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A promising class of functional microelectronic micro- in detail in Ref. 5, where a mathematical model was formu-
wave devices are those based on space-charge wavieded for analyzing the parametric interaction under study.
(SCW3 in semiconductors with negative differential con- The coordinate system is chosen so thatytlendz axes are
ductivity (NDC), resulting from intervalley electron transi- oriented perpendicular and parallel, respectively, to the film
tions in strong electric fields. In Ref. 1 it is pointed out that plane, the latter axis lying in the middle of the film. A strong
these devices, of which a typical example is a thin-flmdc electric field parallel to the film plane and theaxis is
traveling-wave amplifier, can be used as amplifiers, heteroproduced in then-GaAs film; the intensityE, of this field
dynes (with feedback, delay lines, and switches. In Refs. corresponds to the section of NDC on the curve of the elec-
2-4 it is shown theoretically and experimentally that thetron drift velocity versusk,. Let us assume that a more
parametric operating regime of such an amplifier with low-intense pump wave with frequendy,<f (low-frequency
frequency pumping not only increases the limiting SCW am-pump and amplitudeE ; is also excited in th&@-GaAs film
plification frequency, but it also makes it possible to add aftin addition to a weak SCW with frequendy (signa). As a
least two possible functions: mixing with a frequency shift result of the nonlinearity of the semiconductor, a wave at the
and controllable filtering with tuning by varying the pump idler frequencyf;=f;—f, arises in the electron flow. The
frequency. Theoretical investigations of the interactjpara-  analysis in Ref. 5 led to a system of two first-order ordinary
metric amplification, conversigrof space-charge waves in differential equations for the amplitudes of the coupled sig-
semiconductors with NDC ordinarily employ one- nal and idler frequencies. As a result of the numerical solu-
dimensional spatial models, which limits their applicability, tion of this system, in Ref. 5 the amplitudeg andE; asso-
because in real amplifiers thin-film semiconductor structuresiated with the signalf; and idler f; frequencies were
with a working layer whose thickness is comparable to thecalculated at the end of the interaction section of lehgthd
wavelength of the space charge are used to prevent Gurthe transfer coefficient at the frequen€y was calculated

oscillations. according to the formula
In the present Letter, the results of a theoretical investi-
gation of parametric frequency conversion in thin-film semi-  L=20-log(Es/Ep), (1)

conductor structures with negative differential conductivity
are reported and the effect of the pump parameters and filwhereEg, is the amplitude of the space-charge wave of the
thickness on the conversion factor is studied. signal in the initial section of the interaction.

In the present Letter we investigate frequency conver- In the analysis of the results in Ref. 5 it was pointed out
sion theoretically using an approach similar to that describethat effective frequency conversion can be obtained with the
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FIG. 1. Conversion factot; versusE,,/Ey: fs=35 GHz, f,=20
GHz, f;=15 GHz,T=10 um, | =40 um (curve 1, 50 um (2) and 60
E /E um (3). Dotted curve — versusE,/Eq for =60 uwm.
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parametric interaction studied. In the present Letter we reportulations lies below the limiting frequency of the amplified
the computational results for the conversion factor: SCWs, as a result of which the idler SCW is increasing even
_ in the absence of parametric interaction. As a result of the

L=20-log(E; /E<o). @ weakening of the space charge and the fact that some lines of
For numerical calculations we employed the values offorce exit the film, a decrease of the film thicknd@ssesults

the parameters and physical quantities which are characteifh a decrease of both andL;.

istic for n-GaAs: The relative permittivity is 12.5, for In summary, the results of the present work show that, in

Eo=5.5 kV/cm the drift velocity is 1.X10° cm/s, and the agreement with the experimental results of Ref. 4, the para-

diffusion coefficient is 160 cfis. The curves of the differ- metric interaction of surface-charge wavesiGaAs-based

ential electron mobility versus frequency, which were calcu-thin-film semiconductor structures with negative differential

lated by the Monte Carlo method in Ref. 6, correspond to theonductivity with a low-frequency pump can be used for

same value oE,. The variable parameters in the calculationseffective frequency conversion in the 8-mm range.

were fg, f,, fi, Ego/Eo, |, and the film thicknes3. The

computational results are presented in Fig. 1, which displays

curves ofL, versusEg,/Eq for f;=35 HGz, f,=20 GHz, LA. A. Barybin et al, Mikroélektronika8, 3 (1979.

and f;=15 GHz with film thicknessT =10 um and interac- 2v. A. Ivanchenko, B. N. Klimov, and A. I. Mikh#tov, Fiz. Tekh. Polu-

: _ provodn.13, 1172(1979 [Sov. Phys. Semicond.3, 687 (1979].
tion lengthl =40 um (curve 3, 50 um (2), and 60um (3). 3V. A. lvanchenko, Yu. M. Ignat'ev, and A. |. Mikiiov in Interaction of

For (_:omparison, a curve af VerSUSEpOIE_O calculated ac- Electromagnetic Waves with Semiconductors and Semiconeuctor
cording to Eq.(1) for the same frequencie, f,, andf; Insulator Structuregin Russian, Saratov University Press, Saratov, 1988,
with film thicknessT=10 um andl =60 um (dotted curve Part 2, pp. 117-118.

4 . .

. . . V. A. Ilvanchenko and A. |. Mikh#ov in Abstracts of Reports at the

is also presented In Flg' 1. . . i . All-Union Conference on “Electronics: Information Convertergh Rus-
As one can see from the figure, increases with in- siarl, Nizhnii Novgorod, Moscow, 1991, pp. 12—14.

creasing pump amplitude and for certain valueEgy/E,, it °A. . Mikhatlov and S. A. Sergeev, lzv. Vyssh. Uchebn. Zaved., Radio-
becomes a positive quantity. (>0 is the autodyne conver- _&lektron.38, 43 (1995.
. . . . 5H. D. Rees, Solid State Commi, 267 (1969.
sion). The computational results also show that increasing
results in largelL;, sincef; in the case chosen for the cal- Translated by M. E. Alferieff
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Influence of amplitude modulation of a light beam on electron interference:
the Aharonov—Bohm effect
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Expressions are derived for the change in the width of the central peak in the Aharonov—Bohm
effect. © 1997 American Institute of Physid$§1063-785(17)00201-7

Since the discovery of the Aharonov—Bohm effece- A similar expression is obtained fd¥(7). If the detection
searchers have concentrated their attention on studying tleystem records the buildup of diffracted electrons at each
phase characteristics of electron waves in static magnetigoint on the screen, the condition corresponding to the half-
fields? whereas the influence of a varying electromagneticheight of the central maximum®s
field on the Aharonov—Bohm effect has only been examined
in a few publica}tioné‘6 The authors of Ref. 4 derived an wer—|R-F(D)+ ER- F(7) _T 7
expression relating the broadening of the central interference 2 max 2
maximum to the frequency of light, the amplitude of the
vector potential created by A, and the electron velocity
v. These investigations were continued in Refs. 5 and 6. |
the present paper the model discussed in Refs. 4—6 is used 6
analyze the influence of amplitude modulation of an optical

It can be shown that the principal correction to the func-
rHion F(t) caused by the modulation is-2m{/w) and con-
quently

signal on the interference pattern in the Aharonov—Bohm Fmax(t)zl—ZmZ. (8)
effect.
We express the vector potentialin the fornf The correction to the functior-(7) may be disregarded

sincewr is small. Then repeating all the procedures of Ref.

A=Ao(1+m cosQt)cos wt, @) 5, we obtain the relative angle for the central diffraction peak
wherem=AA/A, is the modulation coefficient ard is the
frequency of the modulating signal. It was shown in Ref. 4 -6, 4 evAg QA 7o
that interference between two electron beams diffracted from ¢, 7 ho 1- 2"‘; t2 o) ©
two slits separated by the distandeis determined by the
probability P Thus amplitude modulation of the optical signal narrows
1

P=—

5 It is interesting to consider the influence of amplitude

modulation on the contrast of the diffraction pattern. By re-
Here e is the electron charge; is the reduced Planck’s Peating the calculations made in Ref. 6, one can show that
constant,c is the velocity of light, 7 is time interval for the d.c.(low-frequency component of the diffraction prob-
electrons diffracted from different slits to arrive at the sameability Pq ¢ has the form

point on the screen, and, is the angular frequency of the

] the central diffraction peak.
. (2

2ev [t ev (0
1+co —f Adt+ —f Adt— weT
f Jo h)_,

electron wave. Substituting E€l) into Eq. (2) gives Pd.c.:E 1+ cog Bwar) g R( 1—2m9)“, 10
1 1 2 )
PZE 1+CO{R'F(t)+§R'F(T)—weT } (3
whereB=1- wR/2w, . Thus, the contrast of the interference
where pattern
_ 2evAg 4 K=(Pq.c. max— Pd.c. min)/ (Pa.c. maxt Pd.c. min)
) siw—Q)t  sin(w+O)t QO
F()=sin wt+mo| ——~—+— 5 ) K= JO{R<1—2mE” . (11)

We expand expressiolb) in the small parametef)/w,  From this it follows that whefR(1—2mQ/w) <2.40(this is
which gives the first zero of the Bessel functiody,), an increase in
mQ/w enhances the contrast of the interference pattern.
Conversely, in the range

(6) 2.40<R(1—2mQ/»)<3.84,

Q
F(t)=sin wt+2m| sin Qt-coswt— P cos()t-sin wt

11 Tech. Phys. Lett. 23 (1), January 1997 1063-7850/97/010011-02$10.00 © 1997 American Institute of Physics 11



i.e., on the rising part of the functigdy[ R(1—2mQ/w)]|, 1y. Aharonov and D. Bohm, Phys. Re¥15, 485 (1959.

an increase i)/ reducesK, and so forth. This follows  ?M. Peshin and A. Tonomura, Lecture Notes P840, 3 (1984.

from the oscillating nature of the Bessel function: on the is- M. Roy and V. Singh, Nuovo Cimenft, 391 (1984.

decaying sections dfly| an increase imQ/w enhances the 5 L& E. Yin, T. K. Gustafson, and R. Chiao, Phys. Revd% 4319

- ) (1992.
contrast whereas on the rising parts ||, the opposite s, Ageev and S. Yu. Davydov, Pisma Zh. Tekh. FRi(23), 71

effect occurs. _ (1999 [Tech. Phys. Lett21, 982(1995].
Amplitude modulation therefore narrows the central in- 6o N. Ageev and S. Yu. Davydov, Pis'ma Zh. Tekh. F22(4), 70 (1996

terference maximum and for smai<<2.40 enhances the [Tech. Phys. Lett22, 165(1996)].
contrast of the diffraction pattern in the Aharonov—Bohm ’V. V. Potemkin, Radiophysicsin Russia, Moscow State University,

effect. Moscow (1988.
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Influence of active oxygen on the superconducting properties
of an yttrium ceramic investigated by a diffraction method
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A diffractometric method of determining the amount of oxygen in intergranular media is
described and the superconducting properties of YBaCuO ceramic are related to the intergranular
oxygen content. ©1997 American Institute of Physid$§1063-785(7)00301-1

It has been established that the superconducting propecontent remained constant. The hold time was 5 h. The con-
ties of YBaCuO ceramic are very sensitive to the oxygencentration of lattice oxygen atoms in the bulk of the granules
content: Most existing methods determine the concentratiorvas determined using the lattice parameZein accordance
of oxygen atoms averaged over the entire volume of highwith the empirical law
temperature superconductdrslowever, a knowledge of this
average concentration is insufficient to explain many of the
detailed effects observed in these materials. An example of
these effects is the loss of superconducting properties in thgnd by measuring the distance between the diffraction peaks
orthorhombic phase YB&u;0;_ s at 5=0.1 (Ref. 3. This (200 and (020 (Ref. 6.
observation indicates that the superconducting properties of The problem of determining the oxygen content in the
this phase are not uniquely determined by a uniform oxygerntergranular spaces is not a trivial one. A detailed analysis
distribution. In fact, it has been shown by thermostimulatedof the intensity of the diffraction peaks observed for
desorption that some of the oxygen atoms in a YBaCuOYBaCuO ceramic as a function of temperature revealed that
ceramic are in a weakly bound active state, i.e., in boundargome structural peaks of different parity are extremely sen-
|ayers between structural unnsuch as granu|es and twi‘ms sitive to the oxygen content in the intergranular media. The
and are easily removed under various external influehges, diffraction peak doublet012) and (102 proved most suit-

In this context, it has also been noted that the products ofPl€ for x-ray diffraction. Since these peaks occur at small
high-temperature self-propagating synthesis contain a S@_cattermg angles (2~27-28°), the amplitude of the scat-

nificantly larger amount of weakly bound oxygen comparedt(;rlng of ig-raysﬂby oxyg(in atOTS IS %r?ﬁltest 'In fth|ts case etlrr:d
with ceramics synthesized directly in a furnddehas there- € negative influence of angular and thermay factors on the

) .. intensity of these peaks is the smallest. For a homogeneous
fore become necessary to make a reliable determination g . . .
; o orthorhombic phase with€ §<0.5 the ratio of the structure
the amount of active oxygen and its influence on the supe

. . 'factors of these peaks, omitting the constant coefficients, is
conducting properties of a granular YBaCuO system as %iven by

(7T— 5)=62.694-4.78%C (1)

whole.
The experiment was carried out using a DRON-UM1
(CuK,) x-ray diffractometer fitted with additional collimat- F(012) (fgatfey—fy)—fo(l—10)
ing systems to improve the signal-to-noise ratio at small scat-  F(102) - (fgat feu—fy)—fod @

tering angle$.An advantage of this method is that in a single

experiment we can obtain information on the phase state ofherefg,, fc,, fyv, andfg are the scattering amplitudes of
the sample, the structural parameters, and the separate cdirium, copper, yttrium, and oxygen atoms, respectively.
centrations of oxygen in the bulk of the granules and in thefhe final empirical dependence of the oxygen content
intergranular media. The samples were textured supercod/ ~9)g in the intergranular layers on the ratigy,/1:o, of
ducting yttrium ceramic tablets 12 mm in diameter and 0.6t"€ peak intensities is a square root dependence and may be
mm thick. The degree of texturing w&&s=0.64(Ref. 5. In  €xpressed as follows:

the initial state before heat treatment, the composition of the

sgmple was YB#&Cu;0¢ g5, Slightly below stoichiometric, 126.963 o1,/ 109) Y2+ 227.053
with the lattice parametera=3.823 A, b=3.882 A, and (7= 8= 1311 1.0+ 27 333 "
c=11.677 A. The superconducting transition temperature 131 or/ 1100 '
was determined by the van der Pauw method and correyhen the intergranular oxygen content varies between 7 and
sponded tdl ;=85 K with a width of 2 K. With the aim of 6.5 the ratio [(p,/110)Y2 varies in the range
varying the concentration of active intergranular oxygen at0_5674s(|012/|102)1/2s 1.0. It follows from expression3)
oms, the samples underwent isothermal annealing in vacuuthat the error in the determination of the oxygen content
(104 Pa at 473 K during which the intragranular oxygen depends mainly on the statistical error in the measurement of

()
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FIG. 2. Time dependence of oxygen content under vacuum isothermal an-
FIG. 1. Intergranular oxygen content{%), versus intensity ratio ofo12 nealing: curvel — oxygen content in intergranular media, cue— oxy-
and(102) peaks: circles — experimental values, solid curve — calculationsgen content in bulk of granuled# — oxygen content in vacuum heat-
using Eq.(3). treated samples after regenerative annealing in air.

the peak intensities, which may be reduced by choosing thimcorporated in the amorphous phase of the intergranular me-
appropriate exposure to record the diffraction patterns. dia. This structural rearrangement of the intergranular media
Figure 1 gives the concentration %), plotted as a with a change in the ratio of the crystalline and amorphous
function of (Io52/1107)Y% which differs almost negligibly phases towards the latter causes an abrupt deterioration in the
from linear. The experimental points are a good fit to thesuperconducting properties of YBaCuO ceramic. In this case
solid curve calculated according to E(). The measure- the superconducting transition temperatufg decreases
ment error in this case was0.005 a.u. Figure 2 gives the from 85 to 78 K. Under our experimental conditions this
oxygen content in the bulk of the granulesirve2) and in  process was reversible.
the intergranular medigcurvel) plotted as a function of the Subsequent heat treatment of the samples in air at 723 K
hold time for soft vacuum heat treatmenflat 473 K. It can  for 5 h completely restored the oxygen content in the inter-
be seen that when the compositions of the initial YBaCuQgranular media to its initial valug(7— 6)¢=6.70 a.u} and
ceramic is nonstoichiometr{d 7 — 8) <7], the concentration thus restored the critical superconducting transition tempera-
of structured oxygen in weakly ordered intergranular medigure toT.=85 K. It should be stressed that the entire experi-
is considerably lower than the concentration of lattice oxy-mental cycle describe@racuum heat treatment at 473 K and
gen in the bulk of the granuléhe points at=0 in Fig. 2.  regenerative annealing in air at 723 Kan be accurately
The critical superconducting transition temperatlige=85  reproduced both in the change in the intergranular oxygen
K corresponds to an intergranular oxygen contentcontent and in complete conservation of the bulk oxygen
(7—0)¢g=6.70 a.u. As the hold time was increased tocontent. Increasing the vacuum heat treatment temperature to
t=1.5 h, the concentration of structured oxygen atoms in th&73 K altered the oxygen content in the bulk of the granules
intergranular media decreased linearly to(#),=6.61 a.u. and therefore hindered the process.
for this sample. The observed removal of weakly bound oxy-  These results suggest that the superconducting properties
gen atoms from intergranular structures was accompanied kyf yttrium ceramic depend strongly on the behavior of the
a 9.2% increase in the background below the diffractionactive oxygen in the intergranular media and also at twinning
peaks compared with the initial level. In the rangeboundaries, blocks, and other submicron structural units. Un-
t=1.5-5 h the curve (¥ )4(t) reaches a plateau, i.e., the der external influences, complex structural rearrangement
mechanism of structural rearrangement involving intergranutakes place in the intergranular media involving weakly
lar oxygen atoms reaches saturation. bound oxygen and these processes influence the supercon-
It was found that when the intergranular oxygen contenducting properties of the YBaCuO ceramic. Further investi-
was reduced to (+#6)y=6.61 a.u., the superconducting gations are required to identify the mechanisms for these
transition temperature dropped 1g~78 K. It is important  processes.
to note that, the oxygen content {®) in the bulk of the
granule remained constant over the entire hold time=(
0-5 h under heat treatmefFig. 2, curve2). This synchro-  1vu. M. Baikov, E. A. Shalkova, and T. A. Ushakova, Sverkhprovodimost’
nous correlation between the parameters ¢j for the gran- 2(KIAE) 6, 449 (1993. ,
ules and (7 8), for the intergranular space, and also with g' Amannazarov and A. |. Sharnopol'skMethods and Instruments for
. . etermination of Oxygefin Russian, Khimiya, Moscow(1988.
the increase in the background level near(®E2) and(102 3A. G. Merzhanov, Yu. N. Barinov, I. P. Borovinskaga al, Pis'ma Zh.
peaks indicates that some of the active structured oxygen iSTekh. Fiz.15(11), 1 (1989 [Sov. Tech. Phys. Lettl5, 413(1989].
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Nonequilibrium fluctuations of the rates of steady-state chemical reactions
A. P. Grigin
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Pis'ma Zh. Tekh. Fiz23, 19-21(January 12, 1997

Nonequilibrium fluctuations of the rate of a molecular association—dissociation reaction are
analyzed. The correlation function of a Langevin source is obtained as a function of a nonlinear
dissipative coefficient. ©1997 American Institute of Physid$S1063-785M®7)00401-]

Ap

In the approximation of local thermodynamic equilib- A
pproxi I y | quih | = %(nlnz)aml—a[e(l—a) T/!-_ e—aT], (4)

rium fluctuations are determined by Langevin sources whose

correlation functions depend on dissipative coefficiénifs. h d the li d i dissipati f
the system is linear and nonequilibrium, the correlation funcVNeréx anda are the linéarand noniinear dissipative coet-

tions of the Langevin source have the same form as those f(ﬂcients, respectively. In this case the following relations are

an equilibrium system. If the system is nonlinear and nonSatisfied

equilibrium, the correlation functions of the Langevin source Aug Aug

will generally have a different form. In order to determine w=xell" T p=xe T, (5)

these correlation functions, only the thermodynamic forces

are varied and all the other parameters are assumed to be |n order to find the current fluctuatior®, we shall pos-

constant. tulate that the system is locally in equilibrium and all the
Let us consider nonlinear fluctuations for the case of ahermodynamic parameters do not depend on time. In this

molecular association—dissociation reaction: let substance approximation the methods described in Ref. 3 may be used

combine with substancB to form reaction produc€. This  to find the fluctuations and we introduce the correspondence:
reaction may be represented schematically as

A+B=C. (1) X—=3l;  X—=8(Aw). ®)

The mathematical expression describing the rate of this re-
action has the form

l=wnyn,—ovm, 2) X+NX=&(r,1), (7)

wheren; is the concentration of particles, n, is the con-
centration of particle®, M is the concentration of particles
C, w is the probability per unit time of formation of mol-
eculeC from atomsA andB, v is the probability of disso-
ciation of moleculeC, and| is the reaction rate.

Equation (2) expresses the rate of an association—
?|3300|at|on rea_c_t|0_n in terms pf cqrpuscular k|r_1et|c theory_l_O find X we vary Eq.(4) with respect toA 1 to give
n the local-equilibrium approximation the reaction rate can
also be expressed in terms of nonequilibrium thermodynam-

We write the Langevin equation fof

where £(r,t) is a Langevin source of reaction rate fluctua-
tions. The correlation functiod may be expressed in the
form®

(&(ry, 1) &(rp,t2))=2tN8(r—ry) 8(t;—ty). (8)

ics, i.e., as the functioh=1(Au), whereAu is the differ- )\:%(nlnz)aml—al[(l_a)e(l—a)ATM+ ae—aAT" 1.
ence between the chemical potentials on the left- and right- T
hand sides of Eq(1): 9)

nan Equation(5) can then be used to expressin terms of the
Au=Aug+T In(ﬁ), (3)  probabilitesw and v. Converting Eq.(2) to a stochastic
m equation then gives

whereA u is a function of pressure and temperature.

The explicit form of the function (Auw) may be deter-
mined by using the principle of correspondence between th@l
kinetic and thermodynamic descriptions of the reaction rate.
The correspondence principle for this reaction may be for- _ _
mulated as: expressions givirigin kinetic and thermody- (6(r1,11)é(r2,12)) =2[ (1= @) wnyna + avm]
namic variables should have the same functional form for the X &(ri—ry)d(t;—t,).
particle concentratioh. The correspondence principle was
used in Ref. 2 to obtain the following expression for The Langevin source of reactid@) is thus determined
[(Au): not only by the probabilitiesv andv but also by another

l=wn;n,—vm+§&, (10

here
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parameter, the nonlinear dissipative coefficientf the sys- « were obtained in Ref. 2 although it can be seen from Eq.
tem is in equilibrium, themvn;h,=v, is found and it can be (10) that if «>1 or «<0, the system may become unstable
seen from Eq(10) that in this case the correlation function far from equilibrium.
of the Langevin source does not dependaon Nonequilibrium fluctuations of the particle flux across a
It should be noted that in physical terms, the variation inphase interface may be analyzed similarly.
the thermodynamic forceS(Au) is caused not by local
changes in the particle concentration but by external forces, , _ e =
i.e., by random redistribution of the molecular momenta. In Ei;arli atgiioorxz’i‘;gg?n"”ear Nonequilibrium Thermodynamifis Rus-
order to find the fluctuations in the particle concentration, weza_ p_ Grigin, Pisma zh. Tekh. Fi21(19), 38 (1995 [Tech. Phys. Lett.
need to substitute the stochastic expression for the reactione1, 785(1995]. ;
rate (10) into the conservation laws and seek their solution °L- D- Landau and E. M. Lifshits, Zh.iSp. Teor. Fiz32, 618(1957 [Sov.
. . " Phys. JETF5, 512 (1957)].
subject to various boundary conditions.
No constraints on the nonlinear dissipative coefficientTranslated by R. M. Durham
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Calculation of non-steady-state thermal conduction for low Fourier numbers (Fo <0.001)
V. S. Loginov, A. R. Dorokhov, and N. Yu. Repkina

Tomsk Polytechnic University
(Submitted October 25, 1996
Pis'ma Zh. Tekh. Fiz23, 22—-25(January 12, 1997

Assuming that for small Fourier numbers heat transfer is determined by the specific heat of a
heated layer of thicknesé= \/a- 7, an equation is derived for the temperature field,

whose solution is satisfied in finite quadratures and has a fairly simple form. The results of
calculations made using the proposed dependence are compared with the accurate solutions
obtained by A. V. Lykov. This suggests that acceptable calculation accuracy may be

achieved for Fec0.001 and B«20. In this case the values of the dimensionless temperature do
not depend on the shape of the body, and the proposed dependence can be used for
calculations of plates, cylinders, or spheres. 1@97 American Institute of Physics.
[S1063-785(0®7)00501-9

Fast thermal processes are being increasingly widely
used in various technologies and industrial systems. These p-C-——=div(q). v
include pulsed methods of treating thin films and promising
designs of inkjet printers. The important factor here is that  The next step in the transformation of E@) usually
the characteristic times of the thermal process are 0.01-1 mivolves assuming the Fourier hypothesis for the heat flux:
Calculations of the heat transfer by thermal conduction for
such short times are made by various methods. q=—\-gradT), 3
e T SeOeS inere i the termal conductniy of the mteril
' o Substituting Eq.(3) into Eq. (2), we obtain the well-
method, the Laplace method, and so farth principle, each K } . .
. . ) nown nonsteady-state heat conduction equation:
of these methods can achieve the required calculation accu-
racy but the only problem is the feasibility of implementing oT 9°T

these methods and their accessibility to a wide range of en- E:a' v (4)
gineering workers.
The range of small Fourier numbe(Bo<0.001) typical Herea=\/(p-C) is the thermal diffusivity of the body.

of fast thermal processes is extremely inconvenient for ana- |t may be supposed that for short times the expression
lytical techniques. In the Fourier method for example, therg1) for the heat flux can be justifiably assumed in formula
is a substantial increase in the number of terms in the serig®). We then have
which must be calculated to achieve an acceptable degree of
accuracy. In the Laplace method it is difficult to operate with ~ T _ _d [dT
an error function in practical calculations. It is therefore of ar ox\adr)”
some interest to find new methods and procedures for solv- ) ) ] ]
ing non-steady-state heat conduction problems for fast pro- Introducing the notation’ = 4T/d7, we obtain an ordi-
cesses. nary differential equation for the functior, whose solution
Here we consider an approximate method of calculatiof!as the form
based on the following assumptions. X
Experience of the diagnostics of the thermal regime of qf(x,g)zcl.exp(_
plasma jets suggests that a procedure using so-called heat g
flux detectors is well justified. The simplest theory of this
type of detector, known as a capacitive detector, is based
using the following relation for the heat flux

®

: (6)

Assumings=/ar in Eq. (6), then with Cauchy bound-
Oé}y conditions and the initial conditiom=T, at 7=0, we

obtain
9(x,7)  T(X,7) =Ty
JT _ _ z
q=C-p~5-E. (1) 6(%.Fo) Y To—Tzn
. exfl(X—1)/Fq]
Here C and p are the specific heat and density of the T 1+[1/(Bi \/ﬁ))] : @)
detector material, and is the thickness of the sensing ele-
ment of the detector. Here the parameters are defined as=Far/R?) is the
Let us consider the fundamental heat conduction equaFourier number, B#(aR/\) is the Biot number, and
tion X=(x/R) is the dimensionless coordinate.
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TABLE |. pomparison between calculations using form@ and the  calculations made in Ref. . 209, formula(40)]. It can be

exact solutions. seen that as far as Biot numbers=i0 the calculations us-
Formula(7) Data (Ref. 2 ing the appro_ximate formulé7) provide entirely satisfactory

accuracy. This conclusion applies to all bodies of canonical

Bi Fo = 0.0003 Plate Cylinder Sphere  form (plates, spheres, and cylinders

0.1 0.998 0.999 0.999 0.999 Similar comparisons were made for other Fourier num-
0.5 0.991 0.996 0.991 0.991 bers. The upper limit of the range of validity of this formula

‘11 g-gg: 8-32? g-ggg g-ggé may be taken as Fe0.001.

10 0.852 0.833 0.830 0.831 On the basis of the agreement between the approximate

20 0.743 0.705 0.701 0703  and exact solutions for a specific range of Biot and Fourier
numbers, we can draw some conclusions on the validity of
the assumptions made to derive the initial equation whose
S ) ) solution yielded formuld7).

In order to assess the applicability of this expression 0 Two factors are clearly fundamental here—the specific
calculate the temperature field for small Fourier numbers, th%xpression for the heat flux in the forfh) and the determi-
calcqlations using 'Fhis expression were compared with thestion of the expression for the scafe This reduces the
solution presented in Ref. 2. . order of the resulting differential equation. Similar transfor-

The results of such a comparison for the Fourier numbepations and assumption were made in Ref. 3 to calculate the
F0=0.0003 and various Biot numbers are presented in Tablgeat flux but in this case the order of the differential equation
l. It can be seen that there is a negligible difference betwee,as of third order in the temperature. For the range of di-
the galculations according to formuld@) and the accurate ensionless parameters determining the process of
solution, although they are more cumbersome. nonsteady-state heat exchange by heat conduction, the as-

This solution is of practical use since it can give a direCtsumptions made can be considered to be entirely justified.
estimate of the heat flux for small Fo. We obtain

6'1‘}_ ApC
X T

q A {190[ 0(X'FO)+ 1]} (8) 1Yu. V. Polezhaev and F. V. Yurevich, iHeat Protection ed. by A. V.
. . . . - . Lykov [in Russian, Energiya, Moscow(1976.

It is readily established that solutidf) satisfies the lim- 25 /. Lykov, Theory of Heat Conductiofin Russia, Vyssh. Shkola,
iting cases: for Fe-0, 6(X,Fo)—1 and for Fe-x, Moscow (1967.

g(x FO)—>0. 3N. M. Galin and L. P. Kirillov, Heat and Mass Exchange (in Nuclear

. . . P Engineeringfin Russiad, E tomizdat, M 987.
In Table | the results of calculations of the dimensionless ~°We" Engineeringlin Russiaf, Energoatomizdat, Moscow 987
temperature made using formuld are compared with the Translated by R. M. Durham
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Generation of vibrationally excited H , molecules in a hydrogen stream flowing
through a cesium—hydrogen discharge

F. G. Baksht and V. G. Ivanov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 5, 1996
Pis’'ma Zh. Tekh. Fiz23, 26—32(January 12, 1997

A theoretical analysis is made of the electronic—vibrational kinetics in a stream of molecular
hydrogen flowing through a cesium—hydrogen discharge. An analysis is made of the

vibrational pumping of hydrogen molecules in the discharge and vibrational relaxation is studied
in the cold flow zone beyond the discharge. It is shown that a very substantial increase in

the concentration of vibrationally excited, holecules may be achieved in the old zone. 1€97
American Institute of Physic§S1063-785(17)00601-7

1. Methods of generating fairly highly vibrationally ex- concentration of excited molecules may be achieved in a
cited H, molecules are now attracting increased interest beparticular part of the vibrational spectrum as compared with
cause of their plasma-chemical applications and the develogheir concentration in a steady-state discharge.
ment of volume plasma sources of ibns? It was shown in 2. The flow model studied is illustrated in Fig. 1a. A
Refs. 2-5 that a low-voltage cesium-—hydrogen dischargstream of hydrogen flows in a plane channel, passing succes-
may be used for efficient generation of vibrationally excitedsively through sections | and Il. A low-voltage CsyHis-

H, molecules. In the present paper we report the first resultsharge is initiated in section | and the Ifholecules undergo
of a theoretical analysis of the vibrational kinetics in a hy-vibrational excitation, forming the initial vibrational distribu-
drogen stream flowing through this type of discharge plasmation functionf,(0) over the vibrational levels. In the fol-

It is shown that by selecting suitable discharge and flowlowing section Il the hydrogen stream flows between cold
conditions, a very substantia10°-~10%) increase in the planes whose temperatufieis close to room temperature.

1.0 £, (%), 7y
-1
10
10?
03
FIG. 1. a — Diagram showing hydrogen flow in channel: | —
- discharge zone and Il — gas flow in cold chanr®el vibra-
10 tional distribution function of K molecules in section I1l1 —
f,(0) [Ny, (0)=3x10" cm™®], 2 — f,(Xy) [Xn=4.12 cm,
Ny, (Xm) =1.94x10'° cm™®], 3 — f,(H) [H=7 cm,
10.51- Ny, (H)=3.76x 10 cm™?], calculated with allowance for vi-
brational relaxation of molecules at the walls— f,(H) cal-
. L culated same as cunabut neglecting vibrational relaxation at
5 P2 the walls, ands — probability of formation of an H ion by
10°} L e ““““\“ T dissociative attachment of an electron to lewe]T.=0.7 eV).
/A { >y
=7 I 4 y/4
0> l X
0 H
‘ a
07}
I
)
i
3 v
0 A 3
7 2 3 4 '
a1 T ¥ 4 5 & 7 & 5 wiizne
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Here the tail of the distribution becomes populated as a result
of Treanor diffusion of quanta into the range of highAt

the edge of the channek€ H) the vibrationally excited gas
flows out at the velocity of sound.

3. The vibrational distribution function of the molecules
formed in the discharge, i.e., in section |, was determined by
solving a system of rate equatiSrfer the vibrational level
populationsN,, with allowance fore—v exchangep—v and
v—t exchange, transitions between vibrational levels as a re-
sult of interaction between Hmnolecules and Cs atoms, dis-
sociative attachment, associative detachment, and transitions _ »
between H vibrational levels due to stripping of Hions.
Vibrational deexcitation of K molecules at the electrodes
was also taken into account in the mo@@lFor the upper
vibrational levels in the model interaction between apn H
molecule excited to leval and the wall results in the estab-
lishment of an approximately plateau-shaped distribution ,,?_
over levelsy’ betweernv’ =v andv’=0 after collision with
the wall! For thev=1 lower excited level the modet
yields[in agreement with the experime(Ref. 8, p. 38] an ;0 |
extremely low probabilityw;,=10"3. The plasma was as-
sumed to be homogeneous over the gap. The plasma param-
eters were determined as a result of a self-consistent solution ,,7 |
of the equations describing the particle and energy balance in
the plasma and the electronic—vibrational kinetics.

Figure 1b gives an example of the calculated distribution ¢
functionf,(0) of H, molecules in the discharge, normalized
to unity. The initial discharge parameters were: hydrogen
concentrationN{y)=3x 10" ¢cm3, total cesium density

N©)=10" cm 3, interelectrode gap.=0.3 cm, cathode
emission currentjs=10 Alcn?, and discharge voltage \
U=6.9 V. The calculated electron temperature and density s
are:T,=0.7 eV andn,=6.4x 103 cm™3.
4_' The _mOIeCU|ar diStrib_Ution funCti_On established _gaSFIG. 2. Absolute populations of vibrational levels of, iholecules as a
flow in section Il was determined assuming a decrease in th@nction of channel length in section II. Solid curves — calculated with

molecular density\IH2 as a result of a drop in the gas pres- allowance for vibrational relaxation at the walls. Dashed curves — neglect-

ing vibrational relaxation at the walls.
sure over the length of the channel. The fundamental rela-?

tions determining the flow of hydrogen in section Il may be

obtained by assuming, as in Ref. 9, Poiseuille flow for a

compressible gas in a longHg>L) channel between two any levelv* is the upper part of the spectrum. In our ex-
parallel planes and approximating the average velocity oveample this level isy*=10. Note that the distribution
the cross sectiofRef. 10, p. 8] at the edge of the channel N, (x) of the level populations over length in the upper part
(x=H) to the velocity of sound/s. This yields the follow-  of the spectrum is nonmonotonic so that the maximum popu-
ing relation between the channel lengthand the pressure |ation is achieved at a certain poirt x,<H (Fig. 2).

ps at the channel edge, i.e., at the gas outflow point: The vibrational distribution function of the Hnolecules

in section Il was determined by solving the following system

A A A 4

o 1 2 3 7 5 ¢ 7

Herepy is the hydrogen pressurext0, i.e., approximately d(N,-V)
the pressure in the discharg®,= p,LV,/7 is the Reynolds TZW{NU}HW{NU}

number calculated for the velocity of sould and the chan-

nel widthL, # is the viscosity of hydroge(Ref. 11, p. 36% 1
andps= M, ps/KT is the gas density at=H. t E> Ny Wy, =N, 2< Wy )
The pressure distributiop(x) over the channel length in oY oY
section Il is given by (v,v'=0,1,2,...,19,
p(x)=[p2— (p2—p2)-x/H]Y2 ) whereV(x) =Vps/p(X) is the_gas flow rate in the channel
averaged over the cross section.
In the calculations the channel length was varied to The terms on the right-hand side of E@) describe

obtain the highest populatidw,« (H) at the channel edge for v—v andv—t exchange with K molecules and vibrational
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relaxation of H molecules at the wallsr~1%/Dgq is the into a large chamber, this method of producing vibrational

average drift time for K molecules between the electrodes, distribution functions of H molecules may be promising for

D44 is the coefficient of self-diffusion of the Hmolecules two-chamber sources of Hions. In these sources the vibra-

(Ref. 11, p. 37p andw,, is the probability of vibrational tional excitation of H molecules and generation of Hons

deexcitation at the walls. The populatioNs(0) in the dis- by dissociative attachment of electrons to vibrationally ex-

charge are used as the initial conditions for E8). It is  cited molecules are spatially separated.

assumed that Cs freezes out at the cold walls and does not This work was supported by a grant from INTAGrant

influence the vibrational relaxation of,Hn section II. No. 94-316 and by a grant from the International Science
5. The results of the calculations are plotted in Figs. 1bFoundation and the Russian Governmef@Grant No.

and 2. Figure 1b gives the functiorig(H) in the stream NTZ000.

flowing out of the channel and,(x,) corresponding to

maximum excitation of the* =10 level inside the channel, 1y Bacal and D. A. Skinner, Comments At. Mol. Phy8, 283 (1990.

normalized to unity. The dashed curves give the distribution®F. G. Baksht and V. G. Ivanov, Zh. Tekh. Fig2(2), 195 (1992 [Sov.

function at the edgex=H) calculated neglecting vibrational ,Phys- Tech. Phys7, 223[1992]. = -
F. G. Baksht, G. A. Dyuzheyv, L. I. Elizarov, V. G. lvanov, A. G. Nikitin,

deexcitation of i molecules at the channel walls. Figure 2 4’5 . shkormik, Pisma zh. Tekh. Fiz9(22), 39 (1993 [Tech. Phys.
gives the absolute populatiom,(x) of various vibrational Lett. 19, 716(1993.
levels in the upper part of the spectrum. The solid and*F. G. Baksht, V. G. lvanov, A. G. Nikitin, and S. M. Shkol'nik, Pis'ma
; —— it Zh. Tekh. Fiz.20(22), 83 (1994 [Tech. Phys. Lett20, 927 (1994].
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and without allowance for vibrational deexcitation of, H. and S. M. Shkol'ik, Plasma Sources Sci. Technd).88 (1994,
molecules at the walls. It can be seen from Fig. 1b that driftF. G. Baksht and V. G. Ivanov, Zh. Tekh. Fig6(9), 58 (1996 [Tech.
in the channel is accompanied by a very substantial increasePhys.41 890(1996].
in the populations of vibrationally excited states in a certain ;>: R- Hiskes and A. M. Karo, J. Appl. Phys6, 1927(1984. =

: ) . Nonequilibrium Vibrational Kinetics ed. by M. Capitelli (Springer-
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Lasing in submonolayer CdSe structures in a ZnSe matrix without external
optical confinement

|. L. Krestnikov, N. N. Ledentsov, M. V. Maksimov, A. V. Sakharov, S. V. lvanov,
S. V. Sorokin, L. N. Tenishev, P. S. Kop’ev, and Zh. I. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 12, 1996
Pis'ma Zh. Tekh. Fiz23, 33-38(January 12, 1997

It is shown that in order to achieve lasing in structures with CdSe submonolayers inserted in a
ZnSe matrix, no additional optical confinement of the active region using thick wide-gap

layers is required. The high oscillator strength of the excitons trapped at CdSe islands modulates
the permittivity and thus produces a natural exciton-induced waveguiding effecl.999

American Institute of Physic§S1063-785(17)00701-5

It has recently been shown that by using tunnel-coupledave been studied in detail for INnAs—GaAs systems, where it
vertically self-organized quantum dots in the active region othas been demonstrated that the exciton transitions have an
a IlI-V double-heterostructure heterolaser, lasing can beltrahigh oscillator strengththe momentum selection rules
achieved via the exciton ground state in quantum dots up tare lifted/ and the exciton binding energy is enhanédd.
room temperaturéln this case however, the actual design ofthis system however, the total exciton localization energy
the laser waveguidevas the same as before, i.e., the activerelative to states in the barrier is only between a few meV
region with the quantum dots was confined by thick wide-and ~20 meV, which is insufficient for most instrumental
gap layers of lower refractive index. applications at room temperature. On the other hand the high

In many cases, it is difficult to fabricate thick wide-gap carrier effective masses in wide-gap II-VI compounds and
layers either because there is no suitable heterqfmithe  group-three nitrides, which are responsible for the small
silicon matriy or because of the difficulties of doping a Bohr radius of the exciton, give rise to an appreciable exci-
wide-gap compoundfor p-ZnMgSSe p-GaN layer$. In the  ton localization energy at the islands, making these structures
present paper we shall show that at least in structures withighly promising for applications in optoelectronics.

CdSe quantum islands in a ZnSe matrix, there is no strict We have investigated a structure whose active region
need for additional optical confinement, since a waveguidindiad no additional optical confinement by thick wide-gap lay-
effect may be produced by an increase in the refractive indegrs with a significantly lower refractive index. A short-period
in the exciton resonance range. Lasing even occurs if theuperlattice of twenty periods, consisting of submonolayer
average CdSe content in the quantum island region is onl€dSe insertions with an average thickness of 0.4 monolayer,
4%. separated by 28 A ZnSe barriers, was grown on a GEXG

The deposition of submonolayer coatings in lll-V com- substrate by molecular beam epitax¥he superlattice was
pounds results in the formation of ordered arrays of two-separated from the substrate and the surface by.h5and
dimensional monolayer-high islands with good size500 A-thick ZnSSe layers whose lattices were matched with
uniformity 3=° Submonolayer insertions in wide-gap matricesGaAs. Thin layers of ZnMgSSe-100 A thick located at a

FIG. 1. Surface photoluminescence spectra at a pump power
density of 1 W/crf (a), lasing from the end for pump power 50
kWi/cn? (b), optical reflection(c), and its second energy de-
rivative (d). (The arrow indicates the range of the exciton-
induced waveguiding effect

J, arb, units

2.60 2.65 2.70 275 2.80
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FIG. 2. Integrated laser radiation intensity versus pump power
density (a). Lasing spectra obtained at various pump power
densitiesb): 100 kwW/cnf (1), 83 kWicnt (2), 58 kW/cn? (3),

and 28 kW/cr (4), and surface photoluminescence spectra at a

1

2
pump power density of 1 W/cfn(5).

/ \ 3

W, kW

distance of 500 A on both sides of the superlattice were usedult to estimate the actual exciton waveguiding efficiency.

for electronic confinement of the carriers in the superlatticeThe structure studied here has no thick wide-gap layers and

region. lasing is achieved as a result of the exciton-induced
The structures with submonolayer CdSe coatings in avaveguiding effect.

ZnSe matrix were investigated by high-resolution transmis-  Figure 2 gives lasing spectra for various pump power

sion electron microscop¥’. It was shown that the submono- densities and the integrated luminescence intensity is also

layer coating forms itself into an array of quantum islandsplotted as a function of pump power density. It can be seen

with average dimensions of4 nm in the lateral plane and that above 40 kW/cf) the photoluminescence line narrows

~1.2 ML in the direction of growth. Under repeated depo-abruptly to 3 meV and a sharp increase is observed in the

sition cycles the islands are mainly formed one on top of thalifferential efficiency of the radiation, suggesting a transition

other, similar to the quantum dots in an InAs—GaAsto lasing. As the pump power density is increased to 100

systemt! kW/cn?, the lasing line is broadened to 7 meV as a result of
The photoluminescence, reflection, and lasing spectra ahultimode lasing and at 100 kW/énthe lasing line is a

this structure are shown in Fig. 1. It can be seen that theuperposition of two lines with half-widths of 2.5 and 4

reflection spectrum exhibits a conspicuous feature caused hyeV.

the high oscillator strength of the excitons bound at quantum

islands. The range of appreciable modulation of the refrac-

tive index extends by 25 meV in both the long-wavelengthCONCLUSIONS

and short-wavelength directions, which can be identified par-

i - We have demonstrated that in semiconductor structures
ticularly clearly on the graph of the second derivative of theWith CdSe/ZnSe quantum islands. lasing may be achieved as
energy reflection coefficient. It was shown in Ref. 12 that an quant - lasing may be ;

result of the formation of an exciton waveguide without

increase in the refractive index occurs in the energy rangg1 . . X ) L

near the exciton resonance on the long-wavelength sidéY thick Wlde-ggp emltter§ havmg a reducgq refractive in-

which induces a waveguide effect. It can be seen from Fig. ex gompared with th? actlye region. In add!t|on, the spatial

that the lasing line is only shifted by 16 meV in the long- ocallzatlor) of the excitons in these islands lifts the momen-
tum selection rules.

wavelength direction from the exciton resonance energy, i.e., .
. 9 . . : oy, ! This work was supported by Grant No. INTAS-94-481
lasing takes place directly in the range of exciton modulation )
L and by a Grant from the Russian Fund for Fundamental Re-
of the refractive index. search. No. 95-02-04056
It was shown in Ref. 13 that the feasibility of lasing via e '
exciton states arises from the lifting of the momentum selec-
tion rules caused by the spatial localization of the exciton, ) ) )

d the reduced svymmetrv of the svstem. In ZnCdSe/ZnSeN' N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt, R. Heitz,
an Yy y e sy - . J. Bzhrer, D. Bimberg, V. M. Ustinov, V. A. Shchukin, P. S. Kop'ev, Zh.
guantum-well structures the lasing wavelength is usually |. Alferov, S. S. Ruvimov, A. O. Kosogov, P. Werner, U. Richter, U.
shifted by 30—-60 meV in the long-wavelength direction due Zstele, and J. Heydenreich, Solid State. Elect#@.785(1996.
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vector cannot undergo radiative recombinatioit. was also Shernyakov, and D. Bimberg, Fiz. Tekh. Poluprovo80, 351 (1996
demonstrated in Ref. 13 that lasing may be achieved in a3[Semi00nduct0r§0. 194(1996].
structure with CdSe/ZnSSe submonolayers. In this case how-ga'ég”;{fggg‘]‘o* Zh. sp. Teor. Fiz81, 1141(198 [Sov. Phys. JETP
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Self-consistent model of a low-pressure rf capacitive discharge
A. S. Smirnov and K. E. Orlov

St. Petersburg State Technical University
(Submitted November 5, 1996
Pis'ma Zh. Tekh. Fiz23, 39-45(January 12, 1997

A simple self-consistent model of a low-pressure rf capacitive discharge is formulated. Effects
associated with stochastic heating of the electrons and the nonlocal nature of the electric

field are taken into account. The relations obtained can be used for a qualitative analysis of the
main features of these low-pressure discharges. The results of the numerical calculations
show good agreement with available experimental data.1997 American Institute of Physics.
[S1063-785(17)00801-X

Radio-frequency capacitive discharges are widely usethe length of the electrode sheath, the moving plasma-space
in plasma technologies for semiconductor materials.  charge sheath boundary is abrupt and forms a potential bar-
many respects, the quality and efficiency of the plasma treatier of infinite height for the electrons. In the central part of
ment processes depend on the parameters of the plasma ahe discharge gap, where the quasineutrality condition is sat-
the electrode sheaths of the discharge. This has been respadsfied over the entire period, the ion profile is formed by
sible for the sustained interest in the development of simpl@mbipolar diffusion. In the electrode sheaths drift of ions to
methods of calculating the characteristics of rf dischargeshe electrodes is governed by the average space charge field
over a wide range of external paramet@ressure and com- over a period. To simplify the following analysis, we shall
position of working gas, dimensions of chamber and elecassume that the densities in the sheath and in the plasma are
trodes, power input to discharge, and so farth most cases constant and are respectively andn,. We shall also ap-
of practical importance, low-pressure discharges are usegyoximate the potential drop from the plasma to the sheath
wherep-Ly,=0.1-0.001 cmTorr (wherep is the pressure in by a step profile with a jump at the boundary with the space
the discharge chamber ahg is the length of the interelec- charge sheath. Corresponding distributions of the ion density
trode gap. Under these conditions, the electron energy re-and potential are plotted in Figs. 1b and 1c. Subject to these
laxation length may exceed the characteristic dimensions gissumptions, the ion flux from the plasma may be estimated
the system, the electron distribution function becomes nonas
local, and the energy spectrum is determined by the distribu-
tion of the oscillatory conduction field over the total length 26 e)\i\/i
of the discharge gap. Rare-gas discharges are the simplest to I"
analyze theoretically. Even in this case however, it is not
possible to obtain an accurate analytic solution. In principle,
all the plasma parameters of an rf capacitive discharge can be
obtained by the now commonly used numerical simulation
based on the Monte Carlo method and its modifications, but
these procedures require a large amount of computer time. In
addition, it is generally difficult to construct physical scaling
laws based on these calculations because of the difficulties
involved in identifying the role of the various physical
mechanisms responsible for the processes in the plasma. A
method of calculating the electron distribution functions pro-
posed in Ref. 2, based on averaging the transport equation
over the range of electron motion, also requires fairly com-
plex numerical calculations. The simple model proposed in
Ref. 3 is not closed since the electron temperature in the
plasma must be defined using experimental data. In the;
present paper we propose a simple self-consistent model of a
discharge which can be used to calculate its main parameters.?

The conditionw; < w<w, (Wherew; andw, are the ion

1
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, (€

=Ng-
p p
L, M
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and electron plasma frequencies, respectively, and the
frequency of the rf field is ordinarily satisfied in rf dis-
charges. In this case, the ions form a steady-state density
proflle while the electrons oscillate between one electrod IG. 1. Position of plasma—space charge sheath boundary as a function of rf

and the_ Oth_er at a frequency equal to th_e rf field frequency, B%ltage phasea); distribution of ion density(b) and potentialc) in inter-
shown in Fig. 1a. If the Debye length is much shorter tharelectrode gap.

b c
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where\; andM are the ion mean free path and masis the ~ These conditions hold far,>n,. We shall assume that as a
electron chargeg is the constant plasma potential at theresult of inelastic collisions with atoms, electrons lose all
boundary with the sheath, anhg is the plasma length. Since their kinetic energy and return to the low-energy part of the
no ionization takes place in the sheaths, the ion flux in thelistribution withe =0. Then when 8¢ <e*, the fluxI, is
sheath remains constant aliglis equal to the ion flux to the conserved andl, c=T", ;=constg). Equating Eqgs(5) and
electrodes; (6) with allowance for Eqs(7) and(8) we obtain

. X\ 312 2
4mjo V2 . (8—) —1=E(1+[5+5—§D. 9
o M’ @ &g Np Lo LoEj

I's=ng

- . . . The Townsend formula for a static field can be used to cal-
wherej, is the peak discharge current density. The OIenSItyculate the ionization frequenéyThen the number of ioniza-
rationg/n, may be obtained from Eqgl) and(2), where the

. . . . tions in the plasma volume is:
densityng is determined by the condition for closure of the P

discharge current by the displacement current in the sheathin  _ Bp
the space charge phase: Z=ng:Eeiibe- A-p-exp — Eoq (10
2jo where
Ng=—1, 3
welg 2
E2 L ﬁEzﬂL 5E2 _r (from Ref. §
where L is the length of the space charge sheath. In the e 2Ly P Lo °|(w?+v?) "

plasma phase the discharge current is transported by the con-. .

duction current, and the amplitude of the oscillatory field inP 'S the gas pressure, amdandB are empirical constants.

the plasma phase is related to the density by the condition o-lf—he charge_d particle Iosse_s from t_he plasma volume may be

discharge current continuity expressed. in terms of the ion flux in the space 9harge sheath
(2). Equatingl’s/L, and Z, we obtain an equation for the

jo=e-be-ny-Ep=e-be ng-Eg, (4 charged particle balance in the plasma volume. By solving

where E, s is the amplitude of the conduction field in the
plasma and the sheath, ahgis the electron mobility.

We shall make a qualitative analysis of the processes 20
shaping the electron distribution in the plasma in order to W
determine the discharge parameters. Heating of electrons 15 .
with energiess>e¢ is determined by the spatially averaged - N
oscillatory field. For a simple “two-stage” model of the ' \ *
plasma density distribution between the electrodes, trivial e 10 >\A\\
averaging is performed and the energy flux for the high- e
energy part of the distribution function is given by c; 05 . t *°
F LpE2+ LS E2 627/83/2 0-'fH &fH a
sHTIL 7P Ly s|6mP(w2+1?) de  oH ge 0.0 ,
(5) 0.01 0.1 1 10
p.Torr

wherem is the electron masg, is the transport frequency of
the electron collisions, and is the electron energy. Elec-
trons with energiez <e¢ do not enter the sheath and the
field for the low-energy part of the distribution function is
equal to the oscillatory field in the plasma. The energy flux //

-d
Q
-
=]
. e
» W

for the low-energy part of the distribution is therefore

ro—E2 e?ve’? &fC_D afc 6
g, CT Fp 6m2(a)2+v2) E —He,C Je ( )

Assuming that fo has no singularities fore—0 and / / b

ep<e*, wheree* is the energy of the first excitation level 10? .
of the gas atoms, we introduce the following approximate 107! 10° 10! 107 10°
normalization conditions for the functiorfg, andf: W, Watt
. 47 0 32 FIG. 2. a— Electron densityni) at center of discharge gap versus pressure
np_?f C(ed’) ! () (p) for argon;L,=2 cm, andj,=2.67 mA/cnt. Solid curve — calcula-
tions, points — experimental valué& — Average electron densityng) in
4 plasma versus powelN) deposited in discharge for argdny=4 cm; 1, 3
no=—°f 0/ x3/2_ 312y — p=0.11 Torr,2, 4 — p=0.02 Torr,1, 2 — calculations, anc, 4 —
s H(e ep”) 8 :
3 experimental values.
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Egs. (9) and (10) simultaneously, we can determihg(j,) nents. It can be seen that the experimental résatjgee with

and ¢(jo). Then all the plasma parameters can be calculatethe calculations over a wide range of input powers.

using these values df; and ¢ (Ref. 3. Despite the simplifications, the proposed model correctly
At low pressureswheni =L, wherel, is the electron  takes into account the main characteristics of a low-pressure

mean free path stochastic heating of the electrons becomesf capacitive discharge. The results of the numerical calcula-

an important factof. This effect can be approximately taken tions yield accurate qualitative relationships and reasonable

into account by incorporating the additional term quantitative agreement with the available experimental data.

A(Qglv) Ei in Eq. (5), where Qg=+2e/m/L, is the fre- This work was supported by the Russian Fund for Fun-
guency of electron collisions with moving plasma-sheathdamental ResearctiGrant No. 96-02-16918 the Interna-
boundaries. tional Atomic Energy AgencyGrant No. 9238 and INTAS

Figure 2a gives the density, in the plasma as a func- (Grant No. 94-0740
tion of pressure for an argon discharge=2.67 mA/cnt,
Lo=2 cm) calculated using Eq%9) and(10). The results of
the calculations agree with the experlmgntal Elawhm LPlasma Processing for VLSéd. by N. G. Einspruch and D. M. Brown,
measurement error and reflect the qualitative dependence oby g of vis| Electronics (Academic Press, New York, 1984Russ

tained from Eqs(1)—(3): transl. Mir, Moscow, 198V
2|, D. Kaganovic and L. D. Tsendin, IEEE Trans. Plasma S6(7), 86
1 Lp 1 (1992.
np( p)OCL_ m x m . (11 SA. E. Dul’kin, S. A. Moshkalev, A. S. Smirnoet al, Zh. Tekh. Fiz.
S

63(7), 64 (1993 [Tech. Phys38, 564 (1993].

In a highly asymmetric discharge, where the influence of“Yu. P. Razer, Physics of Gas Dischargdin Russial, Nauka, Moscow
a Sma” sheath can be dlsregardEg’ShOUId b_e r_epIaCEd by SV.E. Golant, A. P. Zhilinski, and S. A. Sakharo\Rrinciples of Plasma
L¢/2 in the formula for the averaged electric figld). The Physics[in Russiaf, Atomizdat, Moscow(1997).
results of calculations for an asymmetric argon discharge’V. A. Godyak and R. B. Piejak, Phys. Rev. Lei6, 996 (1990.
(Lo=4 cm,p = 0.02 and 0.11 Tojrare plotted in Fig. 2b. 7A. S. Smirnov, A. Yu. Ustavchikov, and K. S. Frolov, Prib. Teklksp.

’ ) . . . No. 3, 129(1994.

The power deposited in the discharge is calculated as the
sum of the powers deposited in the electron and ion compoFranslated by R. M. Durham
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Simultaneous recording and readout of  x(®-holograms in glasses
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University Academic Department of Nonlinear Optics, Institute of Electrophysics, Urals Branch
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(Submitted June 5, 1996

Pis'ma Zh. Tekh. Fiz23, 46-51(January 12, 1997

A new method for readout 0f(?-holograms recorded by noncollinearly polarized light beams
of different frequencies is proposed and implemented. The hologram is read out and
recorded simultaneously by the same reference beam, thus eliminating any influence of the
readout radiation on the recorded hologram. 1€@97 American Institute of Physics.
[S1063-785(1®7)00901-4

In 1986 Gsterberg and Margultdirst observed efficient out of y(?-holograms which, in our view, can avoid these
second harmonic generation in a germanosilicate fiber. Aftedifficulties. The method essentially involves simultaneously
high-power neodymium laser radiation has propagated for eecording the hologram and reading the signal from the ho-
long time in the fiberthe so-called preparation procgshe logram by the same reference beam. Since the frequency and
fiber begins to convert the infrared radiation to the secondlirection of propagation of the signal and the external second
harmonic. This discovery was unexpected, since the quaiarmonic are the same, these waves can only be separated if
dratic susceptibility in glass is zero and the phase-matchintheir polarizations differ. Thus at the exit from the sample,
condition is not satisfied. Stolen and Toshowed that the the external second harmonic may be quenched by the ana-
preparation process may be speeded up considerably by colyzer. In that case the fraction of the signal intensity propor-
pling both the infrared radiation and its second harmonidional to sirfé, where 6 is the angle between the polariza-
simultaneously into the fiber. It was shown in Refs. 2 and 3ions of the external second harmonic and the signal, passes
that mutually coherent optical fields at frequenciesand  through the analyzer and may be recorded by the photode-
2w write a quadratic susceptibility gratinge®-hologram)  tector. It was shown in Ref. 7 that the polarizations of the
in a fiber. The authors of Ref. 4 recordgtf-holograms in  external and readout second harmonic differ if the
bulk glasses. Experiments to study the tensor properties of?-hologram is recorded by linearly polarizesl and 2w
x®-gratings indicated that a spatially periodic electrostatiovaves for which the angle between the polarizations is nei-
field with a period satisfying the phase-matching conditionther zero nor 90°. Interference between an external second
for second harmonic generation is produced in the fiber  harmonic and a signal whose intensity was equalized by an
in bulk glass’® However, these experiments did not identify exit analyzer was observed in Ref. 10. The results of these
the mechanism responsible for produced this field. It wastudies suggested that the proposed method could be imple-
also shown that this mechanism may differ for different mented experimentally.
glasses. Additional information on the mechanism for re-  The apparatus is shown schematically in Fig. 1. The ra-
cording of y(?-holograms could be provided by experimentsdiation source was a Q-switched actively mode-locked
to study the dynamics of recording for various ratios betweemNd:YAG laser. The pulse length was 100 ps, each train con-
the intensities of the and 2» beams. However, such inves- tained 30 pulses, and the repetition frequency of the trains
tigations encounter serious problems because recording musts 7 kHz. The average infrared radiation power in the glass
be terminated to measure the signal level reconstructed byas~400 mW and the second harmonic power was approxi-
the hologram and this is accompanied by periodic erasure ahately 0.1 mW. The holograms were recorded using ZhS-4
the recorded hologram by the readout radiafiavhich dis-  glass from the GOST 9411-81 set of light filters. The laser
torts the results. These distortions will obviously be greaterradiation was partially converted to the second harmonic in a
the more points we try to measure. KTP crystal and was then passed through a polarizing sys-

In the present paper we propose a hew method for readem, after which the» and 2w waves were linearly polarized

13 14 18 18

1
8 10, l
l (§_ ) FIG. 1. Diagram of apparatus.— laser,2— KTP crystal,

3 — plane plate4, 15 — SZS-23 filter,5 — FD-24 pho-

3
—= todiode,6 — input polarizer,7 — polarizing system con-
sisting of three mica plates, 10 — lenses,9 — glass
5 17 sample,11 — diaphragm,12 — infrared mirror, 13 —
birefringent plate,14 — analyzer,16 — photomultiplier,
@ and 17 — oscilloscope.
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FIG. 2. Intensity of second harmonic after propagating through analyzefr|G. 3. Time dependence of second harmonic intensity when the polariza-
versus hologram recording time. tion ellipticity of the external second harmonic is compensated by a bire-
fringent plate.

at an angle of 45° to each other. A calibrated FD-24 photo-

diode was used to measure the radiation intensity. The radia-

tion was focused into the ZhS-4 glass sample by means of gduced to the level observed at the minimum of the curve in
microscope objective having a focal length of 5 mm. An exitFig. 2. This indicates that the influence of the Kerr effect
analyzer(Glan prism was used to separate the second harmay be eliminated and the parasitic signal will be determined
monic signal reconstructed by the recorded hologram. Thenly by the depolarized component. Figure 3 gives the time
signal was recorded with an BE127V photomultiplier. The  dependence of the intensity of the second harmonic propa-
analyzer almost completely quenched the external seconghting through the analyzer during recording. The polariza-
harmonic in the absence of the ZhS-4 glass. When the glaggn ellipticity induced by the Kerr effect was eliminated by
was present, total quenching was not achieved for two regsing a birefringent plate. Thus, if the signal from the holo-
sons. First, induced birefringendéhe optical Kerr effedt  gram is not too strong compared with the parasitic signal, the
occurs in the field of the high-power light wave in the  Kerr effect must first be eliminated and then, when analyzing
glass so that the @ external linearly polarized radiation the results, the intensity corresponding to the depolarized
(Fig. 1a was elliptically polarized at the exit from the glass. yagiation must be subtracted. If the signal is fairly strong,
Second, the light underwent depolarization in the glass as gese effects can be neglected.

result of scattering. Thus, in addition to the reconstructed | has therefore been demonstrated that@-hologram
signal(Fig. 1d, depolarized radiatiofFig. 19 and radiation ¢4 pe read out and recorded simultaneously by the same
corresponding to the minor axis of the ellip§&g. 1D also  reference beam, without separating these two processes in

propagated through the analyzer. The signal read out fromyne The proposed method can be used to study the growth
the hologram is obviously summed differently with the de'dynamics and for continuous monitoring of the power of

polarized and Kerr components of the parasitic signal. In th?ecorded)((z)-holograms, and also to record short-lived qua-
first case, the intensities are simply summed whereas in th&ratic polarizability gratings

second case, it is the amplitudes that are summed, but in s \work was supported by the Russian Fund for Fun-
antiphase, since the phases of the waves corresponding to tggmental ResearoiGrant No. 96-02-16059)aThe authors

major and minor axes of the ellipse differ by'2 and the 4 jike to thank B. Ya. Zel'dovich and Yu. V. Miklyaev
phase of the wave corresponding to the major axis of th‘?or useful discussions of this problem

ellipse, i.e., the external second harmonic, differs &2

from the phase of the second harmonic signal read out from

the hologrant® This factor explains the drop in the total

second harmonic intensity at the beginning of recording.

When the amplltyde of the &gna} from the hologrgm was, Osterberg and W. Margulis, Opt. Lett1, 516 (1986

eq_ual to the am_plltude corresponding to the minor axis of thezg H stolen and H. W. Tom, Opt. Lett2, 585 (1987.

ellipse, these signals canceled each other and the photodetetn. B. Baranova and B. Ya. Zel'dovich, JETP Lets, 717 (1987.

tor only recorded the depolarized component of the radiation.'B. Ya. Zel'dovich, Yu. E. Kapitski and V. M. Churikov, JETP Let53,
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Luminescence of erbium-doped porous silicon

V. P. Bondarenko, N. N. Vorozov, L. N. Dolgil, A. M. Dorofeev, N. M. Kazyuchits,
A. A. Leshok, and G. N. Troyanova

Belarus State University of Information Science and Radio Electronics, Minsk
(Submitted August 15, 1996
Pis’'ma Zh. Tekh. Fiz.22, 84—-87(December 26, 1996

[S1063-785(106)03912-2

Doping of silicon with erbium is a promising direction in diation with wavelength less than 1.54m, giving rise to
optoelectronics, since Si:Er structures emit light with aadditional excitation of erbium, in the spectrum pftype
wavelength of 1.54.m, which corresponds to a minimum of porous silicon.
losses and dispersion in quartz optical fibeThe formation The intensity of the radiation associated with the opti-
of a surface layer of porous silicon makes it possible to sim<ally active Er depended on the heat-treatment temperature.
plify substantially the doping of silicon with erbium. It was For p-type porous silicon an increase in the annealing tem-
previously established that erbium-doped porous silicon wittperature up to 1000 °C was accompanied by an increase in
a porosity of 60—80% luminesces in the visible region of thethe intensity of the 1.54¢m peak(Fig. 1). This is apparently
spectrum and efficiently emits light with wavelength 1.54 associated with an increase in the degree of oxidation of the
wm.2=® However, highly porous structures have a low me-surface of pores and, correspondingly, with an increase in the
chanical strength, high resistivity, and unstable physicodegree of optical activation of the erbium ions, a necessary
chemical propertieS. condition for which is the formation of complexes of an Er

In the present Letter, it is demonstrated for the first ime® ion with six oxygen atom8.A further increase of the
that intense 1.54sm luminescence can be obtained in layerstemperature resulted in weaker erbium luminesce(kig.
of dense porous silicon formed with a different structure onl). This could be due to the dissociation of “erbium—
silicon single crystals witm-type andp-type conduction. ~ 0Xxygen" impurity complexes and/or the formation of crys-

The initial samples consisted pfandn™ silicon single  tallographic defects, which increase the probability of nonra-
crystals doped with boron and antimony up t& 80 and ~ diative recombination, in the silicon core of the porous
4% 10'® cm 3, respectively. Layers of porous silicon with layer! For a more dense-type porous material a higher
thickness 1—2Qum were formed by anodization in 12—-48% temperaturgup to 1200 °G and 5-10 min anneal were re-
HF with a current density of 2—40 mA/énCathodic depo- quired for 1.54um luminescence to appear.
sition of erbium was conducted from an alcohol solution of  Increasing the thickness of the porous silicon layer under
Er(NO3)35H,0 with a current density of 12xA/cm? in a  the same erbium deposition conditions resulted in stronger
period of 30 min. Next, the samples were subjected to heat-54um luminescenceFig. 2. With constant deposition
treatment at 800—1200 °C in air, by means of halogen |amp§@mes and constant cathode current density the amount of
for 30 s or in a diffusion furnace for 2—10 min. Control €rbium introduced should be the same. Therefore an increase
samples of single-crystalline silicon with electrochemicallyin the 1.54um radiation intensity indicates that the fraction
deposited erbium were fabricated in the same condition<f optically active Er increases with increasing thickness of
The luminescence was excited with an Ar laskg,(= 488 the porous silicon layer. This confirms indirectly that the
nm). The emission spectra were recorded at 77 and 300 K
with an MDR-23 grating monochromator with a liquid-
nitrogen-cooled Ge:Cu photodetector. ]

Two wide bands with maxima at 1.3 and 0.8% were 3
recorded in the luminescence spectrunpéi/pe porous sili- ‘\\
con. There was no luminescence in thie-type porous sili- N
con samples. Electrochemical deposition of erbium had vir-
tually no effect on the luminescence spectrum of porous
silicon.

After high-temperatur¢800—1200 °¢ annealing, an ad-
ditional narrow luminescence peak with wavelength 1.54
um characteristic for erbium was recorded on all erbium-
doped porous silicon samples. There was no such lumines-
cence in the control samples without the porous silicon, but 0.1
with electrochemically deposited Er. The intensity of the
1.54-um luminescence of porous silicon layersmh silicon
Wa_S mUCh lower than that of porm?s silicon grsilicon. FIG. 1. Intensity of the 1.54:m photoluminescence of erbium-doped
This difference could be due to the different structures of the, type porous silicon versus the erbium activation temperature. The porous
p- andn™-type porous materialsand/or the presence of ra- silicon layer is 5um thick. Measurement temperaturas:=77 K; 2—300 K.

I, arb. units
=
[\ 8]

800 900 1000 1100 1200
T, °C
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the 1.54xm radiation intensity could indicate that the'Br
_— ion is located in material with a larger bandgap than in the
a7 initial silicon single crystal. This material could be silicon
//’ nanocrystals, whose band structure is modifed by the quan-
tum size effect, or an amorphous layer on their surface.
In summary, the experimental results obtained show that
05 b the low-porosity materials, sponge-type material ptype
®- P+‘ PS silicon and dendritic porous silicon based mh-type silicon
A- n-PS can be used for light-emitting structures. The latter material
is widely employed for gettering of defects, formation of
insulating regions and “silicon on insulator” structures, and
as a buffer layer in homo- and heteroepitaxial structdres.
: - ; Doping of such a material with erbium makes it possible to
expand the range of device structures. Specifically, the intro-
duction of erbium into integrated optical waveguides based
FIG. 2. Intensity of 1.54um photoluminescence versus the thicknegsf Or_] _por_ous silicoff’ can k?e used fo_r dev_|ces for filtering, am-
the erbium-dopeg-type porous silicon layer. Optical activation of erbium Plification, and generation of optical signals.

with halogen lamps: temperature — 1000 °C; duration — 30 s, medium —
air.
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pores and not on the surface of the sample. (1995.
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for which the 1.54am luminescence intensity characteristi- ;R- L. qul'th and S. D. Cbo”'”& J-dAPP'- Phyglly El (1993-| )
cally drops sharply by several orders of magnitbdecom- gisLi(/iggeg D. C. Jacobson, and D. J. Eaglesham, Appl. Phys. Beit.
parative analysfsof different erbium-doped semiconductors o p. Bondarenko, V. E. Brisenko, L. N. Glanenko, and V. A.ilRa
showed that as the band gap of the semiconductor increasegarubezhnayalektronnaya tekhnika, No. 9, 53.989.
from 0.807 eV(for GalnAsP up to 2.42 eV(for CdS), the 10y, p. Bondarenko, A. M. Dorofeev, N. M. Kazyuchigs al, Pis'ma zh.
thermal quenching of the Er radiation decreases. The experi-' ek Fiz:19(14), 73 (1993 [Tech. Phys. Lett1, 463(1993)

mentally observedFig. 1) weak temperature dependence of Translated by M. E. Alferieff
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Wall effects in improved confinement modes in the FT-2 tokamak

V. N. Budnikov, V. V. D'yachenko, L. A. Esipov, E. R. Its, S. I. Lashkul, A. D. Lebedeyv,
A. Yu. Stepanov, I. E. Sakharov, V. Yu. Shorikov, S. V. Shatalin, E. O. Chechik,
and O. N. Shcherbinin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 10, 1996
Pis’'ma Zh. Tekh. Fiz.23, 52-57(January 12, 1997

An analysis is made of the transition to improved confinenteRinode observed in lower

hybrid heating experiments in the FT-2 tokamak. Particular attention is paid to processes taking
place near the wall, including the suppression of microfluctuations accompanying the L—H
transition and the buildup of edge-localized mo@&EM activity). The conditions for transition

to the H-mode are discussed only for Ohmic heating. The data are compared with the

results of large tokamak experiments. 1®97 American Institute of Physics.
[S1063-785(17)01001-X]

A transition to improved energy and particle confine- quency, the wave was either backscattered outside the toroi-
ment in the FT-2 tokamaka(=8 cm,R=55cm,B;=2.2 T, dal plasma in its upper hybrid resonaneenplified scatter-
andl ,=22-40 kA has been observed in lower hybrid heat-ing) or in the cutoff region on the insid@eflectometry. It
ing experiments Pre<150 kW, f =920 MH2) after the end was observed that during the rf pulse the plasma oscillations
of the rf pulse: an abrupt decrease in the emission on thare reduced by-50% and maximum suppression is achieved
H line was observed with an increase in the average densitgt the edge of the discharge at the radius+=7 cm. In
and the diamagnetic signal. It was also observed that MHIaddition, as a result of the L—H transition the level of oscil-
oscillations were suppressed and the plasma loop voltagations on the inside of the torus was also lower after the end
U, decreased slightly. The energy lifetime, which~<£.8  of the rf pulse. It was difficult to estimate the change in the
ms for Ohmic heating, was doubled or trebled after the enanergy lifetime in the plasma during the additional heating
of the rf pulse and was comparable with estimates obtainetlecause of the neglected rf power losses in the grill region.
using the Kaye—Goldstone scaling and DIID-JET scaling. Nevertheless, the increase in the particle lifetime and the
From the effects observed, this regime could be identified asuppression of the fluctuations suggested that the transport
the H-mode. In the present paper we report new experimentédsses are reduced in the course of lower hybrid heating. The
data on the transition to improved confinement. actual transition to improved confinement is masked by an

It has been established that the anomalously high heatdditional flux of neutral hydrogen from the walls caused by
and particle transport in a tokamak and its reduction in théoombardment of the surface with epithermal high-energy
H-mode are caused by plasma microfluctuations and thejparticles. In cases where the additional influx of neutral hy-
suppression. In this study plasma oscillations in the fredrogen from the wall was small, as for example in experi-
quency rangef <500 kHz were investigated by enhanced ments with a large plasma current,=40 kA and
scattering diagnostics and reflectométryhe plasma was P, =100 kW, characteristic decay of thé,; emission was
probed on the strong magnetic field side by an extraordinargbserved during the rf pulse.
wave at frequencies of 53—78 GHz. Depending on the fre- It was noted in Ref. 1 that on transition to the H-mode,

FIG. 1. a—Oscilloscope traces éf; emission, mag-
netic probe signaBg , and reflectometer signal on tran-
sition to the H-mode. Thel ; spikes are associated with
ELM instability. The magnetic precursor indicated by
the arrow is given on an enlarged scale. The dotted
curve gives the reflectometer signal from the inner an-
tenna —(ref_in); (ref_ouy — signal from outer an-
tenna; b—arrangement of the reflectometer antennas.

i Pl
I et b Y

4.0 4.8, ms s 32.0, ms
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the oscilloscope traces of the, emission sometimes re-
vealed sharp peaks attributable to edge-localized modes
known as ELMs. Additional information on the nature of
these effects was also obtained during recent experiments on
the FT-2 tokamak. Figure 1a shows oscilloscope traces of the
magnetic probe signals and reflectometer signals integrated
over the frequency band between 10 and 500 kHz, where ref out
ELM activity was observed in the H-mode. It was observed - J\,_,/\/\,\
that before the ELM spikes the magnetic probes record char-
acteristic coherent oscillations. The frequencies of these T1(0), eV

magnetic precursor oscillations were in the rangg.~ 100} /\
(24-32 kHz. A cross correlation analysis of the magnetic / ..

probe signals revealed a highpoloidal mode in this case,
probablym~9, developing on thg= 4.5 resonant magnetic 60

surface. The configuration of the reflectometer antennae is ‘ie 10* e’

shown schematically in Fig. 1b. In these measurements the __/ /——\
plasma was probed at a frequency of 27 GHz. Power was

coupled in as an ordinary wave via an antenna located below

the toroidal chamber. Two other neighboring antennae 0 At —
(ref_in) and (ref_oud, positioned in this poloidal cross sec- 30 34 38 4@ ms
tion were used to detect the signal reflected from the inner _ , o en hor
and outer regions of the toroidal plasma filament, respecag'sz' Experimental data for the Ohmic L—H transitit; “andH ;" are

. . . . pectral signals along two mutually perpendicular chords, vertical and
tively. Information on the plasma oscillations was containethqrizontal, respectivelyref _ous, T(0), andn, are the reflectometer signal

in the amplitude modulation of the reflected radiation. Onfrom the outer antenna, the central ion temperature, and the average density,
transition to the H-mode, the reflectometer, as did the magtespectively.

netic probes, recorded the suppression of microfluctuations.

This was accompanied by reduced turbulence throughout the

spectral rangé<500 kHz. In addition, each ELM spike was hybrid heating. It may be postulated that the improved con-
preceded by the buildup of coherent oscillations at frequenfinement initiated under lower hybrid heating was only sus-
cies corresponding to the mode determined by the magnetigined after the end of this heating by virtue of a hysteresis
probes and these oscillations were synchronized with theffect, i.e., on account of the conditicﬁjﬁ;ﬁ> pm}L This has
magnetic precursor. The oscillations were localized at thejready been observed in large tokam4kehe threshold
edge of the discharge on the weak magnetic field side at theower for the reverse H—L transition is lower, evidently be-
radiusr =6 cm, whereg=4. It can be seen from Fig. 1a that cause of broadening of the current channel profile and re-
they are mainly observed on the signal from the outer anduced hydrogen recycling at the discharge etge.
tenna (ref_ouy. The results of our measurements can be  The transition to improved confinement in recent experi-
compared with large tokamak experiments to explain thesgnents on the FT-2 tokamak was achieved under conditions
phenomena. For example, under conditions of transition t@f purely Ohmic heating. For this purpose the plasma was
the H-mode and the buildup ELM-instabilities, the appear-pressed toward the outside of the toroidal chamber by means
ance of a characteristic magnetic precursor was attributed tof control fields in the third millisecond of the discharge.
the evolution of resistive ballooning modes at the dischargérhis controlled displacemerttvithin 0.5 cm) caused a char-
edge. These ELM-instabilities were classified as type-lllacteristic drop in théd ; emission as shown in Fig. 2 for two
ELMs as opposed to the types-l and Il ELMs whose peakmutually perpendicular central chords. This was accompa-
was considered mainly in terms of the buildup of ideal bal-nied by suppression of microfluctuations and by an increase
looning modes. in the average density and ion temperatdi€0) of the

It has been established that a transition takes place fromplasma. In this case, the conditi®gcgs= P{;;ﬁ was satisfied
the L- to the H-mode when the thermal flux across theby a reduction inP,,4. Measurements in the shadow of the
plasma separatrix reaches a certain threshold RjéRef.  limiter using a Langmuir probe showed that an appreciable
4). For example, using the scaling obtained for the ASDEXincrease in the densitp,, from (1—1.5)x10' cm 3 to
tokamak Py, =0.04X X S-B, [MW, m~3.10°°, m™2, T], 3% 10 *2cm 2 and in the temperatur®,, from 5 to 10 eV
for ng=3x 10" m~3 the threshold value for the FT-2 toka- may be observed as a result of this displacement on the out-
mak is Py,=55 kW. At the same time, on the basis of the side of the toroidal plasma in the shadow of the limiter at the
experimental data for Ohmic heating, the heat flux across theadiusr =8.5 cm(as compared with the insigelt may be
last closed flux surfacd.CF9) of the discharge allowing for noted that in this case a plasma state free from ELM insta-
radiative losse®,,4and losses due to changes in the internabilities in the H-mode is sustained for a longer time. Several
energy, dW/dt, was estimated asP crs=Pou—Prag  mechanisms are considered in the literature as possible rea-
—dW/dt=(30-40 kW. It therefore follows that sons for the suppression of plasma turbulence at the dis-
P> PLcrs and the L—H transition would thus require an charge edge, particularly increased shear of the plasma rota-
additional input of energy which was provided by the lowertion. A reduction in the frictional forces caused by a decrease

( arb. units)

»
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in the neutral hydrogen concentration may also play a deciresults of our measurements agree with the conclusions ob-
sive role® tained on other larger tokamaks.
These experimental investigations therefore indicate that This work was supported by the Russian Fund for Fun-
the parameters of the wall plasma play an important part idamental Research, Project No. 95-02-04072.
influencing the conditions for the L—H transition. It has been
observed that when the microfluctuations are suppressedy- N- Budnikovet al, JETP Lett.59, 685(1994.
their changes exhibit poloidal asymmetry. A particularly im- g'l;\'('l'zg%'}'kovet al, Fiz. Plazmy21, 865(1999 [Plasma Phys. Refl,
portant role in the transition to improved confinement is 3y zohmet al, Nucl. Fusion32, 481 (1992.
played by the conditions established on the outside of the'H. Zohmet al, Plasma Phys. Contr. Nucl. Fusi&, 437 (1995.
toroidal plasma on the strong magnetic field side, where the T- S- Hahm and K. N. Burrell, Phys. Plasi2a1648(1995.
greatest reduction in plasma fluctuations &hglemission is Rhodeet al, Nucl. Fusion33, 1787(1993.

observed as a result of the L—H transition. In this respect th&ranslated by R. M. Durham
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Influence of surface wettability on the cathodic electroluminescence of porous silicon
D. N. Goryachev, O. M. Sreseli, and L. V. Belyakov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 12, 1996
Pis'ma Zh. Tekh. Fiz23, 58—63(January 12, 1997

It is shown that the wettability of porous silicon influences the efficiency of its cathodic
electroluminescence in electrolytes. A model is proposed to explain the nature of the
electroluminescence in a system consisting of porous silicon and an oxidizing electrolyte.

© 1997 American Institute of Physid$1063-785(107)01101-4

It has been established that the electroluminescence efontaining an oxidizing but nonetching potassium persulfate
ficiency of porous silicon is highest in systems consisting of(0.1N K,S,05 + 1IN H,SQ,) electrolyte when the sample
porous silicon and an electrolyte, especially when the silicorwas connected as the cathddEhe solvent was a mixture of
is used as the cathod@.In this case however, the lumines- water and acetone. It is known that the surface of porous
cence quantum yield does not exceed 4@nd the stability  silicon is lyophilic to organic compoundsit could thus be
of the systems is poor. Investigations of the processes takingxpected that these mixtures would efficiently wet the sur-
place at the interphase boundary with the electrolyte aréace and enhance the electrical contact. A linearly increasing
therefore urgently required. The pore sizes are small  voltage was applied to the cell at a sweep rate of 80 mV/s
nm) (Ref. 3 and their surface is strongly hydrophoBic. and the polarization curve was recorded, i.e., the density of
These factors fundamentally influence the nature of the luthe current {) flowing through the cell as a function of the
minescence. It was shown in Ref. 5 for the case of anodicathode potential §) measured relative to a saturated
luminescence that preliminathefore immersion in the elec- calomel electrode, and the time for the onset of luminescence
trolyte) wetting of the surface of porous silicon with ethanol was identified. The quality of the contact between the elec-
appreciably enhances the emission. In the present paper wlyte and the porous silicon layer was assessed from the
study the influence of the wettability of silicon on its ca- cathode resistivity, which was determined by a graphical
thodic electroluminescence in the visible range and we pumethod by linearizing the polarization curves plotted in
forward some new ideas on the mechanism of current flow irsemilogarithmic coordinates lod¢). Preliminary experi-

this system. ments have shown that for a smooth silicon surface the re-
Layers of porous silicon were prepared by anodic etchsistivity does not exceed @ - cn?.
ing of n-Si(100) samples with a resistivity of 2-cm in an Figure 1 gives the resistivity of a porous silicon cathode

electrolyte containing 48% hydrofluoric acid and ethanol inas a function of the acetone content in the electrolyte. It can
the ratio 1:1 by volume, under intense illumination by white be seen that the addition of up to 50% acetone to the elec-
light. The anodic current density was 10—-20 mAfcand the  trolyte reduces the cathode resistivity more than twenty
total charge was 5-12 C/@&mAn Ohmic contact had been times, i.e., to values typical of a smooth silicon substrate.
deposited previously on the back of the substrates. These results indicate that this electrolyte almost completely

Electroluminescence was observed in an electrolytic celimpregnates the porous silicon layer and provides electrical

FIG. 1. Cathode resistivitiR versus acetone concentrati@Gh
in electrolyte. Wetting time 20 min.
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contact directly with the silicon substrate or with macrocrys-strong reducing agent, i.e., an electron donor. Some of the
tallites on the substrate. The resistivity of the electrolyte ishydrogen atoms then associate to form molecules and gas-
approximately 10Q2-cm and as a result of quantum-well eous hydrogen is released at the electrode. Other hydrogen
broadening of the band gap, the resistivity of the microcrys-atoms diffuse in the electrolyte and may become adsorbed on
tallites is 16—10° times higher than that of the substrét¢.  the surface of the electrically neutral size-quantized microc-
can therefore be confirmed that the electrolyte efficientlyrystallites. A comparison between the standard electrochemi-
shunts the high-resistivity microcrystallites. Under these coneal potential of atomic hydrogef+-2.1 V relative to a satu-
ditions, electroluminescence should be completely absent irated calomel electrodlevith the position of the Fermi level

the visible range, which does not correlate with the experiin silicon shows that atomic hydrogen is an energetic elec-
mentally achieved luminescence quantum yield of aroundron donor relative to silicon and is capable of injecting elec-
102 (Ref. 1). This contradiction has not yet been adequatelytrons directly into the conduction band of the microcrystal-
explained. lites (Fig. 2.

Note that the visible luminescence occurs at the point  Both holes and electrons can therefore be injected from
where the polarization curves flatten out, and the potential ahe electrolyte into porous silicon microcrystallites which
which this occurs and the potential for the onset of hydrogempossess only intrinsic conductance or are not even coupled
evolution decrease with increasing acetone concentration ielectrically to the substrate. In this case the electrical neutral-
the electrolyte. Thus a clear correlation can be establisheitly of the microcrystallites is conserved and the bipolar in-
between the occurrence of emission and the onset of hydrgection of carriers into the microcrystallites produces visible
gen evolution. luminescence.

The visible luminescence is caused by the recombination  An increase in the wettability of porous silicon by the
of electrons and holes in microcrystallites. Since the micro€lectrolyte enhances the contact with the substrate and en-
crystallites are not electrically conducting, the carriers mussures that sufficient charge carriers are generated, both ion
obviously be transferred to the microcrystallites by a differ-radicals and hydrogen atoms. At the same time, this good
ent method. The mechanism for injection of holes in semiwettability establishes contact between the electrolyte and an
conductors with a smooth surface in contact with a persulfatextensive surface, which results in adsorptionS®,) ~ ions
electrolyte is fairly well-knowr!. Short-lived but extremely and hydrogen atoms by numerous microcrystallites, efficient
active electron acceptors known as ion radicé®€),) ", are  injection of charges into these microcrystallites, and thus
formed at the cathode as the current flows. These ion radicajgroduces more efficient electroluminescence.
interact with the surface of the semiconductor, trapping elec- In systems comprising porous silicon and an electrolyte,
trons from the valence band, i.e., injecting holes. If we asit has therefore been found that charges are transferred to the
sume that the ion radicals possess finite lifetimes and arelectroluminescence centers of the microcrystallites by an
capable of diffusing in the electrolyte, this mechanism mayion diffusion mechanism rather than an electron mechanism.
be extended to porous silicon. By diffusing in the electrolyteThis should give rise to delayed luminescence kinetics in
and becoming adsorbed at the surface of microcrystallitegshese systems. In our experiméhtse did in fact observe
these ion radicals may inject holes into the microcrystallitesmillisecond time delays of the emission pulses relative to the
The holes are therefore transported to the microcrystallites iourrent pulses. This observation gives strong support to the
the porous crystal by a diffusive ionic mechanism. proposed concept.

It has already been noted that when the electrode poten- This work was partially supported by the Russian Fund
tial is sufficiently negative, hydrogen ions begin to be re-for Fundamental Researdfrant No. 96-02-17903and by
duced with the formation of atomic hydrogen, which is aINTAS (Grant No. 93-3325-ext
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Kinetic model of GaAs(100) growth from molecular beams
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A kinetic model for the growth of GaA&00 by molecular beam epitaxy is constructed. The
elementary processes at the surface are analyzed, including chemisorption of atoms and
molecules, incorporation of atoms into the crystal, decomposition of the crystal, and desorption
of group-lll atoms and group-V molecules in vacuum. The sticking coefficients and rate
constants are obtained from a direct comparison with experimental data. The model can be used
to determine the desorbed and reflected fluxes, the growth rate, and the coverage by

groups lll and V atoms as functions of the incident fluxes and temperature. The model can also
be used to estimate the limits of validity of the thermodynamic approach and the minimum
epitaxy temperature. The results of the calculations show good agreement with the experimental
observations. ©1997 American Institute of Physids$51063-785(07)01201-9

A Kkinetic model is proposed for the growth of ) Sm-(1—9A5)2
GaAg100 by molecular beam epitaxy, with a minimum  Sas,=(170ad%  Sas, =75 ¢ 1= 0,02" @
number of parameters that can be estimated by comparison mem s

with experiment. wheres,,= 0.5 is the maximum sticking coefficient of Asn
We consider the elementary processes taking place at e GaA$100) surface’ . .
surface of GaAG00): chemisorption of group-Ill atoms and The growth ratevy is determined by competing pro-

group-V molecules, incorporation of group-Ill and group-V Cesses of incorporation of atoms into the crystal and decom-
atoms from the adsorbed layer into the crystal, decomposPosition of the crystal. Introducing the incorporatiop) (and
tion of the crystal, where atoms are transferred back to théecomposition ¢) rate constants and assuming that the at-
adsorbed layer, and desorption of atoms and molecules fro@Ms obey a statistical distribution in the adsorbed layer, and
the adsorbed layer into vacuum. We confine ourselves to th#P0sing above assumptions, we can derive
processes taking place in a single adsorbed layer incorporat- vg=7- Oca Ops—d-(1— Opq), 2)
ing anion and cation sublayers. We shall assume that the ) _
crystal grows layer-by-layer and that the probability of Wheréfg,is the gallium atom coverage.
nucleation on terraces between steps is low. The cation sub- 1h€ main particles desorbed from the G&l¥) surface
layer adjacent to the crystal is assumed to be filled with@re gallium atoms and arsenic Q|mér§he rate of desorp-
gallium (Ga) atoms while the anioni¢uppe) sublayer may tion is governed by the appropriate desorption ra}te constant
contain chemisorbed gallium and arseitks) atoms. The (KeaOr Kas,) and by the coveragefig, or 6,). In this case,
unoccupied sites in the anionic layer are assumed to be valesorption of As is a second-order reactidr.
cancies. We assume that the adsorbed atoms are distributed With this reasoning in mind and assuming that the grow-
statistically over the surface, i.e., we neglect cooperative efing crystal is stoichiometric, we can obtain rate equations
fects, dimerization of atoms, and the influence of surfacélescribing the dynamics of the change in the coverage by
reconstruction. groups Il and V atoms:
It is well known that the sticking coefficient of Ga atoms
on a GaA§100) surface is close to unity and does not depend ;a: Fea—Kga 0ca— vg(Oca, Ons),
on its state. This implies that the lifetime of the gallium-on-
gallium and gallium-on-arsenic complexes formed in the ad-  5¢, 5
sorption process is considerably longer than the characteris-  —— =N Sas,* Fas ~2Kas, 0as~ v4(0ca: ) )
tic time for hopping of atoms between neighboring lattice
sites. In this case, the interaction between Ga atoms and tighereFg, and Fpg are the external fluxes of the compo-
surface is nonlocal: an atom migrates and finds a vacant siteents measured in monolayers per second. The sy&em
before it is desorbed from the adsorbed layer. It is assumedan be used to calculate the surface coverage by groups Il
that the Ga atoms exhibit similar behavior when the crystahnd V atoms, the crystal growth rate, the sticking coefficient
undergoes decomposition. of group-V molecules, and the desorbed fluxes of the com-
The sticking coefficient of Asmolecules depends on the ponents as functions of the external fluxes and temperature.
coverage by adsorbed As atoms and on the type of interact- A solution of system(3) exists for Og,+ as<1. This
ing molecules(As, or As,). In Ref. 1 we constructed a condition follows from the assumption that the surface pro-
model where the sticking coefficients of dimgiss,) and  cesses take place in a single adsorbed layer. Otherwise, ex-
tetramers(As,) on a GaA$100 surface are related to the cess Ga or As builds up on the surface. Under steady-state
arsenic coveragé,s by conditions, the inequalityg,+ xs=<1 is satisfied when
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0_<Op<0 TABLE I. Activation energies and preexponential factors of rate constants
B s +o extrapolated in the forfR= Ryexp(—E, /KgT).

where R R, Ea, eV
0.=(2y) Y (y+d—kgg = V(y—d+Kga)’—4yFgal. K cans 1.03% 107 (ML/s)¥ 4.56
As, 2.21x 1072 (ML/s) 3.90
@ 4.16x 10" (ML/s) 271
The rate constants generally depend exponentially on the re- 5.36x 10°F (ML/s) 1.07
ciprocal temperature. It can be seen from Ej.that at low  d 8.89<10° (ML/s) 0.97

enough temperatures when the rate constants are comparabfe
with or smaller than the external fluxes, the steady-state so-

lution of system(3) vanishes. This takes place at the tem- ) )
peratureT, which may be estimated from tors of the rate constants extrapolated in Arrhenius form. For

external Ga and Asfluxes the systen(3) can have the ap-
proximate analytic solutions:

1 1
Fea=77 (y—d+kea)?= - ¥(Te) for y>d, Kga. (5)
4 4 Op=1— \Fed2Fas, v¢=Feca

.In fact T, is the minimum epltexy temperature below for KélgAs<kAsz<FAsza Fea @)
which layer-by-layer crystal growth is terminated because of
';he accumulation of excess group Il or V atoms on the sur- ¢, = /AF/kAszv vg=Foa K gans! (AF) Y2
ace.

We need to estimate the constakgg, Kas,, v, andd to for KZ3,< Fas, Foea<Kas, 9

compare theory with experiment. The consth;qgt2 is taken whereAE = Fac,— IF ... Solution(8a) corresponds to mod-

in accordance with the recommendations made in Refs. 2rate and low temperatures while soluti8b) corresponds
and 5. It was shown in Ref. 6 that the rate of desorption of P P

group-lll atoms from a IlI-V surface is similar to the rate of FO high temperatures, where the growth rate decreases with

vaporization of the corresponding element from the quuiolmcreasmg temperature as a result of desorption of gallium.

phase. The desorption constant of Ga was determined usinExpressmn(Sb) is also valid for an Ag flux if FASz IS re-

data on its saturated vapor pressure above the liquid phas@'@ced by BnFas,.

We estimatedy using experimental data on the phase =~ We calculated the temperature dependence of the
diagram of a GaAd00) surface® It was noted in Ref. 8 that GaAg100 growth rate to compare theory with experiment
for any external Ga flux, there exists a temperature belowFig. 1). The data taken from Ref. 11 correspond to an ex-
which the growing surface suddenly exhibits roughness. Asternal gallium flux of 1 ML/s. The experimental points in
sociating this temperature with the minimum epitaxy tem-Ref. 11 were obtained for an external fléhs,=1.9 ML/s
peratureT, and using relatior{5), we can estimate the con- and Fas,=3.8 ML/s. A numerical solution of systef8) and
stanty and its temperature dependence from a comparisothe analytical relation8) yielded curves ofvy(T) with a

with the data from Ref. 8. relative temperature shift of less than 2 K.
The other constanli may be found by considering

“vapor—crystal” thermodynamic equilibrium for which two
conditions are satisfied;) dhe rate of growthvaporization

is zero and bthe component fluxes leaving the surface have
the same magnitude and composition as the incoming fluxes. L
For gallium arsenide the equilibrium vapor contains pre-
dominantly As dimers and Ga aton¥s:’ 10l

External As, flux éaAS(1'00)

''''' External As,, flux

In equilibrium the Ga and Asfluxes (Fg} and Ff\‘gz) are ﬂ
interrelated in accordance with the law of mass action: = b
0]
1/2 =
FaL (FAL) Y?=KEandBeaBas,= Keaas: (6) S osf ]
L
whereK§, s is the equilibrium constant of GaAs formation %
from the gas phaseB,=(2m7m,kgT) Y2 is the Hertz— 5
Knudsen factorm,, is the atomidmoleculaj mass, andg is 0.0} Tomperature, °C f 4
the Boltzmann constant. Expressing the equilibrium condi- . . . )
Can abtar a relation nking he raté constant of e elemen 40 S0 600 700 800
) 9 Temperature, °C
tary processes:
ke d k1/2/ —K 7) FIG. 1. Growth rate versus temperature. Bhtbtained for an incoming
Ga d" Kas,/ Y= RGans: arsenic fluxF s, = 1.9 ML/s andF s, = 3.8 ML/s. The dashed and solid

) o ) ) lines give the theoretical curves. The inset shows the change in coverage for
Table | gives the activation energies and preexponential faahese cases.
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GaAs(100) =~ _| GaAs(100) 4
1016 L . 3 1 Fom0 F, =0
- E = 2: Fo,o0 F,, =1 MU
‘o L 2x4 vg=3.00 ML/s: ] % 3: Fo0 F,, =6 MUs
\ 3 1 E 4: Fo =t ML/s F =1 ML/s
g 105} 146 . c 2F 4 . F:-i MUs r:-c MUs
< 0.64 : s
2 5] 0-25 o
g 101 . 0.07 2t ]
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© : “ ]
c 1 - LA X 1
o 10%3% and liquid o
5 gallium droplets T° 3 of .
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1000/Temperature, K Temperature, °C

FIG. 2. Limit of formation of the liquid phase. The experimental pdints FIG. 3. Kinetic parameter; as a function of external fluxes and tempera-
corresponds to a (24)—(4x2) transition at various growth rates. The ture. The thermodynamic approach is valid fpr1.
minimum epitaxy temperature is indicated at a growth rate of 0.64 ML/s.

for the case of free vaporization this condition is only satis-
in a limited range of relatively high temperatures.
The proposed kinetic model may be generalized to other
IlI-V semiconductors, including multicomponent com-
pounds.

This work was supported by the International Science
Foundation(Grant No. 16300

It has been notédthat the accumulation of more than .
one monolayer of gallium atoms on a GaAs surface results iﬂed
the formation of a liquid phase. In our model this corre-
sponds to a decrease in the cover@ggto values less than
0_ [see Eq.(4)]. Estimates show that at temperatures ex-
ceedingT, by more than 40 K andl,s close to6_, the
adsorbed layer is almost completely filled with gallium at-
oms. The conditiorf,s= 6_ can thus be taken as the limit
for the appearance of the liquid phase on the surface. In Figig v, Karpov and M. A. Maiorov, Surf. ScB44, 11 (1995.

2 the curves calculated from the conditi6gs= 6_ are com-  2¢. T. Foxon and B. A. Joyce, Surf. SEO, 434 (1975.

pared with the experimental points corresponding to the tran®T. M. Brennan, J. Y. Tsao, and B. E. Hammons, J. Vac. Sci. Technol. A
sition to a Ga-stabilized (42) surface, which is accompa- 4§0’R33A(r]t-r?3r2.8urf Seid3, 449(197

nied by the form_ation of liquid g_all_ium drop_le?sli can also sy y Tsao, T. M. Brennan, J. F. Klem, and B. E. Hammons, J. Vac. Sci.
be seen from Fig. 2 that the minimum epitaxy temperature Technol. A7, 2138(1989.

for Fg;=0.64 ML/s isT.,~370°C. 6J. A. McCaulley and V. M. Donnelly, J. Chem. Ph4, 4330(1989.

In the thermodynamic approaﬂ&’}z'wfrequently used to 7Table‘s of Physical Quantities: Handbaad. by I. K. Kikoin[in Russiard,
describe the growth of IlI-V compounds, the fluxes of des- séfoalﬁ:\bsﬂiztfogf?'Kubiak’ and E. H. C. Parker, J. Cryst. Growth

orbed components from the surfadel, and FdASZ) are as- 81, 49 (1987.

. . : 9J. R. Arthur, J. Phys. Chem. Soli@8, 2257 (1967).
sumed to be interrelated as in E§). In order to estimate the 104 Seki and A. Koukitu, J. Cryst. Growtiig, 342 (1986.

limits of validity of the thermodynamic calculations, we in- 11, 3 springThorpe and P. Mandeville, J. Vac. Sci. Technob, §/54

troduced the parameter: (1988.
d d 12 2R, Heckingbottom, inMolecular Beam Epitaxy and Heterostructures
FedFas,) NATO-ASI Series E: Applied Science, No. 87, ed. by L. L. Chang and K.
n=—7>7—". (10 Ploog (Martinus Nijhoff, Dordrecht, 1986[Russ. transl., Mir, Moscow,
Kcaas 1989,

137 ;
Values of close to unity correspond to validity of the ther- Y- Shen and C. Chatilon, J. Cryst. Grovtig 553 (1990.

modynamic approach, but, as can be seen from Fig. 3, excepianslated by R. M. Durham
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Mesa stripe for the 3—3.6 um range lasers utilizing gadolinium-doped
INAsSbP/InGaAsSb double heterostructures

N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remennyi, N. M. Stus’,
and G. N. Talalakin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 10, 1996
Pis'ma Zh. Tekh. Fiz23, 72-76(January 12, 1997

Data are presented on diode mesa stripe lasers utilizing InAsSbP/InGaAsSb double
heterostructures, which are the first long-wavelength lasers to be doped with the rare-earth
element gadolinium. It is shown that doping enhances the threshold characteristics. Measurements
made of the current modulation of the laser radiation indicate that these lasers may be used

in spectroscopic measurements. 1©97 American Institute of Physid$§1063-785(07)01301-3

Diode lasers utilizing narrow-gap semiconductors emit-knowledge, the active region of long-wavelength double-
ting in the middle infrared3-5 wm) may be used in spec- heterostructure lasers has not so far been doped with rare-
troscopy and to monitor atmospheric pollution since the abearth elements.
sorption bands of many industrial gases such as G33 The double heterostructures were  prepared
um), HCI (3.54 um), CO; (4.2 um), and CO(4.6 um) liein  as described in Ref. 4 and consisted of an undoped
this spectral range. In addition, when these sources are usedinAs(111) substrate 11=(1-2x 10 cm™3) and three
in conjunction with chalcogenide and fluorite glass fibers, thQayers: a wide-gapn-InAs,_,_,ShpP, confining layer,
optical losses are reduced by an order of magnitude comyp, n-In;_,GaAs,_,Sh(Gd) laser active layer
pare.d V\{ith quartz fibers, making thesg Iagers promising fofp 01<y<0.07, 0.065z<0.07), and a p-(Zn)-
applications in fiber-optic communication I|r_1és. _InAs; . ,ShP, wide-gap emitter (0.05x=<0.09,

In the present paper we report mesa stripe lasers em|tt|ng_09$y$o'18)' The thickness of the wide-gap layers was

in the 3.2-3.5um spectral range, utilizing INAsSSbP/ 4-6 um and that of the active layer was 1.543. Mesa
INnGaAsSh/InNAsSbP double heterostructures fabricated b¥tripe lasers with a stripe width of 10 or 26m were fabri-

liguid-phase epitaxy onn-InAs(111) substrates with a
gadolinium-doped-InGaAsSb active layer.

The literature contains little information on structures
grown on(111)-orientedn-InAs substrates although growing
heterostructures orflll)-oriented substrates at high tem-
peratures(conditions for high substrate plasticitgan pro-

cated by photolithography and were 200—-1Q0® long.
Measurements of the Hall effect revealed that doping
INnGaAsSh epitaxial layers with gadolinium reduces the elec-
tron concentration from % 10" to ~4x 10" cm™2 and in-
creases their mobility to~10° cn?/V-s. When the

duce graded-index layers and double heterostructures withI GaAsSb active layer in an InAsPb/InGaAsSb/inAsSbP

low mismatch dislocation density because of the preferentiaﬁiou_ble heterostructure is doped,. the half-width _Of the photo-
formation of defects in the substr&d To the best of our luminescence spectra of the active-layer material is reduced

600 -
= 4
=+ s
. 500 -
3 -
400 -
. [}
300 - FIG. 1. Current-power characteristic of a pulsed laser
i (5 us, 500 Hz, with a gadolinium-doped InGaAsSb
active region and a stripe width of 20m, T = 77 K
200 - .
(W is the pulse power
100
0 4 smae
r T v T r T v Y v T - T
0 20 40 60 80 100 120

I’ mA
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TABLE I.
W, um N, um Jin, Alcm? I, A
InGaAsSh Gd 20 3.335 350 35
InGaAsSb - 20 3.49 800 70
InGaAsSb Gd 10 3.355 2000 75
InGaAsSb - 10 3.324 2600 130
InAs Gd 10 3.228 950 100
InAs - 10 3.164 10000 390
x 6.6
a
r T A T v v v
a» 3% a3
X pm
x1.3
b
v v v Ll  § L
k V.1 3% 33
2 pm
c
A A A
3 L] T v v N ] .l
V. k& 1 aa
X pm

FIG. 2. Laser spectra for various currents: g b—1.14,, and c—

21y,

42 Tech. Phys. Lett. 23 (1), January 1997

to ~1.5 kT (77 K), the emission intensity is increased
~20-30 times, and the threshold lasing current is reduced,
as can be seen from Table I. This behavior may be caused by
the formation of complex@which reduce the residual donor
concentration.

Table | gives the main parameters of the fabricated la-
sers: the active region material and dopant, the stripe width
W, the lasing wavelengtix, the threshold current density
Jin,» and the threshold curreht, at T=77 K. An increase in
the threshold current with decreasing stripe width is evi-
dently caused by an increase in the leakage current across the
side surfaces of the stripe. Figure 1 gives the current-power
characteristic of one of these lasers operating in a pulsed
mode (pulse length 5us and repetition frequency 500 Hz
Figure 2 gives laser radiation spectra for various currents. It
can be seen that single-mode lasing is observed in the range
I=(1-2Iy. A Fabry—Perot resonator was used to measure
the shift of the lasing mode with increasing pump current.
The tuning rate was-30 cm Y/A in the long-wavelength
direction: forly, = 30 mA, the red shift of the mode was 5.1
A when the current was increased by 18 mA, which satisfies
the requirements for most applications of laser diode spec-
troscopy. The lasers possess stable paramgtetgut power
and threshold currepand we are hopeful that they can be
used in gas analysis systems.

The authors would like to thank M.i8laraliev and N. D.
I'inskaya for help with fabricating the lasers, A. N. Imenkov
for making the mode tuning measurements, and also Yu. P.
Yakovlev for his attention and interest in this work. This
work was carried out as part of the “Optics. Laser Physics”
program(Project 4.14.
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Use of a scanning charge-coupled photodetector for compression of optical signals
with linear wavelength modulation

N. A. Esepkina and A. P. Lavrov

St. Petersburg State Technical University
(Submitted October 28, 1996
Pis’'ma Zh. Tekh. Fiz23, 77-81(January 12, 1997

An analysis is made of a processor for compression of optical signals with linear wavelength
modulation. The processor system is equivalent to a diffraction spectrometer except that

a linear charge-coupled photodetector operating in a delay-and-add mode is inserted in its spectral
plane. By this means the processor isolates the signal from the noise and is invariant to the
signal arrival time, and it can be tuned by a simple electronic technique to select signals with a
different rate of change in wavelength. The compression coefficient may be several

thousand. Other characteristics of the processor and its maximum capabilities are discussed.

© 1997 American Institute of PhysidsS1063-785(107)01401-§

1. Optical methods of signal processing are attractingvheren=*=1,+2, and so forth, is the diffraction order. We
serious attention because of their unique potential. This pashall analyze the first ordenE&1).
tential arises from the structure of optical processors and If the collimated beam incident on the diffraction grating
their components whose refinement will enhance their capas linearly modulated with respect to wavelength in accor-
bilities. However new scope for the development of opticaldance with the expression
processors is offered by using known components in uncon-
ventional operating modes. An example is a processor incor- Mt)=Aota-t, Ost<T, @

porating multielement charge-coupled photosensitive deVice\"ﬁ/herea is the rate of change in wavelengtthe rate of

operating not in the standard mode as an optical image d_eﬁ'near modulatiol, T, is the duration of the modulated opti-

tector 'but ina spemgl deIa;a! anq add mode, in other words i, signal, and\, is the average signal wavelength, a narrow
a continuous scanning mod®ptical processors have there- g aia gistribution or response is formed in the spectral

fore b_een constructe_d for various appllcatlon_s, including I'n'plane of the spectrometer, whose positidis given by
ear signal conversionconvolution, correlation, spectral

analysig, formation of a radio image of a region in [(t)=lg+vs-t, 3
synthesized-aperture systems, tracking the motion of an im- ) ) o
age in optical telescopes with fixed mirrors, and so f8rfh. wherev_S is the rate of displacement o_f the response, which is
We have shown that an efficient acoustooptic processor fdf€termined by the rate of change in the diffraction angle
compression of radio signals with linear frequency modulad8/dt as given by
tion can be developed by incorporating a linear photosensi- _ .
. 4 L9 vs=F-dg/dt; (4
tive charge-coupled device, operating in a delay-and-add
mode, in a well-known acoustooptic spectrum analyzer foll, is the position of the response at tirre 0. The position
radio signal¢:® In the present paper we consider a similarof the origin for the coordinaté is not important in this
processor for compression of optical signals with linearanalysis.
wavelength modulation. In this operating mode the elements of the photodetector,
2. The optical signal processor is shown schematically ircomprising a multielement shift register with optically trans-
Fig. 1. A collimated light beam of wavelengthis incident  parent polycrystalline silicon electrodes, are transported by a
at the anglex to the normal on a plane transmission diffrac- continuous ladder networiconveyoy from one end of the
tion grating with the line periodl. The diffracted light is  photosensitive region to the other and the elements also de-
collimated by an objectivd. of focal lengthF having a tect the optical signal and store it in the form of charge
linear multielement charged-coupled photodetector operatingackages. At the output of the charge-coupled photosensi-
in a time delay and storage mode, inserted in its focal planeive device, these charge packets are converted into the out-
Clock signals at frequency are fed to the photodetector put voltage. The transport rate of the elemantss equal to
from a controller to ensure continuous motion of the potend . f, wherel, is the spacing of the elements in the photode-
tial wells in the photodetector and its coupled elements. Theector, andf is the clock frequency.
output signal from the charge-coupled photodetector is the When the transport rate of the photodetector elements
processor output signal. This optical system corresponds toand of the spectral response are equal, a group of elements is
conventional diffraction spectrometer. The angle of diffrac-transported synchronously with the latter, accumulating
tion B relative to the normal to the grating is determined bycharge packets proportional to the light intensity in the re-

the grating equatioh sponse. At a time uniquely related to the time of application
of an optical linearly wavelength-modulated signal to the
n-\A=d-(sina+sinB), (1) spectrometer, a short video pulse is observed at the photode-
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FIG. 1. Schematic diagram of optical processor for compression of
linearly wavelength-modulated optical signals.

tector exit, its amplitude proportional to the energy of this  The duration of the compressed signal is determined by

signal. The processor thus compresses and detects the liine time &, for propagation of the wavelength of the pro-

early modulated signal. cessed signal across the width of an equivalent spectral chan-
In order to determine the condition for equal velocities nel (spectrometer resolutipro\ :

of scanning and of the response, we analyze expreggjon

Expressing the rate of change in the angle of diffraction in 6= M. ©

terms of the angular dispersion of the diffraction grating |t js knowr that the resolution of a spectrometer is deter-

dg/dt=(dg/d\) - (dn/dt) (5) mined by its resolving power and is
and using expressior(4) and(2), we obtain ON=No/N, (10)
dp/dt=al/(d-cosB) (6) whereN is the number of lines in the diffraction grating.
Thus we have
and thus
ve=F-a/(d-cosp). (7) &=Nol(N-a). 19

B. Compression coefficient of optical signal.

The rate of displacement of the response must remain s e i
The compression coefficient is given by

constant for the duration of the processed signal in order to
obtain the maximum output signal for the minimum duration  —T_/5t=T_.a-N/Ag=N- AN/, (12)
in this processor. To linearize the time displacement of the
response in the spectral plane, it is advisable to select thghere A\ is the range of wavelength variation in the pro-
spectrometer parameters so that Xet \, the angle of dif- cessed signal. Since the resolving powneof the spectrom-
fraction is =0, and the axis of the objectivie coincides eters may be thousands or tens of thousands, the compres-
with the normal to the grating. In this case, the velocity cansion coefficientK ., of this processor may be hundreds or
be assumed to be constant and equaldp=a-F/d over a  even thousands.
fairly large wavelength rangk,+ AX\. C. In addition to the diffraction grating parameters, these
From the condition of equal velocities we then have  processor characteristics are also influenced by the param-
eters of the charge-coupled photodetectors.
f=a-Fi/(d-l¢) (8) An upper limit on the compression coefficient is im-
from which it can be seen that the required clock frequencyposed by the finite number of elemeritg in the charge-
of the charge-coupled photodetector is directly proportionaFoupled photodetector. When two or three measurements
to the rate of linear modulation of the wavelength in the(photodetector elementare used over the response length
processed(compressed signal. When the rate of linear 61=8B-E, Keom cannot exceeon ~ (0.3-0.4 -Ne.
modulation changes, the clock frequency must be altered biote that linear photodetectors with several thousand ele-
a simple electronic technique. The processor can therefore beents are now coming onto the market. A lower limit on the
tuned electronically to process different linearly wavelength-duration of the compressed signal in the processor is im-
modulated signals. posed by the response time of the charge-coupled photode-
When the velocities of the elements and the responstector since the velocity, of its components has an upper
differ, the output signal from the charge-coupled photodeteclimit imposed by the inefficiency of the charge packet trans-
tor decreases rapidly in magnitude and increases in duratiofer. For commercially available silicon charge-coupled pho-
which makes the processor selective to the modulation ratdetectors with a bulk channel for charge packet transfer,
signals defined by the clock frequency. the maximum clock frequendy,,xis 10—20 MHz, which for
It is important to note that background illumination from two or three photodetector elements over the response length
wide-band and monochromatic noise only alters the constantields the estimatét,,;,~ 100—-200 ns.
component in the processor output signal. D. Range of signal wavelengths.
We examine the main characteristics of the processor. The range of signal wavelengths which may be pro-
A. Duration of compressed output signal from processorcessed in the processor is determined by the spectral range of
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modulation rate over a wide range, its high selectivity in (1977
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Acoustooptic interaction in uniaxial gyrotropic paratellurite crystals
G. V. Kulak

Mozyr' State Pedagogical Institute
(Submitted August 19, 1996
Pis'ma Zh. Tekh. Fiz23, 84-89(January 12, 1997

An analysis is made of an intermediate mode of light diffraction by ultrasound in a uniaxial
gyrotropic paratellurite crystal. A system of coupled wave equations is presented to calculate the
polarization and energy characteristics of the diffracted light for the Raman—Nath,

intermediate, and Bragg modes of acoustooptic interaction. The diffraction of light propagating at
small angles to the crystal optic axis by a slow ultrasonic shear wave propagating along the
[110] crystallographic axis is studied. The amplitude—frequency characteristics of a
modulator—deflector for optical radiation are investigated. Curves of the diffraction efficiency as
a function of the ultrasonic wave intensity are plotted for various acoustooptic interaction
lengths. ©1997 American Institute of Physid$$1063-78517)01501-2

Acoustooptic interaction in uniaxial gyrotropic crystals close to Bragg diffraction in a uniaxial gyrotropic paratellu-
has been investigated in Refs. 1-5. It was shown in Ref. 2ite crystal.
that paratellurite is one of the most promising crystals for  When light propagates near the optic axis of an aniso-
fabricating acoustooptic information processing devicesropic crystal, the acoustooptic diffraction is determined by
(such as modulators, deflectors, filters, processors, _and $Re Klein—Cook wave paramet€= f3\ol/nv?, wheren is
forth). It was suggested that the acoustooptic diffraction ofihe refractive index in the direction of propagation of the
light propagating at a small angle to the crystal optic axis byincident light wave)\, is the wavelength of light in vacuum,

a slow uItraso_nlc _shear wave propagating alo_ng (O] fo(v) is the frequency(phase velocity of the ultrasonic
crystallographic axis should be used. Highly efficient modu- dl is the lenath of the acoustooptic interaction
lation of arbitrarily polarized multicomponent laser radiation waye, Ban . g . P
controlled by an acoustic wave was studied in Ref. 5. The®9'on: Bragg 'd|ffra}ct|o.n is _observed foQ—e and
authors of Refs. 6 and 7 investigated acoustooptic interactioﬁa,man_Nath d|ffract|on is observed fQ—0 (Ref. 7). For
in the Raman—Nath, intermediate, and Bragg diffraction® light wave incident at the Bragg angjes~\fo/2nv and
modes for a nongyrotropic insulator. It was shown that purd0t too high ultrasonic power levels we can confine our-
Bragg diffraction is not observed in practice. An intermedi- S€lves to four diffraction order@s opposed to two for Bragg
ate interaction mode characterized by angular selectivity anéliffraction).®
several diffraction maxima is normally observed. We select theXY Z coordinate system so that the ultra-
In the present paper the constitutive equations for a gysonic wave is excited in the direction of thé axis and a
rotropic insulatd?® and the method of slowly varying ampli- plane light wave is incident at the anglg to the Z optical

tudes is used to analyze intermediate acoustooptic diffractioaxis. The ultrasonic wave occupying the space between the

74-1 4
1.0

038

FIG. 1. Relative intensity;, , of diffracted light versus
detuningAf of ultrasound frequency from the Bragg
frequency for various ultrasonic wave intensities

1 — 0.15 Wicnf, 2 — 0.25 Wi/cnt, 3 — 0.35
W/en?, and4 — 0.5 Wienf (I1=1.2 cm,Aj=1, and
A, =0).
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-6 12 -8 -4 0 4 8 12 Af, MHz
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planesz=0 andz=1 induces a spatially and temporally pe- "
riodic change in the permittivity tensake;;, which is re- *

lated to the elastic deformatiors;,=(1/2)(V,U;+V,U,) 1.0 (
and the  photoelastic ~ constants P,  by: i
A&jj=—&yexPimnUmn, Wheree is the permittivity tensor 0.8 }

of the unperturbed crystal.

The Maxwell equations and the constitutive equafidns
for a gyrotropic insulator yield the wave equation for the ¢
optical field intensity in the region occupied by the ultra-
sound, which is given in Refs. 4 and 10.

Using the results of Refs. 4 and 10, we derive a system 0.4
of coupled wave equations for the complex amplitudes po-
larized in the diffraction planeA,,) and orthogonal to the

diffraction plane B,): 0.2
dAn . . .
dz ARG Ant P Bmt 'Xﬁ{,aer 1Am+ 18X —16m2)
. _ A R . )
i Xf 4 1B 16XP(— 1 52) o 02 o4 06 08Iz Wcm
. aa .
+ I Xm,m- 1Am* 18XP(1 Oy 12) FIG. 2. Relative intensityy, ; versus ultrasonic wave intensity for vari-
Liydd B is ous acoustooptic interaction lengthsl — 1.15 cm,2 — 1.2 cm,3 — 1.4
| Xm,m-1Bm-18Xp(i 6m-12), cm, and4 — 1.6 cm (,=0.25 W/cn?, Aj=1,A, =0, andAf= —8 MH2).
Bm
. . b' .
EZlA?nnb' Bm_Pm'Am+'Xm,am+1'Am+1qu_|5mz) . ) . .
The expressiosy= mh\ofgAf/nv< (Af is the detuning
+iyhb Br1€Xp — i 82) of the ultrasound frequency from the Bragg frequeriigy
mm from Ref. 6 was used to investigate the amplitude—frequency
+ ixﬁ;ﬁn_ 1Am—18X[(i Om—12) characteristics of an acoustooptic light wave modulator-
. b.b ) deflector at the wavelengthy=1.06 um. Figure 1 gives
+1Xmm-1Bm-18Xpi 6ry—12). (1) ... as a function of the detuning parametef for various
Here the following notation is introduced: ultrasonic wave intensitiek,. The central frequency of the
an N _ ultrasonic wave source wdg = 28 MHz. It can be seen that
Aab=0ml€m2(e=8)€m2],  pPm=(GpKm)/|Knl, the results of the numerical calculatioftsirve 3) agree well

with the experimental results presented in Ref. 2. The fol-

b - - -
Xmm+1=Om+1(€mAE€2),  Xmm+1=Um+1(EmAe€nLa), : - o .
lowing characteristics of acoustooptic diffraction are ob-

X 1= Umo1(eA88y),  X&A 1= Om-1(emAs*en_y), served: at the center of the amplitude—frequency character-
ab - ba . istic the diffraction efficiency is negligible, the right and left
Xmm-1=0m-1(EmA&"€2),  Xmms1=Um+1(€2887€mr1),  gections are asymmetric, and the maxima of, are

ba _ S bb  _ A achieved at frequenciet differing from the central fre-
Xmm-1=Om-1(€288%€m-a),  Xmm1= G+ a(€240€2), quency f,. Figure 2 gives the relative intensity,; as a
where kg is the wave vector of themth-order function of the ultrasonic wave intensity, for various
(m=0,£1,*2,...) diffracted wave,G, is the gyration acoustooptic interaction lengthslt can be seen from Figs. 1
vector;! gn,= wy/2e\ecospy [y, is the frequency of the and 2 that Bragg diffraction can only be achieved when the
difracted wave, ¢, is the angle of diffraction, interaction length, ultrasound intensity, and frequency detun-
e=(1/3)Spe], and 8= |Kms— km+1.| is the detuning of the ing parameter are optimized. For light waves in the visible
phase matching. The solution of systéty should be sought (Ay=0.6328 um) and ultraviolet §,=0.4416um) the de-
using the boundary conditionsig(0)=A, Bo(0)=A,, pendences of,.; on Af andl, are similar to those plotted
An(0)=B(0) form # 0, whereA, (A)) is the amplitude of in Figs. 1 and 2.
thes-(p-)polarized incident light wave. The relative intensity
7m IS given by 7p,= (|Am|2+|Bm|2)/(|A_H|2) + |Ai|2)' . 1v. V. Lemanov and O. V. Shakin, Fiz. Tverd. Telaeningrad 14, 229
The system(1) was solved numerically for four diffrac- (1972 [Sov. Phys. Solid State4, 184 (1972].
tion orders when optical radiation with the wavelengths 2A. W. Werner, D. L. White and W. A. Bonner, J. Appl. Phyt3, 4489
No=0.4416um, \=0.6328m, and Ay=1.06um is dif- 351\9(72- M. Kawabuchi. A. Fuk 4 A Watanabe. Aol Phve. L
fracted by an ultrasonic shear wave propagating along the aﬁg%,(ﬂ;?;wa uchi, A. Fukumoto,and A. Watanabe, Appl. Phys. Lett.
[110] crystallographic axis and polarized along thELO] 4V. N. Belyi and G. V. Kulak, Opt. Spektrosk’5, 105(1993 [Opt. Spec-
axis of a paratellurite crystal. The dimensions of the acous- trosc.75, 63 (1993].

. . . . ) 5 i
tooptic cell corresponded to the dimensions given in Ref. 2 2’1'93"6]'@0"' Zh. Tekh. Fiz.66(1), 151 (1996 [Tech. Phys.41, 78
and the specific rotation parameter of Te@as p=20 6V. 1. Balakshi, V. N. Parygin, and L. E. Churkowhysical Principles of

deg/mm {o=1.06um, Ref. 11. Acoustoopticgin Russiaf, Moscow (1985.
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V. . Balakshi and T. G. Kulish, Opt. Spektrosig0, 294 (1996 [Opt. 10G. V. Kulak, Opt. Spektrosk’9, 662 (1995 [Opt. Spectrosc79, 610

Spectrosc80, 258 (1996)]. 11(1995]' _ ‘ ‘

8B. V. Bokut’, A. N. Serdyukov, and F. |. Fedorov, Kristallografiy&, V. A. Kizel' and V. I Burkov, Gyrotropy of Crystals[in Russiar)
- o ' T ' ’ Moscow (1980.

1002(1970 [Sov. J. Crystallogrl5, 871(1970].

9F. I. Fedorov,The Theory of Gyrotropfin Russian, Minsk (1976. Translated by R. M. Durham
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Reconstruction of the mass distribution of charged patrticles in a periodic electric field
Yu. K. Golikov and E. Yu. Flegontova

St. Petersburg State Technical University
(Submitted October 1, 1996
Pis'ma Zh. Tekh. Fiz23, 1-7 (January 26, 1997

A method is proposed for determining the mass spectrum of a monochromatic precisely directed
source by means of a plane- parallel capacitor with a sinusoidally time-dependent voltage

on the plates. The mass spectrum is reconstructed from an integral equation that relates the current
to the collector with the amplitude of the ac part of the voltage. 1897 American

Institute of Physicg.S1063-785(07)01601-7

It is well known that the trajectories of charged particlesspecific time interval that depends on the massand the
in electric fields do not depend on the mass, and for thisatio « of the ac to the dc components of the field. The
reason electric fields are employed in mass analyzers only aurrent to the collector averaged over one period depends on
the time-of-flight type(see, e.g., Ref.)1By creating a time- « and is given by the instantaneous value of the current at
varying field(varying slowly enough so that electromagnetic each point integrated over the collector. This dependence
effects can be neglectedne can mass-separate the flux inalso is an integral equation for the unknown mass spectrum.
space(as was done, for example, in Ref. 2 for pulsed sources Let us write the equation for the charged particle current
synchronized with the fie)d The integrated nature of the through a plane perpendicular to tKeaxis:
mass analysis method proposed in this paper makes it pos-
sible to analyze sources that are not synchronized with th&(X,Y,t)
time-varying field (in this particular case a steady-state " ¢ " w o
source since the analysis takes into account all the trajecto- :f dmj dtof dxf dYXf(m,X,Y,X,Y,t,to),
ries of particles emanating from the source at different in- 0 - 0 -
stants of time. The simplest and most easily implemented 2)
field structure is useéhe field of a parallel plate capacijor
along with a very simple time dependencsusoidal volt-  wheref(m,X,Y,X,Y,t,t,), the total distribution function of
age on the platgs The integral nature of the method, as the particles, satisfies the equation of contindige Ref. 3
mentioned above, implies from a mathematical point of viewith the initial condition
the solution of an integral equation relating the mass spec-
trum with the dependence of the current to the collector orf(m,X,Y,X,Y,t)|—, = fo(X,Y,X,Y)
the ratio of the ac and dc components of the voltage on the 0

plates. The simplicity of this system enabled us to solve this =g(m)&(X—Xg) (Y —Yy)
integral equation in quadratures and propose algorithms for o o
reconstructing the mass distribution function in the source. ) mX +Y _80)
Let us consider the sinusoidally time-varying electric 2
field of a parallel plate capacitor y
D=dy(1+a sin 2mt), (1) X6 tan’l;— ﬁo)' ©)

wherev is the frequency antis the time. We assume that a
steady-state point source of charged particles is located in t
plane of the lower electrode, with the particles emanatin
from the source with a given initial energy and direction of ) . ,
velocity. We choose a coordinate system such thaktheis IF is assumed that the characteristics of the equation of
coincides with the lower electrode and thieaxis is antipar- contmw_ty,_ Y1.2.43 and ¢, are known functions of
allel to the field lines. At the poirX; on theX axis we place M. X,Y,X,Y,t, andt,y. The distribution function is expressed

a collector of finite width along th¥ axis. This system may in terms of the characteristics and the initial condition in the

H/ghereg(m) is the mass distribution to be determineh, is
he angle of emissiorg, is the initial energy and(-) is the
irac delta function.

be two-dimensional or axially symmetrisee Fig. L following Way.*"’
The distribution function at the instant of emission from o
the source does not depend on the tirpef emission, but fF(MXY, XY ) =Fo(M, iy, thn, i3, ). (4

the trajectories of the particles oscillate dependingtgn

within limits determined by the amplitude of oscillation of Substituting Eq(4) into (3), integrating the current density
the voltage and the mass of the particle. Particles with a massver the collector, averaging the current to the collector over
greater than some threshold value strike the collector regard period, and changing the order of integratiafl the inte-
less of the phase of emission, while the only light particlesgrals depend uniformly and continuously on the paramgters
that strike the collector are those that leave the source in we obtain
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91 w=mimg, my=qdy/4m?r?L2. (10)

Finding in dimensionless coordinates the characteristics,
©1, ¢2, @3, ande,, we obtain a new form of E(5)

1 © 2w\ b/L T
N(X)——2—4ﬂ_ O fo G,ud,ufo dTL/L dyJ_deO
3 15 Xf“ 27V . d.J’“’ dya( )5 )
—x dx @1—X Qo
//2 o \/; . Yo(e1—Xo 2= Yo
o5+ @; P4
4 X5 _Wo 5 tanﬁl__ 'l(}o . (11)
2 $3
a
X, Xs X Here
G(u)=g(Mm(u)), N(X)=1(X(x)), (12

FIG. 1. Coordinate system an_d cross section of the electrddessource, andx, is a parameter, the dimensionless coordinate of the
2 — collector,3 — particle trajectories. . . .
collector, which for brevity will be dropped from the formu-

las.
Carrying out the inner integral, we can convert Etl)
o v h t o . to the form
I(Xs,a)=vf dmj dtf de dtof dXx .
0 0 a —o 0 Xo (@ .S N
. N(a)= EJO v(s)4 arcsm;derona v(s)ds, (13
XJ dYXfo(M, b1, 2,3, 44). )
—w where

Equation(5) is the starting equation for the reconstruc-
tion of the mass spectrum. In order to find its explicit form S= hr“/
we integrate the equations of motion.

Before integrating the equations of motion it is useful to X—Xo | Xs— X Xs—Xo | 2
transform to a dimensionless physical model following the 1—cos\/ n + \/; sin\/; : )
scheme in Ref. 4. In dimensionless coordinates the equations
are simplified and the interdependence among the various G(u)
parameters becomes more transparent. As the unit of length v(s)ds= du. (14
we choose the distande between the plates and go over to
the dimensionless coordinatesindy and the dimensionless Differentiating Eq.(13) with respect to the upper limit
time 7 and making an elementary transformation, we obtain the

Shlamilch equation
x=X/L, y=Y/L, 7=t/T,
. , " a 1
whereT is a scale factor defined by the condition = S
y P(a) jo w(s) mds, (15
mL?/T,=qd,, (7)
i , i where

andq is the charge of a particléhe equality of the factors
multiplying the “kinetic” and “potential” terms in the La su(S)=W(s), ma dN(a) —P(a), (16)

grangian. The dimensionless and actual velocities and the
energy are related in the following way:

2_Xoda

for which the formula for the inverse transformation is

,_dx_ m dX __dy_ m dY 8 known? Performing the inversion, we find the function
4 Ngdyat’ Y"dr Vagosgar @

X2+Y2 mL2x%+y? mL? Zfs P'(¢)
_ _ — — v(s)=— dé. (17)
e=m—s = T W=q®oW. (9 oy N 3

Here E and W are, respectively, the actual and the dimen-Substituting this expression into E¢l4), we find G(w).

sionless energy. It can be seen that the unit of energy in thifhen we can transform again to dimensional mass and deter-

model is the energy of a particle passing through the charagnine g(m) by formula(12).

teristic potentiald. A computer implementation of this calculation using for-
We now introduce the dimensionless parameter definingnula (17) for an actual mass spectrum of the integrated cur-

the actual mass in fractions of some characteristic mass rent to the collector can be carried out by a variety of means.

Mo: For example:
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a) Direct calculation ofv(s) from the integral formula

(17), in view of the improper nature of the integral, becomes  v(s)=— 2 J
possible for a numerical simulation if the singularities are T n=0 0ys°—§
removed by means of the obvious transformation 1 N el 1|
=52 B[ ——.5]s" (20
sP(& . [sP(&-P'()

—=—=0¢{= | — === —dé+5P’'(s). (18)  whered, are the coefficients of the polynomial representa-
[e2_ 2 2__ g2 2
0Vs—¢ 0 ¢ tion andB(n+1 1) is the beta functiorisee Ref. &

b) It is possible to use any convenient approximation to
the experimentally measured functi®i(£) in Eq. (17) that _ _ '
ensures calculation af(s) in a class of known functions. A-A Sysoevand M. S. Chupakhimtroduction to Mass Spectroscofiy

= e i tri tri . tionRo b Russian (Atomizdat, Moscow, 1977
or example, in a trigonometric approximationRo(£) by a 2A. A. Matyshev,Abstracts of the Russian Scientific-Technical Conference

section of a Fourier series, we obtain the following represen- “|nnovative Science-Oriented Technology for Russiapril 24—27,
tation for the required function(s) 1995, Part 9, St. Petersburg, 1995.
3Ya. B. Zel'dovich and A. D. MyshkisElements of Mathematical Physics
[in Russian (Nauka, Moscow, 1973

CosnTrf 4Yu. K. Golikov et al, Calculation of the Elements of Electrostatic Elec-
v(s)= E d§ E C Jo(nﬂ-s) (19 tron Optics Systemsn Russian (Leningrad Polytechnic Institute, Lenin-
\/ grad, 1984

5G. N. WatsonTreatise on the Theory of Bessel FunctioBad edition,

. . . (Cambridge University Press, Cambridge, 19fRuss. transl. of 1st ed.,
whereC,, are the Fourier coefficients adg(x) is the zero- IL, Moscow, 1949.

order Bessel function. 6. S. Gradshteyn and I. M. RyzhiRiables of Integrals, Series, and Prod-
C) Sometlmes it |S useful to use a polynomlal apprOXI_ ucts transl. of 4th Russ. edACadenﬂC Press, New York, lgBmUSS
| 5th Nauka, M 19171
mation toP’(£), in which case the calculational algorithm original 5th ed., Nauka, Moscow, 19
looks like Translated by J. R. Anderson
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Propagation of shear waves in a magnetic liquid with frozen-in magnetization
V. V. Sokolov and V. V. Tolmachev

Moscow State Academy of Instrument Making and Information Science, Bauthan Moscow State
Technical University

(Submitted August 12, 1996

Pis’'ma Zh. Tekh. Fiz.22, 88—91(December 26, 1996

[S1063-785(06)04012-9

In Ref. 1 the equations of ferrohydrodynamics of a non-=y, exp(—iwt) andv,(z=0)=v,(z=0)=0. From the sym-
conducting ideal magnetic liquid, possessing magnetizatiometry of the problem we can see thaf(z)=0, me=m,
frozen into the material of the liquid, were derived with the =0, andm,=mj, and from the boundary conditions and the
aid of a generalized principle of virtual work. A linear ap- first equation of the system it follows tha(z) =0. We take
proximation of these equations made it possible to describgccount of the perturbation introduced by the shear wave by

satisfactorily the experimental results on the anisotropy ofepresenting the free energy by the expression
the propagation velocity of ultrasound in a magnetic liquid in

a static magnetic field and to predict the existence of a new
magnetohydrodynamic mode — Alfweype waves. Just as

in magnetohydrodynamics, this wave is transverse, but in
this wave the magnetization and not the magnetic field intenThen the perturbation of the equilibrium magnetic field in-
sity oscillates. In Ref. 2 the equations of ferrohydrodynamicdensity is related linearly with the perturbation of the specific
of a nonconducting magnetic liquid were generalized takingnagnetizatiorh?= g;;m; . We assume that the tensor
account of dissipation effects due to thermal conductivity,
viscosity, and the finiteness of the tim& for establishing an Bij=
equilibrium value of the magnetic field intensity.

In the present LeFter the properpes of the_ predpted new. diagonal with component,— B,,— B, andB,,= ).
magnetohydrodynamic mode are discussed in detail and the As a result, the linear approximation of the initial system

conditions under which this mode can be observed experi-
: assumes the form
mentally are determined.
Consider an infinite planez{&0), bounding an incom- Jv JHED 52,

) : ST . . y _ y y
pressible, nonconducting, magnetic liquid that oscillates si- W_mo'gi 97 +V?,
nusoidally along they axis with frequencyw. A static, ex-
ternal, uniform magnetic fielti, directed along the axis, is am, vy By
applied to the liquid. Let the temperature of the liquid be =
constant. In accordance with Ref. 2, the initial system of

of
f(P7T,mi):fo(Po,To,mio)+(a_mi)p Tmi, .

9t
gmigm; ) o

—=m -—— my;
ot O9z prr Y

equations for this problem assumes the form am, By
=M. V)
p%— &p+(Heq H)&(pmj) at  prt
=_ = €4, )——-
dt X I X; Herev= 5/p is the kinematic viscosity. The last equation in
JHEI the systen{2) splits off and its solution is written in the form
tomi— +nV%;; (1) m;=meexp(-pB/pT*1).

) A solution in the form of a damped shear wave for the
d(pvj) of eq of two remaining equations of the systdR) leads to the fol-
—ax]- =y = % Tm? i (9_m| Ti lowing expressions for the propagation velocity

' P
dm _ v HE9—H; L o | 2(A%+B?) @
Prar TP T T s T T e B+ JAZ+B?
V2y—4 a(pm;) and the absorption coefficient for the modified shear wave
y=am ax;j under study
The specific free energf of the magnetic liquid is as- Acw?
sumed to be a known function of the densityf the liquid, A= S AZTBY) (4)
the temperaturd, and the components; of the vector of
the specific magnetization density. where
We confine our attention to a linear approximation of ) ) ) -
the system presented above. We give the velocity of the os-  , _ moB. T N Cs B moBL T =% pl B
cillations of points in the plane in the forne,(z=0) 1+ w7 27 1+ w?7? PIPL-
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In the casemy=0 the expression&3) and (4) pass into the Let wr>1 and w>pw3B, /7. Then from Eq.(3) fol-
well-known formulas for the propagation velocity lows c=cs and from Eq.(4) a= as. Therefore it is impos-
cs=V2uw and the absorption coefficients=+w/2v of  sible to observe an Alfwetype wave for these high frequen-
shear waves in a standard viscous liquid. The other limitingcies, since the ordinary shear wave plays the determining
case, corresponding to the absence of viscosjty,0, de-  role.

scribes a damped purely Alfaewave, whose propagation In the case wr<1 and 7*>7(pmy)? we obtain
velocity and absorption coefficient are given by the relation=myy2p™ w and a=w/c. Therefore an Alfva wave
5 should be observed in this frequency range. Let us estimate
o= [ 2mpBLwT 5) the applicability of our approximation for the following typi-
o1+ 1+ w2’ cal values of the parameters of magnetic liqujetsa g/cn?,
me=10 GcmPlg, and =5 cp, so that 5/(pmy)?
a=(Mer 2B, (1+ 1+ 02,2) Wor, =5x10"*. Therefore if7*>10"2, then one of the condi-

. . ... .. .. tions of our approximation is satisfied. Unfortunately, there
respectively. In the case of an ideal magnetic liquid with a PP y

frozen-in magnetization it follows from Eq{5) that are no published data on the valuerdf To satisfy the other

; . . . condition, o 7<<1, the measurements must be performed in
c=myV B, . This result was obtained previously in Ref. 1. : : P
; . the infrasonic range.
It follows directly from the formulag3) and(4) derived
above that it is difficult to observe an Alfuetype wave in a
magnetic liquid with frozen-in magnetization, since it is
masked by a shear wave and possesses a high absorptio. v. sokolov and V. V. Tolmachov irSev. Int. Conf. on Magnetic
coefficient. Fluids, Bhavnagar, India, 1995, pp. 194—195.
To determine the conditions under which it can be ob- 2V. V. Sokolov and V. V. Tolmachev if4th Int. Riga Conf. on Magne-
served experimentally, we shall examine the frequency de- ©o"varedynamicsiurmala, Latvia, 1995, p. 168.
pendence of the velocity and the absorption for two cases. Translated by M. E. Alferieff
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Modulational instability of electromagnetic waves in long Josephson junctions
F. Kh. Abdullaev

Physicotechnical Institute, Academy of Sciences of the Republic of Uzbekistan
(Submitted August 5, 1996
Pis'ma Zh. Tekh. Fiz23, 8—11(January 26, 1997

This paper examines the modulational instability of electromagnetic waves in long Josephson
junctions under conditions where the electrodynamics of the junction are nonlocal. A

region is found containing a modulational instability of nonlinear plane electromagnetic waves in
the junction. ©1997 American Institute of Physid$$1063-785(1®7)01701-1

A great deal of attention has recently been focused on Let us consider the modulational instability of the solu-
the phenomenon of modulational instability of waves in non-tion in the form of a nonlinear plane wave
linear medial? Examples are the modulational instability of u,=A exp(A). We shall seek a solution in the form
electromagnetic waves in optical fibers, which is described _ .
by an instgbility in the soluti(?n of the nonlinear Schimger U=LA+ (X0 ]expliAT. @
equatior? and in long Josephson junctions in connectionThis gives us an equation for the correctig(x,t):
with an instability in the solution of the sine-Gordon -
equatior®* In addition to the theoretical interest, the phe-  iy,+ af
nomenon of modulational instability has a number of practi-
cal applications. It is used, in particular, for generating trainsSetting s=v +iW we obtain from Eq.(5) the system of
of ultrashort optical pulses with a high repetition fagnd equations
for the development of logical devicés. .

In many situations study of the modulational instability Ut+af Ko(|x—y|)wy,dy=0,
requires consideration of nonlocal modifications of the non- —o Y
linear Schrdinger equation and the sine-Gordon equatién. .

Specifically, in long Josephson junctions, when the electro- _Wt+a’J KO(IX—yI)vyydy+ 2AZy=0.
magnetic wave is much shorter than the Josephson penetra- -

tion depthA,; and when\ ;<<\, whereA is the London pen-  carrying out the Fourier transformation in Eq), we find
etration depth, the electrodynamics of the junction becomegyy the Fourier components(k,t)

nonlocal. The equation for the phase differenrge,t) has

Ko(|x=yD) y,dy+A%(+y*)=0. ®

(6)

the form of nonlocal sine-Gordon equation va(k) + aKo(kk*(aKo(k)k?—2A%)v (k) =0. @)
2 . We obtain as a result the following dispersion relation
J .
‘Ptt:H 7WKO(|X_y|)(Pyydy_Sm @, (1) amk? k2
2= AR > 2A?]. )
where Ko(x) is the zero-order Macdonald function. This vI+kol Vitk

equation is not integrable. It is equivalent to the sine-Gordon
equation with all the higher even partial derivatives with
respect to the spatial variabke

The purpose of this work was to study the modulational
instability of small-amplitude electromagnetic waves in long
Josephson junctions. We consider the evolution of nonlinear
oscillations of small-amplitude wavébreather type waves
in the junction. We write the fielg in the form

e=ev*(x,t) +e My (x,t). 2

g
Expanding sinf) in a series and retaining terms up to and E
including the third order in the field, and setting

2\3

N2

0?%=1, t=tl4, «

we obtain the equation

iut+af_ Ko(|x—y|)uyydy+|ul?u=0. (3) k
This is the nonlocal nonlinear Scliinger equation. FIG. 1.
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The plane wave becomes unstable wHeh<0. We thus development of a modulational instability will evolve into a
arrive at the condition that modulations of nonlinear electro-rain of pulsegsmall-amplitude breathersThe pulse repeti-
magnetic plane waves are unstable when the wave numbetisn rate will depend on the modulation period of the initial

k are less than a critical value wavek<k..
o The modulational instability of large-amplitude waves in
kgz_n(1+‘/1+a2w2/A4)_ 9) a nonlocal junction based on the nonlinear nonlocal sine-
a~ T

Gordon equation requires a separate treatment.

Figure 1 shows the region of modulational instability for
A=1 ande=0.1, 0.2, and 0.3. Let us examine the value of 1, | gespalov and V. I. Talanov, JETP Le, 307 (1966.

k. for various limiting cases: 2A. Hasegawa, Opt. Let®, 288(1984.
a) taking A% o?m?>1, we find thatk,=2\2A% ar. 3N. N. Akhmediev, V. M. Eleonskj and N. E. Kulagin, Izv. Vyssh.
; 4y 2 2 : _ —— Uchebn. Zaved. Radiofi&1, 244 (1988.
b) takmgA o ?11 we find thatkc—z\/fA/. e 4N. M. Ercolani, M. G. Forest, and D. W. McLaughlin, Lett. Appl. Math.
The maximum gain ig,= ImQ,=A°, which is at- 23, 149(1986.
tained for modulations with the wave numbe,l;~A2/a7T. 5M. Islam, Ultrafast Optical DevicegOxford University Press, 1993

In summary, a region of modulational instability has jM. Alfimqv, V. M. Eleonsky, and N. E. Kulagin, Chads 454 (1992.
A. Gurevich, Phys. Rev. B6, 3187(1992.

been found for electromagnetic waves in long Josephson
junctions. The modulated nonlinear plane plane wave in th@ranslated by J. R. Anderson
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Acoustooptical processor for radio signals with discrete frequency modulation
N. A. Esepkina, A. P. Lavrov, and S. V. Dmitriev

St. Petersburg State Technical University
(Submitted November 18, 1996
Pis'ma Zh. Tekh. Fiz23, 12-19(January 26, 1997

A study is made of a processor for pulsed radio signals with discrete frequency modulation,
where the frequency varies discontinuously within a pulse and take¢ different values. The
spectral components are separated with an acoustooptic spectrum analyzer whose spectral
plane is imaged onto a linear charged-coupled photodetector by means of a (@asar
dimensional spatial converter made of optical fibers. In the imaging, the spectral
components of the signal injected into the fiber are transposed by a special arrangement
(permutation of the fibers. The charge-coupled detector, which operates in the time-delay and
accumulation mode, detects the spectral components and sums them with the required
delay, and thereby compresses the signal and separates it from the noise. The compression factor
is limited by the value olN and can be several hundred. Results of experimental
investigations of a prototype of the processor are presentedl99y7 American Institute of
Physics[S1063-785(07)01801-9

1. Optical devices for processing radio signals by meanguency {v;} is the frequency-code sequence that defines the
of charge-coupled photodetectors have recently received erder of the time variation of the frequency in the signal.
great deal of attention. With the use of modern basic eleThe frequency-code sequencgy;} has a length N
ments (semiconductor lasers, broad-band acoustoopti¢i=0,1, ... N—1) and represents a sequencéNadiistinct
modulators, multielement photodetecfossich devices pro- whole numbers in the range from 0 kb— 1, whose order is
vide characteristics superior to those of analogous electronigefined by a special rul@nd to an outside observer seems to
devices' Additional possibilities of optical processors be- be random. The partial signals occupy a collectionNof
come evident when charge coupled photodetectors are usegighboring channels over the spectrum with a total fre-
in the time delay and accumulation mode. This mode of opguency bandNAT.
eration allows the development of processors of the con- 3. The structural design of the acoustooptic processor for
veyor type, which are effective for the solution of various processing signals with discrete frequency modulation is
problems, such as constructing a radio image of the Earth’'shown in Fig. 1. Its basic elements d@re— a laser2 — a
surface in synthetic-aperture systerfsee Refs. 2, 3, and beam expander-shap&;— an acoustooptic modulatot,—
others. Previously we have demonstrated the possilﬂillitgl a Fourier-transforming len§ — a fiber-optic converterg
using these time-delay and accumulation devices for making— a linear charge-coupled photodetector, &ré- a control-
adaptive acoustooptic processors for radio signals with lineger for the latter.
frequency modulation. The principle of operation of this processor is as follows.

In this paper we examine this type of acoustooptic pro-The acoustooptic modulator with the Fourier lens carries out
cessor for processing radio signals with discrete frequency spectral analysis of the radio signal incident on the acous-
modulation. Such signals are widely used in various meatooptic modulatol. The intensity distribution of the dif-
surement and communication systems. The change in thgacted light at the focal plane of the lens corresponds to the
type of modulation(discrete in place of lineahas required  power spectrum of the radio signal. Consequently, when a
that an additional element be introduced into the design o§jgnal with discrete frequency modulation is incident on the
the processo— a fiber-optic converter. modulator at the focal plane of the leteong theX; axis),

2. A description of signals with discrete frequency g diffraction spot is formed that jumps about discontinuously
modulation can be found in Ref. 5. We shall consider a Sig'in accordance W|th the Changes in the frequency Of the inci_
nal with discrete frequency modulation as a collectioNof  gent signal. The discrete locations of the centers of the spots
sequential abutting elementayartia) signals — simple ra-  are given byX,;=kf;, wherek is a coefficient of propor-
dio pulses: tionality determined by the optical elements of the acous-

N-1 t tooptic spectrum analyzer. Figure 2a shows an example of
Un(t)= >, Ug cog2m(fy+ yiAf)t]-rec< —— ——i), the location of a diffracted spot in the focal plane of the
=0 T processor for a signal with a shof&5) frequency-code
@) sequencey;=3, 0, 2, 4, 1, and the corresponding frequency-
where rectK) is defined in the following way: it equals unity time representation of this signal.
if [x|<1/2 and 0 if|x|>1/2; the quantityJ, is the amplitude A new element is included at the focal plane of the lens
of an elementary signak; is its length,f;=f4+ v,Af is the  in this acoustooptic processe— a fiber-optic converter in
frequency of thath elementary signalf is the lower fre-  the form of a single-layer flat bundle of optical fibers all of
guency of the signalAf is the discrete change in the fre- the same length. The number of fibers in the bundle is equal
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4 X 1 X1 6 7
A
3
2
1 .1 . . .
"_,»" 5 FIG. 1. Diagram of the acoustooptic processor for sig-
; k / nals with discrete frequency modulati¢h — laser,2
Tl U — beam expander-shap&-— acoustooptic modulator,
4 — Fourier-transforming lens5 — fiber-optic con-
X T verter,6 — linear charge-coupled photodetect@r,—
U.‘,. v X, 2 photodetector controller.

to the number of discrete frequency values in the signal witiFig. 2b. In this way the light spot is transported from the
discrete frequency modulation; i.e., it is equalNo The illuminated end along the photodetector with an average ve-
fiber-optic converter transmits the image with an intensitylocity Vo=AX/7.

I, from its entrance plane to the output plane onto a discrete The photodetector in the processor operates in the time
number of spots of dimensid® corresponding to the diam- delay and accumulation mode. In this mode of operation its
eter of the fiber core. In this processor the converter imageslements are shifted from one end to the other by a continu-
the focal plangalong theX; axis, spots with centers at the ous chaina conveyor with the elements simultaneously car-
pointsX4;) onto the plane of the charge-coupled photodetectying out spatial discretization and detection of the optical
tor (along theX, axis). The input image is averaged within signal and accumulating it in the form of charge pacKets.

the confines of the spots. In addition to imaging, the fiberthe output unit these packets are converted into an output
optic converter also carries out a spatial conversion. ThisoltageU,,. In the time delay and accumulation mode the
occurs by virtue of the transposition of the fibers in the out-output voltage is

put plane(Fig. 1). The transposition follows the frequency-
coding by the sequence of the processed signal according to
a simple rule: the spot labeled along theX; axis is imaged

on the spot with the labélalong theX, axis. The intensities ) ) ) ) ) ) )

I, andl, at the entrance and exit, respectively, of the fiberWherel y; is the light intensity at the exit from the fiber-optic

are thus related as; =1, converter in theth fiber (proportional to the power of the
Yi*

ith component of the signalvhile V, is the rate of motion of
e elements of the photodetectd;=1.F, wherel, is the
Slpacing of the elements afdis the clock frequency applied
' the photodetector from the controll@fig. 1).
WhenV, andV, are equal, the output signal is

N—-1

Uoult) = ;O Li(t—(N=1)Ax/V,), )

When this converter is used in the processor the spectr
components of a signal with discrete frequency modulation
separated by means of the acoustooptic spectrum analyz
are introduced into the corresponding fiber through the en
and are transmitted to the plane of the photodetector, illumi-

nating the exit ends along thé, axis one after the other N-1
Uaul)= 2, 1i(t=(N=1)7), @3)
b i.e., the partial responses of all the frequency channels are

detected and summed with the required delay. Thus a short
video pulse is formed at the output with an amplitude pro-
portional to the signal energy and a duratignclose to the
duration of an elementary signal. Hence this processor com-
presses a signal with discrete frequency modulation and de-
tects it. The instant of arrival of the signal is irrelevant to this

P processor.
R The compression factor obtained in this processor,

— T T T K=N7/7. is not greater thail and is limited by the baseline

0 t 2r 3rdr St 0 r 2¢ 37 47 5t of the acoustooptic modulator and the number of elements of

the photodetector. Presently existing element baselines per-

FIG. 2. Change with time of the signal frequency with discrete frequency,..: ~ ; ; ; _
modulation and the positions of the center of the diffraction spot at themlt a ValueKmax 1§’ which is much greater than in elec

entrance to the fiber-optic convert@ and at the exit from the converter tronic processors based on a set of band-pass ﬁ_ltBS'-
(b). cause of the finite speed of the detector the duration of the
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U _ As an example, Fig. 3 shows output signals obtained from
200 out, a.rb. units. : _ the acoustooptic processor when signals with different
[ : 1 : frequency-code sequences were fed into it. Cutveorre-

' : sponds to a signal matched with the arrangement of the fibers

in the bundle, and curv@ corresponds to a signal with a
: : : ; different frequency-code sequen¢® of the 16 signals are
1004 Hlod"0 IR e transposed in time As one can see from this figure, when

: : : the frequency-code sequence is changed the amplitude is re-
duced by about 35%, which agrees with the calculations,
while the dc component of the output signal is increased. The
duration of the output signal is somewhat greater than the
expected 3Qus.

The appropriate software must be developed to investi-
FIG. 3. Output signal of the acoustooptic processor for different signals Withgate th_e characteristics of the processor and for simulating its
discrete frequency modulation. Cure— Frequency code sequence of the operation.
signal matches the fiber-optic converter; cue— the frequency-code In summary, the results show that when acoustooptic
sequence of the signal has been changed. technigues are used for separating the frequency components
of a radio signal, along with a fiber-optic converter and a
compressed signal is limited from below to a valueCh""rge'(.:ol”:)Ied ph_oFodetec_tor operated in the delay a_md ac-
remin~0.1-0.2 us. To process signals with different cumulation mode, it is possible Fo mgke an acou_stoopyc pro-
frequency-code sequences it is necessary to replace the ﬁbézle_ssor that COMPresses radio _signals havmg dlscre'Fe—
optic converter. requency modulatlon.. Such a processor may find use in

4. A laboratory prototype of an acoustooptic modulator’arous radio electronic systems.
was made using an acoustooptic modulator based on a
TeO, crystal with a time aperture of 12s and a 500 ele-
ment linear photodetector of the type FPZS-1L. The fiber-10. B. Gusev, S. V. Kulakov, B. P. Razzhivin, and D. V. TigiDptical
optic convertel(the fiber bundlg consisted of 16 fibers with ~ Signal Processing in Real Tinfe Russiad (Radio i Svyaz', Moscow,
a core diameter of 10@m and a distan(_:e of 14Qm be- Zé??:%altis, Proc. IEEE’2, 962 (1984,
tween centers at the entrance and exit planes, and correy. a Esepkina, G. A. Gavrilov, A. P. Lavrost al, Pis'ma zh. Tekh. Fiz.
sponded to a signal with a frequency-code sequened, 2, 18(3), 32 (1992 [Sov. Tech. Phys. Letll8, 72 (1992)].
8,12, 1,409, 13,0,5, 10, 14, 3, 6, 11, 15. The signal With4N- A. Esepkjna, A. P. Lavrov, and M. N. Anan’ev, Izv. Vyssh. Uchebn.
discrete frequency modulation was formed by means of ar"™ SIS0, SN L s
voltage-controlled oscillator. The duratianof an elemen- siar] (Radio i Svyaz', Moscow, 1985
tary signal was 2Qus, and the duration of the entire signal °D. F. Barb, inSolid State ImagingNATO Advanced Study Institute Se-
was 320us. An IBM-type PC was used to control the oscil- ries E, No. 16, ed. by P. G. Jespers, F. van der Wiele, and M. F. White,
lator and record the output signal from the processor. (Noordhoff, Leyden, 1976{Russ. transl., Mir, Moscow, 1979

Various experiments were carried out with the prototype Translated by J. R. Anderson
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50 1

0 2b0 460 t, us
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Dynamics of dislocations and disclinations of the field of a few-order optical fiber:
I. Creation and annihilation of C* disclinations

A. V. Volyar and T. A. Fadeeva

Simferopol State University
(Submitted November 11, 1996
Pis’'ma Zh. Tekh. Fiz23, 20—27(January 26, 1997

It is shown experimentally and theoretically that the interconversion dynamics of the field of the
LP;; mode combination of a few-mode optical fiber is determined by the interaction of

circularly polarized pure edgé ™ andC™ disclinations. TheC™ andC™ disclinations correspond

to characteristics of the field for which the right- or left-circularly polarized electric field

goes to zero. During propagation the uniformly linear-polarized dislocafignsreak down into

four C* disclinations travelling in opposite senses. When each pa@ ofindC*

disclinations meet they annihilate each other and form linear polarization. The field of the
linearly polarized disclinations thus created sums up out of phase into the original field and forms
a uniformly linearly polarized field witD, dislocations. ©1997 American Institute of
Physics[S1063-785(17)01901-0

In the propagation of light waves through an optical fiber e (LP{%))=E{x cog ¢)cog 582)
interference-induced exchange of energy occurs between the L _ —
fields of the natural modes having similar values of the +iy sin(p)sin(8B2)}F1(R)expiBz), (1)

propagation constarg. These field conversions are well il- whereX andy are the polarization unit vectors, andR are
lustrated in the example of the LPmode. This mode is o a7imuthal and radial coordinatesg is the half-
four-fold degenerate — twofold in the parity and twofold in gjtference in the polarization corrections of the FMand
the polarization, and is a combination of an even or odd4el9 eigenmodesk;(R) is the radial distribution function
He,; mode and TM; or TEy; eigenmodes, having identical of the electric fieldF,(R)=RF;(R) (Ref. 2.
propagation constantg in the scalar approximation of the Expression(1) shows that the field of the L‘@ mode
wave equation. In the first approximation of the vector wavecontains two pure edge dislocatioch#n general the trans-
function each of the eigenmodes obtains an additional polanerse mode, expressidf), is nonuniformly polarized and it
ization correctiom 8 to the propagation constahfhis cor- qannot be described by means of dislocations of a scalar
rectionA g lifts the degeneracy of the LPmode and causes field. ) ) ) ) o
polarization conversions in the distributions of the transverse .LeE us write expressiol) in the circular polarization
electric and magnetic fields. basis €7, e7):

We have sho-wn ip Ref. 2 that the.field of.the eigen- e=[8" cog 6B8z— ¢)+&~ cod 8Bz+ )]
modes of an optical fiber includes optical vorticessrew _
dislocation$, by means of which one can describe perturba- XF1(R)expiB2). 2

tions of the fields in the optical fiber. However, for a com- We require that the amplitude of the field vanish for

plete description of the evolution of the LPwvave field it is . . P . o
. . ) . right-circular polarizatione™ or left-circular polarization
still not enough to use only optical vortices. It is necessary to.~ . . . .
e . . e~ . This requirement is expressed by the equations
expand the classification schemes of scalar dislocations. In
describing the evolution of a microwave vector field in free o==*m2+ 8Bz, () ¢==ul2—3Bz, (b) ®)
space Ney and Hajrt introduced the concept of vector . )
dislocations, calling them disclinations of the electromag-Wheree™=0 for expression (a) and~=0 for expression
netic field and requiring that both tfg, and theE, compo-  (P). _ _ _ _
nents of the field vanish in the vicinity of the disclination. ~Equations(3) describe the motion of two circularly po-
The purpose of this work was to study the interconver—lar'zed parts_ of the f|el_d of the LP mode with variation in
sion of dislocations and disclinations of the field of thet.he Ionglltudlnalz_coc_>rd||jate.+FoIIOW|ng Ref. 4, we shall de-
. . fine a circular disclinatiorC™ as the state of the field for
LP;; mode of a few-mode optical fiber.

. o . which the amplitude of its left-circular component vanishes
i The.studl-es were made on.the everﬁ&l?node lin- (Ime”=Ree™ =0), and the disclinatio€~ as the state of
early polarized in the plane=0, with the assumption that ¢ field for which the amplitude of the right-circular com-
these results can also be reproduced for the other threﬁ‘onent vanishem e* =Ree* =0).

LPy; modes. Then the dynamics of propagation and interaction of the
The field of the L&, mode for a centrosymmetric me- C* andC~ disclinations can be represented in terms of the
dium can be written ds distribution of the intensityl (p,¢) and the eccentricity
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FIG. 1. (a) — Distributions of the intensity and eccentricity modulus of the,Lfode for various cross sectiods— 8Bz of the fiber(the dark regions
indicate the circular polarization and the light regions the linear polarizatibh— photographs of the distribution of the radiation field of the,{ fode
for the lengthz=3.6 m, 0.5 m, and 0.9 m.

Q(¢) of the field of the LR, mode(Fig. 1. It can be seen form a D, dislocation with uniform polarization along the
from this figure that the pure ed@e" andC~ disclinations y axis. These processes can be represented as

are created from ax-polarized dislocatiorD,. Simulta- " - |

: . D,—-C"+C +L,, C"+C +L,—D,. 4
neously an immobild., disclination is created. This discli- X y xHy @
nation is linearly polarized along thg axis. TheC* and Ordinarily the processes of creation and annihilation of

C™ disclinations move oppositely to one another and annifield dislocations are represented by the curve&£R® and
hilate at¢=7/2 and 37/2, creating arl, disclination. The Im E=0 (Ref. 7 plotted in thex, y coordinates. Therefore
field of the created., disclination is polarized in antiphase the phase portrait shown in Fig. 2a contains lines for which
to the field polarized along the direction and lying on the e*=0 or e =0 in accordance with expressigl). In a
axeso= /2 and 3m/2. Therefore these two fields add and polar coordinate system the radial coordinate represents the
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FIG. 2. a—Phase portrait of the creation and annihila-
tion of C* andC~ disclinations; the dashed curve cor-

1} 1 X r T X v responds toC* disclinations and the solid curve to
- 3 ! : X x ! b C~ disclinations b — dependence of the eccentricity
x x ! i/ > | Q on the azimuthal coordinate at various lengthg
X X : ¥ X along the fiber(the theoretical results are given by the
a z=0,? m solid line, and the experimental points by the crosses
x * x gy
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lengthz of a fiber, while the location of the axis of a discli- or a holographic filter can be used. In addition, in order to
nation in the transverse cross section is represented by thexcite only one of the LR modes and not a superposition of
azimuthal anglep. The points of intersection of the curves them, the linear polarization vector must be oriented parallel
correspond to a creation-annihilation event involving dislo-or perpendicular to the axis of the edge dislocation of the
cations and disclinations. excitation field. In our experiment the fiber was excited by a

2. To study experimentally the disclination dynamics weholographic method by passing the excitation laser beam
examined the distribution of the state of polarization of thethrough the hologram of a pure edge dislocation. The length
radiation field in a few-mode optical fiber. We used a fiberof the beats of the LR mode wasA =27/58=3.6 m. To
with a radiusp=3.5 um with a reduced diameté&r=3.6. study the dependence of the eccentrididy=b/a on the

If this fiber is excited by a Gaussian beam of a TfgM length z, (hereb and a are the semiminor and semimajor
laser mode, then an HEmode is generated at the same timeaxes of the polarization ellipg¢he fiber was broken off ev-
as the LR, mode. The field of the HE mode does not have ery Azo=1 cm and the Stokes parameter was measured.
a singularity on the axis of the fiber, but the presence of thiShe dependence of the eccentricyon the azimuthal co-
mode influences substantially the distribution and the numerdinate¢ for various lengths, is shown in Fig. 2b. It is
ber of dislocations of the field. To reduce the contribution offound that in parts of the radiation field symmetric about the
this mode the fiber can be excited with a TENBser mode, z axis the circulations of the polarization states have opposite
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signs. The azimuth of the inclination of the semimajor axisber. The circularly polarize€* pure edge disclinations are

of the polarization ellipse makes an angle of either O orcreated out oD, dislocations; they move in opposite senses

/2 with thex axis, in agreement with the calculations. At to one another with the same angular velocity and they an-

the instant of annihilation of the circular disclinations the nihilate to formD,, dislocations.

transverse radiation field is uniformly linearly polarized. This work was partially supported by the International
In Fig. 1b we show photographs of the fields correspondSoros Program for the support of higher education in the area

ing to the lengthg=2x/68, w/(45B), andx/(258). The  of the exact science¢dSSEPB, Grant No. N PSU062108.

field in the first and third photographs corresponds to the

pure edge dislocation®, andD,. The field shown in the

second photograph resembles superficially a pure screw disS-A. W. Snyder and J. D. LoveQptical Waveguide Theor§fChapman and

location. However, the characteristic “forked” interference ,Hall. New York, 1983 [Russ. transl., Radio i Svyaz', Moscow, 1987

pattern cannot be obtained for arbitrary polarization of the 2 V: Volvarand T. A Fadeeva, Pisma zh. Tekh. F22(8), 63 (1996

L. d . [Tech. Phys. Lett22, 333(1996].
reference beam. This is because the field in the transversg r. nye, Proc. R. Soc. London Ser.387, 105(1983.

cross section is nonuniformly polarizeet~xX+yY; i.e., it .. V. Hainal Proc. R. SO|<C" LOﬂC(ijon Ser.444, 447 (1987). ]

is a vector superposition of two pure edge dislocations. zzg.(fgggtly, M. S. Soskin, and M. V. Vasnetsov, Opt. CommL3
To summarize, it has been shown bqth eXper|m?ntally6A. V. Volyar, A. M. Bykov, and I. S. Volkov,[sic] Opt. Spektrosk61,

and model-theoretically that the propagation of the field of 190(1986 [Opt. Spectrosc(USSR 61, 123(1986)].

the LP, mode is not a static wave process, but a dynamic7A- V. llyenkov, A. I. Khiznyak, and L. V. Kreminskaya, Appl. Phys. A

sequence of creation and annihilation of dislocations and ro- 62, 465(1996.

tatary C* disclinations propagating along the axis of the fi- Translated by J. R. Anderson
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Laser control of the state of a plasma in a selective optical trap
A. P. Gavrilyuk, I. V. Krasnov, and N. Ya. Shaparev

Computation Center, Siberian Division of the Russian Academy of Sciences, Krasnoyarsk
(Submitted November 6, 1996
Pis'ma Zh. Tekh. Fiz23, 28—32(January 26, 1997

Laser cooling of resonant ions is shown to be applicable to the effective control of the
temperature of charged particles in a low-temperature electron-ion plasma confined in a magnetic
trap. © 1997 American Institute of Physids$S1063-785(07)02001-4

A magnetooptical trap was proposed in Ref. 1 for ancharged particles is short compared to the dimensions of the
ultracold highly ionized charged plasnfaith electron an trap and the rate of cooling is low compared to the rate of
ion temperature3, and T;<<0.01 e\). One of the main ad- ion—ion collisions
vantages of this optical confinement of a plasma is its selec-
tivity: an ultrapure plasma with the ion component resonant ﬁ =(F-W)=xT, )
with the laser radiation is accumulated in the trap and iso- 6t |_ v
lated from contact with walls. A natural consequence of this
circumstance is the possibility of effective laser cooling of Where the angle brackets denote averaging over the equilib-
the plasma. It should be noted that despite the spectacul8#m ion velocity distribution.
success in the use of laser cooling methods in fundamental Because of the high frequency and relatively low inten-
physics experiments with atom and ion trdfsan electron sity of the optical field under these conditions the direct ac-
plasma has never been considered a suitable candidate fén on the electrons by the optical field can be neglected. On
these methods. We shall show that a combination of laséf€ other hand, the slowing absorption of the microwave ra-
cooling of ions and high-frequency microwave heating ofdiation with a frequencyn, and intensityl in electron—ion
electrons under conditions of magnetooptical plasma concollisions increases the electron kinetic enesgy The rate
finement permits the state of the plasma to be controlled: i.eQf microwave heating of the electrons fof,> v, is>®
it is possible to establish and maintain at will the electron - ul
and ion tempgratures over a very wide range (_)f pos§|ble We =—=(4We2/meCwﬁ)|Vei, 3
values. We believe that this conclusion together with the idea L

of magnetooptical plasma confinemeopens up prospects . - . Lo
N P P p P prosp hwhere,u is the coefficient of slowing absorptiom, is the

for the creation of plasma devices of a new type, in whic ensity of charaed particlesn. is the electron mass.. is
fairly weak electromagnetic radiation can fine-tune the main y ged p e el

plasma parameters. The area of their application lies in thgze fﬁeICtX?Wé%tfgg; eleztrlon-io.n fr?”iSCiOﬁls”e‘E(lA' szf)

study of the fundamental properties and the possible appli- (en A/ e ), an nQ\) IS the Loulomb fogarithm.

cations of ultracold gas plasmas. Taking into account relation®) and(3) and the energy
C]exchange between the electron and ion subsystems, we as-

Let us consider a homogeneous completely ionize that the bl lifetime n the trag and th
plasma confined in a magnetooptical framd subjected to a sume that the plasma filetimen the trap and the recom-
bination lifetime r, are considerably longer than the charac-

microwave field and uniformly irradiated with monochro-t st llision ti ~1 and the ch teristi tical
matic light (in the form of a standing wave along the erstic co 'S'O'jl'me’ Vei an € charactenstic optica
cooling time|xy~*| (the condition that the plasma density is

direction with an amplitud&=E, coskn-r)) quasiresonant 0 d write th bal ion f
with a transition of the plasma ions and having a frequencﬁuaS'Stat'onaW and write the energy balance equation for

o shifted towards the red relative to the resonant frequency1e charged particles

wy1: w— wy=A<0. Then the ion is acted on by a frictional 4 m 2 Se;
force, which in the case of a weak fieltM(<y) and large d—te=Wh(Te,I)— 3 Vei(Te—Ti)Fe, Wa=3" | -
detunings from resonancéA(|> y,kT;/m) can be written h
in the fornf (4)
dTi 4 me X
F=my(v-n)n, (1) gt 3 veilTe= T+ 5 i
where y=(#k?yg/mA) is the coefficient of friction These equations differ from the standard equations de-

(x<0), g=|V/A|%, V is the Rabi frequency\(=dE,/#), scribing nonresonant microwave heating in the second term
d is the dipole moment matrix elemeny, is the rate of on the right-hand side of the equation for the ion
spontaneous decay of an excited iamjs the ion mass, and temperature—the term relating to the effect of laser cooling.
v is the ion velocity. We assume that the ion plasma fre- A qualitative analysis of the nonlinear autonomous sys-
quency isw;<vy. From Eq.(1) we obtain the expression for tem(4) in the phase plane shows that fpfA,V) <0 it has a

the rate of change of the average ion kinetic enetgye-  single stable stationary stat&;(,T,). The steady-state tem-
sulting from laser cooling when the mean free path of theperatures satisfy the following relations

61 Tech. Phys. Lett. 23 (1), January 1997 1063-7850/97/010061-02$10.00 © 1997 American Institute of Physics 61



TABLE |. Characteristics of an ultracold plasma and their dependences oPh=100 amu y= 108 s k=2x10° ecm ! 1.=0.1
the intensity of the microwave field for fixed parameters of the optical field. ’ -1 ' 1 1’ 72
Wicn?, A=2x10° st (|x|=21 s%), wp=10" 5%, and

I, Wicn? 1072 4x10°3 10°  4x10°* 1074 n=10° cm 3,
Te, €V 571072 2.3x107% 57x107® 15x107® 6.0x107* In conclusion we note that a plasma that is isolated from
Ti,ev  65<10°  10*  2x10%  8x10* 60X10°  the walls, that is quasistationary, ultracold, in resonance with
Tro S 216 356x16f  6.6x10° 160 0.26 the optical radiation, and ha®mpletely controllable param-
1, S 63 16.0 2.0 0.27 0.07 ) ) .
etersmay be a very convenient object for studying the col-
lision of cold charged particles, highly nonisothermal plasma
states ¢>1), the transition from a collisionless state to a
In Anl collisional state with a reduction in the temperattitg the
W’ ©) recombinaj[ion of charged 'particles ofa supercooled pldsm'a,
and photoinduced collective phenomena in a plasma with
whereC; andC, are a combination of physical constants: resonant ions, and their spectroscopic manifestafioas.
C,=3me?/mec and C,=8v27e*/3my. It is readily seen practical application of such a plasma may be to create a
from Egs.(5) that by varying the intensity of the micro-  plasma source of ultrapure beams of “cold” ions.
wave field, the intensity,, and the detuning of the optical This work was supported by the Russian Fund for Fun-
field (which govern the coefficient of friction: damental ReseardiGrant No. 95-02-04788
x=|V|21A3=14,/A%), one can quite arbitrarily control the
electron and ion temperatur@s. For I<l.= (C%/?’/Cl) YFor any selected pairs of valueB(andT;) with T,>T, one can formally
X(n/|x?¥ me/m)>?  the plasma is isothermal, find a combination of parameters of the external fieldsof ,1,/A%) that
0=(T.—T)/T;<1: satisfy Eqs.(5).

Ti=Te=(Cy-C,-In Anl/w?|x|)?". 6 ——
! e=(C1-C, h|X|) © LA. P. Gavrilyuk, I. V. Krasnov, and N. Ya. Shaparev, JETP L&8, 324
If 1>1. the plasma is not isothermaf~1, while if ,(1996. ‘ o ‘ ‘ _
I>1. itis highly nonisothermal§>1. The electron tempera- P. E. Toshek, “Atomic particles in traps,” ilNew Trends in Physics,

. ; . . . . Course 3Les Houches, eds. G. Grynberg and R. Sl@&isevier, Amster-
ture is determined only by the microwave field, while the ion 4, "1984 vol. 1, pp. 381-450.

temperaturefor fixed T.) can be set by an appropriate se- 3M. H. Anderson, J. R. Enser, M. R. Matthews al, Science269, 198

m
Te_Ti:Cl'F
e

|
-—, T¥T=C,.C
wﬁ e i 1 2

lection of the parameters of the optical radiatia, () (1999.
4A. P. Kazantsev, G. |. Surdutovich, and V. P. Yakovl&he Mechanical
m | In A-nw, [ mg 213 C, Action of Light on Atom$in Russiain (Nauka, Moscow, 1987
e=~L1 — —, T; T iz | AP - (7) SYu. P. Razer, The Physics of a Gaseous Dischafie Russiai (Nauka,
Me wh, X! m; Ci Moscow, 1987.

A remarkable circumstance is that attaining and main- V. E. Golant,Microwave Methods of Investigating Plasnias Russiar
(Nauka, Moscow, 1968

taining a given temperature in the ultracold plasma requires's a. maorov, A. N. Tkachev, and S. I. Yakovlenko, Usp. Fiz. Nal64,
only fairly low intensities of the optical fieltl, and the mi- 297 (1994 [Phys. Usp37, 279(1994)].

crowave fieldl. In Table | we list the temperaturdg and ~ °I- V- Krasnov and N. Ya. Shaparev, Opt. Spektro8.577(1996 [Opt.
T, and for comparison the characteristic recombination time SPECt0sc80 514(1996].

7, and time 7; for establishing a quasi-steady state for Translated by J. R. Anderson
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Subhomogeneous spectroscopy of a Bose condensate of neutral atoms
I. E. Mazets and B. G. Matisov

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

(Submitted November 21, 1996

Pis'ma Zh. Tekh. Fiz23, 33-38(January 26, 1997

A method is proposed for resolving experimentally the details of the resonant fluorescence
spectrum of a Bose condensate within a homogeneous line whose width is greatly increased
because of collective effects. A discussion is presented concerning the application of this
method for determining the shifts of the resonant frequencies of the transitions in the condensate
as compared to the usual case of nhondegenerate atom ensembl&897@merican

Institute of Physicg.S1063-785(07)02101-7

An important advance in atomic physics of recent yearaise of highly stable lasers as in the experiment of Ref. 5; and
has been the development of methods of vaporization coob) satisfaction of the conditions for two-photon resonance —
ing to the Bose-Einstein condensation point in alkali-metalequal detunings of the two fields from the corresponding
vapors held in a magnetooptical trapor the first time it has resonant frequencies. It is important to note that the width of
appeared possible to study experimentally the properties of the two-photon resonance is essentially the width of the Ra-
Bose condensate of a nearly ideal gas, as opposed to th@an transition, which in the case of nonsaturating intensities
strongly interacting Bose systems associated with superflef the laser radiation is much less than the inverse lifetime of
idity and superconductivity. A number of articles, for ex- the optically excited level used in this Raman transition. This
ample Refs. 2 and 3, have been published concerning thgircumstance also makes it possible to resolve the spectral
properties of such degenerate systems of neutral atoms. It hfgatures within a homogeneously broadened line.
been pointed odtthat the frequencies corresponding to reso-  Let us consider thé diagram of atomic levels, consist-
nant absorption of light in a Bose condensate are not knowig of a low-energy ground stateg), a metastable state
exactly. In fact, the transition frequencies must be shiftedm), and an optically excited levekf. TheN atoms in the
relative to those of the single atoms because of the small bitateg form a Bose condensate; i.e., the translational degrees
nonetheless practically manifest van der Waals forces an@f freedom of each atom are described by the wave function
because of the exchange of resonant photons. Measureméfh of the lowest state of the harmonic oscillator potential of
of these shifts would give important information on thesethe trap. Two classical electromagnetic fields are applied to
interactions. Since a Bose condensate of neutral atoms is 4he Systen — a probe fieldP acting on theg—e transition
only slightly nonideal system, experimental results and theand aC (coupling field, which couples the levelm and
oretical calculations can readily be compared directly. In ou- The Rabi frequency, which characterizes the e field,

view this is of fundamental interest for modern quantum sta2nd its wave vector are denoted respectivelyvasand k;
tistical physics. (j=P,C). The detuning€)p and Q¢ (the frequency differ-

However, there exists a substantial difficulty: the absorpnce between the electromagnetic fields and the correspond-
tion line of a collection of a large number of identical atomsiNg transitions for fixed parameters of the laser radiation
in the same quantum state is greatly broadened by collectiveay, |_nformat|on on t_he shlfts of the atomic levels under the
effects® The homogeneous line width of the permitted tran-conditions of Bose-Einstein condensation. o
sitions in a Bose condensate under actual conditions is as L€t us write down the equations for the atomic field
much as tens of GHz. Therefore for an exact determinatio@Perators. These operators for the states where the conden-
of the line shifts it is advisable to have available a method off@tion takes place are ord!naﬁﬁl replaced by the
subhomogeneous spectroscopy. c-numbers,\/N. Then the following equations are valid for
Such methods have been We" deve'oped for Conventhe annihilation Opel’atoﬂse and bm for atoms in the states
tional spectroscopy over the last two decades. They are bas€4P(kp-1)[0)®|e) and expi(kp—kc)-r]|0)®|m), respec-
on the phenomenon of coherent trapping of the populationfively
involving the capture of atoms in a superposition of quantum J . A
states in which the atoms are not excited by resonant radia- —p,= —Fbe+i\/ﬁvp exp(—iQpt)+iVe
tion because of destructive interference of the various exci- 9t
tation channels. The different as_pects of this phenomenon Xexp)(—iQCt)Bm, 1)
have been thoroughly discussed in Ref. 4. Let us recall one
particular aspect. The necessary conditions for achieving g . .~ ) -
trapping by the action of two laser beams and resonant tran- 5t Pm= ~T'mbm+iVe expiQct)be. 2
sitions from the two corresponding long-lived low-energy
states into the same excited state arem@ximum mutual As pointed out above, because of collective effects in a Bose
correlation of the fluctuations of the two laser beams or theeondensate the homogeneous wilitlof the g—e transition
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increases by several orders of magnitude compared to theppear against the background of a Lorentz line shape of
ordinary radiative widthy of a transition in an isolated width I', the line being deeper the smaller the ratio
atom? In this collective decay, the atoms return from thel',,/W,,. The dependence of the intensity of the resonant
excited state to the condensate, and photons are emitted irflaorescence on the detuning of the two fields is entirely
narrow solid angld ~ (kpl) ~2 in the directionkp . Herel is  analogous to the dependence associated with coherent popu-
the rms spread in the coordinates of the atoms in the stafation trapping in nondegenerate atomic ensemblEsti-
|0). The collective decay constant was calculated in Ref. 3mates show that attainment of a rai, /I'~10 2 is an
I'=N~yf. The ordinary incoherent decay of the excited stategntirely realistic possibility. Simultaneously with the de-
although it does not contribute very much to the broadeninggrease in the number of atoms in excited states, the popula-
is important experimentally because it is accompanied by th&on of the metastable level
emission of photons in all directions relative to the axis of o N|Vp2 V|2
the laser beam and therein lies the possibility of observing (b;]bm>= 5 P > = ¢ 5
resonant fluorescence, whose intensity is proportional to 7+ Qp Wy +(Qp—Qc)
<b£be>. In addition, the population of the excited state can beincreases in the vicinity of the black line.
assessed by scattering from the system an auxiliary light The appearance of subhomogeneous structure in the
beam resonant with the transition from teestate to the resonant fluorescence spectrum can be given the following
second excited stat . interpretation: destructive interference occurs in the scatter-
We note that incoherent spontaneous decay in the chamng of the probe beam by the two dressed states formed in
nel e-m has little effect on the population of the transla- the mixing of the excited and metastable states by the field
tional motion part of the state efitkp—kc)-r]/0)®|m). C. The half-widths of these two states dfeand W,,, re-
The different relaxation processes that are characteristigpectively. Scattering of photons of the probe mode by these
of the metastable state are taken into account by introducingtates is coherent, and at Raman reson&hse Q=0 the
the decay constarif,,. It is clear thatl',<I'. Theg—m  amplitudes of the two processes sum together, resulting in
transition is forbidden, and the presence of the condensate ffearly zero value. We can conclude that the situation we
the ground state cannot break this inequality. It should béyave analyzed for the Bose condensate is closest to the co-
noted thatl",, should also include terms determined by fluc- herent population trapping in double radiooptical resonance
tuations in the laser fieldsln investigating the Bose conden- for nondegenerate atoms.
sate we shall not impose such rigid limits on the stability of Comparing the frequencies of the fielés and C for
the lasers as are common in atomic beams or gas cells. Igvhich the black line appears in the spectr{iy. (3)] with
deed, even if the rayB andC are obtained from indepen- the frequencies corresponding to coherent population trap-
dent sources with band widths of the order of several MHzping in a nondegenerate atomic ensenifide example, with
the corresponding contribution 10y, is three or four orders the results of the experimeénbn 8’Rb), one can find the
of magnitude smaller thah. difference in the shifts due to collective interactions of the
Let us now find the steady-state solution to the systengj—e andm-—e transition energies.
(1) and (2). These equations yield an expression for the av-

®

erage number of excited atoms: IM. H. Anderson, J. R. Ensher, M. R. Matthewt al., Science269, 198
(1995; C. C. Bradley, C. A. Sackett, J. J. Tollet al, Phys. Rev. Lett.
non N|VP|2 |2m+(QP_QC)2 75, 1687(1999; K. B. Davis, M. O. Mewes, M. R. Adamst al, Phys.

(blb)=5—% —> 5, 3 Rev. Lett. 75, 3969(1995. )
1“+Qp Wb|+(QP_QC) 2B. V. Svistunov and G. V. Shlyapnikov, Zh.kBp. Teor. Fiz.98, 129

(1990 [Sov. Phys. JETA1, 71 (1990].
where 3J. Javanainen, Phys. Rev. Lét, 2375(1994; Phys. Rev. Lett75, 1927
|V |21- (1995. . .

Wy =T+ c (4) “B. D. Agap’ev, M. B. Gorny, B. G. Matisov et al, Usp. Fiz. Nauk

m F2+Q,%' 1639), 1 (1993 [Phys. Usp36, 763 (1993].

o - 5A. M. Akul'shin, A. A. Celikov, and V. L. Velichansky, Opt. Commun.
In the derivation of Eq.(3) we used the condition 84 139(1991).

12<W,,T. Let us assume that the intensity of the field cou- G?éJégga;t(fig:;d P. L. Knight, Opt. Commu42, 411(19832; J. Phys. B
pling the levelsm ande lies in the range corresponding to 7E. A. Korsunski, B. G. Matisov, and Yu. V. Rozhdestveniskzh. Esp.
the casd’,<W,,<I". Then, as one can see from the solu- Teor. Fiz.102 1096(1992 [Sov. Phys. JETRS, 595(1992]; M. Léffler,
tion (3), the resonant fluorescence spectrum will contain a D. E. Nikonov, O. A. Kocharovskayat al. in ICONO’95: Coherent
subhomogeneous structure. In fact, if the field of the probe Phenomena and Amplification without Inversigréd. by A. V. Andreeyv,
field is scanned relative to the frequency of the fi€lda ©. Kocharovakaya, and P. Mandel, Proc. SR8 317(1996.

narrow valley of widthW,, (a so-called “black line’) will Translated by J. R. Anderson
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Model of a quantum well rolled up into a cylinder and its application to the calculation
of the energy structure of tubelene

L. A. Mel'nikov and A. V. Kurganov

Saratov State University
(Submitted November 19, 1996
Pis’'ma Zh. Tekh. Fiz23, 39—-45(January 26, 1997

A model is presented for a quantum well rolled up into a cylinder and is used to describe the
electronic structure of tubular clusters of carbon and the systems formed by them. The

energy levels of a tubulene molecule are calculated. The estimates of the ionization potential and
the nature of the conduction this cluster derived within this model are in agreement with

known data. ©1997 American Institute of Physid$S1063-78517)02201-5

An approach to developing an adequate mathematicapnyy'ﬂ(l’,(p,Z,'[)ZAFny,,(I’)eX[Z(iVzp)eX[Z(i,BZ)eXF(—ia)t),
description of the properties of nano-size objects in order to (3)
solve a number of applied problems may be through the use
of the elements of the theory of quantum wells developed irwhere A is an amplitude factor, the functioR, ,(r) de-
the context of semiconductor nanostructures. scribes the radial dependence, while the quantum numbers

In this paper we consider an an electron gas in a potenr and 8 describe the angular and axial dependences, respec-
tial field in the shape of a quantum well rolled up into atively. As a result the Schainger equation reduces to the
cylinder. Such a system is a modification of the model of awell-known Bessel equation in the radial component
quantum well spread out into a sphere proposed in Ref. 1 foF, ,(r), whose solutions are the cylindrical Bessel functions.
the calculation of the electronic structure of fullerene. Thelmposing the condition of continuity on the solutions and
main differences in the present problem stem from the cylintheir first derivatives at the boundary of the well, we obtain
drical symmetry of the potential and the choice of approxi-an equation for the determination of the electron energy ei-
mations. genvalues. The radial and orbital components of the energy

If electron—electron interactions are neglected, the staare coupled through the centrifugal displacement of the elec-
tionary one-electron states of the system are described by thens and form discrete levels of the radial-orbital energy.
Schralinger equation with the Hamiltonian The electron kinetic energy is the sum

2

S 2
=—_—V?%+
H 2mV ]

E=E,,+Ep (4)

(r), ()
of the energies of the radial-orbital and the axial motions.
We shall now use the idea of an electron gas in the
quantum well rolled into a cylinder to construct a simple
model for a tubular carbon cluster. Such clusters are highly
interesting not only because of their unique electrical and
mechanical properti€sput also because of their prospects

for applications in making flat-panel displaysano-size

wherem is the electron mass,is the distance reckoned from
the axis of the well, and the potentid(r) has the form of a
square-well potential with a depth, and a widthd, rolled
up into a cylinder of radiu®k

0 O=sr=<R-d/2 M Te L
e emitters*=® high-temperature superconductérand for a
U(r)=y Yo R-di2sr<R+d/2. (2} new generation of scanning electron microscope “ipbe
0 r>R+d/2 tubular structures similar to carbon structures can be formed

from atoms of other elements.

The motion of the electron in the radial direction corre- Let us consider &4 1gy tubular cluster N>1), called
sponds to a set of discrete energy levels, by analogy with theibelene’, whose structure has been established in experi-
quantization of the motion transverse to an ordinary quantunmental observations of the formation of nano-fiber structures
well. The orbital motion of revolution also has a discreteby tubelené? It is a cylindrical fragment of a graphite sur-
energy spectrum determined by the quantization of anguldiace enclosed on both ends with hemispheres — halves of
momentum. Along the axis of the rolled-up quantum well theCg, fullerene® Tubelene is an achiral tubular cluster of the
electron moves freely. The energy scale for the radial motiorizigzag” type®!* and has a ninefold principal axis of sym-
is determined by the deptli, of the well. The orbital com- metry. Its surface can be generated when a fragment consist-
ponent of the energy is proportional to the square of the ratigng of two carbon atoms is repeated in space by the transla-
between the electron angular momentum and the radius of itson vectorsa; anda, (Fig. 1). Tubelene can be considered a
orbit. The energy of motion along the axis is given by thequasi-one-dimensional crystal formed Ryring-shaped cells

square of the component of the electron momentum.
Exploiting the cylindrical symmetry of the problem, one
can seek the electron wave function in the form

65 Tech. Phys. Lett. 23 (1), January 1997
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of lengtha.
Strictly speaking, this model corresponds to the limiting
case 0fCgq, 1gy tubelene of infinite lengthN— ). How-
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angular momentum»<9, since forr>9 the number of an-
gular nodes becomes greater than the number of carbon at-
oms in the cross section of tubelene.

The structure of the ring-shaped fragments of tubelene
has a large effect on the emission of electrons in an external
field,* the growth of nanotubes, and other surface phenom-
ena. Therefore in the calculation of the corresponding char-
acteristics of tubelene it is necessary to take account of the
electron states localized near its etilamm stateg**° cor-
responding to the closed structure.

The parameters of the model for describing the energy
structure of tubelene were selected in the following way. The
FIG. 1. A portion of the cylindrical surface of tubelene unrolled onto a diameter R of the quantum well rolled into a Cy"nder we
plane.a, anda, are the primitive translation vectors of the two-dimensional S€t equal to the tubelene diameter, 0.71 (fef. 16 while
Bravais latticea; corresponds to translation along the helical chain of atomsthe deptrUO and the widthd of the potential enter as adjust-
and the vectom, corresponds fo turning by an angler® relative to the gl parameters. To determine these parameters we replaced
principal symmetry axis. . . . . .

the attractive potential of the carbon ion with a spherical
square potential well. The ratio of its radi&g to its depth

. o U, was chosen so that only two states reside in the well: one
ever, because the ratio of the cluster length to its diameter is 3 y

usually very great — 1Dand greater — in the calculations with an orbital quantum numbér=0 and the other with
y very 9 9 |=1. In this model these states play the role of trseahd

relating to tubelene of this length we can regard the model a; .

a first approximation and take the finite length into accoun E orbitals ?r: t?(t—:‘hcarbog ?tlom'lThe va!LtJestR%fjarld Ué ar?h

by imposing certain conditions on the quantum numBef chosen so that The model Ievels are situated at a depth cor-
responding to the ionization potentialg; and I,, of the

the wave function(3). In our model, it is additionally neces- b h ; .  th del lovel 4 th
sary to take into account the tubelene surface structur&@/Pon atom. The wave functions of the model levels and the

which determines whether the conduction of the cluster i£@7P0on levels have an equal number of zeros in the radial
metallic or semiconducting~*® We introduce periodic direction, as is required by the approximation of the linear

boundary conditions for the wave functions of the problem combination of atomic orbitafs.In the construction of the
assuming the periodicity unit is equal to the lengtlof the ~ quantum well its parameters were determined by the rela-

tubelene L =Na). Then the quantum numbgr can assume 1ONSUo=U=27.6 eV,D =2R;=0.35 nm. This semiempir-

the following series of values ical approach yields good results even with the rather crude
-0+ + approximations used.
p=0x2mlL,z4mlL, ... mla. ) The results of a numerical solution to the characteristic

The requirement that the wave function be periodic under ®quation for the electron are shown in Fig. 2 as an energy
rotation by an angle of 2 about the main symmetry axis is level diagram of the radial-orbital energi&s , that corre-
satisfied by any integral values of the quantum numier spond to the quantum numbersand v of the wave function
which determines the number of angular nodes of the wavé3) permitted by the structure of the tubelene surface. Each
function. However, it is sensible to use only the states withstate is twofold degenerate in the spin quantum number. The

E, ., (ev)
0 v=0] 11 2] 3]4fslel7181]09
57 FIG. 2. Diagram of one-electron levels of the radial-
orbital electron energy in a quantum well rolled into a
cylinder. Each horizontal double dash indicates a state
-10¢ with two possible orientations of the electron spin. For
the electrons filling the upper levels the mutual orienta-
tion of the spins is shown by the arrows. Also shown
st —_— —_— are the energy bands corresponding to the upper filled
levels in tubelea — a quasi-one-dimensional crystal.
— —— The occupied sublevels of the bands are shaded.
=20 2 ———
_25 I — om—— cttms
n=1
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states with nonzere, moreover, are again twofold degener- two-dimensional quantum wells with an electron gas corre-
ate in the two possible signs ef When the degeneracy is spondingly embedded or rolled into a cylinder.
taken into account, the upper level is found to be only half  This work was carried out with the support of the Rus-
filled. In tubelene considered as a quasi-one-dimensionaian Fund for Fundamental Researt@rant No. 95-02-
crystal, the levels that are obtained are broadened into ener@p445a.
bands(Fig. 2) whose widths
L . -
e, g 1 losa oo Sty e oossoony 1 e

. . . 23, ljima, Nature354, 56 (1991).
are determined by the maximum values@in the set given 3| Cowan and G. Smestad, OE Reports No. 14996, pp. 2, 6.

in Eq. (5). In the region of the upper filled level the electrons “a. . Rinzler, J. H. Hafner, P. Nikolaest al, Science269, 1550(1995.
are redistributed between three energy bands, which as ?N A. de Heer, A. Chatelain, and D. Ugarte, Scie@d®, 1179(1995.
result are only partly filled, which influences the metallic 'F-;h;\-sclf‘:t;r‘zzz&?tgg?'l‘gb ;U-V- Gulyaev, Z. Ja. Kosakovskejal, Chem.
.nat_urelof the cqnductlon. Our quel gives 6.9 eV for the 7, Fossheim, E. D. Tuset, T. W. Ebbesenal, Physica C248 195
ionization potential of tubelene, which agrees with the results (1995.
of band structure calculations of achiral tubular clusters witth. Tenne, Adv. Mater7, 965 (1995.
a similar surface structure and diameters close to that wgl- A- Chermnozatonskii, Phys. Lett. A66 55 (1992.
| df belenk:17.18 §JZ. Ya. Kosakovskaya, L. A. Chernozatonskand E. A. Fedorov, JETP
selected for tubelentg: _ Lett. 56, 26 (1992,
In summary, the model of a quantum well rolled up into 1!R. Satio, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B
a cylinder, while not claiming to be an exact description of 46 1804(1992. _
the electronic structure of tubular clusters, nonetheless yieldsfis’g;‘)'\"'mm"e’ B. 1. Dunlap, and C. T. White, Phys. Rev. L@, 631
estimat_e.s of the parameters of this object and reveals they pamada, S. Sawada, and A. Oshiyama, Phys. Rev. B81t1579
regularities in the arrangement of the energy levels deter- (1992.
mined by the cylindrical symmetry and the dimensions of theiglF-2 VT' Stankew%h anr L'kAaC“SL”“i?”'éE”iB'i;‘iﬁﬁé 621(1996.
. - . . . lamura an . I'sukada, YyS. Rev .
system. This mOde_I is based on transparent approxmatlonso_ E. Omel'yanovskii, V. E. Tsebro, O. |. Lebedev al, JETP Lett.62,
and does not require a great deal of computer time for the 483 (1995
calculations. As a result, this model can be used to describ@X. Blase, L. X. Benedict, E. L. Shirley, and S. G. Louie, Phys. Rev. Lett.
the tubular clusters formed in complex systems, such a§8Z2rL1878P(1I394QI d UR.E. Smallev. Phvs. ReEE1420(195
multilayer clusterdor a fibef® of closely spaced single-layer - -°U P- Nordlander, and R. £. Smalley, Phys. Re\b231429(1995.

clusterst® This description is equivalent to that of systems of Translated by J. R. Anderson
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Diffusion of promethium in silicon
D. E. Nazyrov, G. S. Kulikov, and R. Sh. Malkovich

M. Ulukbek Tashkent State University, A. F. loffe Physicotechnical Institute, Russian Academy of Sciences,
St. Petersburg
(Submitted October 4, 1996

Pis’'ma Zh. Tekh. Fiz23, 46—50(January 26, 1997

The first investigations have been made on the diffusion of promethium in silicon. In the
temperature range from 1100 to 1250 °C the diffusion constant of promethium increases from
~1x10 13 cmP/s to ~1.5x 10 *2 cné/s. The temperature dependence of the diffusion
coefficient can be described By= 5 x 10 3ex{ — (3.3 eVKkT)]cn?/s. © 1997 American
Institute of Physicg.S1063-785(07)02301-X

One of the principal ways of enhancing the reliability of sample. The layers were removed chemically in an etchant
semiconductor devices, particularly for use in extremal concomposed of 1HF: 40HNQ After each layer was removed
ditions, is to create semiconductor materials that are stabldhe samples were washed in a boiling solution of
against thermal and radiation influences. Recently, in a numH,0,:HCI and distilled water. The thickness of the removed
ber of investigations inside and outside of Russia it has beelayer was determined by weighing the sample with a VLR-
established that the thermal and radiation stability of silicon20g semimicroanalytic balance. The thickness removed was
which is the main material of present-day semiconductor miusually 0.1-0.5um. The residual activity of the sample was
croelectronics, can frequently be greatly enhanced by intromeasured in a UMF-1500M low-background apparatus with
ducing rare-earth elements intd"itt The results of these and an SBT beta-ray spectrometer, on a BDBSZ-1 eM apparatus
other investigations have served to stimulate a great deal ¢fith a NalTl) scintillation counter, and also an Al-1024
interest in doping silicon with rare-earth elements and also t@ulse-height analyzer.
motivate studies of the behavior of these impurities in silicon ~ Autoradiographic measurements were carried out on the
and their effect on the physical and physicochemical propersample to check the uniformity in the distribution of the

ties of the material. radioactive isotope over the cross section of the sample as
In this paper we present the results of the first investigathe layers were removed. . o o
tions of the diffusion of promethium in silicon. The data from the autoradiographic investigations

For Studying the diffusion we used p|ane-para||e| po|_ShOW6d that the deposition was uniform and the distribution
ished wafers oh-type KEF-15 silicon~380 um thick, from  Of the diffused promethium isotope was even over the cross
which we cut rectangular samples with an area of about 1.§ection surface at various depths from the original surface,
cn?. Before the diffusant was deposited, the samples wer@nd, as in the case with other rare-earth elements investigated
washed in acetone, toluene, hydrofluoric acid and aqua regiy U, o inclusions of a second phase were pre'sént.

a boiling mixture of HO,:HCI, and distilled water.

The diffusion was carried out from a layer of diffusant
deposited on the sample surface in the form of an alcohol s -
solution of the chloride of radioactive promethiutffPm. — Q0

After the diffusant was deposited on the surface the samples am-
were dried in air. The uniformity of the deposition was ‘.‘ '~~
checked by an autoradiographic method. ‘042 |
The diffusion annealing was carried out in air in closed s
ampoules. The ampoules containing the samples were placed « |

in a diffusion oven(SDO-J1) equipped with an REPID pro- §
grammable temperature regulator able to maintain a tempera-

ture with an accuracy of 1°C. The temperature range of
diffusion was from 1100 to 1250 °C. The annealing lasted 10"

from 8 to 48 h. st ®—1

After the diffusion annealing the samples were washed st ____2
many times sequentially in hydrofluoric acid, a boiling mix- . L *‘
ture of HO,:HCI, and distilled water. This washing treat- .k [9. @
ment usually removed completely the radioactive impurity 0.5 A0 20 o “ X, pm
remaining on the surface. Then the edge of the sample was 40“ - 1‘ — L T
trimmed back to a depth of about 80—10@n, considerably 02 0 02 OA 06 logx

greater than the diffusion depth-@L0 pm).

The impurity profile was determined by chces_s@vely F€-FIG. 1. Profile of the residual amount of radioactive promethium in silicon.
moving layers and measuring the residual radioactivity of ther=1200 °C,t=10 h; ®—experiment- - - —calculation from theory.
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T l T KT
The results show that the penetration depth of prome-
-1 thium in silicon is given by the quantity @Dt, and over the
o entire experimental temperature range does not exceed a few
" microns.
<\E An analysis of our data shows that the diffusion coeffi-
© cient and the activation energy of promethium in silicon lie
& in a range of values characteristic for the diffusion of typical
-3 group Il elements in silicon, boron, aluminum, indium, gal-
10 + lium, and thallium, which are substitutional impurities and
diffuse by way of the crystal lattice sitésThus our results
i 1 support similar conclusions we have drawn previously re-
065 Q70 lOa/T,K" garding;1 'éhe diffusion mechanism of rare-earth elements in
silicon:*”

FIG. 2. Temperature dependence of the diffusion coefficient for promethium1 3 Mandelkorn. L. Schwartz. J. Broder. H. Kautz. and R. Ulman. J. Appl.

in silicon. Phys.35, 2258(1964.
2N. T. Bagraev L. S. Vlasenko. V. M Volle, V. B. Voronkov, I. V.
Grekhov, V. V. Dobrovenskj and A. I. Shagun, Zh. Tekh. Fi&4, 917
These results show that the curves of the residual3(1984> [Sov. Phys. Tech. Plhyﬁg 547(198?2-

; : : : D. E. Nazyrov, A. R. Regel’, and G. S. Kulikov, Preprint No 1122, A. F.
amount of _|mpur|ty(see, €.9., Flg.')lcan be descr_lbed by tth loffe Physicotechnical Institute, Russian Academy of Sciences, Leningrad,
error function, erfc, corresponding to the solution of Fick's (1987
diffusion equation for an infinitely thin source. The diffusion “D. E. Nazyrov, G. S. Kulikov, and R. Sh. Malkovich, Pis'ma zh. Tekh.
coefficient of promethium in silicon calculated from the re- SE'Zi,El"‘\] 1102(1%888[i0‘1;kT90h- zhgs-shet'\‘}l“:l k483 (ﬁgFf?&]-T . Pl

H . . : . . E. Nazyrov, G. 5. Kulikov, an . . Malkovic 1z. Tekn. Polupro-
SIdU§|1ém[;)Tl]erlty curves mcrfeflzsersnz with t_he temperature from vodn. 25, 1653(1991) [Sov. Phys. Semicon@5, 997 (1997)].

~10 ° cnr/s to ~1.5X 10" *“ cnr/s. Figure 2 shows the sg. k. Azimov, S. Z. Zanabudinov, and D. ENazyrov, Fiz. Tekh. Polu-
temperature dependence of the diffusion coefficient of provodn.23, 556(1989 [Sov. Phys. Semicon@3, 347 (1989].
promethium in silicon. The temperature dependence of the YV stalr_‘c'i" Ud Gbseclse,EH.MMehhrer, gld g Seegiﬂ g‘ﬁuﬂonk'”lgéfta"m
diffusion coefficient follows the Arrhenius law and can be 'M®>°"¢s€d- by &. & Murchand A. . Howick, Hew vork, - P- 10

described by the relation Translated by J. R. Anderson
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Self-similarity and branching of wavelet transforms of microwave signals generated
by a vircator

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

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

(Submitted July 1, 1996

Pis’'ma Zh. Tekh. Fiz22, 92—-96(December 26, 1996

The turbulence regimes of an electron flow with a virtual cathode are studied. The microwave
signals generated by a vircator are calculated by the method of large particles. The wavelet
transforms of these signals are constructed, and it is shown that they have a complicated self-
similar and branching structure. It is concluded that the turbulence of an electron flow is
caused by macroscopic instabilities. ©96 American Institute of Physics.
[S1063-785(106)04112-2

Microwave generators based on a virtual cathode, sofor self-affing subdivision of the pulsation scales, compli-
called vircators, are now some of the most promising devicesated energy transfer along the spectrum of these pulsations,
in relativistic electronic$= However, the theoretical de- branching(bifurcation of a number of dependences, and a
scription of the behavior of the electron flow in them meetsfractal nature of the dynamical attractors of the flow.
with well-known difficulties associated with the multivalued- In Ref. 5 the fractal dimensions of these attractors were
ness of the velocity of the electrons in the flow and withcalculated and it was shown that they are larde-8—12)
thermalizatioi and turbulence® processes in the initially and are in principle fractional. This indicates that here the
monoenergetic flow near the virtual cathode, which result inturbulence of the electron flow is at least fractal and correla-
the complicated structure of the generation spettra. tions in it decouple quite rapidly:

The present work is a continuation of the series of
investigaﬁon%‘7 of turbulence regimes of an electron flow in (E(t)-E(t+7))=constr, D
the presence of a virtual cathode in the flow. whereE(t) is the microwave signal.

Two types of turbulence in electron flows are At the same time, this result is not revealing, and to
distinguished® weak turbulence, associated with an initial demonstrate self-similarity and bifurcation E(t) the for-
thermal spread of the velocities of the electrons injected intanalism of wavelet transfornst® which has already been
the drift chamber, and strong turbulence, associated with thiested in processing of complex signals, could be helpful.
macroscopic instabilities of the electron flow. It is conjec- To this end, the microwave generation signa(s) of a
tured that the latter type, against the background of which the@onrelativistic vircator were calculated. The modeling and
initial thermal spread is not noticeable, determines the statealculation were performed according to the program de-
of an electron flow with a virtual cathode. scribed in detail in Ref. 11 and employing the simplest vari-

By analogy with hydrodynamic macroscopic instabili- ant of the large-particle method, in which the large particles
ties, such as Bward convection, Taylor flow between rotat- are infinitely thin charged planes and the interaction space is
ing cylinders, and so on, the instability of an electron flowrepresented in the form of two planar gaps: a diodelgapf
with a virtual cathode must be accompanied by self-similaunit length L4=1) and a drift gap of length , (Fig. 1).
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0.0 It was found that foi; =102 and alli a virtual cathode
forms forL,>5, and its position is determined by the aver-
-0.145 | age distance from the anode grid approximately equal to
Lq. The time-dependent behavior of the electric fiElft)

035 | near the virtual cathode was calculated. The typical time de-

“ j ' pendence of the field is shown in Fig. @he calculation was
. l W\W \ '!vp ,N{ performed withL 4= 10).
05584 l The wavelet transfornw(a,b) of the signalE(t) was

calculated as follows:

-0.76

[} 50 100 150 200 t—b
. t W(a,b)za—mf ¥|——|E(hdt, (5)
100
b where the wavelet(x), as in Ref. 9, was chosen in the
31.62 form
P (x)=(1—x%)exp —x?/2), (6)

10 .
often called a Mexican hat type wavelet.

The section of the wavelet transforiv(a,b) by the
planeW(a,b)=0 in a logarithmic scale with respect &so
that the regiorW(a,b)>0 is colored black is displayed in
Fig. 2b.

o 50 - 100 150 200 The branched and self-similar structure of the picture of

the wavelet transform attest to the fact that a state with

FIG. 2. Computational results: a -E(t); b — section of the wavelet trans- Strong turbulence, developing as a result of macroscopic in-
form W(a,b). stability, is indeed realized in the electron flow.

3.162

The potentialU, of the_ emitting eleCtrOddcathOde: 1B. V. Alyokhin, A. E. Dubinov, V. D. Selemiet al, IEEE Trans. Plasma
equals zero, and the potentidls, andU_ of the anode grid Sci. PS-22 945(1994.
and the collector, respective|y, equa| unity 2\, D. Selemir, B. V. Alekhin, V. E. Vatruniret al, Fiz. Plazmy20, 689
The dynamics of the separate sheets was calculated by!19%4 [Plasma Phys. Re@0, 621(1994].

A. E. Dubinov and V. D. Selemir, Zarubezhnaya Raté&gon., No. 4, 54
means of step integration of the system of normalized differ- (1995 y

ential equations of motion: 4V. D. Selemir, A. E. Dubinov, and I. G. Prikhod’ko, Voprosy atorfino
nauki i tekhniki, Ser. Teoreticheskaya i prikladnaya fizika, No. 1, 23
d d (1993.
azi: vi and atti— Ei, 2 5V. E. Vatrunin, A. E. Dubinov, V. D. Selemir, and N. V. Stepanov, in

Fractals in Applied Physicdin Russiai, edited by A. E. Dubinov,

where the magnitude of the electric field is expressed in the Arzamas-16, 1995, p. 47.
V. E. Vatrunin, A. E. Dubinov, V. D. Selemir, and N. V. Stepanov, in

form Lectures on Microwave Electronics and Radiophys$insRussian, Sara-
n Nt tov, 1996, Vol. 2, p. 89.
Uy— 9 V. E. Vatrunin, A. E. Dubinov, and V. D. Selemir, Voprosy atorinauki
Ei— + E )\ 2 )\ (3) i tekhniki, Ser. Teoreticheskaya i prikladnaya fizika, No. 2,(2894.
I=<i 1= 8A. D. Gladun, Hektronnaya tekhnika, Ser.l&ktronika SVCh, No. 8, 39
in the diode gap and in the form ,(1966. .
A. Arneodo, G. Grasseau, and M. Hotschneider, Phys. Rev.@Et2281
; N; (1988.
10N, M. Astaf'eva and D. M. Sonechkin, Dokl. Ross. Akad. Neidd, 539
Ei= 2 Ry 4 (1095.

Lo 11y, E. Vatrunin, A. E. Dubinov, and V. D. Selemir, Preprint No. 31-93,
in the drift gap. HereN andN'  are the number of par- All-Russia Scientific-Research Institute of Experimental Physics,
d.p d.p Arzamas-16(1993.
ticles in front of and behind thigh sheet, respectively, and
\; is the effective charge of thieh sheet. Translated by M. E. Alferieff
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Conversion of infrared radiation into visible in ZBLAN glass with three-component
doping by rare-earth elements

I. A. Grishin, V. A. Gur'ev, V. L. Mart'yanov, and A. P. Savikin

N. I. LobachevskiState University, NizhihiNovgorod
(Submitted October 29, 1996
Pis’'ma Zh. Tekh. Fiz23, 51-57(January 26, 1997

Experimental results are presented that lead to the conclusion that new laser systems and
elements of fiber-optic communication lines can in principle be made on the basis of the material
studied here, which have new spectroscopic characteristics. The effect studied in this paper

is the following: an increase in the luminescence efficiency with frequency upconversion for three-
element doping; this is a novel finding and has no analog.1997 American Institute of
Physics[S1063-785(17)02401-4

1. INTRODUCTION an increase in the rate of pumping of the upper level of the
ey 4 4 . . .

One of the ways to convert infrared light to the visible transition “Syz—"lsg2 In Er and the effect|ve' qqenchmg

N . ; : f the lower-lying metastable statd, (the lifetime is

range is with sensitized luminescence and stage-wise pump- L "

. . . . . . 7r="7.8 ms for the radiative transition to the ground state at

ing of the higher levels of trivalent rare-earth ions in quorldethe wavelength,, -~ 1.55 m)

crystals and glassésin earlier experimentswe found the G jum™ 290 1 M).

4 : - )
optimum concentration of Y& + Er** donor-acceptor ion The“l15; level of erbium can be quenched by introduc

pairs for the efficient conversion of infrared radiation of ang into the sample an additional type of rare-earth dopant

semiconductor lasen, =975 nm into green radiation with lon wh.os.,e energy level lies below tHes, Ieyel _and to
N — 515-555 nm which it is possible to transfer energy of excitation by the
lum™ - .

This article reports an experimental investigation of thed'pcjle'deOIe interaction or phonon relaxation, for example,

3+ + 3+ + ; i
luminescence and frequency up-conversion in the syntheti-cl:—b . N, Ho’*, or PF". The luminescence channels in

fluorozirconate glass ZBLANRef. 3 doped with the com- most of these ternary compositions lie in the near- or mid-
bination YB++ EfR* + Ho®* (Téble ) infrared range. Similar pumping schemes have been used for

increasing the pumping efficiency for a number of crystalline
infrared lasergsee, e.g., Ref.)5
2. EXPERIMENT Our experiments with Tb" have shown that the higher-

To investigate the luminescence with frequency UIO_Iying levels of this ion aI;o interact with .e.rbium, removing
conversion we used a spectroscopic apparatus based orS@Mme of the energy from it, so that the efficiency of the green
DFS-12 grating spectrograghesolution better than 0.1 Hm luminescence is substantially reduced. However, fof *Ho
with an FEJ-79 photomultiplier. CAMAC crate modules W€ observed that the efficiency of the green luminescence is
connected to a 286 PC by a GeoSoft CC controller were use@nhancedthe integrated intensity increased by a factor of
to process the photomultiplier signal, tune the region of thel-72 in the range. =530-555 nm for samples N3 and N4
spectrum, and supply the laser pumping. compgred with NL _Th_e reasons are as fo_llows. First, the

The glass samples were optically pumped in the Samg)w—lymg level of this |on,5l_7, is z_ible effgctlvely to empty
way as in Ref. 2, with the radiation from a cw InGaAs—GaAsthel hlgherilevelf‘lls,z, of erbium via the d|pole—d|.pole inter-
semiconductor quantum-well laser at a wavelenggk 975 ~ action assisted by phonons from the glass mafie energy
nm and a power up to 700 mW. The pump radiation wagap iSAE=1500 cm * with an average phonon energy in
collimated onto the glass sample by a microscope objectiv€BLAN of around 575 cm™*; Ref. 2, and hence the erbium
for unambiguous reproducibility of the excited volume. ions, giving up energy to the holmium ions, return to the

In the experiments we used samples of ZBLAN glass -ground state and again take part in the pumping process. This
mm thick with various concentrations of Bio shown in  Supposition is supported by the reduction of the infrared in-
Table | in mole per cent.

The characteristic luminescence spectra of the samples
with the double doping E# Yb (N1) and Ho+ Yb (N2) are

shown in Fig. 1, and for triple doping in Fig. 2. TABLE I.
ZrF, Bak, AlF; YbF; ErF; HoF; NaF
3. DISCUSSION 1 52 20 4 3 1 20
The energy level diagram of this system of ions is showr? 52 20 4 3 - ! 20
in Fig. 3. In studying the processes that lead to an enhancef’{j >L75 20 4 3 ! 025 20
c o _ N . o 515 20 4 3 1 0.5 20
efficiency in the infrared— *“green” conversion in the g 51 20 4 3 1 1 20

Yb3* + Er** pair (Ref. 2 we identified two main processes:
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tensity in the region of 1.5om with increased concentration In this case the rate of inter-ion energy transfer is obviously
of the holmium iongFig. 4). greater than the radiative relaxation of the erbidH,

Second, as one can see from the luminescence spectruiayel.
the high-lying levels of Hd", the °F;, and the overlapping
5F, and®s, levels participate in the sensitized luminescénce
in the region\,,= 535-550 nm. Because of the small en-
ergy gap between the upper radiative levels of holmium, As noted in Refs. 1 and 2, luminescence with frequency
5S,, and erbium?S;;,, nonradiative transfer of energy to the up-conversion in doped fluorozirconate ZBLAN glasses
erbium is possible, and this should reduce the intensity of théolds out promise for developing fiber-optic amplifiers and
holmium emission in the region around 537 nm, but thislasers for the visible, near infrared, and the near ultraviolet
effect is not observed experimentally. It is possible that thiswith pumping by high-efficiency infrared semiconductor la-
result explains the high rate of radiative transitions of hol-sers. The investigations carried out here into the effects of
mium, °S,—°lg (\;,m=537 nm), compared with the inter- controlling the luminescence spectrum and enhancing the ef-
ion energy transfer. Moreover, this wavelength range coinficiency of the conversion by introducing additional dopant
cides with the minimum of the erbium absorption and doesmpurities can extend the capabilities of the devices that are
not undergo quenching. created and improve their characteristics.

The transfer of energy from tte,,,, level of erbium to The results of these experiments are indicative of better
holmium is also observed, as is indicated by the decrease imminescence characteristics of the ternary composition
the intensity of the short wavelength part of the emission aivb®" + Er** + Yb3" compared to those of the binary com-
530 nm(theH,;,,—*15, transition; compare Figs. 1 and.2 positions YB* + Er** or Yb®* + Ho®*. The luminescence

4. CONCLUSIONS

1
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I N 4 /,J \
2 120000 |- Vo
S 3
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5 100000 |
= |
% 80000 et i
S - FIG. 2. Luminescence spectrum of the ternary com-
£ s positions E?* + Yb®* + Ho®':ZBLAN (labeled
5 60000 |- ~ as in Table ).
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intensity integrated over the spectrum, while increasing by IG. 4. Luminescence |nt_en5|ty of the cc_)mp05|t|on4-E(rb+Ho:ZBLAN at
.55 um versus the holmium concentration.

factor of 1.72, was, moreover, smoother and concentrated in
the region of 535-555 nm. Experiments that are planned for
studying the spectral dependence of the Iuminescence
quenching time will permit a quantitative assessment of theig g ayzel, proc. IEE®B1, 758(1973.
probability of energy transfer and give a more detailed ex-21. A. Grishin, V. A. Guryev, A. P. Savikin, and N. B. Zvonkov, Opt. Fiber
planation of the Observed phenomena. 3ITeACh'C:5L}i§r?i:rL1(l(§95C)-; Devyatykh, E. M. Dianoet al, Kvantovaya Elek-
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discussions and to N. B. Zvonkov for supplying the semicon- (19g7.
ductor laser and for his cooperation. 4K. Tanimura, M. D. Shinn, W. A. Sibley, M. G. Drexhage, and R. N.

This work on the energy transfer processes in rare-earth Brown Phys. Rev. B0, 2429(1984.
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Concerning the polarization vector of a wave reconstructed by a pseudodeep
volume grating

S. Ya. Gorelik and I. M. Nagibina

St. Petersburg Institute of Precise Mechanics and Optics (Technical University)
(Submitted March 29, 1996
Pis’'ma Zh. Tekh. Fiz23, 58—63(January 26, 1997

It is shown theoretically and experimentally that for non-Bragg readout of a pseudodeep
hologram recorded in a thick-layer medium the wave reconstructed by the hologram changes its
state of polarization. ©€1997 American Institute of Physids$51063-785(07)02501-9

A method has recently been proposed for recording and  Substituting these values into expressi@nand neglect-
reconstructing images with the use of so-called pseudodedpg second derivatives and waves traveling in the directions
holograms:? which are interesting because of their diffrac- p+K ando—K (Ref. 3, we obtain the following system of
tion properties. In this paper we show that when the angle ofirst-order coupled-wave equations
incidence of the reconstructing wave onto the pseudodeep
volume grating deviates from the Bragg angle the polariza-
tion vector of the reconstructed wave changes.

Let us consider a light-sensitive medium situated be-
tween the planez=x cot 8 andz=x cot 8+d/sin 8 [where
B is the angle of inclination of the medium to the horizontal
plane andd is the physical thickness of the emulsi@rig. o0,

1)], which records the results of interference of an object +] > S,=—jxRy,
plane waveS, and a reference plane walRy with complex p
amplitudes Sy=exp(—jopx) and Ry=exp(—jpgX), where
00=(0;00y;00,) andpy=(0;pgy;po,) are the wave vectors
of the object and reference wave respectively:
|oo|=|po|=27nI\; \ is the wavelength in vacuum,is the
refractive index of the medium, and=(x,y,z) is the posi-

crRy+ aR=—jxS,,

2

. . Oy . Ox0O
atju+] Z St

X7y _2/
2p S ZpSZ

CS, +

&Ré-F' PyPz

2
, . P .
CrRy+| a+] ﬁ)Ry_Zp j 2p R,=—xS,

2

g, g, 0
tion vector. For linear recording the grating that is produced  CsS;+| a+ju+] 2—y> S+ % S,
can be represented as the modulation of the permittiwvity P P
and/or the conductivityr of the mediunt oy, . OxOy )
_Z , 1| 2p Sx:_J%Ryv 3

e=ggte, C0YK-X); o=0p+ 0o, cOgK-X), (1)

wheree; andoq, ¢ andoy are, respectively, the modulation . p§ Py _, . PyPz .
amplitude and the mean values ©fand o, and the vector at] 2p R.— 2p Ry+] 2p Ry=—]xS,,
K is defined by the relatioK = pg— oy.
We illuminate the grating by a wave with a complex 2
amplitude R=R(z)exp(—jpx) traveling in the horizontal at+jvty E)Sﬁj IxTy o _ Ix S
2p 2p 2p

plane; its direction of propagation and wavelength are in
general different from those used in the recording. This
wave reconstructs a wave with a complex amplitude

Oy ,+_0'y0'2 — iR

S=S(z)exp(—jox) with a wave vector determined by the
vectorsK andp, and in general it departs from the horizontal

— 2_ 2 .
planet i. 6., o=(0y;0y;0,). where v=(p“—c9)/2p; R,Ry,R, and S,,S,,S, are the

The resultant electromagnetic wakein the volume of ' Y~ and z components of the reconstructing and recon-
gtructed waves, respectivelgg=p;/p, Cs=0,/p, » is a

the grating is & superposition of the object and referenccou ling constanty is the average absorption coefficiént
wave, and its propagation in the volume of the light-sensitive piing c @ . Qe orp '
medium is described by the wave equation and the primes denote differentiation with respect.to

An analysis of this system leads to the following conclu-
(2)  sions.

1. When the reference wave is incident at the Bragg
where K is the complex propagation constant associate@ngle, and whew,=0, the system of equation8) divides
with the quantites ¢ and o by the relation into two: the first two equations correspond to TE-
K?=(w?/c?)e—juwao, c is the speed of light in vacuum, polarization of the reconstructing wave and the rest corre-
wn is the magnetic susceptibility of the medium, ancand  spond to TM-polarization; both of these systems are the
o are given by expressiong). same as those derived in Ref. 3.

V2E—grad diE+K2E=0,
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FIG. 2. Relative diffraction efficiency)/ 7,2 0f @ pseudodeep volume grat-
ing for the vertical(1) and horizontal2) component of the polarization of

*
//,‘1, the reconstructed radiation, plotted against the direction of propagation of
the reference wave at an angl® to the horizontaly Z plane.

FIG. 1. Diagram of the recording of the result of the interference of two
plane waves with wave vectorg andoy. K is the grating vectord is the and reconstructed waves coincide only for the Bragg angle of

physical thickness of the emulsio is the angle of inclination of the . id fth tructi th fi
recording medium. The dashed lines indicate the traces of the intersection gpciaence ot the reconstructing wave on the grafing.

the front(1) and the back2) surfaces of the photographic emulsion with the To eliminate the effect on the results due to induced
vertical XZplane. anisotropy in the material, a wave with TE polarization was
used to reconstruct a grating recorded under the same condi-

> Awav from Braag conditions the vertical and horizon- tions by radiation with TM- polarization. The results were
: y 99 entirely similar to those shown in Fig. 2. However, the po-

tal polarization components .Of t.he reconstructed Wave arg, ization vector of the reference wave in the two cases did
coupled. As a result the polarization vectors of the object anf

reference waves must differ from one another, at least within ot depend on the angle of incidence.
I N It must be mentioned that this phenomenon is not ob-
some range of variation of the angle of incidence.

. . served in investigations with thin amplitude- or phase
3. No coupling occurs, however, between the vertical . : I
) O seudodeep gratings recorded with FP-R photographic film.
and horizontal polarization components of the referenc

wave, and consequently the polarization vector of the refer; In summary, the results presented above allow us to state
' d y P that the polarization of the wave reconstructed by a
ence wave cannot change.

. . . seudodeep isotropic volume grating is the same as the po-
To check these conclusions we carried out experiment b P 9 9 P

in which a diffraction grating was recorded in the symmetric arization of the reference wave only for exact Bragg inci-
9 9 € Sy dence of the latter on the grating, while this phenomenon is
two-beam scheme on Du Pont photopolymer film. Then th

intensities of the vertical and horizontal components of thjwt chalracteristic of gratings recorded in thin photosensitive
reconstructed radiation were measured as the angle of incri?at?l'gac.onclude the authors would like to take this oppor-
dence was varied. The measured components were separa%gﬂity to thank \;u N. Denisyuk for helpful discussions of
by a polarization filter. The spatial frequency of the grating Lo . -

oy a i o the results of this work and for kindly providing the oppor-
in air was about 500 mm . The wavelength of the radiation tunity to carry out these experiments.

from a He—Ne laser wak =0.4416 um and the angle of

incidence 8 on the photographic material was about 20°.

Radiation with TE-polarization was used in the recording 121- N-P?]enis%/Ukha“lghNééV'-gzaleh;g“' Zh. Tekh. FBO(11), 154(1990
ar,]d re(_:onStrUC“_o,n' The results for the “Omnl—'dex'” film 2E(uc.)vl.\l. Di?isyick -andyN. M Gaglzhe?li],. Pis’'ma Zh. Tekh. Fif(2), 15
with a light-sensitive layer 2pum thick are shown in Fig. 2, (1992 [Sov. Tech. Phys. Lettl8, 31 (1992].

where curvel corresponds to the vertical component of the *H. Kogelnik, Bell Syst. Tech. 38, 2909(1969.

polarization of the reconstructed radiation and cu2ve the 4A. _Gerrard and J. M. Burchintroduction to Matrix Methods in Optics
horizontal component. As expected, these curves indicate/1eY: New York, 1975 [Russ. Transl., Nauka, Moscow, 1979

that the components of the polarization vectors of the initialTranslated by J. R. Anderson
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Localization of an rf capacitive discharge in a long strip line
Yu. P. Raizer

Institute of Problems in Mechanics, Russian Academy of Sciences, Moscow
M. N. Schneider

All-Russian Scientific Research Centef,‘NSElstra
(Submitted November 18, 1996
Pis'ma Zh. Tekh. Fiz23, 64—70(January 26, 1997

The self-consistent problem of a an intermediate-pressure rf capacitive discharge in a long strip
line is analyzed with allowance for heating of the gas. Steady-state distributions of the
discharge parameters along the line are derived. It is shown that the discharge burns in certain
regions, whose lengths and locations depend on the amplitude of the applied voltage.

© 1997 American Institute of Physids$1063-785(07)02601-3

1. We shall consider the organization of an rf capacitivetances or sectored electrodes, but this greatly complicates
discharge in a gas, generated between long, closely spacethtters(see the citations in Refs. 2 and. 3n the other
electrode strips by a high-efficiency and compact,@Ber!  hand, an understanding of the true nature of the wave effects
The frequencyf of the field can be increased by increasingon the discharge, which is the goal of this investigation, may
the laser powef.However, forf>100—150 MHz harmful help in optimizing uncomplicated systems.
wave effects come into play, which result in large variations 2. Let us consider a steady-state discharge obtltgpe
in the amplitude of the rf voltag¥, along the strip(along  between the electrode strips of lendthand widtha, sepa-
thex axis). In Ref. 3, where the distributiov;,(x) was mea- rated by a distance. A voltageV(0)=V exp(wt) is applied
sured, the effect was also analyzed theoretically. It was asat the middle, the point=0 (Fig. 1). We write the equation
sumed that a long line, like the electrodes of a strip line, isfor the complex amplitude of the voltagé and the current
heated by the discharge with specified linear parameters thatalong the electrode line
do not depend on the position The model correctly reflects — = = —
the nature of the distributiot,(x), but does not address the ~ dV/dx=—ioL4l, dl/dx=ViZ,, Z,=Z/a. @
nonuniformity of the discharge and its inverse influence orHerel, is the inductance per unit length a#g is the im-
Va(X). pedance per unit length of the interelectrode space of the

In this paper we examine the self-consistent problem of
a long line maintaining an rf discharge. Here a key role is
played by the effect of the normal current density, inherent in
an rf discharge. It results from heating of the gas in the =
discharge and is also extremely important in connection with

laser characteristics. The solution reveals new features of arz -
. ; o . , [ N b
certain regions on the& axis, whose extent and locations ' h'_ 4

depend on the amplitude of the applied voltage. The dis- l N
charge is anomalous everywhere except at the edges, where
it is normal. When the voltage is increased the discharge

regions expand, like it does with increased current in the ._,!'JJM . AAAA

1
. . . ! //
normal regime at lower frequencies. For a fixed rf generator
Zjnt
et

voltage and impedance of the external circuit, the current,
voltage, and geometry of the discharge regions are com-
pletely determined by the current-voltage—(V) character-

istic of the discharge system and the load line. The discharge
volume can be regulated by varying the parameters of the
external circuit. However, if the voltage is increased so as to

approach filling the volume with the plasma, then the regions é =
ﬁ (x)e

of enhanced anomalous discharge will be overheated to the Cs
point where laser generation breaks down. It thus becomes Z(X,‘)i Rt
necessary to optimize the parameters of the discharge system Gs c
and of the external circuit. =

It is possible to use radical means to counter the Sel-:IG. 1. a—Experimental arrangement of an rf discharge in a striplime;

quences of W_ave_effeCtS by artiﬁCia"}’_equa!iZing the \_/Oltageand c—equivalent circuit of a long line and an elementary transverse rf
along the strip with, let us say, auxiliary distributed induc- capacitancer dischargé, respectively.
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FIG. 2. Longitudinal distribution of the discharge parameters along the strip line,fer 10 nH and various values &f,(0): a—peak voltaged/,(x) (the
thinner lines represent the corresponding distributions of the voltage without allowance for the disdhaig@s temperature; c—specific power deposition,
and d—plasma density. Np=100 Torr,f=100 MHz,L,=10 nH.

discharge. The impedanc per unit area of the electrodes u.=e?/mv,, is the electron mobility, an€E,~V,/h is the

has been calculated in Ref. 2 on the basis of a very simplaominal amplitude of the field in the plasma.

discharge model: We relaten(x) and the amplitude of the current density

. 2 . ja(X)~enuE, with the voltageV,(x). This voltage is

hm( Vm+'2“’)/ze r_‘+2A'4277/"" Q.cn?].  (2) Made up of the voltage¥; in the sheaths and that in the
1- o optiovy/wy plasmayV,,, which are shifted in phase by abomt2. There-

The ion density in this model is assumed to be constant alonfé)re

the rf current and is equal to the density of the oscillating Vo= (V24 V2 )12 @)

plasman=n(x). The quantityr, is the effective frequency & tras’ Taph

of collision of electrons with molecules, and wherev,.=8mwenA? (Ref. 2 and Vap=Ea(h—2A). Since

wp=(4me’n/m)'?is the plasma frequency. The oscillation ,,_« N~1 (whereN~! is the number density of the mol-

amplitudeA of the plasma boundary satisfies the equation ecyleg and the pressure ip=NKT, when the gas is

2r(, 2 2. 2, 2. 29_ 2 heated to a temperaturel the quantity V,.=(2e/

AT(@7 = wp- 28" o] =(eVa/mh)”. ® m) A EL/p)X(TITo)?nf~2 remains constant p(=NgkTo,

For parameters typical of laseffsz 100 MHz,p= 100 Torr, where T;=300 K is the temperature of the cooled elec-

h=0.2 cm, anch~10°-10"* cm ™3, we find v,>w, A<h,  trodes. The field E, in the plasma and are related by

Vmw>w'2)~2A/h. Here, A(X)~ peEalw, where the condition of ionization-recombination balance

Z(x)=
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vig=PBn, vig~(2E,/mBN)Y2u E a(E,). (5) 3: 100 MHz,. 100 Torrh= 0.2 c_m,l=.70 cm,a=10 cm,
o _ _ electrode thickness 1 cm, which givds;~9.18<10 10
The _|on|zat|0_n ratev;; in the rf field can be expr(_assed ap- p/em. In the absence of a dischar ¢0), we find that
proximately in terms of the Townsend coefficiea{ E) Z,—1fiwC,, whereC,=al4rh=4.42x10"12 F/cm is the

o;]N eXp(_%N/Eg (Ref. 2. :att?fchment occurb§ in Fhe gasf’f.capacitance per unit length of the strip. The wave velocity
then B can be chosen as the effective recombination coe 'Z’ilong the line i, = (L, /C,)~¥2=1.57x 10%° cm/s, and the

cient. Finally, T is determined by the heat balance Condition’wavelength is\,=c,/f~157 cm~2.2. The discharge is
where the heat is carried to the electrodes by thermal CONocalized at those regions of the strip line where where

duction. Approximatefy we have Va(X)>Vpmin. ForV,(0)<Vp, the plasma does not exist at
0—-0,=(JEYh?/12, ©=0(T), BOy=0(Ty), (6 the middle part of the strip line. For example, this regime of

. . . burning is obtained in the calculations fot,(0)=160 V
—_ (T _ a
where® = [oAdT s the heat flux potentiah(T) is the ther- .\, %55\ \Whenv.(0) is increased, the discharge fills
mr::?! conductivity,(JE) is the amount (.Jf Joule heating PET host of the gap, but then the gas temperature incre&sgs
cr per secor'ld averaged over a period. The loss of V'bra?b) to the point where it is unsuitable for laser generation. Of
tional energy is not largé.

Equationg4)—(6) determine the-V characteristic of the course,_for the sam_e_values_ ¥l andj, of a discharge in a
: . L laser mixture containing helium, whose thermal conductivity
dischargeV,(j,)- It has a minimunV/;, that corresponds to . . .
o . min, is considerably higher than that of argon, the gas temperature
the normal current density,,. If jz<ja, and V,<Vin,

. A is substantially lower. The calculated voltage distributions
then the discharge cannot burn. In regions where . ) .
are in agreement with the experiments of Ref. 3.

Va>Vmin, We have an anomalous discharge, with the points For constructing a more detailed theory it is extremely

x where V=V, separating the zones with and without . . .
: ! . ; . important to make direct experimental measurements of the
current. Using this proposition, which for the mathematical . S
lasma density distribution, the gas temperature, and other

problem can be regarded as a physical postulate, we alsg oo ) )
solve the system of equatiof—(6) with the boundary con- parameters along the strip line for various amplitudes of the

ditions at the ends of the line. Ordinarily the electrodes areapIOIIGOI voltage and various frequencies.

c_Iosed (_)n the ends by a t?a"aSt mductaﬂgg so that 1D. R. Hall and C. A. Hill,Radio-Frequency Discharge Excited ¢Qa-
V(1/2)=iwLpl(1/2). The amplitude of the applied voltage, sersin Handbook of Molecular Lasersed. by P. K. Cheo(Marshall
V4(0)=V(0), isassumed to be a specified parameter; thenzDekker, 1987. - ] e

; : ; 12, Yu. P. Razer, M. N. Shn&der, and N. A. YatsenkoRadio-Frequency
the SOIu“o.n gives the total discharge Cu.rremt’%‘JadX' . Capacitive DischargegNauka and MFTI, Moscow, 1995
3. In Fig. 2 we show the results obtained from a numeri- 3o | apucci, F. Rosetti, M. Ciofini, and J. Orlando, IEEE J. Quantum Elec-

cal solution for close to the experimental conditions of Ref. tron. QE-31, 1537(1995.
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Depolarization of ferroelectrics by nanosecond electrical pulses
V. G. Gavrilyachenko, N. V. Reshetnyak, A. F. Semenchev, and A. N. Klebtsov

Scientific-Research Institute of Physics, Rostov-on-Don State University
(Submitted July 22, 1996
Pis'ma Zh. Tekh. Fiz23, 71-74(January 26, 1997

It is shown that the ordinary pulsed action on a ferroelectric cold cathode, which induces
electron emission, results in depolarization of the ferroelectric. This phenomenon must be taken
into account in the development and use of cold cathodes19@7 American Institute of
Physics[S1063-78507)02701-§

A large number of papers have been published dealingvhere P?, dgl, andC° are the initial residual polarization,
with electron emission from ferroelectric surface$.The piezoelectric modulus, and capacitance of the sample, and
electrons are emitted from a surface bearing a negative,, d;;, andC are the same characteristics but after a series
charge by the action of short, high-amplitude electricalof N pulses. In relation(2) the ratio of the permittivities is
pulses with a polarity opposite to the initial polarization of replaced by the ratio of the capacitances, which were mea-
the sample. sured at a frequency of 1 kHz by means of a U8-2 bridge.

The work reported here concerns a study of the stabilityThe coefficients in relatio2) were measured at room tem-
of the state of polarization of a ferroelectric ceramic againsperature. The coercive field of the samples as determined
this influence and the prospects for using these materials fdrom the dielectric hysteresis loop at room temperature is
cold cathodes in vacuum electron devices. The materialg.=2500 V/cm. To check relatiof?) the residual polariza-
most effective for this purpose are of the titanium—leadtion was measured in a series of test experiments, both be-
zirconate system, modified with lanthandnfor these ex- fore and after the series of depolarizing pulses, by the pyro-
periments we chose the ferroelectric ceramic with the ratielectric current measured under short-circuit conditions
Zr/Ti=65/35 plus 8% La. when the samples were heated above the Curie temperature.

The samples were 12 mm in diameter and 1 mm thick, The results of our investigations are shown in Fig. 1,
poled by a field of 10 kV/cm with cooling from 150 °C which displays typical curves ofP(,/P?)~f(N). One can
through the Curie point to room temperature. The samplesee that the higher the values @f, and 7, the faster the
were then subjected to depolarizing voltage pulses from aepolarization proceeds. We note that for a low-amplitude
thyratron generator, with a repetition rate and a pulse lengtpulse U,<500 V), the pulse length, in the range 100—-300
and amplitude variable over the rangks 20-2000 Hz, ns has little effect on the dependence Bf (P®) on N.
7,=100-300 ns, ant ,=200-1000 V, respectively. The experimental data show that during the action of

Measurements were made of the relative variation in theulses 100 ns or longer partial switching of the polarization
residual sample polarization as a function of the number obccurs in the sample in individual crystallites. The number of
pulses of various amplitudes and durations. The variation iswitched crystallites accumulates with increashhi@nd the
the polarization was determined by a nondestructive method
using the following technique. It has been foarbat for a
polarized ferroelectric ceramic the relations between the pi-
ezoelectric modulus and the residual polarization are similar
to those well known in the theory of the piezoelectric effect
of ferroelectric single crystals. For the piezoelectric modulus
d3;, which can be calculated by using the characteristic fre- 0.8
guencies of a disk-shaped vibrator as measured by the

10 P/ P

L

resonance—antiresonance metfahis relation can be writ- 06}
ten as
04}
d31= QTP e3427, (1)

whereQy, is the electrostriction coefficient of the ferroelec- 0.2
tric ceramic, P, is the residual polarization, anef; is the
permittivity of the free sample along the polarization axis. . : N : ; A )

The relative change in the residual polarizati®yn P? as 0 0 0 P 0 » W WN
a function of the numbeX of pulses can be determined from
relation (1) under the assumption tha®}, remains un- FIG. 1. Relative variatio, /P in the residual polarization of a ferroelec-
changed: tric ceramic PLZT due to the action df pulses of reverse polaritg:— 500

V pulse amplitude and 100 ns pulse leng2hi— 1000 V pulse amplitude

0_ 0740 and 100 ns pulse lengtt3 — 1000 V pulse amplitude and 250 ns pulse
P, /P°=d,,C%d3,C, 2 length.
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rate of this process increases with increasing pulse amplitudiic ceramic, a phenomenon that must be taken into account
and length. When a sample that has been depolarized by tlie the development and investigation of ferroelectric ceramic
short pulses has its polarization restored by cooling in a dcathodes.

field through the Curie point(up to 10 polarization—

depolarization cycles were investigatettie residual polar- 1 Gundel, J. Handerek, and H. Riege, Ferroelecttit 183 (1990).

ization is also restored, which indicates that the ferroelectric?A. sh. Arrapetov, A. K. Krasnykh, and I. V. Levshin, Pis'ma Zh. Tekh.
ceramic does not suffer any irreversible damage. It was alsqFiz. 16(5), 46 (1990 [Sov. Tech. Phys. Letll6, 182(1990].

. . . K. Biedrzycki and R. Le Bihan, Ferroelectrid26, 253 (1992.
found that the depolarized ferroelectric ceramic can be PO schachter, J. D. Ivers, and J. A. Nation, 3. Appl. PR 8097(1993.

larized toP, = O-ZP? at room temperature by iQulses of g . Smazhevskaya and N .V. Fel'dméiezoelectric Ceramicin Rus-
1000 V and 100 ns long. sian (Sov. Radio, 1971

Our results show that ordinarily used pulsed voItagesGA- V. Turik and V. D. Komarov, Izv. Akad. Nauk SSSR Ser. 34, 2623
applied to a ferroelectric ceramic cold cathode to stimulate 1970.
electron emission* causes depolarization of the ferroelec- Translated by J. R. Anderson
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Two-feedback-loop oscillator with chaotic dynamics
E. V. Kal'yanov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino Section, Fryazino
(Submitted October 2, 1996
Pis'ma Zh. Tekh. Fiz23, 75-79(January 26, 1997

This paper contains new results relating to an intensively developing field — the study of
dynamic chaos. It is shown that the introduction of auxiliary wide-band feedback in an
autostochastic oscillator with delay transforms chaotic oscillations into quasimonochromatic
oscillations. © 1997 American Institute of Physid$$1063-785(17)02801-2

The control of oscillations of autostochastic systems isof the nonlinear elementy; andb, are the coupling coeffi-
the focus of a great deal of attentibo solve this problem cients for the first and second outputs of the directional cou-
it appears necessary to use auxiliary feedback, a techniquyeer; gq; and g, are the weighting factors of the summing
widely applied to generators of deterministic oscillations,circuit, andr = 1/p. The overdot denotes differentiation with
which permits one to vary some of the parameters of theseespect to the time.
oscillators without degrading the other paramefel in- The system of nonlinear differential-difference equations
vestigations have been carried out on the important problerntl) were solved by the Runge-Kutta-Merson 4th order
of the effect of auxiliary feedback in generators of chaoticmethod. The results of the solution are illustrated in Figs. 1
oscillations. and 2.

In connection with the wide use of oscillators with cha- Figure 1 displays the bifurcation diagrams showing the
otic dynamics having delay in the feedback circuiit is of  variation in the maximum values of the oscillatory process,
interest to study the possibility of using an additional feed-z(t) (denoted by[z(t)]) versus the parameter that deter-
back loop to control the oscillations of this oscillator. mines the transmission of the signal in the auxiliary feedback

This paper presents the results of theoretical investigaeircuit. The bifurcation diagrams were obtained for an in-
tions of an autostochastic oscillator with delay, containing arcrease in the parameterfrom 0 to 1, forn=6 (Fig. 13, and
auxiliary wide-band feedback circuit with delay. It is shown n=12 (Fig. 1b, while the values of the rest of the param-
possible to use this auxiliary feedback to convert the chaotieters are G=32, p=0.5, T,=3, T,=1.5, b;=b,
oscillations of this oscillator into regular oscillations. =0,;=0,=0.5. The value of the nonlinearity parameter,

The main circuit of this oscillator includes an amplifier n=g, corresponds to the derivative of the descending part of
closed in a loop, a double directional coupler, and a sumthe characteristic in the region of its maximum steepness,
ming circuit. The amplifier in turn consists of series- equal to 52. This value of the derivative far=12 corre-
connected delay lines, delaying the signal by a time a sponds to the value 125.
nonlinear element with a characterisfi¢ and a first-order As can be seen, forn=6 and in the interval
filter with a time constanp. The useful signal is taken from ¢ (0;0.52) there is a chaotic scatter of maximum values of
the output of the direction coupler. The auxiliary feedbackthe oscillatory process, which indicates the chaotic nature of
has a variable attenuator with a transmission coefficéént the oscillations in this interval of the parameter For
and a signal delay line with a delay tinfe. By means of  4>0.52 the oscillations cease to be stochastic; then we ob-
the auxiliary feedback part of the signal taken from one ofserye regular variations in the maximum values of the oscil-
the outputs of the directional couplewe shall call it the first  |atory process with increasing parameter that determines the
ong is sent to a summing circuit along with the signal from transmission of the signal in the auxiliary feedback circuit.
the other(the secongoutput of the directional coupler, con- When the variation of the parameteris reversedde-
nected into the main feedback circuit. creasing from 1 to 1) hysteresis is observed and the region

Approximating the characteristic of the nonlinear ele-of deterministic oscillations is extended to lower values
ment by the logistic curvé® we can write the equation de- of (.

the form d=0 andd=1 in the bifurcation diagram in Fig. la are
X=0101(1—by)y+odyrs, shown in Fig. 2a and Fig. 2b, respectively. They were ob-
tained in a projection on the plangz(t),z(t—T)} (for
y=(Gxr(1+x7) " =y)r, (1)  T=T,;+T,) inthe time intervat e (160;200). In the chaotic

2= (1—by)(1—by) oscillations the motions are entangled and the attractor is
L 2)¥s mapped by a complicated unclosed curve. Where the oscil-

wherex andy are the oscillations at the input€x(t)) and lations cease to be stochastic the self-oscillations have a rela-

at the output y=y(t)) of the amplifier;z=2z(t) are the os- tively simple limit cycle.

cillations at the output of the oscillatdat the output of the For n=12, Fig. 1b shows that the interval of values of

directional coupler, x11=x(t—T1); y12=Y(t—T,); G and d corresponding to chaotic oscillations is compressed into

n are, respectively, the gain and the nonlinearity parametethe regiond € (0;0.32). The nature of the chaotic and regu-
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FIG. 1. Bifurcation diagram fon=6 (a) andn=12 (b).

FIG. 2. Attractors of the oscillations for orfe) and two(b) delay feedback
loops.

lar motions are similar to the attractors shown in Fig. 2.
Compression of the range dfcorresponding to chaotic This work was carried out with the support of the Rus-

oscillations is observed with further increase rin Con- sian Fund for Fundamental ReseartBrant No. 95-02-
versely, for smaller values af, for example, fom=4, the 04300

chaotic oscillations persist over the entire rangel dfom 0
to 1. This indicates a seemingly paradoxical situation wherelv. v. Astakhov, A. V. Shabunin, A. N. Silchenket al, The International
the destochastization with the aid of an auxiliary feedback Conference on Nonlinear Dynamics and Chaos. Applications in Physics,

circuit is effective for relatively larger nonlinearities Biology, and MedicinglCND-96. Saratov, Russia, July 8-14, 1996, Book
: of Abstracts. P. 23.

It should be noted that if, for an appropriate choice of 2y, N yakovlev, Oscillators with Multiple Feedback Loogin Russiai)
delay T, and for d=0, regular oscillations are generated, (Svyaz, Moscow, 1978
then regimes are possible where chaos can be induced b3)A- S. Bmiltriev andiv. Ya. Kiséczv,Stolfhastic Oscillatiggs in Radio Phys-

o : ics and Electronicgin Russian (Nauka, Moscow, 19

means of an auxiliary feedback loop. Thg choice of the delay4y' A. Kats and D. 1. Trubetskov, JETP Le89, 137 (1984,
T, is the important factor. This effect, inverse to that de- sg v, kalyanov, Pisma zh. Tekh. Fiz21(18), 68 (1999 [Tech. Phys.
scribed, is also of practical interest. Lett. 21, 756 (1995].

These investigations indicate that the operation of an os-L- Glass and M. C. Michaekrom Clocks to Chaos: The Rhythms of Life
cillator with two delaying feedback loops is more effective (Princeton University Press, Princeton NJ, 19B8ir, Moscow, 1991.

than with a single loop. The auxiliary feedback permits con-Translated by J. R. Anderson

trol of the oscillations of a generator with delay.
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Increasing the concentration of recombination impurities as a means to suppress the
amplification saturation effect in intrinsic threshold photoresistors with extracting
contacts and impurity recombination of photo-generated carriers

V. A. Kholodnov and A. A. Drugova

Theoretical Division of the State Scientific Center of the Russian Federation, State Enterprise NPO
“QOrion,” Moscow

(Submitted November 5, 1996

Pis'ma Zh. Tekh. Fiz23, 80-87(January 26, 1997

It is shown possible to avoid the well-known deleterious properties of intrinsic photoresistors
with extracting electrodes—gain saturation with increasing electric field. The gain

saturation severely limits the photosensitvity of the device. This limitation is removed if the
extracting electrodes are replaced with blocking electrodes, but this procedure is technologically
very difficult to execute, and the method does not submit to reliable control. The possibility

of avoiding saturation under conditions of a simultaneously large increase in the lifetime of the
photogenerated carriers is of considerable interest for experimenters and for developers of
photodetectors. €1997 American Institute of Physids§1063-785(07)02901-7

Intrinsic photoresistors, i.e., those that operate on theeptor in a neutral or a minus-one charge state, with the atom
principle of interband absorption of radiation, are used agoncentration equal tblo andN_=N—Ng. The neutral at-
efficient photodetectors with internal gain, and in many casesms trap the electrons with a probability, and thermally
the dominant channel for the recombination of photocarriergenerate holes, while the charged atoms trap holes with a
in the bulk of the photoresistor is through the trapping ofprobability w, and thermally generate electrons, which cor-
these carriers at deep impurity levét€.To obtain gain the responds to a single recombination le¥stt® which fre-
device requires an electric fiefl such that the lifetime, of ~ quently is the dominant lever®'"'® Let us assume that
the photo-induced holetr that of the photoinduced elec- there are also shallow, completely ionized donors with a con-
trons, 7,), must exceed the corresponding travel time,centrationNy. Under these conditions the following relation
t,=W/9, (or t,=W/¥,) through the distanc&/ between holds®-%
the contacts, wheré,= u E andd,= u,E are the hole and 145
e!ggtron drift velocities, _anth_ and u,=bu, are their mo- N=n, S5 f(5), (1)
bilities. The photoelectric gaih,,/(qQWg) (Ref. 9, where
I ,n @andg are the photocurrent density and the rate of carriegyhere
photogeneration ang is the electron charge, is strongly in-

fluenced by the recombination rate of the photocarriers at the 5=—=, f(8)=B+As- &,

current contactsX=0 andx=W). It would, of course, be Ng

desirable that recombination not occur there affatbcking

contactd™9), but making such ideal contacts is far foma  ,_,No o _ Pt @
simple matter, and for each particular situation the conditions n;’ n,’

on the contacts are not known reliably.

The other limiting case is more realistic: The photoelec-
tron concentratioldn(x) =n—n, and the photohole concen-
tration, Ap(x)=p—pe vanish at the contactgextracting
contactd!''3, wheren(x) and p(x) are the electron and
hole concentrations amt}, and p, are their equilibrium con- der very low illumination. Therefore in calculating cor-
centrations. The undesirable property common to intrinsicreCtIy the approximation. linear ig is usually used in the
photoresistors with extracting contacts is well known: gaintheor;/ of threshold photodetectdr&22%Under these condi-

saturatior®*!1'2 The saturation involves the following. .. :
L N tions, the expressions for the electron component
When E is increased, the value @ at first increases and P P

then ift,<7, andt,<7,, the gain ceases to dependBras dAn

long as field heating of the carriers is unimportant. Aly=qua(EAN+NAE)+qDy —5o- ©)
In paper$® at an international symposiurfUSA) we

have discussed the possibility of suppressing this undesirabfd the hole component

N® and Ng are the equilibrium concentrations of charged
and neutral recombination centers anéndp; are the equi-
librium concentrations of electrons and holes when the re-
combination level lines up with the Fermi level.

As threshold photodetectors, photoresistors operate un-

effect in intrinsic threshold photoresistors with impurity car- dAp

rier recombination by increasing the concentrathdrof re- Alp=1l,n—Al,=quy(EAp+pAE)—qgD, X (4)
combination impurities In the present paper we present a

brief mathematical basis for this possibility. of I o imply that for a given voltage on the photoresistor we

Let us assume that the recombination impurity is an achave
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- 2.103*.

IphZQ(ﬂn<An>+ﬁp<Ap>)v )

where AE(x) is the deviation of the electron field from its

value E in the absence of illuminatior, andD, are the
diffusion coefficients of electrons and holes, and

1w 1w
<An>=\,—\,fO An(x)dx, <Ap>=v—vf0 Ap(x)dx. (6)

From the linearized relations for the recombination-

generation rates for electrorR,,, and for holesR, (Refs.

16 and 2}, and from the conditions for steady-state opera-
tion, R,=R,, the equations of continuity of the electron and

hole currents, the linearized Poisson equaffoand expres-
sions(3) and(4), we can obtain &fourth ordej equation for

the distributionAn(x). As a rule, the following inequality

holds

W

e
dmqun

wheree is the permittivity, which fom, p<N, can be inter-

<min{1,8}, (7

preted as the condition for screening of the space charge by

impurity centers:”® The inequality(7) lets us convert this
equation to a second order equation familiar form) from
the theory of photoresistors

DdZAnJr EdAn An+ o o
a THETax T, 19T ®
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FIG. 1. Dependence of the electron lifetimg—) and hole life-
time 7,( - - - ) in secondga) and ambipolar carrier mobility. in
cm?/V- s (b) on the concentratiohl of recombination centers, in
cm™ 3, at room temperature. The specific example chosen was sili-
con. The following values were adopteg,=1500 cn?/V-s,
np=450 cnt/V-s, the intrinsic carrier concentration is
n;=1.45< 10" cm 3, w,=10"8 cn’/s, =10 (Refs. 8, 17, 18,
and 22; n; /n,=10%, andNp=10' cm 3,

in which
1 f(8) OSA+(2+8)B+68° W,
_:an[ 2 f 0:_, (9)
T 26% 0f(8)+(1+6)(B+9) Wy,

the ambipolar carrier mobility is

BTn—527'p
“= B, M (10
1 f(6) S5A+(2+ 8)B+ 62 "
e S BT (A+ 0B)o+ (6B +0) 52" (1)
the bipolar carrier diffusion constant is
D (B7,+ 627'p)Dn+ xs(:‘m’q)*leTnTDEzy (12
(B+b&) 7,
=(1+8)f(S 0
#=(1+ 1) G5 T T+ 6)(9B+ )
5 13
BT (AT 0B)ot (6B+ )52’ (13

and in the expressions f&;, andR;, (Ref. 21 we neglect the
terms containing the derivative &E with respect tax and
thereby writer,Ap(x) = 7,An(X). From the solution of Eq.
(8) and relationg5) and (6), we find that under the condi-
tions considered here
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FIG. 2. Dependence of the photoelectric g&iron the electric fielcg, in

Vicm at room temperature. The specific example chosen was silicon. The,

following values were adopted—N=N;, 2—N=N,, 3—N=Np., 4—
N=N=Np (Fig. 18. u,=1500 cn?/V - s, u, =450 cnt/V - s, the intrinsic
carrier concentration i), =1.45<10° cm 3, w,=10"8 cni/s, §=107

(Refs. 8, 17, 18, and 22n; /n,=10%, Np=10" cm 3, and W=10"* cm.

W W
L RE: sm)—(Z—Ll) sm)‘(z—Lz)
x 1—4W\w§d e ,
sin 2_L1+2_L2)
(14)
wherel = u7,E andL =D, are the bipolar drift and dif-

with N in zero order in the small parametgl) equal to
Np ,?%?* for which 7,= 7;* and 7,= 75 (Fig. 18. There-
fore, as follows from Eq14), the maximum gainG,,.y is
obtained not for smalN<Np as one might think, but for
N=Np, where, in contrast to the cade<Np, we find that
Ghax > E (Fig. 2 up to very high field€, where by virtue of
the dependencedD(E) due to photoexcitation of space
charge, even though small, the inequalltyxW may no
longer hold. However, a separate analysis is required to dem-
onstrate if this situation is realistic.

We wish to thank the Russian Fund for Fundamental
Research for supporting this worKGrant No. (96-02-
17196.
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Formation of acoustooptical bound states by optical pulses
A. S. Shcherbakov and I. B. Pozdnov

St. Petersburg State Technical University
(Submitted November 4, 1996
Pis'ma Zh. Tekh. Fiz23, 88—95(January 26, 1997

An interesting aspect of the acoustooptical interaction is studied in this paper — the formation of
acoustooptical bound states by optical pulses. An analysis is made of the solution of a

system of three nonlinear partial differential equations describing the case of collinear
acoustooptical interaction. A specific example of this solution is examined for the case of the
interaction of a sequence of acoustic pulses with a digital sequence of optical pulses. It is
shown that the values of the recorded sequences of scattered light correspond to the logical
operation “AND” operating on the sequence of acoustic and optical pulses, that is, a
programmable switching of the input optical digital signal by a sequence of acoustic pulses
occurs. The experiment reported in this paper corresponds to the case of detuning of the wave
vectors, but on the whole it supports the calculations In summary, this work demonstrates
(experimentally and theoreticajlthe possibility of realizing an optoelectronic programmable
switching of optical signals. €1997 American Institute of Physid$1063-785(17)03001-2

The theoretical and experimental study of the formationstitutions, a,=Aq cosy /2, as=Agys’y, Ysiny/2, and
of acoustoopticalal bound states with a time-independent amj = — (1/2)(ysy,) “*%9y/dx and transforming to the
plitude of the incident optical wavé has motivated the de- new system of coordinates,z=Aq(ysy,) Y and
velopment of a new class of optoelectronic devices, digital-=Ay(y4y,)YA(2Vot—x), whereA, is the peak amplitude
modulators-converters! based on collinear acoustooptical of the incident optical wave fax— — o, we reduce the sys-
interaction. However, the acoustooptical bound states majem of equationg1) to a sine-Gordon equation in the vari-
also be formed by means of optical pulses. In this work theable . We consider only those solutions of this equation
pulsed regime is investigated for the cases of strong anghich in the laboratory system of coordinatest] are de-
weak coupling, and the possibility of using the bound statescribed by the stationary localized envelope pulses. In par-
for acoustooptical programmable switches of digital se+icular, this requirement corresponds to a single-soliton solu-

guences of optical pulses is examined. tion of the sine-Gordon equatidfi:
The collinear acoustooptical interaction in an optically

apisotropic medigm is desc'ril.)ed by a systgm of t'hree .partial d=4tam Y y ex z— BT ) ' @
differential equations containing a quadratic nonlinearity Vi-—p?
oU 19U _ where the factor (+ 82)*? gives the Lorentz contraction of
Tt V_OW:_?’uapa;c exp(i Akx), the spatial dimensions of the pulse when it moves with a
velocity 8 in the (z,7) coordinate systemig|<1, v is an
das 1 dag . ) arbitrary constant that determines the spatial displacement of
' c. ot ysapU™ expliAkx), (1) the center of the soliton when it is formed; we set= 1.
Carrying out the inverse transformation to the initial field
da, 1 da, , variables in the laboratory coordinate system, we obtain an
x F cp = ypasU exp(—iAkx), oy expression for the amplitude of the acoustic wave
whereU, a,,as, andVy, ¢,, andcs are the complex ampli- U=—Ug sech[Uq(ys7p)*A(x—V1)], ()

tudes and the group velocities of the acoustic wave and thﬁ/hereuo is the peak amplitude of the acoustic pulse, and
incident and scattered optical waveg;, y,, andys are the V=Vy(1-A2y,U;2y;Y) is the velocity of the tightly
acoustooptical interaction constants, determined by the progsound state in the Iabporatory frame. One can see fronfg.
erties of the medium,and Ak is the detuning of the wave that the spatial extent, of the bound state and the peak
vectors. , _ N amplitudeU,, of the acoustic pulse are related by the expres-
Let us consider first the case where the condition 0ofgigny characteristic ofasolitououoz(ysyp)*l’z, which is a

phase synchronism of the interacting waves is fulfilled ex-¢onstant determined only by the properties of the anisotropic
actly, Ak=0. Assuming that the rates of change of the en-medium. Here the expressions for the amplitude of the inci-
velopes are the same and the group velocities of the acoustifant and scattered optical waves are
and optical waves are incommensurat,<c,, Cs, we B

shall use an analysis that is simplified from that of Refs. 6  a@,=—Ag tanh[x, *(x—V1)],

and 7, and as in Refs. 8 and 9 neglect the terms in the partial

derivatives with respect to the time in the second and third as:AO\/; sech[xg 1(x—Vt)].
equations of the systerfl). Then using the following sub- Yp

4
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;°_. — ﬂ-".f_ ﬁ.’\/\ AV outs FIG. 1. Dynamics of the formation of optical digital
° A sequences and experimental arrangeminis the se-
quence of acoustic pulses in the medidgpijs the input
$ sequence of optical pulsek,,, andl,,s are the se-
guences corresponding to the transmitted and scattered
I ' optical waves at the exit boundary of the medium at
I X=L. |—Unit for forming the input optical digital sig-
‘ l ' nal (1—laser,2—acoustooptical modulato8—rf oscil-
‘ ! lator, 4—digital sequence generajpil—switch (5—
i l r[n ' I polarizer, = 6—collinear acoustooptical cell,
3 4 8 M1 9 7—analyzey; [ll—unit for forming the electronic digi-
I_ L [ = _._I L e A .._, - 1 tal signal(8—rf oscillator, 9—digital sequence genera-

tor); IV—unit for recording the output signal from the

in u Ioutp g i X
T switch (10—photomultiplier, 11—oscilloscope, 12—
: , l /V\ photomultiplier power supply
1 l
I t

Expressiong3) and (4) describe the acoustooptical tightly- single optical pulse, whose intensity at the entrance to the
bound state, whose velocity of propagation and spatial extemhedium is determined by the corresponding valud,ofAs
are completely determined by the peak amplitudes of tha rule, the conditiony,y,Aj< ysypug is satisfied experi-
interacting waves. mentally, whereV=V,. In correspondence with the initial
The formation of an acoustooptical bound state is posacoustic sequencés) and the sequence of input optical
sible only when the acoustic wave and the incident opticapulses (6), a sequence of acoustooptical bound states is
wave are present simultaneously in the interaction regionformed in the medium, whose scattered optical component is
and each can be equally well be described as the parametgiven by the relation
that turns on or controls the interaction. This circumstance y N-1
allows us to use the effect to form an acoustooptical bound a§=A§ = 2 do(t—to—IT)O(T+T+1ty—1t)
state by optical pulses for programmable switching of an Yp =0
input optical digital signal represented by the incident optical N-1
wave, and by an electronic digital signal, excited in the me- X > by sech[(Vor) ~L(x—Vo(t—kT))]. (7)
dium by a binary sequence of acoustic pulses. If a sequence k=0
of optical pulses If ty corresponds to the time when the leading edge of the
N—1 first acoustic pulse, representing the digit in the first place,
U(x-t)=U, 2 by sechi(Vor) " L(x—Vy(t—kT))] reaches _the exit boundary_ of the medium, i.e.,_ the pqint of
k=0 observationx=L, whereL is the length of the interaction
5 medium, then at that point one observes a digital optical

propagates in the medium, whexis the number of digits in ~ Sequence of the form

the digital number determining the sequence of the switch- A N1 .

ing; b, e {0,1}, 7 is the length of the pulses, aridis the louts=Ag > kZO gk sech(Vor) "H(L—=Vo(t—kT))],
repetition period of the pulses, which is chosen so that the ) P

area of overlap of the adjacent sech-shaped envelopes is suf- loutp=A0—louts-

ficiently small. At the timet, a digital sequence of optical The values of the&th place of the numbeg are deter-
pulses of the same number of digits and a rectangular envenined by the logical operation “AND,” carried out at the
lope is introduced into the medium with an intensity k-th place of the numbeis andd: g,=b, /\ di. As a result
N-1 of the interaction of the digital acoustic and optical se-
ln=A2 >, dif(t—to—IT)O(IT +to+T—t), guences we obtain a programmable switching of the input
=0 optical digital signal by a sequence of acoustic pulses previ-

ously introduced into the medium. The efficiency of switch-
(6) ing is governed by the efficiency of formation of the bound

staté and in the present case is equabie ysyrjl . Numeri-
where the duration of the optical pulses is taken equal to theal estimates for acoustooptical cells basedvenquartz show
period T. Because of the conditioNy<c,,Cs, the spatial switching of an optical digital signal with a 4s pulse
extent of each optical pulse is much greater than that of théength requires an acoustic power of 100 W#crAttaining
entire acoustic sequence. The reduction scheme used the sgsich high acoustic powers experimentally presents definite
tem of equationg1) above is equivalent to neglect of the difficulties. However, it is possible to reduce considerably
transient processes with characteristic times of the order dhe necessary acoustic power density by resorting to the for-
Tvocs‘ls 10 10s. We can therefore assume that at each inmation of acoustooptical weakly bound states with wave-

P
stant of time the acoustic sequence interacts with only aector detuning;in this way the functional principle of the

0, x<O0;
0X)=11 x=0
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The efficiencyrn of switching is determined by the efficiency
of formation of the weakly bound statésThe detuning of
the wave vectors permits an experimental investigation of
the switch based on the acoustooptical bound states. A dia-
gram of the experiment with a prototype of the switch and a
timing diagram are shown in Fig. 1. In the experiments we
studied the formation of acoustooptical weakly bound states
by optical pulses and examined the optoelectronic program-
mable switching of a 4-place optical signal at a wavelength
0.63 um and a 4us pulse length by electroni@coustig
pulses of the same length. The switch used a collinear acous-
tooptical cell made ofx-quartz with a time aperture of 20
us (L=9 cm). In Fig. 2 we show an oscilloscope trace of the
signall ,+s in RZ code, corresponding to different numbers
b andd, in one of the output channels of the switch. The
efficiency of the switching was 4% with an acoustic power
density of 1 W/crf at a carrier frequency of 54 MHz and a
frequency detuning of 0.25 MHz.

To summarize, we have studied the formation of acous-
tooptical bound states of optical pulses for both strong and
weak coupling. The possibility of localization of the optical
FIG. 2. Examples of oscilloscope traces of digital optical sequences at théomponent of the bound state by means of optical input
switch output b /\ d=g): a—10111\ 1101=1001; b—111¥\ 1101=1101,  pulses and of using this effect for optoelectronic program-
c—101¥\1111=1011, d—11121\1111=1111. mable switching of optical digital signals has been demon-
strated experimentally.

switch is maintained. In the case of weak coupling the for-
mation of bound states in a medium requires the excitation of
a sequence of pu]ses of the same number of d[gnbut, 0. I. Belokurova and A. S. Shcherbakov, Pis'ma zh. Tekh. E&18), 1

; ; ; . (1989 [Sov. Tech. Phys. Letfl5, 703(1989].
unlike the case of expressidh), in rectangular form: 2A. S. Shcherbakov and |. B. Pozdnov, Pis'ma Zh. Tekh. EG17), 12

N—-1 (1994 [Tech. Phys. Lett20, 687 (1994].
— _ _ SA. S. Shcherbakov and I. B. Pozdnov, Pis'ma Zh. Tekh. Bi4), 31
Ux.H=U; gfo byd [x=Vo(t—kT)]0 (1995 [Tech. Phys. Lett21, 144 (1995].

4A. S. Shcherbakov and . B. Pozdnov, Photonics and Optoelectr(fis
X[Vo(t=kT—7¢)—=X], 57(1994. . . o
V. I. Balakshil, V. N. Parygin, and L. E. ChirkoWrhe Physical Principles
where the duration, of the square pulses is related by the of Acoustooptical§in Russian (Radio i Svyaz’, Moscow, 1985
localization condition to their amplitudd, and the detuning  °R- K. Dodd, J. C. Eileck, J. Gibbon, and H. C. MorrSplitons and

2 . . Nonlinear Wave Equation§Academic Press, New York, 1982Russ.
of the wave vectorAk. The output signals of the switch transl., Mir, Moscow, 198B
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expressions Switching, pp. 368-381.
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Measurement of the amount of free and bound hydrogen in amorphous carbon
O. I. Kon’kov, I. N. Kapitonov, I. N. Trapeznikova, and E. I. Terukov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 24, 1996
Pis'ma Zh. Tekh. Fiz.23, 3-8 (January 12, 1997

The effusion of hydrogen and other gases from an amorphous carkoH film annealed at
temperatures of 100—1000°C was studied. A direct method was used to determine the

amount of hydrogen in the material as 26 at.%. The amount of free hydrogen was determined as
4 at.%. The temperature curve for the release of free hydrogen gas has a maximum at

400 °C. A broad hydrogen effusion peak was observed above 400 °C. The amount of hydrogen
released by breaking of weak C—H bonds was determined as 10 at.% and that released by
breaking of strong C—H bonds was determined as 12 at.%19@7 American Institute of Physics.
[S1063-785(17)00101-9

The synthesis and physical properties of amorphous cathe remainingapart from hydrogengaseous productsurve
bon (a-C:H) films have been studied fairly extensively but 2), which may include traces of argdnsed as diluent gas
the mechanisms for formation of the structure of these filmdrapped in the structural framework of the carbon during
and their correlation with the observed physical propertiegrowth of the film or absorbed on the surfaces of microinho-
are still not fully understood. Depending on the method ofmogeneities(such as pores, column and grain boundaries,
growth, a-C:H films may contain appreciable quantities of and so forth and thus not forming a chemical bond with the
free and bound hydrogen. The hydrogen content is a kegarbon. We estimated that the argon concentration did not
factor determining the structure of the films and definingexceed 10* at.%. In addition to argon, these gaseous prod-
their physical properties. Thus the spectroscopy of hydrogencts may also include methane and more complex hydrocar-
in a-C:H films is an extremely pressing problem. bons formed in the plasma during decomposition of the
Infrared spectroscopy is the conventional optical methodnethane and trapped in the film like the argon. All gases
of studying bound hydrogen. This can be used to determin&apped or absorbed in the carbon structure but not bonded
the type of binding of the carbon and hydrogen atoms in theehemically with the carbon will subsequently be described as
films, their concentration, and the degree of hybridization. gases in state “A.”
However, it has recently been shown that this method cannot In addition to argon and other gases, obviously a certain
be used to detect somsp?-hybridized carbon atoms or to amount of hydrogen may also be in state A. Regardless of
estimate the total quantity of hydrogen in the firRrelimi-  whether it is in molecular or atomic form, this hydrogen will
nary data indicate that between one third and one half of thbe described as free.
incorporated hydrogen is not bound with carbon atoms butis As the film material is heated, hydrogen is released in
trapped in interstitial sites and is in atomic or molecularstages: first, hydrogen in state A, then weakly chemically
form. bound hydrogen, and then strongly bound hydrogen with re-
In the present paper we use a direct method to investiarrangement of the carbon matrix structure. We examined
gate the state of hydrogen &C:H films, by studying the the mechanism for this process in Ref. 4.
effusion of hydrogen from the film material as a function of At low temperaturesbut higher than the film formation
temperature. temperatureT,), hydrogen from state A begins to be re-
The samples were grown by rf decomposition of aleased, since this is the most weakly bound. The infrared
methane—hydrogen mixture in a capacitive reactor on crysspectroscopy data indicate that no transformation of the film
talline silicon substrates. A preliminary description of thestructure occurs at this stage. At temperatures of 100—
films was given in Ref. 3. 300°C the magnitude, position, and half-width of the absorp-
A method of stepwise heating in vacuum was used tdion bands, 2920 and 1450 crh (CH,), 2950, 2860, and
investigate the release of the gaseous component from tH870 cm? (CH;) remain constant. However, when the
films as a function of temperature. We used an entirely metadamples are annealed to 400°C, the refractive index at 20°C
extraction system with an externally heated furnace and calis increased from 1.56 to 1.62. This indicates that the density
brated expansion volumes. The total quantity of releasedf the film is increased with the existing chemical bonds
gases was determined by a manometric technique. The hyeing conserved. This process corresponds to the initial gen-
drogen was then removed from the system by diffusiortly sloping section of the gas release curve at annealing tem-
through a palladium membrane heated to 500°C. Theeratures up to 300—-400°@Gee Fig. 1, curvd).
amount of hydrogen was measured from the pressure differ- The release of hydrogen from state A may be estimated
ence in the system before and after removing hydrogen fromquantitatively by comparing the curve giving the release of

the gaseous products. the nonhydrogen component from statgcdurve 2) and the
The results of this experiment to study the effusion ofinitial section of the hydrogen release curi@irve 1). At
hydrogen from ara-C:H film are plotted in Fig. Xcurvel). low temperature$20—200°G, the gas release curves should

Also plotted is the temperature dependence of the release bt described by the same law for both components and the
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general form of the release curves for hydrogen and the non- The second peak, observed at temperatures higher than

hydrogen component from state A should be the same at al00°C is generally associated with breaking of strong C—H

temperatures in the range. The curve describing the releag®nds’® and transformation of the material to give a

of hydrogen from state A, i.e., atomic and molecular freegraphite-like structure. The amount of hydrogen released by

hydrogen, obtained on the basis of this agreement is plottedreaking of strong C—H bonds is of the order of 12 at.%.

(curve3). In summary, we have investigated the effusion of hydro-
The peaks and nonmonotonicities observed on this curvgen and other gases from arC:H film annealed at tempera-

should correspond to an increased rate of hydrogen releasares of 100—1000°C. A direct method has been used to

(as well as argon and other gas&®m state A accompany- determine the amount of hydrogen in the material as 26 at.%.

ing rearrangement of the carbon structure. These featurééhe amount of free hydrogen in the material has been esti-

may be observed as a peak at 400°C, a tail at 550—-600°@ated as 4 at.% and its gas release temperature curve has

and a weak peak at 800°C. been obtained with a maximum at 400°C. Two effusion
The areas below the curves can be used to estimate thpeaks have been identified for bound hydrogen, the first as-

amount of free hydrogen in oa-C:H samples as 4 at.% and sociated with breaking of weak C—H bonds, with a maxi-

the amount of bound hydrogeie., in C—H bondsas 22 mum at

at.%. An analysis of the infrared spectroscopy data gives thB00°C, and 10 at.% of hydrogen released, and the second

amount of bound hydrogen in these samples as 21 at.%. #ssociated with breaking of strong C—H bonds, with a maxi-

should be noted that the amount of free hydrogen in our filmsnum at 750°C and 12 at.% of hydrogen released.

is not large compared with its total content. This work was partly supported by grants from the Min-
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C—H bonds being broken. When the samples are annealed ity of Arizona, USA.
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