excited
surface ion-acoustic waves are natural waves, which reduces the energy consumption.

© 1998 American Institute of Physid$$1063-785(08)00202-X]

Surface-wave plasma systems are potentially extremely d?x
useful for applications in plasma technologted.Here we M gz = ©eiB exp(—kgx)cosksz— wt) + ek,

investigate the use of surface waves to control ion beams

directed from a plasma onto a surface to optimize ion-plasma d?z )

polishing, etching, and coating processes. m;i gz = eeiBexp(—kgx)sin(ksz— wt);
We assume that a homogeneous plasma occupies the

half-spacex<0 and a vacuum fills the region>0. The

surface being treated is positioned at a distareel/ 7

from the plasma—vacuum interface, wher&l/is the depth

of penetration of the surface wave field into vacuum. Note

@

in the boundary region,

d°x B
m P ez(gi exp(—Kk3x) +exp(qix))cod kyz— wt)

that in this position, the surface will have a negligible influ- +eEy/2,

ence on the surface wave field since the latter decreases 42z K

e-fold at the distance . Under actual conditions, instead m=——>s= —eB—3exp(qlx)sin( ksz— wt); 3
of a vacuum layer between the plasma and the surface, there dt s

is a transition layer which, to a first approximation, is fre- in the plasma Xx<0),

quently modeled by a vacuum regidms we do here. 4

_ We shall consider surface wave perturbatl_ons propagat- M =5 = e B exp(q,X)cos ksz— wt),

ing along the plasma—vacuum interfaitke z axis), whose dt

amplitude decreases with increasing distance from this inter- a2z K

face. We take the dependence of these perturbations on miW:—eB—exqqlx)sin(kgz— wt), (4)
the time t and spatial coordinatez in the form 2

A(r,t)=A(x)exp((ksz— wt)), wherek; is the projection of whereB is the wave amplitude.

the wave vector on the axis andw is the wave frequency. If The existence of a potential difference between the

the electron temperatui®, is much higher than the ion tem- plasma and the surface being treated means that the param-

peratureT; , a surface ion-acoustic wa¥8IAW)* can propa- eters of the ion beam extracted from the SIAW plasma can

gate in this structure in the frequency range<(Q);/v2  also be varied.

(Where ), = \JAwe?n,/m; is the plasma ion frequency, and The systems$2)—(4), and(1) were used to investigate the

e, ng, andm; are the charge, density, and mass of the plasmé&n motion in a SIAW field for an argon plasma.

ions, respectively The dispersion equations for SIAWS in Figure 1 shows the energy distribution functidifs) of

this structure have the form particles reaching the surface being treated for different ra-

B tios of the SIAW amplitude to the extracting field

(/o f(e)de is the ratio of the number of particles reaching

where &=1—-Q0%w? q3=k3+1/(r3e)), rp=vTe/Qe, the surface to the total number of accelerated parbicksi

Q.=4me’ng/m,, m, is the electron mass, the curves were obtained for the following parameters:

vre=(yTe/me)*2is the average thermal velocity of the elec- w/2r=4Xx10* Hz, A'=300eV, ny,=10cm 3 and

trons, andy is the adiabatic exponent. T.=3 eV, whereA’=|ee;B|. The particle energy distribu-
Using the Maxwell equations and the equations of quasition in the absence of an extracting field is given by cutve

hydrodynamics, we can derive systems of equations descritWhen the extracting field is increased Eg=0.5A" (curve

ing the ion motion in an SIAW field with allowance for an 2), the distribution function is almost the same as before, but

auxiliary extracting field concentrated in the vacuum regionthe average energy of the particles reaching the surface in-
In vacuum &>0), creases and the peak of the distribution function is shifted

ks~ —gi01,
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toward h.igher energies, The number of particles reaching thE,=A" (curve 3), the particles reach the surface at angles
surface is almost doubled compared with the case with n@uss than 50° and a fairly large number are incident at angles
extracting field. Applying the extracting fieldEg=A" close to 40°.

changes the form of the distribution function, which now has Thus, the results of this study of ion motion in an SIAW

two 'geaks(czurvhe 3. the distribution functiori lotted field indicate that a plasma-transition layer-surface structure
rigure = shows the distribution unctio ¢¢) plo c with propagation of an SIAW is an efficient ion-optical sys-
against the angles of incidence on the surface. In this Casey | tor a wide range of ion beam parameters. By suitably

J T2 (@)de is the ratio of the number of particles reaching : )
the surface to the total number of accelerated particles. Tht%elecnln gtthe tS|AW frfqueréclxv\c/:harged parlt_|tclg conc(:jentra—
functionsf () are plotted for the same parameters as in Fig.'on’ electron temperature, wave amplitude, and aux-

1. Curves1, 2, and 3 correspond to the caseS,=0, iliary e_xtracting field ;trength, it should be possible to pro-
E,=0.5A%, andE,=A", respectively. It can be seen that in duce ion beams with different angular parameters and
the absence of an extracting field, the dependdifgy is ~ average energy at the surface. o

almost constant, i.e., foE,=0 there is no single clearly 1) In the absence of an auxiliary extracting field, of order
defined direction of particle motion. When the accelerating?0% of the total number of particles reach the surface and
field E,=0.5A" is applied, no particles with angles of inci- bombard it almost uniformly over the entire angular range.
dence greater than 75° are observed but the total number dhe ion beam in this case is particularly efficient for ion-
particles incident on the surface increases. In this case, tiglasma polishing of surfaceés.

distribution function is almost constant in the range  2) If the extracting field is less than half the SIAW am-
5<¢<60°. When the extracting field is increased further toplitude, an ion beam is formed in which more than half the

0.04 B v T T T ¥ ) 4 ¥ v
003 |- .
_?;'; 002 |-
- B 4 FIG. 2. Distribution function of angles of incidence on sur-
Y .
face being treated.
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ions pulled from the plasma reach the surface at angles ofJ. Margot and M. Moisan, iMicrowave Discharges: Fundamentals and
30-70°. lon beams with these angles of incidence are suit-Applications edited by C. M. Ferreira and M. Moisan, NATO ASI Series,

able for ion etching of surface holographic gratings with an _Series B, Physics, Vol. 30@lenum Press, New York, 1953. 141.
oblique-angled pl’Ofi|@ 2Yu. M. Aliev, K. M. Ivanova, M. Moisan, and A. P. Shivarova, Plasma

. . . Sources Sci. Techno?, 145(1993.
3) When the extracting field is on the order of the sur 3C. F. M. Borges, M. Moisan, and A. Gicquel, Diamond Relat. Mader.

face wave amplitude, an ion beam is formed in which most ,,4 (1995.

of the particles reach the surface at angles of 10—-40°. Thea N. kondratenko Surface and Bulk Waves in a Confined Plasfina
use of ion beams with these angles of incidence in technolo- Russiad, Energoatomizdat, Mosco¢£985.

gies involving the plasma-stimulated deposition of thin films °B. A. Heath and T. M. Mayer, ifPlasma Processing for VLSédited by
may well solve the problem of depositing thin films on pro- N. G. Einspruch and D. M. Brown, Vol. 8 of VLS| Electroni¢academic
files with sharp steps, typical of the technological relief of Press. New York, 1984; Mir, Moscow, 1987

microelectronics devices. Using ion beams with a preferen- fg '\ﬁaltzsg"lgéYamamOto’ H. Aritome, and S. Namba, Jpn. J. Appl. Phys.
tial angle o_f incidence of 10—40° to etch th_ip films eIimin_ates 7S.’Somelih, J%ac. Sci. TechndB, 1003(1976.

the formation of grooves and overdeposition of material atsg g |ee, J. vac. Sci. Techndl6, 164 (1979.

perpendicular steps on a relief with a vertical etching

profile.”8 Translated by R. M. Durham
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Entropy of glass transition and polymorphism
M. D. Bal'makov, L. N. Blinov, and N. S. Pocheptsova

St. Petersburg State Technical University
(Submitted May 22, 1997
Pis'ma Zh. Tekh. Fiz24, 12—17(February 12, 1998

An analysis is made of the change in entropy in the glass transition process. It is shown that
although the entropy of glass transition is less than that of melting, it is no more than two orders of
magnitude smaller. The main results are obtained without using the conditions of local
equilibrium, which are not satisfied for the glassy state. 1898 American Institute of Physics.
[S1063-785(10800302-4

The theory of disordered system is by no means comwhereG, and G4 are the numbers of permissible quantum
plete, with many problems still to be completely resolved.states of liquid and glass, respectively, at temperatures close
For instance, the change in entropy at the glass transitioto the glass-transition temperatufg. The fact is that the
point during cooling of a liquid is a topic under discusston. abscissas of point& andB (Fig. 1a are only the same and
Does the entrop(T) change abruptlyFig. 19 or continu-  equal toTy in the limiting case, when a liquid undergoes
ously (Fig. 1b at the glass transition temperaturg? infinitely slow cooling to T, followed by instantaneous

In the first case, we can talk of a glass transition entropyquenching. These abscissas differ slightly depending on the
AS, (Ref. 2 which is equal to the difference between theresults of each specific experiment.
ordinates of point® andA (Fig. 13 which define the limits It is not so easy to obtain a numerical valueAd, (3).
of the glass transition range. Poits the end point of curve  First, “Even the problem of defining entropy outside the
g, which describes the entrof8(T) of glass, and similarly state of equilibrium is clearly a subject which goes beyond
point B is the end point of curvé corresponding to a meta- macroscopic thermodynamicgRef. 5, p. 29. “... For equi-
stable liquid(Fig. 1). Clearly, it is difficult to determine the librium systems a definition of entropy was given by Gibbs,
nature of the glassy statayithout considering the glass tran- for nonequilibrium systems no definition is known as yet ...”
sition entropyAS,. This is not the only reason wh§S; is  (Ref. 6, p. 190Y. Note that the glass transition is a nonequi-
important. It is also related to various unsolved problems ifibrium process. Such processes are conventionally indicated
physics and chemistry, as will be shown subsequently. by bars because of their indetermind&yg. 13. The glassy

In the second cadig. 1b), which is the only alternative ~state itself is also nonequilibriutnThus, before applying
to the first (Fig. 19, there is no glass transition entropy methods of linear nonequilibrium thermodynamics, it must
(ASy=0), since pointsA andB coincide. This implies that be demonstrated that conditions of local equilibrium are sat-
the transition from the liquid to the glassy state and the reisfied for the glassy stafewhich so far has not been accom-
verse is an equilibrium process. Numerous experimental anglished.
theoretical datiindicate precisely the opposite, that the glass ~ Secondly, entropy cannot be measured directly like tem-
transition is a nonequilibrium process. Thus, this alternativeperature or volume—entropy meters do not exist. Indirect
(Fig. 1b should be eliminated from the analysis. methods of calculating entropy are by no means always

Other facts also support this viewpofmEor instance, a accuraté. This particularly applies to nonequilibrium pro-
liquid, unlike glass, exhibits fluidity and this requires a sub-cesses, since we cannot in principle use calculation methods
stantially larger numbeiG of accessiblé quantum states based on the well-known relatidn
compared with that for a solid. Thus, the following inequal-
ity is satisfied 5Q

dS=—, 4

GI>Gyg, (1) T

whereG; is the number of permissible quantum states for avhich can be used to find the different@$ of the entropy
liquid and Gy is that for glass. Assuming that the entroBy  with respect to the energy releas® of an elementary equi-

expressed in absolute units is giverf by librium process. Thus, the change in entradp§, in the glass
0 transition range cannot be calculated merely using calorimet-
S=InG, 2 ric data. Different approaches must be adopted.

Such approaches are based on the Boltzmann definition

we obtain the following relations for the glass transition en-
of entropyS (Ref. 4

tropy AS,

G
ASy=In ==>0, (€) S=-> PiInP;; (5)
9 i
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FIG. 1. Temperature dependences of the entiS{¥).

These correspond to different polymorphic fofmshose

here, summation is performed over all steady quantum staté¥/mber is denoted by, Relation(8) can then be represented
whose probabilities of realization aRe . Naturally, the defi- in the form
nition (5) does not solve all the entropy problems in nonequi- AS,~In jC;=In C4, C>Cy=1, 9

librium systems:® In this context, we also note the paradox o
of the negative production of entropy. where the cofactor€; and C, allow for the possibility of

For temperatures significantly greater than absolute zerdlquid and glass with different structures having the same

the entropyS (5) of a condensed system may be approxi_short-ra_nge order being realized in the fragméFig. 2),
mated by the sufn respectively. Note that the same short-range order generally

corresponds to a large number of different structutbs

S~S'9+ 5P (6)  minimum of the potentiaU ,(R)) (Ref. 3.
of the Configurationa| entropﬁ(c) and the entropﬁ(ph) at- Relatlon(9) can be used to eSti!T]ate the ratio of the glaSS
tributable to the kinetic energy of the atomic nuclei transition entropyAS, to the melting entropyAS,,. The
melting entropyA S, expressed in absolute uditelative to
S(ph)ZE Pksﬁph). @) a single atom, is contained within a comparatively narrow
K I range 0.8—1.1Ref. 10. Thus, the estimata S,,~1.2m is

Here P, is the probability of realization of thkth configu- valid. From Ref. 9 forj=2 we then have

ration, which corresponds to thigh minimum Ry of the .C
adiabatic electronic terid (R) (Refs. 3 and § andS{P" is A Inj C, In2
the entropy of the phonon subsystem for the case where the ASm% 1om > 1om" (10

atomic nuclei are localized near the minimuRy.
The glass transition process essentially involves “freezSince the fragment under studfig. 2) is fairly small
ing” of various configurational degrees of freedom. Thus,(M<50), we obtain from expressiai10)
the main contribution to the glass transition entrapg, AS,
(Fig. 1@ is made by the change in the configurational en- ——=>0.01. 1y
tropy S© (6). If the change ir8"" (7) during the glass tran- ASm
sition process can be neglected, we have the following estinequality(11) is in complete agreement with the hypothesis
mate for the glass transition entrog3): put forward in Ref. 2, whereby the glass transition entropy
ASngfC)—S(gc) ’ ®) AS, is smaller than the melting_ entrogyS,,, but by no more
than a factor of a hundred. This approach may be useful for
wheres(® andS{® are the configurational entropies of liquid assessing the possibility of developing new disordered mate-
and glass at temperatures closeTip(Fig. 1). rials, especially those based on fullerenes, and also for un-
Relation(8) can be conveniently used with the partition derstanding the role of polymorphic modifications in the
theorent according to which any disordered system can beglass transition process?
represented as a set of fragments, each contamimgoms.
We select a sufficiently small fragme(iig. 2) such that g ,, Stishov, Usp. Fiz. Nauli54 93 (1988 [Sov. Phys. Usp3l, 52
only one short-range order can be realized within this frag- (1989].
ment, with most of the atomic nuclei external to this frag- zm B- gally’mallzoviTilasGsl PhyS-SCherﬂfZ;\A344_(l€;{96-_ <t Petorch
ment in a fixed position. This fixing does in fact occur in "> Uﬁi\z?si?;breis, gﬁ%aﬁi&gg?@” ussiaf), St. Petersburg
glasses, whose atomic nuclei in most cases only undergC. Kittel, Thermal Physics2nd ed., Freeman, San Francig¢880.
small vibrations near the equilibrium positions. 5P. Glansdorff and I. Prigogindhermodynamic Theory of Structure, Sta-
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Investigation of the properties of CuGaTe , thin films
I. V. Bodnar’, V. F. Gremenok, I. A. Viktorov, and D. D. Krivolap

Belarus State University of Informatics and Radioelectronics, Minsk, Belarus;
Institute of Solid-State and Semiconductor Physics, Minsk, Belarus

(Submitted July 11, 1997
Pis’'ma Zh. Tekh. Fiz24, 18—23(February 12, 1998

Thin films of the ternary compound CuGagneere prepared by pulsed laser-assisted evaporation.
Their structure and unit cell parameters were determined by an x-ray method. The

transmission spectra near the fundamental absorption edge were used to determine the energies
of the interband optical transitions, and the crysti},J and spin-orbit A.,) splittings

were calculated. ©1998 American Institute of Physids$1063-785(018)00402-9

The ternary compound CuGajlkelongs to the class of The absorption coefficient was calculated using the formula:
[-111-VI, compounds Whichlgrystallize to form a chalcopy-
rite structure(space grouD;5—142d) and is a promising 1 >
material for various optoeleczt?onics deviceBhis compound @= aln(A+ AR,
has been little studied because of the difficulties involved in
producing high-quality single crystals and films. In Ref. 2, whered is the thickness of the sample=(1—R)?/2T, T is
we studied the electrical, optical, and thermal properties ofhe transmission, an® is the reflection coefficient in the
CuGaTe crystals obtained by a two-temperature method. range 0.5—1.3um, which is constant at-30% (Ref. 6).

Here we report the results of a study of the structure and Figure la shows the transmission spectrum of the
optical properties of thin CuGaJdilms prepared by pulsed CuGaTg films. The fairly high transmission near the funda-
laser-assisted evaporation. Crystals synthesized by diremental absorption edg@bove 40% and the distinct inter-

@

tional crystallization of a melt were used as the target. ference pattern indicate that the deposited films are of high
The films were deposited in a vacuum of quality.
(2—4)x107° Torr using a Nd:YAG laser(A=1.06 um, Figure 1b gives the spectral dependence of the optical

Tp= 10 % s, and Ep,=150-180 J (Ref. 4. The substrates absorption coefficiente) as a function of the photon energy.
were chemically purified glasses whose temperature wal can be seen that these CuGaTidms exhibit a high
maintained at-690 K. The thickness of the CuGaJfims  absorption coefficient in the range under study
was 0.6um. (10°=1® cm™?Y) and the fundamental absorption edge has a
The composition of the films was determined by micro-complex structure which, in accordance with the Hopfield
probe x-ray spectral analysis. The data indicate that theiodel for I-I1I-VI, compounds, is caused lprd hybrid-
atomic compositior(to within ~49%) is consistent with the ization of the valence band in these compounds.
formula CuGaTgand was reproduced in diagnostics of dif- An analysis of this curve reveals that the main contribu-
ferent sections of the film. tion to the absorption structure of the CuGaTikns is made
The structure and parameters of the crystals and filmpy the direct allowed transitions given by
were determined by an x-ray technique. Diffraction patterns
were recorded with a DRON-3M x-ray diffractometer using
Cu K, radiation and a nickel filter. These studies showed
that the diffraction patterns of the filméke the CuGaTe
crystal$ exhibited a system of lines consistent with a chal-  Figure 2 gives &-hv)? as a function of the photon en-
copyrite structure. The unit cell parameters, calculated fronergy used to determine the energies of the interband transi-
the reflections for which ®@>65°, area=6.023+0.005 A  tions. We obtained the following optical transition energies
andc=11.92+0.01 A, which agrees with the data for bulk for CuGaTe: Eg1=1.3550.01 eV, E;,=1.43-0.01 eV,
crystals(a=6.024+0.005 A andc=11.93+0.01 A) (Refs. Ey3=1.88£0.01 eV, which agrees with the restltef

A
aZE(hv—Eg)llz. (2

2,3,and 5. studying the photoluminescence of bulk crystals.

Electrical measurements of the CuGaTéms showed On the basis of our results and the data given in Refs. 5
that these possesseetype conductivity and a resistivity of and 6, we can conclude that the transition viity = 1.35 eV
~4Xx1072 Q-cm. corresponds to th&y—US valence—conduction band transi-

For these CuGaTdilms we also measured the spectral tion. The transitiorEg,=1.43 eV is attributed to the splitting
distribution of the transmission and reflection coefficients(A,) of the valence band under the action of the crystal
near the fundamental absorption edge. The spectra were riattice fieldl“}{—l“ec and the transitiore,3=1.88 eV is attrib-
corded using Beckman-5270 and Specord-GINIR spectrodted to the spin-orbit splitting Xg of the valence band
photometers at 293 K in the spectral range 500—2000 nniy-T§.
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CONCLUSIONS
or The structural and optical properties of ternary CuGaTe
films prepared by laser-assisted evaporation have been inves-
s tigated. It has been shown that like the bulk crystals,
CuGaTge films crystallize in a chalcopyrite structure. The
ér unit cell parameters have been determined for these crystals
and films and the interband transition energies have been
4r calculated together with the crystal and spin-orbit splittings.
2 L.
1T. Coates and J. MikinContemporary Problems in Semiconductor Pho-
. , . . toenergetic§Russ. transl., Mir, Moscow, 1988p. 307.
“0F W TE 4 76 73 27 22 2| V. Bodnar, Neorg. Mater27, 2068(1991).
’ h;}, ev 31. V. Bodnar and N. S. Orlova, Cryst. Res. Techrii, 1091 (1986.
41. V. Bodnar, V. P. Gremenok, E. P. Zaretskaja, and |. V. Victorov, Thin
FIG. 1. a—Transmission spectra of CuGaT#éms, 0.6 um thick; b— 530|id Films 207, 54 (1992.
absorption coefficienta) versus photon energshg). G. MasseK. Djessas, and L. Yarzhou, J. Appl. Phygl, 1376(1993.

6J. L. Shay and J. H. WernickTernary Chalcopyrite Semiconductors:
Growth, Electronic Properties and ApplicatiofBergamon Press, Oxford,
1979, p. 244.

In accordance with the quasicubic Hopfield model, the7gb(L)-3(Slhga7yéB- Tell, H. M. Kasper, and L. M. Schiovane, Phys. Re®, B
energies of the crystal and spin-orbit splitting of the valence '
band were calculated as follows: Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 2 FEBRUARY 1998

Background doping of films in molecular beam epitaxy of silicon
B. Z. Kanter, A. I. Nikiforov, and O. P. Pchelyakov
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Pis'ma Zh. Tekh. Fiz24, 24—29(February 12, 1998

Unique results obtained as a result of the development of epitaxial silicon layers with an
extremely low concentration of background impurities for infrared photodetectors with blocked
impurity photoconduction are analyzed and generalized. Changes in the type and
concentration of electrically active background impurities in films grown by molecular beam
epitaxy were investigated at all stages in the operation of the system, from initial startup to the
fabrication of films having an extremely low level of background impuritie$x 10 cm™2,

The laws governing the changes in the type and level of background doping during operation of the
system and the mechanism responsible for these changes are establisHE2D8 @merican

Institute of Physicg.S1063-785(18)00502-3

The development and industrial application of moleculametic discharge and sublimation pumps. Prior to epitaxy, the
beam epitaxy have shown that this is the best method dafurface of the 60 mm diameter KE5 (100 and KDB-
growing multilayer epitaxial structures with atomically 30(111) silicon substrates was purified by heating to 800 °C
smooth boundaries and precise layer thickness, compositioim a weak silicon flux. The films were grown at substrate
and doping profile. However, when molecular beam epitaxytemperatures of 500—900 °C. The thickness of the films was
is implemented in high-vacuum systems, the quality of the3—5 um. The concentration of electrically active impurities
structures is limited by the degree of vacuum and by thevas estimated by measuriiy, andN, using a C-V profilo-
efficiency of the pumping system. The parameters of theneter; the results are plotted in Fig. 1. The arrows indicate
films are adversely influenced if the vacuum chamber wallghe times when the growth chamber was opened to atmo-
have developed surfaces which accumulate and then releasphere and the heating cycle repeated. At times “1” and
components of the molecular beams and the residual gas a2” small components were replaced in the growth cham-
mosphere. In order to overcome these shortcomings, the iddser, at time “3” the molecular sources containing Sb and
of transferring an unenclosed molecular beam epitaxy systei8,O; were installed, and at time “4” the g5 source was
into space in the “wake” region of a molecular screen hasremoved.
recently been successfully implemented.An analysis of The sources were not switched on for the entire investi-
trends in the development of integrated circuit technologygation. The maximum concentration of background impuri-
and related equipment, including high-vacuum cluster systies (around 18° cm™3) was observed in films grown imme-
tems, yields the conclusion that the future of fully integrateddiately after assembly and outgassing of the chamber. During
production lines lies in transferring them to spéce. operation the concentratioN, in the films decreased at

In order to produce extremely high-quality epitaxial around an order of magnitude per 10—-15 wafers, which cor-
structures on Earth and in space, we need to know the law®sponds to an as-grown silicon layer with a total thickness
determining the type and level of accidental backgroundf 50 um. In the initial stage of operatiofwafers 1-3%5 N,
doping. Here we report the first investigations of backgroundose sharply on each occasion after the chamber was opened
doping in the molecular beam epitaxy of silicon, which is up and new components or assemblies inserted, although the
accompanied by change in the type and concentration of camaximum and the rate of decay bf, gradually decreased
riers in the films(electronsN,, and holesN,,). The investiga- and p-type impurities began to predominate in the films.
tions were carried out at all stages in the operation of thé&'hen, opening up the growth chamber and subsequent an-
Katun’-S system: from initial startup to growth of films nealing did not give rise to any-type impurities in the films
with an extremely low background impurity level (times “3” and “4” ). Unlike then-type impurities, the con-
Np<4X 102 cm 3. Direct measurements of molecular centration of p-type impurities varied only slightly, ap-
fluxes of background impurities were almost eliminated beproaching 1&* cm™3. After the molecular source containing
cause of their low intensity, and information on sources ofB,0; had been installetime “3” in Fig. 1), the concentra-
these impurities and their transport processes was derivein N, increased by two orders of magnitude and decreased
from systematic measurementsidf andN,, . very slowly during the operating process. Removing the

The growth chamber contained two electron-beamB,03 source from the chamber causdd to fall rapidly to a
evaporators for silicon and germanium, as well as twoconstant level of & 10 cm™3,
resistively-heated sources of molecular impurities. After all ~ An analysis of the epitaxy results at various temperatures
the equipment had been assembled, the growth chamber wasd growth rategFig. 2) shows thatN,, is almost indepen-
outgassed at 300 °C and evacuated t0%1Pa using mag- dent of the epitaxy temperature and proportional to the
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FIG. 1. Concentration of electrically active dond¥) and acceptor,)
impurities in silicon films grown at 800 °C. The estimates were based on v T
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FIG. 2. Dependences df, and N, on the substrate temperatu@ and

growth rate(Fig. 29. Conversely,N, depends strongly on growth rate(b).

the growth temperature and the activation energy for the in-

corporation of acceptor impurities is 1.1 €Wig. 2b. Histo-

grams linking the film and substrate parameters show that the 4. When the baffle is closed, impurities are transported
type and level of doping of the films does not depend on thérom the B,O; source to the growing film across the surface
type and concentration of impurities in the substrate, i.e., thef the chamber walls by means of repeated evaporation-
self-doping process is not a decisive factor in this case. Theondensation cycles involving highly volatile impurity com-
presence of a cold Sb source in the chamber did not signifiponents.

cantly influence the measurable carrier concentration in the  These results suggest that when films are grown in space
films. These results yield the following conclusions. using an unenclosed molecular beam epitaxy system, back-

1. Two main background doping regimes are observed: ground doping will be reduced substantially because of the
transition regime after assembly and startup, during whichabsence of chamber walls and the enhanced pumping effi-
the epitaxial films are doped hytype background impuri- ciency. An efficient means of reducing the time taken for
ties whose level decreases monotonically, and a steady-stag@nsition to the steady state may involve preparing the tech-
regime wherep-type background impurities predominate, nological apparatus on Earth by depositing a film of silicon
whose level subsequently varies negligibly. or another efficient sorbent on its inner surfaces.

2. The background doping in the transition regime is S
caused by an influx of impurities from the surface of the ~ This work was supported by the State Scientific-
chamber walls and installed components. The most likelyl €chnical Programs “Fundamental Space Researpi-
impurities are phosphorus or manganese incorporated in tH8Xy Project, “Physics of Solid-State Nanostructures”
stainless steel. A comparison with the results of Refs. 6 angProject 2-01], and the Russian Fund for Fundamental Re-
7 gives an estimated flux of background impurities to thes€arch(Grant No. 97-02-18409
film of 10*-10" atoms/cm-s immediately after assembly
and startup. In the steady-state regime the flux is reduced by
three orders of magnitude. 13. E. Hieser and F. J. Brock, J. Vac. Sci. Techdd. 702 (1976.

3. Doping of the films with acceptor impurities in the 2A. ignatiev, Earth Space Re2(2), 10 (1995.
steady-state regime is most likely caused by the presence of0. P. Pchelyakov, L. V. Sokolov, A. I. Nikiforov, V. I. Berzhaty, L. L.

~ [ . Zvorikin, A. I. lvanov, V. P. Nikitsky, V. Yu. Antropov, V. M. Biriukov,
boron-containing components on the substrate surface prio E. V. Markov, and Yu. N. Djakov, inProceedings of the Joint Tenth

to epitaxy and by boron being gengrated at heated ceramiCgyropean and Sixth Russian Symposium on Physical Sciences in Micro-
components and then transported via the chamber walls.  gravity, St. Petersburg, Russia, 1997, p. 119.
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Concentration dependence of the influence of strain rate on the yield stress of doped
NacCl crystals under uniaxial compression in the temperature range 77-773 K

R. P. Zhitaru, N. A. Palistrant, and V. A. Rakhvalov
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Anomalies in the dependence of the yield stress of sodium chloride crystals on the strain rate are
described for varying composition and impurity concentration and varying temperature.
Explanations are proposed for these anomalies based on specific characteristics of dislocation
motion in an impurity atmosphere. @998 American Institute of Physics.
[S1063-785(10800602-9

It has been established that as the strain aaté alkali  €nce on the rate dependence of the yield stress for the other
halide crystals under uniaxial compression increases, th&y/stems studied.
yield stresso, increases:* However, this rate dependence  Figure 2 shows how the yield stress of NaCl:Ca single
of the yield stress is not always found for doped crystals. Irfrystals depends on concentration at different strain rates and
addition to the usual behavior ny(a), under certain test €mperatures. It can be seen that at all deformation tempera-

conditions and for certain dopant concentrations NaCl Crys'gures for NaCl:Ca crystals, the influence of the strain rate on

tals have an unusual dependence in which the yield stredB€ Yiéld stress depends strongly on the impurity concentra-

. . . . . . 72
decreases rather than increases with increasing straintrate ion: this influence is appreciable f@=10"* mol % and

Results obtained for doped crystals in Refs. 3 and 7 are alsgmost absent for |°VC(C<_1O_2 mol %). _
contradictory in many cases. This is because comparatively It IS known that as the impurity conte increases, its
few studies have been made of the influence of the strain rafate in the crystal matrix chandetRefs. 8 and 2 Bearing

on deformation processes in crystals containing differenthis factor in mind, we can conclude that the different influ-
types of impurity defects. In view of this, we studied how the €nce Of the strain rate om, is evidently attributable to the
type and concentration of impurities influences the depeniN@dequate state of the impurity defects at low impurity con-
dence of the yield stress on the testing rate over a wide ranggentrations and also at high concentrations. Thus, these re-

of temperature to gain a deeper understanding of the mech3Ults indicate that the influence of the strain rate on the yield
nism for the plastic deformation of crystals. stress is controlled to a considerable extent by the structural

We studied NaCl crystals doped with Ca, Pb, and Sr§tat_e of the impu_rity defects which is determined by the im-
grown by the Czochralski method at Tomsk Polytechnic In-PUrty concentration. _ _
stitute. The impurity concentratio®,, in the melt varied _The influence of the impurity concentration and state on
between 10* and 3x10~! mol %. However, the impurity oy(a) was also observed for NaCl:Pb crystéfsg. 3). It can
concentratiorC in the crystal differed fronC,,, depending be seen that the usual behavior, where an increaseii
on the type of impurity, and varied in the following ranges: accompanied by an increasedt), is only observed for the
for Ca between 10° and 1.6< 10! mol %, for Pb between lowest PB* concentration. This relation was found at almost
2x10°* and 1.65<10 2mol %, and for Sr between all the temperatures studied. A different picture emerged for
2X10"* and 1.8<10"2 mol %. The samples for the tests other lead concentratior® (Fig. 3. It was found that the
were cut along the cleavage planes and had dimensions @fst temperature plays an important role: in many cases a
4X4X12 mm. The crystals were uniaxially compressedchange in temperature produced sharply opposing effects.
along the[001] axis using an Instron machine at rates be-For instance, the same change in strain rate between
tween 6.6<10 ° and 3.4<10"3 s™1. The deformation tem- 6.6x10°5 and 3.4<10°3 s™! produced an increase in the
perature varied in the range 77-773 K. yield stress at 293 KFig. 3a, curved and? lie above curve

Figure 1 gives the results of measurements of the yiel®) and a decrease at 220(Rig. 3b,C~ 102 mol %, curves
stresso, as a function of the shear strain ratdor NaCl:Sr 2 and 1 lie below curve3). In addition, a decrease iny, at
crystals containing different strontium concentratidbsIt 373 K was replaced by the opposite effect at 673 K. It should
can be seen that the behavior @f(a) varies substantially be noted that for all the Pb and C4" concentrations stud-

with concentration. The usual dependengga), i.e., an in- ied at T=673 K where the impurities are dispersed, an in-

crease in the yield stress with increasing strain rate, is onl{"€2S€ in strain rate is accompanied by a regular increase in

observed for samples containing the lowest impurity concenthe yield stress, i.e., the usual behavioog{a) is observed

tration (Fig. 1, curvel). The other samples show anomalous (Fig. 4.

behavior:o, decreases at high ratésig. 1, curves? and3). Summarizing these results obtained for NaCl systems,
The impurity concentration also has a significant influ-we can conclude that(a) is controlled by the structural
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FIG. 1. Rate dependence of the yield stress for NaCl:Sr crystalmol %:
3.7x10°* (1), 6x 1072 (2), and 1.&10 2 (3). FIG. 3. Concentration dependences of the yield stress for NaCl:Pb crystals

at various rates of shear straim; s™% 3.4x 1073 (1), 3.4x107* (2), and
) ) . ) ) 6.6x107° (3). Deformation temperatur€, K: 293 (a) and 220(b).
state of the impurity defects, which is determined by the

impurity concentration and test temperature.

rate on the variation of the plasticity parameters is deter; v <ome state in the matrjxan increase ira initially

mined not_only by the state of the impurities but also by theleads to an increase i, (Fig. 2, curves? lie above curves
shear strain rate. L 1), which is quite regular. In contrast, a further increasa in

An unusual erenderlc;e of ona IS observed for Na- does not cause an additional increaserjnbut a sharp drop
Cl:Ca crystals withC=10"“ mol % (Fig. 2. For samples (curves3 lie below curves2 and1). This feature of the rate
dependence of the yield stress of NaCl:Ca crystals is typical
of all temperatures and results for variolisare plotted in

8 3 . . N
Yy &/ Figs. 2a—2c. The usual behaviora@f(a) is only observed at
2 T=673 K (Fig. 43. It has been noted that at this high tem-
1800 ¢ perature the state of the impurities changes abruptly and they
become more dispersed. Thus, an analysis of these results
1400 1 suggests that the strain rate has an unusual influence on the
{ * 3 yield stress when the &aimpurities comprise large aggre-
800 /’1 gates and intricate complexes, as is the case at high concen-
a trationsC and high temperatures when the impurities are not
00 JA————= sufficiently broken down into small aggregates.
X s A particularly interesting result is that opposite effects
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FIG. 2. Concentration dependences of the yield stress for NaCl:Ca crystaBIG. 4. Concentration dependences of the yield stress for NaC&Cand
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with increasing strain rate is replaced by a sharp drop. Thisng a separate influence on the yield stress of NaCl crystals:
behavior ofo, at high strain rates is most likely caused by aa) the structural state of the impurity defects andhe shear
significant change in the mechanism of interaction betweestrain rate. We have established that the influence of the
moving dislocations and the impurity center, which is prob-shear strain rate oar, depends very much on the structural
ably caused by a difference in the velocities of the dislocastate of the impurity defects, which is determined by the
tions at different rates of shear strain. A mechanism is proimpurity concentration and the test temperature. We identi-

posed to explain this sharp drop ér at high a. Assuming fied two ranges of impurity concentration: lo@, wherea,

that the strain rate is expressed in the form=bpv, where  is barely influenced and higl, wherea has a substantial

b is the Burgers vectorp is the density of mobile disloca- influence ong, .

tions, andv is the average dislocation velocity, it may be For NaCl:Ca crystals we observed that, depending on the
inferred that the increase in the strain rateat the yield SI'ain rate, impurities in the same structural state have oppo-

stress stage is either caused by an increase in the averaf#;e effects: the yield stress increases with increasirand

. . L= . . then falls sharply with a further increase in strain rate. A
dislocation velocityv or by an increased rate of multiplica- . X . . . .

ion - of mobile dislocationd! However. the second method mechanism for interaction between a fast moving dislocation
.tIOI’]p of mobi i ) . ' o -7 and defects is proposed to explain this extremely different
is less dominant in our case, since specific investigation

o ) , >H9ANONB o avior ofer, with increasinga.
have shown that at high the density of new dislocations is Y *
two or three orders of magnitude or more lower thafor

low €. Thus, the dislocation multiplication raﬁe under de- YAt low concentrations Ca impurities in the crystal matrix are mainly in the

formation is lower at high rates of plastic deformation com- form of impurity—cationic vacancy dipoles and their aggregates; at@igh
. - . . they are mainly in the form of complexes and precipit&tes.
pared with that at lowe. This behavior suggests that for |t is known that the nucleus of a dislocation in doped alkali halide crystals

these doped NaCl crystals, the increase in strain rate iSs surrounded by clouds of impurity defect€ottrell, Suzuki, Snoeck
main|y caused by an increase in the average Ve|0city of theC|0Ud9.11 At high C the defect atmosphere around the dislocation most
mobile dislocations. Taking this factor into account, we can 'kely consists mainly of310; and{11%} plate-like complexes:

explain the present results as follows. An increase intherate

of S_hear s.tralra |ead§ to an increase In the kinetic energy of 18|, Smimov, Dislocation Structure and Hardening of Crystdis Rus-
a dislocation, enabling this dislocation to become partially siar], Nauka, Leningrad1983).
separated from the impurity atmosphérélowever, the dis- Zz-s;- ghita;.“' 2- \k/H K'\Ijlabi’r:l, arlldNB. Iéssn;ér;gv, Izv. Akad. Nauk. Mold.
. f . : . er. Fiz. Tekh. Mat. Nau 0. 2, .
location is .not completely separated, since it still does NOts ™0 ko and F. Aguikt.opez, Acta Metall 34, 1701(1986.
have sufficient energy to be finally released frpm the "f‘tmo"‘A. A. Urusovskaya, E. V. Darinskaya, R. Vosz&gal, Cryst. Res. Tech-
sphere but the atmosphere cannot keep up with the dislocanol. 16, 597 (1981).
tlonS, Wthh causes Substantlal addltlonal hardenlng. ThlS Yu. S. Boyarskaya, R. P. Zhltaru, and N. A. Pallstrant, Fiz. Tverd. Tela

. . . . .. (Leningrad 32, 769(1990 [Sov. Phys. Solid Statg82, 453(1990].
clearly exp_lalns the observed increase in the yield stress WlthYu. S. Boyarskaya, R. P. Zhitaru, and N. A. Palistrant, Fiz. Tverd. Tela

increasinga in the range 10°-10 4 s (Fig. 2, curve2). (Leningrad 32, 3433(1990 [Sov. Phys. Solid Stat82, 1989(1990)].

Nevertheless, as the shear strain rate is increased furthé¥u. I Golovin and A. A. Shibkov, Fiz. Tverd. Teld.eningrad 28, 3492
(1988 [Sov. Phys. Solid Stat28, 1964(1988].

° — 3 —1 . . .
to a_~_10 s, the dislocation energy Increases and may bes| . Saifer, Physics of the Condensed State. 24[in Russiaf), FTINT,
sufficient to completely separate the dislocation from the im- Kharkov (1973, pp. 45-64.
purity atmospheres, which makes it significantly easier forg(Ci-wA]-) Andreev and B. |. Smirmov, Problemy Prochnosti No. 10, 122
the _dIS|Ocatlon to migrate and I? accompame(_j by redu?e%E. Orozko, A. Mendoza, J. Soullard, and J. Rubio, Jpn. J. Appl. Ptys.
motion stress. Thus, the separation of dislocations from im- 249 (198,
purity atmospheres may explain the sharp drop in the yield. I. Novikov, Crystal Lattice Defects in Metafén Russiaf, Metallurgiya,
stress of NaCl:Ca crystals at high rates of shear stfm 2, lZMOSCOW(l%& _
curve l) E. M. Orozco, I. Soullard, C. Zaldet al.,, Philos. Mag. A50, 425(1984).

To sum up, we have identified two different factors hav- Translated by R. M. Durham
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Transfer of electronic excitation energy in a solid glassy phosphor activated with
europium (lll) and titanium (Ill)

I. M. Batyaev, A. M. Tinus, and E. V. Kleshchinov

A. . Gertsen Russian State Pedagogical University, St. Petersburg
(Submitted June 26, 1997
Pis’'ma Zh. Tekh. Fiz24, 38—41(February 12, 1998

A phosphor was synthesized using potassium aluminosilicophosphate glass activated with
europium(lll) and titanium(lll). It is shown that the europium luminescence is quenched by
titanium ions in this glass. €998 American Institute of Physid&1063-785(018)00702-2

Problems involved in enhancing the energy efficiency oftor for crystals, glass, and dy&s'? Systems activated with
solid-state phosphors and lasers utilizing them are attractinguropium(lil) ions are of interest for various reasons, includ-
increasing attention. Progress along many lines of research ing the fact that europium is a luminescence activator with a
modern science depends on the combination of results olitigh quantum yield, so that it can be used in laser technol-
tained in this field. In consequence, particular attention isogy. A laser utilizing an alcohol solution of europium ben-
being paid to the study of active media whose optical andzoylacetonate was first reported in 1963 by Lempicki and
energy characteristics may well be enhanced by nonradiativBamelsort®> Researchers were attracted by the relatively
“donor—acceptor” transfer of excitation energy. Transfer of simple energy level structure, which makes it easier to inter-
electronic excitation energy has been widely used in laserpret the optical transitions and use these to study the struc-
because, rather than supplying excitation energy directly téure of the luminescence centers. This is reflected in the use
those particles whose emission is desired, it is frequently faof europium as a spectroscopic probe to study the structure
more advantageous to supply this energy to those particlesf many materials?
which readily absorb it, do not emit themselves, and freely  Silicon oxide, potassium metaphosphate, and aluminum
transfer their excitation to the required particles. were used to prepare the charge. Europium was introduced

Here we investigate the interaction in a’EuTi®" sys-  as the oxide E3D; and titanium as the oxide TiD which
tem in potassium aluminosilicophosphate glass. Titaniunwere then reduced. The concentration of the activator ions
(I1) ions are used as an independent actiVafoand as a was 5 wt. % europium and 0.5 wt. % titanium.
sensitizer for the luminescence of various rare-earth Jofis. The electronic absorption spectra were recorded using an
Trivalent europium is a fairly widely used rare-earth activa-SF-20 spectrophotometer. The luminescence spectra were re-
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0.50 L 0.50 FIG. 1. Absorption spectrumA) of potassium aluminosilico-

- N : phosphate glass activated with*Tiand luminescence spectrum
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corded with an SDL-1 spectrometer and anUFe2 photo- 2|, M. Batyaev and I. V. Golodova, Opt. SpektroskZ, 54 (1994 [Opt.
multiplier. The luminescence was excited with an LGI-21 _Spectrosc77, 45(1994)].

; _ ; 3S. B. Sukhanov,Spectral and Luminescence Properties of Phosphate
nitrogen laser Xex=337 nm) and an LGN-222 helium- Glass Activated with Titanium (I1) and Europium (lll\uthor's Abstract

neon lasel\ ¢xc= .630 nm,P=55 mVV) of Thesis for Candidate’s Degréie Russian, A. |. Gertsen Russian State
The electronic spectrum of this glass reveals superposedredagogical University, St. Petershyi94.
absorption bands of titanium and europium. We detected nd'!- V. Golodova, Spectral, Luminescence, and Various Physicochemical

: ) . A .

visible departures from the spectra of the corresponding non-Properties of Gallum Phosphate Glasses Activated wittf Bind Nd
tivated ions in this matrix. Glasses doped only with eu- lons Author’s Abstract of Thesis for Candidate’s Degrge Russian,

coactiva : p y A. |. Gertsen Russian State Pedagogical University, St. Peteréb2®d).

ropium ions exhibit intense luminescence in the 550—650 n¥|. M. Batyaev and E. B. Kleshchinov, Pisma zh. Tekh. F22(12),
range(see Fig. 1, curve). It can be seen that the bands of (1996 [Tech. Phys. Lett22, 34 (1996].

6 ) .
the europium luminescence spectricarveB) and the tita- - M- Batajev, S. B. Sukhanov, O. A. Lasor, and E. B. Kletchindb-
P P oo ) stract of Papers presented at Eleventh Conference on Physical Methods in

nium absorption bantturveA) overlap. In the luminescence  yordination ChemistryKishinev, 1993, p. 85,
spectrum of the glass coactivated with botr*Eand TF™, 1. M. Batyaev and S. B. Sukhanov, Pis’ma Zh. Tekh. F#8(10), 38
the relative intensity of the europium luminescence band de- (1994 [Tech. Phys. Lett20, 403(1994].
creases more than 25 times 8. M. Batyaev and I. V. Golodova, Opt. Spectrostg, 468 (1995 [Opt.
. ) . Spectrosc78, 421(1995].
A study of the luminescence decay kinetics revealed thab) '\ Batyaev, Usp. Khim40, 1333(1972.

the average excited state lifetime of theEiipons decreased °T. A. Privalova, Thesis for Candidate’s Degree in Chemical Sciefioes

from 2.5 ms to 14us in the presence of i ions. 11Russiaﬁ, ngingra;i_(l?j??. " |
To sum up, the interaction in a EU—Ti3+ system in Le_aser Handbookedite _‘yA. M. Prokhorov, I_Darts 1 andRuss. transl.
. ) - . ) with changes and additions, Sovetskoe Radio, Moscow, 1978
glasses has been investigated for the first time and it has been . Batyaev, S. M. Shilov, and Kolani Melebte, Opt. Spektroskz6,
shown that the europiurtill ) ion luminescence is quenched 424 (1994 [Opt. Spectrosc76, 378(1994)].
in the presence of titaniurfill ) ions. BA. Lempicki and H. Samelson, Phys. Le#t. 133 (1963.
14y, F. Zolin and L. G. KorenevaRare-Earth Probes in Chemistry and
Biology [in Russianl, Moscow (1980.
1s. B. Sukhanov and I. M. Batyaev, Opt. Spektrogk. 1367(1992 [Opt.
Spectrosc72, 765(1992]. Translated by R. M. Durham
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Nonlinear effects in dynamic loading of a material with defect zones
S. G. Psakh’e, K. P. Zol'nikov, and D. Yu. Saraev

Institute of Physics of Strength of Materials and Materials Science, Siberian Branch of the Russian
Academy of Sciences, Tomsk
(Submitted July 3, 1997

Pis’'ma Zh. Tekh. Fiz24, 42—46(February 12, 1998

An analysis is made of some characteristic features of the interaction between solitary pulses
(soliton-like wavey generated under high-velocity loading and structural defects in an

Al crystallite. Calculations are made using the molecular dynamics method. It is shown that in
materials undergoing shear loading and those undergoing compression different types of

solitary pulses are formed which interact differently with regions containing structural defects.
The waves formed under compression have a higher propagation velocity in the material,

and their profile recovers fairly rapidly after propagating through defect zones. These phenomena
are of interest for developing methods of nondestructive testing19@8 American

Institute of Physicg.S1063-785(18)00802-7

One of the most important and interesting manifestationsolid-phase reactions. Moreover, various characteristics of
of nonlinear effects in materials is the formation of solitary hot spots such as their lifetime, maximum heating tempera-
waves under high-velocity loadifg® It was shown in Refs. ture, and so on, are related to the amplitude of the solitary
4-6 that the interaction between solitary waves and materiglulse® In many respects, the behavior of these solitary pulses
defects such as vacancy clusters may result in the formatiois similar to the behavior of solitons in one-dimensional
of hot spots which play an important role in the initiation of chains!%’
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FIG. 1. Distribution of atomic velocities in a sample un-
> 000004 M‘M"' dergoing compression in théY plane and in they di-
AM% rection; a—t=0, b—=300At, and c—+=1200At.
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FIG. 2. Distribution of atomic velocities in a sample under-
going shear loading in th&Y plane and in theY direction:
a—t=0, b—t=1100At, and c—=1500At.

30 60

Y,u.

Here we investigate some characteristics of the propagdng the atomic system of unitsn which the Bohr radius,
tion of solitary waves through regions of reduced atomicPlanck’s constant, and the electron charge are unity. The
density. We also study differences in the generation anéhtegration step for the equations of motion was 100 atomic
propagation of solitary waves initiated by high-velocity sheartime units, which corresponds to 2420 *s. The effec-
and compression. tive pair interaction potential was calculated using pseudo-

The investigations were based on the molecular dynampotential theory, as in Ref. 10.
ics method and used the unique Monster-MD program  An analysis was made of the distribution of the atomic
packagé. velocities and the change in the profile of the solitary wave at

A three-dimensional aluminum crystallite containing ap-various times. Figure 1 shows distributions of the crystallite
proximately 12,500 atoms was modeled at a temperaturatomic velocities in th&XY plane and in the direction for a
close to O K. TheZ, Y, andX coordinate axes were oriented solitary wave initiated by compression. It can be seen from a
in the (111), (211), and(011) directions, respectively. Pe- comparison of Figs. 1a and 1b that the wave crest changes
riodic boundary conditions were used in tieandZ direc-  substantially in the region with structural defects. Note that
tions, while at the faces perpendicular Xothe boundary the shape of the crest recovers its initial form fairly rapidly,

conditions were set as follows: as can be seen from Fig. 1c.

1) For compressionV,=V,=0, V'x:const, V=0, A different pattern is observed for the propagation of
whereV! is the velocity component at the left edge of the solitary waves initiated by high-velocity sheéfig. 2). In
sample and/" is that at the right edge; this case, the shape of the solitary wave ctégg. 23 also

2) For shear loadiny,=V,=0, V'y= const,V;= 0. changes significantly as it propagates through the region with

A region with an elevated concentration of point defectspoint defectgFig. 2b), but the initial shape of the wave crest
was created near the left edge of the sample inthdirec-  was not restored and the change remained sidte 20.
tion, and the sample then relaxed. A more detailed analysis of the results revealed that dif-
Note that microscopic calculations are usually made usferent types of mechanical loadiighear, compressidgen-
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erate different types of solitary waves. The profile of thesaturated in structural defects, and also to monitor the quality
solitary waves formed by high-velocity compression is deter-of coatings.
m|r_1ed _by the structure of the particular part of the sample N1 5 aetteh and J. Powel, Appl. Phys9, 3933(1978.
which it propagates. It was noted that a wave in a defect-freeg. k. straub, B. L. Holian, and R. G. Petsheck, Phys. Red984049
region of the crystal recovers its initial form soon after inter- 3(1979.

; ; ; S. G. Psakh’e, K. P. Zol'nikov, and S. Yu. Korostelev, Pis’'ma Zh. Tekh.
actllng with strqchral defect;. The calpulatmns showed that az 51(13), 1 (199 [Tech. Phys. Lett21, 489 (1995
solitary wave |_n|t|ated by high-velocity shear -dlffers from 4S. G. Psakh'e, D. Yu. Saraev, and K. P. Zol'nikov, Pis'ma Zh. Tekh. Fiz.
the “compression” waves not only because its amplitude 22(10), 6 (1996 [Tech. Phys. Lett22, 389 (1996)].

. . . 5 ’ i 7 H
contains shear velocity components but also because it pos-gé(% 'ﬁiﬂgeég' P. Zol'nikov, and D. Yu. Saraev, Fiz. Goreniya Vzryva
sesses a unique “memory effect_.” Fc_)r example, if the mate-sp "y 1sai, 3. Chem. Physs, 7497(1997.
rial contains regions saturated with different types of defects,’s. Yu. Korostelev., S. G. Psakh'e, and V. E. Panin, Deposited Paper No.
the crest shape of this solitary wave will undergo constant,6080-85(in Russias, VINITI, Moscow (1985. ,

h Thus. a solitary wave initiated by shear mav carr S. G. Psakhie, S. Yu. Korostelev, S. |. Negreskul, K. P. Zolnikov,
changes. , y : ys Y Cary 7 wang, and S. Li, Phys. Status SolidilF6 K41 (1993.
information on whether the material has regions containing®w. A. Harrison,Pseudopotential in the Theory of Met&North-Holland,
structural defects. This effect may be of some interest for the Amsterdam, 1965 o
development of methods of nondestructive monitoring and > & Psakive and V. E. Panin, Fiz. Met. Metallov&a, 620 (1980.

testing to determine whether a material contains regionSranslated by R. M. Durham
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