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It is shown that the critical value of the Rayleigh parameter characterizing the stability of a thin
charged layer of liquid on the surface of a hard spherical core increases rapidly as the
thickness of the layer decreases. 1097 American Institute of Physid$1063-785(07)00110-9

The instability of a charged layer of viscous liquid of pressure of the external medium on the surface of the drop-
finite depth on a curvilinear hard substrate is encountered itet, P™ is the pressure inside the liqui®, is the Laplace
the theory of thunderstorm electricity in charge micro- andpressure beneath the spherical surface of the liquid layer dis-
macroseparation processes, and in the nucleation of a stretdted by the wave motiof:
lightning discharge, in liquid mass spectrometry, and in )
liquid-metal ion source’:® An investigation of the stability Py=2=(2+A0)&(0,1);
of a thin layer of liquid on the surface of a hard core isA(, is the angular component of the Laplace operator in
therefore relevant. Of particular interest is the stability ofspherical coordinates.
extremely thin liquid films since, according to Refs. 2,4, and  The electric field pressuré®g on the surface of a
5, when the thickness of a liquid layer on a hard substrateharged, ideally conducting droplet is given ‘by:
decreases th=<100 nm, the disjoining pressure has a sub- 5
stantial influence, its magnitude increasing with decreasing P :Q__inng in

41

film thickness as~h™" (where 3sn<4, depending oih). F 8r 2m

1. Let us suppose that a hard spherical core of rajus o L
is surrounded by a spherically symmetric spherical layer of % E (m+ 1)Pm(ﬂ)f &P, ()du,
viscous ideally conducting liquid of outer radit® and m=0 -1

chargeQ. We shall assume that the liquid is incompressible
with the kinematic viscosity, densityp, and surface tension
o. The velocity field of the capillary wave motidur,t), the
pressure fieldP(r,t), and the distortion of the free liquid

Pm(w) are normalized Legendre polynomiajs= cos.

The author of Ref. 4 isolates four components of the
disjoining pressure, which are of different physical natures
and cannot generally be described by a single analytic ex-

surface&(r,t) caused by the thermal capillary wave motion : o X .
: ression. However, for a qualitative analysis of the influence
will be assumed to be of the same order of smallness. W L I -
of the disjoining pressurB,, on the stability of thin films, we

take the external medium to be vacuum and perform the . .
o . : oy .. _confine ourselves to thé dependence of the fluctuating
analysis in a spherical coordinate system with its origin at L .
. ; L component of the disjoining pressure, as was done in a the-

the center of the core, using a linear approximation for the

small parameters, U, andP, and dimensionless variables, oretical analysis of the stability of free thin filnis:

whereR=1, p=1, ando=1. A n
The linearized system of hydrodynamic equations de- Ph=— l—ﬁi( 9,'[)),
scribing the capillary motion of a viscous liquid in this sys- h
tem will have the form: whereh=1-R,,.
9U 1 2. Solving Egs.(1)—(6) by a scalarization method de-
—=——-VP"+v.AU; (1) scribed in detail in Ref. 6 yields a dispersion relation for the
ot p . - - NP - .
poloidal capillary maotion of the liquid in this system:
divu=0; 2
@ Au A An Ay A
r=Rp: U,=0, U,=0, U,=0; € A Ay Ay Ay Ang
F(r,t)=r—1—£(6,t)=0: detA=| Az Az Aszz Azs Azs| =0; (7
dE  oF Asr A Agz As Ags
EEE+U'VF:0; 4) As; As; Asz Asy Ass
7(n-V)U+n- (7 V)U=0; )

S
- All: m; A12:_(m+ 1)1 Al3: m(m+l)|m( \[;)’
—(P"—P®+2pvn-(n-V)U+P,—Pc—P,=0. (6)

In these expressions and 7 are the unit vectors of the
normal and tangent to the free surface of the liqBit is the

S
Ap=m(m+ 1)km( \/;>, Ais=—S; Ay=2(m—1),
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FIG. 1. Dimensionless growth rates of the first few unstable even modes
(numbers are shown on the cury@s a function of the dimensionless core
radiusR,, calculated forr=0.01,W=13,n=3, andA=10"".

depend not only on the mode numlmaibut also on the layer
thicknessh. Figures 2 and 3 show the right-hand section of
Fig. 1 on an enlarged scale with and without allowance for
the disjoining pressure, respectivelx 10"’ — Fig. 2 and
A=0 — Fig. 3. Figure 2 shows that the range of stable
values ofW for a particular mode will be determined by its
number and by the degree of supercriticality of the charge.
For instance, it can be seen that the dominant mode depends
most strongly on the layer thickness but because of the low
degree of supercriticality of the charge, the critical values of
the parametekV for the tenth mode differ very little from

0.4
ReS

J

whereW=Q?%/47, S is the complex frequency, arig(x)
andk,(x) are spherical Bessel functions of the first and third
kinds, respectively.

Results of numerical calculations made using &g.are
plotted in Fig. 1 as dependences of the growth rates of the
first five even modes, whose numbers are indicated on the
curves, as functions of the dimensionless radius of the core
calculated forw=13, v=0.01,n=3, andA=10". It can
be seen that as the film thickness decreases, the instabilit

growth rates fall sharply because of viscous dissipation in the ~

liquid layer and at the solid bottom. This case was examined
in Ref. 8. We are only interested in the regibrt100 nm,
where the critical value of the Rayleigh parameygrwill
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FIG. 2. Enlarged right section of Fig. 1 with allowance for the disjoining
pressure A=10"7).
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04 ity will either occur as a result of the predominant buildup of
ReS high-order modes or will not occur at all, depending on the
charge. A similar situation was observed by Wagrieran
experimental investigation of a needle type of liquid-metal
ion source.
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W,, for the second mode. This result is consistent with the,

critical dependences Al on the layer thicknedsobtained

previously for an ideal liquid. Translated by R. M. Durham
To conclude, for extremely thin layers of liquid instabil- Edited by Steve Torstveit
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Results are presented from an experimental study of the crystallographic parameters of
(1102Al1,04/(00)Ce0,/(001)YBa,Cuz; O film heterostructures fabricated by cathode sputtering
at high substrate temperaturés-600-800 °C. It is shown that the main limitation on the
temperature for deposition of a YBau;O,_, film on a CeQ surface is due to the chemical
interaction between YB&£u;0,_, and CeQ to form a polycrystalline BaCeQlayer.

© 1997 American Institute of PhysidsS1063-785(07)00210-3

When silicon or sapphire, the most popular materials inpressure of 0.01 mbar. The thermocouple readings were cali-
microelectronics, are used as substrates to grow epitaxidrated with a pyrometer in the absence of a discharge. The
high-temperature superconducting films, a single-crystatarget diameter was 70 mm, the distance from the substrate
“protective” sublayer must be used to prevent the diffusionwas 20 mm, and the rate of deposition was 5 nm/min. After
of silicon or aluminum atoms from the substrate into the filmdeposition had ended, the substrate temperature was reduced
during the deposition process. One of the most commonlyo 56 °C and the chamber was filled with oxygen to atmo-
used materials for this protective sublayer when a highspheric pressure. The thickness of the &{n was 70 nm.
temperature superconducting Y&a,0;_, (YBCO) film is Then, YBCO was deposited on tKEL02) sapphire sub-
deposited on a sapphire substrate is cerium okifi€erium  strate with its protective CeQsublayer by dc cathode sput-
oxide has a fluorite-type crystal structure with a cubic unittering of a stoichiometric ceramic YBCO target at an oxygen
cell parametea=0.541 nm which differs little £1%) from  pressure of 2.5 mbar. The target diameter was 45 mm, the
the translation in th¢110] direction of YBCO. The coeffi- distance from the substrate was 20 mm, and the discharge
cient of linear expansion of CeQv~10"° K~ ! lies between current density and voltage were 10 mAfcrand 300 V,
those of YBCO @=13x10°% K1) and sapphire respectively. The rate of deposition was 1 nm/min. The sub-
(=8x%x10"% K1) and according to current thinkingeee  strate temperature was kept constant to withih0 °C in the
Ref. 4, for instance CeQ, does not interact with sapphire range between 600 and 800 °C. After deposition, the follow-
and YBCO at the temperatures using to deposit highing substrate cooling procedure was carried out: the substrate
temperature superconducting films. It has been shotthat  temperature was first reduced to 560 °C within 5 min in an
epitaxial (001 YBCO films with fairly good structural and oxygen plasmdwith the discharge switched prthe cham-
electrophysical parameters can be deposited ofil®?2) ber was then filled with oxygen to atmospheric pressure, and
Al,O3; substrate with a thif30—50 nm epitaxial protective the temperature lowered continuously to 330 °C over 75 min
(001 CeO sublayer at substrate temperatures of 700—770 in a continuous stream of oxygen, after which the heater was
C. However, their superconducting parameters cannot be inswitched off®
proved by raising the deposition temperat(as can be done The crystal structure of the Ce@nd YBCO films was
with NdGaQ, and SrTiQ substratet®). In addition, when investigated by x-ray diffractometry. These studies showed
the deposition temperature is increased above 770°, both thbat over the entire range of deposition temperat(é629—
structural and electrophysical parameters of the YBCO fiimg70°Q the CeQ films exhibited preferentially(001-
show some deterioratiohThis constraint on the temperature oriented epitaxial growth. The fraction dfl11)-oriented
for deposition of a YBCO film on a protective Cg®ublayer CeO, crystallites was very small. The maximum intensity
may arise because at these relatively high temperatures, eatio 1(333)/1(002) of the diffraction peaks on thé-26
ther the protective properties deteriorate rapidly or a chemiscan diffraction pattern of Ce(did not exceed 0.008. The
cal reaction begins to take place between the La@d lattice constant of Cefa=0.540 nm, determined using the
YBCO. (1102 peak of sapphire as the reference point, remained

Here we present experimental results which indicate thaalmost constant over this range of deposition temperatures.
the main constraint on the temperature for deposition of &he full width at half-maximum of th€002) rocking curve
YBCO film on a CeQ surface is caused by a chemical re- peak of Ce@~0.82° decreased slightly with increasing
action between YBCO and CgQo form a polycrystalline deposition temperature.

BaCeQ layer. The quality of the YBCO epitaxial films was almost in-
An epitaxial CeQ film was deposited on sapphire dependent of the deposition temperature of the Lelb-
(1102 substrates by magnetron reactive rf sputtering of dayer and was determined by their deposition conditions. The
metallic Ce target99.97% purg¢in an argon—oxygen mix- temperature range for the growth of a YBCO film with good
ture (1:1 by volume at temperatures of 620—770°C and a parameters is limited. At substrate temperatures of 700°C
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FIG. 1. Diffraction patterns of twq1102Al,04/
(001)Ce0,/(00)YBCO heterostructures where the
0 KR 4 YBCO film is deposited at different temperatures.
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and below, YBCO crystallites are formed witfil00- reflections from th€111) and(100) planes of polycrystalline

oriented YBCO. At a deposition temperature-e700°C the BaCeQ. The decrease in the intensity of the diffraction
intensity ratio of the YBCO peaks 1$200)/1(006)~0.1. As  peaks from the CeQsublayer may be attributed to a reduc-
the YBCO deposition temperature increased, this ratio detion in its thickness as a result of the chemical reaction. In

creased and was almost zero at temperatures above 720°@ct, the diffraction pattems from layered01)CeGy/
At deposition temperatures of 720~750°C the YBCO films(1L02Al205 having undergone special annealing at 1000°C

4 o G : . revealed no additional diffraction peaks. Moreover, the in-
Zi(hrlz::‘-erig(?ﬂuﬁlegg et?]e?ggg)XI\?IB%OOWIZCVI\(/iItnh ttirf\;gl Wg:: tensities of the peaks frof®01) CeG, increased slightly and
9 b the widths of the peaks decreased slightly as a result of the

~0.83%, the parametey=1.1655 nm, the_ critical t.e_mper.a- improvement in the structure of the Ce@m produced by
tureT, = 87-88 K, and the superconducting transition widthe annealing. This experiment confirms that no interaction
AT; = 0.7-0.8 K determined from resistive measurementsiayes place between AD; and CeQ, at least up to 1000°C.
When the deposition temperature was increased above The onset of the formation of polycrystalline BaGeth
750°C, in our case the film began to exhibit the properties othe surface of CeQobserved during the deposition of a
an insulator. Figure 1 give®—-26 scan patterns of two YBCO film at substrate temperatures higher than 770°C
(1102AI1,05/(001)Ce0,/(00) YBCO heterostructures where leads to the formation of polycrystalline films whose chemi-
the YBCO film was deposited at different temperatufies—  cal composition differs from that of YB&u;O; . Thus,
695°C and 2 — 770°C A comparison between these dif- the diffraction patterns of these structures exhibit almost no
fraction patterns reveals the almost complete absence fiffraction peaks corresponding to YBau;O; .
peaks from the YBCO film for heterostructure 2 for which _ 1hiS work was partially supported by the Superconduc-

the YBCO films were deposited at 770°C. In addition, thellVity Subgroup of the Russian State Program “Topical
Problems in Condensed-Matter Physics,” the Russian Fund

intensities of the reflegtlons from the Cg@J_bIaye_r are be- for Fundamental Research, the INCO-COPERNICUS and
tween three and four times lower on this diffraction pattern. .

The inset shows an enlarged section of pattern 2 WhicriNTAS Programs of the Europeaq Union, and the_Program

- : ) ) i f Russo-Swedish Collaboration in Superconducting Elec-

reveals two additional low-intensity diffraction peaks tronics.
20~35°40 and 29~41°10. These peaks cannot be as-  The authors would like to thank Yu. N. Bmv, Z. G.
signed to combinations of the diffraction peaks from sapqvanov, and F. V. Komissinskifor their assistance and for
phire, CeQ, and YBCO. In our opinion, these peaks may behelpful discussions.
identified as diffraction peaks from th€l1l) and (100
planes of a cubic unit cell with the parameger 0.4362 nm.
It is knowrP that the compound BaCegnas the perovskite
crystal structure with the cubic unit cell parameder 0.4397 1]. M. Kotelyanski, V. A. Luzanov, Yu. M. Dikaewet al, Sverkhprovodi-
nm. We postulate that these additional peaks correspond tomost' (KIAE) 7, 1306(1994.
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A new possibility for separate measurement of the imaginary and real parts of the third-
order nonlinear optical susceptibility of initially isotropic media
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A new possibility for separate measurement of the imaginary and real parts of the cubic optical
susceptibility (and for measurement of its phasef isotropic resonant media is

demonstrated theoretically. The theoretical conclusions show good agreement with recent
experimental data. €997 American Institute of Physid$1063-785(07)00310-9

The search for new methods of measuring the cubic opas it propagates through a medium whose initial isotropy is
tical susceptibility of isotropic media is still attracting inter- impaired by the exciting radiation. The following analysis
est nowaday$.Here the aim is not usually to determine the can be made for the most general case of an elliptically po-
absolute value of the cubic optical susceptibility but to makdarized probe wavehere we shall neglect any polarization
separate measurements of the imaginary and real parts ofcoherence of the interacting waygalthough the final ex-
either the effective susceptibilitya combination of the com- pressions for the azimuthd() and the ellipticity ¢7;) are
ponents of)“((3))) or of separate components of the cubic €xtremely cumbersome and cannot be analyzed analytically.
optical susceptibility tensor. The possibility of studying the Thus, we shall confine our analysis to the case of a linearly
dispersion of the imaginary and real parts of the cubic opticagnd circularly polarized probe beam most frequently encoun-
susceptibility at the same time is also an interesting propositered experimentally, noting that the case of an elliptically
tion. In this letter a new method of investigating® is re- polarized probe wave with the major semiaxis oriented par-

ported, useful under conditions where the familiar method&/!€! or perpendicular to th& axis, was analyzed in Ref. 3.
do not work. 1. Linearly polarized probe beany {;=tand,q; the sub-

Since the results of a recent stday the induced anisot- script “0” indicates the value of the parameter characteriz-
ropy of a dye solution will be used as experimental confir-Nd the wave on entry to the medignThe induced rotation
mation of these theoretical conclusions, the present analysf the plane of polarizationX 6= 6,,— 6,) and the ellipticity
will be confined to excitation by linearly polarized light Of the probe wave are then defined as

which is the most typical for these media. The general algo- 1 tan 29,0—a,
rithm for the theoretical analysis can then be constructed as A#,=; arctan —————|, ©)]
2 1+a tan 20,
follows.
1. For a system comprising biharmonic radiation 1
(pump—probg and an initially isotropic polarization- 771=tar<§ arcsinb, |, 4
sensitive medium, the evolution of the vector amplitude of
the probe wave may be described as follows: 2Rex
9 s Tile,—Re 1 R ©
dz =la 2 1~ 1 ( )
where all the parameters appearing in Eg.were identified = 2lmx, _ (6)
in a previous studitogether with the limits of validity of Eq. 1+|x4/?

(1).

2. Adopting the formalism for the differential propaga-

tion matrix (N) advanced by Azzam and Bash&rhe equa-
tion describing the behavior of the polarization state is

It is subsequently convenient to make a humerical analysis of
Egs.(3)—(4), again because of the fairly cumbersome nature
of the expressions foA #, and 7, when all the parameters
are identified. Figure 1 give§ 6, and n, as a function of the
dx, azimuth for various pump intensitids Both figures show
E:aA}‘le 2 that the optimum input azimuth of the probe wave polariza-
) _ tion to observe the maximum polarization changes differs
whereAN=A_—N\, \; are the eigenvalues of the Hermit- ¢,y the value of/4 reported in the literatuPeand this
ian tensor of light-induced anisotropys (Ref. 3, difference increases with increasing pump intensity. In addi-
x1=Eq, /Ey, is a complex variable determining the polar- tion, the values ofy, for which A 8,(6,,) and7,(6,) have
ization of the probe wave in an arbitrary basis of the vectorsnaxima do not coincide, i.ef, ,= 9, The induced elliptic-
u andv. ity is also a more “sensitive” parameter in the sense of the
3. In a Cartesian basis, the tensdbecomes diagonal. greater asymmetry ofA 6,(610 compared with, 4(610)-
We assume that the pump wave is polarized alongtlagis It then follows from expression&) and (4) with allowance
and we calculate the polarization changes to the probe wavler Egs. (2)—(6) that the light-induced linear dichroism
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NSE with Linearly Polarized Light
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FIG. 1. Theoretical dependences of the normalized light-induced ellipticity

(- - - -) and angle of rotation of the plane of polarizatiea) of the probe FIG. 2. Azimuthal dependences of the light-induced angle of rotation of the
wave as a function of its input azimuth for various pump intensities. Theplane of polarization for various pump intensities and s¢fj for different
imaginary and real parts of$y are assumed to be equal. absorption and amplification dichroism.

(~1M(x1122+ X1219 = IMx'Y) and birefringence  RexY) _ _ o
contribute to the rotation of the plane of polarization and are ~ 11US, by measuring the azimuth of the polarization el-
involved in forming the elliptic polarization. However, if the IPS€ of the probe beam at the exit from the medium, we can
perturbation is fairly weak, the real and imaginary parts carfletermine the phase of the complex cubic optical suscepti-
be measured Separate|y since in this Cm’ is determined  bility. This method is preferable because of the high sensi-
by Imy'3), and 5, by Rex3). Relatively simple calculations tivity of ellipsometric measurements compared with the
yield the following results: well-known techniqué.Attention is also drawn to the preci-
sion method of modulation polarization spectroscopy pro-
posed recently for similar purposés.

1 To conclude, fairly good qualitative agreement is noted
nlmaxzitar(zm\ Im A(z)), (8) between our theoretical results and the experimental data

from Ref. 2. However, the smoothing of the experimental

tan 6,=*exp(—AN ReA(2)), (7)

1 values performed in Ref. 2 can scarcely be justified without
(A01)g, =0, = +7 arctansini AN ReA(2))], (9 using a specific theoretical model, indicating the experimen-

tal error, and giving a statistical estimate of the consistency

where A(z) was determined in Ref. 3 and is proportional between the theoretical curve and the experimental results.
tol. Another fundamentally important factor is the choice of

Thus, by measuring, and 7;may, We can determine nrope wavelength relative to the absorption and fluorescence
separately the real and imaginary parts of the effective cubigangs which are in general noncoincident. Absorption and

optical susceptibility. In addition, relatiof®) can also be amplification dichroism “rotate” the plane of polarization

used to make control measurements fOD(L«%)" Similar re- differently (Fig. 2). However, the data on the light-induced

sults should be expected from measurementg,gfand the o .
: o olarization changes to the probe beam as a function of the
corresponding polarization changes to the probe wave. | . N . . :
mp intensity given in Ref. 2 partially contradict the results

. . . . u
this case, however, a sixth-power algebraic equation must 2 i S .
solved P g q reported in Refs. 8—10. This circumstance, together with the

2. Circularly polarized probe beam. recent experimental observationthat .the. light-induced
Here we havey;o= =i, where the “+” and * —” signs angle of rotation of the plane of polarization of the probe
correspond to right and left circular polarization of the probe Wave depends nonmonotonically opas was predicted in
both of which are converted into elliptical polarization. It Ref. 9, provides significant motivation for the continuation
should be stressed that the polarization deformation effect igf theoretical research along these lines.
fairly weak and is only observed in the quadratic approxima-  This work was partially supported by a NATO Interna-

tion in terms of pump wave intensity. We then have tional Scientific Exchange Programmes—Collaborative Re-
3) search Grant.
tan mlziReXeﬁ (10 The author would like to thank Doctor T. Dreier
Im & (Physikalisch-Chemisches Institut, Heidelberg, Germany

and members of his scientific group for their hospitality dur-

1 . . . . . _

sin 26,= +| 1— (AN ReA(2))2— =AN2AD)2|. (1) ing his stay_ in _Germany and for helpful discussions on non
2 linear polarization spectroscopy.
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Concept of low-entropy compression as applied to the development of chemically clean
hypersonic wind tunnels

I. V. Sokolov

Institute of General Physics, Russian Academy of Sciences, Moscow
(Submitted April 28, 199y
Pis'ma Zh. Tekh. Fiz23, 21-25(October 12, 1997

An analysis of the thermodynamic constraints on the possible development of chemically clean
hypersonic wind tunnelén which the air temperature remains below the oxidation

temperature of nitrogeryields the conclusion that the acceleration of the gas stream before
entering the supersonic nozzle in these wind tunnels should be nonsteady-state.
Thermodynamically ideal parameters are determined for this system and technical solutions are
proposed. ©1997 American Institute of PhysidsS§1063-785(07)00410-2

The concept of low-entropy supercompression is knowrflow in a supersonic nozzle using a high-power laser or a
from laser fusiort. The goal is to develop the highest pos- microwave generatdr.However, the thermodynamic con-
sible material densityp subject to a pressure constraint straints on hy—h=/dQ indicate that this approach is
P(p,s) (s is the entropy. To achieve thiss should have the unsatisfactory. The first law of thermodynamics gives:
lowest possible value, equal to the initial valuesoin the . _
uncomp?ressed material. Isentropic compression requires the dQ=dU+vdv=dU—dP/p, )
absence of shock waves and is achieved in a simple #avavhereU is the internal energy. The work done by the gas is
generated by an accelerated shell. equated to the kinetic energy incremeitv?/2) and the

It will be shown that the physical problems encounteredequationpvdv/dx= —dP/dx is then used. It is assumed for
in the development of hypersonic wind tunnels are in manysimplicity that the initial temperature i6,,=T.. In order to
respects similar to the problem of low-entropy compressiorfind the constraint o, for given initial and final values of
and, in principle, may be solved by the same method. Pins Tin=T¢, po, Po We determine the maximum amount of

For the flow of an air stream around objects at the ve-heat hy—h=fdQ which may be transferred to the gas
locity v typical of re-entry into the atmosphere, the hyper-stream without violating conditiof2).
sonic wind tunnel should have the following characteristics It follows from the property of maximizing the work
(T is the temperatuje done in the Carnot cyclésecond law of thermodynamics

. that the maximum of the functiondldQ is achieved in a

Po~1Torr, To=250K, vo= 4=5kms, Carnot half cycle: heating and expansion of the gas in the

y P v% supersonic nozzle should take place isothermally as far as the
=1 0, + - =10 MJ/kg, (1) stateT=T,, p=p;=po(Tc/To) V" V~10"4-10"2 glen?,

0 which is related to the final state by an adiabatic curve. No
where y=1.4 is the adiabatic exponent. It is convenient toheating should take place downstream. Equat®rgives:
introduce the specific enthalgy because in the absence of
heatingh = const in a steady-state stream, and for bulk ho—h<RT In(pin/ps) ~0.6 MIKKG Ir{pin/ps), 4
heating by an external sourddi=dQ, wheredQ is the heat and even fop;,~0.5 g/cn? the enthalpy increment is insuf-
imparted per unit mass of gas. ficient to obtain(1).

In a conventional hypersonic wind tunnel facility, high With allowance for Eq(4), the gas stream should have a
values ofh are achieved by heating the stationawy<0) gas  fairly high value ofh on entry to the supersonic nozzlee-
in a high-pressure chamber from which a steady-dtaith  fore heating, which cannot be achieved by steady-state flow
conservation ofh) flow of gas emerges via a supersonic from a high-pressure chamber without violating condition
nozzle. However, at =0 the enthalpy1) corresponds to a (3). The system for acceleration of the gas entering the su-
temperaturel =6 10> K at which nitrogen undergoes ap- personic nozzle should be nonsteady-state, so hhatay
preciable oxidatioR.If the composition of the air in the hy- increasé
personic wind tunnel is to match the chemical composition  Let us consider the following problem. Let us analyze
of the upper layers of the atmosphere, the temperaturthe nonsteady-state acceleration of a gas flow by a piston
throughout the acceleration process should not exceed thaoving at the velocityv/(t). At zero timet=0 the gas is at
critical values rest, with the gas parameters, p., the speed of souncl,

T<T,= 2000-2500 K. @) and the_initial distance between the p?ston and thg supersonic

nozzle is equal td.. We shall determine the maximum en-

In order to overcome the inconsistency between the highthalpy which can be imparted to the gas without violating
value of T¢ and condition(2), the authors of Ref. 3 suggested condition (2).
that for moderatdn=3 MJ/kg the enthalpy deficiig—h in This problem is similar to that of low-entropy compres-
the high-pressure chamber could be made up by heating treon. The highest possible value bfis achieved by com-

ho
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pression without the formation of a shock wave, i.e., in anozzle, where it is heated and accelerated. In this case,

simple Riemann wave. Ther=cs+2v(y—1) (Ref. 2 and

assuming conditiori2) we have:

ho~10 MJ/kg can also be achieved.
Finally, during the acceleration process the air may be

Nina= — e + Umax_ s L4 results in the following system: a Snowbfhatcelerates fro-

y=1 2 y=1Ts y-1| zen blocks to a velocity o5 km/s and projects them into a
®) microwave furnace which vaporizes the blocks during their
The first term in brackets is associated with heating andransit time. A steady-stat@) flow of air is obtained at the

the second with the kinetic energy. As a result of the largeexit.

coefficient 2/(y—1)~7, the contribution of the kinetic en- In this system the requirements for the radiative heating

ergy predominates wheR.>1.3 T,. If we impose the con- power are reduced to realistic levels, but the problem of ac-

straint that the entire mass of gas should acquire the enthalgelerating even a single frozen blo@urrently being studied

2 2 2 [Tc 5 / \/_I_\c 2 present as frozen blocks rather than in the gas phase. This
T

(5), the dependenc¥(t) becomes quite specific: in connection with the injection of fuel pellets in a fusion
v yi1 reactor) poses appreciable technical difficulties.
2cg t) T T\ ™ 2v—2 The author would like to thank A. V. Krasil'nikoCen-
V= y—1 (1_ 7-) -1}, t<7l- (T_s) 1 tral Scientific-Research Institute of Mechanical Engineéring

for consultations, and I. A. Kossy(Institute of General
Physics of the Russian Academy of Scien@esd M. Caplan

<t<r, (LLNL) for drawing his attention to work under the US DOE
Project No. W-7405-ENG-48.

2cg \/T\c T\ 2v—2
V—y—l( T—s‘l)’ ’MT—S

7=L/c;. (6)

This is accompanied by the formation of a uniform gas p|ugl)|t may also be feasible to heat the gas using a powerful neutron flux from
of lengthl =L(Ts/To)¥~ 1 and

2Cs\/T>c1 _ \/TT;
Tyl VT TSN

a nuclear reactor. Note that although nonradiative methods of heating a gas
stream are used in existing hypersonic wind tunnels, their contribution to
the final enthalpy is negligible.

21t must be stressed that nonsteady-state acceleration of the flow is specifi-

v s cally required and numerous nonsteady-state methods of generating a high
pressure in a gas at rest in a high-pressure charmng an electric
T, Uly=1) discharge, explosion, implosion, accelerated pistdosot solve the prob-
P=ps| T =psL/1. (7 lem.
S

3A special snowthrower: “With mightly blowers it engulfed the snow
The value of the enthalpy corresponds to that given by which both plows piled, and hurled it in a herculean arc beyond the run-
. way’s edge.” — Arthur HaileyAirport.
Eq. (5) and atT,=280 K, T,=2000 K ish=10 MJ/kg. After
expansion and heating of the air plug in the supersonic——— .
nozzle with a further increase in enthalpy, its value exceeds E: - Zababakhin and I. E. Zababakhifhe Phenomenon of Unbounded
. . . . Cumulation[in Russiarn, Nauka, Moscow(1988.
that required by EQ(]-)_ with some margin. _Th|5 |_ead3 US 10 2ya, B. Zel'dovich and Yu. P. RaizeRhysics of Shock Waves and High-
conclude that a chemically cledne., compliant with condi- Temperature Hydrodynamic Phenomentols. 1 and 2, transl. of 1st
tion (2)) hypersonic wind tunnel may be deve|oped by Russ. ed(Academic Press, New York, 1966, 19GRuss. original, 2nd
. . . ed., Nauka, Moscow, 1966
nonsteady—statt_a gccelera_tmn. of the air befo_re it enters theR_ B. Miles, G. L. Brown, W. R. Lempet al, AIAA J. 33, 1463(1995.
nozzle and radiative heating in the supersonic nozzle. 4M. Caplan, I. Kossyi, I. Sokolov, and V. Silakov, Report No. UCL-CR-
For applications, a compromise is needed between ther-124366, S/C-B319818, Lawrence Livermore National Laborat@8p6.
. . .. 5 0
modynamically ideal systemgiving upper bounds and ex- Bl-g'\g- g/lanzon, Usp. Fiz. Nauki34, 611(1981 [Sov. Phys. Usp24, 662
clusion principlesand technical possibilities. For instance, a (1983
realistic proposition is a system in which a moving gas plugrranslated by R. M. Durham
is created by a shock tuband then enters a supersonic Edited by Steve Torstveit
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Possible method of reducing annealing temperatures of radiation defects
in ion-implanted silicon carbide

Z. V. Dzhibuti, N. D. Dolidze, G. Sh. Narsiya, and G. L. Eristavi

Iv. Dzhavakhishvili State University, Thilisi
(Submitted April 8, 199y
Pis'ma Zh. Tekh. Fiz23, 26—29(October 12, 1997

It is shown that the temperatures of post-implantation annealing of radiation defects in silicon
carbide may be reduced by pulsed photon treatment. With a correct choice of spectral
composition and radiation energy, pulsed photon treatment is effective for annealing radiation
defects through the selective absorption of photons at the corresponding levels. It is
suggested that the annealing mechanism is ionizati@maealing under these experimental
conditions cannot be explained by a thermal mechanism plo@ 1997 American Institute of
Physics[S1063-78507)00510-7

Silicon carbide has recently attracted considerable interthe sample does not exceed 1100 K. Subsequent pulses of
est as a widely used material for fabricating high-temperature&enon radiation no longer have any efféctirve 4).
semiconductor devices and optoelectronics devices. How- These results cannot be attributed exclusively to a ther-
ever, some difficulties are encountered in the fabrication ofnal mechanism, considered by most researchers to be the
devices using this material because of the need to carry oumain mechanism when analyzing similar experiments on
diffusion processes at high temperatuteéBhe use of ion other semiconductor materidldHowever, these results can
implantation as a method of doping in silicon carbide doesasily be explained by a mechanism based on changes in the
not eliminate the need for high-temperature heat treatmerguantum state of the crystal electronic subsystem in the pres-
— in this case it is required for annealing of radiation defectsence of photon irradiatiofi:? It can be seen from the experi-
and activation of implanted impuritie 1600 K) (Ref. ).  ment that in addition to the power, another important factor

Here we consider a possible method of reducing thds the spectral composition of the radiation. This observation
post-implantation heating temperatures for silicon carbidedlso supports an ionization mechanism where the use of
samples. Samples of 6H-Si@£2x 10 cm™3) were im-  sources with a broad photon energy spectfumiike lasery
planted with B" ions of energyE=50 keV to a dose may act selectively on defects with different activation ener-
®=6x10" cm 2. Post-implantation annealing of radiation gies, causing them to undergo rearrangement or annealing at
defects involved pulsed photon treatment. The photoower temperature$’
sources were halogen lamps with a tungsten filament or xe- These results suggest that by optimizing the spectral
non flashlamps with a flash duratier=10"2 s. At the flash ~ composition and radiation power, the use of pulsed photon
durations obtained in the halogen-lamp annealing the maxi-
mum temperature of the samples could be measured with a
Chromel—Alumel thermocouplé.1 mm thick.?

The investigations involved measuring the optical trans- II
mission spectra, assuming that in the irradiated crystals any, ¢ °
change in the optical transmission is mainly caused by ab- ™
sorption at radiation defects introduced by the ion e
implantation® It can be seen from the experiment that after
ion implantation in SiC samples, the optical transmission is
reduced appreciably in the spectral range stuthee Fig. 1,

curve 1). Exposure to a single xenon radiation pulse 05 4
(50 J/cn?) increases the transmission over the entire spectral

range(curve2), although a further increase in the number of 3
pulses to twenty causes no significant changes. A different

picture is observed when the sample is exposed to one or a
several halogen lamp flashes of 90 Wcpower and 10 s \
duration, which does not produce any appreciable change in L2 &g 0'_6 X, pam

the transmission spectrum. However, the subsequent action

of a single xenon radiation pulse is sufficient to produce &iG. 1. Spectral dependence of the relative transmission‘efgplanted
considerably greater increase in the optical transmission tha#t-SiC (E=50 keV, ®=6x10' cm ) exposed to pulsed photon treat-
in the first case, particularly in the short-wavelength part ofment:1 — after ion implantation2 — pulsed photon treatment with xenon

- lamp (E=50 J/cnf, 7=10"2 s), 3 — pulsed photon treatment with halogen
the spectruntcurve3d). The same results may be achieved bylais( P=90 Wicn?, =10 § andpwith apxenon lampH=50 W/cn?’g

the action of a single, higher-power, halogen lamp flash.—19 g, and4 — puised photon treatment with halogen lams<300
(P=300 Wi/cnt, r=10), in which case the temperature of wicn?, r=10 3.
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Use of a Sagnac interferometer for measurements of linear nonreciprocal birefringence
in a transverse magnetic field

D. V. Shabanov and M. A. Novikov

Institute of Applied Physics, Russian Academy of Sciences, Witbwgorod
(Submitted February 26, 1997
Pis'ma Zh. Tekh. Fiz23, 30—34(October 12, 1997

A method of measuring phase nonreciprocity in materials using a Sagnac interferometer is
proposed and implemented in which the working point is shifted into the region of maximum slope
of the interference pattern by means of an absorbing exit mirror. The principal advantage of

this method over the laser technique is that there are no stringent constraints on the losses in the
materials. This method was used for the first time at Q83 to measure the nonreciprocal

linear birefringence in a Lil@ crystal in a transverse magnetic field. 97 American Institute

of Physics[S1063-785(17)00610-1

Optical interferometry using a Fizeau—Sagnac ring intercan be used for measurements of various materials at 0.83
ferometer is used in various applications and, with particulam. We propose to use a Fizeau—Sagnac interferometer. To
success, in optical gyroscopy. Interest has recently been falo this we developed a system based on a three—mirror
cused on nonreciprocal optical effects with a view to theirFizeau—Sagnac interferometer, shown in Fig. 1, wHerg
practical use for developing nonreciprocal elements for lin-an emitting laser diode? is a semitransmitting mirror with
early polarized waves, and also for studying new fundamenlosses3 and4 are nontransmitting mirror$, is a photodiode
tal phenomena in materials located in an external magnetidetector,6 is a semitransmitting mirror, and is a photodi-
field or in magnetically ordered medi@rystalg. A well- ode detector used to align the system. The use of an interfer-
known nonreciprocal optical effect is the Faraday effect, in-ometer can appreciably relax the requirements as to the op-
volving circular nonreciprocal birefringence in a longitudinal tical homogeneity of the sample and the mirrors.
magnetic field. A lesser known effect is the nonreciprocal In a Sagnac interferometer the interfering beams propa-
linear birefringence in a transverse magnetic field, which igyate in different directions but around the same ring system.
due to spatial dispersion and which in some classes of crysrhus, to measure the nonreciprocal phase difference the
tals is manifested as a nonreciprocal change in the refractiveorking point must be shifted into the region of maximum
index for linearly polarized light waves propagating in oppo-sensitivity by delaying one beam relative to the other by a
site directions in a transverse magnetic field. This change iquarter wavelength. The standard procedure for solving this
proportional to the magnetic field, and its sign depends omroblem by inserting a nonreciprocal phase element inside
the direction of the field. The effect is attributed to the ap-the ring interferometer poses serious technical difficulties as-
pearance of a nonzero fourth-rank tensor in the expansion a&fociated with the development of this element. In our case,
the electric displacement vectbr: the problem was solved more simply by using an absorbing
beam splitter2 and an asymmetri¢latera) exit from the
interferometer. The signal at the working exit is formed from
whereHg, is the external applied magnetic field. The factortwo interfering beams: the beam reflected twice by the beam
with the derivative may be replaced ByE; , whereK isthe  splitter 2, and the beam transmitted twice through the beam
wave vector(we omit the\/—_l), whereupon we find that the splitter 2. Thus, the interference signal also incorporates an
size of the effect for a given magnetic field is inversely pro-additional phase difference proportional to the difference be-
portional to the wavelength. Nonreciprocal linear birefrin- tween the reflection and transmission phases. The output sig-
gence was predicted in Refs. 2—4 and was observed expernal may be expressed as the following sum:
mentally in Ref. 1 using a ring laser. In the experiment of —

Ref. 1,ywhere the nongrecipro?:al linear birefrin%ence ina louTlrHlet2yl Xl Coqd”(ft1+f‘2_ff1_ff2))’2
LilO 5 crystal was measured for the first time, the sample was @)
placed in a ring laser cavity in the path of the counterpropawherel, andl; are the powers of the beams twice transmit-
gating waves. The nonreciprocal change in the refractive inted and twice reflected by the mirror, respectively, dpd

dex observed when a transverse magnetic field was appliefd, andf, 4, f,, are the angles of transmission and reflection.
to the sample led to the establishment of a frequency differFFor a lossless exit mirror this difference is 180° and does not
ence between the counterpropagating waves which was us@tfluence the phase difference of the counterpropagating
to determine the change in the refractive index in the crystalwaves. As a result of losses, this difference can be made
However, this technique imposes very stringent requirementarbitrary, including 90°, the value which is required to shift
as to the absence of bulk absorption and to the optical hathe working point into the region of maximum sensitivity.
mogeneity of the crystal. The aim of the present study is tThe beam splitte2 was deposited as two layers: 130 A
propose and implement a method of measuring nonreciprocalickel and 360 nm Si§) giving a phase shift close to 90°.
phase effects which does not have these disadvantages afide power supply to the laser diodeincorporated photo-

D:8ij'Ej+'}’ijk|'(9Ej/(9xk'HOI+ ey (1)
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B in intensity proportional t@ when they interfere at the exit,
1\ the sign of this change depending on the crystal orientation.
The magnetic field is varied with a constant frequency
F=120 Hz. The measurements were made by a synchronous
detection method, which enhances the sensitivity of the sys-
tem. The change in,,; was used to determine the phase
difference between the interfering beams from which the re-
quired change in refractive index was obtained using the for-
mula df=kldn (df is the phase differencd is the wave
number in vacuum| is the sample length, andn is the
out change in the refractive indexThe sensitivity was deter-
\ mined by the noise of the radiation source and the induced
“ &5‘ signal generated due to the inadequate magnetic field screen-
@ @ 5 ing and was approximately 16 rad atl,,=8uA. This
7 method was used to make measurements at @r83or two
crystals: LilQ; and potassium dihydrogen phosphé&®P).
FIG. 1. A strong, clearly identifiable effect was observed for LjJO
where the proportionality factor between the change in the
current feedback to reduce the level of excess fluctuations J]efractlve index anq the magnetic fmlci;ndgc;ng this change
the output radiation. Alignment of the system involved sy-Was measured to within 10% as k20~ Oe . The effect

perposing the two interfering beams by aligning the mirroraVas below the sensitivity limit of the system for an orthogo-

as follows. Some of the power from the ring system formeqnally polarized Iight'wave in LilQ and.for all polarizations
by mirrors 2, 3, and 4 propagates in the opposite direction in KDP. For comparison we note that in Ref. 1 the effect was

and is fed via mirro6 to the photodetector. This compo- measured in L|I_(%2at 0;6;3'“m and its magnitude was esti-
nent is formed by two beams: the first transmitted and thellin_ated as 2<_10 Oe . Thus our results are consistent
reflected by mirro2 and the second reflected and then trans-" ith the pr_edlcted wavelen_gth dependence.
mitted by mirror2. In this way the mirror does not introduce _In closmg, we should -I|ke to thank 1. A. Andronova for
any phase shift between these beams, and when their patﬂgsstance with the experiment.
are superposed, the result of their summation gives the mainV A Markelov. M. A Novikov. and A. A. Turkin. JETP Let2s. 378
mum signal at the photodetect@r which is achieved by (1'97'7). E ' o ' '
aligning the mirrors. 2V. M. Agranovich and V. L. GinzburgCrystal Optics with Spatial Dis-
The experimental method was as follows: persion, and Exciton2nd ed.(Springer-Verlag, New York, 1984 Rus-

The crystal being studied was inserted between miors ,Sian original, 2nd ed., Nauka, Moscow, 1979 _
V. N. Lyubimov, Dokl. Akad. Nauk SSSR81, 858 (1968 [sic.].

and 4 and after aligning the system to give the maximum 4y, x Novikov, Kristallografiya24, 666 (1979 [Sov. Phys. Crystallogr.
signal at the photodetectdr, a transverse magnetic fiel 24, 383(1979].

was applied to the crystal. For the beams propagating in’K. W. Raines and M. J. Downs, Opt. Acg5, 549 (1978.

d|fferent directions, the effect has a d|ffer_ent Sign, 1.€., ON€r . clated by R. M. Durham

beam is delayed more than the other, which gives a chang&iited by Steve Torstveit
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Mode selection for a piezoelectric layer in a bulk-acoustic-wave composite
acoustic resonator

G. D. Mansfel'd

Institute of Radio Engineering and Electronics, Russian Academy of Sciences
(Submitted April 18, 199y
Pis'ma Zh. Tekh. Fiz23, 35—41(October 12, 1997

An analysis is made of the mode selection for a thin piezoelectric layer in a bulk-acoustic-wave
composite layered acoustic resonator by transformation of the impedance using a set of
quarter-wave layers. Depending on the number of layers, the impedance of the substrate on which
the piezoelectric layer is deposited may be abruptly increased or sharply reduced. This

serves to simulate a “fixed” or “free” surface. As a result, a mechanically strong resonator
structure is produced, operating at the natural frequencies of a thin piezoelectric layer. A numerical
simulation is made of multilayer structures formed by alternating quarter-wave layers of

LiINbO3 and LiTaQ,. It is shown that if these layers are of micron thickness and there is a
sufficiently large number of them, the acoustic properties of the substrate do not influence

the frequency characteristics and Q factor of the thin piezoelectric vibrating layer in the microwave
range. ©1997 American Institute of Physids$1063-785M17)00710-9

An alternative to conventional resonator eleménts 1 K2
(surface-acoustic-wave systems, membrane resonpaidhe Zo= e 1+ 2 bl
microwave frequency range may be afforded by single- 0 1+K
frequency bulk-acoustic-wave resonators operating at the {(Zont Zi)Zo sinbl—zzg(l—cosbl)

natural frequencies of thin piezoelectric films on mechani- > : - .
cally strong substrates. These systems may be developed us- (Zo+ZmZay)Sin bl =i(Zn+Zny)Zocos bl

ing the well-known idea of transforming the impedance of 1)
the substrate at the interface with the transducer by usin

?fuart”er—wa});.e IZ},/E%’WECh can ts)|mulat§ a ][necha:nlcil.ly electrode and the internal metal electrode, which is loaded by
ree gr Ixed"™ transducer—substrate interface. n t_'s the periodic layer structure on the substrdtes the electro-
case, since the layer can be almost completely acoustically,ochanical coupling constant of the transducer mateigl,
isolated from the substrate, the constraints on the layer arg the electrical capacitance, is a complex wave vector
reduced — it is only necessary to develop a single perfectlyyhich allows for attenuatiorZ, is the acoustic impedance of
flat surface on which the structure is deposited, and the prolthe transducer material, arldis its thickness. The input
lems of achieving parallelism and monitoring the thicknessacoustic impedances of all the layers is calculated by em-

9|ere Z,, and Z,, are the input impedances of the external

of the substrate are eliminated. ploying the followingn times in succession:
Here, an analysis is made of the parameters of multilayer _ _
: : : Zi~Y cosbl;+izk sin b,
resonator structures in the microwave frequency range using 7() = 7() Zin it c it )
n

single-crystal LINb@ and LiTaQ, layers, which are now
technologically feasible to fabricate.

¢ zU cosb;l;+iz"Y sinbl;’

oWhere z() is the material acoustic impedance of thi

Figure 1 shows the structure of the composite resonat i-1) _ TS .
studied. Between an electroacoustic transdueea layer of 1Y€ Zin " is the input acoustic impedance of thie-(1)th
layer, b; are the complex wave vectors for thil layers,|;

piezoelectricl with metal electrodeg and2’ — and a sub- their thick ©)_ 5 4i—0
strate3, there is a multilayer system of quarter-wave Iayersare elr thic _ne_ssezin = £s, @NAI=0, LN -
: ; , . . An analysis is made of a model structure consisting of a
formed by materials with alternating different material o : .
substrate formed by a lithium niobate slab with plane-

acous;uc |mp-ed§1nt,je31 dand Z2. Tfhe Sthte,m Oh. qua(;ter— parallel faces, one of which is free and on the surface of the
wave layers is designed to transform the input impedaice o are systematically depositedquarter-wave layers of

of the substrate to the desired val@%‘_ at the interface |ithjym tantalate and lithium niobate, and a transducer layer
with the transducer. The input electrical impedadgef the 3150 made of lithium niobate. The metal electrodes are as-

composite structure is calculated using a system of boundar’ymed to be ideally conducting layers of infinitely small

conditions which equate the mechanical stresses at the fregickness, so thaZ,, =Z{? . The velocities and absorption
boundaries to zero and describe the continuity of the straingoefficients of the materials were taken from Ref. 5.
and mechanical stresses at the interfaces between the Figure 2 shows the transformation of the modulus of the

layers®* electrical impedance of the structure as a function of the
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fy = 2995 GHz

FIG. 1. Structure of composite multilayer acoustic resonator. 108 e N :
;
16° i 1 c
frequency and number of layers {s even. The thickness of :
the piezoelectric transducer is close to half the wavelength ¢ Zl ; A
frequency~3 GHz. Figure 2a corresponds to the case wher¢o’f—-—- ﬁv],_.—a —
! !
|

there are no quarter-wave layers0). Frequency-periodic

resonance peaks can be identifiatternating series and par- 107 7, rad ' '

allel resonances This behavior is typical of a multifre- 2 x : T
quency composite resonant structuire which the frequen- e it K ' - : %A“
cies of the subsequent resonances differ by the fundament o[~ | "7 T T AT e
resonance frequency of the structgttee condition for this is R —J 1 L—-‘-——-—
that the total phase shift over the thickness of the structure i , 252, xg/m?s

m, wherem is an integer. The substra — a relatively '

thick slab with plane-parallel faces — is responsible for the , s F—— O P sem———

relatively small intermode spacings. When the number o ;
guarter-wave layers is smalh&16), the spacing between ;°

the series and parallel resonance frequencies incrébigps -s - o3 4 fo Ha o8 k “01-}5

2b) and the resonance curves become completely rearrange ..
F_Or n= 3_2 t_he résonance curve, .ShOWI’l n .Flg. 2c, _has &IG. 2. Frequency dependences of the modulus of the impedance of a com-
single principal minimum and a single principal maximum posite acoustic resonator with various numbers of layers near the frequency
determined by the parallel and series resonances of the tranfg=2.995 GHz: a —=0, b —n=16, c —n=32,d —n=52, ef —
ducer |ayer_ The influence of the substrate. which now p|ay§requency dependences of the phagg ¢f the electrical impedance and the
ligibl le is ob d I k, h modulus of the input acoustic impedance of a multilayer structure at the
anegligible role, is observed as small peaks on the resonangg. tace with the transducer with=52.
curve. Fom=>52 the influence of the substrate almost disap-

pears. The frequency dependences of the modulus and phase

Q/10000
(R

FIG. 3. Resonator Q factor versus the number of layers.

7

20 25 30 35 49 45 50 n
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fy = 9.045 GHz
400

iz, @

< LN

2 Y, rad

FIG. 4. Frequency dependences of the modulus and
phase of the electrical impedance of the structure and of
0 the input acoustic impedance of a multilayer structure at
the interface with the transducer at the third harmonic
of the parallel resonancd {=9.045 GHz.

1,52
Zin
2
—— —
\ /
0
-3 -2 -1 0 1 2 3
af, Hz < 10°

of Z, plotted in Figs. 2d and 2e almost correspond to those of To conclude, if there is a sufficiently large number of
a free semiconductor layer, since the acoustic Iddad. 1f,  layers, the substrate may be made of any material and will
Z{2?~2x 10° kg/mPs) of the internal boundary of the trans- not have any significant influence on the Q factor of the
ducer is small compared with the impedance of the transresonance and its electrical characteristics.
ducer itself €,=3.4x 10" kg/n?s).

Figure 3 gives the Q factor at the parallel resonance
point as a function of the number of layers. For the calcula-
tions the boundaries of the pass band were determined from
the condition that the phase of the impedance ig/4. It can 13 zelenka,Piezoelectric Resonators and Their Applicatiofisevier,
be seen that from~46 the influence of the substrate can be New York, 1986; Mir, Moscow, 1990
neglected. This structure will also operate at harmonics of°L. M. Brekhovskikh, Waves in Layered MediéAcademic Press, New
the natural frequency of a half-wave layer. Figure 4 shows York,llgsasszo [Russian original, USSR Academy of Sciences Press, Mos-
resonance curves de and Zi(ﬁZ) at the third harmoniq9 . 3i:/OWS Verétin, A. G. Kozorezov, B. N. Krutov, and G. D. Mansfel'd,
GH2). The Q factor at the parallel resonance frequency is ragiotekh. fektron. 37, 401 (1992.
1.7x 10 4G. S. Kino, Acoustic Waves: Devices, Imaging, and Analog Signal Pro-

Note that if there is a large odd number of layers, the cessingPrentice-Hall, Englewood Cliffs, N.J. 1987; Mir, Moscow, 1990
impedance at the internal boundary of the transducer, accordA- |- Morozov, V. V. Proklov, and B. A. StankovskiPiezoelectric Trans-
ing to Eq.(2), will be much greater than the impedance of S(L)J\(/:ve(rfgfg]r) Radio Electronics Devicg® Russiar, Radio i Svyaz', Mos-
the transducer itself. To obtain resonance at the same fre- '
guency, the thickness of this transducer layer should be closganslated by R. M. Durham
to N /4. Edited by Steve Torstveit
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Information-compressed structure of an edge laser speckle pattern
Yu. V. Vasil'ev, E. F. Kuritsyna, and A. E. Luk’'yanov

M. V. Lomonosov State University, Moscow
(Submitted April 8, 199y
Pis'ma Zh. Tekh. Fiz23, 42—46(October 12, 1997

A correlation is established experimentally between the real “faceted” structure of the cutting
area of a blade according to electron microscopy data and the spatial quantization of an
image of the recorded speckle figlgpon the maximum compression of the recorded information
to logical zeroes and onges coherent optical analyses of the diffraction effect at the blade
edge. This correlation may prove useful for solving the inverse technical proplem equally
justified variants of concepts for the theoretical modeling of a specific sityati@n 1997

American Institute of Physic§S1063-785(17)00810-F

It is known' that when a Gaussian laser beam undergoeto the y axis. The laser beam\(&488 nm wavelength,
diffraction at the straight edge of a safety razor blade, arEMg, spatial mode, electric vector of plane wave parallel to
complex speckle structure is formed in the surrounding axis, and effective beam diameter=2.5 mm propagates
space, where the extremely anisomeric speckles are of majatong they axis and is incident perpendicularly on the bev-
interest. These are attributable to micro-irregularities on theled face of the tapered blade edgedth of face~1 mm)
cutting area of the blade. The cutting area is at the end of & the planey=0. The edge laser speckles are isolated from
symmetric, wedge-shaped, tapered edge of a steel plate 80e complex speckle structure by mounting the fragrise-
um thick, it has a length of 37 mm and an average width ofyond this plane.
around 300 nm, which is less than the wavelength of light. It was observed, using a JSM-U3 scanning electron mi-
Thus very bright, monochromatic, continuous narrow paral-croscope, that the cutting area of the blade is divided into
lel lines or bands — edge laser speckles — can be identifiedumerous plane microfaces which randomly vary the angle
on a flat sheet of photographic paper mounted parallel and @&f incidence with respect to the axis. Their length also
a large distancé from a straight diffraction edge. varies randomly between values of the order of one and tens

After the photographic paper has been developed, thef wavelengths of light. Each microface may be considered
speckles are seen by the observer as a negative image — &g an independent scatterer of incident coherent radiation.
dark lines or bands on a white background. The oneThus, Fraunhofer speckles are recorded objectively in an op-
dimensionality of the speckles simplifies a rapid analysis ofical experiment.
the unknown micromorphology of the cutting area using the ~ When the cutting area of the blade is illuminated by a
recorded information, on photographic paper for instancedlirect laser beam, it is established that the width of the edge
thus allowing the information compression process to be spdaser speckles is of the same order of magnitude as the
cifically controlled® Compression of information is a pow- diffraction-theory estimate of the speckfésAz~\L/D.
erful and flexible tool in experimental studies of speckles andVhen a lens is installédthe rear focal plane coincides with
the microinhomogeneities generating them. the y=0 plang, the cross section of the Gaussian beam is

Here we aim to determine experimentally whether a recompressed and the speckles become broader and brighter.
corded optical pattern has any law governing the relativeéhfter the contrast photographic paper has been exposed, al-
distribution of edge laser Speck|esl If the answer is yes, th@rnate black and white bands of different width can be iden-
entire analysis is converted to the region of an iconic. At thelified (Fig. 2.
first stage, it is advisable to confine our description to the  The black bands correspond to the point where predomi-
simplest information-compressed structure formed by the
edge laser speckles of an optical pattern. In familiar lan-
guage, this means that we shall use methods of contrast black Y4
and white photography without the concept of halftones. 3 L]

A positive answer to the question was obtained in ex- l
periments using a UIG-22M holographic measuring device. 0
The investigations were made using an optical system shown
schematically in Fig. 1. An LGN-503 argon laskdirectly 2 —"t— s
or via a focusing spherical lergilluminates the cutting area
of a blade3 (the straight edge of the blade coincides with the
z axis in the right-hand Cartesian coordinate systeyn). 4
An edge laser speckle pattern is recorded on a narrow rect-
angular sheet of photographic paper in a photographic frame
4 (at a distancé =1.5 m along the axis). The long side of
the sheet is parallel to theaxis and the short side is parallel FIG. 1. Schematic diagram of experiment.

T
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required focal length. The observed multiplicity of the
widths indicates that the recorded image is spatially quan-
tized in terms of the coordinate. Along this coordinate the
speckles and antispeckles are essentially wave packets. The
speckles are rectangular wave packets corresponding to the
recorded(rea) states of the optical field and the antispeckles
are packets of undetermined internal structure corresponding
to the nonrecordedvisual) states of the optical field. In the
experiments the speckles in the initial pattern have a level of
illuminance above the recording threshold established ex-
perimentally from the specific conditions of the particular
technical problem.

The interpretation of an information-compressed struc-
ture in terms of wave packets is useful for solving the inverse
problem — finding the characteristics of the cutting area
from the recorded radiation scattering. The situation may be
analyzed by a completely equivalent method in terms of the
optical degrees of freedom of the images using either well-
known spectral concepts or geometric optics. The first case
uses the concept of Gabor information bands in the spatial
spectrum of the scattered radiation, while the second is based
on Kotel'nikov information wave packets. Essentially the
F1G. 2. Typical e of the simplest informat 4 stuct analysis takes into account the principal lobe of the angular
T e e o <orpressed SWistrbuion of the subsystem radiation which consists of
blade is illuminated by a small aperture focused Gaussian argon lasey. beanidentically spatially oriented microfaces of the cutting area
forming a complex re-emitter. The azimuthal angle of the
principal lobe of the various subsystems forming the illumi-
djated section of the edge should correspond to the directions

nantly cophasal scattered waves are incident from the micr , . b
faces of the blade. Amplitude summation of the cophasa?jetermmed by the measurement points of the Kotel'nikov
orem. The choice of one of these concepts to solve a

waves leads to exaggerated values of the illuminance. Th eore . . :
white bands correspond to points of reduced iIIuminanceSp.eC'f'.(? tSCthal problem is dictated only by practical
where the antiphase scattered waves cancel each other. Fo?lé{tab'“ty'
concise description of the information-compressed structure . , ,
of the initial optical pattern, the black bands can be arbi- E(T”éc\é' \Ffﬁf/!gg gg‘é éégEé'D]"”k yanov, Zh. Tekh. Fiz4®), 168 (1994
trarily called speckles and the white bands — antispecklesa, a. kharkevich, Spectra and Analysfén Russiail, Fizmatgiz, Moscow
(in the sense of the accompanying physical phenogena (1962

Experience shows that the width of the speckles and anfM. Franon, Laser S_peckle and Applications in Opti@scademic Press,
tispeckles is a multiple of some vali® On photographic eV YOrk: 1979; Mir, Moscow, 1980
paper(Fig. 2), for instanceB~1 mm and thus these speckles Translated by R. M. Durham
can easily be perceived visually by selecting a lens with thedited by Steve Torstveit
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Probing of a random phase screen by a focused spatially modulated laser beam.
Diffraction at a large number of inhomogeneities

V. P. Ryabukho and A. A. Chausskit

Saratov State University;

Institute of Problems in Precision Mechanics and Control, Russian Academy of Sciences, Saratov
(Submitted April 2, 199y

Pis’'ma Zh. Tekh. Fiz23, 47-53(October 12, 1997

The contrast of the Young’s interference fringes formed in the diffraction field when a dynamic
random phase screen is illuminated by a focused, spatially modulated laser beam is

obtained analytically as a function of the statistical parameters of the screen. A threshold relative
bleaching effect is established for a highly dispersive medium when a low-divergence
illuminating beam is used. €997 American Institute of Physids$$1063-785(17)00910-5

When a random phase screen is probed by a broad lasgiictuation componentél ;) and(T,), and may be written
beam with interference fringe— a spatially modulated laser as follows?
beam — Young’s fringes are formed in the diffraction field _ _
whose contrast evolves in the longitudinal direction as a ,, I _ 2 1)
function of the statistical parameters of the scrésthen a 0<T1)+|—l 0<T2>+|_2'
focused, spatially modulated laser beam is used, Young’'s
fringes are only observed when using an inertial photodetec
tor with a moving random phase scrée@ur aim in the
present paper is to determine the analytical dependence
the contrast of these fringes on the statistical parameters o
the random phase screen.

If a spatially modulated laser beam with parallel inter-
ference fringes is usedfwo spatially separated laser spots
are formed in its focal zonéFig. 1). The relation between
the diametersl of these spots and the inhomogeneity corre- (£2)= J J j f exp( )
lation lengthl , strongly influences the contrast of the fringes 2Wo
observed in the diffraction field for a moving screen. Three
typical cases must be distinguished: diffraction by a large 5 "
number of inhomogeneitied$1,), diffraction by a small Xex;{ -— ,ut(Ap)eXr{l—R-Ap
number of inhomogeneitiesd¢1,), and deflection of the 0 z
interference fringesd<l,). Here we consider the quantita- )

X ex;{ ——=Ap

Thus the problem of determining the dependencé/ of
on the statistical parameters of a random phase screen re-
gpces to finding the intensitig$;)=(T,)+ | ; as functions
these parameters.
In the approximation of Fresnel diffraction and a Gauss-
ian illuminating laser beam, the average intensity of the dif-
fraction field should be written &3

tive relation between the contrast of Young’'s interference
fringes and the statistical parameters of a random phase
screen for diffraction by a large number of mhomogeneltles
in the screend>1,).

When a diffraction-limited objective is used with an ap-
erture diameteD greater than the period , of the fringes,
the diameted~2\f/D of the spots on the surface of a ran-
dom phase screen is smaller than the distance between thei
centerspg=Af/Ay. Thus, two nonidenticaluncorrelated in
terms of fluctuational components partially developed
speckle fields form in the scattered radiation, and their inter-
ference leads to the formation of fringes with the period
A,=\z/py within individual speckles with dimensions
e, ~\z/d. Transverse motion of the random phase screen is
accompanied by speckle dynamics and by the formation of
Young’s fringes with the same periatl, but whose contrast
V is lower than the contras¥, without the screef.The
contrast of the Young’s fringes formed by the interference of 2
uncorrelated, partially developed speckle fields is determined )
by the relation between the intensities of the unscattered erIgIG 1. Diffraction of a focused spatially modulated laser beam by many

componentsl , and 1, », and the average intensities of the scattering centers.

-Z|d’Rd?Ap, 2

wherewy is the radius of the waist of the focused Gaussian
beam,Ap=p;—p,, R=(p1+ p,)/2, p, and p, are the coor-
dinates in the plane of the random phase scrgeg. 1),
ui(Ap) is the correlation coefficient of the complex trans-
m|SS|on of the screet{p) =exp(—i¢(p)), ande(p) is a ran-

t By &)

z
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FIG. 2. Difference between the correlation coefficients of the complex i
transmission of a random phase screen determined using fortt@lasd 081 |
(4) for various values ofoy: 1 — 0,=1,2 — 04=2; 3 — 0,=, 06

[4=10um. ;
oa{fi

02

100

dom phase function of the coordinates. For normally distrib- 00
uted ¢ the coefficientu, may be written a&°

_ _2rq_ FIG. 3. Experimental data and theoretical curves of the relative contrast of
'U‘t(Ap) - exp[ U¢[l K#’(AP)]}' 3 the Young'’s fringes as a function of the statistical parameters of the random
whereaﬁ) and Ké are the variance and correlation coefficient Phase screenry, |, , and constriction radiug/, of the illuminating Gauss-
f th tial oh fluctuati | der to int t ian beam on the surface of the screen: at— wy=6.3um; 2 —
of the spatial phase fluctua iorg p). In order to Integrate  \ — 11 um; 3 — wo=40 um; 4 — wy=200um; | ,=7.5um. b —1 —
expression(2), we need to transformu(Ap) to a simpler  w,=40um; 2 — wy=80um; 3 — wy=160um; 04=25.¢c—1—
form. This can be achieved for a Gaussian profilec,=152—0,=25;3—o,=m;1,=5um.
— 2712 it .
Kg(Ap)=exp(=Ap/ly), writing u(Ap) as follows:

©
8

150 W, pum

2

2 Ap
Mt(AP)=[1—eXFX—U¢)]GXP( -—
pL

+exp—oy), first term in expressiof®) is the intensity distribution of the
unscattered component, and the second term is the average

“) intensity of the fluctuation component of the field.
where Using expressiongl) and (6), we can easily write the
1 [exp+o2-1) 1/2 complete form pf the expression for Fhe contrast of t.he
plz|¢[ —In[—zln /e g ] ] (5)  Young's fringes in the plane of observation. This expression
Ty exp(+1) is simplified forz>z,, wherew(z)=\z/ww,, and with the

cassumed condition (&)*=(d)*>(1,)? and therefore

is the correlation length of the fluctuation component of th e ) . .
N P §2wo)?>(p)?, it is written for the paraxial regiofg~0)

boundary field. The differences between the values o
ni(Ap) calculated using formula&) and(4) do not exceed 1—exp—o02) p? -1
0.04(Fig. 2. Thus, expressiot¥) may be considered to be a V(g1 .Wo)=Voi 1+ 9¢) PL ) (7)
good approximation fou,. Using expressior4) and Fou- exp(—oi) ZWS

rier transforming the Gaussian functions in Eg) with re-

spect to the variable® and Ap, we obtain an analytical Figure 3 gives experimental datkig. 33 and theoreti-
expression with an explicit physical meaning for the normal-cal curves of the relative contragfV, calculated using Eq.
ized average intensity of the diffraction field: (7) plotted as a function of the statistical parameters of the
X random phase screery, andl ,, and the waist radius/, of
_ 2. Wo the illuminating Gaussian beam. We draw attention to the
<|(€Z)>=exq_“¢)wz(z) threshold behavior of the fringe contrast for comparatively

large o4, and smalll , when the illuminated region has a

2 5 fairly large diameter @/, and the divergence of the illumi-
xXexp — Wi(2) t1-exp—oy)] nating beam is therefore lo¥Fig. 3a, curves and4). The
small variation in the contrast of the fringes in the region of
Wg smallo 4 is caused by competition between two processes —
X . - - -
WA(2)+ 2(N2l mp, ) a decrease in the intensity of the unscattered compohent

and a reduction in the average intensity of the fluctuation
27 ) component(Tl) caused by a decrease in the correlation
X WA(2)+ 2Nzl mp, )2 ; (6) length of the boundary field W|tr_1 |nc_rga5|ng<r¢_(see Eq.
(5)). Formula(7) may be further simplified by using the ap-
wherew(z) =wo(1+\?z%/ w?wg)*? is the radius of the un- proximationp, ~I /o4, which is follows from Eq.(5) for
scattered Gaussian beam in the plane of observation. The,>1.
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The observed threshold effect of relative bleaching of a'v. . Ryabukho, Yu. A. Avetisyan, and A. B. Sumanova, Opt. Spektrosk.
highly dispersive object may be utilized in the diagnostics of 279, 299(1999 [Opt. Spectrosc. J9, 275(1995]. _
biological medif and to monitor comparatively coarse rough V- P- Ryabukho and A. A. ChausskPis'ma Zh. Tekh. Fiz21(16), 57
surfaces (1999 [Tech. Phys. Lett21, 658(1995)].

: : . : 3V. P. Ryabukho, Opt. Spektrosk8, 970 (1999 [Opt. Spectrosc. JI8,
For light diffraction at a large number of inhomogene- ¢ (1ggg]u 0, DPL SpeKtos (1999 [Opt. Spectrosc

ities in a screen it is sufficient that the condition 4S. M. Rytov, Yu. A. Kravtsov, and B. |. Tatargkintroduction to Statis-
(2W0)2>102¢ hold.” The vertical dashed lines in Fig. 3 in- tical Radiophysics. Part 2, Random Fielfla Russian, Nauka, Moscow
dicate the arbitrary limits of validity of these dependences. (1978.
For 2wy<I, the speckle modulation disappears in the dif- %J. W. GoodmangStatistical Optics(Wiley, New York, 1985; Mir, Mos-
fraction field and deflection of the interference fringes is ob- cow. 1988. _ _
served for the moving screen. This leads to qualitative ¥ V- Tuchin, I. L. Maksimova, D. A. Zimnyakov, I. L. Kon, A. Kh.
changes in the dependence of the contrast of the Young’sMawumV’ and A. A. Mishin, Proc. SPI2925 118 (1996.

. . E. Jakeman, Opt. En@3, 453(1984).
fringes on the screen parameterg and |, which must be
taken into account when a focused, spatially modulated las@ranslated by R. M. Durham
beam is used for the diagnostics of random phase objects.Edited by Steve Torstveit
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Propagation characteristics of the dynamic state in a capillary discharge jet
S. E. Emelin, A. L. Pirozerskii, V. S. Semenov, and G. E. Skvortsov

Scientific-Research Institute of Physics, St. Petersburg State University
(Submitted May 12, 1997
Pis'ma Zh. Tekh. Fiz23, 54—-59(October 12, 199y

A study is made of the so-called dynamic state of a metastable substance, characterized by the
onset of a nonequilibrium energy interactiGnterchangg involving various waves, in

the excited material. The intensity of the optical emission is used to analyze the dynamic state;

an investigation is made of the propagation of its leading and trailing edges. Various

propagation characteristics and natural solitary-wave forms are identified; their similarity to
ionization waves allows making some assumptions about the essential nature of this process. The
observed effects are important for establishing the physical conditions for the formation of

the substance of ball lightning and are also interesting for the physics of flames, electrical
breakdown, and electrode spots. 1®97 American Institute of Physics.

[S1063-785(1®7)01010-G

It was shown in Ref. 1 that in the metastable substancevere recorded for the radiation detector signal from the
of a capillary discharge jet there forms a dynamic state inchannel and the discharge current and voltage, and a series
duced by the action of the plasma generator and propagatingweep of signatures of the moving and transforming elec-
along the jet at appreciable velocity. The velocity near therode spots was recorded on copper foil, as in Ref. 2. By
exit aperture of the spark gap was estimated from the delagomparing these data, we determined a range of parameters,
of the characteristic perturbations of the time dependence dfcluding the optical radiation intensity and its decay time
the signal from the probing microwave apparatus. In thatonstant after the switching off of the current, the diameter
study the source of the perturbations was jumps in the paand resistivity of the discharge volume, and so on, and we
rameters as a result of low-frequency nonlinear oscillationgnade an analysis of the core formation process. We found
of the current. For studying the parts of the jet at some disexperimentally that during the establishment process, begin-
tance from the spark gap the method used in Refs. 1 and @ing with expansion of the discharge and lasting between a
had to be modified, since, outside the region of high exporfew tenths and a few millisecondsi{=1.4—5.0 mm, the
currents the perturbations created by the current oscillationdecay time constant of the radiation increases by approxi-
are small, propagation of the jet through the waveguide apmately two orders of magnitude and then varies negligibly.
erture is accompanied by additional perturbations, and th&he radiation intensity and the resistivity of the discharge
large dimensions of the waveguide make for low spatiavolume behave similarly.
resolution. Thus, in the present study we used the leading As the leading edge of the dynamic state propagates, the
edges of the current pulse as sources of strong perturbatiorsignals from the electrical probe and the radiation detector
and the state of the excited material and its dynamics werpositioned side by side appear simultaneously. When the
analyzed using the time dependence of the radiation intensitigength of the luminous part of the jet at the end of the pulse
in the 0.3—1uxm range, as in Refs. 3—-5. The propagationwas ~10-15 cm, the velocity of the leading edge of the
characteristics were determined by comparing synchronizedhdiation, determined 55 mm from the spark gap according
oscilloscope traces of the signals from two detectors sepde the delay of the signal from the second detector relative to
rated by a distance of 15 mm along the (gte Figs. 1la—1f the first(see Figs. 1la and lbwasV,~ 15 m/s. This velocity

The erosion generator incorporated a polyethylene sparllecreases with increasing channel diameter and is clearly
gap with a channel of length.=20 mm and diameted,  close to the velocity of the material. The beginning of the
=1.8-2.0 mm, a copper end electrode of diamelgr1.4 luminous part of the je{10-15 mm consists of a bright
mm, a choke coilL=0.5 mH, a limiting resistance frontal section and a rear section of continuously decreasing
R=200(), and a storage devid€=0.2 mF. The time con- brightness. The presence of a steep leading edge adjacent to
stant of the circuit was.,=L/R=2.5 us. The initial volt-  an abrupt radiation peak indicates a buildup of excitations,
age of the storage device whs=1.3—-1.6 kV and the cur- whose flux propagates more rapidly than the material away
rent cutoff voltage wa$J .~ 1.25 kV. from the generator and is reflected from the boundary of a

The signals from the measuring apparatus had a delaglasma-like state. It also indicates that the displacement of
caused, not only by the time taken for the leading edge of théhis boundary resembles a leader.
state to reach the detectors, but also by the time taken to As the initial voltageU, increases to 1.5 kV, an increase
establish the dynamic regime. In order to study the stages ofh the radiation intensity is observed during the pulsee
the transition process, we carried out an additional experiFig. 10 and after the jet has reached approximately half of
ment in which the discharge was forcibly terminated at athe maximum length, an intensity dip followed by a rise is
particular time by shorting the electrodes of the spark gagormed beyond the leader. Some 15 mm before the second
using a programmed mechanical device. Oscilloscope tracaefetector, a new delayed and modified leader is formed and
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wave reflectionless than 1Qus in the absence of additional
perturbations such as acoustic onesd the optical radiation
(more than 0.3 ms, see Fig.)lb

The delay in the onset of relaxation of the radiatisee
Fig. 1b increases with distance from the spark gap and the
trailing edge velocityV, of the dynamic state determined
from this decreases from 150 m/s at 55 mm from the spark
gap to 40 m/s at 10 mm from the leading edge of the leader.

These experimental results confirm that a particular
state, described as dynamic in Ref. 1, is established in the
metastable substance of a capillary discharge jet. Under
some conditions, this leads to appreciable lengthening of the
luminous part of the jet, removal of current and the forma-
tion of a core, and the appearance of various external indi-
cations of an excited condensed state, such as stability of
shape and the capacity to release energy in a metal, disinte-
grating on impact with a target. This state induced by a
plasma generator is only observed in mobile forms and thus,
having a wave nature, is associated with the establishment of

iLonaerl conditions for the existence of various types of slowly de-

34 4 caying waves. Their intense excitation activates transport
51 P | e g phenomena, establishing in the metastable substance a non-

i 2 equilibrium energy interchange having a preferred direction

of energy flux, viz., away from the generator. The natural
iy , forms of the dynamic state observed as solitary waves under
‘4 6 g t 3 5 7t these conditions move away from the generator at a velocity
several times higher than the velocity of the material but
FIG. 1. Radiation intensity in the range 0.3xIn (in arbitrary unit$ as a  considerably lower than the velocity of sound. They are
function of time(in ms) at distances of 47.5 miisolid curvesand 62.5mm  gimjjar to jonization waves but exist against a background of
(dashed curvgdrom the spark gap. The initial voltage of the storage device . . .
is U.=1.35 KV (a, b, U,=1.5 kV (c), andU.=1.6 KV (d—). energy accumulation effects typical of a metastable material
formed by a metal or polymer destroyed under highly non-
equilibrium conditions. Their behavior makes them similar

the old one dissipates because of the lost energy supplgtf.) I?Lijtowaxe? In active r_lr_lrs].\d|a, SI(') that |fr; RtEf' :]_tr;]ey were
Thus, the propagation of a conducting, plasma-like state is garea exciiation waves. the noniinear eltects which accom-
stepwise processSimilar effects at some distance from the pany their propagation and are responsible for the conversion
leading edge give radiation intensity amplification peaks aﬁ)]c gtructural—engrgy states can lead to wave se;f-focusmg,
order of magnitude shortésee Fig. 13 which may go be- which may explain the concentric structure of the‘jet.

)éond the I_ea(:;]ng e(;g(ef_ee Flgf. 1)2t8(;r:]he of these eﬁ(héblt a 1S. E. Emelinet al, Pis’'ma Zh. Tekh. Fiz22(24), 21 (1996 [Tech. Phys.

ecrease in the radiation in front of the kea- a shadow Lett. 22, 1005(1996].
region (see Fig. 1. In our view, this indicates that isolated 2s.E. Emelin, V. S. Semenat al, in Ball Lightning in the Laboratoryin

excitations and fragments of excited material are entrained, Russia, Khir;:iya,, MOSCOW(1k994)Y ppl- 8b7;95-
; ; ; V. V. Kropochev, E A. Manykin, et al, ibid., pp. 211-217.
by solitary waves and form energetically denser ObJeCtS“R. F. Avramenkoet al, Studies of Electrical Discharges in the Atmo-

WhiCh absorb radiation, propagate f'ﬂ.a Ve'°9ity Seve!’al times spherefin Russiaf, Yaroslavl State University Press, Yarosld¢091,
higher, and are capable of sustaining their state indepen-pp. 74-84.
dently for some time. °L. A. Tummerman and B. A. Chayanov, Research in Experimental and

: : : : Theoretical Physicdin Russiarj, Academy of Sciences of the USSR
The concluding stage of the discharge is characterized Press, Moscow1959, pp. 231243,

by abrupt termination of current through the spark gap andsyy. p. RaizerPhysics of Gas Dischargdin Russiai, Nauka, Moscow
relaxation of the plasma-like state of the metastable sub- (1992.

stance. The decay time constant differed substantially for'S: E- Emelin, V. S. Semenov, V. L. Bychkat al, Zh. Tekh. Fiz67(3),
different parameters. The electrical potential of the jet exhib- 1° (1997 [Tech. Phys42, 269 1997].

its the fastest relaxatiofthe rise time of the potential varia- Translated by R. M. Durham

tion in Ref. 1 was less than 30 hdollowed by the micro- Edited by Steve Torstveit

e :“,'. ‘f
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Breakup of a highly charged bubble in a dielectric liquid into parts of comparable size
A. I. Grigor'ev, V. A. Koromyslov, and A. N. Zharov

Yaroslavl State University
(Submitted May 20, 1997
Pis'ma Zh. Tekh. Fiz23, 60—65(October 12, 199y

An analysis is made of the conditions for instability of a charged gas bubble in a dielectric
liquid. It is shown that unlike a charged droplet, the criterion for instability of a bubble is
determined by two dimensionless parameters: the Rayleigh parameter and the ratio of the
gas pressure in the parent bubble to the Laplace pressurd99@ American Institute of Physics.
[S1063-785(17)01110-5

The breakup of charged bubbles in a dielectric liquid is aDividing this relation by the last term, we obtain relatid.
phenomenon of interest for various branches of technicalVe can talk of instability of the bubble when the sum of the
physics and chemical technology, and particularly for thegas pressure and the electric pressure exceeds the Laplace
theory of breakdown of liquid dielectrics. It has been estabpressure, i.e., when
lished experimentally that charged bubbles may break up
into several small bubbles as a result of instability with re- W+p=>1. @
spect to the surface chargdlevertheless, as yet there has Relations(1) and (2) differ from those for a spherical
been no adequate theoretical explanation for the experimeRnarged droplétin that they contain the paramet@r How-
tal results, even though a fairly comprehensive theory hagyer, it should be borne in mind that, because of the incom-
been developed for the mechanism driving the evolution of gressibility, satisfaction of the instability criterion for a
qualitatively similar instability of highly charged liquid drop- charged droplet of incompressible liqu=1 (Ref. 2, im-
lets (see the review presented in Rej. 2 plies that the spherical shape of the droplet should become

1. We consider a spherical charged bubble in a noncomynstable relative to the dominant mode of the capillary os-
ducting incompressible liquid having permittiviy occupy-  cillations (n=2), i.e., the droplet is pulled into a spheroid.
ing an infinite volume, and having a uniform temperaflire  For the particular case of a bubble in a liquid, fulfillment of
throughout. We assume thitis the bubble radiuxQ is the  congition (2) primarily implies that the bubble radius may
charge,o is the surface tension of the liquid—gas interface,pegin to change, i.e., instability of te=0 mode or insta-
andp is the gas pressure in the bubble. We pose the quegsility of the bubble relative to radial oscillations. This pro-
tion: At what bubble radius will the potential energy have acess may be accompanied by loss of stability in relation to
minimum forQ = const? To answer this question, we write gissolution of the gagevaporation or condensation of the

the expression for the potential energy of the bubble vapo) in the liquid. Note that for a droplet of incompressible
Q2 4nx liquid the dominant mode is=2, andn=0 radial oscilla-
U=47R%+ ﬁJr D?Rg, tions are impossible because of the constant volume of the
droplet® These two instabilities have different characteristic
and we equate to zero the derivati#d/JR: growth times. It seems that fal close to unity, the growth
2 rate of the hydrodynamic moden€ 2), corresponding to a
g —87Ro— o +47R%p=0. change in the shape of the droplet, exceeds the growth rate of
IR 2 the n=0 mode associated with the characteristic diffusion

ime of the gas molecules or vapor. Under these conditions,
he bubble will be elongated to form a spheroid and will
break up into parts as its eccentricity increases.
wW=1-p, (1) Depending on the relation between the relaxation time of
the electric charge at the surface of the bubble and the char-
acteristic growth time of the instability, it is possible to iden-
Q2 Rp tify a limiting bubble breakup regime in which the relaxation
= m B= 25" time of the electric charge is much greater than the instability
growth time. In this case, the charge may be considered to be
2. We now pose the question: For what values of thefrozen into the surface of the bubble. We shall analyze the
parameter$V and 8 may the spherical shape of the bubble laws governing breakup of a bubble for this particular case.
become unstable? By analogy with a charged droplet of in- 3. Let us assume that an initially spherical bubble, for
compressible liquid, this question may be answered by anawhich condition (2) is satisfied, becomes unstable and is
lyzing the pressure balance at the bubble surface: pulled into a figure similar to a spheroid, whose elongation
leads to the growth of the neckirigausageinstability along
+ =0. the plane of symmetry perpendicular to the axis of symmetry
8mR* R and results in the formation of two, equal-volume, symmetri-

It is then easy to see that the minimum potential energ;{
of the bubble corresponds to the state where

where

Q® 20

p
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cally positioned bubbles, having the same charges and con- X
nected by a neck. This process produces two bubbles of
equal radiir ;=r,=r and chargey, =g,=q, which are then 1
compressed, decreasing in volume under the action of
Laplace forces, which are greater for the daughter bubbles

than for the parent ones. Since the bubbles undergo compres-

sion at constant liquid temperatuen assumption that the

specific heat of an infinite volume is infinjtethe compres- 3
sion process will be considered to be isothermal. In that case, as
work leading to an increase in the potential energy of the ) L

bubbles will be done on the gas in the bubbles.
The total change in the potential energy is determined by

@ Q 8 .(2r3>

_ 2_p2yy 1 _ __ 3 -
AU=47a(2r R)+er 5eR 37 Pxin

¢ 4 2 w
wherep, is the gas pressure in the daughter bubbles after

compression. The first term in this expression gives thélG. 1. Dimensionless radius of daughter bubbles as a function of the
change in the surface energy of the Laplace forces, the segimensionless Rayleigh paramewffor 5=0.5:1 — y=0; 2 — y=0.5;
ond gives the change in the electrical energy, and the thira_ r=1

describes the work of isothermal compression of the daugh-

ter bubbles. d%ssuming that the charge of the daughter bubble is half the

We shall assume that the pressure in the bubble is ma arge of the initial bubble and dividing the entire equation
f th f the incl the saturat . . . o .
up of the pressure of the included gas and the saturated vap%y the first term, we obtain an equation determining the di-

pressure of the liquid at a given temperature. Neglecting con- ; e )
densation and evaporation of the gas in the bubbles, we agjensmnless radiu¥=r/R of the stable daughter bubble:

sume that its mass in the initial and final bubbles remains  4X3— By(2X—4X*) —4X*B—W=0. 3)
constant. We express the mass of gas in the parent and
daughter bubblesm and m, , respectively, from the
Mendeleev—-Clapeyron equation:

Calculations using Eq(3) show that as the Rayleigh
parameteW for the parent bubble increases fBe=const,
the dimensions of the daughter bubbles also increase. Figure
1 gives the dimensionless bubble radius as a function of the
Rayleigh parameter. It can be seen from the curves that the
presence of gas in the bubble substantially influences the
dimensions of the daughter bubbles, increasing themafor
h=1.2 and decreasing them fav=1.2.

Figure 2 gives the dimensionless radius of the daughter
oplets as a function of the Rayleigh param&tgras in Fig.
, but in this case the dependence is obtained for the critical
YglueW+B=1. It can be seen that the daughter bubbles of

A4m 3P _4m suPq

) m r ’
37 R ¥ 3 RyT

whereu is the molar mass of the gaR, is the gas constant,
andpgy andpg, are the gas pressure in the parent and daug
ter bubbles, respectively. The equation of conservation of
mass can then be used to find the gas pressure in the dau
ter bubblespg, = pyR%/(2r®). The saturated vapor pressure
in the daughter and parent bubbles can then be considered
be the same because it does not depend on the bubble vol-
umes. Thus, the total pressure in the daughter bubble may be
written as:p, =pg. +Ps, Whereps is the saturated vapor X

pressure in the parent bubble. Alternatively, defining the to- it
tal pressurep in the parent bubble, we obtain
R3
Ps =Pgx —PgtP=p| ¥| -3~ 1|+1], 3
2r 9
where y=pg/p. Thus, if y=1, the bubble must be consid- o5t
ered to be gas and #=0, it only contains saturated vapor. 4
The condition for stability of the daughter bubbles may
be obtained by equating to zero the first derivative of the
change in the potential energy over the radius of the daughter
bubble forq = const. Using the expression for the gas pres-
sure this condition is written as Y/ N n
25 ! W
20 R® q° .
——p| Yy —=— 11+1]— =0. FIG. 2. The same dependence as in Fig. 1 calculate@fot —W. Curvel
r 2rs 8mer? corresponds toy=0, curve2 corresponds tay=0.5, and curved to y=1.
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a pure gas parent bubble decrease with increagihgnd  whereas for larg&V it will lead to growth of these daughter
have a minimum for a vacuum bubble. The opposite situabubbles as a result of evaporation.
tion is observed for a pure vapor bubble — the daughteric, g. Garton and z. Krasucki, Trans. Faraday Sf.211 (1964,

bubbles increase with increasiklg, even though the amount 2A. ‘I. Grigor'ev and S. O. Shiryaeva, lzv. Ross. Akad. Nauk Ser. Mekh.
Zhidk. Gaza No. 3, 319949.

of vapor decreases. 3L. D. Landau and E. M. LifshitzFluid Mechanics 2nd ed.(Pergamon
To conclude, for an unstable bubble with small the Press, Oxford, 1987 Russian original, 3rd ed., Nauka, Moscow, 1986

presence of saturated vapor in the bubbles will reduce theansiated by R. M. Durham
daughter bubbles as a result of condensation of the vapdadited by Steve Torstveit
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Wave number dependence of the critical conditions for instability of a charged
liquid film in a fluctuational force field

D. F. Belonozhko, A. I. Grigor'ev, and M. I. Munichev

Yaroslavl State University
(Submitted May 20, 1997
Pis’'ma Zh. Tekh. Fiz23, 66—70(October 12, 1997

It is shown that the critical conditions for instability of the charged free surface of a liquid film
with a fixed thicknessl in the region where the influence of fluctuational forces is

substantial §< 100 nm depend strongly on the wave number and do not depend on the
viscosity of the liquid. ©1997 American Institute of Physids$51063-785(07)01210-X

Studies of the stability of a thin film of conducting liquid stantA=10"*3erg. To linearize the problem, we need to use
on a solid substrate in a fluctuational force fig¢lthder the a linear expansion oP, in terms of¢ nearz=0:
influence of the disjoining pressdrg are of interest for ap-

icati - : o Pg=Pgo+ Par;
plications to problems in the operation of needle-type liquid- d— hdot dl
metal ion sources, vacuum mass spectrometry, and the A 3A
theory of thunderstorm electricity Pd0=§; Pg1=— yg.

1. We shall calculate the spectrum of capillary waves at
a flat charged surface of an ideally conducting liquid layer of By solving in a linear approximation for small quantities
thicknessd, density p, viscosity v, and surface tensioty,  using the classical method of separating the velocity field
bounded by vacuum and situated in a gravitational f@ld into potential and vortex components based on the Helm-
and an electrostatic fielt. We assume that the upper me- holtz theorem, as in Ref. 5, we can easily obtain the disper-
dium has the permittivitye. The electric fieldE at the sur-  sjon relation for the spectrum of capillary motion of the lig-
face of the liquid is determined by the potential differenceuid in this system. In dimensionless variables, where
between the electrodes, a lower electrode located-at d, p=7y=d=1, and the physical parameters characterizing the
covered with a layer of wetting liquid maintained at the po-system are measured in units of their characteristic scales
tential ®,=0, and a parallel counterelectrode positioned at

the distancé from the liquid surface and having the poten- _7. - _ 7’_d _}.

. O0x = S v k=75

tial d,=V. pd P d
Let us assume that in a Cartesian coordinate system with g

the z axis directed vertically upwart,||—g (wheren, is the S, = 3 [P~ 8 :g; b, =d,

unit vector of thez Cartesian coordinatethe x axis deter-
mines the direction of motion of the plane capillary wavene dispersion relation has the form
~expt+ikx), and thez=0 plane coincides with the free oo o 0 oo )
unperturbed surface of the liquics (is the complex fre- 4dk“(k“+a%)+(k“+q%)“(k sinh(k)sinh(q)

quency.k is the wave numbet, is the time, and = /- 1). — g cost{k)coshq)) + 4k3q(q sinh(k)sinh(q)

Let us assume that the functigifx,t) = &, expct+ikx) de-

scribes a small perturbation of an equilibrium flat liquid sur- Z(k,W) .

face caused by thermal capillary wave motion of extremely ~ —k costtkjcost{q)) — ———(q coshq)sinh(k)
small (£~ (kT/y)Y?) amplitude, wherek is Boltzmann's v

constant and is the absolute temperature. The velocity field ~ —k cosh{k)sinh(q))=0; @

U(r,t) of the liquid motion caused by the perturbatiéix,t) 2 12 _ _ 3

has the same order of smallness. Let us also assume that =K Tavi  Z(k,W)=kg+3Ak+k*~ WK coth(kb).
thickness of the liquid layer is such that the influence of the 2. The condition for the onset of instability of the
fluctuational forces is important for its stability, i.€l<<100  charged free liquid surface &(k,W)<0 (Refs. 6 and ¥

nm (Refs. 1 and 2 Since it has been assumed that the liquid
wets the substrate on which it lies, the fluctuational foqrces Z(k,W)=kg+3Ak+k*~ WK coth(kb) <0.

(the disjoining pressure acting on the layer from the subThe equationZ(k,W)=0 clearly determines the boundary
stratd play a stabilizing rolé:? For this qualitative analysis between the stabléZ(k,W)=0) and unstablgZ(k,W)<0)

we assume, as in Ref. 2, that the disjoining pressure is restates of the system. Curves giving the stability boundary for

lated to the layer thickness by various distanceb from the upper electrode, with and with-
out allowance for the disjoining pressure, are plotted in Figs.
b _ A 1 and 2. It can be seen that)at 10d, the critical conditions
d_(d+ &3 are almost independent of the fluctuational forces. The exis-

tence of disjoining pressure only significantly influences the
We only determine the order-of-magnitude value of the con-<ritical conditions for instability of the free surface at wave-
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FIG. 2. Stability boundary of a charged free liquid surfaZék,W)=0,
calculated for b=100. Curve 1 allows for fluctuational forces with
A=10"%, g=10"°. Curve2 neglects the influence of fluctuational forces.

FIG. 1. Stability boundary of a charged free liquid surfaZék,W)=0,
calculated fol=10. Curvel allows for fluctuational forces witih=1075,
g=10"°. Curve2 neglects the influence of fluctuational forces.

presence of a lower boundary on the range of variation of the

] ) . parameteM for which unstable wavelengths can exist. For
lengths considerably greater than the thickness of the film, — 16 the latter effect is stronger, and it is also observed

but in .thIS case, as can be seen fro_m the figures, the criticghat the set of values of the unstable wavelengthss
conditions erend strongly on the distance betyveen the _eleB'ounded on the side of extremely low wave numbers.
trodesb. It is deduced from Figs. 1 and 2 that in these situ-
ations, the influence of fluctuational forces on the critical
conditions for instability of a charged liquid surface should !B. v. Deryagin, Theory of Stability of Colloids and Thin Filnf&n Rus-
be investigated for wave numbekss0.01. siarl, Nauka, Moscow(1986.
The figures show that allowance for the action of fluc- > FrénkelKinetic Theory of LiquidClarendon Press, Oxford, 1946
. [Russian original, Nauka, Leningrad, 1945
tuational forces reduces the wave number range of the unsy. p. Gabovich, Usp. Fiz. Naukl40, 137 (1983 [Sov. Phys. Usp26,
stable wavelengths on the highside by an amount deter-  447(1983].
mined by the parametew. The fluctuational forces can 4M. D. Grigor'ev and S. O. Shiryaeva, Izv. Ross. Akad. Nauk Ser. Mekh.
. . L Zhidk. Gaza No. 3, 31994.
ensure that the motion in the liquid film is stable for lalif

5 . . 5V. G. Levich, Physicochemical Hydrodynami¢# Russiaf, Fizmatgiz,
W<10 ¢ and the distance from the upper electrode iS Moscow(1959.

b= 10" (Fig. 1), and also foW< 103 whenb= 17 (Fig. 2). ®L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media

Figure 1 shows that ib= 10°. then at least for T0P<W 2nd ed. rev. and enlarged, with L. P. Pitaev§Kiergamon Press, Oxford,
) ’ . 1984 [cited Russian original, Nauka, Moscow, 1992

=<2X10 “ the set of unstable wavelengths is bounded on the7D. F. Belonozhko, A. I. Grigor'ev, M. |. Munichev, and S. O. Shiryaeva,

low-k side. Pis'ma Zh. Tekh. Fiz.22(10), 84 (1996 [Tech. Phys. Lett22, 425
To conclude, fob=10? the influence of disjoining pres-  (1996].

sure is observgd as a decrease in the critical value fof Translated by R. M. Durham
which the motion in the system becomes unstable and thedited by Steve Torstveit

764 Tech. Phys. Lett. 23 (10), October 1997 Belonozhko et al. 764



Characteristics of a submicrosecond transverse discharge in mixtures of helium
with N, and CO molecules and xenon atoms

A. K. Shuaibov, A. |. Dashchenko, A. A. Sinishin, and V. S. Shevera

Uzhgorod State University, Uzhgorod, Ukraine
(Submitted May 5, 1997
Pis'ma Zh. Tekh. Fiz23, 71-76(October 12, 1997

An investigation is made of the electrical and optical characteristics of a moderate-pressure
transverse discharge in typical active media of infrared CO lasers. The discharge was ignited in a
system of unprofiled “grid—plane” electrodes with automatic ultraviolet preionization by a

corona discharge and had &3 cm aperture. The pulse repetition frequency was 1-10 Hz, the
current pulse length was 0.5 us, and the pressure of the working mixtures was 10—100

kPa. Studies were made of the transverse discharge current voltage pulses, and also the spectral
and temporal characteristics of the plasma radiation $CR, He:N,:CO, and

He:N,:CO:Xe mixtures in the ultraviolet and visible ranges. 1®97 American Institute of
Physics[S1063-785(17)01310-4

Since the beginning of their research and developrhentcapacitorC=0.47 nF across the needle—grid gap, which ig-
electric-discharge CO lasers operating in ¥he5.0-5.5um  nited automatically 50—-150 ns before the main discharge.
range have been regarded with inter@dongside CQ mo-  The plasma radiation spectra were studied using an MDR-2
lecular lasersfor technological applications. The shorter las- monochromator, a Foton photomultiplier, and a KSP-4 auto-
ing wavelength than COlasers makes them more promising matic plotter. The pulsed plasma radiation was recorded with
for technological applications, but until recently these havean H.U-14 FC linear electron multiplier and a 6LOR-04
been impeded by the need to cool the active media of C@scilloscope.
lasers to liquid nitrogen temperaturedlow, by a using a 2. Figure 1 shows a typical plasma emission spectrum
medium-pressure electrical discharge with a high pump pulséor a transverse discharge in a Hg:B0:Xe mixture. The
repetition frequency, it has become possible to develop relahighest-intensity radiation from molecules and their ions in
tively simple electric-discharge CO lasers operating at roonan N,:CO discharge was recorded on the following transi-
temperature. For instance, an efficiency of 13.5% and ations:  CO@E3:*-a’ll), CO@3A,—a%ll), CO-
average output power of 100-250 W at300 K have (a’s*—a%ll), COB—A), N,(C—B), CN(B—X), NO-
been achieved in a microwave-pumped CO Ids€he en-  (B3-, y-systems N, (B—X), and OHA— X). As the content
ergy and spectral characteristics of this CO laser dependeaf nitrogen molecules in the double mixture decreased, the
strongly on the Xe concentration in the Hg:RO:Xe:O, intensity of radiation in the bands of the CB¢A) Ang-
mixture. In studies of these lasers particular attention hastrom system increased compared with those of the
been paid to the energy and spectral characteristics of thd,(C—B) system and the intensity of the radiation from
plasma in the infrarétf but very few investigations have the CN radical at =388 nm. The nature of the emission
been made in the visible and ultraviolet. Results of similarspectrum changed for a transverse discharge in a
investigations for the active media of GQasers were de- He:N,:CO=20:4.8:1.6 kPa mixture: emission bands of
scribed in Refs. 6 and 7. Co"(B—X) ions appeared in the= 250—280 nm range, the

Here we present results of an investigation of the elecintensity of the radiation from Nand CO molecules was
trical and optical characteristics of a submicroseconcenhanced in the visible range, and ultraviolet bands g8 ,N(
moderate-pressure  transverse discharge in,:CH, vy system$ and CNB—X) bands were observed. The ap-
He:N,:CO, and He:N:CO:Xe mixtures in the 250—-600 nm pearance of CO ion emission bands was caused by Penning
spectral range. ionization of CO molecules by metastable He atdms.

1. The experiments were carried out using a transverse 3. Figure 2 shows oscilloscope traces of the voltage
discharge module. A photoelectric system was used to recongulses, current, and radiation pulses due to the molecular
the plasma radiation, current, and voltage pulses on the eletransitions. The base length of the main voltage pulse was
trodes. A transverse discharge was ignited in a system df00 ns whereas that of the current waS00 ns. The voltage
unprofiled “plane—grid” electrodes with a working surface pulses for the nitrogen and carbon monoxide molecular tran-
area of 3x30 cm and an interelectrode gap of 2 cm. Preion-sitions exhibited long afterglows. The first short peak of the
ization was provided by a pulsed corona discharge betweeamission pulses for the electronic—vibrational transitions of
the points of the needles and the grid. The discharge wald, and CO molecules occurred during the rise time of the
ignited using an inverting LC system with a 90 nF main current pulse and had a duration €f30 ns while the base
working capacitor ath a 2 nFpeaking capacitor. The switch length of the second peak was 200—-300 ns. Almost no after-
was a TGI1 2500/50 thyratron. The repetition frequency ofglow was observed for emission on transitions of the CN
the current pulses was 1-10 Hz. The ultraviolet preionizatiomadical(Fig. 2). The first peak of the emission pulse appeared
system was supplied using a pulsed corona discharge fromduring the leading edge of the transverse-discharge current
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FIG. 2. Oscilloscope traces of voltagé), current(2), and emission at
) . . o A=337 nm N(C—B) (3), andA =388 nm CNB—N) (4) for a transverse
and was attributed to direct electron impact excitation of th&jischarge in a He:NCO=8.5:3.2:1.6 kPa mixture.

upper states of Nand CO molecules. The second peak oc-
curred during the decay time of the transverse discharge cur-
rent pulse and was probably caused by interaction betweesxcitation of the electronic states of, dnd CO molecules,
metastable molecules. The second peak of the afterglow omhich provide a channel for parasitic loss of discharge pump
the N,(B—X) transitions had the largest area for thg ®O  power in infrared CO lasers. Small amounts of xenon added
discharge and the smallest for the HgBlO:Xe mixture. to the active media of CO lasers caused a drop in the electron
Since the main source for filling of the,RC) state in the temperature which was observed as a decrease in the inten-
discharge afterglow is associative exchafhge: sity of the second emission peak on thg(@—B) and
_ _ _ CO(b—a) transitions.

No(Av=1)+Na(A0=0)=Np(X,0=2)+No(C), (1) The authors would like to thank V. V. Skubenich for
the addition of easily ionized impuritig€Xe atoms leads to  assistance with interpreting the plasma emission spectra.
a drop in the density of metastable nitrogen molecules and
reduces the intensity of the emission on thg®l-B) tran- _ '
sitions in the discharge afterglow. mo l\zl‘ilcs))ok;o(li&gnd V. V. Sokovikov, Kvantovaya ElektrotKiev),

4. A uniform discharge with a 3 cm aperture was 2y v, Biinov, V. M.. Vakhulenko, 1. B. Kovsh, and Yu. Ya. Usanov, Itogi
obtained in all active media of the electric-discharge CO la- Nauki Tekh. Ser. Ektronika28 (1997).
ser, which allows us to simulate the conditions for excitation jﬁ iifézﬁwihi?iwégr&iaﬁé SWS?%?A %F:d 'fﬂkgslf (;9|9E49E-E 3. ouan
of a mlc_rowave-pumped CO laser at low _pul_s_e repetmqn tum Electron 30, '1448(1994).' ' ' ' va, :
frequencies and at room temperature. No significant heatinga_ p. Averin, V. A. Bel’kov, E. P. Glotov, A. N. Gol'shkoet al, Kvan-
of the gas mixtures was observed under the experimentaltovaya Elektron(Moscow 11, 1856 (1984 [Sov. J. Quantum Electron.
conditions, as could be seen from the weakly developed ro 14 1245(1984]. o
tational structure of the radiation on transitions in thé 2 g[‘);ﬁtfgzﬁﬁcgbxi&gﬁaﬂatenko‘ and . V. Podmoshetisith. Prikl.
system of N. In helium-rich media the uniformity of the 74 A Kuchin’skﬁ, B. V. Lyublin, and V. A. Sheverev, Zh. Prikl. Spek-
discharge was conserved as far as pressures of 1-1.5 atm. trosk. 45, 364 (1986.

. . . .. 8 H
To conclude, our investigation of the characteristics of a N: B- Kolokolov and A. B. Blagoev, Usp. Fiz. Naul633), 55 (1993
derate-pressure transverse discharge inCH and [Phys. Usp36, 152 (1993
mo p g b %Yu. V. Golubovski and V. M. Telezhko, Teplofiz. Vys. Tem2, 996

He:N,:CO(Xe) mixtures has shown that a uniform glow dis- (1984.

charge wih a 6 cn? aperture may be obtained in a system of'°S. M. Kurkin and V. M. Shashkov, Teplofiz. Vys. Ten@2, 999 (1984.
unproﬁled eIe_ctrqdes with pulsed corona preionization. This; . jated by R. M. Durham

discharge excitation system can be used to study processesHiited by Steve Torstveit
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Space—time chaos during the formation of a solid state
N. V. Bodyagin and S. P. Vikhrov

State Radio Engineering Academy, Ryazan
(Submitted April 21, 199y
Pis'ma Zh. Tekh. Fiz23, 77—-80(October 12, 199y

An analysis is made of the dynamics of formation of the solid phase of a substance. It is
established that the solidification process includes a stage of low-dimensional space—time chaos.
The idea of reconstructing the growth dynamics from the structure of a material is discussed.

© 1997 American Institute of PhysidS1063-785(107)01410-9

The transition from the liquidgaseouyto the solid state  which the system loses information about its initial state. By
of a material is a self-organization process whose dynamicanalogy, it may be postulated thgt characterizes the spatial
may be studied using the Takens method, well known in theorrelations and is defined as
theory of nonlinear systens.

As it solidifies, a material changes its properties with A=Bllc, 2
time and is distributed nonuniformly in space, i.e., it is a

space—time iystgm. To rle C.OHSUU.Ct |tshdyr%arl?|cs, we r;]e(;d Hstance between two regions of the material structure over
reconstruct the time evolution using the Takens method gf ich the relative information between the regions becomes

varlous_pomts.m the. ”.‘a‘e”a' st_ructur_e. W.h'l_e such an @PZero. From the point of view of thermodynamios, deter-
proach is possible, it is incompatible with existing COMpUting ines the degree of disequilibrium of the material structure.

capabilities. It is more promising to obtain information on It was shown in Ref. 6 thalt, andt, are determined by
the growth dynamics from the characteristics of the material ' ¢

whereB is a constant ant}. is the correlation length, i.e., the

structure. l.=pi/2ps, 3
It was shown in Ref. 2 that the spatial distribution of a
“snapshot” of a space—time system may be reconstructed t.=p./2ps, (4)

using methods developed to reconstruct the temporal evolu- . )
tion. The surface of a material is a “snapshot” of the solidi- WNerép: andp, are the densities of the temporal and spatial
fication processes. On this basis, we measured the fractd]Mensions, angs is the density of the ordinary entropy.
dimensionD of surfaces of gallium arsenide, carbon, amor-However, we find

phous silicon, tungsten, and other materials using the surface
profile obtained with a tunneling electron microscope. The
height of the profile was measured from a certain level, takemhere v; is the rate of propagation of information in the
as zero, and was measured at discrete intervals for 15 000medium’ When formulag3) and(4) are taken into account,
20 000 points in each case. The data were processed usiegpression5) becomes

the Grassberger—Procaccia algorithm. It was established that

for all surfaces, the value @5 was between two and three le/te=v;. (6)
and had a fractional part. Similar values®§ were observed

for surfaces of various materials analyzed by adsorptio
techniques, secondary electron spectroscopy, and smal
angle scattering, and also in the structure of porous ang
amorphous materiafs*

pilpr=vi, ®)

In solidification processes the information carriers are
toms of the material which reach the surface during growth.
hus, v, is equivalent to the rate of formation of the solid
tatevy, and expressiof6) may be rewritten as

The fact that the fractal dimension has the value l/te=vyg. (7
2<Dg<3 implies that the surface structure of the materials o _
may be described as “frozen” low-dimensional chaos. Substituting into Eq(7) the expression fof. andt; from

By analogy with the Lyapunov exponents character- formulas(1) and(2), we obtain
izing the time evolution of a system, we introduce the con-
cept of the spatial Lyapunov exponents for the surface /Ny =Coyg, (8)
structure. These exponents may be determined by methods @herec=A/B is a constant. Clearl andvg4 are positive
measuring\, by directly replacing time by distance. values. It therefore follows from expressi@) that if \,>0

The exponenta, and; characterize the stability of the - exists, ther\,>0 also exists. In other words, if the system is
space-time system. Positiwg determine the rate of diver- gjstributed chaotically in space, it will also behave irregu-
gence of nearby trajectories of the system in phase space apgy in time. The reverse statement is clearly also true for
are calculated according to the formula large space—time systems.

A=At 1) Since the surface structure (_)f materials comprises “fro-

zen” chaos, at least on&,>0 is found® Consequently,

where A is a constant and, is the correlation time over there exists at least ong>0 and the dynamics of formation
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Dynamical criteria for reproducibility of the structure of solid materials
N. V. Bodyagin and S. P. Vikhrov

State Radio Engineering Academy, Ryazan
(Submitted April 21, 199y
Pis'ma Zh. Tekh. Fiz23, 81-84(October 12, 1997

Reasons for the irreproducibility of the structure of solid materials grown under the same
technological conditions are examined. Dynamical criteria for irreproducibility are developed, and
a fundamental limit on the irreproducibility and its dependence on the dimensions of the

system are determined. @997 American Institute of Physid$S1063-785(17)01510-3

The poor reproducibility of the structure of materials cess we obtain the sef2). Theaverage relative information
synthesized by the same technology is a major problem. Itbetween these sets is determined according to the formula
existence is usually attributed to deviations of various tech-

_nologic_al parameters_f_ror_n the norm, and the chief means _qf(lyz)zz P(s(1),s(2))logy[ (P(s(1),

improving reproducibility is assumed to be a matter of speci-

fying the parameters to better precision. This approach is s(2)/(P(s(1))P(s(2))], (4)
ineffective, however. One reason for this is the absence of

criteria for assessing the influence of various factors on thavhereP(s(1)) andP(s(2)) are theprobability functions for
reproducibility. the characteristics of both materials, aR@s(1), s(2)) is

It was shown in Ref. 1 that the solid state is formed viathe combined probability. The summation in expressién
a stage of low-dimension dynamical chaos. We postulate tha$ over the number of measurements.
the instability of the motion characteristic of chaotic dynam- ~ The average relative information can be determined ex-
ics is responsible for the poor reproducibility of the structureperimentally from the profile of the material surface, the his-
of materials. Thus, the reproducibility criteria should be re-togram of the radial distribution function, and the optical
lated to the invariant characteristics of chaotic systems. Wabsorption spectra.
consider several such criteria. All these criteria are invariant with respect to specific

1. Kolmogorov—Sinai entropySxs). This is the sum of technologies and can be applied to assess the influence of
positive Lyapunov exponents and characterizes the degree B@rious factors on the reproducibility. These criteria may be

instability of the growth processes. calculated using methods and algorithms used to determine
2. The solidification process takes place directly in anthe characteristics of nonlinear syste_?ns. _ N
intermediate layer between the solid and liq(ies phases. A consequence of the dynamical instability of the

The reproducibility criterion is the relation between the timegrowth processes is the existence of a fundamental reproduc-
of existence_of the material in this layer and the tirg,,,  ibility limit Ry, which determines the limiting precision of
over which the system still remembers its initial state. Thedefining the technological parameters, above which any in-

timet,_is given by crease in precision is ineffective.
The perturbation growth in the structure of a material
t=di/vg, oy during solidification is given by
whered,_is the layer thickness ang, is the growth rate. R=s exp(Sqaty). (5)

The time T, can be expressed in the form:
AssumingAp—0 in Eg. (3), we obtain the valudR,,
Tmax=(po/ps)log(le), @) which is associated with unavoidable fluctuations and cannot
wherepp, is the fractal dimension densityg is the entropy  be reduced.
density, ands is the precision of defining the initial state, ~ The value ofR;y is determined as the point when the
which is determined by deviations of the topological param-dependence oR on Ap saturates. This implies thdt be-
etersAp from the norm and by the fluctuatioris comes greater thafip.
It was shown in Ref. 4 that the following dependence on
e=Ap+f. 3 the system dimensio¥ is valid for the Lyapunov exponents:

The following cases are possibletjf <T,ax, the struc- N=C/V 6)
ture of the material is accurately reproduced, ifs T ax, it '
is partially reproduced, and tf, > T .y, it is poorly repro- where C is a constant. From this it follows that a5 de-
duced. creases, the Lyapunov exponents and therefore the degree of
3. The degree of reproducibility may be characterized inirreproducibility increase.
terms of the average relative informatidrLet us suppose However, near the stable state the amplitudes of the in-
that as a result of measurements of some characteristic &#rnal fluctuations behave asvl/At the critical point they
various points in the structure of the material produced in théncrease as values of the order \6f Y2 Thus, for macro-
first process, we obtain the sgtl) and in the second pro- scopically large systems the internal fluctuations are negli-
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gible. For small systems the internal fluctuations play an immethods used to control nonlinear systems based on an ac-
portant role together with the external ones and are alsourate knowledge of the dynamics of the processes.
responsible for reducing the reproducibility.

These Conc'usions are re'evant to the techno'ogies O'FA. A. Aivazov, N. V. Bodyagin, and S. P. Vikhrov, Proc. Mater. Res. Soc.
microelements and nanoelements used in microelectronics_.zﬁf%_lﬁi(tl)g?&nell R. Brown, and J. J Sidorovich, Rev. Mod. PIogs.
The reason why the appearance of any structure is 1331(1993.
probabilistic and cannot be reproduced repeatedly stem$L. N. Korzinov and M. I. Rabinovich, Izv. Vyssh. Uchebn. Zaved. Prikl.
from the instability of the growth processes deriving from ,Nelin. Dinam.2(1), 59 (1994.
the chaotic dynamics. Simply specifying the technological '~ Crassberger, Physica Scrig 346 (1989.
parameters to greater precision is the least effective way Ofranslated by R. M. Durham

improving the reproducibility. It is necessary to employ Edited by Steve Torstveit
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Formation of complex multifrequency signals by a magnetron amplifier
S. V. Voskresenskil and G. G. Sominskil

St. Petersburg Technical University
(Submitted April 30, 199y
Pis'ma Zh. Tekh. Fiz23, 85—-89(October 12, 199y

Experimental results are obtained which demonstrate that a nonautonomous electron-oscillator
system in a magnetron-type device becomes randomized under the action of a
nonharmonic signal. €1997 American Institute of PhysidsS1063-78517)01610-8

In crossed-field magnetron systems, the space chargacrease in the components of the oscillation spectrum of the
confined by a magnetic field and by edge electric fields in alectron cloud was observed under different operating con-
single three-dimensional trap is unstable and is usually imitions of the amplitror(for different values of the magnetic
oscillatory state$-® Studies of collective processes in the field B and the anode voltage,). Changes in the character-
space charge in these systems can provide a better undéstics of the space charge oscillations appreciably influenced
standing of the mechanisms and laws governing the complethe spectrum of the amplitron output signal. Parasitic signals
dynamics of distributed electron systems, and are alsoear frequencie§;+nf,, wheren is an integer in the range
needed to identify effective methods of improving existingl<n<3, were usually observed. The amplitudes of these
systems and developing powerful new sources of microwavearasitic signals were 15-20 dB lower than the amplitudes
oscillations. It has recently been established that useful inA; of the output signal at frequendy. Figures 1b and 1c
formation on the oscillations of an electron cloud in crossedshow typical changes in the amplitude of the discrete
fields may be obtained, not only in passive measurementseaks of the spectrum in the output channel as a function of
(see, for instance, Refs. 1}8f current modulation at its the frequencyfs (Fig. 1b and powerPg (Fig. 10 of the
confining electrodes or of the radiation emitted by the eleccontrol signal. These measurements indicate first, that the
tron cloud, but also by active probing with specially gener-axial oscillations of the space charge may be controlled by
ated rf signalé. Here we continue our experimental investi- the generated rf fields and second, that there is a relation
gation of the action of external rf signals on the oscillationsbetween the parasitic oscillations of the amplitron and the
of the space charge in crossed fields. collective processes in the cathode liner of the electron

The measurements were made using a high-powetloud.
pulsed amplitron with a secondary-emission cathode in the The data obtained indicate that the spectrum of the am-
decimeter wavelength range. The amplitron was triggered bplitron output signals is considerably more strongly influ-
an input signal at frequendy from an auxiliary magnetron. enced by the large-amplitude multifrequency signals. The
Control signals were generated by axisymmetric rf fields inspectra were recorded with a delay relative to the begin-
the end part of the interaction space in the ampliftdie  ning of the multifrequency signal pulse, which varied in the
studied the action of harmonic signals having a time-constamange 56= 74=<500 ns. Figure 2 shows typical spectra of the
amplitude and poweP, up to approximately 600 W in the output signal recorded without a control sigiiilg. 29 and
frequency range 1G9f,<600 MHz, and also of time- for the maximum signal,,-=10 kV (Fig. 2b. It can be
decaying multifrequency signals whose typical form isseen that under the action of the multifrequency signals os-
shown in Fig. 1a. The maximum amplitude of the multifre- cillations are observed in a wide frequency bafig<f
guency signalye was 10 kV and its duration did not ex- <2.5f; and their amplitudes\; are close to the amplitud&,
ceed 50 ns. Changes in the amplitude-frequency characteriat the frequencyf;. The ratioA;/A; varies comparatively
tics of the natural space-charge oscillations in the cathodéttle for 100-150 ns after the end of the multifrequency
region of the amplitron and also in its rf exit channel weresignal and only then decays rapidly in time. For a fixed delay
monitored under the action of the control signals. The specs0< r4<100—-150 ns, the amplitudes; of the signals in-
tral characteristics of the oscillations were determined bycrease with increasing e over the entire frequency range
Fourier analysis of single time realizations of signals off;<f=<2.5f;. Figure 2 shows typical changes in the average
~5-50 ns duration using a method described in Ref. 4. Thisalues ofA;/A; for a series of frequency intervals 500 MHz
procedure allowed us to identify changes in the “instanta-wide in the range between 1.5 and 6.0 GHz, as a function of
neous” spectra of the anode current pulse of the amplitron ahe delay 7y (Fig. 29 and the amplitude of the multifre-
various times. quency signalFig. 2d. Estimates of the absolute power val-

It was established that the action of the harmonic signalsies show that in the typical amplitron operating regime
is a threshold proces@oticeable forP¢=50-100 W and B=0.12 T,U,=13.5 kV, when the output power in the ab-
most strongly influences the spectrum of space charge oscitence of the control signal By~ 30 kW, the application of
lations at discrete frequencies of similar value or multiples ofa multifrequency signal, redistributing the rf energy over the
the characteristic frequencie§, of its so-called axial spectrum, more than halves the specifier unit frequency
oscillations™* The nature of the action varies negligibly dur- interva) power at the frequency;. In this case, the total
ing the entire anode current pulse. Either a decrease or gower is increased 1.5-2 times in the entire rafige.5f; .
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change in the amplitud& of the parasitic signal in the output channel at in the range between 1.5 and 6.0 GHz:— 1.5-2.0 GHz,2 — 2.0-2.5
frequencyf~0.92f; as a function of the frequendy, of the harmonic con-  GHz, 3 — 2.5-3.0 GHz,4 — 3.0-3.5 GHz,5 — 3.5-4.0 GHz,6 —

trol signal, measured at maximum powRy; ¢ — change in the amplitude ~ 4:0—4.5 GHz7 — 4.5-5.0 GHz8 — 5.0-5.5 GHz, an@ — 5.5-6.0 GHz.

A of the parasitic signals in the exit channel at frequentie®.92; (1) and

0.93; (2) as a function of the powePg of the harmonic control signal

measured at frequenciés: 1 — 140 MHz,2 — 560 MHz. The character-

istics in Figs. 1b and 1c were measured for the magneticiel®.1 Tand  they suggest possible ways of using this effect to develop

the anode voltage),=10.5 kv. high-power, broad-band sources of noise signals.

Under these conditions, the electronic efficiency of an am-, _ _ . _

plitron with a multifrequency output signal was 35%. S-hG-Ilssom',”smeeg“r_es ;”;BM'T(V%WES"? 'tE'eCtS’f’:'CG::JO‘_mh _\tN";ter
. . . . . chool/seminar 1or Enginegrssoo , Saratov ate university Press,

Thus, these mvestlg_atlons indicate that the_ output POWET g, ratov(1978, pp. 119-138.

spectrum of the amplitron becomes substantially more com=2s. a. Levchuk, G. G. Sominskiand S. V. VoskresenskiPis'ma Zh.

plex and a large-amplitude multifrequency wide-band signal Tekh. Fiz.14, 1194(1988 [Sov. Tech. Phys. Letl4, 523(1988)].

is efficiently formed under the action of the multifrequency ~S- A. Levehuk, and G. G. SominskiPisma Zh. Tekh. Fiz16(10), 1

ignal. As far as we are aware, these data demonstrate for t 1990 [Sov. Tech. Phys. Letl6, 362(1990]

s_lgnq. ' : . V. Arkhipov, L. Yu. Bogdanov, S. V. Voskresen$kiS. A. Levchuk,

first time that the nonautonomous electron-oscillator system o. 1. Luksha, and G. G. Somingkilzv. Vyssh. Uchebn. Zaved. PrikI.

of a device of the magnetron type becomes randomized un-Nelin. Dinam.3, Part 1, No. 4, 41; Part 2, No. 5, 35995.

der the action of a nonharmonic signal. These results are N}, jated by R. M. Durham

only of purely scientific but also of practical interest, sinceEdited by Steve Torstveit
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Temperature dependence of the ion yield in electron-stimulated desorption
S. Yu. Davydov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted June 11, 1997
Pis'ma Zh. Tekh. Fiz23, 90—94(October 12, 199y

A relaxation model of electron-stimulated desorption is used to derive an analytical expression
for the temperature coefficient of the yield of ions desorbed by a reverse-motion
mechanism. An analysis is made of the thermal vibrations of adatoms with a temperature-
dependent amplitude. The results of the calculations performed for the desorptiort ébiéa

from the surface of a silicon monolayer deposited on a tungsten substrate show good
agreement with experimental results. 1®97 American Institute of Physics.
[S1063-785(107)01710-2

The influence of the temperatufeon the ion yieldq in =104 K1, i.e., we shall only analyze reverse-motion de-
electron-stimulated desorption has been examined in relssorption. To be specific, we shall discuss the Na—Si/W sys-
tively few publications: and the mechanism responsible for tem.
the dependencg(T) remains unclear. In a series of experi- From the point of view of the theofy’ reverse-motion
mental studie$;* the authors examined the role of tempera-desorption only differs from the direct process in having a
ture effects in the electron-stimulated desorption of positivenonzero initial velocityv = y2B/M acquired at the reverse
ions of alkali metalfM™ = Li*, Na") from the surface of stage and produced as a result of the short-lived repulsion of
tungsten and iridium ribbons coated with a silicon monolayetthe electron shells of silicon and sodium ions
(M=Si/W,Ir). The experiments demonstrated that the ionV e,=B exg —p(r—ro)/rol, whereM is the mass of a Na ion,
yield only exhibits a strong temperature dependence wheny is its equilibrium position relative to the surface of the
reverse motion of the desorbed ion in the direction of thesilicon film, p=bry, andb is the characteristic reciprocal
substrate(Antonevich mechanism is observed at the first length of the Born—Meyer potential. In the limit of low ini-
stage of desorption. Then, the temperature coefficient of theal velocitiesMv3<V, Mv3<W(2W—V)/2V, the probabil-
ion yield in electron-stimulated desorption, defined as ity T(E) of observing a desorbed sodium ion of enefgy

alng has the form
= (1)

’}’— ) —~
aT f(E)=f(E)-K,
has a value in excess of 18 K™%, which is an order of SVVI2E
magnitude higher than the value ¢fwithout this reverse f(E):ex%_ r_O, /#}
motion. A theory of the temperature dependence of the ion W(2W-V)
yield in electron-stimulated desorption was developed by the
K:exp{

author in Refs. 6 and 7 using a previously proposed relax-
ation model(or a local field modél® It was proposed that the
temperature influences the amplitude of the adatom vibra- |, .o\\= 4zlzze2d/r(2) is twice the repulsion energy of a
tions, which was equated to the rms displacement of th‘FxIa* ion with the chargez,=1 on one side of a dipole
adatomy/(Ar)?=T. The results of the calculations agreed ¢, ma by a Si ion with the chargg>0 and its image in the
satisfactorily with the experimental datg for both diréeith metal,V= z§e2/2r0 is twice the energy of attractiowith the
no reversgand reverse-motion desorption. - opposite sighof a Na" ion to its image, and- is the char-
The expressions fay(T) and y obtained in Refs. 6 gnd acteristic lifetime of a two-hole state at a silicon ion
7 are extremely cumbersome and are not very convenient fqrg 104 5). Note that the expression given for the function
immediate use, even though they only allow for changes ir}(E) i strictly speaking only valid for energi&— E,,=0
the Iength of the alkali metal—silicon adsorption bond and(this equality is Only satisfied fd\’/lvg<V (Ref D although

assume the charge at the silicon atom to be fixed. This lag{ 4y he used for approximate calculations of the ion yield
condition is not usually obvious: for instance when coppera in electron-stimulated desorptioftdere and subsequently
group metals(and also nickel and palladiunare adsorbed ' '

on the(110) surface of tungstefithe temperature coefficient t[he tilde indicates values referring to the case-0). The

of the adatom dipole mome@=p~*(dp/aT) is of the or- 10N yield g, defined as
der of 10% K™, mainly as a result of a change in the ada-

G- |

E

2

Emax
tom chargé. Allowance for this factor in the theory of the dE- (E—Emin) Y?f (E), 3)
temperature dependence of the electron-stimulated desorp- min
tion ion yield, although not fundamentally difficult, makes has the form
the formulas even more complex. We shall proceed differ-
ently, allowing only for effects with a temperature coefficient ~ q=gK, 4
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where the cofactory corresponding to the ion yield in value of 5(in molecule$® and solid$* p varies between 3
electron-stimulated desorption fop=0 is not important to and 10, we obtain the average=3.16 which is almost the
determine the temperature coefficiept(see formula(l)). same as the experimental vafuddowever, it should be
The maximum kinetic energy achieved by a desorbed atom igoted that as the temperature increases from 300 to 600 K,
Emax=(Mv§+W—V)/2, which follows directly from the rel- the theoretical value of decreases approximately by 20%.
evant conservation law. In the experiments® the temperature variation of the Mon

If we now take into account the vibrations of the adsorp-yield was approximated by a straight line. We propose that
tion system associated with the change in length of thdurther experimental investigations are required on this point.
silicon—sodium bond in the period preceding desorption, To conclude, we note that for high initial velocities sat-
then, as discussed in detail in Ref. 7, the initial veloeity isfying the conditionv u§>v, the ion yield does not depend
varies aswg—vo(1+ 1pé cosd), where é=Ar,/r, is the Ohvg since all the ions go to infinity. This is accompanied by
relative amplitude of the Naion vibrations, ands is the @ sharp drop in the temperature coefficient of the ion yield,
random phase of the vibrations. Averagikgs) over 8, i.e., Which has values ofy=10"* K™* typical of direct desorp-

performing the integration tion. Thus, there is a maximum of for a certain initial
”r velocity. However, it is unclear whether there are systems
<K>:(1/2W)f ds-K(8), (5) where the ion acquires a velocity satisfying the above in-
0 equality at the reverse desorption stage. The difficulty here is

that the reverse desorption stage cannot be investigated ex-

and substituting the resulting expression into for we .
g gexp e perimentally.

obtain . .
This work was carried out under the program “Surface
q=q-K-ls(apé), Atomic Structures.”
a= Uo—ro (6) 1V. N. Ageev, O. P. Burmistrova, and Yu. A. Kuznetsov, Usp. Fiz. Nauk.
T(2W—-V)’ 158, 389 (1989 [Sov. Phys. Usp32, 588 (1989].

. . . . 2v. N. Ageev, O. P. Burmistrova, A. M. Magomedov, and B. V. Yakshin-
Herely is a zeroth-order Bessel function of an imaginary skii, Fiz. Tverd. TelalLeningrad 32, 801 (1990 [Sov. Phys. Solid State

argument? It was shown in Ref. 6 that the parameemay 32, 472(1990].

; ; _ 3V. N. Ageev, A. M. Magomedov, and B. V. YakshingkFiz. Tverd. Tela
.be estimated using the formutd 3(kBT/.Edes)’ W_hereEdeS (Leningrad 33, 158(1991) [Sov. Phys. Solid Stat83, 91 (1991)].
is the desorptlon energy of a SOd'um_ on d{]_{,i is Boltz- 4V. N. Ageev and B. V. Yakshinski Fiz. Tverd. TelaSt. Petersbung37,
mann’s constant. We then have a simple formula for the 483 (1999 [Phys. Solid Stat&7, 261(1995].

temperature coefficienty of the ion vyield in electron-  °P.R. Antoniewicz, Phys. Rev. Bl, 3811(1980.
stimulated desorption. 6S. Yu. Davydov, Zh. Tekh. Fiz67(5), 109 (1997 [Tech. Phys42, 555

(1997)].
3kg |\ Y2 1,(apé) ’S. Yu. Davydov, Zh. Tekh. Fizin press.
y=(ap)- ) . , 7) 8. Kolaczkiewicz and E. Bauer, Surf. S&60, 1 (1985.
Edes! lo(apé) °S. Yu. Davydov, Surf. Sci364, 477 (1996.

. . . . . 10E, Jahnke, F. Emde, and F. $ah, Tables of Higher Functionssth ed.
where | 'g a ﬂrStforder _Bessel function of an imaginary (McGraw-Hill, New York, 1960 [Russ. transl., Nauka, Moscow, 1977
argument® Assuming as in Refs. 6 and 7 that=1.17 A, £ G. Nazarov and U. Kh. Rasulet{onsteady-State Surface lonization

ro=3.26 A, z;=1, we obtainW=6.34 eV andv=2.21 eV. Processegin Russiar, Fan, Tashkent1991).

. _ . 12y, N. Ageev and B. V. Yakshinski Fiz. Tverd. Tela(Leningrad 27, 99
Taking the valueE,,,=2.5 eV from the experimehtand (1985 [Sov. Phys. Solid State7, 57 (1985].

using the energy conservation law, we obtaip=0.19x 10° 133, Fligge, Practical Quantum Mechanic&Springer-Verlag, Berlin, 1971;
cm/s(note that the inequalities determining the low velocity Mir, Moscow, 1974.

reglme for Eq(z) are Va“d S|nCdv|US: 087 eV,V: 221 14C. Klttel, Introduction to Solid State Physlc§th ed(Wlley, New York,
eV, and the right-hand side of the second of the three in- 1976 Nauka, Moscow, 1978

equalities is 15 ey, Taking 7=10 1% s andE4.c=2.53 €V Translated by R. M. Durham

(Refs. 11 and 1R we obtaina=3.18. Taking a typicabp Edited by Steve Torstveit
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Thin-film electroluminescent structures on substrates with a diffuse-scattering
emitting surface

N. T. Gurin and O. Yu. Sabitov

Ulyanovsk State University
(Submitted 12 March 1997
Pis'ma Zh. Tekh. Fiz23, 1-7 (October 26, 199y

Results are obtained to demonstrate the significant brightness enhan¢bynarfactor of

3.5-5.6 of the output of thin-film ac electroluminescent emitters on glass substrates with a diffuse-
scattering emitting surface as compared with the conventional designs of such emitters on
“smooth” glass substrates. In principle, this advantage can help to solve the problem of
insufficient brightness of electroluminescent emitters for certain light colors, creating a

promising outlook for the fabrication of full-color, thin-film electroluminescent panel displays

with a high data capacity. €997 American Institute of Physid§1063-785(17)01810-7

One of the basic problems in the design of full-color, minophor layer was deposited by thermovacuum evapora-
thin-film, electroluminescence panel displays is still inad-tion, and the thin-film insulator layers were prepared by
equate brightness of the output from the red-light so@ape  electron-beam evaporation. The rough substrates were pre-
proximately 1/2 to 1/3 of the required brightngssd espe- pared by chemical etching of the smooth substrate in hydrof-
cially the blue-light sourcéapproximately 1/5 to 1/7 of the luoric acid. Two series of samples of the indicated structures
required luminancein the luminescence of thin-film elec- were investigated; all identical layers of the investigated
troluminescent emitters? We have shown earlier that one structures in each series were produced in a common pro-
way to enhance the brightness of thin-film electrolumines-cessing cycle. The two series differed in the way the struc-
cent emitters, with the potential for approximately doublingtures were formed, one by photolithograptseries 1 and
the luminance, is to use glass substrates with a roughenebe other by the mask technigugeries 2, and also in their
inner surface, on which the thin-film electroluminescentsubstrate etching regimes. According to the results of mea-
structure is depositeti* The brightness is enhanced by re- surements using an MIl-4 microscope, the rough substrates
ducing the radiation losses associated with total internal rehad microasperities distributed uniformly over the surface
flection and the waveguide effect attending the lateral propawith heights and linear dimensions of the order of
gation of radiation along the thin-film electroluminescent(0.8—1.5um on the outer surface and (0.6—1u0®h on the
structure, and also with the increased output of radiatiorouter surface of the glass substrate. The surface resistivities
from the structure due to the microlensing effé¢tOn the of the transparent electrode on the substrates were
other hand, a well-known technique for increasing the radia250-m/] for the substrate with the smooth inner surface
tion output from light-emitting diodéLED) structures is to and 400Q2-m/] for the substrate with the rough inner sur-
use a semiconductor crystal with a diffuse-scattering emitface.
ting surface The luminance—voltagB-V curves of the investigated

Accordingly, the objective of the present study is to in- structures were determined by exciting them with a sinu-
vestigate the feasibility of enhancing the brightness and rasoidal voltage at frequency 400 Hz, 1 kHz, and 5 kHz from a
diation output of a thin-film electroluminescent structure onGZ-56/1 audio oscillator source. The luminance was mea-
a glass substrate with a diffuse-scatteringugh outer sur- sured by means of a YaRM-3 luminance/illuminance meter
face. within 8% measurement error limits. A G5M goniometer

To solve this problem, experiments have been conductedias used to measure the radiation directivity pattern.
on thin-film electroluminescent structures in the form of A comparison of theB-V curves of the MISIM struc-
metal—insulator—semiconductor—insulator—metISIM), tures of series ZFig. 1) indicates that the maximum lumi-
metal—insulator—semiconductor—me{®ISM), and metal- nance in the saturation range of tBeV curves(at a voltage
semiconductor—insulator—-metdMSIM) structures, where of 160 V) at all frequencies using a substrate with a rough
M is the transparent first electrode, based on Sm@h a  outer surface is approximately 2.1 times higher than for the
thickness of 0.2um and deposited on a glass substrate ofstructure on a substrate with both sides smooth and 2.9 times
thickness 2 mm, plus an opaque, Al-based second thin-filmhigher than for the structure on a substrate with a rough inner
electrode of thickness 0.1om; S is a ZnS:Mn electrolumi- surface. The overall increase in the luminance of the struc-
nescent layer of thickness 0.80-08B; | is a ZrO,XY,0;  ture on a substrate with both surfaces roughened in compari-
(13 mass % insulator layer of thickness 0.2—0udn, all  son with the structure on a substrate with both surfaces
deposited on a smooth substrate, on a substrate with a rougimooth is 3.5-fold. For samples of the first series the corre-
inner surface and a smooth outer surface, on a substrate wigponding factors by which the luminance increases are 4.1,
a rough outer surface and a smooth inner surface, and on4 and 5.6. Close values of these luminance ratios are also
substrate rough on both surfaces. A transparent electrode wabtained for the MISM and MSIM structures in the corre-
formed on the Sn@by stannic chloride hydrolysis. The lu- sponding series of samples. Here the absolute values of the
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FIG. 1. Luminance-voltage curves of a MISIM structure at various frequencies and on various substrate types. a—5 kHz; b—1 kHz; ¢—400 Hz;
1,2—substrates with a rough outer surfa8gl—with a smooth outer surfacé;3—with a rough inner surface2,4—with a smooth inner surface.

maximum luminance of these structures is 1.2—1.4 timeshe lowest value of the exponent=0.23. These results in-
lower than the luminance values for an MISIM structure atdicate the significant influence of multiple reflections of ra-
the corresponding frequencies, consistent with publishediation in the substrate on the final output of radiation emit-
data. ted from the structure.

The threshold voltages corresponding to the onset of lu- The radiation patterns of MISIM structures of series 1
minescence at a luminan8e=1 kd/n? for structures on sub- and 2(Fig. 2) broaden considerably in transition from struc-
strates with a rough inner surface are 10—-15 V lower in eviures on a substrate with a smooth outer surftoe angle of
ery case than for structures on substrates with a smooth inngrew, measured from the point where the luminance begins
surface. to drop, is equal tay;=76—-90° for structures on a substrate

The abrupt rise of the characteristic curves for samplesvith a smooth inner surface ang=86—-100° for structures
of series 2 on substrates with a smooth inner surface have tten substrates with a rough inner surfade structures on
largest slope, approximated by a power law with exponensubstrates with a rough outer surfacg€104-128°). The
n=19-26, in comparison with structures on substrates havanalogous angles of view estimated at the half-maximum
ing a rough inner surfacenE& 12—18); these results differ luminance level arey,=144-156°, y,=158-164° and
somewhat from those obtained previousfyThe slope of y;=170-177°. The shape of the radiation patterns corre-
the steep segment depends slightly on the type of structuresponds to the diffuse transmission of light through a trans-

The curves of the luminand® as a function of the fre- parent substrate with one or two scattering surf4ces.
guencyf of the exciting voltage, measured in the frequency  Other results can be explained as follows.
range 400 Hz-5 kHz, become straight lines in log—log coor-  The significant increase in the maximum luminance of
dinates lo®(logf) for all the investigated structures with structures on substrates with a rough outer surface most
their various types of substrates. In the saturation range dikely admits an interpretation similar to that for structures
the B—V curves the values of the exponenbf the indicated  on substrates with a rough inner surf4deging attributable
laws for all the investigated structures are close to one arto abatement of the radiation losses associated with total in-
other and fall within the limitsa=0.65-0.75, consistent ner reflection and to microlensing, which has the effect of
with Ref. 4. On the other hand, where tBe'V curves rise increasing the radiation output from the substrate. The low-
abruptly « is a maximum @=0.64) for structures on a sub- ering of the threshold voltage of structures on substrates with
strate with two smooth surfaces and decreases for a structuge rough inner surface at a fixed threshold luminance
on a substrate with a rough inner surface and a smooth out¢B=1 kd/nf) is caused both by an increase in the electric
surface @~0.43), in agreement with earlier results for field in the luminophor layer at the sites of microasperities
MSIM structures’. Structures on substrates with a smoothprojecting above the inner surface of the substrate and by
inner surface and a rough outer surface hawve0.32, and increased radiation output from the substrate. The decrease
structures on substrates with both surfaces roughened hawethe slope of the steeper part of tBe-V curves for struc-
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FIG. 2. Radiation patterns of MISIM structures in se-
ries 2 at a frequency of 5 kHZ,2—substrates with a
rough outer surface3,4—with a smooth outer surface;
1,3—with a rough inner surface2,4—with a smooth
inner surface.

tures on substrates with a rough inner surface is attributableescent emitters, affording new prospects for the fabrication
to the scatter of thé—V curves of individual microscopic of full-color, thin-film electroluminescent panels with a high
zones of the luminescing surface of the emitters due to thdata capacity.

scatter of the microasperity dimensions. The same cause ac-

counts for the milder slopes of the luminance-frequency*S- Tanaka, H. Deguchi, Y. Mikangt al, in 1986 SID International Sym-
curves for structures on substrates with a rough inner surface.E’(%fl'(unl’égsgnpg'ezggo_’scza"f" Digest of Technical Papdiss. 6-8(New

On the other hand, the maximum luminances in the saturazy; A’ viasenko,Electroluminescent Data Logging DevicEs Russian

tion range of theB-V curves for all the structures have iden- (Obsch. Znanie, Ukraine, 1991

tical frequency dependences and are governed by saturatiosrﬁ\‘- T. Gurin, O. Yu. Sabitov, and I. Yu. Brigadnov, Pis’'ma Zh. Tekh. Fiz.

. . . . . 23(15), 7 (1997 [Tech. Phys. Lett23, 577(1997)].
of the density of excited luminescence centers in the Iuml"‘N. T. Gurin, O. Yu. Sabitov, and V. V. Uryadnikov, Proceedings of the

nophor. Third International Scientific-Technical Conference on Critical Problems
In summary, the application of substrates with diffuse- in Electronic Instrumentation, ARE96[in Russian, Vol. 1, No. 11(No-

scattering emitter surfaces in electroluminescent emitters sigzV0sibirsk, 1996, pp. 20-22. ,

ificantly enhancesby a factor of 3.5-5)5the radiation D. Z. Garbuzov, N. A. Tunitskaya, V. G. Agafonat al, Fiz. Tekh.
ni y ’ y o ) Poluprovodn15, 1498(1981) [Sov. Phys. Semicond.5, 868(1981)].
output and the brightness of electroluminescent emitters, parém. I. Krivosheev and A. K. KustarevColor Measurementfin Russiar)
ticularly in combination with substrates having a rough inner (Energoatomizdat, Moscow, 1980
surface and, in principle, solves the problem of insufficient, ., by James S. Wood

brightness of individual colors in the output of electrolumi- Edited by David L. Books
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Influence of transient behavior on the determination of the energy confinement time
in a tokamak

M. V. Andreiko, L. G. Askinazi, V. E. Golant, V. A. Kornev, S. V. Lebedev, L. S. Levin,
and A. S. Tukachinskit

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted 10 June 1997
Pis'ma Zh. Tekh. Fiz23, 8—13(October 26, 1997

The disregard of fast processg@sg., theL—H transition in a tokamak plasma can lead to large
errors in the determination of the energy confinement tighe A major upgrade in the
electromagnetic diagnostic system for the analysis of plasma parameters and in the collection
system has made it possible to take into account the influence of the transient character

of the radial profile and the value of the plasma curignas well as the stored energy on the
determination ofrg from diamagnetic measurements and to investigate fast processes
involved in theL—H transition. The energy confinement timg is calculated from the equation
7e=W/[Upl p—d/dt(L13/2)—dW/dt], whereUy is the plasma loop voltag®/), | p is

the plasma currentd), andL is the total internal inductanadd). The total inductancé of the
plasma column has been determined from measurements of the qu&tity/2, where

B, is the ratio between the gas-kinetic pressure and the pressure of the poloidal magnetic field,
andl; is the internal inductance. The inclusion of transient behavior in the determination

of ¢ from diamagnetic measurements gives a correction of up to 50%19€Y American
Institute of Physicg.S1063-785(07)01910-1

The failure to allow for fast processés.g., variations in W
the energy content, current, or inductance of the plasma 7e1=p -
loop) can lead to sizable errors in the determination of the nput
energy confinement time: in a tokamak. The correct treat- Upgrades of the electromagnetic diagnostics and collec-
ment of all the derivatives is not a simple problem, owing totion system and the processing of experimental “dagve
the difficulty of accurately computing all the necessary quanmade it possible to assess the influence of the transient be-
tities. havior of the radial profile of the plasma current density, the

The objective of the present study of the TUMAN-3M current, and the stored energy on the determinationof
tokamak is to determineg with allowance for the transient from diamagnetic measurements, and also to investigate fast
character of the kinetic and magnetic energies in a regimgrocesses attending te-H transition.
with transition to the ohmi¢i mode and to compare with the Measurements of the diamagnetic effect are used to de-
calculation of ¢ on the assumption that these energies aréermineW anddW/dt in Egs. 3—(3). The total inductancé
time-invariant. of the plasma filament is calculated form the equation

When the magnetic energy of the current-carrying loop R\ 3 b\ I

In(86>—§+ln a) + E

and the thermal energy of the plasma are taken into account, L= yugR
equation where uo=1.26x10"% H/m, R is the large radius of the

the energy confinement time is determined from the
plasma filamenta is the small radius of the plasma filament,

W b is the distance from the sensor to the center of the plasma

Pinpui— d/dt(L12/2) —dWidt’ @ filament, and; is the internal inductance. The internal induc-
tance is determined from measurements of the equilibrium

whereW is the thermal energy stored in the plasiBa,is ~ Parameters,+1;/2 (Ref. 3 on the basis of the relation
the power input to the plasma from all external sourcesB = (4/3)uo(W)/Bj(a). The signals from the Rogowski
(without auxiliary heating methodB;,=1pUp, L is the loop, the diamagnetic loops, the flux loops, and the gradient
inductance of the plasma loofy, is the plasma current, and sensors, all of which are necessary for determining these
U, is the voltage on the sensing loop. When the variation ofjuantities, are recorded and processed by the data collection
the magnetic energy can be disregarcﬂelddt(Llé/2= 0], system.

()

: 4

TE3™

the energy confinement time is given by the equation The measurements are performed in discharges with
transition to the ohmid4 mode? which is characterized by
w fast variations ofW andl;. Figure 1 shows the time varia-

TE2T ol p—dWidt @ tions of the main plasma parameters in the transition to the

ohmic H mode on the TUMAN-3M tokamak. Figure 2
Finally, in the quasisteady-state cage/dt(L13/2)=2, shows the time variations of various terms in the denomina-
dW/dt=0] Eqg. (1) reduces to tor of Eq. (1) (heating power and the derivatives of the mag-

778 Tech. Phys. Lett. 23 (10), October 1997 1063-7850/97/100778-03%10.00 © 1997 American Institute of Physics 778



8 300
6 -
>
3 4 P]_
o 200
2 -
0 -+t } e —————+ {
150 E "'l i
- 100 qpd il P
o f vin Ch. 2
< 100 'ﬂ% ll' e,
£ 'l\h\“ IK}I‘A l‘l S .
L T O I Rl
T T H
s
i !
] ﬂ, ! lvill |||" 1 /V"l}
LT . 0,
. Pyl '..MI‘.,JM IRTTRLTEN
£ ey [T
b -100 . . i 1 I 1 uu‘m 10 il
> T
e 50 55 60 65 70 75
z
t, ms
5 FIG. 2. Time variations of various components of the magnetic heating and
1800 : derivative of the stored energy in the discharge with transition to the ohmic
o : H mode:P;=Up-1p; P,=dW/dt; P;=d/dt(LI2/2).
Z 1200
600 |
0 o~ . ; netic measurements in various stages of the discharge can
S T i ) .
0
20 30 0 50 60 70 go  Yield a correction up to 50%.

t ms We have observed that the variation of the magnetic en-

FIG. 1. Time variations of the plasma parameters in the TUMAN-3M toka- €rdy as a result of the reshaplng of the current proflle can
mak: plasma loop voltagllp, current in the plasmép, chord-averaged  significantly influence the energy confinement time. In par-
electron densityN,, and stored energW. The transition to the ohmiél

mode takes place at the tintes 55 ms.

netic and stored energiesClearly, after transition to the 20
ohmicH mode ¢~ 62 m9 none of the terms can be ignored.
Figure 3 shows calculated curves of the energy confinemet
times. The first curve4g,) is calculated without regard for
transient behaviofaccording to Eq(3)]. The second curve
(7g,) is calculated with allowance for the time variation of
the stored energW [according to Eq(2)]. The 7g5 curve is
plotted with allowance for botldW/dt and the variation of
the magnetic energyd/dt(LIE,/Z). Before the transition to
the ohmicH mode ¢<55 mg the main factor contributing to
the disparity of the calculated energy confinement times it
the variation of the magnetic energy due to the increasing
plasma current. After the transition to the ohniic mode
(t=62mg the energy content rises abruptly at a fixed 5
plasma current and, accordinglyg, differs considerably

from 7g,. However, allowance for the variation of the mag-

netic energy due to variation of the internal inductance can

15

[2}
E_ 10
35
(%)

cels the influence oW/ dt, and rg1~ 7g3. After 62 ms the 0 . — - T
differences betweeng,, 75, and r; are attributable to the 50 56 60 65 70 75
variation of d/dt(LI,%/Z) as a result of the decay of the t ms

plasma current, andz3 becomes smaller thar:, and 7.

The reportet_j mea_lsurements _and Calcu'_atlo_ns have thlf—@G. 3. Calculated energy confinement times in the discharge with transition
shown that the inclusion of transient behavior in the detery the ohmic H mode: 7e,= (W/Po) . eo= (WIUp-1p—dWidt) ,

mination of the energy confinement timg from diamag-  rgs= (W/Pjp— d/dt(L13/2)—dW/dt).
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density substantially increases the power input. This phe-
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Fiber-optic detector using a mid-infrared diode laser and an acoustooptic modulator
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Stus’, and G. N. Talalakin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted 10 June 19%7
Pis’'ma Zh. Tekh. Fiz23, 14—-18(October 26, 1997

Data are given for an infrared detector based on a semiconductor injection laser, which operates
at a wavelength of 3.3m and is coupled by a chalcogenide optical fiber to an acoustooptic
modulator made from an amorphous Si—Te alloy. The beam modulation coefficient reaches 70%
for a pulse duratiorz 0.3 us, making the detector well suited to gas-analysis applications.

© 1997 American Institute of Physids$1063-785(07)02010-7

The detection of gases by optical and acoustical spectranodulated as a result of Bragg diffraction by an ultrasonic
scopic methods is most efficient in the middle infrared regiorwave. In earlier work we have obtained unprecedented re-
of the spectrum (3—mm), which encompasses the absorp- sults using this modulator in conjunction with a CO gas la-
tion bands of many substances and for which injection laserser. Here we use an He—Ne laser to investigate the acous-
and light-emitting diode$LED’s) have now been developed tooptical properties of this alloy at wavelengths in the
with sufficiently high power output and long service life. vicinity of A=3.39um. The measured acoustooptic@lof
However, the inventory of optical signal modulating devicesthe material in the investigated range is slightly lower than at
for the middle IR region is limited, and this consideration A=10.6 um. For this reason the percentage modulation of
attaches special importance to data on high-speed amplitudee He—Ne laser reaches90% at an acoustic power of just
modulators and sensors with potential applications in the fre0.85 W.
quency band normally used for the optoacoustical analysis of Our investigations have shown that the Si-Te alloy
gaseous media. acoustooptic modulator is also highly effective for the con-

The radiation source is a diode laser with a broadtrol of a semiconductor laser in spite of its pronounced beam
1000x 150um contact utilizing an InGaAsSb/InAsSbP spreading. This asset is a consequence of the high refractive
double heterostructure prepared by liquid-phase epitaxy on i@dex of the Si—Te alloy if=3.3), which significantly re-
highly plastic InAs substrate. duces the beam spreading in the acoustooptic cell and en-

The power—current curves of the investigated |ayer§lances the efficiency of interaction. The latter quality in
have the usual profile for double-heterostructure lasers;ombination with optimum dimensions of the acoustic cell
where the differential quantum efficiency at 77 K attains(2X3 mm) and an optimum acoustic frequen@yl H2) has
30%, and the external quantum yield#20%. The radiated
power attains 0.25 W in pulsed operationl at10l, (multi-
mode regimg and 6 mW in continuous-waveéCW) opera-

. 100 +———+ 7
tion atl=2ly,. -

The measurement apparatus includes a cryostat with % [ { m
built-in laser, which operates at a wavelength of 2r8 and | - : 1
tooptic modulator, a gas cell, and a cooled InSb photodiod: I ‘m :
with a sensing area of ®80.5 mm. The fiber was produced ] Cm :

at the Institute of High-Purity Materials of the Russian Acad- 60
emy of Sciences and has losses at the 50-dB level. For a fibi . ; :
1 m in length the power of the light pulse£5 us) at the i ‘e
output end is~40 mW. The analogous laser is tunable in the L
wavelength interval 3.28—3.34m without any appreciable 40 I
fluctuation of the radiated power, and we have used it previ A :
ously for the detection of hydrocarbofidhe transmission - o : :
spectra obtained by means of the laser for methane—nitroge 4 I USSR S S
mixtures(1% and 2% Ck) have a minimum in the vicinity e i : 1
of the fundamental absorption bandnat 3018.9 cm %, pro-
viding a means for the discrimination of methane from other S N T N
substances. . o %000 20 40 60 80 1.00

An acoustooptic modulator of our own design using an w
amorphous Si—Te alloy is used to modulate the laser bean..
A piezoelectric transducer transmits an acoustic wave into g, 1. percentage modulation of two laser beams vs acoustic power. 1—
cell of dimensions~5X5X5 mm. The optical radiation is Gas laser; 2—semiconductor laser.
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! : FIG. 2. Profiles of the light pulse for various acoustic pulse
durationsr,. and delay times, of the acoustic pulse rela-
tive to the light pulse: a—,;=0 us, 7,=0 us; b—r,.=4
us, 7,=0 us; c—74c=1 us, 7,=4 us; d—r,=3 us, 7,=1
©S. The grid spacing corresponds tqu8.

..... b d

enabled us to attain acoustooptic modulator parameters clod®n detectors using IR LED’s is the high radiated power
to those obtained in the operation of this modulator with theoutput of the source and the high efficiency with which the
highly directional He—Ne laser, as is evident from Fig. 1,light beam is coupled into the fiber in both pulsed and CW
without the application of additional focusing optics. operation of the source.

Measurements performed at laser currents of 0.6—1 A To summarize, we have demonstrated the efficient
and repetition rates of 60—100 Hz have shown that thenodulation of a light beam at a wavelength of a8 di-
propagation of an acoustic wave into the acoustooptic modwerging from the end of an optical fiber; this effect can be
lator substantially lowers the level of the output radiation, asexploited in the design of fiber-optic detectors using diode
is evident from Fig. 2. The duration of the leading edge oflasers and acoustic or photon signal receivers to detect sub-
the modulation pulse is=0.3 us, which permits the gen- stances whose absorption bands lie in the middle IR region
eration of relatively short light pulses with durations as shortof the spectrum.
as lus. In closing, the authors are indebted to Midaraliev for

The required time interval can be defined by varying theassisting with the fabrication of the lasers and to M. F. Chur-
delay time of the acoustic pulse relative to the light pulsebanov for furnishing the fiber sample.

(see Fig. 2 This feature is important at high injection cur- This work has been supported by the Ministry of Scien-
rents, when the radiation wavelength varies within the limitstific and Technical InstructiofMNTP) “Optics and Laser
of the pulse as a result of current-induced heating of thé>hysics” Program.

laser. A short “monochromatic” radiation signal of the re-

quired wavelength within the limits dictated by pulsed heat-

ing of the laser can be segregated by using the acoustoopticr_ S. Argunova, R. N. Kyutt, B. A. Matveeet al, Fiz. Tverd. Tela

modulator for additional modulation. (St. Petersbupg36, 3071(1994 [Phys. Solid Stat@6, 1633(1994].

In some cases the same laser can have wavelength turdM. Aidaraliev, N. V. Zotova, S. A. Karandashast al, Infrared Phys.
ing of opposite signs in pulsed and CW operation. In this ,Technol.37, 83 (1996. .

9 tthpp dul tg d p'b d ab tF)) dt t iiu. V. llisavskii, L. A. Kulakova, B. T. Melekh, and EZ. Yakhkind,

event the modulator described above can be used to extentys; zh.40, 307(1994 [Acoust. Phys40, 279 (19941,
the spectral range for the analysis of substances. 4S. McCabe and B. D. MacCraith, Electron. Le28, 1719(1993.

The detector described here can be used to detect methid. W. Chey, P. Sultan, and H. J. Gerritsen, Appl. Q. 3192(1987.
ane and other hydrocarbons having an absorption peak af, . ited by James S. Wood

3.3um. The advantage over optiéand acoustithydrocar-  Edited by David L. Books
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1.94-um light-emitting diodes for moisture-content measurements
A. A. Popov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted 6 March 1997
Pis'ma Zh. Tekh. Fiz23, 19-25(October 26, 1997

High-power light-emitting diodes are demonstrated; they are characterized by a quantum
efficiency of 5.5%, utilize a symmetric GaAlAsSb/GalnAsSb/GaAlAsSb double heterostructure,
have a spontaneous-emission maximum at a wavelength ofulr@4nd operate in the
temperature range from 80°C to +60°C. A continuous-wave optical power of 3.7 mW and a
peak optical power of 90 mW in pulsed operation<(1-5 ms,f =1 kHz) are attained at

room temperature. The principal electrical and emission characteristics are giveh99®
American Institute of Physic§S1063-785(17)02110-]

The wavelength interval 1.8—-2/m is very attractive layers are grown with an Al content of 0.5&{=1.11¢e\)
for applications in the detection and measurement of moisand are doped with Te and Ge to concentrations of
ture content in various substanceBevices employing spec- (2—4)x10® cm™2 and (6—8)<10'® cm™2 for the N-type
tral detection methods and emitting in the given interval areand P-type layers, respectively.
promising for the construction of portable analyzers and mo- We have investigated circular mesa diodes prepared by
bile, fast-monitoring industrial instrumerfts.In particular,  photolithography and deep chemical etching into the sub-
instruments can be designed for the detection of moisturstrate. The total dimensions of the crystal of a single LED is
content in transparent and opaque materials such as pap&00x 500 um. The mesa diameter (3Q0m) determines the
wood, sawdust, various sheet materials, and food productsrea of the emitting surfaceSE7x 104 cn¥). The semi-
Their radiation sources can be semiconductor emitteist-  conductor crystal is mounted on a standard TO-18 casing. A
emitting diodes — LED)g whose spectral power density and parabolic reflector is mounted on the TO-18 casing in such a
efficiency surpass the analogous indices of thermal radiatioway that the emitting crystal is positioned at the focus of the
sources. Semiconductor LEDs with their narrower emissiorparabola, permitting the radiation from the diode to be colli-
line than thermal sources and the capability of direct electrimated in a(10—12° angle. The overall dimensions of the
cal modulation can be used to fabricate compact analyzeisED with the parabolic reflector are 9 mm in diameter and
distinguished by the absence of auxiliary optical filters ands.5 mm in length.
mechanical modulators. In the spectral interval 1.8—¢h® The electrical and spectral characteristics of the diodes
such LEDs are constructed from heterostructures usinfave been investigated by means of an apparatus assembled
strained layers of the compounds InGaAs/G&Rsf. 4 and from a standard synchronous detection circuit, an MDR-2
InGaAsP/InP, as well as GalnAsSb/GaSh solid solutitths. monochromator, and a GalnAsSh-based photodiode. The op-
The latter constitute the most attractive material, becausgcal power is recorded by an IMO-2M instrument.
they rely on the strict isoperiodicity of heterostructures with ~ The LED current-voltage curves exhibit typical diode
a low density of misfit dislocations and are distinguished bybehavior with a cutoff voltage of 0.50 V at room temperature
a heightened resistance to degradation. (T=300K) and 0.75V at liquid nitrogen temperature

In the present note we report the construction of high{T=77 K). The reverse leakage current is 0.8 mA at a volt-
power LEDs with a spontaneous emission maximum at age of 1 V. The reverse breakdown voltage is temperature-
wavelength of 1.94.m. They operate at room temperature sensitive and increases from 1.3V at room temperature to
or higher, and we have tested them in both continuous-wav&.9 V at liquid nitrogen temperature. The series resistance
(CW) and pulsed operation. In view of the outstanding futurewith forward bias is less tharn2.4().
potential of high-power LEDs for practical applications, our The spectral and power characteristics of the diodes have
primary concern lies in the characteristics of pulse-driverbeen tested with pumping in both the CW and the pulsed
LEDs, which are capable of attaining a high peak power inregime. The LED spectral characteristics at room tempera-
the middle infrared range at room temperature. ture are shown in Fig. 1. At room temperature the spectrum

The LEDs comprise a symmetric GaAlAsSb/ GalnAsSb/contains one emission band\£1.94um, T=300 K),
GaAlAsSb double heterostructure grown by liquid-phase epwhose position corresponds to the width of the band gap of
itaxy on ann-GasSl§100) substrate. The structure consists of the active zone Ey=0.64 €\). The maximum of the emis-
four epitaxial layers, with the active-GalnAsSb layerof  sion spectrum depends weakly on the injection current. The
thickness 0.7«m) contained between twd\- and P-  shift of the emission maximum toward longer wavelengths
GaAlAsSh wide-gap emitters. All the layers are matched bycan be roughly described by a rate of 0.05 nm/mA. The full
lattice period with the GaSb substrate. The active GalnAsSkvidth at half height(FWHM) of the emission spectrum is
layer is characterized by an indium content of 0.080.12xm. The width of the spectrum increases slightly with
(E4=0.64 eV and are doped with Te to a concentration ofthe pump currentfrom 0.12um at 30 mA to 0.14um at
(1-2)x 10" cm 3. The GaAlAsSb wide-gap confining 150 mA). The emission quantum efficiency is 5.5%.
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FIG. 1. Spectrum of the absorption of LED radiation by a water layer of 90 Y =
thickness 5um and CW spectrum of the LERlashed curveat room tem- i LED 19 s 7 .
perature. For both spectra the FWHM of the emitted radiation is @rb2 80 ; I B e =1 kHZz
and the FWHM of the water absorption band is O/08. The injection ’ i L) o L]
current is 50 mA(CW). - b
70 4 e
N
. - * =10 kHz
- C . . . 60
The minority-carrier lifetime is estimated from the rise % .
and decay times of the radiation when the pump current is = 50 e . J
switched. At room temperature it is of order20—25 ns. We 2 ° . X
note that this is sufficient for the majority of applications, S o Al
because it admits modulation at frequencies exceeding ther- S e e f=33 kHz
mal noise(5—10 MH32. On the whole, the spectral and elec- & 3 . N N—
trical characteristics are consistent with recombination in the - A
bulk of the active zone. 20 A
Upon cooldown to liquid-nitrogen temperature, the posi- 2
tion of the maximum of the emission spectrum shifts by 10 : :
0.19um toward the short-wavelength end, in good agree- ; V 2006
. A
me_nt with the temperature depenqlence of the ban(_j gap of the 00'0 05 1.0 s 20 25
active zone. As the temperature is lowered, the lifetime in- Injection current, A

creases slightly at first, but then decreases once again.
In CW operation the optical power output of the LED FIG. 2. Power-current curves of an LED at room temperatare— Peak

increases in the range of pump currents up to 150 mA. Th@ower vs repetition rate for pulses of fixed duration=(1 us); b — peak
power vs pulse duration for pulses with a fixed repetition rdte { kHz).

maximum CW power of 3.7 mW is attained for an injection : »
. The curve for a pulse duration of 500 ns and repetition rate of 1 kHz corre-

current of 150 mA. At 'hlgh CW currents the pOW?r'CU”em sponds to the maximum off-duty cycle. The highest peak power is attained

curve goes to saturation, owing to current heating of theat an off-duty cycle~103.

active zone. Our previous investigatidria the vicinity of

2.3um have shown that heating sets in at currents above
50 mA. Heating also plays a role in short-wavelength LEDs from room temperature to nitrogen temperature the emission

but its influence is manifested at higher pump currents. Th@eak shifts toward blue by 0.19m, which corresponds to
temperature behavior of the power-current curves has bedhe temperature dependence of the band gap of GalnAsSh.
investigated in the range from 80°C to+60°C. An analy- To diminish the influence of heating at currents above
sis of the power-current curves in this temperature range ret50 mA, investigations have been carried out in the pulsed
veals an exponential temperature dependence of the opticalmp regime. To investigate the pump regimes for which the
power output. As the temperature is lowered the power outmaximum pulsed radiated power is attained, the required
put increases, with a characteristic temperature of 80 K, anduantities have been measured as functions of both the rep-
the position of the emission maximum in this case shiftsetition rate and the pulse duration. Figure 2a shows the cur-
toward shorter wavelengths at an average rate of the order oént dependence of the peak power at a fixed repetition rate
0.28 nm/K. It is important to note that over the entire rangefor various current pulse durations. The measurements show
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that the power—current curves of GalnAsSb LEDs at highhaving a FWHM of 0.12um for moisture measurement ap-
pumping levels saturate for current pulses with durationglications. A CW optical power of 3.7 mW has been attained
greater than 50—100s. For shorter pulses the power outputfor diodes utilizing a GaAlAsSb/GalnAsSb/GaAlAsSb
of the diode increases as the current is increased up to 2 A. louble heterostructure. At room temperature it has been
this current range the slope of the power—current curves beshown that a maximum peak optical power of 90 mW can be
gins to change for any pulse durations and depends on thatained by pumping with pulses of duratienl -5 ms and
current amplitude. To maximize the peak power, we have repetition rate of 1 kHz. We have given the principal elec-
investigated the dependence of the power output on the reprical and emitting characteristics and optimized them from
etition rate at a fixed pulse duration ofuk. The results are the standpoint of spectral applications.
shown in Fig. 2b. The investigations show that saturation
begins to set in at frequencies of the order of 20—30 kHz.
The attained maximum optical power is 90 mW at 2 Ay 4,
and 1 kHz. The illustrated power characteristics exhibit theL. s. Rothman, R. R. Gamache, R. H. Tipping, C. P. Rinsland, M. A. H.
strong dependence of the optical power output of LEDs imithidD- C. BeTnn'ar. V. MLalf;:hxé Devi, J'QMF'e FAlaqu,hC- Camy-Peyret,
made from narrow-gap compounds on the off-duty cycle trbchc.) Rr:;gi.sfrahsf:f;Iiég'(légz)réwnY and R. A. Toth, J. Quant. Spec
(relative time between pulsgsf the injection current and the 2A. N. Baranov, Yu. P. Yakovlev, A. N. Imenkov, M. P. Mikhailova, A. L.
parameters of the pump pulse. We note that the GaAIAsSb/Klementenok, and V. Shutov, Paper 1r8].20 (1989.
GalnAsSh/GaAlAsSb semiconductor heterostructure is char>J. P. Cravder, S. D. Smith, T. Ashley, and C. C. Philipsstracts of the
acterized by large discontinuities of the conduction band, Inter_national Conference on Mid-Infrared Optoelectronics, Materials and
. . . . . Devices(Lancaster, UK, 1996
their magnitude being comparable with the width of the band+y; g murti, B. Grietens, C. Van Hoof, and G. J. Borghs, J. Appl. Phys.
gap of the active zone. Consequently, as has been showrvs, 578(1995.
previously’ the parameters of the injection current in such °A.- A. Andaspaeva, A. N. Baranov, A. Gusev, A. N. Imenkov, N. M.
heterostructures must depend strongly on the current heatindfg'ldl‘;q%;”a’?félgég'c[‘ggf;'kfgfﬁ.asgy:'“i_;ﬁ;aggfa‘gggi ma Zh. Tekh.
of the active zone. The actual temperature of the active zonea. popov, V. Sherstnev, Yu. Yakovlev, A. Baranov, and C. Alibert, Elec-
is a decisive factor in the acceleration of nonradiative recom- tron. Lett.30, 86 (1997.
bination processes in LEDs utilizing them and limits the at- 'N- M. Kolchanova, A. A. Popov, G. A. Sukach, and A. B. Bogoslovskaya,
tainable power. Semiconductor®8, 1137(1994.
We have thus created LEDs with 5.5% quantum effi-Translated by James S. Wood

ciency emitting at a wavelength of 1.94m with spectra  Edited by David L. Book
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Long-range effects in ion-implanted silicon—silicon-dioxide structures
A. P. Baraban and L. V. Malyavka

Scientific-Research Institute of Physics at the St. Petersburg State University
(Submitted 4 April 199y
Pis'ma Zh. Tekh. Fiz23, 26—31(October 26, 1997

The properties of electrically active centers formed in Si—S3@uctures as a result of argon ion
implantation in the oxide layer are investigated, along with the processes of defect formation

in the ion-implanted structures due to subsequent, less-energetic, exemalfield influences.

The investigations are carried out by electrophysical and electroluminescence methods in an
electrolyte—insulator—semiconductor system at room temperature. It is established that argon ion
implantation in the bulk of the oxide layer leads to the formation of electrically active

centers outside the zone of localization of the implanted argon ions, and a model of their formation
is proposed. ©1997 American Institute of Physids$51063-785(07)02210-4

lon implantation is of major interest both in regard to its intensities of these electroluminescence bands increase as the
utilization for fundamental research on amorphous materialargon implantation dose is increased td*€m 2 and then
and from the viewpoint of its broad technological applica-remains constant up to a dose off46m~2. It is important
tions in modern microelectronics. However, despite myriado note in this connection that etching of the oxide layer to a
investigations using a diversity of techniqudes there are thickness of 120 nm does not bring about any appreciable
still many vague issues surrounding the nature and propertieeduction in the intensity of the 2.7-eV electroluminescence
of defects encountered in Si—Si@tructures as a result of band, indicating that the luminescence centers responsible
ion implantation. The objective of the present study is tofor it are localized in an oxide layer of the corresponding
investigate the properties of electrically active centerghickness.
formed in Si—SiQ@ structures as a result of argon implanta- The investigations of the ion-implanted structures on the
tion in the oxide layer. We have investigated electrically ac-basis of the capacitance—voltage curves show that argon im-
tive centers formed in the structures by ion implantation,plantation O =10 cm ?) leads to the formation of an ef-
along with the processes of defect formation in ion-fective (without regard for the centrojdpositive charge in
implanted structures as a result of subsequent, less-energetibe bulk of the oxide layer and increases the total density of
external(e.g., field influences. surface states in the band gap of silicon due to the increased

The objects of investigation were Si—SiGtructures density of the continuous spectrum and to the emergence
prepared by the thermal oxidation of KE5 (100) siliconin  of a discrete density-of-states maximum located at
moist oxygen at a temperature of 950°C. The oxide layer ha®.30+0.05 eV from the bottom of the silicon conduction
a thickness of 250 nm. Argon implantatigdosage interval band. An increase in the implantation dose tends to decrease
D=10"-3.2x10' cm ?) was carried out on an Eaton the effective charge and further increase the density of sur-
Nova 4206 apparatus with cooling and a low beam density tdace states, particularly in the vicinity of the discrete maxi-
avoid heating of the target. The ion energy was chosen smum.
that the maximum of the distribution of implanted ions The layer profiling technique, based on the evaluation of
would occur in the middle of the oxide layer; the value of thethe flat-band potentiaM;,) as a function of the thickness of
maximum was 130 keV. The properties of the electricallythe oxide layer(Fig. 2), enables us to determine the true
active centers were investigated by means of an electrolytevalues of the charges formed in the bulk of the oxide layer
insulator—semiconductor system and procedures specialgnd to establish their localization zone and the positions of
developed for it: the electroluminescence method and eledhe centroids. The deviations &f, as a function of the
trophysical methods — field cycling and layer profiling — thickness of the oxide layer from a linear dependence in its
based on measurements of the rf capacitance—voltage curvester part are due to the charging of “biographicdpreex-
in the electrolyte—insulator—semiconductor sysfemll the isting) electron traps. It is evident from Fig. 2 that significant
measurements were carried out at room temperature. variations in the charge state of the ion-implanted structures

Figure 1 shows the electroluminescence spectra of accur in an oxide layer closer to the Si—SiBoundary than
comparison control structure and the ion-implanted SiSiOthe zone of localization of the implanted argon. An increase
structures. It is evident that ion implantation produces an the implantation dose together with a decrease in the total
strong electroluminescence band at 2.7 eV, which has begpositive charge causes the centroid of the latter to shift
shown previously to be associated with the existence of undeeper into the oxide layer. Subsequent field effects acting
saturated Si—-O bonds in the bulk of the oxide layén.  on the ion-implanted structures in the electrolyte—insulator—
addition, there is an observable increase in the intensity o§emiconductor systettiield cycling method) show that the
the electroluminescence band at 1.9 eV, whose presence amarge states of structures with= 10" cm™2 are essentially
the spectrum is attributable to the existence of silane groupsompletely stable and that a substantial positive charge
in the oxide layef. An analysis of the spectra shows that theforms in the bulk of the oxide layer for structures with
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and the migration of atomic and electronic excitations into
the depth of the oxide layer. The resulting changes observed
in the charge state of the structures as the implantation dose
~ is increased can be attributed to the emergence of charges of
1 both signs occupying different positions in space and having
different dependences of their magnitudes on the implanta-
tion dose. At low implantation doses a positive charge is
formed, its magnitude increasing with the dose and reaching
saturation at doses of 10cm™2. This behavior of the given
charge correlates with the behavior of the intensity of the
2.7-eV electroluminescence band, indicating that its forma-
tion can be tied in with the formation near the Si—§iO
boundary of a SiQ (x>2) layer saturated with positively
charged Si—O defects. We note that this hypothesis is con-
sistent with Fourier infrared-spectroscopy datan the

D =10 cm™2 or higher(Fig. 2. The kinetics of the buildup Egzsngie_(gjebg?]éosn Ep?g;:iogk;gvtleigﬁ_czer::]rstlggot\)/z)ro
.Of this charge and the inflgence of Iow-temperatgre anr?e"’lldescribed procesé is augmented by the formation of a nega-
Ing (T=200°§3t:1 h), which aImosF totally eradicates i, tive charge with two components: a charge at the discrete
suggest that it is related to the charging of neutral hole raPSeyel of surface states and a change in the bulk of the oxide
which form under the influence of ion implantation and arelayer. The formation of the bulk negative charge is accom-
similar in their_propert_ies and basic nature to the biographi-panieol by the formation of neutral hole traps and appears to
cal hole traps in Si-Sipstructures. be associated with the ion-implantation-induced formation of

These results lead to the conclusion that ion implantatio% SiQ, (x<2) layer localized at a large distance from the

produces &g(rjnﬁﬁanthchangﬁs in the properne; thS'YS'OséI{con in comparison with the excess-oxygen layer, as
structures and that these changes occur outside the zone gl jn Ref. 1. In this case the appearance of the negative

Iocallzatlgn of |mplan'ted argon due tc_) Iong'ran.ge.effeCtS'charge and neutral hole traps can be associated with the for-
The slowing of argon ions is accompanied by their d'SCh""rg‘?nation of silicon clusters characterized by the presence of
unsaturated silicon bonds at their boundary with the oxide

layer. Such defects lead to the formation of amphoteric

states, which are capable of existing in various charge states,
as shown in Ref. 6.

The proposed model can be used to explain the observed
changes in the total charge, the position of its centroid, and
the influence of subsequent field effects as the implantation
dose is increased. However, further research will be needed
4 before the nature of the defects and the long-range mecha-
nisms involved in the ion implantation of argon in oxide
layers on silicon can be definitively established.
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FIG. 1. Electroluminescence spectra of Si—Si€ructures.1 — In the
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MHD instabilities and the generation of ultrahigh magnetic fields
P. I. Zubkov and K. A. Ten

M. A. Lavrent’ev Institute of Hydrodynamics, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk

(Submitted 6 February 1997

Pis'ma Zh. Tekh. Fiz23, 32—-36(October 26, 1997

Methods are proposed for generating magnetic fields in connection with the intentional
generation and development of force instabilities of a current-carrying plasma chann&b9©
American Institute of Physic§S1063-785(17)02310-F

The feasibility of generating high-intensity electrical ideally conducting. This assumption is valid when the char-
pulses in the excitation of magnetohydrodynatHD), or  acteristic time of evolution of the instabilities is much shorter
force, instabilities of a current-carrying plasma column haghan the discharge period, as is generally the case. Here the
been discussed previousiyt was shown that the maximum current in the circuit at the instant when the inductance of
emf of electromagnetic induction, which greatly exceeds théhe plasma channel becomes equal towing to the devel-
initial voltage in the storage device, is bounded in the genopment of force instabilities, can be determined from the
eration of screw instabilities. The emf of the electromagneticconservation of magnetic flux:
ind.ucti.on is upbounded in the generation of kinks in a non- Lolo=(Lo+L)I,
cylindrical Z-pinch.

It has been showfrthat kink generation can be achieved WherelL andl, are the inductance and the maximum current
by the specification of certain initial and boundary condi-in the undeformed loop. The initial inductance of the plasma
tions. The generation of helical instabilities can be imple-column is much lower thai, and can therefore be disre-
mented analogously. garded.

Figure 1 shows an experimental arrangement in which ~ BY trial and error it is always possible to achieve the
the excitation and development of a helical instability hasonset of instabilities at near-maximum current, as observed
resulted in the formation of a plasma solenoid. A helicalexperimentally(Fig. 2.
filament 2 is formed from the inner surface of the plastc ~ When a plasma solenoid is formed, the induction of the
cylinder 1. A solid fluoroplast(Teflon-like) rod 3, with alu- ~ @xial magnetic fieldB at a helical-instability wavelength
minum foil 4 deposited on it, is tightly fitted into this cylin- much shorter than the distanteetween electrodes is given
der. The whole unit is placed in a conducting cylinder by the expression
which serves as a reverse-current conductor. The cylifder 47 |
is split lengthwise to prevent azimuthal currents from being B~ N
generated in it. The current in the circuit and the derivative
of the magnetic field induction are measured by the sefisor The inductanceé in this approximation is
placed on the axis of the fluoroplast rod.

Figure 2 shows an oscillogram of the discharge, where | ~
the upper trace represents the current in the cir@ntpli- A2

tude 180 kA, sweep rate Jsfinterva), and the lower trace wherer is the initial radius of the discharge channel. For the

represents the derivative of the magnetic induction in th%agnetic inductiorB we then obtain the expression
center of the rod. The discharge is initially cylindrically sym-

metric, and no axial magnetic field exists on the discharge 47 N

= Lolo T 5, oo
LoA2+ 4712

47212

axis. When the foil explodes under the influence of the flow- B c
ing current, a plasma channel is formed. It is unstable against
an increase in the inductance, and a helical instability deveMhich has a maximum at= (7?r?l/Ly)"2 The channel in-
ops in it, inducing an axial magnetic field, which shows upductance in this case Is=L,,.
on the lower trace. The current and the magnetic field change The maximum inductiofB ., can be written in the form
form, and a plasma solenoid is formed with an axial mag-B,,,,= 3BovLo/l =Bo7r/\, whereB, is the induction of the
netic field generated along its axis. The wavelengthf the  azimuthal magnetic field on the surface of the cylinder be-
helical instability can be predetermined by the boundary confore the onset of the helical instability at the maximum cur-
ditions. In the reported experimenkswas specified by the rent. if Ly>1 or r>\, we haveB,,,,> Bo.
pitch of the helical channel. When kinks form in a noncylindrica-pinch, following
We now estimate possible values of the generated madRef. 4, we simplify the calculation of the inductancef the
netic fields during the evolution of force instabilities of the plasma column by assuming that it is a step function. We
plasma column. The terfiorce instabilitiesnicely character- consider a plasma column of lengsth equal to the wave-
izes the physics of the phenomenon and is borrowed fronength of the perturbation. The radius of the kink at a dis-
Aleksandrov and RukhadZeWe consider the plasma to be tance\/2 from the top of the column is equal te- 8, where
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wherer is the stopping radius of the cylindric&@ pinch.

r is the equilibrium radius, and is a perturbation. In the ForR>r, the maximum inductiom,,, can be much higher
lower half of the column the radius of the kinkiis- 6. In  thanBy.
this approximation the external inductance of a plasma col- These estimates show that force instabilities can be used
umn of length\ is to generate strong and ultrastrong magnetic fields; in other
words they are not always harmful and can even be useful.

This work has received partial financial support from the
r2_ 2’ Russian Fund for Fundamental Research, Grant No. 95-02-

) ] 04411.
where R is the radius of the outer current conductor. We

obtain the following equation for the induction of the mag-
netic field in the kink:

RZ

L=\ In

21 2Ll

1p. I. Zubkov, Prikl. Mekh. Tekh. Fiz., No. 4, 24993.
B= =
c(r=908) c(r—95)

2 -1
Lo+A In 2_ 52) . 2p. I. Zubkov, S. M. Ishchenko, and K. A. Ten, Proceedings of the
r Seventh International Conference on the Generation of Megagauss Mag-

The constriction in the kink is unbounded in the MHD netic Fields and Related Experimelfiis Russian (Sarov, Arzamas Prov-
. Y . ince, 1996, pp. 41-42.
approximatior,® and the above equation therefore has thesp F Aleksandrov and A. A. RukhadzeRhysics of High-Current

formal implication thatB—c in the limit §—r. Conse- Electrical-Discharge Light Sourcefin Russian (Atomizdat, Moscow,
guently, the magnetic induction can be unbounded in the4\1/9Z/@-V_kh 45 1. Braginsii in Revi - Phvsiogol. 10
: : . —_ . V. Vikhrev and S. |. Braginskj in Reviews of Plasma Physjdgol. 10,
!(mk' In regard to the Space In WhIC'h a strong .magnetlc field edited by M. A. LeontovichConsultants Bureau, New York, 1986Russ.
is generated, we have shofvthat it can be fixed by the  original, Atomizdat, Moscow, 1980pp. 243—248.
initial and boundary conditions. 5V. F. D'yachenko and V. G. Imshennik, iReviews of Plasma Physijcs
For a CylindricaIZ-pinCh, when it is possible for atrain Vol 8, edited by M. A. Leontovich(Consultants Bureau, New York,

_— . . 1980 [Russ. original, Atomizdat, Moscow, 19]4p. 164—176.
of heterop0|ar’ hlgh intensity electrical pUIseS to be 6p. I. Zubkov, D. Yu. Golubenko, and K. A. Ten, Rroceedings of the

generated,a train of magnetic field pulses can be generated seventh International Conference on the Generation of Megagauss Mag-

as well. In this case netic Fields and Related Experimefitls Russian (Sarov, Arzamas Prov-
ince, 1996, p. 42.
BB RLo B, |
max— Po ~Dg —, Translated by James S. Wood
ro(Lo+1 IN(R/rp)) ro Edited by David L. Book
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Dual-wavelength superfluorescent fiber emitter

E.,l. Alekseev, E. N. Bazarov, Yu. A. Barannikov, V. P. Gapontsev, V. P. Gubin,
I. E. Samartsev, and N. |. Starostin

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino
(Submitted 15 April 199%
Pis’'ma Zh. Tekh. Fiz23, 37—42(October 26, 1997

The feasibility of constructing a dual-wavelength, spatially single-mode, superfluorescent fiber
emitter on the basis of erbium optical fibers with pumping by multimode semiconductor

lasers is demonstrated. The emitter is fabricated by all-fiber technology and has a power output
in excess of 10 mW, an average emission wavelength of ArB4and a spectral resolution

of 27.5 nm at component linewidths of 3 nm and 9 nm. The depolarization of the radiation from
the emitter as it propagates in an anisotropic, single-mode fiber waveguide is investigated.

© 1997 American Institute of Physids$1063-785(07)02410-3

Single-mode superfluorescent fiber emitters enjoy widesible to adjust the relative sizes of the maxima in the super-
spread applications in fiber-optic communications, fiberfluorescent spectrum of the erbium ions in the vicinity of
optic sensors, low-coherence interferometry, and other areds535um, 1.543um, and 1.565um.
of present-day optoelectroni&g.Until recently, attention has The optical schematic of the dual-wavelength superfluo-
been focused primarily on the development and investigatiomescent fiber emitter is shown in Fig. 1 and essentially con-
of superfluorescent fiber emitters with a single broad emissists of two superfluorescent fiber emitters SFE1 and SFE2
sion line. Equally interesting, however, are superfluorescentonsolidated into a unit whole, their emission spectra having
fiber emitters that emit twdor more broad, well-resolved maxima near 1.53om and 1.565um, respectively. The
lines. Such superfluorescent fiber emitters are required, famission line with its maximum in the vicinity of 1.53bm
example, for communication lines with spectral separation ofs formed by SFE1, which is fabricated from an activated
the channels, for multiwavelength, low-coherence sensorsfiber segment AF1 of length 3 m, and the line with its maxi-
for low-coherence, high-resolution spectrométand other mum at a wavelength of 1.565m is emitted by SFE2,
applications. which is fabricated from segments AF2 and AF3 with a total

Today the problem of multiwavelength, low-coherencelength of 15 m. To create a more uniform distribution of the
radiation emitters is solved mainly by a judicious combina-pump power along the length of AF2 and AF3, two laser
tion of several multimode semiconductor lasérBhis ap-  diodes(LD2 and LD3 are used for the pump.
proach, however, has a number of inherent shortcomings due The phosphate-silicate activated fiber used to construct
to the multimode structure of the radiation from the synthe-the superfluorescent fiber emitters has a single-mode core
sized emitters, along with the low stability of their param- doped with erbium and ytterbium ions at concentrations of
eters. Consequently, the development of multiwavelength su3.1 wt.% and 2 wt. %, respectively. The cutoff wavelength of
perfluorescent fiber emitters, which boast several advantag#ise highest mode is 1.4m.
over combination semiconductor laser sour@@gh power The activated fibers are pumped by multimode laser di-
output, higher temperature stability of their parameters, simedes with a wavelength of 965 nm through directional cou-
plicity of coupling with single-mode optical fibers, eichas  pler multiplexers(DCM). The selected pump wavelength
become a crucial problem in recent times. In particularcorresponds to the mildly sloping part of the absorption spec-
Wang et al® have reported the development of a dual-trum of ytterbium ions, substantially reducing the tempera-
wavelength superfluorescent radiation emitter utilizing a fi-ture dependence of the emitter output parameters. Optical
ber doped with samarium ions and emitting in the visibleisolators(Ol) are used to diminish the influence of optical
wavelength range. feedback on the parameters of the superfluorescent fiber

Here we demonstrate the possibility of constructing aemitters.
dual-wavelength superfluorescent fiber emitter using quartz The radiation from SFE1 and SFE2 are summed at the
fibers doped with erbium and ytterbium ions, with a powercommon output by means of a single-mode directional cou-
output of the order of 10 MW and an emission spectrunpler (DC). To achieve more complete resolution of the lines
lying in the 1.55um range and consisting of two well- and filtering out of the spectral component at 1.248, the
resolved lines of width 3 nm and 9 nm, their maxima separadiation from SFE1 passes through a spectral fil&#),
rated by a distance of approximately 27.5 nm. The dualwhich in this case is a single-mode directional coupler.
wavelength superfluorescent fiber emitter is designed on the The emission spectrum of the dual-wavelength super-
basis of the dependence of the superfluorescent spectrumfatorescent fiber emitter is shown in Fig. 2. The maxima of
the output of the activated fiber segment on its length, thehe lines correspond to wavelengthg;=1535.2 nm and
concentration of erbium ions, the pump wavelength, and tha ,,=1562.7 nm, so that the distance between them is
distribution of the pump power along the length of the acti-A\ 1,=27.5 nm. The widths of the lines at the half-maximum
vated fiber segment. By varying these parameters it is posare AN;=3 nm andAX,=9 nm, respectively. The average
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FIG. 1. Schematic of the dual-wavelength super-
fluorescent fiber emitter.

DCM DCM

power outputs measured with SFE1 and SFE2 activated iisotropic, single-mode optical fiber of lengthwhen radia-
succession ar®,=5 mW andP,=15 mW. The emitter pa- tion from the dual-wavelength superfluorescent fiber emitter,
rameters can be varied within wide limits by varying thelinearly polarized at a 45° angle with the birefringence axes
operating regimes of the laser diodes and the characteristicg the anisotropic, single-mode optical fiber, is coupled into
of the directional coupler and the directional coupler multi-the latter. The graph gf(L) is shown in Fig. 3. The dashed
plexers. The residual degree of polarization of the radiatiorcurve in this figure corresponds to the empirical relation
from the given dual-wavelength superfluorescent fiber emit- 1
ter is determined by the polarization characteristics of the p(|_)_ exp( L/Ly)[1+e cog2mL/Ly)] 1)
optical isolator, the spectral filter, and the directional cou-
pler; in our case it does not exceed 5%. with parameterss=0.6, Ly=50 cm, andL;,=25cm. An
We have investigated the salient characteristics of thenalysis of the results shows thag,=L,AN15/No, Where
depolarization of radiation from the dual-wavelength superi ,=4.4 mm is the length of the polarlzatlon beats of the

fluorescent fiber emitter as it propagates along an anlso-
tropic, single-mode optical fiber; this information has impor-

tant bearing on fiber gyroscopes, low-coherence 704
interferometry, and several other applications. The procedurt 41
of Ref. 6 was used to measure the degree of polarizatior ‘.‘ o/
p(L) of the radiation at the output of a segment of the an- t /&
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FIG. 2. Emission spectrum of the dual-wavelength superfluorescent fibeFIG. 3. Degree of polarization of radiation from the dual-wavelength super-
emitter (power output inuW vs wavelength inum). Resolution of the  fluorescent fiber emitter vs length of the segment of the anisotropic, single-
mode optical fibeXthe dashed curve represents the calculated dependence

spectrum analyzer, 0.5 nm.
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anisotropic, single-mode optical fiber, ang= (A g1+ A g2)/2. This work has received partial support from the State
The quantityL 4=kL,AN/\( corresponds to the depolariza- Scientific-Technical Committee Fund, Project No. 2.4 on
tion length in the given anisotropic, single-mode optical fiberOptics and Laser Physics.
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Hydrogen-pellet injector using a screw extruder
I. V. Vinyar, S. V. Skoblikov, and P. Yu. Koblents

St. Petersburg State Technical University
(Submitted 14 May 1997
Pis'ma Zh. Tekh. Fiz23, 43—46(October 26, 1997

The first injector design capable of injecting an unlimited supply of fuel pellets into a fusion
reactor plasma in prolonged, continuous operation is reported. More than a thousand pellets 2 mm
in diameter are formed without interruption from the screw extruder at frequencies of 1 Hz

and 2 Hz and are accelerated to 0.8 km/s. 1@97 American Institute of Physics.
[S1063-785(17)02510-X

The fusion reaction in thermonuclear devices is main-The screw was rotated either by the motor or manually at a
tained by fuel injectors, which shoot pellets of solid hydro-rate of 10—80 rpm. After 2—10 s from the start of rotation of
gen isotopes into the plasma at frequencies from 1 Hz t¢éhe screw the solid-hydrogen rod was located inside the
40 Hz (Refs. 1 and 2 The continuous operation of these viewing chamber, where it was photographed and video-
injectors lasts only a few seconds, being limited by the supfecorded. The transparency of the solid-hydrogen rod at-
ply of solid hydrogen prefrozen in the extruder of the injec-tested to its high quality.
tor. Using two or more extruders for continuous injection or ~ The extrusion rate was calculated from the speed at
increasing the fuel supply in the extruder is discouraged byvhich the end of the rod traversed a scale of length 6 cm
safety considerations, particularly when working with tri- with five-millimeter divisions, attached to the wall of the
tium. viewing chamber. The maintenance of the extrusion regime

The first injector design capable of sustaining the pro-was most stable when the screw was rotated at a speed of
longed and continuous generation and acceleration of fuel5 rpm. The dependence of the extrusion rate on the tem-
pellets is based on the familiar screw extruder used in th@erature of the hydrogen rod for this regime is shown in Fig.
plastics industry. A gas is fed into the extruder of the fuel 2. The hydrogen was extruded continuously at a rate of ap-
injector; the temperature of the latter is approximately 10 K,proximately 20 mm/s and temperature of 11 K for more than
and as the gas progresses along the screw channel, it is cd3® min, until the solid hydrogen filled up the volume of the
verted initially into liquid and then to ice. This process is viewing chamber. After evacuation of the latter, extrusion
feasible because the temperature interval between the liquidas immediately resumed by starting up the rotation of the
and solid plastic state of the hydrogen isotopes is only 5-screw. The total extrusion period yielded a hydrogen rod
10 K. However, the possibility of the screw squeezing themore than 50 m in length, from which more than 12,000
solid hydrogen in a stable regime to tffe&-20 MPa level pellets having a characteristic length of 2 mm were formed
required for extrusioh®* calls for experimental verification. exclusive of waste allowance at the cuts. At no time did the
We have constructed an injector for this purpose, which isamount of solid hydrogen in the extruder exceed 5.cFiis
shown schematically in Fig. 1. Its main components are théact bears witness to the high efficiency and attractiveness of
high-vacuum chambel housing the extrude with the  such an injector for continuously maintained reactor fueling,
open-cycle heat exchanggand the screw4, which are con- because the mass of tritium in the injector would be less
nected outside the chamber to the mdipthe accelerating- than 2 g.
gas feed valvé, the electromagnetic driveused to transfer The objective of the second experimental stage was to
the pellets into the barré8, and the diagnostic chamb8r  demonstrate the feasibility of producing and accelerating pel-
Connected to the exit orifice of the extruder is the transparerets indestructibly in a continuous frequency regime, and also
chamberl0, which is equipped with a vacuum punifi and  to photograph them. Once the rod had appeared in the view-
a linear scale for visually observing and measuring the lengting chamber, the electromagnetic drive rapidly pushed a
of the solid-hydrogen rod. The extruder has a length othin-walled tube toward the rod and, thereby cutting off part
150 mm and consists of a cylindrical chamber with an insideof the rod, transferred the newly formed pellet in the barrel
diameter of 12 mm; a helical heat-exchanger channel is cutf diameter 2.4 mm. Next, compressed helium at a pressure
into its outer surface. Two semiconductor temperature semf 2—4 MPa was delivered from the pulse-actuated valve and
sors are mounted in the upper and lower parts of the exaccelerated the pellet in the barrel. At 0.05 s after the shot,
truder. A 30-W heating coil is wound around the length ofthe drive returned the tube to its starting position, and the
the extruder. hydrogen rod continued to be forced into the viewing cham-

The primary concern in the first stage of the experimen-ber without any visible delay or degradation of the ice. We
tal work was to obtain a stable extrusion regime. The exwere thus able to confirm that the driving gas has almost
truder temperature was held constant in the interval 10—13 Iscarcely any influence on the stability or rate of extrusion. In
by regulating the helium flow and the heater power. Prior tathe first experiments shots were fired at frequencies of 1 Hz
the start of extrusion, hydrogen at a pressure below 0.1 MPand 2 Hz. More than a thousand pellets were formed and
was pumped into the extruder, in which it was then frozenaccelerated up to 0.6—0.8 km/s without interruption. None of
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FIG. 1. Schematic of the fuel-pellet injector with screw extruder.
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the photographed pellets showed any traces of damage in tigpothetical capability for solving the problem of building a
photographs. Experiments are currently being set up to teseliable system for the prolonged, continuous fueling of fu-
the injection of pellets at frequencies up to 10 Hz from asion reactor plasmas. One extruder of this type meets all

deuterium-hydrogen mixture.

present-day fuel-injection system requirements for reactors

The proposed and experimentally tested method of proef the ITER (International Thermonuclear Experimental Re-
ducing fuel pellets by means of a screw extruder has thactop class in regard to pellet forming and is distinguished

20

10

0

by its exceptional simplicity and reliability, as well as the
small reserve of hydrogen isotopes in the injector. An in-

V, mm/s

crease in the extrusion rate can be expected following the
completion of ongoing mathematical modeling and experi-

[ ] ments.
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FIG. 2. Extrusion rate/ vs temperature of the hydrogen rddat a screw  Translated by James S. Wood
rotation speed of 15 rpm.
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Multinozzle gas-dynamic molecular-beam source
V. V. Yashchuk, V. F. Ezhov, G. B. Krygin, and V. L. Ryabov

St. Petersburg Nuclear Physics Institute, Gatchina, Russia
(Submitted 6 March 1997
Pis'ma Zh. Tekh. Fiz23, 47-54(October 26, 1997

The results of an experimental investigation of a multinozzle gas-dynamic molecular-beam
source, in which the working material is introduced directly into a supersonic jet of a buffer gas,
are presented. The source is designed to create slow cold beams of atoms and molecules.
Time-of-flight profiles of the beams of the,Muffer gas and the working material §formed

by a source with six nozzles are presented. The measured parameters of the flow field of

the buffer gas are compared with the results of calculations for an axisymmetric nozzle with an
inner body having an annular critical cross section. The results obtained show that

multinozzle designs can be used, in principle, in molecular-beam sources instead of axisymmetric
nozzles with an inner body. This permits relaxation of the requirements placed on the

accuracy needed in fabricating such sources, reduction of the buffer gas flow rate, and the
employment of fairly simple schemes for recycling the buffer gas.1997 American Institute of
Physics[S1063-785(17)02610-4

One of the most effective methods for obtaining coldplaced on the vacuum system of the source even harder to
beams of nonvolatile molecules and radicals is based on thmeet. It is especially important to minimize the total flow
technique of reducing the phase volume of an atomic beamrate in work with an expensive gas, such as, for example,
The idea behind this method is to introduce a vapor of thexenon?® where the buffer gas must be collected, purified,
working material directly into a supersonic jet of a buffer and recycled.
gas. During thermalization of the vapor of the working ma-  To solve the problems just indicated, in Ref. 6 we pro-
terial and the buffer gas, which cools as a result of superposed using a multinozzle design of a source consisting of a
sonic expansion, their translational velocities and temperaset of nozzles evenly spaced around the circumference of the
tures become equal, reaching the values determined by tlegitical cross section. The total buffer gas flow rate in this
large quantity of the buffer gas. The temperatures correease is determined by the number of nozzles and the critical
sponding to the internal, i.e., vibrational and rotational, decross section of each individual nozzle. The advantages of
grees of freedom decrease simultaneously. As a result, thetke proposed scheme are obvious.
is narrowing not only of the velocity and angular distribu- The main purpose of the present work is to demonstrate
tions of the molecules in the beam emitted, but also of theithe possibility, in principal, of using multinozzle sources to
distribution among quantum states. form molecular beams. The results of an experimental inves-

The first and, as yet, the only molecular-beam sourceigation of a source with six axisymmetric Laval nozzles,
that implements the method described was constructed in thehich is depicted schematically in Fig. 1, are presented be-
St. Petersburg Nuclear Physics Institute of the Russian Acadew.
emy of Sciences in 1986 to obtain a beam of Pbl radichis. The experiments were performed on the molecular-beam
that source a supersonic flow of the buffer garogen is  generator facility of the St. Petersburg Nuclear Physics
formed by an axisymmetric Laval nozzle with an inner body.Institute using a cross-correlation time-of-flighffOF)

The critical cross section of the nozzle has the form of a ringspectrometef-2

with a gap measuring about 0.1 mm. The vapor of the work- The source under investigation is installed in the
ing material is introduced into the supersonic nitrogen flowmolecular-beam generator on a five-coordinate alignment
in the heated capillary tube through a hollow inner body. stage in a vacuum chamber with a diameter of 90 cm. Three

A significant shortcoming of the design of this source NVBM-15 booster pumps with a total throughput ok4.0*
was discovered already during the tests that confirmed the 5x 10% I/s at a residual pressure of 8:1 Pa provide for
efficiency of the method. The fact is that it is practically the continuous operation of the source with buffer gas flow
impossible to achieve a uniform gap in the critical cross secrates up to 4 10* Pa l/s. A beam consisting of a mixture of
tion when the nozzle is fabricated. The nonuniformity of thethe buffer gas and the working material is formed from the
gap leads to problems in aligning the source, since its opticalear-axial part of the flow by two skimmers and two dia-
and gas-dynamic axes do not coincide. In addition, when thehragms arranged in succession with a differential pumping
critical cross section has an annular shape, the possibilitiesystem between them. A monopole mass spectrometer with
for optimizing the source by profiling the nozzle are re-electron-impact ionization serves as the detector.
stricted because of the increase in the radius of the critical The alignment stage is intended for automated displace-
cross sectior. At a fixed gap this leads to an unjustified ment of the source along the three Cartesian coordinates and
increase in the total buffer gas flow rate through the nozzléwo angular coordinates and is used to find the optimum
and, consequently, makes the already stringent requiremenpgsition of the source relative to the skimmer, i.e., the posi-
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o it is impossible to create a gbeam with a velocity ratio
{ \%7\@/_,& S=V/a significantly greater than unity without a buffer gas
7 I

(hereV is the translational velocity and is the thermal

velocity spreall The pressure must be raised to values of

)
/ . g 10° Pa or more, which are common in gas-dynamic sources
}_/7——————-—]— 3 in which supersonic expansion of the working material is
7 employed. However, this technique is not applicable tg, SF
2 ZANNNX because condensation appears.

FG. 1 S | ecularb e bodv of e with The question of the equivalence of the design depicted in
ner bo d;fznizisn?:cﬁﬁ; ";‘)ripeefoTSsJ;“F;yir']g the buffor gg;iecmnngln Fig. 1 and an axisymmetric nozzle with a continuous annular
in the inner body for supplying the working materidl— configuration of ~ Cfitical cross section was specially investigated within the
one of the six nozzles. present work. For this purpose the experimentally obtained

parameters of the supersonic flow of the buffer gas were

compared with the results of gas-dynamic calculations for a
tion corresponding to the intensity maximum of the beammode| nozzle of similar configuration that has a continuous

formed. In addition, measurements of the spatial distribuznnylar critical cross section with an area equal to the sum of
tions of the parameters of the flow containing the buffer gaspe critical cross sections of the nozzles in the multinozzle
and the working material were performed using the align-ggrce.

ment_stage. . i ) ) Such a comparison must be made with some caution.
Time-of-flight profiles were measured in the experlment Time-of-flight measurements are known to provide un-
for the beams of the Nand Xe buffer gases and the working gquivocal information regarding the parameters of beams
material Sk for!'ne_d by the six-nozzle source. The depen-fyrmed by gas-dynamic sourcé#iowever, the experimen-
dence of the principal parameters of the beams on such ogy getermined parameters of a beam can be related to the
mation conditions as the pressure in the nozzle rese®@r 55 meters of the supersonic flow in the region of the tip of
backing pressujePo, the working pressure of 3Fat the 6 skimmer only if the distortions caused by the interaction
entrance to the capillary tube of the inner body, and they yhq fioy with the skimmer and by scattering on the back-

spatial position and angular orientation of the source relaﬂv%round gas and the gas reflected from the skimmer surface
to the first skimmer was investigated. The purpose of thesg eliminatedor, at least, can be taken into account

investigations was to determine the optimum formation con-- ger conditions where the theories of gas-dynamically
ditions. Figure 2 presents typical TOF profiles for this oqqin 6,5 media are applicable, the finite size of the tip

source. The similarity between the_profile_s _for the beams o dge leads to the appearance of a diverging shock wave. As
S and the buffer gas corresponding to it is a result of th%t passes, the parameters of the flow, viz., its pressure, den-

thermalization process. A comparison of these profiles withs- ;
. . : ity, velocity, and temperature, undergo abrupt and unpre-
the TOF profile for a SE-beam obtained in the absence of a ictable changes. The total gas flux through the skimmer,

tbhuﬁer gas a\lilo grzatph:ﬁaltl3t/hdemorl1(§trates the effecig\éehr_\ess Whose value is proportiondto within the constancy of the
soirscoeuirg(?:.hoseer?ci)nethearangeevllloﬂgoI(;1 %grists:tjghc{)resslusres pu.mping speexito the pressure in the chamber beyond the

' skimmer P, remains unperturbed. Therefore, plots of the
dependence d?,, onR, i.e., the position of the source in the
plane perpendicular to the skimmer axis, were measured to
1 4 compare the calculations with experiment. Series of such
plots corresponding to different formation conditions in
terms of the pressurB, and the distance along between
the nozzle and the skimmer were obtained. A typical mea-
sured dependence &, on R and the corresponding calcu-
lated curve are presented in Fig. 3a.

In flow regimes corresponding to the transition to free
molecular flow, even a slight change in the direction of mo-
tion of particles as a result of collisions causes them to leave
the beam. This is reflected directly in the intensity of the
beam and, to a lesser degree, in its TOF spectrum. In this
case the Mach number extracted from TOF spectra of the
\ . , . . ) buffer-gas beam(Fig. 3b can serve as a criterion of the
0 4 8 T, ms equivalence between experimental data and the results of

gas-dynamic calculations.
FIG. 2. Time-of-flight profiles of beams of the ,Nbuffer gas The flow field of the buffer gas escaping from the model
[go(gl'z:)=ll><xlfgz PF’alz) (#)_ an?ﬂ_ ?]ft thfel V;lorlgngb matiftia_l d%!: axisymmetric nozzle was calculated using the familiar large-
Ehé’(abéﬁnce of a ;%J ]Efe; glatn;:)?. OPro'fg”eSplryoz',ea?] 4a Ereejz?s;ibzlc?eby”; particle method, which is described in detail in Ref. 10. In
Maxwellian velocity distribution with velocity ratio§=V/a equal to 3.7, ~ the large-particle method the state of the medium is de-
5.4, and 2.4, respectively. scribed by a system of Euler equations in conservative form,

arb. units
1
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be equal to zero over the entire calculation region. The gas

Q pressure in the subsonic part of the nozzle is equal to the
[ prescribed back pressuRy. In the remaining space the pres-
sure is close to the value of the residual pressure in the
ot source chamberP;=1 Pa. A zeroth-order extrapolation is
= performed on the open boundaries of the integration region,
S in which the values of the parameters are transferred from
el the calculated layer adjacent to the boundary to a fictitious
©

layer.

As we see from Fig. 3, the calculations of the escape of
the buffer gas from the model nozzle describe the results of
the experiments on the six-nozzle design quite well.

1 L L . L ! L Thus, the results obtained show that multinozzle designs
can be employed, in principle, instead of axisymmetric
nozzles with an inner body in molecular-beam sources. This
relaxes the requirements placed on the accuracy needed in
fabricating such sources and permits reduction of the buffer
gas flow rate and, consequently, the employment of fairly
simple schemes for recycling the buffer gas.

In addition, the positive answer obtained regarding the
equivalence between the multinozzle design depicted in Fig.

2r 1 and an axisymmetric nozzle with a continuous annular
critical cross section permits significant simplification of the
1r gas-dynamic calculations aimed at optimizing the geometry
. . N . R of the source, since it is sufficient to consider the two-
10 20 30 a’ kP dimensional problem instead of the three-dimensional one.

This work was performed as part of the preparations for
FIG. 3. Comparison of the flow fields of the,Nbuffer gas formed by the an -experl.mental search for effects of the violationTofn-
six-nozzle source and calculated for the model nozale- transverse dis-  variance in molecules, supported by Grant No. 97-02-16908

tribution of the buffer gas flow rafePo(N,) = 1x 10" P4 through the skim-  of the Russian Fund for Fundamental Research.
mer; b — dependence of the limiting value of the Mach number at the

source axis orPy(N,).

V. L. Varentsov and V. V. Yashchuk, Pis'ma Zh. Tekh. Fz147(1983
[Sov. Tech. Phys. Let®, 65(1983].

; ; ; ; 2V. L. Varentsov, V. F. Ezhov, V. A. Knyaz'koet al, Zh. Tekh. Fiz57,
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system of equatio.ns is apprOXimated by a ﬁrSI'O_rder d_iffer'3U. G. Pirumov and G. S. Roslyako@as Flow in NozzlesSpringer, New
ence scheme, which provides stable solutions without intro- York (1986.
ducing an artificial viscosity. It should be stressed here that,“?é(')\‘l- ﬁshklﬂadthM- :\l Glrjohshev, \I/ liMEﬂggt al, Preprint No. LNPI-
. . , Leningra uclear ysICs Instl ).
_aIFhough the _Euler equations for a NONVISCOUS gas are takeel; 5" Koziov and V. V. Yashchuk, Pis'ma Zh.kBp. Teor. Fiz64, 659
initially, the difference scheme used in the calculation is ca- (1996 [JETP Lett.64, 709 (1996].
pable of reproducing viscosity effects. The number of opera-°v. V. Yashchuk, Candidate’s Dissertation, Lening(d994.
X - ; N .
tions needed to solve this time-dependent system can be regiYN-FAZSlh;;”Zdtz'vPVt- F-bEZh?\}" T”d M GYIOS*:?; 9";'@ Preprint No.
. g . . . ar- , . Petersoburg Nuclear YSICS InSti .
duced S|gn|f|cantly_by spl|tt|ng_|t into physical processes anday. V. Yashchuk, B. N. Ashkinadzi, and V. F. Ezhe al. Prib. Tekh.
thereby constructing numerical models for the Euler, gksp.(1997 (in press.
Navier—Stokes, and Boltzmann equatiohs. 9D. J. Auerbach, imitomic and Molecular Beam Methqds. Scoleged),
The calculations were performed in a cylindrical coordi- ,,Oord University Press, New Yorkl988, Vol. 1, p. 362.
t tem using a uniform grid000 points iR and 300 O. M. Belotserkovskiand Yu. M. Davydov,The Particle-in-Cell Method
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of the nozzle and the skimmer, i.e., the velocity component siarl, Mir, Moscow (1981, p. 348.
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Deep surface states on the interface between SiC and its native thermal oxide
P. A. Ivanov, K. I. Ignat’ev, V. N. Panteleev, and T. P. Samsonova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia
(Submitted 9 June 1997
Pis'ma Zh. Tekh. Fiz23, 55-60(October 26, 1997

Deep surface states are discovered on the interface between 6H-SiC and its native thermal oxide
by analyzing theC—V characteristics of metal-oxide-semiconductor structures measured at

a high temperaturé00 K). The maximum of the density of states distributed according to energy
(Dim=2x%10cm 2.eV 1) is at an energy about 1.2 eV below the bottom of the conduction

band of SiC. It is postulated that the states discovered are similar in nature Ry the

centers observed in the SiCBi system. ©1997 American Institute of Physics.
[S1063-785(17)02710-9

The surface states on the interface between silicon caried out by the “moist” method at 1100°C for 5 h. The
bide and its native thermal oxid&iO,) have been investi- field-effect electrode was made from molybdenum, and the
gated in several studies by analyzing eV and G-V  ohmic contact on then-type substrate was composed of
characteristics of metal-oxide—semicondud¢tdOS) struc-  nickel. TheC—-V characteristics were measured by an auto-
tures. In the case af-type SiC theC—V characteristics mea- mated method at a frequency of 1 MHz.
sured at room temperature were found to be nearly ideal in  Typical C-—V and G-V characteristics measured at
many studies3 however, it should still not be concluded T=600 K are shown in Fig. Ithe figure also presents the
from this that the density of surface states is small. The factheoreticalC—V curve corresponding to an ideal MOS struc-
is that theC-V characteristic of an MOS structure based onture, which is needed for the Terman analysiss we see,
such a wide-gap semiconductor as SiC at room temperatutbe experimentalC—V characteristic has a shoulder in the
should be nonequilibrium with respect to the filling of the depletion region, which attests to the presence of surface
deep surface statéso that it is impossible to reveal them in states with a fairly high density and the occurrence of charge
this case. In fact, let us estimate the relaxation timp d¢f  transfer between them. For the Terman analysis to be correct,

energy-distributed surface states from the formula two conditions must be satisfied in the range of variation of
exp(AE, /KT) the gate voltage considered. First, the criterion for a high-
T=(0’Vﬂs)_l=—t, (1)  frequencyC-V characteristicwr >1 (w is the circular fre-
ovNe quency of the measuring sighamust be satisfied. As we see

where o is the cross section for the trapping of majority from Fig. 1, the MOS conductivity pealvhich corresponds
carriers by surface states, is the thermal velocity of the !0 the conditionwr=1) is observed at gate voltages of small
carriers,n, is the carrier concentration on the surface when@Psolute valugit is associated with charge transfer between
the energy level of the surface states and the Fermi level ofhallower surface states at the frequency of the test signal
the surface coincide\E, is the depth of the surface states in SO that the criterion for high-frequency behavior is clearly
the band gap of SiC, an. is the effective density of states satisfied in the region of the shoulder. Second, the condition
in the allowed band of SiC. For the estimates we seffquasiequilibrium filling of the surface states in response to
o=10"15 cn?, »=10" cm/s, N.=10" cm~3, and T=300 changes in the controlling gate voltage must be fulfilled. Ful-
K. Then, for AE,>0.6 eV we obtainr>10 s. Typical gate fillment of this criterion is indirectly evidenced by the fact
voltage sweep times during measurementCefV charac- that an inversion layer due to the thermal generation of pairs
teristics usually range from a few seconds to tens of second8t T=600 K formed within a few seconds.
i.e., in this case the filling of surface states with energies At an assigned surface potential the experimental high-
AE,>0.6 eV will not follow the variation of the surface frequency MOS capacitance coincides with the theoretical
potential as the gate voltage is increased. In the present work@lue, so that the dependence of the density of surface states
to reveal the deep surface states on the,®B- SiC inter- (D) on the surface potentialj) can be determined from
face, theC—V characteristics of the MOS structures were the expression
measured at 600 K, and they were analyzed by Terman’s V
differential method, which is sensitive to the slow charge qD{‘(://s)ZCOX(d—EXp—
transfer between surface statsse, for example, Ref.)4 Vs
The samples oxidized weretype 6H-SiC films with a  whereq is the electron charg#/,is the experimental value
concentration of uncompensated donors ranging fronofthe gate voltage corresponding to the surface potestial
1.5x 10% to 2x 10* cm™3, which were grown by chemical C,, is the specific capacitance of the oxide, aBgis the
vapor deposition on the misoriented®101) surface of Lely  specific capacitance of the space-charge region of the semi-
crystals. Before oxidation, the wafers with the epilayers wereconductor. We utilize the obvious relations for an ideal MOS
treated in trichlorethylene and a peroxide-ammonia solutiorstructure: Vi,eo= Voxt+ ¢ and 1C=1/C,+1/C,, where
and then washed in deionized water. The oxidation was caV,.or and Vo, are the calculated values of the gate voltage

1) _Cs(ws)a (2)
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in the 6H-SIC band gap. Points — Terman analysi€ el characteristics,
FIG. 1. 1 — ExperimentalC—V characteristic of an MOS structure based SOid liné — approximation of the experimental data by a Gaussian distri-
on 6H-SiC T=600 K, f=1 MHz), 2 — corresponding theoretic&—V bution, dotted line — hypothetlcal peak of the density of donor states in the
characteristidin the absence of surface state8 — experimental depen- oWer half of the 6H-SiC band gap.
dence of the MOS conductivity on the gate voltage normalized to the fre-
guency of the measuring signal.

This raises the question of the nature of the surface states
discovered. As many researchers have noted, the charge
and the voltage drop in the oxidhich also correspond to Properties of the Sig¥SiC system are similar in many re-
o). In addition, let us assign an enery, = qu+ AEg to spects. to the propernes o_f the SiSi syst(_am. A; fqr the
each value ofj,, whereAE, is the position of the Foermi latter, |t' was re!labl_y established b_y recent investigations that
s? Fo the main contribution to the density of surface states on the

level in the neutral region relative to the conduction ba”d'SiOZISi interface is made by paramagnefiig centers in the
Then Eq.(2) can be brought into a form that is more graphicform of “oxidation defects,” i.e., centers of the *SiSi,

and more convenient fgr the analysis, i.e., into thg form of ?type with dangling bond& These centers have an amphoteric
d|str|but.|on of the density of surfacg states according to the"&haracter, and the density of states associated with them has
energy in the band gap of the semiconductor: two peaks in the silicon band gap that are positioned nearly
d(Vexp— Vineo? symmetrically relative to the middle of the gap: acceptor

oxm- 3 stategwhich correspond to minus 0 electron transitionsn

0 the upper half of the ban@vith a maximum ag,+0.85 eV}
The distribution of the density of states on the and donor state@vhich correspond to-8:plus electron tran-
SiO, /H—SiC interface calculated using E) is shown in  sitiong in the lower half of the bandwith a maximum at
Fig. 2. We note that it is approximated well by a GaussianE,+0.25 e\). The difference between the detachment ener-
distribution with a maximunD,,,=2%x10? cm 2.eV"! at  gies of the first and second electroftise so-called correla-
E.—E;~1.2 eV. The estimates based on E#) give low tion energy amounts to about 0.6 eV. If we presume the
values for the electron trapping cross section, indicating thexistence of a symmetric peak of surface states in the lower
acceptor nature of the states discovered. The data obtainédlf of the band gap in the case of SiSiC [which is indi-
do not contradict the results of other studies, which werecated indirectly by data from investigations of MOS struc-
performed at lower temperatures than in the present workures based op-type SiC(Ref. 2], the correlation energy
For example, in our previous watkve detected an increase also amounts to about 0.6 eV. This suggests that the surface
in the density of acceptor states in the energy range 0.4—0states on the SiQSiC interface are similar in nature to the
eV below the bottom of the conduction band. An increase irP,, centers in the Sig¥Si system.
the density of surface states was also subsequently discov- We thank A. Yu. Maksimov, A. A. Mal'tsev, and N. K.

ered in Ref. 3, but it was observed down to 1 eV from theYushin for the SiC crystals with epitaxial films provided for
conduction band. this research.

qD{(AE)=C
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Influence of the spectral characteristics of gas lasers on the signals of fiber-optic
interferometers

O. |. Kotov, L. B. Liokumovich, V. M. Nikolaev, V. Yu. Petrun’kin, and B. Zekhraui

St. Petersburg State Technical University, St. Petersburg, Russia
(Submitted 18 April 199y
Pis'ma Zh. Tekh. Fiz23, 61-69(October 199y

The fading of the signal amplitude of an unbalanced interference system in response to changes
in the emission spectrum of the optical source is investigated. The condition for stability

of the signal amplitude of fiber-optic interferometers in systems with gas lasers that are not
frequency-stabilized is found. @997 American Institute of Physid§1063-785(17)02810-3

Both balanced and unbalanced interferometer systemsas the form of a fairly complicated cur{€ig. 23, which
are employed in fiber-optic phase sensotsAs a rule, an reflects the mode competition process€s=/2l is the in-
effort is made to use balanced syste(8agnac interferom- termode spacing of the cavjtyin the narrow central tuning
eters and equal-arm Mach—Zehnder and Michelson interferegion the laser generated one mggesition1 in Fig. 23.
ometer$ in which the output signal of the interferometer is The retuning of its frequency to positidh (solid line) re-
practically insensitive to changes in the emission spectrum c$ulted in the appearance of a second m@edashed ling
the optical source. However, in some casiessingle-fiber  Further retuning of the modes to positioBs4-5—6 and
systems and remote sensors with a passive interferotdgeter 3'—4’ -5’ —6' caused significant variation of their amplitudes
it is convenient or necessary to use unbalanced interferenagith small changes in the total radiated intensity of the laser
systems(unequal-arm Mach—Zehnder and Michelson inter-(the latter were less than 3%rThe following important fea-
ferometers, single-fiber Fabry4@e and ring interferom- tures of the behavior of the emission spectrum of the laser
eterg. In such cases the behavior of the output signal deean be noted as a result.
pends significantly on the spectral characteristics of the light 1. The laser emits both in a single-mode or nearly single-
source and their stability. In this case changes in the emisnode regimgthe second mode is small compared with the
sion spectrum of the laser lead to the following phenomenafundamental modeand in a two-mode regime with nearly
1. A shift in the laser frequency causes a change in thequal mode amplitudgposition4—4"). When the frequency
optical length of the interferometer and corresponding shiftss retuned in the two-mode regime, the intermode spacing
in the output interference signal. This factor is a direct nui-I'=7rc/l remains unchanged.
sance in interferometric measurements, but it can be elimi- 2. An increase in the amplitude of one mode is accom-
nated in most cases, because the drift of the laser spectrumpanied by a decrease in the amplitude of the other mode.
much slower than the effects being meastiréd. This leads to the high stability of the total output power of
2. Signals from different components of the source specthe laser.
trum can cancel one another with resultant fading of the in- 3. The asymmetry of the curve in Fig. 2a is attributable,
terference contragffading of the interferometer signal am- in our opinion, to operation of the laser in the natural mixture
plitude), which is an irremovable nuisance in measurementsof neon isotopes, which is characterized by asymmetry of the
In the present work we studied the latter phenomenongain line.
viz., the fading of the signal amplitudgontrast of an un- In the experimental setufFig. 1) for investigating the
balanced interference system in response to changes in tirgerferometer signal amplitude upon retuning of the spec-
emission spectrum of the optical source. The purpose of theeum of laserl, the light-dividing plate3 had a reflection
investigation was to find the conditions for stability of the coefficient of~10%. For work with a variable sign@ivhich
signal amplitude of fiber-optic interferometers in systemsis convenient for measuring and monitoring the signtis
with gas lasers that are not frequency-stabilized. The knowsetup included the generatérand modulato®, which pro-
publications addressing these isstiéslo not provide a com-  vided for phase modulation of the light in fib&rwith an
plete explanation for all the phenomena in laser-index greater than 2 (for observing several interference
interferometer systems when fiber-optic light guides of dif-maximg. The signal from photodetect@ was observed on
ferent types, viz., single-mode light guides and multimodeoscillograph11 and fed into spectrum analyz8&r A signal
light guides of different shapes, are used. proportional to the amplitude of the first harmonic of the
A standard miniature LG-207 helium—neon laserphotodetector signal was transmitted from the output of the
(A=0.63 um) with a cavity length of the order d=20 cm  spectrum analyzer detector to teinput of recorderd. A
and a low® traveling-wave ring interferometer were used in low-frequency sawtooth voltage from generat@was sup-
the experimentsFig. 1). plied to theX input of the recordefthe timed sweep was of
The emission spectrum of the gas laser was thoroughlyhe order of 1000)s The gas laser was retuned using Peltier
studied using a scanning Fabry+®einterferometer(not  elements12, which alter the temperature of the protective
shown in Fig. ). The dependence of the amplitudes of thehousing of the laser. The interferometer lengtiwas varied
modes generated on the relative detuning of the laser cavitlyy cutting the fiber. The layout of the traveling-wave ring
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FIG. 1. Schematic representation of the experimental setup for measuring §~
the signal amplitude of a ring interferometer in response to frequency retun- 0 ] J | ] '
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interferometer was chosen so as to weaken the influence ¢ §
feedback light and the quality of the cut ends on the mea- g
surement results. © 241
The interferometer signal in the single-mode fiber de- & ¢
pends on the retuning of the spectrum and the length of the
ring caV|t>/(F|gs. 2b and 2; The fasF signal f!uctuatlons are - a5 ] G 1 Suyr
ordinary interference oscillations with a periofLn due to 2
variation of the optical length of the fibdvariation of the 5 08
phase difference between the interfering bearise fluc- I
tuations of the envelop@mplitude reflect the fading of the ©
interference contrast. o
When the optical length of the fiber was an odd multiple & 04
of the laser cavity length, there were contrast minima of the d
signal amplitude (Fig. 2b), which correspond to two- /) ) .
frequency lasing with symmetric tuning relative to the center -1 -05 0 a5 1 Swfr

of the line(Fig. 2a, positiord—4"). When the optical length
of the ring interferometer was an even multiple of the laselrIG. 2. Observed dependences of the amplitudes of the modes of the gas
cavity length, these minima were abséhtg. 20, and the laser (a) and the interferometer signab, c, d when the laser cavity is
signal amplitude scarcely depended on the retuning of th&ned
laser spectrum.

The relative height of the signal minimunt(,,/Unmay
depends on the interferometer length according to a periodic  The results of the experiments for the single-mode fiber-
law close to|cosfiL/2l)| (Fig. 38, wheren is the refractive  optic interferometer are easily explained using coherence
index of the fiber core These dependences were observedunctions. The interference term in the optical intensity at the
for short L~1 m) and long L ~500 m bases of the fiber- exit from a ring fiber-optic interferometer is proportional to
optic interferometer. the coherence functiom(7):%°

An interferometer with a multimode graded-index fiber-
optic light guide was also investigatéthe diameter of the |_=A-|y(7)|cog L), Y
core was 5Qum, and the numerical aperture was Q.1De-  whereA is a constant, which is determined by the mirror and
pendences completely analogous to those for the singlghe input optical intensityg is the light propagation constant
mode interferometer were observed at short light guiden the fiber at the central frequency of the laser emission line,
lengths(Figs. 2b, 2c, and 3aAt large light guide lengths and  is the time delay between the interfering waves.
(L~700 m variation of the interferometer length caused The variation ofy(7) upon retuning of the laser emis-
random variation relative to the interference contrast mini-sion spectrum causes variation of the interference contrast
mum (Fig. 3b). As before, when the emission spectrum of (the interference signal amplitudeCentral tuning(position
the laser was retuned, minima of the signal amplitude werd in Fig. 289 corresponds to a single-frequency lasing regime
observed in the two-frequency lasing regiffieg. 2d. The  andy(7)=1. Here and below we shall assume that the width
value of U,in/Unay @lso depended on the mode excitationof the emission line of an individual mode in the laser spec-
conditions in the fiber. trum (of the order of 10 kHxis negligibly small and the

802 Tech. Phys. Lett. 23 (10), October 1997 Kotov et al. 802



M
|~:A'm§=:1 sz‘cos{ﬁm'L+‘Pm)'|7(Tm)|7 (3)

where C,, and B,, are the amplitude coefficient and the
a propagation constant of theth mode of the fiber-optic light
guide, andM is the number of modes propagating.

It was taken into account in E¢3) that the photodetec-
tor picks up all the output radiation of the interferometer and
that the interference terms of the fiber modes with the same
mode number make contributions to the signal because of the
orthogonality of the modes.

At small values of the light guide length the differ-
ences between the relative group delays of the individual
modes are small:

' ' ' ! (X)) 4 M<1 where T= 2—7T (4)
00 20 40 T ' r-

Under this condition we have(r,,)~ y(7,) = v(7), and the
Umin/Unmax coherence function does not depend on the mode number and
can be taken out of the summation sign in E3):

* N
1 /i . | =Aly(rm)| 2 CF, cos Bl + o). (5)

Expression(5) shows that the behavior of the signal ampli-
. - ) tude of short multimode interferometers in response to retun-
Y ,’. . b ing of the laser spectrum is similar to the behavior of the
L AR amplitude of single-mode systerfi&q. (1)], since here, too,
¢ the multiplier in front of the interference signaljg 7). This
was also observed in the experime(fsy. 33.
(L) In long multimode interferometers, where the difference
00 20 40 between the relative delays of the modes becomes large, i.e.,
FIG. 3. Dependence of the relative height of the minima of the signal of a| Tm™ T”|/T~ 1, the quantlty| 4 Tm)| can take_ any value m,
ring interferometer on the length of the fiber-optic light guide— single-  the interval[0, 1] in the general case and varies as a function
mode light guide b — multimode light guidel.~300 m. of the mode numbem. Now | y(7,)| can no longer be taken
out of the summation sign ii3), and this results in the
disappearance of the regular cosinusoidal dependence of
emission can be considered monochromatic. Transition to B min/Umax ON the fiber length. In this case the dependence of
two-frequency lasing regime can redugér). The point of  the interference signal amplitude on the fiber length is speci-
symmetric tuningposition4—4’ in Fig. 28 with equal mode fied by the sum of the terms i{8), whose cofactors are the
amplitudes corresponds to the coherence funétin: cosinusoidal functiong(7,) = cos({ 7,/2) with significantly
different arguments. This results in irregular variation of the
| ¥(7)|=[cos'r/2)]. 2 signal contrast as a function of the interferometer length
Hence it follows that the relative height of the minima of (Fig. 3b.
the interferometer signal amplitude depends on the inter- However, the chaotic character of this dependence does
ferometer length according to a cosinusoidal law:not rule out several laws in the behavior of the interferometer
(Unmin/Umad ~|coslC72)| =|cospL/2l)| (Fig. 3a. signal amplitude in response to retuning of the laser spec-
The decrease in the interference contrast can be exrum (Fig. 2d). Significant decreases in the signal amplitude
plained in another way: the interference patterns of the indi{interference contrastwvere observed for symmetric tuning
vidual laser modes under the conditiamL=(2k+ 1)I, of the laser modegosition4-4', Fig. 2. This is attributed
wherek is an integer, are shifted by, i.e., the minimum of to a decrease in the value ¢f7) for such tuning of the laser
one is at the maximum of the other. The totaummed  cavity in comparison to regioh—2-3, 5'—6', in which y(7)
interference signal can cancel dig. 2b. WhennL= 2k, is close to unity(as in the monochromatic regime
the interference signals of the laser modes are in phase, and The foregoing discussion referred mainly to systems
the interferometer signal amplitude does not depend on theiwith miniature gas lasers having a cavity length of the order

0.01 T T T

retuning(Fig. 20. of 20 cm(such as the LGN-207, LGN-105, LG-78, LG-52-3,
The signal of a multimode interferometer can be repre-and other such laserthat operate in a regime with the fun-
sented in the form damental transverse mode and one or two longitudinal
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Investigation of the properties of CdO films
A. M. Baranov, Yu. A. Malov, S. A. Teryoshin, and V. O. Val'dner

S. A. VekshinskiState Scientific-Research Institute of Vacuum Technology
(Submitted 14 April 199y
Pis'ma Zh. Tekh. Fiz23, 70—74(October 26, 1997

Cadmium oxide films obtained by magnetron sputtering of a cadmium target in a nitrogen-
oxygen mixture are investigated. It is established that these films have a lower resistivity than do
films obtained by other methods. It is concluded that the practical utilization of CdO films

as transparent electrodes would be worthwhile. 1897 American Institute of Physics.
[S1063-785(107)02910-9

The interest in transparent, electrically conductive ox-from 200 to 400 nm the decreaseTinslows ash decreases.
ides rose in the mid-sixties and has not waned up until th&he figure also presents the dependence of the reflection co-
present time. Transparent, electrically conductive oxides arefficient on the wavelength. The values of the reflection co-
employed as electrodes in liquid-crystal displays, photo<efficient R at different\ are not identical because of the
diodes, solar batteries, and other devices. interference of light in CdO films. The position of the maxi-

The number of known current-conducting broad-bandmum and the absolute value of the reflection coefficient at
oxides is smalt. The most widely known materials are in- the maximum were used to determine the film thickness
dium oxide(In,03) and stannic oxid¢Sn0,). Both materi- and the refractive index (at that wavelengti® The film
als haven-type conduction and an optical gap widiy>3 thickness anch were equal to 600 A and 2.25, respectively.
eV. To obtain a low resistivity, 05 films must be grown at  Then knowingd, we calculated the dependence of the refrac-
a temperature near 400°C, or subsequent annealing must bee index on the wavelength=f(\) from the transmission
performed This is not always possible. Stannic oxide films and reflection spectrésee Fig. 1h® According to the abso-
have been obtained with the lowest resistivity at room temiute values oh, CdO films are fairly well suited for creating
perature. However, the resistivity of Spdilms (=10 2  antireflection coatings on silicon in the wavelength range
Q-cm) is an order of magnitude higher than that of indium500-900 nm.
oxide films? Therefore, the study of the properties of new  Using the energy conservation condition, we found the
transparent conductive coatings is of current interest. Oneptical absorption coefficien#) of the fimA=1—(R+T).
such material is CdO. It is seen that the dependence At f(\) for CdO can be

Cadmium oxide(CdO) is a material that has scarcely separated into three regions. In the range 600—900rem
been studied?® It is a broad-gap semiconductor of thgBy ~ gion I) the absorption coefficient increases weakly, but does
class, and its properties differ from the properties of thenot exceed 10%. As the wavelength decreases from 600 to
widely employed oxides yO; and SnQ. It follows from 400 nm (region 1l), the absorption coefficient increases
Refs. 4 and 5 that this material can hawéype conduction, ~sharply to 60%. Then, a smooth increase in absorption be-
a low resistivity (=103 Q-cm), and a fairly high transmis- 9ins atA <400 nm(region IlI). Extrapolation of segments |
sion coefficient in the visible part of the spectrum. The opti-and Il of the plot ofA=f(\) until they intersect gives the
cal gap width Eg) of CdO varies from 2.3 to 2.7 eV. optical gap widthE,=2.5 eV. _

The purpose of the present work was to create and in-  The resistivity p) of the CdO films was measured by
vestigate CdO thin films. the four-point probe technique. The results obtained are pre-

The CdO films were obtained by the magnetron sputtersented in Table |.
ing of a cadmium target in a mixture of nitrogéN,) with It follows from Table | that the resistivity depends
oxygen(0,). The pressure in the vacuum chamber was conStrongly on the partial pressure of oxygen in the chamber.
stant and amounted to 28.0~2 torr. The partial pressure of The smallest resistivity valug=7x10"* Q-cm corre-
oxygen was varied from 810 4 to 12x 1074 torr. The sponds to a value of the partial pressure of oxygen in the
films were deposited on quartz and silicon substrates at rooffhamberP=5.2x10"* torr. Lowering the oxygen pressure

temperature.
The optical and electrical properties of the films obtained
were measured. TABLE I.

The transmission and reflection spectra of the CdO films

obtained were measured on a Specord M40 double—bealf?fIrtial pressure Resistivity,
. . P oxygen, torr Q-cm
spectrophotometer. These spectra are shown in Fig. l1a. In
the range 500—900 nm the optical transmission coefficiengx 10"‘74 2.4x 10:j
(T) is greater than 60% and varies weakly as the wavelengtfr>< 10" 8.4x10
T . ; . 5.2x10°* 7x107%
of the incident light\ increases. FOk<<500 nm there is a 76x10-4 1% 102

sharp decrease i, which is associated with the fundamen- 1 5« 19-3 12
tal absorption of CdO. However, in the wavelength range
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to less than &4 10 ° torr leads to a sharp decrease in theobtained CdO films, but also in comparison with the widely
transmission coefficient and an increase in the resistivity as amployed Sn@ films. As a whole, the results of this work
consequence of the presence of cadmium suboxide in thalow us to conclude that the use of CdO films as transparent
film. These films had a metallic color. The transmission co-electrodes in various devices would be expedient, especially
efficient and the values d&, for the CdO films obtained at in solar cells based on Si, for which it is a very good antire-
oxygen pressures greater thar 20 ° torr do not depend on  flection coating.
the values of the partial pressure. At the same timépes
not remain constant. An increase in the partial pressure of
oxygen leads tO' a sharp mcreasqom 1H. Hartnagel, A. L. Dawar, A. K. Jaiet al, Semiconducting Transparent

Such behavior of can be attributed to the fact that the  Thin Films Institute of Physics, Bristol—Philadelphiag9s, p. 358.
conduction of electricity in CdO films is mediated by oxygen 2s. P. Singh and A. K. Sharma, Thin Solid Filrh5 131(1982.
vacancies, which exist because of the oxygen deficiency inj?-l_B-CWhebb zng DS- 'Z:-hWI”JIanEWIS, /t\ppl-;h%/;é (ngﬁ%lggg(l%ll

- 7 . L. uan .o, u, J. Electron. Mal , .
the films! If there are not enough oxygen atoms to bond all 5C. Scavani and K. T. R. Reddy, J. Alloys ComptL5 239 (1994
the Cd atoms, a Cd atom that is not bonded can donate one;. . kondrashov,The Optics of Photocathoddin Russiai, Nauka,
or two of its electrons to the conduction band. If all the Moscow(1976. .
cadmium atoms are bonded to oxygen, the film will not be7F- A. Kroger, The Chemistry of Imperfect Crystal®orth Holland,

. Amsterdam; Wiley, New YorK1964); Mir, Moscow (1969.

conductive.

Thus, the CdO films obtained in the present work have aranslated by P. Shelnitz
lower resistivity not only in comparison with the previously Edited by David L. Book
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CdS—-GaN heterostructure photodetector with switching and memory
A. G. Drizhuk, V. G. Sidorov, D. V. Sidorov, and M. D. Shagalov

Vologda Polytechnical Institute, Vologda, Russia
(Submitted 27 June 1997
Pis'ma Zh. Tekh. Fiz23, 75-78(October 26, 1997

A photodetector having two stable states is fabricated. Switching is effected by a light pulse

from an external source. The states are stored until a voltage is supplied to the photodetector. The
design and properties of the photodetector are presented. The basic device-s amMsaN
light-emitting diode structure. €1997 American Institute of Physics.

[S1063-785(17)03010-3

Photosensitive semiconductor devices have found varilayer is negative. Only in this case can the “hot” electrons
ous applications in automation and optical communication@ccelerated by the electric field in th&GaN(Zn) layer enter
systems, as well as in other areas of technology. Multifuncthe nexti *-GaN(Zn, O) layer and excite the Zn-O emitting
tionality expands the possibilities for the utilization of such centers in it.
devices. The purpose of this paper is to present the structure A photosensitive cadmium sulfide layer was deposited
and operating principle of a multifunctional photodetectoron the surface of the LED structure. The layer was formed by
based on a CdS—GaN heterostructure on sapphire. pulverizing an aqueous suspension of powdered CdS and

The structure of the photodetector is shown in Fig. 1. Athen thermally sintering it at-580°C?2 The CdS layer has
gallium nitride structure consisting of three layers was growngood adhesion to GaN, and the properties of GaN remain
by vapor-phase epitaxy in a chloride—hydride system on ainchanged at the annealing temperature. The emission spec-
sapphire substrate oriented in tig012 plane. A buffer trum of the M—i—n-GaN light-emitting diode has a maxi-
layer of undoped, highly conductive-GaN with a perfect mum at an energy of 2.55 eV, which coincides almost ideally
crystal structure and a thickness of 10—2fh provides for  with the photosensitivity spectrum of CdS obtained by such a
isolation from the substrate and crystal perfection of themethod. The gap width of CdS at 300 K equals 2.53 eV. The
higher-lying layers and simultaneously serves as an electricalark resistance of the CdS layer is at least an order of mag-
contact with the high-resistivity *-GaN(Zn, O) layer fol- nitude greater than the total resistance ofith@-GaN struc-
lowing it. The second layer of gallium nitride is doped with ture. Then a transparent tin dioxide layer or a vacuum-
zinc and oxygen. It has a resistivity of 3010° -cm and a  sputtered aluminum thin film was deposited on the structure
thickness of 0.3—3:m and produces effective luminescence obtained. This electrode can also be continuous and opaque.
in the blue region of the visible spectrum. The third, higher-Then radiation from an external source is directed through
resistivity layer has a resistivity of $6-10’ 0-cm and a the substrate, since the GaN light-emitting diode structure is
thickness of 0.05—-0..xm and is doped only with zinc. The transparent up to photon energie8.2 eV. An indium con-
ratio between the total resistances of the second and thirhct was formed on thae-GaN layer.
layers is~1/10. This three-layer GaN structure is the blue The operating principle of the photodetector is as fol-
light-emitting diode(LED) described in Ref. 1. Because of lows. A negative potential from an external voltage source is
the asymmetric structure of the LED, blue electrolumines-supplied to the contact on the CdS layer, and a positive po-
cence is observed only when the potential in ith@aN(Zn)  tential is supplied to the contact on theGaN layer. All of

Incident
- radiation
In solder —— l l 1 l Sn0, or Al
7 cas
/////l///l/////////;/?l/l[ —— i-GaN(Zn)
[/ / / / / / / / T i"GaNZn.O) FIG. 1. Structure of the CdS—GaN photodetector.
—— n-GalN
+ ” ” 7] ” .
—— sapphire
" " "
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the voltage applied to the photodetector falls on the photosomewhere in the range 2—1@&, depending on the fabri-
sensitive CdS layer. The photodetector is in the high-cation conditions. The speed of the LED-s100 ns. Other
resistivity state. Illumination of the photodetector by a light photosensitive materials with a gap width2.5 eV can be
pulse from the photosensitivity region of CdS excites photo-used instead of CdS. Accordingly, the semiconductor mate-
conductivity in the CdS layer. The resistivity in the layer rial will determine the spectral sensitivity range of the pho-
decreases. The voltage in the structure is redistributed in faedetector. Gallium nitride light-emitting diode structures
vor of the LED. The LED begins to glow. The photodetectorcontaining alternating electron-accelerating and
is switched into the low-resistivity state. The switching luminescence-generating layers, for example, M-CdS-—
mechanism is governed by the positive optical feedback ap-"-GaN(Zn,0)+-GaN(Zn)—i "-GaN(Zn, O)-n-GaN—M,
pearing in the device between the photosensitive layer andan be used to provide for operation of the photodetector
the LED. The emission of the LED is absorbed in the CdSwith voltages of either polarity on the heterostructiire.

layer. The resistance of that layer and the entire structure The photodetector presented in this paper is actually a
decreases. The current through the LED increases. The elegwltifunctional optoelectronic device. It can be a photode-
troluminescence intensity increases, causing a further deector, an emitter, a memory cell, an element with optical
crease in the resistance of the CdS layer. This avalanchaformation output, an illumination indicator, i.e., a photore-
process leads to the appearance of a segment with a negatiay, an optical switch, etc.

differential resistance and a sharp current increase on the This research was performed with partial support from
current-voltage characteristic of the devifeig. 2). Varia-  the University of ArizonaU.S.A).

tion of the level of the external illumination significantly

alters the switching voltage and has practically no influence1A 6. Drizhuk. M. V. Zatsev. V. G. Sidorov. and b. V. Sidorov. Pisma
on the _svx_/it_ching current. The photoreceptgr remains _in _the Zh. Tekh. Fiz 22 ke),l 67 (199’6) [.Te.ch. Phys., Lett22, 25'9(1996],-
low-resistivity state until a voltage exceeding the emissionza, m. pavolets, G. A. Fedorus, and M. K. Sheman, Poluprovodn.
threshold of the LED(5-7 V) is supplied to it, i.e., the de-  Tekh. Mikroelektron.12, 71 (1973.

vice stores the luminous signal from the external source, al-A G- Drizhuk, M. V. Zatsev, V. G. Sidorov, and D. V. Sidorov, Pisma
though the source may no longer be present, and uses its blug" ek Fi2:22 (13, 33 (1996 [Tech. Phys. Lett22, 533(1996].
emission to signal it. The switching time of the photodetectorTranslated by P. Shelnitz

is determined by the properties of the CdS layer and fall€dited by David L. Book
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ZnTe—GaN heterostructure switching device
A. G. Drizhuk, V. G. Sidorov, D. V. Sidorov, and M. D. Shagalov

Vologda Polytechnical Institute, Vologda, Russia
(Submitted 27 June 1997
Pis'ma Zh. Tekh. Fiz23, 79-82(October 26, 1997

A bistable device, in which switching is effected by an external voltage pulse and the stable
states are stored as the color of the light emitted, is fabricated on the basis of iannMsaN
light-emitting diode structure by depositing a layer of ZnTe on it. The properties of the
device and its operating principle are presented. 1997 American Institute of Physics.
[S1063-785(17)03110-9

The principal elements in automation systems are probresistivity zinc telluride was grown from the vapor phase on
ably switching devices and the devices which signal the statthe surface of thé-GaNZn) layer of the LED structure in a
of these elements. The switch proposed in this paper conguasiclosed chamb@rThe thickness of the layer was-15
bines these functions in a single deviggg. 1). It consists of u«m, and the total resistance exceeded the total resistance of
a three-layer gallium nitride structure grown on a sapphirghei-GaNZn) layer by an order of magnitude or more. The
substrate by vapor-phase epitaxy in a chloride—hydride syszontact on the ZnTe layer was made from vacuum-sputtered
tem. A buffer layer of undoped-GaN was grown at 1050°C gold, and the contact on the-GaN layer was made from
and a growth rate of-20 um/h, which provided it and the indium.
higher-lying layers with high crystal perfection. The thick- The M-ZnTe+-GaNZn)—i "-GaN(Zn, O)-n-GaN-M
ness of the layer was 3020 um, and its conductivity was heterostructure thus created can operate as a device with
~10° O t.cm L. Then the following layers were grown switching from a high-resistivity state to a low-resistivity
successively at 950°C: a gallium nitride layer doped withstate and retention of the stable states as the color of the light
both zinc and oxygen and a gallium nitride layer doped onlyemitted. The operating principle is as follows. At a certain
with zinc. The layers had the following parameters:-03  small working voltage the device is in the high-resistivity
um and 16—10° Q.cm; 0.05-0.5 um and 18—10"  state. Almost all the voltage applied to the heterostructure
) -cm, respectively. The total resistance was selected so théills on the higher-resistivity ZnTe layer, where orange elec-
the resistance of thé-GaN(Zn) layer would be approxi- troluminescence with a maximum at2 eV is excited in a
mately an order of magnitude greater than the resistance strong electric field. The band gap at 300 K is equal to 2.26
thei*-GaN(zn, O) layer. eV. An additional pulse, which increases the total voltage on

Such an M+GaNZn)—i *-GaN(Zn, O)-n-GaN struc- the structure above the level corresponding to the threshold
ture is a light-emitting diodéLED) that emits blue lightthe  electric field strength in the ZnTe layer@10° V/cm) causes
emission maximum lies at 2.55 ¢\Vif a negative potential reversible local electric breakdown in ZnTe. This leads to a
from a constant voltage source is supplied to the metallidecrease in the resistance of the ZnTe layer and, thus, in the
contact on the-GaN(Zn) layer! With this polarity of the resistance of the entire structure. The switching voltage
voltage, electrons are accelerated in the strong electric fieldquals 5-15 V and is determined by the electric and geomet-
of the i-GaN(Zn) layer to energies sufficient to excite the ric parameters of the ZnTe layer. In the low-resistivity state
Zn—0 centers located in the followirig -GaN(Zn,0) layer. the voltage in the structure is redistributed from the ZnTe

To fabricate the switching device, a layer of high- layer to thei-GaNZn) layer. When the potential from the

-

O

\——\\ /Au

— ZnTe

LI S LLE L L LA L L L g i-GaN(Zn)

[T T T I TN ¢ canzaoy

In— . FIG. 1. Structure of the ZnTe—GaN switching device.
—— n-GalN
+ " 4 " /4 .
l—— sapphire
" 7 "
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spectral characteristics of the emission of the switching de-
vice in the low-resistivity and high-resistivity states are pre-

11 P sented in Fig. 2. The intensity of the blue electrolumines-
—1 cence exceeds the intensity of the orange emission by an
order of magnitude or more. When the voltage on the het-
0.3 erostructure has the opposite polafiyhen the “plus” is on

ZnTe), switching occurs only as a result of breakdown in the
ZnTe layer, since the blue electroluminescence is not excited
in the LED in this case. To create a switching device that
operates under a voltage of either polarity, we can use any of
0.4 - the GaN LED structures proposed in Ref. 3. These LEDs
consist of sequentially arranged-GaNZn)—i*-GaN
(Zn,0)--GaNZn)—i *GaN(Zn, O) layers and operate un-
0.2 1 der voltages of either polarity.
The high-resistivity state of the device can be restored
by switching off the external voltage. Under external illumi-
v T T r nation by white light the voltage needed to switch the device
14 16 183 20 22 24 26 23 into the low-resistivity state decreases with increasing inten-
sity. An increase in temperature has a similar effect. The
switching time is 0.2-0.5 us under illumination and-1 us
FIG. 2. Spectral characteristics of the electroluminescence of the znTedn the dark.
GaN heterostructure in the low-resistivity) and high-resistivity(2) states. This research was performed with partial support from
The spectra have been normalized to unity. the University of ArizonaU.S.A).

0.6 4

¥ T T

Energy, eV

voltage source in the ZnTe layer is negative, the blue elec<a. G. brizhuk, M. V. Zatsev, V. G. Sidorov, and D. V. Sidorov, Pis'ma

troluminescence of the LED is ignited. The emission of the Zzh. Tekh. Fiz.22(6), 67 (1996 [Tech. Phys. Lett22, 259 (1996)].

LED excites photoconductivity in the ZnTe |ayer and 2S. I. Radautsan, A. E. Tsurkan, and T. D. Shemyakovahatracts of

therebyv further d it ist Th itive feed Reports to the 4th Symposium on the Growth and Synthesis of Semicon-
erepy further decreases Its !’eSIS ancg. € posiuve teed-ycior Crystals and Film§in Russian, Novosibirsk(1975, p. 93.

back created leads to a sharp increase in the current througtn. G. Drizhuk, M. V. Zatsev, V. G. Sidorov, and D. V. Sidorov, Pisma

the LED, an increase in the electroluminescence intensity, Zh. Tekh. Fiz.22(13), 33 (1996 [Tech. Phys. Lett22 533(1996].

and switching of the device into an even lower-resistivity 1. ciateq by P. Shelnitz

state. The current-voltage characteristic 3shaped. The Edited by David L. Book

810 Tech. Phys. Lett. 23 (10), October 1997 Drizhuk et al. 810



Possibility of analyzing deuterium—tritium gas mixtures using a time-of-flight
mass spectrometer

N. N. Aruev, A. V. KozlovskiT, I. L. Fedichkin, and G. L. Saksaganskil

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia;
Mettek Ltd., St. Petersburg, Russia;

D. V. Efremov Scientific-Research Institute of Electrophysical Apparatus, St. Petersburg, Russia
(Submitted 27 June 1997

Pis'ma Zh. Tekh. Fiz23, 83—87(October 26, 1997

The use of a time-of-flight mass spectrometer, whose ion source and detector operate in a
synchronous regime, is proposed for the chemical and isotope analysis of gas mixtures containing
radioactive tritium. The experiments performed confirm that the detector background current
caused by tritiumB electrons scarcely influences the signal-to-noise ratio and does not diminish the
accuracy of analyses. @997 American Institute of Physid$1063-78517)03210-2

Mass-spectrometric methods are probably the most suit- An upper estimate of the principal component of the
able for exact quantitative analyses of deuterium—tritium gasoise current can be obtained by assuming that for mono-
mixtures that will serve as fuels in thermonuclear reactorslayer coverage there are10'° tritium atoms on 1 crhof the
particularly in the International Thermonuclear Experimentalsurface, for example, of a microchannel plate and that the
Reactor (ITER). Apart from the principal components,D active surface of a microchannel plate~sl0 cnf. Taking
and T, fuel mixtures can also contain such impurities 3s H into account that the half-life of tritium i§,,,~4x 1% s, we
%He, “He, and Q, oxides of various elements, hydrocarbons,find that the background current during the time of a working
N, and its compounds, etc., and the range of impurity conpulse7~2x10"8 s amounts to~0.5 counts/s. At the same
centrations can be very broad, extending from 3@ 5%. It  time, the ion packe(the useful signalcontains from a few
follows from Ref. 1 that a mass spectrometer capable ofo thousands of ions, depending on the sample composition,
performing complete isotope and chemical analyses othe pressure, the alignment, etc.

hydrogen-helium mixtures in the mass range @ u must To test the hypothesis advanced we used a mass reflec-
have a high resolving poweR;qy,~2500 (the *He" —3T+ tron with a linear ion trajectory? which was developed by
doublet will still not be resolvedand high sensitivity. Mettek Ltd!® and has the following characteristics: analyzer

Mass spectrometers of the quadrupdler omegatrofi®  length,~240 mm; ion trajectory length,~ 180 mm; resolv-
types, as well as static magnetic instruments with doubléng power in the mass range-2 u, Rygy~50— 60; sensi-
focusing’ are presently most often employed in the gastivity at a partial pressure of Ar10~8 Pa; dynamic range,
analysis of fuel mixtures in various thermonuclear facilities.10°—10’; range of measurable masses; 150 u; time for
One shared characteristic of these instruments is the fact thtite detection of 20 gas componentsl s. The vacuum
their ion sources and detectors operate in a continuous rehamber and all the internal assemblies and parts of the mass
gime. The literature datand the experience gained in work- reflectron are made from stainless steel, and porcelain serves
ing on magnetic resonance mass spectromet®mith gas  as an insulating material. The analyzer and the injection sys-
mixtures containing small quantities of tritium show that thetem specially made for these experiments are evacuated by
detector background currents caused by fheelectrons oil-free pumps operating without cooling by water or liquid
formed as a result of the decay of tritium nuclei can increasaitrogen. After preliminary alignment, the instrument oper-
by several orders of magnitude, if secondary-electron multiates in an automated regime.
pliers or microchannel plates operating in a continuous re- The main objectives of the experiments performed were
gime are employed in the detectors. This phenomenon prde record the’T, molecular peak and to investigate the in-
cludes the measurement not only of the content of impuritiefluence of the detector background current on the error in
in the gas mixture, but also the content of the principal comimeasurements of the intensities of the lines in the mass spec-
ponents. trum during prolonged operation of the instrument with tri-

It has been theorized that a solution for the problem oftium.
analyzing tritium-containing gas mixtures can be achieved Before the main measurements, only the™, H;
using a time-of-flight mass spectrometer of the mass reflectHe™, “N*, and'®0" lines were detected in the spectrum of
tron typel! whose ion source and detector operate in a synthe residual gas @®,.+~10 ® Pa. After injection of a tritium
chronous pulsed regime with the accumulation of ions duringsample (at the starting timety) to a working pressure
the timeT of the pause between pulses. Since the tempordP,,~10% Pa, the intensities of the peaks just indicated
distribution of the noise caused by the decay of tritium remained practically unchanged, and an unresolved
nuclei is uniform and since the noise current is proportionaPT* +3He" peak and &T, molecular peak appeared in the
to the ratio7/T (7 is the duration of the pulse which opens spectrum. Since the gas under investigation was injected into
the detector, the shorter isr, the smaller is the contribution the analyzer from a small volumetric vessel with a volume of
of the noise current to the output signal. ~0.5 cn?, during a prolonged operating periot} { ty~40
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TABLE 1. rent caused by3 electrons begins to increase immediately
after the injection of tritium into the analyzer.

Intensity of peaks at the time

lons Measurement In our opinion, the experimental data obtained allow us
measured to ty t ty error, % to confidently assert that a time-of-flight mass spectrometer
1+ 15 17 20 23 0.2 operating in a synchronous detection regime makes it pos-
s 174 204 214 203 0.2 sible to eliminate the influence of the background current
5T +3He" 1001 910 894 1045 0.4 caused by thg8 decay of tritium nuclei and to analyze the
;‘?e: ;5"6 ;5?4 ::0 337 %12 composition of gas mixtures containing tritium with a high
14Ne$ 45 54 =6 = 0o accuracy. As calculations show, for a sufficiently reliable
160+ 45 59 63 52 0.2 (but not complete, as in Ref.) lguantitative analysis of

hydrogen-helium mixtures, the resolving power of the mass
spectrometer must bR;q,~500. There are a number of
ways to increase the resolving power of a mass reflecfron.
min, t,—ty~80 min) the pressure in the volumetric vessel This work is presently being conducted.
and, accordingly, the intensities of tA&" +3He™ and3T™"
peaks decreased by about 10% from the their initial values.
. . . 1 H
Restoration of the pressure in the volumetric vesset,at (81'9/;'1) Alekseenko, N. N. Aruev, B. A. Mamyriat al, At. Energ.51, 27
(t_”__tom 120 min led to restoration of the mtesnSItleS of the 2R. E. Ellefson, W. E. Moddeman, and H. F. Dylla, J. Vac. Sci. Technol.
tritium molecular peak and the unresolvéd" + 3He" peak. 18, 1062(1981).
The mass lines were recorded automatically without any fine’s. Hiroki, T. Abe, Y. Murakamiet al, J. Vac. Sci. Technol. A2, 2711
adjustment of the instrument. ,(1994.
The first results of an analvsis of a gas mixture contain- U. Engelmann, M. Glugla, R. D. Perzhorn, and H. J. Ache, Nucl. Instrum.
. o ; : y 9 Methods Phys. Res., Sect. 302, 345(1991).
ing tritum on a time-of-flight mass spectrometer are pre-5u. Engelmann and G. Vassalo, Fusion Eng. [285.324 (1995.
sented in Table I. The intensities of the measured lines in théR. Lésser, C. J. Caldwell-Nichols, J. Dallimoe al, Preprint No. JET-
mass spectrum are given in arbitrary units. 75(932%225@;:-% 4 A 1. Davydov, At Enef, 125 (1994
Th% resuéts obtained s_ho_\/\_/ that the intensity of_the unre-sy1 g, Malinovski, Preprint No. SAND 79-8218, Sandia Livermore Na-
solved®T" +3He" peak significantly exceeds the intensity tional Laboratory, Livermore, CA1979. .
of the 3T, molecular peak. This is attributed to the fact that 9§6A2- “gaTlégf;j [SS- A. Alﬁkseenk% ;nd '(\)lé(N-g g\:rbu]ev, Zhkgp. Teor. Fiz.
i i~ 80, 2125(1 ov. Phys. JETPB3, 1109(1 .
the ggge of the tritium sample exceeded 20 years, and radigs " Aruev, E. L. Badakov. B. A. Mamyrin, and A. V. Yakovlev, Zh.
genic °He became the main component in the sample. The texn. Fiz.57, 300(1987 [Sov. Phys. Tech. Phys2, 180(1987].
presence of fairly intens¥N* and?®0* peaks in the spec- B. A. Mamyrin, V. I. Karataev, D. V. Shmikk, and V. A. Zagulin, Zh.
trum attests to the insufficient degree of heating and degag;Eksp- Teor. Fiz64, 82(1973 [Sov. Phys. JETR7, 45 (1973,

. . . 2B. A. Mamyrin and D. V. Shmikk, Zh. Esp. Teor. Fiz76, 1500(1979
sing of the analyzer. We did not detect any influence of the [Sov. Phys. JETR9, 762 (1979)].

background current caused by tBedecay of tritium on the 135 v, Kozlovskii, Mettek Ltd. (applicant, “Mass spectrometer for gas
intensities of the measured peaks or on the error in the mea-analysis,” Favorable decision regarding patent application No.

surements of the gas components, although the measurg?6102272.047 February 1995

ments were continued for more than 2 h. The experience > A Mamyrin. Int. J. Mass Spectrom. lon Processéd, 1 (1994,
gained in working with a detector operating in a continuousTranslated by P. Shelnitz

regimé® has revealed that the level of the background cur£dited by David L. Book
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Nonequilibrium processes in Hg ;_,Cd,Te n*—p junctions in a magnetic field

I. S. Virt

I. Franko Drogobych State Pedagogic Institute, Drogobych, Ukraine
(Submitted 10 April 199y
Pis'ma Zh. Tekh. Fiz23, 88—94(October 26, 1997

The results of measurements of the relaxation and current—voltage characteristics gE#jge

n" —p junctions in a magnetic field are presented. It is shown that the lifetime of the
nonequilibrium electrons in thp-type region undergoes an increase in a magnetic field, which
can be associated with the heterogeneous distribution of defects from the junction

boundary. The current-voltage characteristics in a magnetic field exhibit suppression of the
diffusion component of the current and an increase in the contribution of the
generation—recombination channel, as well as the appearance of shunting channels, which are
associated with the influence of the surface. 1897 American Institute of Physics.

[S1063-785(®7)03310-1

Electron—hole junctions in Hg ,Cd, Te comprise a ma- a G5-54 generator in the forward direction in the temperature
jor component for the creation of devices for infraredrange 300—77 K. The magnetic field was created by a per-
technology*? The technologies for obtaining doped surfacemanent magnet with a strength from 0.0 to 0.8 T in the
layers in these crystals are associated with certain difficultiedirection perpendicular to tha* —p junction. The voltage
due to the comparatively easy occurrence of defectelaxation curves were recorded using an S8-13 storage os-
formation® For this reason, the structural makeupngf—p cillograph. The current—voltage characteristics were also
junctions is fairly complicated® One of the methods for measured.
studying the structure af—p junctions is to investigate their The shape of the injection pulse®t 77 K has the form
recombination characteristiés. presented in Fig. linsey when the pulse voltagd =2.4 V.

This paper presents the results of investigations'ofp ~ The postinjection curve consists of two segments. At first
junctions in magnetic fields. Junctions with an areathere is an almost instantaneous ohmic voltage drop on the
A=50x50 um? were fabricated by implanting Bions in  base layer of the* —p junction. It is followed by a second
p-HgoeCy,Te crystals withp~2x 10 cm™2 at 100 keV. segment, which is determined by the recombination of non-

Current pulses with a duration of 12 were supplied from equilibrium charge carriers on both sides of thie—p junc-
tion. Since the doping level of the electron region is consid-

erably higher than that of the hole region, the pulse
relaxation time is determined by the larger of the lifetimes of
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FIG. 1. Field dependence of the lifetime of nonequilibrium charge carriers
in the p-type region(1) and relative variation of the magnetoresistance of
the base layef2) of a HgygCdy,Te n™ —p junction at 77 K. The inset shows
oscillograms of the injection voltage in zero magnetic figldand atB= 0.3

T (b).
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FIG. 2. Temperature dependence of the lifetime of nonequilibrium charge
carriers in thep-type region in zero magnetic field) and atB=0.3 T (2)
for a Hg)sCdy,Te n* —p junction.
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FIG. 3. Current—voltage characteristic oha—p junction in
zero magnetic fieldl) and atB=0.3 T(2). Inset: a — forward

L 1 A A [] L T . .
0.02 0.06 040 branch of the current—voltage characteristic in linear coordi-
’ : nates b — linear segment of the reverse branch of the current—
n{o u,v voltage characteristic on a magnified scale.
AV
20 ' 003 002 001 0.05

10

20
30

T AT

the nonequilibrium charge carriers, which corresponds to the The 7,(T) curves(Fig. 2) indicate an Auger mechanism
region with less doping, i.e., the electron lifetimg in the  for recombination of the nonequilibrium carriers and that
p-type region of the junction. The value of, was deter- the type of mechanism does not change in a magnetic field.
mined from the linear segmeérachieved on the postinjection The value ofr, increases over the entire temperature range
dependence of the voltage for impurity conduction. Under an Auger recombination
o, e AU mechanism this can be associated with a decrease in the ac-
(7n) kT At 1) ceptor concentratiolN, as the junction boundary is ap-
proached. According to the,(B) curve, the coordinate dis-
tribution is approximately constant at distances from the
n* —p junction up to 3Qum. Estimation of the concentration
of equilibrium holes in the-type region from the expression

whereAU/At is the slope of the segmertd,is the electron
charge, and is Boltzmann’s constant.
The value ofr, [on the7,(B) curve] at 77 K increases

with increasing magnetic field$ig. 1) about threefold at a . .
value of the rr?agnegtic fielamo.ng and then reaches satu- '"_ b/p? (b is the Auger recombination consténteveals

ration. The relative change in the resistivity of the base Iayel;hat the concentration grao_llent of the agcep'grs at _the dis-
Aplp, as a function ofB, which was determined from the (@nces 25qum=d=30 um is gradeloll cm". During
magnitude of the ohmic component of the tailing edge of thdMPlantation, Frenkel defects can form in the mercury sub-
pulse, behaves in the same manner. lattice in the near-surface layers of the crystal as a result of
The dependence of, on the magnetic field is attributed the migration of interstitial mercury atoms into tipetype
to the fact that recombination of the nonequilibrium chargeregion, and they can subsequently partially recombine with
carriers takes place in different portions of {idype region. the mercury vacancies that determine the acceptor concentra-
More specifically, as the field increases, the recombinatiorion.
region moves closer to the boundary of thé—p junction. The form of the current—voltage characteristics also
The effective diffusion length of the nonequilibrium elec- changes in a magnetic fieldFig. 3. On the forward
tronsL,= D7, (D, is the diffusion coefficientin a mag-  branches of the current-voltage characteristics
netic field obeys the expression [J(U)=J.expeU/BkT)] the nonideality parameter increases
from B~1.1 (B=0) to 8~1.7 (B=0.3 T). On the reverse
D,m .
— (2)  branch the current decreases, and a slight dependence on the
1+uiB voltage appears. The differential resistance at zero bias
(i, is the electron mobility Thus, whileL,(0)~250umin  Ro=(dU/dJ)y-, increases twofold. These data attest to an
a material withp-type conductiorf,at B~0.8 T the diffusion  increase in the contribution of the generation—recombination
length decreases to approximately(B)~30 um. The in-  component Jgg) to the flow of current. Suppression of the
crease inr, thus provides evidence that the recombinationdiffusion componentJp) occurs, because it depends on the
properties of these regions are different. magnetic field"

Ln(B)=

814 Tech. Phys. Lett. 23 (10), October 1997 I. S. Virt 814



D n2 rent. The value of the parallel resistance decreases to
o=\ ———— (3) Rg=5x%10° Q in a magnetic field. Most probably, the de-

2 N.' . .
(1+pupB?) 7, Na flection of electrons toward the surface promotes their pas-
wheren; is the intrinsic carrier concentration. In the limit S29€ along the ohmic channels in the near-surface layers.
Mﬁ32>1, Jp decreases with the field ak~(B) 1. The It follows from the present experimental data that in

I C
tunneling component, which is manifested at a reverse bia§9%-xCTen”—p junctions created by the ion implanta-
in the range 0.260.55 V, also varies. In this range the 10N of B ions there is a slight concentration gradient of the
current—voltage characteristics are described by th@cceptors at a sufficient distance along with the sharp con-

expressior: centration gradients of the dopant and the intrinsic defects. In
a magnetic field the contribution of the surface to the flow of
C current increases, particularly because of an increase in the
Jr~UU+Ucon) exp{ N (UTcon)l/zl ’ 4) generation—recombination component.

where U, is the contact potential difference ari@l is a

constant V\_/h|ch depends on the doping level of theand 1. C. Shen, Semicond. Sci. Techng|.443 (1993.

p-type regions. The less steep dependence of the tunnelings. v. Belotelov, V. I. Ivanov-Omskj A. I. Izhnin, and V. A. Smirnov,
branch of the current—voltage characteristic in a magnetic Fiz. Tekh. Poluprovodn25, 1058(1991) [Sov. Phys. Semicon@5, 637
field indicates that the band spectrum is altered in the vicin-, (19921

it f the barri in then™ . ti | ticul th 3H. F. Shaake, J. Vac. Sci. Technol.4A2174(1984.
ity O € barner in then " —p juncton. In parucuiar, the 4\ g Andrukhiv, S. V. Belotelov, and I. S. Virt, Fiz. Tekh. Poluprovodn.

parametelC obeys the relation 27, 1863(1993 [Semiconductor®7, 1026(1993].
. 5Yu. R. Nosov,Switching in Semiconductor DiodeBlenum Press, New
32 e York (1969.
C~ Eg N_' ) 6A. V. Lyubchenko, E. A. Sal’kov, and F. F. SizoRhysical Principles of
A

Semiconductor Infrared Photoelectronida Russian, Naukova Dumka,
wherem? is the effective electron mass aig is the gap ~ Kiev (1984. _ _
idth. It can be presumed that the decreasd}riis related to S. E. Schacham and E. Finkman, J. Vac. Sci. Techndl, 387 (1989.
wi o . E - _ BN. L. Bazhenov, S. I. Gasanov, V. I. lvanov-Onisk{. E. Mironov, and
the increase i due to Lorentz twisting by the magnetic K. D. Mynbaev, Fiz. Tekh. Poluprovodi®5, 2196 (1991 [Sov. Phys.
field. Semicond25, 1323(1997)].
At reverse biaset)>|—0.55 V such channels with an Translated by P. Shelnitz

ohmic resistanc®~10* O contribute to the flow of cur- Edited by David L. Book
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