TECHNICAL PHYSICS VOLUME 43, NUMBER 3 MARCH 1998
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Expressions for the cross sections for single and double ionization of atomic helium in collisions
with fast multiply charged ions are obtained in the collision parameter rafg&=v,

vo<<v<c, whereZ andv are, respectively, the ion charge and ion veloaityjs the characteristic
velocity of electrons in the atomic helium ground state, arid the velocity of light.
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1. INTRODUCTION Generally speaking, perturbation theory should not be used
Different aspects of collisions of fast multiply charged to take agcount of the influence of the field of a fast MCI on
ions (MCIs) with helium atoms have been discussed in athe atomic electrons and) lihe two-electron states of the
large number of work&:13 In a number of experimeri&® helium atom must be described with adequate accuracy.
single and double ionization of helium by fast MClIs in the However, these difficulties apparently “compete™ with one
parameter rang€=v>uv, andv2/c><1 (Z andv are the another to a large degree. It is most important that the inter-
charge and veIociTy of tﬁe MCl, is the characteristic ve electron interaction be taken into account exactly in the high
0 - .. . . . . .
locity of the electrons in the atomic helium ground state,COIIISIOn yel_ocny limit (espeqally in calculations of two-
c=137 is the velocity of light; here and below, unless Oth_eIectron ionization cross sectignsvhereZ<v and pertur-
erwise stated. atomic units ar’e usethere are a,number of bation theory can be used to describe the effect of the field of
i the fast particle. On the other hand, when the ion charge is

approache$®-*falling outside the range of first-order per- x , i .
turbation theory in the interaction with the field of the MCI very high, the electronic correlations become relatively less
"rlnportant. It is known(see, for example, Ref. 1That in this

and giving reasonable agreement with experimental data o) the atorm ioni inlv by th led direct h
helium ionization cross sections, for calculating the impactcfc"s’e eha O“t“h'of"z‘?s rtr_1a|ny y the SO'CS ed '“?g (T?Ctr?'
ionization cross sections of helium in the rangev>uv,, nism, where he lonizalion process can be described In the

where the Born approximation is inapplicable. Since, hOW_independent—electron approximation, which we shall employ

ever, in contradistinction to the Bethe-Born approdsee, beIowltotl;:pd the helllurrt1_ |ont|ﬁat|on tc):rc;;; secttrl]o?s KTEU
for example, Ref. 14these approaches, as a rule, do not Ieaq?vo' n this apprém_ma;ton € FIWOf a ”tW“t atn eheﬁ'
to simple final formulas for the cross sections, empirical rons are removed simuftaneously from an atomic shell con-

scalings are quite widely uséd'®to describe experimental taining N electrons is determined by the expression

results. Moreover, real calculations of the cross sections are N

ordinarily limited to relatively small charges of the fastions. ~ Wx(b)= (E
In the experiment of Ref. 1&ee also Refs. 2 and the

ionization of helium atoms by collisions with uranium ions Wherew(b) is the probability of a single-electrofioniza-

U%*, whose velocities approach relativistic valugght up  tion) transition,b is the impact parameter, an§)(are bino-

tov/c=0.72), was studied. At the same time the charges oimial coefficients.

these ions are so high that-v ~c. To calculatew(b) it is assumed that an electron in an
In the present paper we shall study collisions of fastatom moves in a mean field. Following Ref. 11, we shall

(including relativistig MCls with helium atoms fow®>Z  assume that the probability(b) depends on the charge state

=v, vo<v<c and we shall obtain for the single- and of the recoil ionw=w,(b). Then we have for the single- and

double-ionization cross sections of helium simple expresdouble-ionization cross sections of helium

sions that describe all experimental data known to us in the

parameter range studied. We note that even though the col- O'i(l+)=47TfOCW1(b)(1—W1(b))bd b, 2

lision velocities considered in the present paper are high 0

these collisions cannot be referred to the so-called “high- .

velocity limit,” where not onlyv>uv, but Z<v must hold (2+) J 2

also(see, for example, Ref. 16 ° 7 2 0 Wa(b)bdb. &

wh(1-w)N=", (1)

We shall assume below that;(b) and w,(b) can be
approximately described as the probabilities of single-
Two basic difficulties arise in the theoretical descriptionelectron ionization from the d state of hydrogen-like ions

of the ionization of helium in collisions with fast MCls) a with nuclear chargeg; andz,. In the corresponding Cou-

2. BASIC RELATIONS

1063-7842/98/43(3)/6/$15.00 265 © 1998 American Institute of Physics



266 Tech. Phys. 43 (3), March 1998 A. B. Voitkiv

lomb units the probabilitiesv,(b) andw,(b) become sim- quite rapidly with increasing impact parameter already in the
ply the hydrogen ionization probability. It should be notedregion valzl’y§<b< Y ngg (bwi2~b*2), where the
that despite its simplicity such an approach often gives goodudden-perturbation approximation is applicable. For this
agreement with the experimental dafa:!’ reason, to calculate these integrals we shall use in the entire

In Ref. 18 simple approach was proposed for finding theeange of impact parameterssthb<c the probabilities
ionization cross section of hydrogen atoffia®d hydrogen- w; (b) found in this approximation. Of course, for impact
like ions) in collisions with fast MCls in the parameter range parameterb= yv Tzl’ﬁ, where for the atom the field of the
v?>Z=v, ve<v. It is convenient for what follows to MCI is not only weak but also slowly varying in time, the
present here the basic features and results of this approadbnization probability decreases not as a powe law but
The approach is based on dividing the entire impact paramexponentially?> However, even the quantitimsf2 calculated
eter range &b<x into subregions: lb<vr (r=1—the in the sudden-perturbation approximation are already so
characteristic atomic timeand 2 b>Z/v. In the regionb small for such values df that their use for calculating these
>Z/v, where the ionization probability is low, first-order integrals in the entire range of impact parametesshe<
perturbation theory in the interaction of the electron with thedoes not introduce an appreciable ertestimated to be in
field of the MCI was used to calculate the ionization prob-order of magnitudez*y 2y ). In what follows we shall
ability. To find the ionization probability in the regioh neglect this error. Using this approximation we have

<y 7 (Where the effective collision tim&~ b/v is shor}, the . 472 (= d
zeroth-order sudden-perturbation approximafian the in- f dbbw )=—— f _ng(q), (6)
teraction of the electron with the field of the MCI was used 0 ’ 1,2 q

qnd the interaction itsglf was taken in the dipole apprOXima'vvhereqzZZb/(bzlu) is the average momentum transferred
tion. Of course, the dipole expansion for the electron—MCliy 41, electron in a collision with a fast particfe:

interaction, which is valid forb>1, is inapplicable for
b<1. Here, however, it is important to note the following.
Comparing with more accurate calculations in this range of
values ofb (for example, the method of classical Monte-
Carlo trajectorie¥) shows that forZ=v>v, using for
b<1 the formally inapplicable dipole expansion for this in-
teraction in the sudden-perturbation approximation does nq
introduce a significant error in the ionization probability and
for this reason the valub=0 was taken in Ref. 18 as the ¢
lower limit of the region 1. It is important to note that ac-
cording to the calculations such an approximation is inappli
cable for fast low-chargeZ(<v) particles. FoiZ/v?<1 the
regions 1 and 2 overlap, and in the overlap region both ap- fxdbbwz :4_22 0374 @)
proximations give identical ionization probabilities. On ac- 0 12 2252 T

count of this, the ionization cross section, being a sum of ) ] )
contributions from both regions, does not depend on the YSiNg Eas.(2), (5), and (7) we find for the single-
choice of “limit” point between them. Thus, the results of lonization cross section of helium

p(q)=p(q)=f dk|{ exlexp(—ig-r)|eis)|?

is the ionization probability of a hydrogen atom accompany-
ing sudden transfer of momentumto an atomic electrdfi
15 and ¢y are, respectively, the ground state and a state in
e continuum of the hydrogen atpm

The integrand in the expression on the right-hand side of
g. (6) no longer depends o#, v, andz;, and can be
calculated numerically by substituting an exlicit expression
Tor p(q) (see, for example, Ref. 23The result is

Ref. 17 (and, correspondingly, of the present work, which - 0.28372 Biv3y\ v?
makes substantial use of themre applicable fov?>Z=v ol =16m—— > In( 7 ) 5| (8)
1

>v,. In Ref. 18 the ionization cross section of a hydrogen-
like ion with not too high nucleafcore chargez, (from the  where

conditionvy<v follows z;<v) was found as
5 1 F 2ara-dg] = 133
22 (502 A=, @M o283, P (@9 A= 5
0'i=8770.28302—2i2|n E . (4)

The sum of the squared moduli of the dipole-transition
In Ref. 21 this approach was extended to the case ghatrix elements from the ground state into a state in the

relativistic collisions withv?>Z=v anduv,<v<c “single-electron” continuum of the helium atom is deter-

mined in the present approach a3028312§ and equals

z?2 502 v? 0.489 (see, for example, Ref. 24 From the equality

”i:8wo'283ﬁ (|n<z_zi7’> B ﬁ) 5 2.0.283£2=0.489 followsz,=1.11, and we obtain for the

| Cross section

wherey=(1—v?%/c?) "2 ) ) )

Let us return to the ionization cross sections of helium 0(1+>:12_2892_2 <|n(£),) _ U_2> 9)
atoms. The integral #/;(b)bdb appearing in the expres- ' v Z 2¢
sion (2) equals the average ionization cross secti®nof a The expression

hydrogen-like ion taken witlz;=2,. To calculate the inte-

grals [yw1 ,(b)bdb appearing in Eqs(2) and (3) we pro- (1+)_ 1o 2892—2 (In(z 08 y)— 0_22)
' ' 2c

) . ; 10
ceed as follows. The integrand in these integrals decreases 788 v? (10



Tech. Phys. 43 (3), March 1998 A. B. Voitkiv 267

8 100

400

(1+)

3
T

Pid , 10 % omé
/l LA

S 200

/] AN AN Rl FEENE N REE N . N -

40 60 80 100 120 140 £ 7
v .}

FIG. 1. Single-ionization cross sections for helium calculated from(gq.
(solid curve and(10) (dashed curve Z: 1—120,2—90; 45<v<135.
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a.1 )
describes the single-ionization cross section of helium in the 0.3

Bethe-Born approach.

The computational results obtained with Eq8) and
(10) are compared in Figs. 1 and 4.

In the ultrarelativisitic limit y>1 the results obtained
with Egs. (9) and (10) are very close to one another, even
when Z=c (Fig. 1). The physical reason for such a small
difference between the resul® and(10) lies in the follow-

ing. Since in the limity>1 the field of a fast charged par- E

ticle is “flattened” in the direction of motion of the particle, Y

a collision with the particle is sudden for the atom right up to 1‘;\
~-

12

very large values of the parameter-cy, and the region 0%

b>Z/v, where perturbation theory is applicable, in this case

makes an overwhelming contribution to the single-ionization B

cross section.
In Fig. 2a the computational results obtained with Eq. a.01 ala L I — 010

(9) (solid line are compared to the experimental data : v/c y

(circles from Ref. 15 on single-ionization of helium by ura-

nium ions U™ (60, 120, 420 MeV/amu and, respectively, FIG. 2. lonization cross sections for helium in collisions witH® a—

v/c=0.34, 0.46, and 0.72The figure also displays the re- Si(r;g!e i(()lrli)zation, b—double ionization, c—ratio of ionization cross sections

sults obtained with the McKenzie—Olson approximation for-! foi™"

mula (dashed ling® On account of the large uncertainty in

the experimentally measured values of the cross sections it

can be concluded only that our computational results aréarge impact parameters is “classically suppress&i’On

consistent with these data. The expressi®n just as the the other hand, in a quantum-mechanical analysis this region

McKenzie—Olson approximation formula, predicts a mono-of impact parameters makes the main contribution to the

tonic decrease of the cross sections with increasing collisiofonization cross section whem>uv,. This difference leads

velocity for the parameter range studied in Ref. 15. Thisto different asymptotic behavior of the single-ionization

seems obvious foZ~v>v,, Where charge transfer is neg- cross sections in the region>vgy: ol 2%?® ol (const

ligibly weak compared with direct ionization and at the same+In v)o 2 (v>v,,2);14%* oq~(cons§+ln(02/Z))u‘% (Z~v

time relativistic effects are smallf<1.4). The equatior(9) >v,),*8i.e., a calculation on the basis of classical mechan-

give much higher single-ionization cross sections than thécs in theZ and v range considered should give too low

McKenzie—Olson scaling, which approximates the numerical/alues of the single-ionization cross sections.

results obtained by the classical Monte-Carlo trajectories Figure 3 compares our computational results with the

method® This discrepancy arises for the following reasons.experimental datésquaresof Ref. 5 on single ionization of

According to classical mechanics, collisions with quite largehelium by fast MCls with 8&Z=<54 in the collision energy

impact parameters, for which thelassically computeden-  range XE<11.4 MeV/amu, where relativistic effects in the

ergy transferred to the atom is less than the ionization potercross section disappear virtually completely.

tial of the atom, do not make an appreciable contribution to  In Fig. 4 the computational results obtained with E§5.

the ionization cross sectigithe contribution of the region of (solid curve and (10) (dashed curjeare compared to the
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FIG. 3. Single-ionization cross sections fof/c?<1.

FIG. 5. Double-ionization cross sections fof/c?<1.

experimental datécircles from Ref. 5 on the ionization at
fixed collision enegyE=3.6 MeV/amu with the charge of
the MCI varying fromZ=24 up to 54. We note that our
calculation reproduces the experimentally observed deviatioﬁ”;
of the single-ionization cross sections from the relation”i
o) ~Z72, which follows from the Born—Bethe approxima-
tion.

From Egs.(3) and(7) we find for the double-ionization
cross section of helium

ionization probability a reasonable value Brv>v, and

all b, and we arrive at a qualitatively different relation
7272,

The effective charge, evidently must lie in the range
1.69<z,< 2, the uncertainty being relatively small. We shall
treatz, as an adjustable parameter and we shall determine it
by comparing with the experimental data on double ioniza-
tion of helium by fast(but v2/c2—0) MCIs with Z~v

9.3972 >0,.27° This givesz,~2 and
o* N =—r . (11 vo gesz
. . z?
On the basis of the standard perturbation theory one o=235>. (12)

would expect thatr{?*)~ 7%, ~* should appear for the two- v?
step ionization mechanisif:*>However, in the case at hand
the perturbation theory is inapplicable for small impact pa-  In Fig. 2b the cross sections calculated with Etp)
rameters, where the ionization probability “saturates” and is(solid curve are compared to the experimental déticles
very close to 1, while the approach studied in the presenfrom Ref. 15 on double ionization of helium atoms by ura-
paper preserves unitarity and gives for the single-electromium ions U™ (60, 120, and 420 MeV/amu Figure 2c
displays the experimental results of Ref. 15 and the compu-
tational results obtained with Eq&) and (12) for the ratio
of the double-ionization cross section to the single-ionization
cross sectiorgsolid line). The figure also shows the compu-
/ tational resultsdashed cunjeobtained using the empirical

/ scaling proposed in Ref. Gee also Refs. 5 and JL5As one

/ can see from the figure, our computational results are in good

/ agreement with the experimental data, whose accuracy is es-
// timated by the authors to be 25-30%, on the ratio of the
Cross sections.

In Fig. 5 the calculations performed with Eq6l2)
(dashed curveand (14) (solid curve are compared to the
experimental datdcircles from Refs. 2-5 on the double
ionization of helium by fast MCIg8<Z<54, 1 MeV/amu
<E=<11.4 MeV/amy. Figure 6 displays the experimental
data from Ref. Zcircles on the double ionization of helium
/] IS I A AT o I I I A A | at fixed collision energ¥ = 3.6 MeV/amu, where the charge
20 30 40 50 60 of MCI varies fromZ=24 up to 54, as well as the compu-

Z tational results obtained with Eq4.2) (dashed lingand(14)
FIG. 4. Single-ionization cross sections fBr=3.6 MeV/amu and 24z  (solid line). It is evident from this figure that as the ratio
<54. Z/v? increases, the computational results obtained with Eq.

200

+) 78
6(1),10 om?
=
S
RT T T vrTrT T rerTrT
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9.3972
% 012~ (1 aZiv?), (13
2

wherea,>0 is independent oZ anduv.

There is one other possibility for the cross section to
increase as a result of the spatial displacendel¢hen(dur-
ing a displacemeinthe position of the electron wave packets
changeqwithout a large change in their initial sh&pe the
screening of the helium nucleus for each atomic electron can
also change. Electrons moving in a free atom “strive” to
maximize their distance from one another because of their

R

LANLENL AN B N R B B B BN SN B B A BN B B e

-1
&, 70 m?
3

§ mutual repulsion. During the short interaction timigb) the
strong field of the MCI displaces the electron packets from
their initial positions in approximately the same direction.

/] DI T O S N T N T T N N T ST S N S W The effect of this is to decrease the ratio of the average

20 Jo 40 50 interelectron distance to the average distance between the

z electrons and the helium nucleus and, correspondingly, the
FIG. 6. Double-ionization cross section f&==3.6 MeV/amu and 24z  €lectrons increase the screening of the atomic nucleus for
<54, one another. Thus, it can be conjectured that the effective

charge of the atomic core should decrease when the electrons
are displaced. Assuming the effective charg¢o be a func-
tion of this displacmenti.e., a function of the rati®/v?)

(12) fall substantially below the experimentally observedand using for smalZ/v? the simple expansion

values. For example, oG —o?")0%)~0.3 for z=54
(Z/v?=0.38). 2, %=27,%(0)(1+ ayZ/v?),

Let us endeavor to improvement the agreement with the o
experimental data on the double-ionization cross sections ¥fNere a2>91 is independent ofZ and v and z,(0)
follows. In our derivation of the expression for the ionization 25(0)=25(v" ") ~2,(Z=v)=2, we obtain from Eqs(12)
probability for impact parameters in a range where theand (13)
sudden-perturbation approximation was used, we neglected 72
the spatial displacement of the electron during the effective  ¢?")=2.35—(1+aZ/v?), (14)
collision timeT~b(yv) (in the zeroth-order in the sudden- v
perturbation approximation the position of the electron iswherea=a;+ a,.
assumed to be “frozen” during the collisi@nThis displace- We note that terms of ordé/v# can still be taken into
ment, whose magnitude can be estimateddagy(b)T(b)  account in the cross section in the approximation employed,
~ZIv?, can be quite important for double ionization, sincewhere the term of ordeZ*/v®, which is much less than
the range of impact parametéys<vz; >, where the sudden- z3/v# for Z/v2<1, is dropped. Comparing with the experi-
perturbation approximation is applicable, makes an overmental data from Refs. 2—5 gives=0.5. The results ob-
whelming contribution to the double-ionization cross sectiontained with Eq.(14) are presented in Figs. 5 and(solid
(this is not so for single ionization because of the term (1lcurves. For the collision paramete andv in Fig. 2 the
—w,) and the fact that impact parametérsvz[z, where  Egs. (12) and (14) give virtually identical results for the
the sudden-perturbation approximation is inapplicable, makeross sections.
a substantial contribution to the integrigjdbbw (b)). In many work a great deal of attention was devoted

In Ref. 28 it was shown that fds<uv the wave function to the ratio of the cross sectio®=c>"/¢*") . For this
of the atomic electron after a collision can be represented agitio we have from Eqg9) and (14)

1.2 v\t

2z

§,5,15

@15(r — d)exp(iq-r),
where ¢44(r) is the wave function of the initial state and
N 2
0~Zblvb. The authors of the experiment of Ref. 15 pointed out that

In order for the approach employed in the present papef,qir gata orR as a function ob/Z for recations with par-

to be applicable the spatial displacemehtust be small  ihati0n of U (60, 120, 420 MeV/amudo not fall on a
compared with the characteristic atomic size-1 and We . niyersal” curve. In our view, these data from Ref. 15 do

(15

R=0.1§{1+0.52/02)( In

can write not stand alone as compared with other data on the ionization
A1) dp14(T) of helium by fast ions with high chargdspecifically, this
P15(I = 0)=p14(r) — & p ~¢15(r) =46 p follows from Fig. 8b of Ref. 5 of the same authors as those

of Ref. 15. The “universal” curve forR, proposed in Ref. 3
Approximating  the  derivative  &s deqsldp  forrelatively small charges of the incident particles, is not, in

~(—@1s/1o) (Ref. 29 and using the expressiof®) and(6) our opinion, universal for collisions with the participation of

we have ions with large charges. Moreover, it seems to us that in the
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Laser-induced spatial structures in a chemically active gas-phase medium illuminated
by annular diffracting beams

O. A. Gunaze and V. A. Trofimov

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted April 18, 1996; resubmitted November 26, 1996
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The laws governing the propagation of diffracting beams in a two-component gaseous mixture
are investigated on the basis of a computer simulation. It is discovered that several regions

with high concentrations of the reaction product form. It is also found that the beam focus can
move both in the direction of beam propagation and in the counter direction, and the

change in its position can occur abruptly. It is shown that as time goes on, a high concentration
of the reaction product is achieved in the central unilluminated region of the medium near

the entrance cross section on account of diffugian, a diffusional concentration growth occurs
This leads to the formation of a dynamic concentration maximum in this region of the

medium. © 1998 American Institute of Physid$$1063-78428)00103-2

INTRODUCTION by the reaction product under the assumption of local bind-
One of the effective methods for controlling the rate of "9 of the components of the gas mixtuf@ne consequence

chemical reactions utilizes the action of laser radiation (:mc%or:c th|§ IS trlle ebqttjahty bet;"?ﬁn the S|ﬁu3|on.c%eﬁ|0|gg1t3 of
the selective absorption of its energy by one of the compo: € original substance an e reaction profiisctiescribe

nents of a gas mixturk:® Under certain conditions the non- by the system of dimensionless equations

equilibrium and local contribution of the light energy pro- A _

duces a complex spatial distribution of the reaction product 7, *IDA A+ienA+ SNA=0, 0<z<1,

(or of the original substangen the medium, which is a

consequence, in particular, of the multivalugdsually T )

bistableé dependence of the concentration of each substance ¢ E:XALT+QN|A| +rf, >0,

on intensity of the optical radiation entering the medium.

The diversity of the physicochemical processes taking N 2

place when laser radiation acts on a chemically active gas E:DNALNMC’ Ar=ge

mixture partly accounts for the steady interest of various in-

vestigators in this problem. This interest is also due to the f=(1— [{_ E) _ ;{ c)
. o ) =(1—-N)ex kN ex ,

numerous practical applications of the results obtained from T

such research, as well as the possibility of realizing various

nonlinear-optical self-organization processes, which belong en=aT+B(N=No) @

to a rapidly developing area of laser physics known aswith the initial and boundary conditions

nonlinear-optical dynamics.

In the present work, which continues the work in Ref. 8,  Alz=o=Ao(X)Vlo(1),
the effectiveness of the action of a diffracting light pulse Al ~0, T|o=T fl,_o=0
with an annular intensity distribution at the entrance to a cell x=0L,—H Tlt=07 0y =07

containing a gas mixture is analyzed. It should be stressed aT
that, as will be shown below, the diffraction of optical radia- ™ =0, x4 =+ p(T—Ty). 2
tion fundamentally alters the spatial distribution of the con- x=0L, x=0L,

g?r\]/\t/rei[;flm gi]:‘ftr:litirr? acl;f:mpsro'?'lrjl(e:trel?o(r:g mdri)faflrr:c(:ir:):)r:;itcsze In (1) and(2) the complex amplitudé(z,x,t) is normal-
Ky 9 ' S . ized to its maximum entrance valud(z,x,t) is the concen-
taken into account in order to obtain results that faithfully, . . i .
. . . . tration of the reaction product;(z,x,t) is the temperature of
describe the physical experiment in the case when the dif; . . S
. : . the medium normalized to the activation energy of the for-
fraction length of the beam is approximately equal to the . : .
- . : ward reaction expressed in temperature urits measured
longitudinal dimension of the cell. . . ) . _ 5 .
in units of the diffraction length y=2«ag, wherex is the
wave numberg, is the initial radius of the beam, and the
transverse coordinate is measured in units ody; D is a
The distribution of a laser beam along theoordinate  coefficient, which is equal to unity under the normalization
in a chemically active, two-component gas mixture in theselected but has been left(h) for convenience in analyzing

presence of a buffer gas with the absorption of optical energthe influence of diffraction of the beam on the spatial distri-
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bution of the temperature, the concentration, and the interthe large time interva(several tens or hundreds of dimen-

sity of the light beam. The parametég characterizes the sionless unitsduring which the processes under investiga-

amplitude of the absorption coefficient of all the moleculestion develop.

belonging to the reaction product. The timé& measured in

units of the characteristic rgqctlon time. The parameter_ CALCULATION RESULTS

characterizes the rate of variation of the temperature relative

to the rate of variation of the composition of the gas mixture.  Taking into account the results in Ref. 8, we fix several

The coefficientsy and Dy are equal, respectively, to the parameters below:

ratios of the characteristic reaction time to the characteristic

heat-conduction and diffusion times. The parametés the Te=0.375, k=05, Tp=0.125,

ratio of the initial beam power to the power expended to n=2, e=1, L,=2,

change the composition of the mixture from the original gas .

to the reaction product. The parametgrwhich is propor- Dy=x=10" D=0.001, g=5, a=0.1 ®)

tional to (Tc—1), characterizes the thermal effect of the re-\we note that these choices of the valueDgf and y stem

action, T, is the ratio of the activation energies of the reversefrom an analysis of the influence of purely diffraction effects

and forward reactions, andé is the ratio of the pre- on the kinetics of chemical reactions. In practice, all other

exponential factors of the reverse and forward reactions. conditions being equal, these values of the dimensionless
The self-effect of the optical radiation is described by coefficients can be ensured by adjusting both the initial beam

the term withep, in (1), in which « is the ratio between the radius and the duration of the optical illumination. The ratio

entrance poweP, of the beam to the power of the thermal p/a2=1, which corresponds to a manifestation of the influ-

self-effect(a<<0 corresponds to defocusing of the beand  ence of diffraction on the cell length.

B is proportional to the difference between the refractive  \we stress that the effective diffusivity and thermal con-

indices of the reaction product and the original substance. i§uctivity are specified by the ratid3y /a®> and y/a® and are

is positive if the original substance is less dense than thequal to 0.001, sinca is the characteristic dimension of the

reaction product, and is negative in the opposite situatign, spatial inhomogeneities induced by a Gaussian beam. In the

is the boundary of the region along tixeaxis, andlo(t)  case of the propagation of annular beams analyzed in the

describes the shape of the optical radiation pulse. In numerpresent work, the characteristic scale of the inhomogeneities

cal experiments it is chosen in the form induced by them is even smallgéby a factor of four, at

leas}). Therefore, the influence of the diffusion is even stron-

lo(h)=(1-exp(~t/7)% =01 ) ger than in the case of Gaussian beams. In addition, because

and corresponds to the rapid achievement of a stationa/§f the absorption of light energy and the frequently realized

level by the pulse. division of a Ilg_ht beam into subbeams in a medlum.as a
We note that the boundary conditions pertaining to thgesult of diffraction effects, further enhancement of the influ-

concentration of the reaction product correspond to a ceffnce of the diffusion and heat conduction of the medium on
that is closed with respect to mass transfer. On the othd'® temperature and concentration profiles is possible.

hand, heat exchange with the surrounding medium, whose The numerical experl_ments p_erforme_d reveal the fOIIQW-
temperature isT,, takes place through the lateral surface.N9 general laws governing the interaction of a diffracting
The heat-transfer rate is specified by the dimensionless coff®a@m with a chemically active gas mixture in the case of

stantz. weak diffusion of its components. First of all, it should be
In accordance with the purpose of the present work, thestre;se_d that d_iffrgctipn of th.e beam trfansforms its int(_ansity
initial beam profile was selected in the form profile into a distribution having a maximum on the axis as
the beam propagates along thexis (Fig. 1). The nature of
(x—L,/2)? (x—L,/2)2 this transformation is governed by the interference of two
Ao(X)= Texp( - T) (4)  subbeams. As we know, a similar picture appears when op-

tical radiation is diffracted by two slits. In our case the tran-
Two comments should be made regarding &g First,  sition into the region of the geometric shadow of the beam
the dimensionless paramet&rhas been introduced int@) occurs smoothly; therefore, the intensity does not vanish be-
for convenience in representing the results obtained in théween the subbeams, as it does in the intensity distribution
numerical experiments. It can be eliminated by making theafter the passage of optical radiation through two slits.
replacementsD—D/a?, y— x/a?, Dy—Dy/a? and L, Several stages can be clearly identified in the dynamics
—L,/a? which corresponds to the normalization chosen.of the interaction of laser radiation with a chemical mixture.
Second, the term “annular beam,” which was introduced inAs in the case of illumination by wide-aperture beams, the
the title of this paper, refers below to optical radiation whoseprocess includes an initial slow stage, in which the concen-
initial intensity distribution has a dip on the axis. As we tration of the reaction product increases, a rapid increase in
know, approximatior(4) is valid if the beam radii along the its concentration during a certain time interval, and then a
transverse coordinates differ significantly. The need to anaslow decrease. The intensity of the beam varies in a similar
lyze the distributiong4) is also dictated by the fact that it is manner. However, an increase in concentration corresponds
difficult to simulate nonstationary nonlinear processes deto a decrease in the intensity of the optical radiation. Also,
scribed by systerl) in a space of three variables because ofthe rate of variation of the concentration is determined by the
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FIG. 1. Intensity distribution in the=0.5 cross section at the times 25 (solid curve and 30(dashed curve §o=4, y=0; a=—5, 8=0 (a); a=B=0 (b);
=0, B=—10(c); =0, B=10 (d).

coordinates of the point considered in the cell. It is signifi-the parameters considerdd=0,—-5; B8=0,=10; y=0,
cant that the spatial redistribution of the concentration of the-2; §,=4,8); but each specific case has its own differences,
reaction product is a result of two factors: diffusion andwhich will be discussed below.
transformation of the beam profile due to diffraction. Propagation of light beams under weak-interaction con-

The diffraction of optical radiation leads to inhomoge- ditions. This type of interaction 4= 8=0) is realized if the
neous variation of the concentration of the reaction productell length is much shorter than the characteristic nonlinear
along the longitudinal coordinate on the beam axis. For exthermal defocusing and refraction lengths due to alteration of
ample, for wide-aperture beams there would be a monotonithe composition of the mixture. Let us, first of all, consider
decrease iN with increasing distance from the entrance sidethe case in which the influence of the thermal effect is insig-
of the cell as a result of the diffusion of the mixture compo-nificant (y=0). The structure of three subbeams with a
nents in thex=L,/2 plane(the center of the beamin the  bright central maximum formed in the initial moment of
case investigated here, i.e., the stimulation of chemical reagropagation(a linear precursomersists over the entire inter-
tions by narrow-aperture beams, the situation is fundamenval considered t=150) (Fig. 1b. However, with the pas-
tally different on account of the transformation of the inten-sage of time, the intensities at the maxima even off to the
sity profile (Fig. 1). The maximum value of the concentration same value. The concentration profile of the reaction product
on the beam axis is achieved at first in thgcross section, also has a spatial distribution with three maxima; however,
which is specified by the diffraction of the beam in the trans-as the time increases, the valueshoin the central part of
parent mediuniin the initial stage there is little absorption the region achieve significantly higher values than do the
Then, z,, decreases with time and tends toward the entranckateral maxima. To illustrate this, Fig. 2a presents the evolu-
cross section of the cell. This occurs for two reasons: transtion of the concentratiolN (solid curvel) and the intensity
formation of the beam profile into a Gaussian distributionof the beam(dashed curvd) in the z=0.5 cross section on
over a shorter path at the beginning of the interactioe= the beam axisX=L,/2), as well as the positions of their
cause of the decrease in its dimensions, for example, asraaxima on the beam axisurves?2 in Fig. 2b alongz. We
result of absorption and diffusion of the gas components note that the time interval in which the interaction acquires
later on, when sulfficiently high values Nfare achievedthe  the features of a process that is stationary with respect to the
rate of thermal diffusion plays an appreciable role here value of the peak intensity and the maximum concentration
With the passage of time, the concentration of the reactionf the reaction product is confined to about 50 units.
product increases near the entrance cross section, and its When the influence of the thermal effect of the reaction
value becomes equal to the maximum concentration value &mn the evolution of the interaction process is appreciéiie
the point where the peak intensity is achieved. This is a nevexample, wheny= —2), the main features of the preceding
(fourth) stage in the in the interaction of annular beams withcase persist. However, the rate of variation of the tempera-
a chemically active gas mixture. This regime was not previture and the concentration of the reaction product decreases,
ously obtained for wide-aperture beams in Ref. 5, becausand the value of the concentration at the end of the cell
the interaction of the laser beam with the chemically activedecreases.
medium was analyzed both over a shorter time interval and In analyzing the transformation of the complex spatial
for higher diffusivity and thermal conductivity values. distribution of the concentratioN alongz (Fig. 3 it is im-

The laws described are valid for all the relations betweerportant to stress an interesting detail. Initiallid, has a
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FIG. 2. a—Evolution of the light intensity
(dashed curves, left-hand vertical gxand the
concentration of the reaction producsolid
curves, right-hand vertical ayison the beam
axis: 6p=4, y=0; 1—a=B=0; 2—a=-5,
B=0; 3—a=0, B=-10; 4—a=0, B=10;
b—temporal variation of the longitudinal coor-
dinate of the intensity maximuifdashed curves,

08 right-hand vertical axjsand of the concentra-
tion of the reaction producdfsolid curves, left-
015 hand vertical axesand their values on the beam
axis for the interaction parameters correspond-
ing to Fig. 1a(the arrow indicates the direction
06 of variation.
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smaller value on the beam axis near0 than at neighboring Therefore, several stages of development can be identi-

points alongz. Then, with the passage of time, its value fied in the formation of the spatial structure presented in Fig.
increases more rapidly than in the region located near th8. At first, the reaction proceeds efficiently within the beam.
principal maximum alongz, and the concentration profile As a result of diffusion and heat conduction, the concentra-
transforms into a distribution with two local maxima alang
which were observed in all the cases analyzed. Then the
concentration of the reaction product on the beam axis nea I
the entrance cross section increases slowly, achieving a valu
practically equal to its value at the original maximum along
z. Such a distribution is subsequently observed for a long
time. s
The formation and realization of a distribution of the g4
concentration of the reaction product with several local <
maxima depends on the ratio between the characteristic dif2
fusion times of the reaction product, the thermal conductiv-
ity, and the rates of the forward and reverse reactions. It is
significant that the reaction rates are exponentially dependen
on the temperature. As a result, the difference between the
pre-exponential factors of the reactions is manifested at & I L ! L L T — L
fairly high temperature, at which the exponential factor be- o 02 o4 o6 0. 0=
comes of the order of unity. FIG. 3.

0z
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tion wave of the reaction product propagates into a regiorof the interaction at<25) intensity maximum of the beam
not occupied by the optical radiation, particularly near theacquires an annular structure due to thermal defocusing, for
center of the beam. This initially leads to increases in theexample, in the=0.25 cross sectio(Fig 1. Consequently,
concentration and temperature near the beam region. Asthae intensity profile of the optical radiation has only two
result of further diffusion, the concentration of the reactionmaxima at the exit from the cellthe central diffraction
product continues to increase at the center of the cell neanaximum is abset
z=0. However, the temperature here remains low for the This process is illustrated by Fig. @urve 2). A com-
following reason. Near the region illuminated by the opticalparison of the evolution of the intensity of the beam on its
radiation the temperature of the medium initially increasesaxis (x=L,/2) in thez=0.5 cross section for the cases of
with resultant activation of the reverse reaction and the aba=0 and —5 shows that the light intensity decreases with
sorption of heat for the forward reactideince y<<0). This  increasing time because of the increase in the strength of the
results in termination of the propagation of the temperaturelefocusing lens. The main drop in intensity occurs specifi-
wave along the transverse coordinate, practically completeally in the time interval with an increase in the reaction rate.
cessation of the reverse reaction on the beam axis, and tAene redistribution of the intensity of the optical radiation in
appearance of an additional region with a high concentratiothe transverse cross section also leads to lowering of the
at the entrance cross section. concentration of the reaction product on the beam &ig.
This distribution is observed for a long time and is main-2, curve?2).
tained by diffusion of the reaction product from the region Thermal defocusing leads to twofold lowering of the
illuminated by the optical radiation. This diffusion is also the concentration of the reaction product near the exit cross sec-
reason for the formation of a homogeneous distribution otion of the cell. The coordinate at which the longitudinal
the concentration of the reaction product alangear the maximum in thex=L,/2 plane is achieved shifts toward the
entrance end of the cell. In summation, we can refer to thentrance cross section of the céHig. 2b, solid curve2).
process taking place as the diffusion-controlled stimulatiorThis attests to focusing of the optical radiation over a shorter
of a reversible chemical reaction by laser radiation. path than in the case of a weak self-effect. We note that the
If the lateral surface of the cell is at a distance of themain mechanism maintaining a sufficiently high concentra-
order of the distance from the maximum of the annular beantion of the reaction product on the axis in this case is diffu-
to its center, similar processes will take place in that direcsion. A fairly high concentration of the reaction product is
tion. Therefore, generally speaking, the application of annumaintained in the portion of the cell at-0.4 in the interval
lar beams to a chemically active gas mixture opens up théhat we considered specifically because of the low rates of
possibility of forming a practically homogeneous distribution heat removal and diffusion.
of the concentration of the reaction product along the trans- To conclude this section, we turn to an analysis of the
verse coordinate within a part of the region of the regionevolution of the intensity of the beam on its axiat
along the propagation axis, which is determined by the initiak=L,/2) alongz. In Fig. 2b dashed curv2 shows the tem-
beam power. poral variation of the longitudinal coordinate of the maxi-
Summarizing this section, we can conclude that the ki-mum intensity. A segment corresponding to rapid displace-
netics of the stimulation of reversible chemical reactions byment of the position of the maximum along thexis can be
diffracting laser radiation are fundamentally altered in thesingled out here. The strength of the thermal lens increases in
case of comparable contributions to the variation of the temthis time interval. As a result, there is an abrupt shift of the
perature from the thermal effect of the reaction and the heatntensity maximum in the center of the region, and even its
ing due to the optical radiation from the situation in the caseheight increases hef&ig. 2).
of wide-aperture beams. b) Defocusing of the beam due to variation of the com-
Influence of the self-effect of the light beam on the reacposition of the mixturda= y=0, 8= —10). Defocusing of
tion kinetics.If the length of the cell is comparable to the the beam due to variation of the composition of the mixture
characteristic self-effect length, the nonlinear refraction ofgenerally leads to results that are similar to the case of the
the beam must be taken into account. We note that the thethermal self-effec{Fig. 10, but its influence is weaker. This
mal self-effect is manifested in the form of defocusing of theis confirmed by solid curv8 in Fig. 2b and by solid curv8
optical radiation and that the refraction due to the variatiorand dashed curv8 in Fig. 2a. However, there are also sig-
of the properties of the mixture can have the sign of either aificant differences in the evolution of the beam intensity
focusing lens or a defocusing lens, depending on the opticgirofile in comparison with thermal defocusing. For example,
properties of the medium. As will be shown below, the self-the time interval during which a dip in the intensity distribu-
effect of the optical radiation can fundamentally alter bothtion forms on the beam axis in the=0.5 cross section is
the dynamics of the interaction between the medium and th&llowed by the formation of a central maximum in this cross
beam and the resultant spatial distribution of the concentrasection. As a result, a structure consisting of four subbeams
tion of the reaction product. of approximately equal intensity forms at the exit from the
a) Thermal defocusinge= —5, B=y=0). Let us first medium(instead of the three appearing fe= =0 and the
consider the effect of thermal defocusing. It is manifested, intwo appearing in the preceding case
particular, in the transformation of the spatial distribution of ~ The longitudinal coordinate of the intensity maximum in
the beam: beginning at a certain moment in time the centrahex=L,/2 cross section also varies with the passage of time
(diffraction, i.e., formed in the initial, practically linear stage according to a new scenarifig. 2b, dashed curvd). For
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FIG. 4. Level lines of the concentration of the reaction proddgt 8, «=0; 8=10(a), —10(b); y=0; N: 1—0.1,2—0.2,3—0.3,4—0.4,5—0.5,6—0.6.

example, while at first it shifts toward the entrance end of the  In conclusion, let us discuss one more phenomenon,
cell, it subsequently moves in the opposite direction. Thewhich is observed for either sign of the self-eff¢and in its
value of the intensity at this point decreases monotonicalabsencg the existence of small-domain structures. Since
(in contrast to the case of thermal defocuging their appearance is caused by diffraction of a beam on two
c) Self-focusing of the beam caused by variation of theslits, we shall call them multidomain diffraction structures.

composition of the mixturex=y=0, 8=10). Self-focusing  To illustrate this, we present Fig. 4, which shows level lines
of the light beam leads to an increase in the value of thef the concentration of the reaction product at the time
intensity on the beam axigor example, in thee=0.5 cross =50 for §,=8, =10 (a) and — 10 (b), anda= y=0. The
section; Figs. 1la and 2a, dashed cuéyand to a more rapid figure clearly reveals for the formation of three transverse
increase in the concentration of the reaction product in thaand two longitudinal high-concentration regions. We stress
region(Fig. 2a, solid curvel) in comparison to the case of a once again that such structures form regardless of the sign of
weak self-effect. The maximum concentration of the reactiorthe self-effect and are therefore of a diffractional nature.
product(Fig. 2b, solid curved) is achieved farther from the
entrance cross section of the cell and, in contrast to the presONCLUSIONS
ceding cases, shifts with time along the propagation direction
of the optical radlatlon. In the stead_y -state regime a_hlg e diffraction and nonlinear refraction of optical radiation
value of the concentration of the reaction product is achieve ; . : . . .

on the stimulation of reversible chemical reactions in gas

within the beam over a more extensive portion of the PIOPa:ixtures. It has been shown that diffraction of the beam can
gation path. I . . . . . fundamentally alter the spatiotemporal evolution of a region
The longitudinal coordinate of the intensity maximum in

) ) ) with a high concentration of the reaction product and, in
thex=L,/2 cross section also evolves in a complicated man-__ . . .
ner. At first its value increases with timehe focus move particular, can lead to the formation of several domains of

along thez axis. Then there is a moment in time when the high absorption and a diffusional regime for stimulating re-

] . . . . . versible chemical reactions by laser radiation in a region not
maximum intensity value is achieved over a certain range, . ; o

. . . . lluminated by it. We note that similar processes take place
alongz, after which there is a rapid decrease in the value o

. . . : in other optically bistable systems based on increasing ab-
the coordinate of the intensity maximum. It subsequently re- , . .

. . k sorption, for example, in systems based on semiconductors.
mains practically constant. Such temporal evolution of theIn our opinion, this research can be assigned to a new area
coordinate is due to the self-focusing of the beam, which :

. . L : : within the study of optically bistable systems: the diffraction
increases in the initial stage of the interaction due to the_ . . . .
: . . optics of cavityless, optically bistable systems. The results of
increase in the concentration and then decreases because

. . . he present work show that the refraction of light beams fun-
the absorption of the radiated power by the reaction prOduciﬂamentally alters the propagation of optical radiation and the

The phenomenon which we discussed above can behaping of the regions of high absorption in comparison to

called a jumping focus, where the beam focus is displacean . . .
; . e case of the action of wide-aperture beams on a medium.
over a distance of the order of Odfkduring a very short

time interval. In contrast to the familiar mechanism of a  This work was performed with support from the Russian
moving focus, as the entrance intensity of a pulse with gund for Fundamental Resear@Brant No. 95-02-0448)a
Gaussian spatial profile is increased in the present case, the
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Combined modes of a two-layer fluid and a solid block in an infinite waveguide
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It is shown that a waveguide in the form of a channel of infinite length filled by a two-layer
heavy fluid with a free surface can have nonpropagating wévagped vibrational modé¢slong

with traveling waves. These waves are localized in the region of a dynamic inclusion, i.e., a
solid block(massive digon the bottom of the channel. The appearance of such waves is due to the
presence of a real discrete frequency spectrum of eigenmodes, which is located on the axis

of the continuous spectrum corresponding to the divergent waves in the fluid. A relation between
the geometric parameters of the channel and the characteristics of the fluid and the solid

block for which such a spectrum exists is found for cases with fluids of similar density in the
waveguide. ©1998 American Institute of Physids$$1063-784£98)00203-7

INTRODUCTION directed vertically upward. The upper fluid layer<h,) has

The resonant properties of elastic systems of finite di free surface, and the lower layer<—h,) is bounded

mensions are well known. They include, first of all, the dis-by a stationary horizontal plane. On the bottom of the chan-

crete and positive character of the frequency spectrum o?gle;hirrﬁ;ﬁ 3;1?;; cgggﬁ:ﬁosgda\évég%i?’ Etlz)hlt;he uhna(\jr?r;)nic
eigenmodes. In the case of bodies having at least one boung- 9

ary of infinite extent, regions of a continuous spectrum,a}\évcgvr:evr:? Z)r(r?(ﬁtlljlgzwwnhT;Zezfrggil;en;izeznfihrt(?ue ﬁ I?\e
whose boundaries are called cutoff frequencies in acoustic® P 0 P 9

appear. The existence of a mixed spectrum of eigenfrequer@'d(g?a?;t::;f;?cvbaves which oropagate simultaneous
cies was discovered in problems in the mechanics of a de- ' propag y

formable ol by Vorovich and Babeshko. The resonanf, t09 218 (52 2TRRE L S0 0 (RSS2 OEl, 08
modes of a solid block on an elastic strip were considered i '

Refs. 1 and 2. The modes of a block in a channel filled by erCk' The motion of the fluid is assumed to be potential

heavy compressible fluid were considered in Ref. 3. The ex[notion with a velocity potentiab; and is described by the

. 2 — .
istence of nonpropagating modéhke existence of a discrete Laplace equatior“p;=0 (here and below the variables

spectrumin a channel containing a heavy compressible ﬂuidcorrespondlng to the upper layer have the lapell, and

with a free surface and a solid block on the bottom as al%hose for the other layer have the laljel2). The motion of

inclusion was established in Ref. 4. It was shown that thethe fluid satisfies the boundary conditions

existence of both acoustic modes, which are specified by the g, 1 5%¢;

compressibility of the fluid, and gravitational waves, which -+ 9 iz =0 z=hy, (1)
are caused by the presence of a free surface on the fluid, is
possible in the system. dpy  des

The present work demonstrates the existence of standing 57 ~ 5z '@ )
waves in a waveguide filled by a two-layer fluid with a free
surface. An analytical solution indicating localization of the AP 0, [x|>a
wave process in the region of a block, which is located on 5, — , Z=—hy, ©)

' 9z owlat, |x|=a,

the bottom of the channel and undergoes small oscillations, . _ _ _ .
is obtained for the case of fluids of similar densities. Such avhereg is the acceleration of gravity and is the coordinate

case is of great practical importance in questions concerningf the surface of the block.
oceanology and hydraulic engineering. Condition (1) is the usual condition on a free surface.

Condition (2) expresses the condition of equality between
MODES OF A HEAVY TWO-LAYER FLUID IN A PLANAR the velocities of the two fluids at fche interface. Condlt((?b)
CHANNEL WITH AN INCLUSION expresses the condition of equality between the velocities of

the fluid particles and the block at the contact surface, as well

A planar channel of infinite length and heidtitis filled 35 the condition of impenetrability of the solid boundaries of
by an incompressible nonviscous fluid consisting of two lay-the channel.

ers. The density and thickness of the upper layer of the fluid  The pressures acting in the fluids are

arep, andh,;, and those of the lower layer agg andh,

(p2>p1). Thex,y plane is chosen in the plane of the inter- (2)=— Ie1 , ()=— Iz ,
face between the two fluids in equilibrium, and thexis is P1 P17z ~P19% P2 P29z
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On the interface between the fluids, i.ex(x,t), the
pressure should be continuous, i(7)=p,(7). Accord-
ing to Ref. 5, this condition together witt2) leads to the
relation

ey 7,

9¢1 _ _
oz PrgZ Py

(4)

g(p2—p1) z=0.

To formulate the boundary conditionat> =, we uti-
lize the familiar radiation conditiof.
The motion of the block is described by the equation

d?w a
M _Z:_f P2(x,—hy,t)dx. )
dt —a

The pressure on the bottom of the chanmel(x,
—h,,t) is specified by the relation
01

w,

) x|>a,

p2|z:7h2:_p27 (6)

~put|
2=, 2 Ix|<a.
All the variables characterizing the flow of the fluid are

assumed to be proportional to the multiplier expgt), as is
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sin ka
k2

2| wWo
~ A(k, w)coshkh,

<APz( z,k)=

X { w?(gk tanhkh; — w?)

X sinhkz—

0222 (gk— ? tanhkh,)
P2

Ap
—gkp—(gk tanhkh; — w?) |coshkzt,
2

where we have introduced the notatidp=p,—p4,

Atk w)=— 0% 1+ % tanhkh, tanh kh2)
2
+ w?gk(tanhkh, +tanhkh,)

A
—gzkzp—p tanhkh, tanhkh,. (11)
2

done in the investigation of steady oscillations, only the real

part having physical meaning.
Performing Fourier transformation with respect to the

coordinatex in the system of equations and boundary condi-

tions (1)—(4) and separating out the temporal multiplier
exp(—iwt), we obtain

] ™
%—%prfo, z=hy,

9(p2—p1) %: —0*(p1¢1—p2¢2), 2=0, ©
%=—2iwwosmkka, z=—h,, (10

whereo(z,k) =" .o exp(-ikx)dx
The solution of Eqs(7) has the form

@1(z,k)=A, sinhkz+B; coshkz,

©2(z,k)=A, sinhkz+B, coshkz,

where the constantd;, B;, A,, and B, are determined
from boundary condition$8)—(10).
Then the solution is ultimately written in the form

2i oW sinka
 coshkh,A(k,w) K2

X[ w?(gk tanhkh; — ®?)sinh kz— w?

¢1(zk) =

X (gk— w? tanhkh,)coshkz],

Studying combined modes of the fluid and the block
requires an expression for the pressure on the bottom of the
channel like(6), which contains the quantityp,(x,—h,).
Therefore, we present the final form of the streaming poten-
tial only for the lower layer of the fluid. Performing the
inverse Fourier transformation @f,(z,k) for z= —h, using
the properties of the convolution, we obtain

eax—h)=—iowo [ Gllx-dwide, 12

where G(|x— ¢|,w) is the Green’s function of the original
problem.
The Green’s functiois (X, w) is represented in the form

1 w 1 Al(k,(l))
27 ) _w k Ak, o)

G(X,w)= explikx)dk. (13

Here the denominator in the integrand is defined by(E#,
and the numerator has the form

Ak ©) = 0 % tanhkh, + tanhkh,
2
— w?gk(1+tanhkh, tanhkh,)

A
+92%2=" tanhkh, .
P2

The dispersion relatioA (k,w) =0 has real roots of the form
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s gk(tanhkh, +tanhkh,) N \/1 4Ap [1+ (p1/py)tanhkh, tanhkh,]tanhkh; tanhkh, 14
@127 2[1+ (py/py)tanhkh, tanhkhy] | =~ rn (tanhkh; +tanhkh,)? ' (14
|
It can be shown that the expression under the radical ) a
sign is never less than zero. Therefore, the relafi¢k, w) P2(X,—hy) =pow Wof_aG|X—§|,w)d§
=0 contains two branches of the dispersion curves. One
branch,w"{(k), specifies the surface wave in the layer, and 0, [x|>a,
the other branchqug(k)., specifies the wave on the interface —p29 wo, |x|<a. (16)
between the two media. _ _ _ _ _
Let us find the explicit form of the Green’s function. The ~ In calculating the integral ir16) it should be borne in

integration in(13) is performed on the complex plane using Mind that the Green'’s function at«<x<c is also given
the residue theorem. The integrand(ik8), wherek is now DY (15), except that the variabbe must be replaced bj| in
complex, has the poles k" and +k{? on the real axis and the exponents.

the polesiikgl) and tikff) (n=1,2,..) on theimaginary

axis, which are specified by E(L4). The superscripts 1 and NONPROPAGATING MODES OF A TWO-LAYER FLUID IN A

2 in the notation for the poles correspond to waves of thecHANNEL WITH AN INCLUSION

surface layer and waves on the interface between the two The combined modes of the two-layer fluid and the solid

media. . . ) ) block will be studied for the case in which the densities of

The integral in(13) should be calculated with consider- the fluids are approximately equal, i.¢;~p,. In an ap-
ation of the radiation condition, which was mentioned in theproximation the dispersion relaticit1) has the form
formulation of the problem and states that only outgoing
waves exist ak— . This can be realized using the prin- ®@*(1+tanhkh, tanhkh,) + w?gk(tanhkh; +tanhkh,)
ciple of limiting absorption by formally adding the term

edg,/dt, which characterizes damped waves, whelis a —92k2£ tanhkh, tanhkh,=0.
small parameter, to the right-hand side of Ef). Then, in 2

(8)—(10) the frequencyw will be a complex quantity with an It has the roots

imaginary part that is proportional te. This leads to dis-

placement of the polegS") andk{?) from the real axis by an w? zzgk tanhl;(hl+h2)

amount proportional te. In this case the integration (13

is performed over a contour that does not enclose singulari- A cothk(h, + hy)
ties on the real axis, and this eliminates the indeterminacy of X|1+ \/1—4—p 12 )

the result. After calculating the integral {@3) and lettinge p2 cothkh, +cothkh,

tend to zero, we have a solution that does not contain waves Expanding the square root into a Taylor series, we obtain
arriving from infinity.

Because of the symmetry of the flow pattern relative to
x=0, we perform the integration iL3) for x>0. Then the Ap
integration contour will not contain the polesk{?, —k{?, w3=——gk(cothkh; +cothkh,) ~*, 17)
ik(V, and —ik{? within it, and after the parameteris al- P2
lowed to tend to zero, the Green’s function is represented itvhere w3(k(") is a surface wave in a layer of thickness

w?=gk tanhk(h;+h,),

the form h,+h,, and w3(k{?) is an internal wave on the interface
between the fluids with consideration of the boundaries at
G(x,w)=iA(K{Y)exp(ik§x) +iA (k) exp(ik 2)x) z=h; andz=—h,.
- We write the Green’s function at o <x<cc in the form
+in§1 AkMyexp —k!Px) G(x,0)=iA1 (kKM expikV|x|)
w +iA, (k) expik X))
+in§l Ak )exp —kPx), (15)

+ 2 Bi(ki)exp(—kix))
whereA(k) is defined by the expression =t

d

-1 (2) _1L(2)
A(k)=Al(k,w)[dk[kA,(k,w)]} . + 2, BalkP)exp— kX)),

_ o ~ wherek{! andk{?) are defined by17), andk(" andk{® are

exp(—iwt) was separated out, the pressure on the bottom of 5 D @
the channel has the form w1=—gk;” tarfk; (hy+hy)],
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Wyr=

The coefficients A;(k{Y), A(k{?), By(k("), and
Bz(kﬁf)) are not presented because of their cumbersome na-
ture. Performing the integration of the Green’s function in

A
- p—:)g K2)(cotk?h, + cotkPh,) L. (18)
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Ap tanhkP’hy)tanik{Z'h,)
p2 tanikPh,) +tanikPh.,)
1+tanhk{Phy)tanhkPhy) kY|
X - =
tanh(k{"'h,) +tanhk{’h,) kP m

(21)

(16), we obtain the expression for the pressure on the bottom  Eqr the limiting cases of deep and shallow water, from
of the channel alx|<a

pa(X, —

h2) =2p,0*Wo

Agkgh)
e [exp(ik{Ya)cogk{Px) —1]

As(k
%[exp(i k{?a)cog kiZ'x)—1]
0

By (ki) . .
+> W[1—exp(—|<<n 'a)coshk(Vx)]
- n

B,(k{?)
k(—zr;[l— exp( — kﬁf)a)
n

X cost kif)X)]] —p29Wo, (19

and at|x|>a we obtain

p2o(X, — h2)=2p2w2W0{l

The presence of the imaginary multipliers in the expres-

(1))
exp(ik{Px)sin(k{Va)
O

A,k

+i Zkg—z?exp(ikg”x)sin( k?a)
“ B (k(l))

+3 — - ex — ki sin(kia)
- n

- BZ(kEZ)) 2 . 2
+ > Wexp{—kﬁ1 'x)sinh(k{?a) |.
n= h

(20

(21) we find in an approximation
for hy,h,>a(deep wated/m=Ap/(2p,),

for h;~h,<a(shallow wateyl/m=[Ap/(4p,)]*2

We note that the numbelsandm characterize the num-
ber of crests on the standing surface and internal waves ap-
pearing over a block of lengtha? i.e., in the absence of
waves which transport energy to infinity the energy of the
oscillating block and the fluid is localized within the length
of the block. In addition, the number of standing surface
waves must be smaller than the number of internal waves in
the ratio specified by22).

We define the force exerted by the fluid on the oscillat-
ing block using the expressions for the presqli®:

a
- fﬁap2<x,—h2>dx

Ake) ] sin(k;"'a)
= —4p2wzwo[w expliki"a) — A
0 0
A,(k?) sin(k{?a
2((—2(; F(Ik(z) )n(—)_a
Ko ks
“ By(k'M) sinh(kYa)
-z (Dgqy — 1 77
+n§1 |2 exp( —k(Ma) K
o Ba(ki?) @ sin k!?a)
+n§=:l —kg 7| a—exp(—ky )—kff)
+2ap,gwg.

To determine the steady oscillations of the fluid and the

sion for the pressure ak|>a physically signifies that the block, we substitute the force four@ into Eq. (5), which
energy of the oscillating block is transported by surface andiefines the motion of the block. We also take into account
internal waves to infinity.

The existence of a discrete spectrum of modes in theliminate the transport of energy to infinity, must be satisfied
infinite waveguide under consideration can be ensured onlfor the steady oscillations. We then obtain the equation of
in the absence of waves which transport energy to infinitymotion of the block in the form

that the equalities sikPa)=0 and sinkPa)=0, which

Then, the terms specifying the transport of energy in the
solution obtained must be set equal to zero. The correspond-
ing terms in the expressiq@0) for the pressure dk|>a are

the ones which contain exif’x) and expik?x). To elimi-

nate them we require fulfillment of the equalities k}ﬁ(a)

=0 and sinkPa)=0. This is ensured under the conditions
k(M= (m/a)l and k{P=(m/a)m (I,m=1,2,..). Let us as-
certain when the fulfillment of these conditions is possible.
The existence of combined modes in the fluid requires equal-
ity between the frequencies of the surface and internal waves
defined by(17). Equating expressiond7), we have

AKE) ALK

=4p,0°W, kgl) a-+ ng> a

o

n=

(k)
-3 (;m)z[ ak(!

—exp—kPa)sinhk(Ma)]

o

(K2))
-3 (i@)z[ ak?
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aH aH
—exp—k'Pa)sinhk{?a)] | +2ap,gw,. tp Tt e (25)

It is seen in this equation that the first and last terms in
It is seen that Eq(23) describes the steady oscillations trgze) brackets in Eq(25) cancel each other out, and, since
of the fluid and the block only when the right-hand side isko <1 (the shallow-water approximatipnthat the right-

negative. Otherwise, the equation does not have any physicAnd side of the equation is negative. Therefore, it can be
meaning. concluded that Eq(25) describes the steady oscillations in

Let us estimate the orders of magnitude of the termdhe two-layer fluid with the formation of standing waves over
appearing on the right-hand side of E83). We perform the the block. We note that if thg fluid were a one—layer system,
calculation for the case of shallow water, settihg=h, the second and fourth terms in the brackets in(28) would

—h<a andH=2h. In addition. we assume that there is one N0t be present, and the right-hand side would be positive. It
standing wave on the surface of the fluid, iles,1. Then, in  MUst then be acknowledged that the formation of standing

an approximation we have waves in a one-layer fluid is impossible. The interface be-

tween the two fluids is an accumulating layer, which trans-

Ay(kD)~ — 1 fo_rms and redi_stributes the_ energy of the oscillating system
0 2kPH with the formation of standing waves.

We note that to simplify the calculations the estimates of
the sums in Eqs(23) were approximate. The exact determi-
nation and calculation o4, (kM) andA,(k{?) require more
detailed calculations. This also applies to the case in which

Do — ——
Ai(ky”)~ ZkBl)H ,

It can be shown that the roots of expressiob®) lie in
the ranges— m/2+ 7wn<k(MH<mn and — #w/2+ mn<k®h
<mn (n=1,2,..). WhenAp/p, is small, we set

B.(k\M)=—[0.5 sif2k"H) +kVH] L, there is more than one standing wave on the surface of the
fluid, since it cannot be assumed categorically(2d) that
Ba(ki?) = —[0.5 sir(2ki?’'H) +kiZ'H] . k{?YH<1. The present approximate calculation demonstrates
Then Eq.(23) can be written in the form the possibility, in principle, of forming nonpropagating local-
ized waves, which would lead to undamped oscillations of a
5 ) aH aH block in a system, such as an infinite waveguide filled by a
~MoWo=2pyw°Wo) — (KTH)Z ~ (K2H)? two-layer fluid. When there is an external source of oscilla-
tions at the eigenfrequencies found, resonant oscillations can
- 2kVa—1+exp —2kMa) arise.

" 21 (kt)2[0.5 si 2k MH) + kVH] . | |
n= n . n n This work was performed with support from the Russian
- 2kPa— 1+ exp( — 2kPa) Fund for Fundamental Resear@@rant No. 96-01-01153a

n n

+2

=1 (KP)2[0.5 sin2kPH) + kPH]

V. A. Babeshko, I. I. Vorovich, and I. F. Obraztsov, Izv. Akad. Nauk
a SSSR Mekh. Tverd. Tela, No. 3, 74990.
+ w79 : (24) 2y. A. Babeshko, B. V. Glushkov, and N. F. Vinchenkbynamics of
Inhomogeneous Linearly Elastic Med[an Russian, Nauka, Moscow

. . . (1989.
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The content of such typical ecologically hazardous chemical elements as Pb, Ni, Cu, Sr, and Zn
in soil and plant ash from the vicinity of an industrial center is measured. Since the main

sources of these elements are smoke aerosols of industrial origin, the dependence of the
concentrations of these elements on the distance from highly profuse, continually operating
sources of emission is measured to a distance b® km. It is shown that the laws governing

the variation of the concentration of different chemical elements in soil with the distance

from the source of emission into the atmosphere are determined by the conditions of their gravity
settling with consideration of the electrical interaction of the aerosol with the ground

electric field and that the laws in plant ash are determined by the accumulation of highly dispersed,
charged aerosol on the surface of plant leaves polarized in the ground electric field.

© 1998 American Institute of PhysidsS1063-784£98)00303-1

Smoke aerosols of industrial origin containing heavytrations of all the chemical elements cited in the soil samples
metals and their toxic chemical compounds are one of thécurves2) has a qualitatively similar form: as the distance
main sources of soil, water, and air pollution in both urban-from the source of emission of the smoke aerosol into the
ized regions and mountainous and marine areas that are veaymosphere increases, the soil concentrations of all the ele-
far from industrial center:® For this reason it would be of ments analyzed increase, reach a maximum at a distance of
interest to investigate the physical laws governing the setdbout 1-2 km from the beginning of the route, and then
tling of aerosols of industrial origin on the ground and theirfapidly decrease to an approximately constant level. How-
accumulation in the near-surface layer. ever, the disparity between the positions of the concentration

1. The concentrations of various chemical elements inhaxima of different elements on the plots presented is strik-
soil and plants were measured in systematic ecological in"d- This finding is, generally speaking, unexpected, since it
vestigations to a distance 6f10 km from an industrial cen- [ndirectly indicates, through the laws governing the settiing
ter along the prevalent wind direction. The microelement°f @n aerosol on the ground, differences in the physicochemi-

composition of the soil and plant ash was measured using $2! Properties of smoke of the same origin. Several physical

DFS-13 spectrograph by stationary emission spectrograph@eCh%n,'S”I;S fcaiabledof producing such an effect were dis-
analysis with vaporization from the channel in a carbon electUSSEA IN RETS. & and 5 ,
For convenience in comparing the plots of the depen-

trode. d f th t tent of different chemical el
During the investigations it became clear that the deci- ence of e percentage content ot difierent chemical eie-

. S . e .__ments in the soil on the distance with one another, the mea-

sive contribution to the soil pollution is made by 28 chemical . .

. . . surement results can be approximatagsing the least-
elements, of which lead, zinc, arsenic, copper, and mercurgqualres methacby the analytical expression
are characterized by the highest values. Their content in the y y
soil exceeded the mean values characteristic of the region ,_ exp(— BX) 1)
considered by tens of fold. Furthermore, of the 37 elements '
determined in plants, 17 were detected. Among them, 10  Thg results of such a treatment, i.e., the valuea ahd
were detected with a concentration exceeding the normal valg for Ni, Cu, Zn, Sr, Ba, Co, Zr, and Pb are presented in

ues of the generalized data for many plant species. The CORgple |. The last column lists the values of the correlation
centrations of barium, manganese, molybdenum, and stroRpefficients between the respective analytical dependence
tium in the plant samples are characterized by valuegnd the measurement results. As we see, in all cases the
exceeding the generalized data by 3—6 fold. Copper, mang@orrelation coefficients are close to unity.
nese, molybdenum, strontium, and zinc were the most widely  We note that the position of the maximuxy, on a plot
encountered elements and were present in all the samplest Eq. (1) is determined by3: X,,= 1/8. This parameter also
The results of the measurements of the concentrations determines the curvature of the curitee rate of descent on
atomic unit$ of Pb, Ni, Cu, Zn, and Sr for soil&curves2)  both sides of the maximumwhich increases with increasing
and plant ashcurvesl) are presented in Figs. la—1le as ag.
function of the distance. It is not difficult to see from the data presented in Table
2.1t is seen from Fig. 1 that the variation of the concen-1 that different elements naturally separate into two groups

1063-7842/98/43(3)/5/$15.00 283 © 1998 American Institute of Physics
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FIG. 1. Dependence of the relative concentrations of various elements in plafi)ashd in soil(2) on the distance from the site of emission into the
atmosphere: a—Pb, b—Zn, c—Sr, d—Cu, e—Ni.

according to the positions of the maxima of the curves. Onés at approximately half of this distance. The positions of the
group contains Ni, Cu, Zn, Sr, and Ba, and the other grougoncentration maxima of lead and zirconium in the soil are
contains Co, Zr, and Pb. The positions of the maxima for thealso markedly separated. These data directly indicate that
elements of the former group can be regarded as coincidindifferent elements entering the atmosphere in smoke are rep-
within the range of the measurement error and as correresented inhomogeneously in it.

sponding to a distance from the aerosol emission site equal We note that the appearance of particles with different
to about 2 km. The concentration maximum of Co in the soilphysicochemical properties in smoke aerosols when fuels of
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TABLE I. Values found by the least-squares method for the constants in Edgorders of magnitude greater than those of the oxides of Ba,
(1), which approximates data from natural measurements. Sr, Zn, Ni, and Cu. UItimater, as a result, the smoke par-
ticles consisting predominantly of PbO and CoO will have

Chemical a, Bx 104, Correlation

element arb. units/m m-1 coefficient greater charges at the outlet to the atmosphere than the
smoke particles consisting mainly of the oxides of Ba, Zn,

Cu 31 4.7 0.91 Sr Ni. and Cu

Sr 589 4.8 0.89 r : ) ,

Zn 204 51 0.87 3. However, let us consider the laws governing the set-

Ni 51 5.1 0.90 tling of a spherical aerosol particle having a chamea

Ba 1085 5.2 0.92 radiusr, and a massn on the ground. We assume that the

2 422 99 .63 charge and mass of a particle remain unchanged during the

Pb 65 6.1 0.86 . . . :

Co 187 86 0.97 observation period. Then the equation of motion of such a
particle in an air flow with a velocity in its vicinity, which
entrains it, can be written in the fofm

. " . . dv
complex chemical composition are burned is not surprising, m —=6mur(U—V)—mgn,+qEn,, 2

since the chemical composition of a specific particle is de- dt

termined by all of its history: the site qf. nucleation in the whereV is the velocity of the center of gravity of the par-
burner, as well as the chemical composition and temperatufg|e, E is the electric field strengthy is the acceleration of

of the su_rroundi_ng_vapors _and_ combustion produc_ts. Let Ugee fall (Elin,), n, is the vertical unit vectordl—n,), andu
assume in an initial idealization that the formation of ajs the dynamic viscosity of air.

smoke particle takes place as a result of the condensation of e rewrite(2) in a form that is more convenient for our
vapors on a nucleus in accordance with Maxwell's equationyrther arguments, introducing the characteristic relaxation

according to which the flux of the condensing vapor of atime of the velocity of the aerosol particte= m/6mur:°
certain substance on a patrticle is proportional to the differ-

ence between the partial vapor pressures of that substance in  dV

the surrounding medium and on the surface of the patrticle, TH+V:U°’
where the vapor can be considered saturftiédt is taken
into account that the saturated vapor pressure varies expo- q
. . . e =U+7{ —=E—g|n,. 2
nentially with the temperature, it is not difficult to see that Uo=Urr m gjn. 23

the smoke particles located at the center of a flame and on its B i | th tical and horizontal
periphery will be surrounded by gaseous combustion prod- = %causedm(i |c_)tn_s aoP%_ffe Xetr |cah an th ?r;rz]on att?xes
ucts with temperatures differing by several hundred degree&re independent, 1L 1S not difficult to snow that the setlling

In such a situation the mass fluxes of the condensing vapoP%eloc'tg;] of atparltlcle o?to the grourtlcllh?. rateh of tr::ot:{on
impinging on particles in these two cases will differ in both along the vertical axjsat any moment in time has the form

intensity and chemical composition. As a result, the spread
of the values of the physicochemical characteristics of the V.= T(EE—Q
material in different smoke particles can be very large.

The further evolution of a smoke aerosol formed duringwhereV,, is the vertical component of the velocity of the
burning is associated with its charging as a result of thermiaerosol particle with which it drops with the air flow into the
onic emission processes and interactions with electrons arfdee atmosphere, which has the meaning of the initial veloc-
ions in the weakly ionized plasma comprising the fldme. ity in Eq. (2a).

However, this initial charging of smoke particles hardly It is seen from Eq.3) that att>+ the second term,
plays a significant role in their subsequent fate. Before enwhich is proportional to the exponential function, can be
tering the atmosphere, a smoke aerosol passes through theglected, and the settling velocity of the particle becomes
plasma of the corona discharge in an electrostatic precipitastationanyif the weak dependence &= E(z) is neglectedl

tor, which retains a considerable portion of the particles and’he magnitude of the stationary settling velocity is deter-
imparts electric charges to the smoke particles passingiined by the relationship between the gravitational force
through it. For the most part, smoke particles with a resistiv-acting on the particle and the force of its interaction with the
ity ranging from 10 to 10° - cm are retained in an elec- electric field (which is directed toward the ground in clear
trostatic precipitatof. Smoke particles with good electrical weathe?!9. It is easy to see that whefE=mg, the station-
conductivity, whose resistivity is less than*1Q-cm, are  ary settling velocity of the particle vanishes. It follows from
rapidly recharged on the collecting electrode of the electroelementary estimates that such suspension of the particles in
static precipitator. As a result, they are repelled from it, senthe atmosphere occurs, for example, whes0.25um,

back into the gas flow, and carried by the latter into thep=1 g/cn?, g~ 100e (wheree is the charge of an electrpn
atmosphere. The substances of interest to us in the inves&nd E~1 V/cm.!° The value of the particle charge taken in
gation conducted have an electrical conductivity greater thathe estimate corresponds to the conditions of natural charg-
104 S/cm and therefore enter the atmosphere in the form aihg in the plasma of a corona discharge for a smoke particle
charged particles. At the same time, the oxides of lead andf the assigned radius. Here it would be appropriate to
cobalt have electrical conductivities that are three to fouraddress the question of what happens to a particle as its

+ exp(—t/7), (3

q
o8]
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charge and radius deviate from the values presented above. The qualitative course of curvdsin Fig. 1 and the ar-
To answer this question we must take into account the conguments presented above regarding some of the laws govern-
ditions under which the particle is charged. If a particle ac-ing the settling of a metal-containing aerosol from the atmo-
quires a charge in the field of a corona discharge, then, agphere indicate that a very fine aerosol accumulates on
cording to Ref. 11, it receives a charge of the order of thg,egetation. In fact, the metal content in the plant ash from
maximum charge for shock charging by a stream of ions  he area where the most coarsely dispersed aerosol @ttles
the immediate vicinity of the site of emission of the smoke
q, = E,r2, aerosol into the atmosphgrewhose particles are easily
et2 washed from leaf surfaces by rain, is small. At large dis-
tances from the smoke source, where only the finely dis-
persed aerosol fractiomr €1 um) remains in the suspended
state, the particles settling on vegetation can be held on the
leaves by forces of molecular adhesion, and the concentra-

3¢

wheree is the dielectric constant of the particle afg is the
external electric field strength in its vicinity.

For the investigation performed it is important that the
charge of the particle varies with the radius-as?, while its _ . .
mass varies asr3. As a result, we find that, as the radius of 10nS Of all the metals in the plant ash increase.
the particle increases, the influence of the interaction of the '€ ability of plants to accumulate a highly dispersed
electric charge with the ground electric field on the Sett"ngcharged aerosol can be attributed to the intensification of the
velocity of the particle decreases rapidly. Already whengdround electric field in the vicinity of the tips of leaves and
r>3 um, this interaction is negligibly small compared with blades of grass as a consequence of the polarization of the
the influence of the gravitational force. atmosphere in the near-surface layer of the atmosphere. This

If smoke particles which are highly conductive acquiresituation, which seems incredible at first glance, has been
their charge when they are recharged on the collecting ele@adequately confirmed by observations and
trode, the charge of the particles is specified by the relatiomeasurement€:'® For example, according to the data from
q~¢Xr, whereg is the potential of the collecting electrode. the natural measurements in Ref. 12, when the ground elec-
In this case the influence of the variation of the particle ra+ric field strength increases in prestorm weather by about an
dius and the interaction of its charge with the electric field ongrder of magnitude in comparison to the field in clear
the laws governing its settling on the ground will be q“a”ta'weather(up to 10 V/cm), a weak corona discharge is ignited

tively the same as in the case considered above of the chargs yhe vicinity of the tips of leaves, but because of the large
ing of particles in a corona discharge plasma, except that Bumber of leaves the total current in the cloud reaches a
must be taken into account that the particle charge thus ac-

. . . o : : value of ~3 A. In clear weather the ground electric field
quired will have a sign which is opposite to the sign of the . 10 . o .
. . ; strength is~1 V/cm.”™ However, in the vicinity of the tips
charge of a particle charged in a corona discharge. Thée L .
f leaves and blades of grass the electric field strength in-

influence of the charge on the laws governing the settlingO ) R
of smoke particles on the ground becomes small as soon SLeases many fold and has an appreciable orienting influence

r>1 um, since the increase in the charge of a particle as it8n the trajectory of motion of settling, positively charged,
radius increases then becomes weakerr . highly dispersed aerosol particlésve note that in clear

Two hypotheses can be advanced to interpret the med\leather the vector of the grOUnd electric field Strength is
surement data: smoke particles consisting predominantly dglirected away from the earth’s surface, which has a negative
the oxides of Pb, Zr, and Co settle more rapidly than do theharg@. The fact that at large distances from the site of emis-
other particles, because they have larger radii and) 2heir  sion into the atmosphere the highly dispersed aerosol frac-
charge is opposite in sign to the charge of particles consistion remaining in the suspended state has a positive charge is
ing of the other oxides. associated with “aging” of the aerosbIThis phenomenon is

4. The law found for the dependence of the percentagenanifested by the fact that the charges of the individual par-
content of the elements analyzed in plant ash on the distangges in a smoke aerosol do not remain unchanged, regard-
is interesting. It is seen from Fig. (Eurvesl) that the con-  |ess of their history. A weak ion current continually flows in
centrations of the elements analyzed gradually increase witf,o atmosphere between the ionosphere and the ground.

increasing distance from the site of emission of the aerosofherefore, the charges of smoke particles vary in both mag-
into the atmosphere and reach stationary values at diStanCﬁﬁude and sign with the passage of time due to diffusive
exceeding the positions of the maxima on the curves characs

terizing the concentrations of the same elements in the soii?]arglgg' T:"S_ pthenorr?en,(,)r:_ 'S a!so ?zilrl]ed agrosofl agmg.l
Furthermore, as can be seen from Fig. 1, the content of th € Cl arac en; Ic .aglng ime 'S,O ? or gr of severa
elements analyzed in the plant ash is significantly higher thafOUrs- I the situation under consideration this means that
in the soil. This points out the accumulating role of vegeta-1€9atively charged smoke particles ultimately acquire posi-
tion with respect to an aerosol settling from the atmospherdive charges.

The accumulation of aerosol particles on vegetation is asso- We note, in conclusion, that the accumulation of a
ciated with its very large surface area per unit of mass ircharged aerosol by vegetation not only is known, but is also
comparison with soil. The only thing remaining is to analyzeutilized in the electrohydrodynamic spraying of
the physical mechanisms underlying the ability of plants toinsecticides;” whose theory and practice have been thor-
collect a settling aerosol from the atmosphere. oughly developed®
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Trapped and free electrons in the near-anode region of a striated discharge
Yu. B. Golubovskil, V. S. Nekuchaev, and N. S. Ponomarev
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(Submitted September 19, 1996
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Spatial potential profiles and electron energy distribution functions are measured in the near-
anode region of a striated neon glow discharge. It is discovered that potential wells of small depth
adjacent to the anode appear on the spatial potential profiles at certain moments in time.

The distribution functions measured in the potential wells have a pronounced maximum of slow
electrons, which sharply distinguishes them from the distribution functions in the striation

phases where there are no wells. The mechanism which shapes the electron distribution function
for electrons trapped in a potential well is analyzed. A perturbing effect of the anode on

the electron distribution function as the anode is approached is discovered experimentally, and an
interpretation of this effect is given. @998 American Institute of Physics.
[S1063-784298)00403-9

The shaping of the electron distribution function in the quasineutral plasma of a striated neon discharge. Experi-
positive column of a striated discharge in inert gases at lownents were performed to measure the spatial potential pro-
pressuresup to a few Tory and small currentgup to a few  files and the distribution functions f&andP striations near
tens of milliampereshas been investigated in several theo-the anode and in the unperturbed positive column. The form
retical and experimental studi€s. A comparison of the re- of the electron distribution function in the presence and ab-
sults of experiments and calculations of electron distributiorsence of potential wells on the spatial potential profile is
functions on the basis of nonlocal electron kinetitzsspa-  analyzed on the basis of a kinetic equation.
tially periodic potential fields revealed the main factors shap-
ing the 6electron distribution functions infS and P EASUREMENTS OF THE ELECTRON DISTRIBUTION
strlathns. Under the d|§charge cond|t|9n§ anS'dered.thel'\:AUNCTION IN THE PRESENCE OF POTENTIAL WELLS NEAR
potential drop over the thickness of a striation is determine
by the loss of electron energy in elastic and inelastic colli-
sions. There is an electron bunching efféathich results in The experiments were performed in a neon discharge at
the appearance of a specific maximum on the distributiop=1-2 Torr and i=10-20 mA. A tube of radius
function, which migrates along the energy axis and the coR=1.4 cm had a flat anode filling the entire cross section of
ordinate. In the case @ striations this maximum is associ- the discharge and a mobile probe, which permits the perfor-
ated with one resonant trajectory, to which the electrons aremance of measurements of the electron distribution function
drawn as a result of bunching. The energy gained by elecand the plasma potential at different distances from the an-
trons on this resonant trajectory in one period exceeds thede with a spacing of 2 mm on the discharge axis. At each
excitation threshol@ ; by the magnitude of the mean elastic fixed position of the probe, the electron distribution functions
lossesAeg, the potential drop on ar$ striation is equal were measured with a temporal resolution of 48 in 12
to es=e,+Ag, and the thickness of aB striation equals striation phases. The procedure for correctly measuring spa-
L,=e./eEy, whereE is the mean value of the field. In the tial potential profiles in the presence of oscillations of the
case ofP striations, it was found experimentally that the plasma potential was described in Ref. 7.
potential drop on a single striatiar, and the striation thick- The results of the measurements of the spatial potential
nessL, are two times smaller than those for &rstriation.  profiles for S and P striations in the near-anode region at
Since g, is appreciably smaller thag,, electrons must different moments in time are presented in Figs. la-1c. Fig-
traverse two spatial periods in order to gain the energyre la corresponds t8 striations, which are observed for
needed for excitation. This case corresponds to two resonasmall currents apR>25 Torr-cm, Fig. 1b corresponds to
trajectories and, accordingly, two maxima on the distributionP-striations with a large electric field modulation depth, and
function separated by a distance equal to the potential dropig. 1c corresponds t® striations near the lower current
on aP striation. The results of experimental measurementboundary for the existence of striations and to nearly sinu-
of the electron distribution functions i@ and P striations in ~ soidal modulation of the electric field. It is seen from Fig. 1
the positive column of a neon discharge have been interthat the axial distribution of the potential can be represented
preted from this standpoifit’ in the form of the superposition of a potential wave, oscilla-

The object of the present work is to investigate thetions of the plasma potential as a whole, a potential which
mechanisms which shape the electron distribution functionslecays linearly toward the cathode, and an anode fall adja-
in S and P striations in the near-anode region of the cent to the anode. In addition, the magnitude and sign of the

HE ANODE
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FIG. 2. Electron distribution functions measured for @rstriation at a
distance of 2 mm from the anode at various moments in time.

tion functions measured iR striations. It is clearly seen that
the electron distribution function is shifted toward small en-
ergies<1 eV within a potential well and that the amplitude
of the peak of slow electrons increases with increasing dis-
tance from the anode, reaches a maximum at the midpoint of
the potential well, and then drops. As it passes through the

2

A
1 L h
FIG. 1. Spatial potential profiles ii (a) andP (b, ¢ striations measured at /L x2 1 /
T 4

various moments in timeus: 1—270, 2—95, 3—370. The dashed lines
connect the zero potential of the grounded anode with the plasma potentie f x2 0 /
1 1

measured at a distance ef2 mm. Anode oscillations should develop in

this region.pR, Torr: a—2.7, b—2.24, c—1i/R, mA/cm: a—13, b—10,

c—14; a—+=7cm, e;~=18eV; b— =45cm, g=10eV;, c— / x2 9 /
il | y— '

Lp=4.2cm,e,=9.1eV.

x2 8

anode fall vary with time in such a manner that at certain
moments in time the plasma potential near the anode be
comes positive and a potential well which traps electrons
forms (the hatched regions in Fig).1The distribution func-
tions measured in the potential wells are sharply distin-
guished from the electron distribution functions measured
outside the potential wells by the presence of a pronounce,, 4
peak of slow electrons with energies 6f0.2—0.5 eV. Fig- 'g
ure 2 presents electron distribution functions measured for a3 Jf
S striation at a distance of 2 mm from the and@g@proxi-
mately at the center of the potential wedt different mo- $_ 2
ments in time during a striation period. A sharp peak of slow ¥
electrons is observed in an interval lasting30 us E 10
(260—-290us). Curvel in Fig. 1a exhibits a potential well k o 1
corresponding to 27Qs on the time axis of Fig. 2. As is 0[:--0
seen from the figure, the peak of slow electrons appears il Anade w,eV
the striation phases in which potential wells are observed. S _ o _
A similar picture is observed for the measurements of 'G- 3. Elegtron d|str|bqt|on.funct|ons measqred fcﬁ’ atriation at the time
.. . . . .. . corresponding to curvé in Fig. 1c and at various distances from the anode
the electron distribution function iR striations in the pres- 4 the 12 points marked on that curve. The boundary of the potential well is
ence of potential wells. Figure 3 presents electron distribuindicated by hatching.

,ev
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boundary of the well, the form of the electron distribution  g* = \wu* (w)fo(e,x) — YW v* (W) fo(e’, X), 3
function changes drastically, its amplitude drops appreciably, ) ) )
the peak of slow electrons vanishes, and the electron distrivherev’(w) is the total transport frequency of the inelastic
bution function acquires the form characteristic dP atria-  collisions with the excitation thresholg . _

tion in the column. Thus, the most interesting effect is the ~ Heree’=e+e; andw’=w+e,. As was shown in Ref.
appearance of a clearly expressed group of slow electrons h When there is a potential well, the electrons can be sepa-
the distribution function with energies smaller than the depttatéd into two weakly correlated groups: electrons trapped in
of the potential well on the spatial potential profile. Thesethe well <eo) and free electronse(>¢,), wheree, is the

electrons make the major contribution to the total concentradepth of the well. If the energy relaxation distance with re-
tion. spect to the elastic and interelectronic collisions appreciably

function was observed in Ref. 8 for negative anode falls inffons move within the well with conservation of the total

an unstriated neon discharge at appreciably lower pressur€§€rgy. The distribution function in the well does not depend
(pR=0.1-0.05 Torrcm). explicitly on the coordinate and is a function of the total

energyf 5(8). In this case averaging of the kinetic equation
(1) with respect to the coordinate can be performed for the
trapped electrons, and the result can be written in the form

af o(e)
de

KINETICS OF TRAPPED ELECTRONS

Questions concerning the shaping of the distribution i
function in the presence of trapped electrons in potential de
wells were analyzed in Refs. 9 and 10. The effect observegihere
in the present work can be interpreted on the basis of a one-
dimensional kinetic equation, which is conveniently written & _
in the following variables: the total energy=w+e@(X) €
and the coordinate [w is the kinetic energy andg(x) is .
the potential enerdy D = fx (8)2W3/2( Ayt EVT

Assuming that the time for the formation of the electron ° X" (&) Mo
distribution function is appreciably shorter than the striation 5 the width of the well, anck(s) and x* (&) are the
period, we can use the steady-state approximation and Wmt%rning points for electrons with the energy

the kinetic equation in the form If the well is nearly rectangular, the averaging procedure

V. f 5(e)+D, =q(e), (4)

+ e m
fx ( )ZWS/Z(MV-i-Al dx,

X (&)

e e

dx,

a 2w ofg 9] m o df is simplified by replacing the kinetic energy by the total en-
X 3mp WJF e ZMVW fot Tag ergy. If the profile of the well is nonrectangular, the averag-
ing result has a numerical multipli€éfor example, the mul-
d of tiplier for a parabolic profile is~1.5. The sourceg)(s) of
7 3/2 7700 |2 i ) .
+ Je 2veW (Alf0+A2 Je } St (1) electrons in the well are associated with the appearance of

slow electrons as a result of inelastic collisions of free elec-
trons with energies exceeding the excitation thresltie
'second term on the right-hand side(8f]. Assuming that the
A7-e*n electron distribution function after the excitation threshold
ve=—z,3 INA f {(¢) is known, we can write the expression fife) in the
form

wherefy(e,X) is the isotropic part of the distribution func-
tion, v(v) is the transport frequency of the elastic collisions

is the frequency of interelectronic collisions,Nris the Cou-

lomb logarithm, T, is the temperature of the Maxwellian L (X —— i

distribution of neutral atomsn andM are the masses of an a(e)= L Jx(e) Whey- " (Wrey)f o(eteq)dx.
electron and an atom, 5)

1 (e Equation(4) has the physical meaning of the continuity
Al:ﬁ fo fo(s)\/gd& equation for the flux, which is the sum of diffusion with the

coefficientD, and drift with the velocityV, in the presence
of the sourcey(e). As the experimental datdig. 3) show,
the characteristic energy of the trapped electrons

. ) . o (~0.2 eV) is appreciably smaller than the depth of the well
The first term in(1) describes diffusion along theco- (1 ev/) ‘permitting construction of the electron distribution

ordinate in thes, x phasg planéheating in the eIeptric fie}d function of the trapped electrons with a zero boundary con-
the second term describes the energy losses in elastic colliion ate=s,. The solution of Eq(4) in this approxima-
sions, as well as the heating in collisions with atoms, and th, has the form
third term describes the exchange of energy in interelectronic
8/ \7677
—de" [ de’, (6)
€ DS"

collisions. The right-hand side is the inelastic-collision op- 0 Q(e') p{
ex

2
A==

=3n : )

fssalzfo(s)ds—i-s?’/zf fo(e)de

0

erator, which can be represented in an approximation in the f o(e)=
form ¢ D,
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where tronic collisions in the well. As is seen frof@), the quantity
, A,(gq) for the trapped electrons has a value-ef2/3)¢)
Q)= JE q(e)de. ~Te. After the substitution of the expressions fag and
0

(9A,)/(d¢e) from (2), the second terril} in (9) can be writ-

The limiting transition to a Maxwellian distribution €N in the form

function for electrons with energies<eg can easily be seen v 83/2(

from Eq.(6). In the case where interelectronic collisions pre- Hy=-2 °

dominate[ v.>(m/M)v] the ratio[Tg,,/\Z" equalsT,, and
for f {(e) we obtain

Q(ep)

JS(’fo(g)dsf fo(e') e de’

0 0
—Jsofo(s)\/gdsfxfo(s’)ds’].
0 e

The second term in the curly brackets can be trans-
fo formed by dividing the integration range of the internal inte-

If the interelectronic collisions do not play a decisive gral into e —g, andeo,—. By changing the order of inte-

role, the distribution function will be determined by the tem- gration in the first of the two terms obtained, we can see that

perature of the atom§,. this term cancels out with the first term in the curly brackets.
To determine the mean ener@e temperatupeof the Physically, this means that the exchange of the energy of the

distribution function(6) we must consider the energy bal- electrons within the well leads to compensation of the cool-

ance of the trapped electrons, which can be obtained by muing and heating. FoHZ we ultimately obtain

tiplying Egs. (1)—(3) by the energy and integrating over the 1 re .

energy in the range©&4 and over the coordinate within the H* =2pe%?= f OfO(s)\/gdsf fo(e)de. (10)

well. For trapped electrons both the particle flux and the nJo &g

energy flux along the coordinate are equal to zero outside the

Wr?”; aIIEWImI? us to discard the first term of E€l) in the trons (e>¢) to trapped electronsK gq). The first integral
€ e%’e iitae (r::ﬁon of the second term in Ed) describes in (1) gives the concentration of trapped electron®s. The
9 4 sgcond integral ifl) can be estimated in order of magnitude
the exchange of energy between the trapped electrons and i, , ;
: : N asn'/e', wheren’ is the concentration of free electrons and
atoms in elastic collisions:

¢’ is the mean energy of the free electrons. Thus, the heating

fi(e)~ To(ef0 ®Te—1)~conste™ */Te, (7)

This term describes the transfer of energy from free elec-

1 (e xte) d M of trapped electrons due to the cooling of free electrons in
Ha= f dSJ W 2iyge interelectronic collisions equals
L Jo x(z) de M
tRi
of o(2) * o TONRALE
x| f b(e)+Ta——dx HE =2v(s)s' —. 11

A similar expression was presented in Ref. 9 for the case

m af o(e) m T
~2— T 52— —2—nf1-2|(pw)  ofn'~=n. _
M de |,_,, M Te The heating of trapped electrons can be caused by in-
4 elastic collisions of free electrons with an eneegy £, due
=—Ha—Hj, (8 to the appearance of slow electrons with an energye; .

wheren! is the concentration of trapped electrons, the first! "€ Magnitude of this heating can be obtained by averaging

termHY on the right-hand side o) describes the electron e second term of the operator of inelastic collisidBs
energy flux outside the well due to collisions with atoms™Multiplied by the energy over the well:
having a nonzero temperatutdiffusive cooling, and the 1 (e x*(e)
second termH;’ describes energy exchange with atoms H;:EJ dsfﬁ WyW+eq-v*(W+eq)
within of the well. 0o X

There is special interest in the exchange of energy be- _ 1
tween the trapped and free electrons due to interelectronic Xf'o(8+81)dX%§VZ§Si’/2
collisions[the third term in Eq(1)]

80)3 i
o fo(e1). (12

In calculating(12) we used the approximation of the fre-

1 €0 x*t(s) 1% afo . . .. .
H.=— de W — 2Ww¥2, | Ao+ A, — | dx guency of inelastic collisions in the form

e L 0 x (s) O€ el i1vo 2 de

of oA v =g - 1)

80 .
~2veA2(80)88/25—80 —ZJ w3y | A — (9—82 fode &1
_ 0
In the framework of the model considered the mean en-

— —Hg—Hg _ (9)  ergy (the temperaturd,) of the trapped electrons can be

calculated from the energy balance in the form
The first termHg on the right-hand side dP) describes the

i ; ; d_qd_ LV
diffusive cooling of the trapped electrons due to interelec-  Hax +Hi —H3—HI-HY=0. (13
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The diffusive cooling in balance equati¢h3) HI+HY
can be reduced to a form similar ¢©2) in Egs.(8) and(9).
In fact, from (6) we can obtain

_ Q(ep)
e=¢ 5

0 €0

t

de

Subsntutmg this expressmn for the derivative into the
expression foH¢ +H , We obtain

& 1
H§+H2=80f de)de =5 vjed? - ) o(e2).

2

Ultimately, the equation which should be used to find the «
mean energythe temperaturd ) has the form

thi

2v(ehel L L g 0| i 3
n 6 0 1 €, 0 1

14

Ta
X | 1— ="|»(Te) Ten'=0.
Te

The calculation ofT, using(14) requires knowledge of
the concentration of trapped electram's the concentration
of free electrons', &', andfy(e,) for electrons outside the
potential well. For concrete calculations we used the follow-
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ments; &'~ 4eV n~3x10° cm 3, n'=2x10° cm3, n
~10° cm 3, v(e')~13x10% 574, ,,0~2><108 sL u(Te)
=2.2x10°\T/e;, eo~1eV, &,=16.6eV, and T,
~0.026 eV. The solution of Eq14) is critical with respect
to the value of the electron energy distribution function at the
excitation thresholdfy(e4). This value can be obtained by
matching the distribution functions from the elastic and in-
elastic regions at the poist; according to their slope's.As

a result, we obtain

FIG. 4. Measuredpointg and calculatedsolid curve$ electron distribution
functions at various distances from the anoddistriations. The numbers
1-6 correspond to pointé—6 on potential curve? in Fig. 1c.

as a result of interelectronic collisioitfllowed by escape
The corresponding fluxes do not compensate one another in
the energy balance, since electrons having the enejgs-
cape, while electrons having a spectrum in the range:

(o )Ng n' [4)1T) P2 4(2) enter the well.
VT4 3] ey T@3 |,
i * 2/3
~ g " (T )2_ M INFLUENCE OF THE DRAINAGE OF ELECTRONS TO THE
4% 2,) 3 T(2/3) ANODE ON THE ELECTRON DISTRIBUTION
~4.6x 10 eV-3%m3. (15 FUNCTIONS IN STRIATIONS
where As the experimental results show, spatial potential pro-
files without potential wells and reversed fields appear at
T,\%3 definite moments in time. It would be of definite interest to

ascertain the reasons for the differences between the electron
_ distribution functions in striations near the anode and the
This value of fi(e,) correlates satisfactorily with the functions in striations of the positive column. Figure 4 pre-
experimental data. The calculations usiid) give the value sents the electron distribution functions measured at dis-
T~0.25 eV, which agrees closely with the position of thetances of 0 to 3 cm from the anode for potential cudvia
peak of slow electrons on the experimental cuivig. 3). Fig. 1c. The figure exhibits a drop in the amplitude of the
It is noteworthy that in the energy balant®)) the dif-  electron distribution function in the near-anode region as the
fusive cooling markedly surpasses the cooling due to elastianode is approached. At first there is a decrease in the num-
collisions and basically compensates the heating due to irber of slow electrons, and then the depletion of the electron
terelectronic collisions. Within the model describing the distribution function affects increasingly faster electrons. At
shaping of the electron distribution function of the trappeda distance of-2 mm from the anode the electron concentra-
electrons considered hefa black-wall condition at=¢,),  tion is diminished by more than an order of magnitude. The
the flux of particles entering the well due to inelastic colli- distribution functions measured in a striated positive column
sions is equal to the flux of particles leaving the well, mainlyfar from the anode do not exhibit a similar drop in the am-

T _1 ’VO N T*_(3)2/3
]._‘/§ Vg eEO ’ - 2

€1
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x(s) v(e,X")

U—de/ =(I)(8)- FO(S,X),
(16)

where®(¢) is the amplitude of the distribution function, and
Fo(e,x) is the electron distribution function which would be
formed in the potential fieldr(x) without energy losses in
elastic collisions.

At e>¢, the x;4(¢) curve is the curve on which the
kinetic energy of the electrons is equal to the excitation
thresholde . For energies in the range<®: <e, the lower
integration limit in(16) x,(&) =0, which corresponds to the
zero boundary condition for the electron distribution function
at the anode. Fox>X, the calculation of the integral

fo(e,x)=D(¢)

Xa(&)

Fo(e,x) in (16) for energies in the rangee(x)<e<e,
+ep(x) does not depend on the presence of the anode, since
the lower integration limitx,(e) does not reach the anode.
The electron distribution function corresponds to the positive
column not perturbed by the anode and is periodic with the
spatial periodL,. Similar electron distribution functions
were calculated in Ref. 7 for potential cur2én Fig. 1b. For
Xx<Xg the lower integration limit in(16) is equal to zero for
energies in the rangep(x) <e<e; (integration regiorl in

Fig. 5 and tox,(e) for energies in the range;<e<eg;
+ee(x) (integration regiorl in Fig. 5). This permits calcu-
lation of Fo(&,x) in (16) in the near-anode region, and at the
anodeF o(e,X)|x=o=0. The amplitude of the electron distri-
bution function®(¢) for P striations was calculated in Ref.
7, and in the energy range-&; it was found that there are
two maxima separated along the energy scalespy(the
potential drop on & striation. These maxima are caused by
plitude of the electron distribution function and are faithfully bunching due to constriction of the electron distribution

reproduced from striation to striation as the distance from thdunction toward two resonant trajectories when the electrons
anode increases. traverse a certain number of periods in a resonant spatially

An interpretation of the experimental results can bePeriodic potential. It can be assumed that the amplithde
given on the basis of the conception of nonlocal electror]" the last spatial period, which is adjacent to the anode, is

kinetics. Calculations of the electron distribution function in the same as in the column. In the present work we performed

. . . calculations of the electron distribution function for cue
the near-anode region of lan unstriated neon discharge were

. _ . .In Fig. 1c both in a striated positive column far from the
performed in Ref. 12. The presence of the anode, which 'Jnode and in the near-anode region. The results of the calcu-

taken intc_)_account in the theory by intr_oduc_ing a zero boundlations of ywfo(£4,X) in the near-anode region in a potential

ary condition at the apod]é,leadg to distortion of the elec- o1y (Fig. 5) are compared with the experimental data at the
tron distribution function at a distance of the order of the jistance from the anode in Fig. 4. It is seen from the figure
energy relaxation distance. As the analysis performeghat the theory faithfully describes the experimentally ob-

2,13 H . . . . .
shows,**3draining of the slow electrons occurs at first, andserved decay of the electron distribution function as the an-
the draining involves increasingly faster electrons as the anpde is approached.

ode is approached.

A theory for the near-anode region of a striated diS-cALCULATION OF THE ELECTRODE DISTRIBUTION
charge can be devised on the basis of similar argument§UNCTION IN THE PRESENCE OF TRAPPED AND FREE
Figure 5 presents the,x plane, which shows an approxima- ELECTRONS
tion of the measured potential profile foiPastriation(curve The electron distribution function can be constructed
2in Fig. 10. The pointxo=xy(e4) in this figure separates ey the entire range of energies on the basis of a solution of
the region of the positive column not perturbed by the anodene kinetic equation averaged over the well for trapped elec-
(x>Xo) from the near-anode regiorx{xo), in which the  trons in form(6) and the kinetic equation for free electrons in
perturbing effect of the anode on the distribution function isform (16). The idea that the electrons separate into two
manifested. In fact, in certain approximatiofssnall energy  weakly correlated groups that can be described by Eys.
losses in elastic collisions and a zero boundary condition aénd (16) enables us to find the parameters of these two
the excitation threshold,) the electron distribution function groups:n' and T, for the trapped electrons amd ande' for
can be represented in the form the free electrons. The question of the temperature and con-

Be

&

|

T=Ty(c)
£=¢,*ep(z)
w=¢g,

FIG. 5. Representation of the,x plane, in which the solution of kinetic
equation(16) is analyzed.
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centration of the trapped electrons can be solved on the basi 4
of a combined solution of the energy balance equation and
the particle balance equation in the potential well. The en-
ergy balance of the electrons was previously discussed ir
Ref. 14. The particle balance can be obtained by integrating
the kinetic equationgl)—(3) over the energy in the range

* .

from 0 to ey and over the coordinate within the well al
- afo _ 1 Sod X+(5) T * + T
20| L Jo € x*(s)W W+eq - v*(W+eq) = h
80 T‘ -
1 P 5 a3
3/2[ €0 -
Xfo(8+81)dX%§V381 (8_1) fole1), T oH
1y S
S rle
where '>
= _ 2| [0 4 32~ 32 il
Dsozﬁ . e”fo(e)de+ g 80fo(s)ds ve(€g)e i+,
nt_ 2&dn BE
~ FTe_’_g\/?F Ve(so)sg/z, ™ o.
df, 2 1 B
_ v :_nte— SO/Teﬁ?_ L ’
de o J Tg 0

w,eV

The system of particle and energy balance equaﬂbﬁsand FIG. 6. Comparison of the experimentgbointy and calculated(solid
(14) for determining the parameters of the electron distribu_curve) results for the electron distribution functions Ih striations in the

. . - presence of a potential well. The electron distribution function in the range
tion functions of the trapped eIeCtr.ong anidTe in terms of of energies exceeding 6.5 eV has been magnified 1dr clarity.

the parameters of the free electrafisande' can be brought

into a form convenient for calculations

tinuity on the electron distribution function at=¢,. The

nt [n' TeVe' g0ty velgd) behavior of the electron distribution function neag re-
nt+n |l nt 3 1 TS2 /eI T* vy e e quires a more rigorous analysis of the kinetic equation in this
¢ energy range. Nevertheless, the model considered provides a
3.228\[x r'(1/3) graphic representation of the physical picture of the shaping
=16 TP =1.044, (18)  of the electron distribution function and the relationship be-
tween the concentrations and mean energies of the trapped
Nt ey 3ve(s) & 3ntm and free electrons.
n+n'leg) v T 2n' M
CONCLUSIONS
3 2/3
«l1- Ta) ¥(Te) (£1)" Te _ 277 1(1/3) 196. In a low-pressure striated discharge the magnitude and
Te) v \go) TF 16 T'(2/3

sign of the anode fall vary with time, and spatial potential
(19 profiles with potential wells adjacent to the anode having a
depth of~1 eV can appear at definite moments in time. At
The parameters!/n'=26 andT,=0.3 eV obtained from the other moments in time the spatial potential profiles do not
solution of the system of equatiofi$8) and (19) agree sat- exhibit potential wells. The measured distribution functions
isfactorily with the experimental data. in wells are sharply distinguished from the distribution func-
Figure 6 compares the distribution function calculatedtions outside the wells by the presence of a clearly expressed
from Eg. (6) for the trapped electrons and E{.6) for the  peak of slow electrons with energies amounting to tenths of
free electrons with the experimental data. It is seen from than electron volt. The distribution functions measured at
figure that the theoretical model discussed in this papepoints corresponding to a potential well on the spatial poten-
qualitatively describes the shaping of the electron distribudtial profile separate along the energy scale into two weakly
tion function in the presence of a potential well. The assumpeorrelated groups of trapped and free electrons. The trapped
tions underlying the theoretical modghe black-wall condi- electrons are heated as a result of the entry of electrons
tion for the trapped electrons at=¢, and the presence of which have undergone an inelastic collision into the well, as
two weakly correlated groups of electrorisad to a discon- well as upon the transfer of energy from free electrons to
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The research reported in three preceding papers is summarized. The photoelectron mechanism
for the formation of electron beams in an open discharge with a grid anode is revised.

Revision of the discharge mechanism also requires revision of the optimal conditions for its
excitation. A new method for pumping lasers by beams of fast atoms formed in an open discharge
with an inverted voltage is proposed. €998 American Institute of Physics.
[S1063-78498)00503-F

INTRODUCTION discharge was described in our preceding publicattér'$,
where, particularly in Ref. 18, the role of photoillumination
The so-calleli “open discharge,” a modification of the from the drift space was reduced to ensuring the uniform
hindered discharge, was proposed in Ref. 2 in connectioemission of electrons from the cathode in the prebreakdown
with the development of new pumping sources for pulsed gastage of the discharge. It was also confirmed in Ref. 16 that
lasers® In an open discharge the bulk of the discharge energpa high electron-beam generation efficiency is also maintained
is carried off by an electron beam through a grid anode intan the presence of a cathode fall. To reinforce the conclu-
a drift space, from which additional photoillumination of the sions in Refs. 16—18, the structure and development of open
cathode is provided and into which the electric field from thedischarges and the role of photoemission are considered in
discharge gap “sags” through the holes in the grid. Thesehis summary paper with reference to additional experimen-
features of an open discharge are responsible for its higtal data, including data taken from the work of other inves-
stability and permit the achievement of large currents, up tdigators.
100 Alcnt, in the voltage range from several to 70 kV with- To avoid confusion in the terminology we shall call a
out the discharge becoming an arc dischdr@ae existence discharge simply a high-voltage discharge when the field in
of continuous electron beams was noted in Ref. 1, and suctime gap is distorted by the charges, but there is no clearly
a regime was investigated for an open discharge in Refs. Bxpressed cathode fall, and call it an anomalous discharge
and 6. As it turned out, a continuous open discharge hawhen the length of the cathode-fall region is shorter than the
actually been known beforehahand was used to pump con- length of the discharge gdp<d. If we use the terminology
tinuous lasers. A hollow-anode dischargee special case of in Ref. 19, both these types of discharges fall under the gen-
an open discharge with a “grid” having one openjiig as  eral heading of a “dense discharge.”
well as various modifications of it, for which there is further
information in Ref. 10, can also be classified as open dis-
charges. Here we shall confine ourselves to an examinatio
of an open discharge with a multiple-hole grid. The structure was investigated as in Ref. 16 by analyzing
In contrast to all the known forms of glow discharges,the spectral-temporal characteristics of the spontaneous
where photoemission from the cathode does not play a decemission along the discharge. A flat movable cathode and a
sive role, in an open discharge, as was assumed in Refs. 1, §milar collector made from Duralumin were used in the ex-
and 11-15, the formation of the discharge, the mechanisrperiments. The anode, whose central portion had a working
sustaining it, and the principal source of beam electrons argiameter of 16.4 mm, had the form of a grid with an area
provided by photoemission from the cathode. Adopting sucts=1 cn?, a characteristic hole diameter equal to 0.4 mm,
an assumption, we can consider many properties of an opeind a geometric transparengy=60%, so that the total
discharge without taking into account the ionization pro-transparency of the anode was =28%. Such a design
cesses in the gap. However, these processes are importanade it possible to monitor the appearance of the discharge
when a cathode fall appears and the concentrating of the fielon the solid part of the anode.
at the cathode can lead to sparking of the discharge. The It was shown in Ref. 16 that the character of the glow in
qualitative treatment in Ref. 1, as well as the direct experithe cathode layer of an open discharge is determined practi-
ments using grid probes in Ref. 15, showed that a cathodeally completely by the excitation of atoms by fast atoms
fall can be present in an open discharge while a highincluding ionized atoms We present some additional evi-
electron-beam generation efficiency is maintained. There idence from experiments with a backward electron beam.
also an opposing opiniot:*? Such a beam forms in the region into which the potential is
A new approach to the study of the processes in an opetiansported by positive ions from the gap when the polarity

ONGITUDINAL STRUCTURE OF A DISCHARGE
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FIG. 1. Distribution of the intensity? of spontaneous emission lines along 10+ 2.3
the x axis of a discharge. The scale forhas been altered after=4 mm, ?
Pre=220 Pa;A—anode,C—cathode. 2 0 L
5 A=587.6 nm
5 0.1 mm
S 05F
of the voltage supplied is reversédn the drift space there Q¢
is, in addition to the electron beam, a beam of fast atoms 10
formed in charge-transfer processes. As in Ref. 16, two lines :
were investigated in detail: 587.6 and 501.6 nm. The upper 0 Yo ———T— T
level of the former line is not optically coupled with the aA=501.6 nm
ground state(the function describing the excitation of the 6.1 mm
line by electrons has a maximum at 27 eV followed by an a5r 1.2
abrupt descent while the latter line is so couple@ maxi-
mum at 100 eV with a gently sloping descent 1.0+

Atoms excite the line ath=587.6 nm with greatest
efficiency®® Near the cathode the drop in the field toward the™'C: 2. Oscillograms of the currert the voltageU, and the radiated
. . . . intensity P at various distances from the anode.
anode is accompanied by a decrease in the velocity of the
fast atoms, which leads to a drop in the radiated interiRity
(Fig. 1). At smallx there is a small increase B, which is a
result of an increase in the excitation efficiency in the re-noticeable, as is evidenced by the displacement of the maxi-
sidual field of the negative-glow region. The main contribu-mum of P as the distance from the grid increagésy. 2,
tion to excitation of the line is still made here by the electronx=6.1, 13.2 mm. If the current is decreased to 25 mA
beam propagating toward the anode, i.e., the slower electrorf&) = 3.5 kV, |,=3 mm), the value ofP near the grid be-
on the tailing edge olJ. Therefore, there is a delay of the comes 3 times higher at 587.6 nm than at 501.6 nm, but at
radiation maximum relative to the current maximum, and itsx=25 mm it becomes, conversely, 2 times lower because of
decay with time is slower ak=1mm (Fig. 2) than at the decrease in the penetration depth of the atomic beam.
x=3 mm. Unlike an ordinary open dischartfenear the an- The results presented in Fig. 3 for an ordinary open dis-
ode there is a break on the leading edge of the radiationharge in neon can be interpreted in analogy to the above
oscillogram k=1 mm) due to the difference between exci- material as well as Ref. 16. Here the fast atoms efficiently
tation of the line by the electron beam and excitation by theexcite the neon line at 640.2 nn ().
beam of atoms which is formed in the near-cathode region When py =230 Pa, there is no discharge on the solid
on the drift-space side of the grid and moves toward thepart of the anode, and there is no cathode fall in the gap.
anode. There is still appreciable distortion of the field by the
An estimate of the length of the cathode-fall regifig.  charges, i.e., the maximum &' is located closer to the
1) givesl.~2 mm. We note that the cathode fall in the dis- cathode than is the maximum Bf Excitation of the line at
charge stream is in the formation stage. If the radiation i$640.2 nm by fast atoms is dominant across the entire(gap
detected at a definite moment in time on the leading or tailincreases sharply in the drift regipnlf d is increased at
ing edge of a current maximum, more of the distribution offixed values ofU and py., we can determiné., which is
the measured intensify along the discharge is found on the found to be equal to 0.7 mm. WhenR,.=600 Pa, a discharge
leading edge of than on the tailing edge. is also observed on the solid part of the anode. Although
In the drift space the intensity of the line at 587.6 nm isthere is no clearly expressed minimum f, as in Fig. 1
higher than that of the line at 501.6 riffig. 1), in contrastto  for the line at 587.6 nm in heliunk, can be determined from
Ref. 16. As the distance from the grid increases, the rapithe behavior ot’: 1.~0.3 mm.
increase in the radiated intensity slows due to the slower Thus, lines can be selected in any gas, and the length of
velocity of the atoms exciting the line in comparison to thethe cathode fall can be determined from the behavior of the
beam electronéFig. 2). The contribution of the fast atoms to radiation characteristics along the discharge. Since the radia-
the excitation of the line at 501.6 nm is smaller, but is stilltion of a discharge in the cathode-fall region integrated over
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achieved. Hence, in accordance with the material presented
in this section, it should be theorized that when the polarity
200 Y e of the voltage supplied is reversed, population inversion is
/ formed in the laser transition mainly as a result of excitation
] by the beam of fast atoms, rather than by the electron beam.

It is difficult to find another explanation for the observed
[\ effect.

Thus, not only the electron beams, but also the atomic
I TN WU WS W SRS I MU N M | beams of open discharges can be used to excite lasers. We
0 01 02030405 5 0 € 20 note that the conditions for the efficient generation of atom

B p~°=230 Pa ( high-pressure las when low values of E/p are

t,ns

z,mm and electron beams do not always coincidehis expands
the possibilities for selecting the optimum excitation condi-
Fre=000 Pa tions for specific laser transitions.
40 t
DEVELOPMENT OF A DISCHARGE. ROLE OF
2 P-0.5 PHOTOEMISSION
- 20 In a recently published paper Kolbychex al® drew
the following conclusion, which reflects a widely accepted
opinion: “The ignition and development of a glow discharge
1 1 1l . . ..
0 01 02 03 0% 0.5 from the entire cathode surface, which efficiently generates a
¢ Z,mm A beam of runaway electrons, is initiated and maintained by

the UV illumination from the beam plasma in the trans-
FIG. 3. Distribution of the i.ntensitieE’ andP’ and variation of the delays  504qe region. Its ignition occurs at a voltage which is 2—3
t ahd_t’ between the maxima of the _total currdniand the spontaneous times lower than the voltage necessary for a self-sustaining
emission along thex axis. The amplitude values fopy.=230 Pa are . ° . A
U=8.8 kV andl =5.8 A; and the corresponding values fa,=600 Paare ~ breakdown of the gap, and in this sense the discharge is
4 kv and 6.4 A;d=0.5 mm. The values marked with a prime refer to non-self-maintained.” They added, “Since the mechanism
A=640.2 nm, and those without a prime referkio=587.2 nm. for the ignition and development of a glow discharge is pre-
dominantly photoelectric, while the breakdown of the gap
depends solely on the ionization of the gas..., these two pro-
the spectrum behaves similarly to the radiation in lines thatesses develop practically independently of each otKet-
are efficiently excited by the fast atoms, the character of théychevet al. construe breakdown to be the transformation of
glow in the cathode layer is determined practically com-an open discharge into a spark
pletely by the excitation of atoms by the fast heavy particles. A different opinion was advanced in Refs. 7 and 8. Ac-
Let us dwell on the use of the inverted-voltage regime of arcording to Ref. 18, the development of an open discharge
open discharge to pump lasers. It was noted in Ref. 1 thatan be divided into five stages.
when the polarity of the voltage supplied is reversed in a  The first is the prebreakdown stage<(10 * A/cm?).
coaxial design, greater radiated power is generated in sever@he conditions in it, especially the intensity of the photoillu-
laser transitions, and the distribution of the laser radiatiommination of the cathode, determine the subsequent evolution
over the cross section of the beam becomes homogeneouas the discharge: its uniformity and the magnitude and sta-
(under ordinary polarity it decreases sharply from the centebility of the breakdown delay.
toward the edges of the tubeFor example, for a mixture The second stage is a pre-high-voltage dischauge-
with He:Xe=100:1,p=1.6 kPa, and a current equal to 4.5 ally 1<0.1 A/cn?), which is sustained by ionization of the
A the peak laser power at=2.03 um was close to satura- gas in the weak field sagging through the openings in the
tion and amounted to 1 W. When only the polarity of theanode grid. There is practically no discharge on the grid
voltage supplied was reversed, it took a value of 9 W, andvires; therefore, the electron-beam generation efficiency
the current increased by a factor of 2. In accordance witldoes not depend o, but is determined directly by the
Ref. 1, under these conditions the parameters of the forwargrocesses in the discharge and can have a value close to
and backward electron beams are about the same. It is cleaf0%. In this stage the current can be increased to the level
that even in the best case the power could increase by asually achieved in an open discharge by adjusting the con-
factor of 2 as a result of the absence of the grid=50%)  ditions (I.>d, increasing the field in the holes of the grid
on the path of the backward electron beam and not byNo perceptible influence of photoillumination on this stage
a factor of 9. No explanation for this finding was given in or on the subsequent stage was discovered.
Ref. 1. The next two stages are high-voltage and anomalous dis-
Although the upper level of a laser transition is resonantcharges. The electric field in the gap is still distorted by
and requires fast electrons to efficiently excite it, owing tospace charges. The conditions for ionization in the weakened
the considerable cross section for excitation by electrons nedield of the near-anode region are improved, a discharge
the excitation threshold this transition is very intense in aforms on the grid wires, and a cathode fall appears. Now part
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FIG. 4. Dependence of the collector currépt the anode currerlt,, and

the electron-beam generation efficiengy:1,(1,+1;) ~* ond. The ampli-
tude value isU=10.8 kV, the length of the drift spade=30 mm, and
pPue=290 Pa. Dashed line—length of the cathode-fall region in a normal
glow discharge. The excitation pulse repetition frequefey240 Hz with a
decay time constant=15 us.

FIG. 6. Variation of the total currerit=1,+1., the breakdown delay time
ta, and the pulse rise timg as functions ofL. py,=280 Pa,Uu=8.6 kV,
f=240 Hz, =15 us, d=1.5 mm;|’'—for d=4 mm.

Figure 5 was taken from Ref. 13, where it was noted that
the break on thé(U) curves does not have an unequivocal

of the electron beam is intercepted by the grid, and the trans@xplanﬁtion.a}nd one of the possible causes of the break was
mission efficiency of the electron beam gradually decreaseS2/l€d “additional UV illumination of the cathode by the
down to a value close to the geometric transparency of thdiScharge appearing in the beam-plasma body in the drift
grid. The anomalous stage of an open discharge was thof€9ion.” It is clear from the foregoing that the breaks on
oughly investigated in Ref. 22, where it was shown on thepOt,r,”(d) ('_:'9' 4 andl(U) (F_|g. S are Cause‘?' by SW'_tCh'
basis of known experimental data that an open discharge cdfd” (© & discharge process involving the entire gap, includ-
be described within the concept of an ordinary anomaloudd the regions corresponding to _the 9”0_' wires and th_e solid
discharge. Obviously, such correspondence is impossible ipart of the anode, and are associated with the formation of a

the case of a photoelectron open discharge. cathode fall. ,
The last stage is an arc discharge. It is the result of the FOr @ photoelectron onset of an open discharge the pho-

ordinary transformatiotwhich was investigated in detail in toillumination must ensure an electron multiplication factor

Ref. 13 of an anomalous discharge into an arc discharge. <=1, which must be maintained in the subsequent stages.
The development of an open discharge can be stopped ifnen the amplitude value ¢t need not depend od, as in

any of the stages just enumerated by adjusting the condf'9- 4. and its absolute value, like the absolute valud fior

tions. The first four stages are easily traced @5ig. 4 orU  F19- 5, should be much greater. For the fairly long pulses

(Fig. 5) increase. The minimum efficiency=38% (Fig. 4) with which we are dealingl, is determined by the familiar

is somewhat higher than the total geometric transparency of ¢ Power law. For (iéaTZple,nydd =6kV andd=0.5mm

the anodeu’=28% and is naturally associated with the W& havel=2.34x1077d"%.U”*=440 Alent?, rather than

small current density on the solid part of the anode. ;ig.lf_)A/cmz, as in the case of the curve fpf=3.3 kPa in
One of the arguments in favor of the photoelectron char-

acter of the development of an open discharge in Ref. 13 is

N Pue=33 KPa. the absence of the breakdown characteristic of an ordinary
3 discharge on oscillograms éfandU and the smooth initial
ar course of thel(U) curves in Fig. 5, which do not visibly
- P20 cross the horizontal axis. In reality, such breakdown occurs
6 and is clearly seen on the oscillograms illustrating a pre-
< | high-voltage discharge, such as those in Ref. 18, but at
~ smaller current densities equal t010 3 Alcm?. We were
4r unable to obtain a smooth increase in the current without
i characteristic breakdown under any conditions. This is evi-
2 dence that even the breakdown stage appears as a result of
L ionization processes and the movement of charges.
0 Let us examine the influence of the processes in the drift
7 ’ {v § W 1 space on a discharge in greater detail. We make a compari-
’

son in two discharge stages, viz., the pre-high-voltage and

FIG. 5. Dependence of the current on the initial voltages0.5 mm, ~ anomalous §tages(d:1.5 anq 4 mm, Fig. A For
S=1cn?, u=80%, f=400 Hz, andr=3.1 us. d=1.5 mm(Fig. 6) a decrease in the size of the photoillu-
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mination region leads to an increase in the breakdown delagource for the formation of charged particf@s:or example,
time ty. The currentl and its development timg scarcely if we takel.=1.5 mm and a charge-transfer cross section
vary. When beam electrons reflected from the collector ade~10 *°cn? under the conditions in Ref. =10 mm,
ditionally ionize the gas in the grid holes, the valuetgf pne=150 Pa, andJ =70 kV), for the mean free path of the
decreases andincreases only in the immediate vicinity of ions we obtain\ 4= (Nos) ~*=0.25 mm, and for the energy
the grid anode. Wheh <1 mm, sparking appears. of the fast atoms we ha\)e/~l)\iUIc_l= 12 keV. For such

The transition tod=4 mm is accompanied by an in- an energy of, for example, He atoms the ionization cross
crease irl by an order of magnitude, from 0.2 to 3 A, while section o;,~10 1 cn? (Ref. 26, which even exceeds the
the valuel=3 A is maintained ad. varies (Fig. 6). The largest cross section for ionization by electrons
valuet;=140 ns is totally independent bf The breakdown ¢,=3.4x10 1" cn?.
delay timety remains stable and equal to 200 nslLasle- In the present work we examined only the influence of
creases to 15 mm. Ak decreases further, an instability in photoelectron emission on a discharge in detail. The princi-
the value ofty appears, which grows and leads to the varia-pal mechanism of emission in different types of high-voltage
tion of ty in the range 0.2—Ls near the grid. discharges with an anode plasma and, therefore, in open dis-

The results presented are totally inconsistent with a phoeharges is, as is generally assumed, emission under the ac-
toelectron open discharge from the moment of breakdowntion of the flux of fast heavy particles. The efficiency of this
after which the further development of the dischaffee = mechanism depends on the charge-transfer processes and
duration of the increase ity and the value of) is deter- other factors: the material and state of the cath(te de-
mined by processes in the gap itself and in the holes in thgree of contamination and the cleanliness of the treatment
anode grid. The fact that, if a cathode fall does not form, thethe distribution of the fieldE in the gap, the cathode sputter-
usual working currents of an open discharge can be achievedg rate, the initial purity and kind of gas and its contamina-
by increasing the field in the grid holes attests to the decisivéion by the sputtering products, and the release of gases from
role of the ionization processes in the weakened field in thetructural elements of the discharge chamber. These factors
multiplication of charges. This same is true for a region ofwere analyzed in detail in Ref. 10. Because of the difficulty
weakened field when a cathode fall forms and the influencén taking them into account simultaneously, the general pic-
of the field in the grid holes is small. ture is very complicated.

The electric field beyond the cathode fall in Ref. @B The emission processes must be closely related to the
=1.9 mm, pye=15 Torr, U=3.1 kV) is very strong:E(x length of the cathode-fall region. In a strongly anomalous
>|,=0.6 mm)=10* V/icm [at the cathodeE(x=0)=6 dischargel . depends weakly on the current, and lag-

X 10* V/cml]. It is even significantly stronger than the critical creases, it tends to its lower lifft (I)min=0.37
field E,,=2.2x10% V/cm needed for the onset of the continu- X (pl.),p~ 1, where the value ofgl.), is taken for a normal
ous acceleration of electroA$Apparently, it is also strong glow discharge. For example, for an aluminum cathode un-
under the conditions of our experiments. The liffes He at  der the conditions in Fig. 31{)mr=21.3 and 0.5, and for
501.6 nm and for Ne at 587.6 nmwith slow decay of the py.=15 Torr it equals 0.33 mm.

functions for excitation by electrons primarily sense the de-  When the current exceeds a certain value in experiments
crease irE in the near-anode plasma, as is manifested by thavith two grid electrodes, the penetration depths of the oppo-
increase inP (Figs. 1 and ® However, even for them the sitely directed electron beams become comparableis is
maxima of P shift with time toward smaller values &f in possible only when the potential is completely transported
this region, and the decay &f is slower than in the case of beyond the cathode grid by ions from the gap. For this to
I. Similar behavior was also discovered for the He Il line atoccur, the ions must move in the cathode-fall region without
468.5 nm. The weakened, but still fairly strong field outsideperceptible energy losses. Therefore, the conditioa

the cathode-fall region leads to the appearance of an appreiust be satisfied,or in our examples we must have,
ciable group of electrons with energieseU. This is mani- =0.2, 0.07, and 0.02 mm, which are significantly less than
fested by the appearance of a maximum on the radiatiol .) min-

distribution near the grid on the drift-space side. In Ref. 16 It was postulated in Ref. 11 that the potentials can also
the appearance of the maximum was hypothetically attribbe completely withdrawn by impurity ions that interact
uted to neutralizion currents. weakly with the main gas whdn=d. The measured values

Thus, in an open discharge the near-anode plasma is thedf | (0.7, 0.3, and 0.6 mjrfor low pressuregpye= 230 and
main source of the ions which bombard the cathode an®00 Pa are appreciably smaller thar J,i,, but signifi-
sustain the current in the open discharge. In the initial breakeantly greater tham . In accordance with Ref. 15, the re-
down stage it is created in the region of the weakened fieldation |.~\, is established when 1=16 Alcn?
sagging through the holes in the anode grid. During the for{py.=600 Pa), but there are definite doufteegarding the
mation of the cathode fall, the region of the weakened fieldcorrectness of this estimate. The design of our discharge cell
expands, and the role of the field in the grid holes decreasedid not allow us to achieve such currents due to the appear-
When the cathode fall is completely formed, the influence ofance of parasitic breakdown on the walls of the tube, and the
the field in the grid holes can become negligibly small. fact thatl . <(l.)min can be attributed, for example, to con-

Although conditions with smalU <10 kV are typical of tamination of the cathode. Under the conditions considered
open discharges, they can employ significantly larger valuethe value ofl; is possibly influenced by ionization by heavy
of U, at which ionization by fast atoms can become the mairparticles in the cathode-fall region, which was not taken into
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account in the derivation of the formula fot.),, in Ref.  increased by expanding the region of the near-anode plasma.
27. In a pre-high-voltage discharge the geometric transparency

Thus, elucidation of the real picture requires a set ofof the grid must be increased to maintain a high electron-
additional investigations, including not only measurementdeam generation efficiency, and a grid with large holes
of I, but also a mass-energy analysis of the ihk.was  should be chosen to increase the current in it.
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A model which permits estimation of the temporal variation of the temperature and the current in
the components of a superconducting cable is proposed. The permissible currents which can

be induced in a six-strand current-carrying element without destroying its superconducting
properties are determined. It is shown that in the presence of inductive coupling between

the conductors, the position of the cable component in which instability is initiated is not a regular
function of the current induction rate if there is a spread in the nonlinearity parameters of

the current—voltage characteristics of the components1988 American Institute of Physics.
[S1063-784298)00603-3

The stable operation of superconducting magnetic sys- To completely understand the processes occurring in su-
tems requires maintenance of conditions which ensure thperconducting cables, we must take into account both the
stability of the superconducting state of their current-local and macroscopic properties of the entire structure. This
carrying elements. The stability problem has been investirequires departure from the model of a continuous medium
gated most thoroughly for current-carrying elements in theand consideration of collective effects. For this reason, the
form of a solitary composite conductbt which is a struc- model proposed below is based on a more general concep-
ture that is ordered in some manner and consists of a largéon, which takes into account the interrelated dynamics of
number of thin superconducting filaments in a normally conthe temperature and current in all the elements of the com-
ducting matrix. However, large magnets often utilize current-Posite over the course of the entire current-induction process.
conducting elements consisting of transposed conductors. L€t us consider the very simple problem of determining
They have a number of advantages over monolithic currenN€ current-carrying capacity of a cooled superconducting
carrying element&.For example, the use of a superconduct-cab|e- Let the current in the (_:ircuit_ be initially equal to zero,
ing cable with insulated conductors lowers the level of co-2nd then let the current begin to increase linearly at a con-
operative losses. At the same time, the presence of a Iara%a”t rate. To simplify the analysis performed we assume that
number of conductors in a current-carrying element ca he cable is a set of inductively coupled straight comp05|te§
modify the conditions for the appearance and developmerﬁased, on hard sqperconductors with a small transverse di-
of the numerous instabilities that appear when a supercor{pens'On that are '”S‘,“at?d from one another, that' the super-
ducting magnet operatdsee, for example, Refs. 5-14n conductor is evenly distributed over the cross section of each

particular, one of the probable causes of the premature trarr> nductor and thus its thermo- and elecirophysical param-

o . - eters can be described by the continuous-medium model, that
sition of a superconducting winding to the normal state dur-,

ing the induction of current can be thermomagneticthe variation of the longitudinal magnetic field within each

instability> Nevertheless, the use of the existing theory,conductor is small, that the cable is initially cooled to the

which was developed for a monolithic composite su ercontemperature of the coolant and the external surface of each
P P P conductor is cooled with an assigned heat-transfer coeffi-

table stat ; duct bles. In addition. it sh I%ient, and that the current—voltage characteristic of the su-
stable stales of superconducting cables. In addition, It S OuIgerconductor is described by a model exponential

also be nqted that the thepretlcal models of the transitio ependencé Within the assumptions just formulated the
processes in superconducting cables that have been formf:é'mperature distribution in each component of the supercon-

lated are based oa priori assignment of the region which  q,c(ing cable, which does not depend on the longitudinal and
initiates the transition of the entire composite to the normal,,imuthal coordinates. is described by the equations

state. The self-consistent variation of the current and the tem-
perature in each component of a cable preceding the appear- _ 9Tk _ 1 ¢ A
. [ . . Ck——=—— )\kr_ +Eka, k=1, N, (1)
ance of instability is disregarded. Since these processes are at  ror ar
decisive for such important characteristics of supercondugg—n which the electric field strengti,, the magnetic field

ing systems as the current-carrying capacity and the resm‘?ﬁductioan, and the current density, satisfy the system of
tion of the current induction rate, the existing models lead t5ywell’s equations

very simplified results, and the methods used do not provide
exhaustive information on the stability of multiconductor su- 1 d(rBy) dEx 9By o

H w _/“'LO‘JKI oy T T ap 0 k_laN (2)
perconducting cables. r o or at

ar
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Herec, is the specific heat of thieth conductor in the cable, S, is the cross-sectional area of thth conductorp, is the

A is its thermal conductivity, andll is the number of con-  cooled perimeterh, is the heat-transfer coefficient to the
ductors in the cable. The problem defined @y and (2)  coolant, T, is the temperature of the coolarteg and Jcg
enables us to investigate the stability of the superconductingre the critical parameters of the superconductor in a given
state of each component of the cable under appropriate initizhagnetic field,) 5 is the current nonlinearity parameter of the
and boundary conditions. However, its solution is associatedurrent—voltage characteristic, apd and p,,, are the resis-
with definite mathematical difficulties. Let us go from the tivities of the superconductor and the matrix, respectively.
general system consisting ¢f) and(2) to a simplified sys- The electric field strength within a conductor of round

tem that does not require a formidable number of calculacross section with a radius is found after Ref. 4 from the
tions. We integrate Eq(1) over the radius. Taking into ac- simplified solution of systen(2)

count the occurrence of heat exchange with the coolant, we

have _ POl T
Br)=5_4¢In; 0 6)
a &Tk a P,
Ckfo Wrdr= —ha(T,—Tp + fo EJyrdr. wheredl, /dt is the rate of variation of the current in the

conductor, and, () is the magnetic-flux penetration depth,
Neglecting the nonuniformity of the temperature field in which is related to the current flowing in the conductor by
the plane of a transverse section for thin conductors, wéhe expression

bring this equation into the form o2
aTe  2h, > ra Ik:Sknk[JC(Tk)_Alk][l_(%) } (6)
Ck_:__(Tk_TO)+_2 f Ekardr. (3)
Jt a a® Jo We determine the distribution of the currents in the cir-
To calculate the ohmic losses. we utilize the approxi—C“it formed by the cable components from the solution of a
mate formula ’ system of Kirchhoff's equations of the form
. . % dl; dig _\ —
fo Ekardrznk[Jc(Tk)—AJk]fo E,rdr. (4 P Miigr TIRd 5 Tk| =Y, k=1N,

It is, first, a consequence of the assumption that the tem- N dl, dl

perature is uniform in a cross section of tkih conductor, kzl dt  dt’ @
and, second, it holds, because the superconducting compo-

nent of the current density is significantly greater than theHeredl/dt is the rate of variation of the current in the gen-
corresponding normal component, which can be neglecte@ral circuit,{M, ;} is the assigned inductance matrix of the
In this expressiony, is the superconductor volume fraction composite, andR(dl,/dt,Ty) is the electrical resistance of
in the kth conductor;J(T) is the dependence of the critical thekth conductor due to the variation of the current in it. We
current density on the temperature in a given magnetic fielddefine it for a conductor of round cross section and letgth
which is assigned for a superconductor with an ideafccording to Ohm’s law as

current—voltage characteristics; add, is the degradation dl, ol ra
component of the current-carrying capacity due to the non- RK(H,Tk) Wy f Eyrdr.
linearity of its current—voltage characteristic. It can be deter- K Fp.k

mined by considering the limiting case of the induction of  The solution of systent3)—(7) under the initial condi-
current at an infinitely slow rate. For superconducting com-ions

posites with an exponential current—voltage characteristic
and a nonlinearity parametéy, it is not difficult to obtairt*

A =3c(Tgw) —Jcoigks Tak=Tot 7qk(Tce—To),

TW(0)=Ty, 1(0)=0, k=1,N

was based on the Runge—Kutta method. It permits the calcu-
lation of the averaged values of the temperature and the cur-

where rent in each component of a multiconductor current-carrying
i1 element before the irrevgrsible d_estruction of its supercon-
iq=1— 8 1+In rk(Liq,k—l)“, ducting state. To determine the time of the onset of the de-

Sk velopment of instability, we utilize the conclusions formu-

i i2 ) i O 1/2 lated in Ref. ;4, accordi_ng to Which the destruqtion of the
Tak=aiq k(% _<qT - q——l) ) superconducting properties of a solitary composite is a con-
@lgk sequence of the nonisothermal dynamics of the magnetic flux

Here, according to Ref. 15, within the superconductor. As a result of this process, the
permissible increase in the temperature of the composite is

5k:ﬁ’ - (1- Wk)Ps, bounded from above by a nontrivial value, which depends on
Jeo MkPm the magnetic-flux penetration conditions. The numerical ex-
2 9 periments performed in Ref. 14 for superconducting conduc-

— JcoTkPmSk tors with current—voltage characteristics having nonlinearity

(1= 7)hep(Tcg—To) ' parameters varying in the range<¥,<5% show that for
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FIG. 1. Temporal variation of the temperature of the compdsigeand the ~ FIG. 2. Dependence of the dimensionless critical current induced in a soli-
magnetic-flux penetration depth--) before the appearance of instability in tary superconducting composita£5X 1074 m) on the current induction
the case of the complete and partial filling of the transverse section of th&ate for various values of the heat-transfer coefficibntw/m?.K: 1—10,
conductor by the current. 2—100,3—1000.

TCB:9 K, T0:42 K,
states in which the magnetic flux does not completely fill the 10 .
cross section of the conductor, the appearance of instability Pm=2X10"7" Q-m, ps=5x10"" Q-m,

can be described by an inequality of the form 5=0.01.
/ I ° To test the proposed model we determined the bound-
T= Tmag=Taxt (Tee~To)| 1 77k3k3coiq,k) ’ aries of the stable states of a solitary superconducting com-
N posite when current is induced in it. They were compared
t>0, k=1,N. with a previously performed analysis of the critical currents

Within model(3)—(7) the limiting caser , ,—0 signifies based on a solution of a complete system of Fourier and

. 4 .
an irreversible transition to the normal state of the respectiv&/!axwell equations:' Figures 2 and 3 present the results of

component when its transverse section is completely ﬁ"ed:alculations of the dimensionless values of the critical cur-
by the current. rents[i,=Im/(7Sko)] in the “simplified” (solid curve$

To illustrate the efficacy of the stability criteria used in and “exact” (dashed curvgsmodels for various values of

the present work, Fig. 1 presents plots, which describe thgwe heat-transfer coefficient and radius of the conductor.

temporal variation of the temperature of a niobium-titanium
superconductor in a copper matrix and the corresponding i
values of the magnetic-flux penetration depth for two char- #
acteristic values of the current induction rate, at which insta-
bility develops with incompletedl/dt=10* A/s) and com-
plete dI/dt=10? A/s) filling of the transverse section of the
conductor by the current. In the former case the destruction
of the superconducting properties of the composite is a result
of an increase in the temperature of the conductor to a level
above the permissible value, and in the latter case it is a
consequence of complete penetration of the magnetic flux
into the composite. The starting parameters taken for the
calculations were

J
= = —4 =
=10 m, a=5%x10*m, c 10353?,

(1] HRETTL 1l Lt el L1

W 001 01 1
7=0.5, h=1OOOW, dlrdt, Ass

Teg—T A FIG. 3. Dependence of the dimensionless critical current induced in a soli-
‘]C(T) — Jco—_’ Joo=4X 109_2, tgry supercondgctmg composité 1000 W/nf'-K). on thg current induc-
Teg—To m tion rate for various values of the conductor radigsmm: 1—1, 2—10.
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They graphically demonstrate the satisfactory agreement of
both models. However, it should be noted that the accuracy
of the determination of,, in the “simplified” model can be
improved by refining the formula written down above for
calculatingT .. However, this requires additional calcula-
tions, which we intend to perform later on. At the same time,
since the “simplified” model contains characteristic physi-
cal features that describe the appearance of instability in a
superconducting composite, it can be employed with accept-
able accuracy as an initial approximation for estimating the
stability of the superconducting state of multiconductor
structureqd otherwise, as we have already noted, the solution
of the complete system of equatiofiy and(2) is required.

0.85

0.80

0%
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Figure 4 presents the results of a calculation of the per- 0.7, 3 i+ s 678 ém'm
missible currents$,=1,,/(N7,SJc(To)), which can be in- disdt,Az
duced in a superconducting cable with maintenance of the i
superconducting state by all of its components. The cable " b
consists of six conductors symmetrically arranged relative to k=3
one another around a common cefftéccording to Ref. 8, 0.8
the original parameters of the conductors were assigned the
values
08
=20 m, a=7.6x10"° m, #,=0.256, .
W \\\ k=2
04 So
hk= 1000@, \\‘\‘
pm=1.4xX10"7 Q-m, p=4.5x10"7 Q-m, 03
TCB:9'2 K, T0:42 K, 0
R B BT R
2 3 g 5 5
Ck= MkCst (1= M) Cpn, v Giratase ? °
3 J n c
cs=50.55+69.88" el -
85.5T78  4<T<5 K /[ 4 bé :
Cm=)30.5T%%2, 5<T<10 K( [m_e'K ) ) \‘\7r=5
2.6 \
and the critical properties of the superconductor immersed in '\\
the assigned external magnetic fi@d=1 T were described o4 \7'\'2
by the relations ) S
aB3,(T) B
Jo(T)=—= [ - } v
VBe Bea(T)
T\?2 010 1’ 0’ 10* 0° '
Bca(T)=B¢|1— Tos) | d1/dt, A/

A
Bc=12.631, «=10.76X 1085273.

In addition, it was assumed that the current—voltage

characteristics of the individual conductors can differ from

FIG. 4. Dependence of the dimensionless permissible currents induced in a
six-strand superconducting cable having a spread of nonlinearity parameters
of the current—voltage characteristics on the current induction rate for vari-
ous types of inductive coupling between the conductors.

one another because of possible imperfections in their fabri-
cation process. It was also assumed with no loss of generalitstructed in Fig. 4a in the range of variation a@f/dt corre-

that the spread of the values &f does not exceed 10% and

sponding to the strongest influence of the nonlinearity

that the nonlinearity parameters of the current—voltage chaparameter of the current—voltage characteristic. Carger-
acteristic of the cable components take the minimum valueesponds to the currents which can be induced in a solitary

for k=1 and the maximum value fdt=2.

conductor with the nonlinearity parameté#0.01. For the

Dimensionless plots of the dependence of the permisstarting parameters given, the collapse current in the limiting
sible currents on the current induction rate have been corcase ofdl/dt—0 equals 147 A. In the experiment in Ref. 8
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the corresponding value was 144 A. Because of the symmetf the conductor in the cable in which its transition to the
ric arrangement of the conductors in the cable, the sameormal state is initiated varies in an irregular manner as only
curve corresponds to the dependencefll/dt) for a six-  the current induction rate is increased. For example, for a
strand cable provided the nonlinearity parameters of all theable with the nonlinearity parameteg® instability is initi-
conductors are identicals(=0.01). Curve2 was calculated ated in thek=3 conductor in the range of variation of the
for a composite in which there is no inductive coupling be-current induction rate up to $0\/s. As dl/dt is increased
tween the conductors, whose nonlinearity parameters diffefurther (Fig. 4b, the transition to the normal state begins in
from one another: the k=2 conductor. At the same time, for a composite with
_ _ _ the nonlinearity paramete(40) there is a different sequence
0,=0.010, 5,=0.011, 9,=0.0109, of numbers of};hrza conductors in which instability is (i:lnitiated
5,=0.0108, 65=0.0107, 5=0.0106. 9 (Fig. 40. In this case the initial segment of thg(Dt/dt)
curve is dictated by its appearance in tke 4 conductor,

| In th]:(ss gastﬁ thebﬁ)resence tOf ::olnductct)rr]s W'tlh @fferen&hen the onset of the collapse of current induction occurs in
values ofdy in the cable can not only lower the valueigf, the k=5 conductor, and at large current induction rates it

but can also alter the site in the cable where the instability ig, .o place in th&=2 conductor
initiated as the current induction rate is increased. For ex- Thus, a “simplified” model Has been proposed for cal-

in;glg,A/atf Srt?]a” currer:t mo_luc::nont ratg?vhein tg”dt culating the time-dependent distribution of the temperature
| st tsbor_ e_pa};}ame e(;s gtlvb ihrtinsll ion c; elnor-f and the current in a superconducting multiconductor cable
maf state begins in thé conductor wi e largest valugo with an arbitrary number of components. This model permits

(k=2). At large values ofll/dt the collapse of current in- taking into account the diversity of the designs of supercon-

duct!on IS a consequence of the destrucuon of the SuPerqorﬁ'{ucting cables. The analysis of the stability of the supercon-
ducting properties of the conductor with the smallest nonlin-

. : ducting state of a six-strand cable with conductors arranged
eanty'para.meterl(z 1). These fgature‘z‘s are”dlctated by thesymmetrically relative to a common center have been ana-
foIIowmg cwcgmstancgs. At .rv'ala'uvely small” values of the lyzed on its basis. The permissible currents which can be
curr(_ent induction rate |nst§1b|llty develops_ after the transverse duced in a cable at an assigned rate without destroying the
section of the conductor is completely filled by the current.

. . .~ superconducting properties of all of its components have
Therefore, in these cases the conductor having the h'g_heﬁgen determined for this design. The calculation performed

Rith consideration of the inductive coupling between the
conductors and different nonlinearity parameters of the
current—voltage characteristics for each conductor demon-
t§’(rates the existence of an irregular sequence of the conduc-

account. In. this case the smaller &, t'he smaller is the tors which initiate the possible transition of a cable to the
corresponding value d® (dl, /dt, T,) owing to the smaller normal state

spreading of the current profile within the conductor. Conse-

quently, the time-dependent values of the current and, thus, This work was performed with the support of the Rus-

of the temperature are higher in the conductor with thesjan Fund for Fundamental Resear@®roject No 95-02-

smallest value ob, than in the other conductors. Therefore, 03527a.

instability appears because of the great excessive heating in

the conductor with the smallest value &f. 'H. Brechna,Superconducting Magnet Systen@pringer-Verlag, Berlin

It follows from the foregoing that consideration of the (1973; Mir, Moscow (1976.

inductance matrix of a real multiconductor cable can alter the’V: A- Al'tov, V. B. Zenkevich, M. G. Kremlev, and V. V. Sychewta-
" . bilization of Superconducting Magnetic SysteRienum Press, New York

calculated values of the critical currents. The corresponding (1977 [cited Russian original- Eergoatomizdat, Moscodd984].

dependences of the permissible currents for inductively®m. N. wilson, Superconducting Magnet®xford University Press, Lon-

coupled conductors with different nonlinearity parameters don (1983; Mir, Moscow (1985. _

are plotted in Fig. 4a. The parameters for cuBraere de- A. V. Gurevich, R. G. Mints, and A. L. Rakhmanoihe Physics of

. . Composite SuperconductoiGRC Press, Boca Raton, FId995.
scribed by the relationt9), the values for curvél were set  sg | ‘Schermer and B. P. Turck, Adv. Cryog. Eri, 599 (1980.

it is filled most quickly by the current. Adl/dt increases,
the redistribution of the current in the circuit formed by the
electrical resistances of each conductor should be taken in

equal to 5G. Ries, Cryogenic&0, 513(1980.
’G. Reiter, Cryogenic@2, 451 (1982.
61=0.010, 4,=0.011, §3=0.0101, 8M. Iwakuma, H. Kanetaka, K. Tasaki, K. Funaki, M. Takeo, and
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A local-nonequilibrium model of the diffusion of a solute during the rapid solidification of a
binary alloy is considered. The model has two characteristic parameters: the diffusion velocity
through the interfac®y; and the diffusion velocity in the bulk of the liquid pha%¥g . The

influence of local nonequilibrium on the separation of an impurity, the stability of the interface, and
the dependence of the temperature of the interface on the velocity of the solidification front

is investigated. A comparison with experiment is made. 1898 American Institute of Physics.
[S1063-784£98)00703-X]

INTRODUCTION values. However, in systems with a more complicated
structuret® particularly in melts of metalst!? 75> 71 In
Special interest has recently been aroused by the rapisuch systems thermal equilibrium is established first, and
solidification of binary alloys initiated by deep undercooling only then is diffusional equilibrium established. Each of
of the phase-transformation surfdcé® Such undercooling these stages of the establishment of local equilibrium has its
can be achieved in the solidification of a melt obtained as @wn characteristic spee®*: the diffusion velocity Vp
result of the pulsed action of a high-intensity energy source=(D/7p)Y? and the thermal-wave speed,=(a/r)?
(for example, laser radiatigmn the surface of a solid or as a where D is the diffusion coefficient and is the thermal
result of deep undercooling of an initial melt. Under suchdiffusivity. ~For melts Vp~1-10m/s, and Vi
conditions the solidification process takes place with a large- 10°—10* m/s, i.e.,Vp<V; (V7 is of the order of the ve-
deviation from local equilibrium, which influences the shap-locity of sound in a liquid phageThus, over the fairly broad
ing of the micro- and macrostructure of the solid phase, itgange of variation of the velocity of the solidification front
physicochemical properties, and the distribution of impuri-V=1-100 m/s, which is of practical interést® a phase-
ties and possible defects. transformation process takes place with local-nonequilibrium
The existing theories regarding the solidification of bi- diffusion of the solute in the liquid phas¥ V) and local-
nary alloys(see Refs. 1 and 2 and the references theteke  equilibrium heat transfer(<Vy). The main purpose of the
into account only the deviation from thermodynamic equilib-present work is to further develop the local-nonequilibrium
rium at the interface by introducing the impurity partition model of the solidification of binary alloy$,which is based
coefficientK, which depends on the interface velochy  on the general theory of traveling waves under local-
However, it is then assumed that local thermodynamic equinonequilibrium conditiond?2°
librium exists in the bulk of both phases and that the heat-
and mass-transport processes in them can be described by
classical local-equilibrium transport equations of the para; the MoDpEL
bolic type. Such an approximation is valid only for relatively
low interface velocitied/<V*, whereV* is a characteristic According to extended irreversible  thermo-
velocity, whose physical meaning will be discussed belowdynamics’*=?* under local-nonequilibrium conditions the
In the opposite case, i.e., wh&h-V*, the state of the sys- diffusion flux J obeys the Maxwell-Cattaneo law
tem exhibits an appreciable deviation from local equilibrium, 23
which can have a significant influence on the heat- and mass- J+ rp—=-DVC, (1)
transport processes near the interf&ce:2° Jt
The main parameter which describes the relaxation of avhere 7 is the time for the relaxation of to its local-
system to local equilibrium is the characteristic time equilibrium valueD is the diffusion coefficient in the liquid
needed for the system to pass from a local-nonequilibriunphase, and is the concentration of the solute.
state to a local-equilibrium state, i.e., the relaxation time. For ~ The local-nonequilibrium Maxwell-Cattaneo laid) is
simple systems, such as mixtures of ideal gases, the charadgistinguished from the classical local-equilibrium Fick’s law
teristic time for diffusion-controlled relaxationy, i.e., the by the presence of an additional term on the left-hand side of
time for the establishment of the local-equilibrium values of(1), which takes into account the relaxation of the diffusion
the concentration of the diffusing component, coincides withfield to local equilibrium. Taking into account the mass con-
the characteristic thermal relaxation time, i.e., the time servation law, we find that Eq1) leads to a diffusion equa-
for the establishment of the local-equilibrium temperaturetion of the hyperbolic type
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aC 9*C D(1-V2V3)IV; V<Vp,

—+7 =DV?C. 2 = 7
L @ d=1,. VoV @)
The characteristicsX*+Vpt=const of the hyperbolic It follows from (6) and (7) that V;, is the decisive pa-

equation(2), which describes the local-nonequilibrium diffu- rameter, on which the character of the diffusion of the solute
sion of the solute, indicate that the strong discontinuity apip the liquid phase depends. In the local-equilibrium limit,
pearing in the medium as a result of the concentration jumRNhereV<VD, concentration distributiof6) coincides with
propagates with a finite spe&f . In other wordsVp canbe  the classical distribution and does not dependvgn As V
regarded as the propagation rate of diffusive perturbations qpcreases, the depth of the diffusion lagevaries with a rate

the maximum mass-transport speed. considerably higher than the one predicted by the classical
The boundary condition which expresses the mass COnftheory [see(7)]. WhenV passes through the critical point
servation law at the interface has the fofm V=Vp, a qualitative change in the character of the diffusion
. dC, dCs process takes place. At this point the diffusion layer van-
(V+7pV)(C=Cg)+ 1pV| —=— W) =-DVC, (3 ishes, and a¥=Vp, the concentration of the impurity in the

liquid phase is identically equal to the initial concentration
whereC, andCg are the concentrations of the impurity at the C(X)=C.,, i.e., whenvV=Vy, there is no diffusion in front
interface in the liquid and solid phases, respectively, sl of the solidification front. This phenomenon is fully under-
the acceleration of the interface. stood from the physical standpoint: perturbations from a
It is noteworthy that the local-nonequilibrium boundary source(the phase boundary in our casehich moves in the
condition(3) differs significantly from the classical boundary medium with a velocity exceeding the maximum possible
condition. First, it contains not only the values@fandCg  propagation rate of the perturbations cannot propagate in its
at the interface, but also their derivatives with respect tadirection of motion(there is an analogous phenomenon in

time. Second(3) contains the acceleration of the interfage hydrodynamics, viz., ultrasound Thus, the local-
along with its velocity. The presence of these additionainonequilibrium model predicts qualitative modification of
terms is stipulated by the relaxation of the mass fiujsee the mechanism of the solidification of a binary alloy when
Eq. (1)]. V=Vp. While atV<Vp the solidification mechanism and
Thus, the local-nonequilibrium diffusion of the solute in its principal laws are determined mainly by diffusion of the
the liquid phase observed at high interface velocitiessolute, atV>Vy diffusion is absent, and consequently the
V~V; (or in the initial stages of a solidification process at Solidification process is controlled only by the thermal ef-
t~7p), is described by the hyperbolic mass-transport equaf.ects. Such a transition from a diffusion mechanism of so-
tion (2) with the boundary conditioti3). WhenV<Vy, (or lidification to a thermal mechanism as the interface velocity

t>7p), the system of equation®) and (3) reduces to the increases was observed in the experiments in Refs. 1, 3-5, 7,
classical local-equilibrium diffusion equation of the para-and 8. Moreover, in cases where it was possible to evaluate

bolic type with the corresponding boundary condition. Vp the change in the solidification mechanism was observed
specifically atv=Vp .13

The form of the local-nonequilibrium model for the sta-
tionary regimeg4) and (5) and the behavior of its solution
In the stationary regime, i.e., whevi=const, Eqs(2)  (6) permit the introduction of an effective diffusion coeffi-

2. STATIONARY REGIME

and (3) take the following form: cientD* (Ref. 12
d’c dcC w22y
D(1-VZV3) oy + Vo =0, @ .| PA=VIVD) V<Vp, ®
dx dX 0; V>Vp.
dC The effective diffusion coefficieni8) takes into account
_ - _ — 22y ——
V(C=Cy) D(1=V5/Vp) dx’ © the decrease in the impurity concentration gradient in the

liquid phase caused by the deviation from local equilibrium,
which is proportional to the rati¥/Vp. Using (8), we can
expand the range of applicability of several classical results
of the local-equilibrium theory of binary alloys by replacing
C(X) D by D*.
(C,—Cglexd —VX/D(1-V?/V3)]+C..; V<Vp,
Coc 1 V>VD 1
(6)
whereC,, is the initial (X—) concentration an€, is the
concentration of the impurity in the liquid phase at the inter-
face X=0).
The concentration distributiori6) corresponds to the
characteristic deptld of the diffusion layer: K(V)=(Kg+VIVp)!(1+VIVp), 9

The solution of Eq(4) with consideration of5) gives
the distribution of the impurity concentratio@(X) in the
liquid phase aX>0

3. PARTITION COEFFICIENT OF THE IMPURITY

In the local-equilibrium approximation the partition co-
efficient of the impurity, which is equal to the ratio between
its concentration in the liquid and solid phases at the inter-
face, has the forfn
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X tions of the dimensionless velocity/Vp for Vp;=Vp/2. At

10 the relatively low velocities/~Vp; <Vp, where the local-
nonequilibrium effects of the diffusion of the impurity in the
liquid phase can be neglecteld, and K* practically coin-
cide, and the rate-limiting step in the process of the separa-
tion of the impurity is its diffusion through the interface with
the characteristic spead,; [see Eq(9)]. WhenV~Vy, the
local-nonequilibrium effects lead to a significant decrease in
the effective diffusion coefficient8). In this case the rate-
limiting step in the separation of the impurity is its diffusion
in the liquid phase, anK* differs appreciably fromK.

08

0§

|l|l|l|l|l|l|l|

o4 WhenV=Vy, K* does not depend o and is identically
equal to unity, whileK increases monotonically tid=1 as
o2V L 0 L Ll Ll V—o, Thus, the local-nonequilibrium model, which de-
0 04 08 12 scribes the diffusion of a solute with consideration of the
/Y relaxation of the diffusion flux, predicts a transition to diffu-

N o _ , ~sionless P* =0) and separationlesK{ =1) solidification
FIG. 1. Dependence of the partition coefficient of the impurity on the di- for V=V It should be noted that the resudt =1 for V
mensionless solidification front velocity//Vy. Solid curve—local- = YD ) .
nonequilibrium mode(10), dashed line—local-equilibrium modés). =V does not depend on the mechanism of separation of the
impurity at the interface, since it is determined by purely
diffusional effects. Therefore, it is also maintained in other
. A . - , models of the separation of an impurity differing frai®).
whereKg |s_th_e eqUIllbrlum_ pa_rt|t|on coefficient, ?‘MDi IS Any other mechanism which influences the distribution of
a characteristic speed, which is equal to the ratio of the difgn o' b yrity in the liquid phase and is not taken into account
fusion coefficient of the impurity through the interfabe o, ie present work, for example, thermal diffusion, can lead
the interatomic distanck. to the variation ofK at V~Vp. An investigation of the

giff It_ShOUId ﬁ?e. stres:erc]j thﬁi is_ thehmeaﬂ vr?lug offthe influence of thermal diffusion on the partition coefficient of

fliusion coefficient of the impurity through the Interface, e impurity upon the solidification of binary alloys is

which can be regarded in the general case as a tWO'phaE?anned for subse -
o L . quent studies.

zone containing both a liquid phase and a solid phase. There-

fore, the value oD; should be somewhere between the dif-

fusion coefficient in the liquid phasB and the diffusion 4. STABILITY OF THE PHASE BOUNDARY

coefficient in the solid phades~0, i.e.,D;<D. Molecular-

dynamics calculations show thd; can be 5-10 times

smaller thanD.!® Taking into account thatp=\/Vp, we

According to the classical theory of stabilitythe desta-
bilizing influence of the diffusion of an impurity at an inter-
face is compensated by the surface energy, and the absolute

obtain stability criterion has the form
Vp=DI/\.
p=D/A o KTalV, .
Thus, the diffusion velocity/p, which is the propaga- " mD(1-K)’ (12)

tion rate of the diffusive perturbations in the bulk of the ) . . .
liquid phase, can be 5—10 times greater thap, which is whereCy is the critical concentration of the solutg,, is the

the mean diffusion velocity through the two-phase zoneme'_ting p_oint °_f the pure substance, is th? -slope of Fhe
separating the liquid and solid phases. For a narrow phasc.ligu'dus Illne,l“ IS t.he G|bbs-Thomsgn coefficient, ahq IS
transformation zone of the order of one atomic layer it ist,he velocqy at whlch absolute stability of a planar solidifica-
natural to assume thatVp,=(Vp+Vg/2 and D, ton frontis achieved. . .
—(D+Dg)/2, whereVg and D are the diffusion velocity The. §tgbl|lty criterion(11) was originally pbtalned for
and the diffusion coefficient in the solid phase. Sinee=0 the equilibrium values ofm andK. However, it was found
andD¢~0, we haveVp,~Vp/2 andD;~D/2. In the case of that this criterion is also valid when equilibrium does not
’ i i . . H 14,15 H
a diffuse interface, where the phase transition takes plac®XiSt at the interface antl andm depend onV.™ ™ This

over a distance of several atomic layers, the value¥ gf makes it possible to assume that the criteriad) is also
andD: are even smaller valid under local-nonequilibrium conditions, as long as the
i .

Substituting the effective diffusion coefficiei8) into local-equilibrium valuesK(V) and D are replaced by the

(9), we obtain the local-nonequilibrium partition coefficient Iopgl-nonequilibrium analog&” (V) and D* (V) g For sim-
K*, which depends on botti, andVp, , plicity, we assume thah does not depend o, sincem(V)

is a weak functiorVV in comparison taK* (V) andD* (V).
Ke(1=VZIVE) +VIVp; Ny Figure 2 presents plots of the dependenceCgfon V,,
K* = 1_V2/V%+V/VDi ' D> (10) which were calculated from Eql1) in the local-equilibrium
case withK(V) [Eqg. (9)] and D=const and in the local-
nonequilibrium case witi* (V) [Eq. (10)] andD* (V) [Eq.
Figure 1 present& [Eq. (9)] andK* [Eq.(10)] as func-  (8)] for Si—Sn alloyst® As expected, these curves differ sig-

1; V>Vp.
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1—K(V)+K(V)In(K(V)/Kg)
m .

1 m(V) =

Under equilibrium conditionsT;=Tg; however, when
there is a deviation from equilibrium, i.e., wh&hincreases,
T, increases because of the increase in the effective solidus
s temperatureTs , which is equal to the sum of the first two
- terms on the right-hand side ¢12). If V=V;, Tg reaches
its maximum valueTg ..

Ke—1-Kg In Kg
mC,, .
Ke(1—Kg)

When V>V, the effective slope of the liquidus line
(13) does not vary further, an@ig=Tg .- IN this case the
1 liquidus and solidus lines coincide, and the interface tem-
Ve/Y% perature, according to thermodynamic conceptions, is deter-
mined by the equality between the free energies of the liquid
and solid phases at the same valueGifT,), i.e., when
V=Vp, TE ma= To- We note that the real interface tempera-
ture T, is smaller thanT, by the value of the kinetic correc-
tion V/u [see Eq(12)].

a1

L) L) 1711Il]

om

=Tst+ (14

*
S max

7 llllllll

0.001

FIG. 2. Dependence of the critical concentrati®p on the dimensionless
velocity corresponding to absolute stabilityy,/Vpy [Eq. (11)]. K*(V),
D* (V)—solid curve;K(V), D= const—dashed curve.

nificantly atV~Vp . In fact, the local-nonequilibrium effects If V=Vp, it follows from (12)—(14) that

at V~Vp lead to an appreciable decrease in the effective T =T v (15
diffusion coefficientD* (V), which weakens the destabiliz- iT s mac VIH

ing influence of diffusion. Therefore, equilibrium with a sta- Thus, at the point of the transition from a diffusive so-

bilizing influence of the surface energy is achieved at velocididification regime to a thermal regime, i.e, 8=V, a
ties of the solidification front that are considerably smallerchange in the form of;(V) also occurs. While af <V the
than those predicted by the classical theory, and, thereforénterface temperatur€; increases as a result of the increase
V,<V, at the same value o€y, whereV, is the local- in the effective solidus temperatufg , at V>Vy it de-
equilibrium value of the velocity corresponding to absolutecreases linearly with/ owing to the kinetic undercooling
stability (Fig. 2). In addition, if V—Vy, thenD*(V)—0 [the last term in(12) and(15)].

andCy—o0. This means that the stability of a planar solidi-

fication front is always achieved whén,<Vp . It follows

N/ 1 \J2]\/2 . ieer
Irombil_l) izat;/alll_ Va(1 \t/'a/ VtD) ,fovlllhence itis not difficult & e\ oFRATURE OF THE INTERFACE IN THE CASE OF
0 OoDbtain the Tollowing estimate a DENDRITIC GROWTH

— ! ! 2
Va=Va(1=(Val2Vp)). According to the theory of dendritic growththe under-
Thus, the local-nonequilibrium effects have a stabilizingcooling of the interface\T(V) has the form
influence on the solidification front of a binary alloy and
impose a fundamental restriction on the value/gf, which AT(V)=AT(V)+ATg(V)+ATr(V)
is always less thaW, . The criterion(11) and all the ensuing +AT(V)+ AT, V),

arguments are valid in the case of directed solidification. )
When undercooled melts solidify, a transition occurs atVhereAT:, ATs, andATy are the thermal, concentration

V=V, to purely thermal regimes of dendritic growth, for (diffusive), and kinetic undercoolings, arXiT is the under-
which V, is of the order of the speed of souhd. cooling associated with the curvature of the surface.
The last term

5. TEMPERATURE OF A PLANAR INTERFACE ATpe=[m-—m(V)]C, (16)

When a planar interface propagates in a binary alloy, it&Ppears as a consequence of the difference between the
temperaturel; has the following forn: slopesm and m(V) of the equilibrium and nonequilibrium
liquidus lines, respectively. Replacirg in the expression

Ti=Te+ (w_ m) C.—Viu, (12) for_ATS(V) by D’_*, we obtain the local-nonequilibrium dif-
K(V) Kg fusive undercoolingA T% (V)
where Tg is the equilibrium solidus temperaturm is the 1
equilibrium slope of the liquidus linen(V) is the slope of ATS=m(V)C.|1- 1= (1=K* (V) I(PE)|" 17
the liquidus line under nonequilibrium conditions, aads a it e
kinetic coefficient. where |, is an Ivantsov function expressed in terms of the

The effective slope of the liquidus line is determined bylocal-nonequilibrium Peclet numb&g =VR/2D*, whereR
the degree of separation of the impufity is the radius of a dendrite.
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If V—Vp, thenD*—0, K¥* -1, PE—~, and |[—1. served in Ag—CuRef. 7) and Ti—Ni (Ref. 8 alloys when
This means that the diffusive undercoolingT§=0 at the temperature of the interface dropped belbyv In addi-
V=V [see(17)]. In this caseA T, achieves its maximum tion, such a transition was also observed during the solidifi-

value cation of Cu—Ni(Ref. 3 and Ni—B(Ref. 4 alloys, but here
it was shown that the critical parameter evoking the sharp
ATM*~mC, | ————— (18 change in the solidification mechanism is the interface veloc-
1-Ke ity, which is approximately equal t&, rather than the

and remains constant, i.AT,.=ATpe, atV>Vp. Thus, undercooling. Thus, the results of the experiments in Refs.
just as in the case of a planar solidification front, the charac3—5, 7, and 8 are consistent with the predictions of the local-
ter of the AT(V) curve undergoes a qualitative change atnonequilibrium model, which regards the diffusion velocity
V=Vp. At V<Vj the dependence kT on T is deter- Vp as the critical parameter describing the transition to
mined mainly by the diffusion term&T% andAT,, since purely thermal solidification regimes with a zero effective
they depend significantly oK* (V) andm(V). If V>V,  diffusion coefficient(i.e., diffusionless solidification
thenATE =0 andAT,.= AT &*=const. In this case the total In addition, the local-nonequilibrium model predicts that
undercooling does not depend on diffusion, and solidificatiorseparationless solidification with* =1 is also achieved at
takes place in a purely thermal regime witif =0 andK* V=Vp, rather than a¥ — o, as would follow from the clas-
=1. At V=V the total undercooling has the form sical theory(9). This result is consistent with the experi-
ments on the laser melting of Si with B, P, and As impurities
ATV =AT(V)+ATR(V) +AT(V)+ATR™ - (19 in Ref. 18, where&K=1 wgs observed fov=2.7-4.5 rpn/s.
The dendrite radiu® can also be calculated by replac- The molecular-dynamics calculations in Ref. 16 showed that
ing D in the classical theofyby D*. It should be expected K=1 for a stationary interface velocity=4 m/s. Cook and
that the value ofR will increase sharply upon passage Clancy also noted that this result, i.e., separationless solidi-
through the critical poinV=V and that it will be deter- fication, cannot be explained within the existing theories that
mined only by heat-conduction effedtiiere will be a “ther- lead to expressions fdf like (9).
mal dendrite”’) atV>Vp. In the general case the interface can be regarded as a
We note that the results obtained in the present sectiotwo-phase zone consisting of both a solid phase and a liquid
are based on the assumption that the shape of the dendriphase. Hence it follows that the mean values of the diffusion
and the functional dependences & (V) are maintained coefficientD; and the diffusion velocityVp; in this two-
when there is a deviation from local equilibrium. Strictly phase zone should satisfy the inequalitizs<D;<D and
speaking, the change in the character of the diffusion of th&/ps<Vp;<Vp, whereVpg is the diffusion velocity in the
impurity at high interface propagation rates leads to distorsolid phase. As we have already noted above in the case of a
tion of the shape of the dendrite. Moreover, the value ofsharp phase boundary consisting of one atomic layer, it can
K(V) varies along the surface of the dendrite, since the norbe assumed th&;=(D + Dg)/2 andVp;=(Vp+Vpg)/2. If
mal velocity, which determine&(V), decreases with in- this assumption is used to analyze a diffusive interface con-
creasing distance from the dendrite tip. Thus, the exact forsisting of n atomic layers and it is also assumed that the
mulation of the problem of the shaping and propagation of aliffusion coefficientD, in the kth layer is equal to the arith-
dendritic solidification surface of a binary alloy requires ametic mean of the values of the diffusion coefficients in the
combined solution of the local-nonequilibriuthyperbolio ~ neighboring k—1)th and k+1)th layers, i.e.D=(D1
diffusion equation and the classicdlparaboli heat- +Dy_4)/2, the mean value of the diffusion coefficient in the
conduction equation with consideration of the alteration oftwo-phase zone takes the forBy=g(n)D, whereg is a
the boundary conditions on the interface because of the vartoefficient, whose values are listed in Table I. Wimen6, it
able angle between the normal and the velocity vector. can be assumed in an approximation tigéh)=1/n. The
mean diffusion velocity through the interfatk);=g(n)Vp
can be obtained in a similar manner. Thw\fg, can be rep-
resented in the forn¥p;=D;/A=D/L, whereL=2\/g(n) is
the effective width of the interfacial zone. An exact determi-
The local-nonequilibrium model of the diffusion of a nation of the diffusion velocities in the liquid phas¥)
solute predicts that a change in the solidification mechanismand in the two-phase zon&/{;) is needed to compare the
of a binary alloy will occur at the critical point =V from  theoretical value oK* with the experimental data.
a diffusive mechanism a{<Vp to a purely thermal mecha- Figure 3 compares the calculation of the partition coef-
nism atV>Vp. This transition, as well as other manifesta- ficient of the impurity as defined by formuld8) and (10)
tions of local nonequilibrium, can be described by the effecwith the results of the experiment on the laser melting of
tive diffusion coefficientD*, whose value depends on the Ge-Si alloys in Ref. 10. At relatively low values of the
degree of deviation from local equilibrium, which is propor- solidification front velocityV the local-equilibrium model
tional to the value oV//Vy . At the pointV=Vy separation- (9) faithfully describes the experimental results #¢=0.4
less solidification withk* =1 is also achieved, and with and Vp;=2m/s1® The local-nonequilibrium mode(10)
consideration of a kinetic correction the temperature of thegives better agreement over the entire range of variatidh of
interface corresponds fB,. The transition from a diffusive for the same values dfgz andVp; andVp=4.9 m/s. This
solidification mechanism to a thermal mechanism was obvalue practically coincides with the valdg,=5 m/s, which

7. DISCUSSION OF RESULTS AND COMPARISON WITH
EXPERIMENT
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I TABLE I.
10
n g(n)
a9 1 0.5
2 0.37
3 0.33
08 4 0.29
5 0.26

ar

06

o5

04

v,m/s

FIG. 3. Dependence of the partition coefficient of the impurity on the so-
lidification front velocityV for Ge—Si alloys/, B—experiment in Ref. 10,
solid and dashed curves—same as in Fig. 1.

was obtained in Ref. 17 by dividing the diffusion coefficient
in the liquid phase by the interatomic distance. We stress th
it is the diffusion velocity in the liquid, i.eYp, rather than
the diffusion velocity at the interfacdp; .

Figure 4 presents plots df(V) and K* (V) together
with experimental data obtained for the solidification of
Si—-As alloys® The local-equilibrium model9) gives the
best agreement with experiment fog;=0.46 m/s® How-
ever, in this case it predicts overestimated valuels at low
V and underestimated values at high(Fig. 4). The local-
nonequilibrium model gives better agreement with exper

1
J

¥
V,m/s

FIG. 4. Dependence of the partition coefficient of the impurity on the so-
lidification front velocityV for Si—As alloys.O, A—experiment in Ref. 9,
solid and dashed curves—same as in Fig. 1.

ment over the entire range of variation &f for Vp;
=0.75 m/s and/p=2.6 m/s.

We note thatVp;/Vp=0.4 for Ge—Si alloys and that
Vp; /Vp=0.28 for Si—As alloys, i.eVp;<Vp. This is con-
sistent with the conception of a two-phase zone having val-
ues ofD; andVp; that are smaller thab andVp, respec-
tively. The relation betweeWVp; and Vp for Ge-Si alloys
corresponds to a two-phase zone consisting-ef2 atomic
layers (see Table ), which is close to the estimate=3
obtained on the basis of molecular-dynamics calculatténs.

Measurements of th&(AT) curves for Ag—Cu and
Ti—Ni alloys revealed a sharp increase in the velocity of the
solidification frontV when the temperature of the interface
corresponded t@,."® To account for such behavior of the
V(AT) curve, Walder and Rydéiintroduced an additional

f?Erm into the kinetic undercooling, which ensures the ap-

proach of the liquidus and solidus lines to thg curve as
V—oo, In Ref. 8 this additional term was modified using the
effective diffusion coefficien{8), which depends on the ve-
locity V of the solidification front? to ensure better agree-
ment between the theoretical plot ¥{AT) and the experi-
mental results.

We note that the empirical term in the kinetic undercool-
ing introduced by Walder and Rydércorresponds ta T,

TEq. (16)]. This undercooling, which takes into account the

variation of the slope of the liquidus line witif, also en-
sures its fit with theT, curve asV—Vp (see also Sec.)5
Thus, the relation$12), (14), and(15) for a planar surface
and(16)—(18) for dendritic growth can be used for a detailed
calculation of theV(AT) curve with consideration of the
local-nonequilibrium diffusion of the impurity, which is
manifested by the appearance of a dependence of the effec-
tive diffusion coefficient(8) on the velocity of the solidifi-
cation frontV.

8. CONCLUSIONS

The characteristic rates of the solidification of binary
alloys, viz., the diffusion velocity at the interfadg,;, the
diffusion velocity in the bulk of the liquid phasé, , and the
thermal-wave spee¥d, permit the establishment of a hier-
archical sequence of deviations of the state of the system
from equilibrium, which corresponds to increases in the so-
lidification front velocityV (Vp;<Vp<V7).

1. V=0. Complete equilibrium.

2. V<Vp;. The system deviates from equilibrium as a
whole, but there is local equilibrium both at the interface and
in the bulk of each phase, i.&,=Kg=const.
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A semiconductor—metal phase transition is produced in samarium monosulfide under the action
of the pressure of a spherical indenter in the region of quasiuniaxial compression of the

sample material under the indenter and investigated. It is shown that the phase transition occurs
when the decrease in the volume of SmS under the action of the applied field reaches a

critical value of 4-5% afr =300 K. The temperature dependence of the critical volume decrease
is recorded in the range 280-440 K. ®98 American Institute of Physics.
[S1063-78498)00803-4

INTRODUCTION F was applied to a steel tip with a radius of curvatite

Samarium monosulfide is known to undergo a first-order= 36 um in a direction perpendicular to the sample surface.
isostructuralNaCl-NaC) semiconductor—metal phase tran- The tip makes contact with the sample on a surface which
sition when a sample is uniformly compressed and, in a subcan be assumed in an approximation to be round with a
surface layer, when its surface is polisHel.similar phase radius
transition was discovered in SmGd,S and Sm_,Y,S a=(RFD)%¥, 1)
solid solutions when samples were subjected to uniaxial
compressioﬁ;however, the semiconductor phase was a veryand the maximum pressure is exerted at the center of this
strongly degenerate semiconductor with a free-carrier conkegion and equals
centrationn~10?* cm™2 in this case. Attempts to produce 3 pU
semiconducor et phase YanSHons by U MDY P gy @

position, which is a non-
degenerate material with clearly expressed semiconductqere
properties A~ 10" cm~3), were unsuccessful, because the
ibili i ici i 3(1-0* 1-0'?
possibility of applying a sufficiently high pressure by D=" ( "
E E’

uniaxial compression was restricted by the ultimate strength 4

of SmS single crystal%Thls effect has likewise not yet been whereo andE are the Poisson's ratio and Young's modulus

produced in other semiconductors. The purpose of th%f SmS in the[100] crystallographic direction, which are
present work was to attempt to produce a semiconductor

. : . o equal to 0.085 and 1:210° MPa, respectively, ands’ and
metal phase transition using deformation by uniaxial com-_;
ression E’ are the same parameters for steel.

P ' If the coordinate axes are parallel to the axes of the
crystal (Fig. 1), then, on the basis of Ref. 4, for<(z

EXPERIMENT <0.4a and \x?>+y?<0.2a we have

An indenter with a spherically rounded t{peedle was _ o~
employed to create the system of strains corresponding to the ©% (0.65-0.89P/E,  eo=eyy=—0.1s7. @

strains which appear under uniaxial compression in a SmS It is significant that SmS has an extremely small value
single crystal. The strain distribution appearing in the bulk offor o (the usual values for other materials ar®.3), which
a sample when a pressure is applied to its surface by such #@ close to the values of,, and e,,. Thus, in the small
indenter has a fairly complicated character. However, in arzolume indicated we have a strain distribution for SmS that
small part of the volume located under the center of thecorresponds approximately to uniaxial compression.
contact surface the strains can be described by fairly simple The phase transition was detected by capacitance spec-
relations. These strains were calculated from the solution afroscopy, which permits monitoring of the relaxation of the
the contact problem of the theory of elasticity for contactcapacitance under the contact atdaprovides information
between two bodies under a load. Its results, which haven the space charge in the portion of the sample located
bearing on the present case, were presented in Ref. 4. directly under its contact surface with the indenter, i.e., in the
The SmS single crystal measuretk8x 1 and was cut region where SmS undergoes quasiuniaxial deformation. The
along the{100}, {010}, and{001} cleavage planes. The force experiments were initially performed on the metal-insulator-

)=o.945><105 MPa L, (3

1063-7842/98/43(3)/4/$15.00 314 © 1998 American Institute of Physics
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FIG. 3. Temperature spectrum of the variation of the capacitance under the
indenter,AC=C(t,) — C(t,). The values ofAV,,,, correspond to the fixed
z load values==0.23, 0.25, and 0.40 N.

FIG. 1. Pressure of the spherical indenter on a SmS single crystak, the
andz axes are parallel to tH@®01], [010], and[100] crystallographic direc- ) ]
tions. from 2 to 10 us. The output signal from the capacitance

analyzer was used to record the temperature spectrum of

AC, which is the difference between two quantities: the sig-
semiconductor structures that we employed in Ref. 6. Theal proportional to the capacitanc€) at the timet,, which
pressure of the tip was applied to an aluminum contact pai measured 1-1@s after the exciting pulse ends, and the
with an area of 0.34 mfy which was separated from the signal at the time,, which is 4—10us later thart;. In the
SmS surface by a layer of AD; or a polyimide. Subse- measurements without an insulating layer it was found that
quently, the indenter was pressed directly against an insulags a result of the transition of SmS from the semiconductor
ing layer of ALO; with a thickness of 50—100 nm. Spectra of phase to the metallic phase, the initially blocking iron—SmS
the variation of the capacitance were recorded in the temeontact becomes an Ohmic contéah iron—metallic SmS—
perature range from 77 to 440 K at various fixed valueB.of semiconducting SmS structyrd his allowed us to detect the
The phase transition was manifested as a sharp peak phase transition by a simple method based on measurements
abrupt variation in the spectrufnit was discovered during of the constant current flowing through the iron—-SmS con-
the experiments that a contact of SmS with iron has adequatect under the action of the bias voltage .3 V). Such a
blocking properties for ensuring the possibility of performing method was used in experiments wheFe increased
measurements without an insulating lay&ig. 2), whose smoothly and then decreased at a constant temperature.
presence decreases the capacitance and, accordingly, leads to
a decrease in the sensitivity of the method.

In the measurements with an insulating layer, a bias voltRESULTS
age from—0.5 to—1V and exciting rectangular pulses with  Figure 3 presents typical spectra of the variation of the
a height of 0.4 V were supplied to the inpithe aluminum  capacitance recorded on SmS samples at various fixed values
contact pad or the indenferin the measurements on a of F. The point of the phase transition to the metallic state
metal—semiconductor contact the bias wa8.3 or—0.4 V,  corresponds to the beginning of the chaotic oscillations on
and the pulse height was 0.3 V. The pulse duration rangethe curves. This point also corresponds to a sharp change in
the character of the capacitance relaxation processes ob-
tained on the oscillograph, which is similar to the change
described in Ref. 6. As the load on the indenter is increased,

wor the temperature of the phase transition decreéBis 4).
Figure 5 shows the behavior of the reverse current of an
< 100} iron—SmS Schottky diode d5 is gradually raised from O to
f'. ~0.9 N and therF is lowered atT=300 K. A difference
501 between the results obtained in the first loading cycle and

after the performance of several cycles is observed. In the

-y —1 g L 11 first cycle the current jump accompanying the phase transi-
10 0.5 as 0 tion is preceded by a broad region of current instability, in
v . . :
-50} which the current appears for a short time and then vanishes
(the vertical lines in Fig. Da After several cycles the depen-
-1} dence takes the form shown in Fig. 5b. Visual inspection of
the indenter imprints remaining on the surface of the sample
-0l after the experiments revealed spots of a metallic phase of

SmS, which did not differ in appearance from the metallic

FIG. 2. Current—voltage characteristic of the contact formed by the steePNase a}ppearir)g on the SU_rface of the SmS samples after
indenter with the surface of a SmS single crystal. mechanical polishing by a diamond paste.
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changé® 3) the phase transition observed in response to uni-
form compression occurs after the volume of the sample has
been diminished by-6%.°

Thus, as the sample is heated, the valua @ficreases,
and a smaller value @ is required for the transition to the
metallic state, as we observe in Fig. 3. The phase transition
in the bulk of the sample investigated should begin at the
moment when the critical stressed state is achieved at some
point in it. On the basis of Eq4), each value of can be
mapped to a definite maximum decrease in the volume of the
substance, which takes place at the center of the deformed
region and equals

s 7 w 5 AV pax= 857+ Exx+ £yy~0.86,,= 0.68P/E. (5)

LK In such a case the curve in Fig. 4 is a segment of the

FIG. 4. Dependence of the temperature of the semiconductor—metal phagilase diagram of the semiconductor—metal phase transition
transition on the volume change in the region of the SmS single crystain SmS inT— AV, coordinates. If we convert the values of
quasiuniaxially deformed by the indenter. F into values ofAV,, in such a manner, we should have
jumps in the currentl() in Fig. 5 when the critical values of
the decrease in the volume of the region of the sample in-
vestigated are achieved. The dependence presented in Fig. 5a
is typical of the dependences that we recorded in the first

To account for the experimental data obtained we startoading cycle. The jump aiV,,,~5% can be attributed to a
out from the assumption that the mechanism of thephase transition in the entire region investigated. The value
semiconductor—metal phase transition in SmS under uniaxialf the critical volume change agrees satisfactorily with the
compression has much in common with the mechanism ofalue obtained for uniform compression-6%). The re-
the analogous transition under uniform compression of theénaining spikes ofl, which begin atAV,,,>3%, can be
sample. At the same time, the following facts should beassociated with the appearance of foci of the metallic phase
noted: ) the mechanism of the transition of SmS to theof SmS. The vanishing df immediately after its appearance
metallic state has a concentration-dependent character, aiglattributed to the fact that the transition is accompanied by
its appearance requires the accumulation of a certain critical decrease in the volume of the portion of SmS which has
electron concentration equal to10?° cm™2 in the conduc-  undergone the transition to the metallic state~b¥5% (Ref.
tion band’ 2) the change in the concentration of conduction9) and this portion of the material ceases to be in contact
electrons in SmS resulting from mechanical treatment of thevith the indentor. It should be noted that measurements of
sample is stipulated by the volume change and does not déae resistivityp of SmS under the effect of uniform compres-
pend on the nature of the stressed state that led to th&on also revealed some instability @t pressures 100—200

DISCUSSION

0 0.1 03 0.5 0.7 F,N
ft 10 t_ Ll T T T T
b i
5 f
a < o
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FIG. 5. Dependence of the current
1 sl flowing through the iron—SmS con-
_ tact on the load on the indenter. a—
First loading cycle, b—after several
1 cycles.
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MPa smaller than the phase transition pressure, but the tot&ONCLUSIONS
abrupt change ip occurring at~650 MPa in the first load-
ing cycle is taken as the transition presstiréhe decrease in
| immediately after the phase transition can be attributed t

1. A semiconductor—metal phase transition has been pro-
duced in SmS under the action of a stress applied by an

racking of th mole due to th nchron natur ftr(]i)ndenter, which creates the same strain distribution in the
cracking of the sample due fo the asynchronous hature€ ot Ihg, i nquctor as does the stress appearing when a samarium

transition over the region investigated. After several Ioadingmonosulfide sample is subjected to uniaxial compression

cycles are performed, the picture of the transition changeguch a stressed state can be considered nominally equivalent

gzlr?{icgr?&ué?sr nrrqlz)t(flirlntjr?ns(i?icoln gzdtrlﬁe rgoirlfeesnt zl::et(?e to uniaxial compressiofguasiuniaxial stressing
N P pr 2. The phase transition in SmS occurs when there is a

ing the transition disappear. In addition, a region where tWOcriticaI decrease in the volume of the semiconductor phase

phases coexist, which is located at approximately the sa . : o
values of AV . as the spikes of in the first cycle and is 42(;3/2 ::_Ti:agggnl(of the applied stress, which is equal to

characterized by a gradual increase in the current as the load 3. The mechanism of the semiconductor—metal phase

'S !ncreqsed. Thoe same region |s_obserygd n the reverse trafl'lémsition in SmS under quasiuniaxial compression is similar
sition with ~0.5% hysteresis. This conditioning of the phase.n general terms to the mechanism of the phase transition

tra_ln_smqn can be attributed to the formation of a systt_am ofamder uniform compressich.
misfit dislocations on the boundary between the metallic an
semiconductor phases of SmS. According to Ref. 10, such We thank A. V. Golubkov for supplying the samarium
dislocations immobilize the metallic phase on the surface ofonosulfide single crystals.
the semiconductor phase. The occurrence of immobilization
of the m(__:‘talllc phase of SmS is not questionable, since Spoﬁsrhe values ofr andE were calculated from the elastic constants measured
of metallic SmS of yellowish gold color are clearly observed i, ret. 5.
in the indenter imprints after experiments are performed. Th@The sample generally failécracks during the reverse transition as the
size of the imprints corresponds to the calculated value topressure is removed, and subsequent cycles are not carried out.
within ~10%, which also characterizes the accuracy of the
determination of the other calculated parameters. 'I. A. Smirnov and V. S. OskotskiUsp. Fiz. Nauki24 241(1978 [Sov.

With respect to the mechanism of the phase transition inzpm\’f- }t’;‘:ﬂznls'klﬁlz(lfs\’/]ih ogradov, N. N. Stepanoe al, Pisma Zh
SmS_ ur_]der quasiuniaxial compression, tr_\ere IS an impressiongeyy, iz 0 624(1983 [Sov. Tech. Phys. Letg, 269 (1983].
that it differs somewhat from the mechanism of the transition3g. L. Akimov, A. V. Ryabov, B. I. Smirnowt al, Fiz. Tverd. TelalLen-
under uniform compression and that the smaller critical val- ingrad 25, 1328(1983 [Sov. Phys. Solid Stat5, 763 (1983].
ues of AV are not simply a consequence of experimental “A. L. Polyakova,Deformation of Semiconductors and Semiconductor De-

. . . . vices[in Russian, Energiya, Moscow(1979.
error. This is consistent with the data in Ref. 3_,'Wh.ere a5p_p. Dernier, W. Weber, and L. D. Longinotti, Phys. Rev1® 3635
possible value for the pressure of the phase transition in SmS(1976.
under uniaxial compression was obtained by extrapolatinge(Sh- ';;l?i, V. V-hKaminslgiiy a?]d A V. G(Olubga)vy Zh. Tekh. Fiz8, 1201
; ; : 1988 [Sov. Phys. Tech. Phy83, 709(1988].
the dat.a O.btamed und?r the SImUItaneo.us effects O_f unlform,s I. Grebinski, V. V. Kaminskii, A. V. Ryabovet al, Fiz. Tverd. Tela
and unlaX|f'1I compression, as well as with the data in Ref. 2 (_eningrad 24, 1874(1982 [Sov. Phys. Solid Stat24, 1069 (1982].
for the solid solution SgeGd, 1sS. In both of these cases 8v. v. Kaminski, A. V. Ryabov, and N. N. Stepanov, Fiz. Tverd. Tela
conversion of the uniaxial compressive pressures into vol- (Leningrad 23, 1805(1981) [Sov. Phys. Solid Stat23, 1052(1981)].
umes gives values that are smaller than in the case of uni-2; Chateriee, A. Jayaraman, S. Ramasesttaal, Acta Crystallogr28A,
. . o e $243(1972.

form compression. A possible reason for this disparity is thatoa v. Ryabov, B. I. Smimov, S. G. Shul'maet al, Fiz. Tverd. Tela
the elastic constants of SmS depend on the electron densi} Leningrad 19, 2699(1977 [Sov. Phys. Solid Stat#9, 1580(1977].
in the conduction band and values obtained under normalV- V- Kaminski, V. A. Kapustin, and I. A. Smirnov, Fiz. Tverd. Tela
conditions are used to calculateV, although this is not ~ (-enngrad 22 3568(1980 [Sov. Phys. Solid State2, 2091(1980].

entirely correct near a phase transition point. Translated by P. Shelnitz
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The influence of electron irradiation on the light-emitting propertiep-oand n-type porous

silicon prepared by electrochemical etching is investigated. The dose and energy dependences of
the electron-stimulated quenching of the photoluminescéRtgare determined. It is

shown that electron treatment of a porous silicon surface followed by prolonged storage in air
can be used to stabilize the PL. The excitation of photoluminescence by a UV laser

acting on sections of porous silicon samples subjected to preliminary electron treatment is
discovered for the first time. The influence of the electron energy and the power of the laser beam
on this process is investigated. The results presented are attributed to variation in the

number of radiative recombination centers as a result of the dissociation and restoration of
hydrogen-containing groups on the pore surface. 1998 American Institute of Physics.
[S1063-78498)00903-9

The discovery of the light-emitting properties of porous density j=10 mA/cn? for the p-type samples and
silicon* aroused great interest in this substance as a promis,,..,=40 min at j=10 mA/cn? for n-type porous silicon.
ing material for optoelectronics. Researchers have devoted@ach sample was checked to determine its initial PL intensity
great deal of attention to the variation of the photolumines-and its homogeneity at the surface.
cence(PL) intensity of porous silicon under continuous and An analysis of the variation of the integrated PL inten-
pulsed laser irradiatiofi.* The aftereffects of the irradiation sity (1,) showed that the photostimulated quenching effect
of a porous silicon surface hy particles,y quanta, ions, and can be neglected, if an OI-18A illuminator with a UFS6 ul-
electrons have been studied to a considerably lesseraviolet filter is employed as the light source. In this case the
extent>™’ Furthermore, the influence of electrons on theintensity of the UV light did not exceed 1 mW/@mit was
light-emitting properties of porous silicon are represented imoted that even in this case there is a 5-10% decrease in the
the literature only qualitatively, since there is no informationPL intensity after 4 min of exposure. For this reason, the
on the dependence of the PL intensity on the electron dosetal irradiation time for the preliminary measurements was
and energy for porous silicon having different types of con-restricted to 1 min.
duction, doping levels, and formation conditions. Despite the  Electron irradiation was carried out in the ultrahigh-
abundant experimental material, a general theory, which deracuum chamber of an 0910S10-005 Auger spectroscopy
scribes both the mechanism and kinetics of the variation ofvith a residual pressure in the chamber equal to’1Pa in a
the PL intensity of porous silicon under different types of regime with scanning of the electron beam over the raster.
treatment, has hitherto not been developed. This permitted variation of the irradiation dose in the range
This paper is devoted to an investigation of the dose an® = 10">— 6x 10 cm 2. A series of up to 12 sectior(Eig.
energy dependence of the degradation of the Plp-oind 1) with different dose values was formed on a single sample
n-type porous silicon when its surface is irradiated bywith an area of 1 cfh The intensity of their luminescence
kiloelectron-volt electrons. It presents results showing howunder the illuminator with the UV filter was different and
the photoluminescence of porous silicon preliminarily depended strongly on the electron irradiation dose.
treated with electrons evolves as the material is subjected to Plots of the quantitative dependencel pbn the dosé
continuous laser irradiation. and the electron energlf, were obtained from the initial
The starting material used to obtgmntype porous sili- intensity values for irradiation of the porous silicon surface
con consisted of boron-doped silicon wafers with th&¢1) by an LGN-409 He-Cd laser (A\=325nm, P
orientation and a resistivity p=10Q-cm (N,=2.5 =10-50 mW/cr). An FEU-64 photomultiplier, which was
X 10" cm™3). The n-type samples were obtained from adapted for use with an INFRAM-I ocular microscope,
phosphorous-doped wafers with ti#00 orientation and served as a detector. The region from which the integrated
p=2.4Q-cm (Ng=2.5x10" cm3). Porous silicon was PL intensity was analyzed was 1.5—2 times smaller than the
formed according to a standard technology involving electrodimensions of a single electron-irradiated section.
chemical etching in an electrolyte consisting of 48% hydrof-  The results of the measurements of the integrated photo-
luoric acid (HF) and ethyl alcohol in a 1:1 ratio. The elec- luminescence intensity of the samples are shown as points in
trochemical etching time was.=30min at a current Figs. 2a and 2b. As we see, regardless of their type of con-

1063-7842/98/43(3)/5/$15.00 318 © 1998 American Institute of Physics



Tech. Phys. 43 (3), March 1998 B. M. Kostishko and A. M. Orlov 319

o
1
Iy Eyeyry, 5L
/s én) 7o) ap/ )
T 4
=]
_e' =
©
/AR EEY XY, ~ 3
~y
FIG. 1. Sample of porous silicon with sections irradiated by electrons. The i
sections are arranged in order of increasing dose. 2+
duction, an exponential decay of(D) followed by the Un
achievement of a saturation valugat large dose® >Dg is 5
observed (the values of the saturation dod®s exceed ol
6x 10" cm™?. An increase in the beam energy, leads to 550 650 0 850
an appreciable increase in the degradation rate and a de- A,nm
crease ing.

. . L FIG. 3. Photoluminescence spectrumpefype porous silicon after irradia-
It was found that the influence of electron irradiation 0Ny clectrons. Electron energy, ke¥-—2, 2—3, 3—4, 4—5.

the PL of porous silicon decreases when the sample is stored
in a dark place in air as the time interval between the electron
and UV irradiations is increased. In fact, after porous siliconfact, the threshold energies for the displacement of atoms in
is stored for 1-2 months under such conditions, the photaosilicon by electrons amount to 10—-30 eV, which are achieved
luminescence of the surface becomes practically uniform. Itluring irradiation by particles accelerated to 250 Ke®on-
should also be noted that the sections subjected to irradiatiosequently, electron-stimulated defect formation does not oc-
by electrons of lower energy recover more rapidly. This ef-cur in the bulk of the quantum wires in the range of doses
fect is not observed at all in samples stored for the same timand energies used. Therefore, the observed effect can be as-
in an ultrahigh-vacuum chamber with a residual pressureociated only with alteration of the composition, the atoms
p=10°-10 ' Pa. Therefore, the significant degradation of passivating the surface of the quantum wires, and the number
the PL is most probably not attributable to the accumulatiorof dangling bonds. A correlation between the decrease in the
of electric charge on the surface discovered in Ref. 8. PL intensity and the appearance of a large number of dan-
It is interesting that the recovered sections do not exhibigling bonds (5.5 10'” cm™3) on the internal pore surface
any appreciable variation of the PL intensity after repeatedollowing annealing in a vacuum was discovered in Ref. 10.
electron irradiation. Such electron “tempering,” i.e., irradia- Additional confirmation of the desorption nature of the
tion to complete quenching followed by recovery in air canelectron-stimulated alteration of the PL can be provided by
probably be used to stabilize the light-emitting properties ofthe fact that the spectral intensity maximum =697
porous silicon. +8 nm) scarcely moves as the electron energy is increased
The degradation of the PL under the action of electrongFig. 3), as well as by the vigorous evolution of gases in
followed by its recovery in air cannot be attributed to struc-hydrofluoric acid only on the sections which have undergone
tural changes in the near-surface layer of porous silicon. Irrradiation and recovery in air.

FIG. 2. Dependence of normalized
integrated PL intensity on the elec-
tron irradiation dose fop- (a) and
n-type (b) porous silicon. Points—
experimental values; lines—results
calculated from Eq(6). Electron en-
ergy, keV:1—4, 2—3, 3—2.
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For these reasons the mechanism of the electronfABLE I. Parameters of the model of the electron-stimulated quenching of
stimulated degradation of the PL of porous silicon can bghe PL of porous silicon.
described in the fo_II_owmg manner. The sgrface of freshly Type of conduction E,, keV Do, 10 cm 2 o h/h,
prepared porous silicon is passivated mainly by hydrogen

atoms®*?in the form of SiH and Sikigroups, whose role in P 4 11 058 088
. " : . 3 43 071 08
the light-emitting properties of porous silicon has been de- 5 5 7 095 061
termined in numerous studiés!® The presence of SiH N 4 39 095 0093
groups on the pore surface creates luminescent centers. In the 3 6.9 153 0.7
case of only radiative electron-hole recombination, the Pl
intensity at a sufficiently high excitation level can be de-
scribed by the formufd
c'nc'p Substituting Eq(4) into (2), we obtain the PL intensity
I{=A"N[ , (1) ox
Ci/pstCy/ns 1= 1)(D) = A%Bng,No[ 1— (h/h) (1—exp( — (D/Dg) ).
5

where N| is the concentration of radiative recombination
centers,c'p andC!, are the cross sections for the trapping of ~ To eliminate the constants that cannot be determined un-
holes and electrons by these centers, respectimglgndps ~ der the conditions of the experiment, the data in Fig. 2 are
are the photoinduced concentrations of free electrons ankgpresented in a normalized form, i.e., as values, of,

holes, andA" is a dimensional constant. where | ,=A%Bn.N, is the PL intensity before electron
If we take into account the large exciton ionization en-treatment. Lines calculated using the equation
o i, - 5

ergies in porous siliconH,=0.11-0.39 eV)® and the con- 1,(D)/15=1— (h/ho)(1—exg — (D/Dg)%)) (6)

sequent high probability of their radiative annihilation even _ _
at room temperature, it becomes necessary to take into agr€ plotted through the experimental points.

count another component of the PL The parameters used in the calculation for different
o nex e samples and electron energies are presented in Table I. As
1= ATBN Nex, (20 we see, the calculated lines faithfully describe the experi-

where N® is the concentration of radiative exciton- mental results. _ _ '

annihilation centers, which are associated with neutral sur- Several laws associated with the experimental depen-
face states of adsorbed atoms, is the exciton concentra- dence ofDo, h/hg, and « on the energy and the type of
tion, B is the probability of radiative annihilation, amf* is conduct|o_n in 'Fhe sampl_e should be noted. First, there is a
a dimensional constant. To be specific, we shall hencefortgharacteristic increase i, as the electron energy de-

consider only the exciton mechanism of the PL of poroustreases. In accordance with), it is attributed to a decrease
silicon. in the maximum electron penetration degth Information

As can be seen from Eqel) and(2), the PL intensity is N the energy dependence of the rdtity, permitted deter-
directly proportional to the concentration of luminescent cen/nination of the depth of the luminescent layer in porous
ters, which can vary during the desorption of hydrogen fronsilicon. In fact, electrons penetrate to a depth equahdo
porous silicon when it is irradiated by electrons of sufficientalready atE,=4.5keV for p-type porous silicon and,
energy. Then, it can be postulated on the basis of the experi=4-1 keV forn-type porous silicon, and complete photolu-
mental data obtained that the dose dependence of the cofinescence quenching occurs when sufficiently large doses
centration of SiH groups and, accordingly, of luminescent &€ achieved. On this basis, the specific electron energy
centers at the maximum electron penetration déptivhich ~ |0Sses in siIico?‘P. were used to obtain an estimate of the
is commensurate with the thickness of the light-emittingthickness of the light-emitting layer ip-type porous silicon

layer ho, can be written in the form hy~0.5 um, which is in satisfa_ctory agreement with th(_a lit-
N erature valuesl—2 um).” The thickness of the light-emitting
N;(D)=No exp(—(D/Dg)%), () layer in a sample withn-type conduction is somewhat

whereNy is the initial concentration of luminescent centersSmaller:hy~0.45 um.

in the sampleD, is the characteristic electron dose, at which ~ Another characteristic feature is the decrease in the em-

the concentration of hydrogen-passivated bonds in porougirical parametew with increasing electron energies, which

silicon decreases by a factor ef and « is an empirical is apparently due to the hindered removal of the desorbed

parameter. hydrogen atoms when the electron penetration depth in-
When sufficiently large values dd>Dg are achieved, Ccreases. Thus, the larger valuescofor an n-type sample

all the luminescent centers in a layer of thicknbsare prac- should be associated with its smaller porosity. Indirect con-

tically completely removed, and the PL intensity is deter-firmation of this is provided by the data from an Auger elec-

mined only by the radiative annihilation centers located at 4f0n SpectroscopitAES) study of the surface of porous sili-

depthh<x<h,. With consideration of3) the mean concen- €0ON. The siliconLVV Auger peak E=91 eV) was not

tration of luminescent centers in porous silicon after electrorflétected on g-type sample because of the considerable
irradiation is specified by the expression charging of the surface, while the silicon Auger line was

o detected fairly steadily on-type porous silicon. According
N/ (D) =No[1—(h/hg)(1—exp(—(D/Do)*))]. (4 1o the results in Ref. 17, the concentration of charge carriers
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in a sample of porous silicon with a high porosity can de- 12
crease to the intrinsic level as a result of depletion of the \
dopant from the thin layer in the quantum wires. Thus, the
AES data point out the insignificance of this depletion and
the comparatively large diameter of the poreshitype po-
rous silicon, which, in turn, signify better conditions for the
removal of the desorption products and larger valuesy of
than in ap-type sample.

The further investigations were devoted to determining
the photostimulated evolution of the PL of porous silicon
that has undergone preliminary electron treatment. In Figs
4a and 4b the points describe the experimental dependenc
of I, on the irradiation timet(<2 min) by an LGN-409 UV
laser with P=15 mW/cnt for p- and n-type samples, re-
spectively. The samples were irradiated by electrons with the
energyE,=4 keV.

As we see, regardless of the type of conduction, a
change in the law of variation of the PL intensity is ob-
served: quenching on the sections with a small electron irra:
diation dose and excitation on the section where the dost
exceeds a certain critical valli®,. This is attributed to the
fact that in air the dissociation of the hydrogen-containing
groups under the action of laser irradiation should be accom 2} b
panied by their restoration. According to the kinetic model
presented in Ref. 18, the variation of the concentration of
luminescent centers during short laser treatment times is de
scribed by the following equation:

dN, /dt=—kgN;+k(N3—N)), (7)

3

I, , arb. units

whereN§ is the concentration of adsorption centers, &gd
andk, are the rate constants of the dissociation and restora
tion of the hydrogen-containing groups, respectively.

The restoration constant is usually written in the f&tm ~*

arb. units

= PKS ®
¢ 2aMKkT’

whereP is the partial pressure of the g&sjs the probability
that a hydrogen molecule which has reached an adsorptio
center on the surface will become attached to it, @rachd M l
are the effectlvg areg (_)f a molecule and its mgss. _ 0 %0 80 720

The photodissociation constant can be defined in the fol- : t,s
lowing manner:

FIG. 4. Dependence of the photoluminescence intensity of porous silicon on
kg=Fjgo, 9 the electron irradiation time. a: Preliminary electron treatment dose for
p-type porous silicon, cat: 1—0, 2—4.2x 10'%, 3—8.4x 10'5, 4—16.8
wherejg is the number of photons impinging on a unit area x10', 5—25.2x 10", 6—33.6x 10", b: for n-type porous silicon, cii?:
of the porous silicon surface per unit time,is the cross = 1—0,2—2.25<10%, 3—6.75< 10", 4—11.75¢10', 5—15.75< 10", 6—
section for the absorption of photons by hydrogen-containin&o'zy 10"
groups, and- is the quantum yield, i.e., the probability of
the desorption of a hydrogen atom upon the absorption of a
photon by an adsorption-center/hydrogen-atom system.  {ra| radiative annihilation centers into charged nonradiative
In writing Eq. (7) it was assumed that; andk. do not  states can be neglected in comparison with the adsorption
depend on the depth. This assumption is based on thgnd desorption mechanisms.
“bleaching” effect in porous silicon, in which the absorption The solution of Eq.(7) with initial condition (4) gives
coefficient is approximately an order of magnitude smallefihe analytical expression
than inc-Si (Refs. 19 and 20 This bleaching leads to insig-
nificant variation of the intensity of the exciting UV light a
within a region of thicknes&=0.5 um. In addition, it was (t)= oKe +{NJ1— _ _ @
) ()= ol 1= (h/ho)(1—exp(—(D/Do)®))]
assumed that the electron processes which transform the neu- Ke+Kg
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N3k surface of the quantum wires. The thickness of the layer for
Tkt kg exp(— (Kgtke)t). (100 effective photoluminescence in the samples investigated has
been estimated.
According to (10), the PL intensity of porous silicon It has been discovered for the first time that preliminary

varies with the laser irradiation time according to an expo-electron treatment can lead not only to the quenching of the
nential law. The character of its evolution is determined byPL, as occurs on the original sample of porous silicon, but
the pre-exponential factor in the curly brackets. At smallalso to excitation under the action of continuous laser irra-
irradiation doses the desorption rate of hydrogen exceeds thiation. The influence of the electron energy and the laser
adsorption rate, the number of radiative annihilation centerintensity on the value of the critical electron dose at which
decreases, and the PL is quenched. Conversely, if the dosgse UV-induced increase in the PL intensity begins has been
exceed a certain value, the photoluminescence intensity belemonstrated. The observed effect has been attributed to the
gins to increase as a result of the predominant chemisorptiopresence of two competing channels for altering the number
of hydrogen atoms. On the basis of Egj0), the value of the  of [uminescent centers, viz., photostimulated desorption and

critical electron irradiation dose equals chemisorption of hydrogen on the internal pore surface. The
Fh use of electron irradiation permits modification of the rela-
— Noh/ho tion between the rates of these processes. Although the ob-
Do=Doa \/In — NGE) _ ol
NoKe/(kc+Kkg) +No(h/hg—1) served effects have been attributed here to variation of the

number of hydrogen-containing groups, the activation role of
the oxygen present in the pores cannot be ruled out com-
pletely.

The solid curves in Figs. 4a and 4b are plotsit)
calculated from Eq(10). The critical dose® . are equal to
6.7510 cm 2 for an n-type sample and 25.2

X 10" cm™? for a p-type sample. We thank S. N. Mikov for assisting in the determination
A decrease in the electron energy in the preliminaryof the spectral characteristics of the photoluminescence of

treatment of porous silicon leads to an appreciable increasgorous silicon.

in the critical dose for the change in the mechanism of the

evolution of the PL(in the case of ann-type sample

De=14.7<10"cm? for E,=3keV and D.=22

X 10" cm2 for E,=2keV). Within the proposed adsorp-

tion model this is attributed to a decrease in the electron: 1 canham, Appl. Phys. Lets7, 1046(1990.

penetration depth in porous silicon and, accordingly, to the2k. s. zhuravlev, N. P. Stepina, E. S. Shamirzasal, Fiz. Tekh. Polu-

need to achieve larger doses in order to reverse the sign ofprovodn.28, 483(1994 [Semiconductor28, 295(1994].

. . 3
the pre-exponential factor i(L0). P. D. Stevens, Appl. Phys. Le3, 803(1993.

The int ity of the | diati | h infl 4V. B. Pikulev, S. N. Kuznetsov, and A. M. Il'in, Zh. Tekh. Fig5, 170
e intensity o e laser radiation also has an Intfiuence (1999 [Tech. Phys40, 1068(1995)].

on the character of the photostimulated evolution of the PLsg_ v, astrova, R. F. Vitman, V. V. Emtsest al, Fiz. Tekh. Poluprovodn.
of porous silicon. To determine this dependencenéype 30, 507 (1996 [Semiconductor80, 279(1996].
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Phase measurements of surface electromagnetic waves on silver with excitation
through the substrate

Yu. E. Petrov, E. V. Alieva, G. N. Zhizhin, and V. A. Yakovlev

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow District, Russia
(Submitted October 7, 1996
Zh. Tekh. Fiz68, 64—68(March 1998

Surface electromagnetic waves are excited in the visible and near-IR regions of the spectrum,
and interference measurements are performed. Their excitation is effected by a
helium—neon lasef3.39, 1.15, and 0.6am) on the interface between air and a silver film of
thickness 10Qum deposited on a substrate in the form of a prism of fused quartz. The

exciting radiation is supplied from the substrate side in a regime of total internal reflection in the
prism on the edge of the silver film. The wave vector of the surface electromagnetic wave
investigated is determined from the results of phase measurements. The dependence of the
efficiency of the excitation of surface electromagnetic waves on the angle of incidence of

the exciting radiation onto the substrate is investigated. The real part of the dielectric function of
the silver film is calculated. ©1998 American Institute of Physi¢&§1063-784208)01003-4

The phase spectroscopy of surface electromagneticeaches the opposite edge of the wedge, where it is trans-
waves(SEWS was developed to determine the optical con-formed back into volume radiation, part of which travels into
stants of metals, insulators, and semiconductor crystals in thidae prism and part of which travels into the space above the
mid- and far-IR rangeg? To excite a surface plasmon— or prism. We are interested in the latter radiation, which inter-
phonon—polariton mode, the field of an electromagnetideres with the volume radiation traveling above the surface
wave must be concentrated near the surface of the sampd contains information regarding the state of the surface
under investigation. The aperture excitation of radiation is under investigation. Thus, the sample is located in one of the
most widely employed in these regions of the spectrum bedrms of a double-beam interferometer. By moving the pho-
cause of its simplicity and universalifyHowever, the at- todetector along a circle whose center is located at the point
tempts to extend this method to the near-IR and visible?f detachment of the SEW, we can record the angular depen-
ranges ran into serious difficulties due to the complexity of dence of the resultant radiated intensity, which, because of

the apparatus, the very small gaps¥ x«m), and the overall the continuous variation of the phase difference between the
miniaturization of the experiment. interfering waves along the trajectory of the detector, gives a

characteristic “interference” dependence, which can be used
determine both the amplitude and phase relations between
e interfering waves. It was used to determine the depen-
glence of the SEW excitation coefficient on the angle of in-

cidence of the radiation onto the hypotenuse surface of the
rism for all the wavelengths generated by a helium—neon

The edge excitation of radiation was found to be conve
nient in the near-IR and visible ranges under attenuated tot%ﬁj’
internal reflection(ATR) conditions® which have not hith- {
erto been employed in SEW phase spectroscopy. This tec
nique is carried out in the following manng¥ig. 1). A metal

film in the form of a wedge-shaped area is deposited on paﬁaser(3 39, 1.15, and 0.6@m)

of the hypotenuse surface of a prism that is transparent in the : . T .
L . The radiated intensities measured at the maxima and
spectral range being investigated. A laser beam focused by a.

o . inima of the interferogram are equal, respectively, to
lens is directed through the prism at such an angle that tOtaT g q P y

internal reflection takes place from the hypotenuse surface of -
=ly+1+21l,, 1
the prism. As we know,during total internal reflection on a max— b T Ts b's (13
boundary with a less dense medium, the electromagnetic
y 9 min=lp+ 15~ 2V1pl, (1b)

field decays exponentially with increasing distance from the
interface, and the reflected ray is displaced somewhat re'ﬁ‘/vherels is the intensity of the volume radiation formed at

tive to the incident ray. If the boundary of a metal film is the point of detachment of the SEW from the surface of the

placed between the “entrance” and “exit” points of the ray, metal, and, is the intensity of the volume radiation formed
the condition for total internal reflection is violated, and theat the point of excitation of the surface wave.

radiation is partially transformed into an SEW and volume  |n the case where the spatial distributionslgfand 1,
radiation, which propagates above the surface of the metalary only slightly between neighboring maxima and minima
In addition, as in the case of aperture excitation, the volumef the interference curve, ang>I, it follows from (1a)
and surface waves appearing are coherent to one anotheind (1b) that

The surface wave excited on the edge of the metal film

propagates over its outer surfatee boundary with ajrand ls= (V1 max— VI min) 2
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radiated intensity permits the determination of the phase re-
lations between the interfering waves. The condition for an
interference extremum has the form

an’'+r—+(a+r cos®)’+r? sif @=(m+Am)\,
2

where(Fig. 1) m is the number of the extremum, which is an
integer for a maximum and a half integer for a minimum,
Am is the total additional phase shift between the interfering
waves appearing upon the excitation and detachment of the
SEW, n’ is the real part of the effective refractive index of
the SEW,a is the length of the path traversed by the SEW
over the metal filmy is the distance between the point of
detachment of the SEW from the sample and the detector,
and @ is the angle between the ray traveling from the point
of detachment of the SEW to the detector and the plane of
the metal film.

After obtaining the values d® corresponding to known
values ofm from the interferogram, we can use formu®
to determinen’ anda. It is convenient to solve this problem
graphically by constructing a plot of the dependence of the
parameter

g=+(a+r cos®)?+r? sif @ —r

on (m+Am)\/a. The straight line obtained has an intercept
on the vertical axis equal 1o’ — 1, anda can be determined
from its slope. However, the number of the extremum is not
FIG. 1. a: Prism with a deposited metallic wedge; b: view from above:glways known. For example, in our experiments in the vis-
1—fused quartz crystag—radiation detector. ible region the optical difference between the paths of the
interfering beams reaches 10-20 wavelengths for the char-
acteristic valuess.=0.1-0.25 mm. In additiomym is an un-
Integrating the dependence lafobtained over the angle known quantity. The determination of these quantities re-
0, we obtain a quantity, which is proportional to the SEW quires several interferograms recorded for different values of
excitation coefficient,y=14/1y, wherely is the intensity a. They are depicted as a family of parallel straight lines on
of the SEW at the excitation point, ang is the intensity of the graph ofg(m). By selectingm for each straight line and
the laser radiation incident to the prism. varying the single parametdam for all the straight lines, we
By turning the prism relative to the incident beam, we can minimize the difference between the straight lines ob-
obtain the dependence of the SEW excitation coefficient omained. The straight line thus obtained also specifieand
the angle of incidence of the radiation onto the workihg- ~ Am. In our experiment the interferograms were fed directly
potenusg surface of the prism according to the method de-into a computer, where the procedure described above was
scribed above. In addition, the angular dependence of thearried out by a program written in BASIC.

5 FIG. 2. Diagram of the experimental
w 7 apparatus: 1—helium—neon laser;

2—phase shifter3—400 Hz modu-
lator; 4, 5—metallic mirrors; 6—
focusing lens;7—goniometer; 8—
detector; 9—selective amplifier;
10—analog-to-digital converter;
11—computer.

——— 10 g
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A diagram of the experimental apparatus is shown inTABLE .
Fig. 2. Polarized radiation from a continuous He—Ne Iaser)\ - . (Cale) de = (oxpen, do
(with wavelengths equal to 0.63, 1.15, and 339) is in- H 4 ) 0e9 @~ ao (€xpen), deg
terrupted at a frequency of 400 Hz by a sector disk fastenef 63 1.7 2.6
to the rotating axle of a hysteresis motor. The beam focuse&1® 0.45 12
by a lens impinges on a prism fastened to the rotating stage® 0.05 -
of goniometer in such a manner that the laser light impinges
on the working surface of the prism at an angle exceeding

the angle for total internal reflection. The detector is fasteneg)e taken into account that the width of the metal film be-
to the movable arm of the goniometer. The point at whichcomes ess than the diameter of the focused radiation beam
th.e SEW detgches from the surface of the sample coincidgggg um) because of the short propagation length of the
with the rotation axis of t_he detector. The accuracy of thesew. Consequently, we can expect the appearance of a third
measurement of the rotation angle of the detector in our exsqyrce that makes a contribution to the interferogram, viz.,
periment was 0.1°. After selective amplification and analogthe peam refracted on the second boundary of the metal film.

to-digital conversion, the interferograms, i.e., the angular det clear up this question we recorded interferograms in both
pendences of the radiated intensity, are fed into a computer,

where they are used to calculate the valuaaf which per-
mits determination of the real part of the dielectric function a
Ree for the metal investigatetsilver). I

The silver films investigated in the present work were 1
deposited by thermal evaporation in a vacuum with a re-
sidual pressure equal tox210™° Torr, and the evaporation
rate was 1-2 nm/s. The mass thickness of the film was de-
termined using a quartz microbalance and was equal to 100
nm. Each film was deposited on the surface of a prism of KI
fused quartz. The dimensions of the working surface were
15X 20 mm.

To enable the recording of a series of interferograms at )
different values of the distancea traversed by the SEW
along the metal surface, the SEW was excited in the direc- ¢ 5 T
tion transverse to the wedge. The paramatean be varied
by displacing the point of excitation of the SEW by moving
the prism perpendicularly to the incident beam. Since the 1| A~ T
propagation length of the SEW on the silver film decreases
abruptly as the frequency increases, a separate sample was
prepared for the experiments at each wavelength, and a film 2
was deposited on it using a mask in the shape of a wedge
with a width ~0.1-0.3 mm for the 0.63um radiation,
~0.3—1 mm for the 1.1%m radiation, and~=2-5 mm for
the 3.39um radiation. In the case of=0.63 um it should

]
I C
2
£ 1
a
©
~ 2
3
4 I 1 | 1 1
0 § 0 0 0 20 o

-, ,”
FIG. 4. Typical interferograms. a&=0.63 um; a, um: 1—110, 2—75,
FIG. 3. Dependence of the effective SEW excitation coefficleonh the 3—55; b: A=1.15, wm; a, wm: 1—703, 2—329, 3—179; c: \
anglea—ag. \, um: 1—3.39,2—1.15,3—0.63. =3.39um; a, um: 1—3, 2—2, 3—1.
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7 TABLE Il
a7l
.1 \, um An=n'-1 Ree
a2
03 3.39 (8.2-1)x10™* —600
X 4 1.15 (7.3:0.3)x10°3 -70
- 0.63 (3.2:0.03)x10°? —-16
0.05

the ordinal number of the extremum for the series of mea-
sured interferograms at=1.15um is shown in Fig. 5,
which, as we see, confirms the linear dependenag @i m
established by Ed1). Using the procedure described above,
we obtained the values for the real part of the effective index
of the SEWSs on silve(Table I, column 2.
To test the results obtained, the dependence of the reflec-
) , tion coefficient on the angle of incidence was measured on
/ ma/n ot the same samples fqr-polarized radiation ak =3.39 um.
The value calculated from the optical constants of the metal
FIG. 5. Graphical determination dfn for a silver film with a thickness of obtainedAn(3.39 um)=(8+2)x 10™* coincides to within
100 nmA=1.15 um; a, pm: 1—179, 2—227,3—329, 4—703. the experimental error with the value obtained by SEW spec-
troscopy. On the air—metal interface= \e/(e+1), where
e is the complex dielectric function of the mefaSince

p and s polarizations. Since the SEW is excited only in Ree>Im & for silver in the near-IR range, we can write
p-polarized light the appearance of interference on the an-

gular dependence of the radiated intensity in the casg of —n’'2

polarization can be caused only by this third source. It was Ree~ n2—1-

found that ins-polarized light an interference pattern is no-

ticeable only at angles of incidence of the exciting radiation _ _ _

« that are close to the critical value§). The parasitic beam The results obtained, which are presented in Table II

can be suppressed completely by increasing this angle b@polumn 3, are clos_e t_o the available I_iterature data f(_)r sput-
1-2°. In this case the beam divergence did not exceed 0.otered silver films Similarly prepared films were previously

Figure 3 presents the dependence of the SEW excitatiofudied by SEW phase spectroscopy with aperture

. 5 . .
coefficient on the angle of incidence of the exciting beam. AXcitation” The SEW propagation parameters presented in
we know, the volume wave is transformed into a surfaceXef- 5 agree well with the data obtained in the present work,
wave most efficiently in the case of matching of the imped-bUt the new scheme for exciting SEWSs in the interferometer

ances of the exciting wave and the SEW forrfidthe values that we used permits improvement of the accuracy of the
of a—a, corresponding to the maximum SEW excitation Méasurements.

coefficient, which we obtained by simple calculations using This work was performed with partial support from the

the dielectric functiorf, and the values determined experi- Russian Fund for Fundamental Resed@hants Nos. 95-02-
mentally in the present work are presented in Table I. 04194 and 95-02-04195 '

As can be seen from Table I, the experimental values of
the angles corresponding to maximum excitatiionthe case
of A =3.39 um the value could not be determined because of
the closeness af to «,) significantly exceed the calculated ‘E. V. Alieva, L. A. Kuzik, F. A. Pudoniret al, Fiz. Tverd. TelaLenin-
o ; ; grad 34, 3233(1992 [Sov. Phys. Solid Statg4, 1730(1992)].
values. The reason for th_IS IS possﬂ_)ly the imperfect shape_ OEV. Vaichkauskas, G. N. Zhizhin, and V. A. Yakovlev, Fiz. Tverd. Tela
the edge of the metal film on which the surface wave iS (L eningrad 32, 1833(1990 [Sov. Phys. Solid Stat82, 1066(1990].
excited. The SEW is excited on an edge of a film whose3Surface Polaritons: Electromagnetic Waves at Surfaces and Intetfaces
thickness drops smoothly to zero over a characteristic dis- Xgls\sﬂz' Agranovich and D. L. Mills(Eds), North-Holland, Amsterdam
: : - 1982.
tance of the order of several mICI’_an, Wh.lch significantly 4A. F. Goncharov, G. N. Zhizhin, S. A. Kiseleat al, Phys. Lett. A133
exceeds the wavelength of the exciting radiation. Therefore, 163 (1983
the SEW is actually excited on a portion of the surface of a®E. v. Alieva, V. A. Yakovlev, V. I. Silin, and A. Volkov, Opt. Commun.
film of small thickness, for which the value of , as our 636'32131(189?' iA LS Appl. Phys. LE2, 90 (1978
. . . . . J. Chabal and A. J. Sievers, Appl. Phys. , .
calculations show, is grea}ter than that for a thick ﬁll’ﬁh'ls "N. J. Harrick, Internal Reflection Spectroscopinterscience, New York
apparently leads to the difference between the experimental(1967: mir, Moscow (1970)].
and calculated values of the angles corresponding to maxiéVv. V. ShevchenkoContinuous Transitions in Open Waveguid&olem
mum excitation of the SEW Press, Boulder, Colq1971); Nauka, Moscow(1969].
: 9
Typical interferograms obtained in the present work are - A Ordal L. L. Long, R. G. Bellet al. Appl. Opt. 22, 1099(1983.

presented in Fig. 4. The corresponding dependen@p @i  Translated by P. Shelnitz
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The field evaporation of a Hf—Mo allogl5 wt. % Hf is investigated using a time-of-flight atom
probe. A moderately heated tip detects an impurity of Hf and Mo oxides on the surface.
Thermofield microprotrusions grown dt=1440-1850 K in an electric fieldretarding to
electrons of intensity E=(3.2—5)x 10’ V/cm are analyzed at room temperature and

above. ©1998 American Institute of Physid$$1063-78428)01103-9

INTRODUCTION beamgespecially in the case of hot field evaporajicare all
of physical interest in themselves in the scarcely studied case

Field evaporatiohas applied to new materials is inter- of alloys even without regard to the problem of creating a
esting in itself, being a result of an interaction of a strongnanometer writer.
electric field with a solid. At the same time, it underlies the
creation of promising point ion sources for
nanotechnologie$SA thin (fine) ion beam could be used for
deposition on a substrate and for writing or drawing on the  Atom probe microanalysiéwhich employs a mass spec-
nanometer scale. In the case of low-temperafactd) field  trometer combined with a field emission microscope, is a
evaporation, the tip, i.e., the source of the material, becomesuitable method for the problems posed. In the present work
dull with use and must be sharpenguieferablyin situ), as  we employed a field electron microscope, a field ion desorp-
in the case of writing with a pencil. If the source operates intion microscope, and mass analysis of ions which have
a high-temperaturghot) evaporation field, the ion flux  passed through the probe opening in a microchannel image
forms during its operation and can differ with respect to itsamplifier. The time-of-flight atom probe of moderate resolu-
stability, geometric properties, and ionic compositfoAll tion used in this work(its resolution was about 30was
this determines the quality of the “pen” or “marker” for described in detail in Ref. 10. The need to heat the tip re-
writing on the nanometer scale. Its quality can be influencedjuired the inclusion of a heated arch, to which the tip was
by utilizing the special features of hot field evaporation. Thiswelded, in its electrical circuit. The tip could be heated at the
has been demonstrated in the case of several refractory mettoment when a high voltageither constant or pulsg¢dvas
als: W, Mo, Ir, and P£® Alloys would be interesting in this supplied to it. Tip temperatures in the range from room tem-
context, since their employment would diversify the evapo-perature to 2030 K were used in the investigation of field
rated components and, in addition, would facilitate the for-evaporation. In the pyrometric region the temperature was
mation of thin ion beams of some materials and therebydetermined using a Piro optical micropyrometer, and in the
lower, for example, the working temperatures and fields. nonpyrometric region it was determined from an extrapola-

While the ordinary cold field evaporation of alloys has tion graph. The temperature was measured in the form of the
been studied repeatediymainly for analytical purposes, heating current in the arch. Under high-temperature condi-
their hot field evaporation has not been studied at all. On thé&ons it is difficult to avoid field evaporation at the constant
other hand, even when a regime of cold field evaporationfbase voltage. Satisfactory correct mass spectra with a se-
was employed, the method of “sharpening the pencil” by lective character could be obtained only with a high contrast
growing thermofield microprotrusions, for example, wasbetween the evaporation rates during the application of the
likewise scarcely considered in reference to alloys. Only ongulsed voltage and at the base voltage. Values of the contrast
study in which such microprotrusions were grown on the(i.e., the ratio between these ratéom 10* to 1P can be
basis of a Si110,—W adsorption system can be nofddow-  considered sufficient, although, of course, not all the atoms
ever, a detailed study of the field evaporation of silicidesevaporated from the surface are analyzed in this case.
from microprotrusions has been conducted quite recéntly. The field-emission characteristic of the object was used

After selecting a Hf—Mo alloy(15 wt. % Hf) as a con- to estimate the intensities of the working electric fields from
venient and useful model, we studied two new problems irthe measured voltages. Experience showed that the hafnium
the present work: the cold field evaporation of thermofieldin our alloy behaves as a surface-active material, being con-
microprotrusions grown on tips made from this alloy and thecentrated in the surface and near-surface layers. Therefore, in
hot (high-temperature field evaporation of this alloy. It our estimates the work functiop of the surface was set
should be noted that the conditions for crystal growth in aequal to the value for hafniump=3.5 eV (Ref. 11). The
field and the composition of the corresponding growth for-residual pressure under working conditions was about
mations, as well as the composition and geometry of the iod0~8 Torr. The main components of the residual gaisro-

EXPERIMENTAL METHOD
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gen, carbon dioxide, and, despite the preliminary heating of
the system, wate¢rwere detected. However, they could not 20+
influence the character of the growth and emission processes

taking place at high temperatures. %

RESULTS OF EXPERIMENTS AND DISCUSSION 12

arb. units

a) Growth conditions and composition of the thermofield
microprotrusions.The tips of the Hf—Mo alloy were heated
to T=1400-1650 K in the absence of an electric field to
clean the surface. The use of higher temperatures was unde-
sirable, since it led to blunting of the tips and, accordingly, to 4
an increase in the working voltag&s (the latter were re-
stricted to the+ 20 kV level for a constant voltage and 5.6
kV for a pulsed voltage A moderately heated tip prepared 0 20 40 60 80 100 120 140
from a Hf(15%)—-Mo(85%) alloy contained surface irregu- m/q
larities that could not be removed by such heating. The elec-
tron emission image contained a set of bright spots, WhiCHf'_G' 1. Field (_avaporation spectrum of a tllermofieLd micropro}rusion ob-
were not always symmetrically arranged. In view of the high:\‘jl"(?ﬁot’fc’sr_al_”“ﬁfjt éfﬂMtfﬂf)ira_tﬂﬁ,Eggl ,28_—’\1Hf,Mc3>T+|12.OTHe4;-
Hf content on the surface, it can be assumed that these SpQfgyal pressure is 16 Torr, V,=12 kv, and the amplitude of the applied
are similar in nature to the contaminants on a Zr surface pulses is 4 kv.
analog of Hj described by Mler,? which cannot be re-
moved by heating. We analyzed the mass spectra for(ebld
~300 K) field evaporation from these spots and discoveredx 10° V/cm for E, and from 1.4& 108 2.4x 10° V/cm for
that they contain not only metallic Ff *, Hf"", Mo,  F, in accordance with the sharpness of the apex of the mi-
Mo™™*, Hfy, HfMo™*, (HfMo)**, (HfMo)***, Hf*, and  croprotrusion. The ratio of the amplitude of the pulsed volt-
other such ions, but also oxide HfO™, HfO*", MoO*,  age to the magnitude of the total voltage was equal to 0.25
MoO; **, HfMoO;**, HiMoO; *, and HfMoQ}" ions.  when the six spectra of the series discussed below were ob-
The corresponding spectra from the dark afeatside the tained and 0.235 in only one case. As the field evaporation
bright spot$ contained practically the same set of ions, butproceeded, the microprotrusions frequently became blunt,
the relative amplitudes of the peaks corresponding to the ionand the corresponding field intensities decreased by 15—-20%
containing Mo (Mo®, Mo**, MoO""", ~MoO", atconstantvalues &f, andV, by the end of the experiment.
(HfMo) ***, and HEMo™*) were appreciably higher than All the spectra of this series were obtained with a tip at room
in the spectra from the bright, strongly electron-emittingtemperature.
spots. Thus, the hafnium oxides were unquestionably the A typical spectrum of the “cold” field evaporation of a
main thermostable surface contaminants. thermofield microprotrusion from the alloy investigated is
The growth of thermofield microprotrusions on such ashown in Fig. 1. The two strongest peaks correspond to triply
surface required heating the tip to a temperaiufeom 1440 charged Hf and Mo ions, the Hf peak being appreciably
to 1850 K(usually for 1 min in the presence of a positive stronger. There are peaks for the residual gases and some
electric field of intensityF =3.2x10'-5.0x 10’ V/cm. The  impurities(C*, N*, and HO™"), as well as peaks witm/q
voltage of negative polarity needed to observe the electror 72, 81, and 93their presumable assignments are shown in
emission image of fixed brightness was usually lowered by d@he figurg. According to our estimates, as the spectrum in
factor of 2 as a result of such treatment. In the case of higlrig. 1 was obtainedE,, decreased from a value of 1.66
temperature$1850 and 2030 K the images of growing mi- %10 to 1.35<10° V/cm, and Fp, decreased from 2.22
croprotrusions in ions of the host material could be observec 1 to 1.8x 10 V/cm. This follows, for example, from the
on the screen of the field ion desorption microscopeTAt dependence of the accumulation of the ions detected the
=1440 K and moderate growth fields the desorption imagesumber of evaporating pulsé&(Fig. 2. The mean effective
of microprotrusions were observed considerably less freevaporation rate during the action of an evaporating pulse up
quently and were significantly duller. To “quench” the mi- to the 230th pulse is about10’ ions/s, but from the 230th
croprotrusions grown, the heating was first switched off, ando 900th pulse it is 1. 10’ ions/s. The character of this
only then was the voltage removed. The competitive growttdependence suggests that evaporafiaich took place
and evaporation processes decayed with different rates as theainly at the base voltag®f a monatomic layer at the apex
cooling proceeded, and these differences could, in principlepf the microprotrusion is completed in the first periag to
alter the geometry and composition of the apices of theéhe 230th pulse(the probe opening was aimed at the image
cooled microprotrusions. Therefore, we cautiously refer toof the microprotrusion and covered its central portiofs
estimation of the fields from the field-emission characteristhe evaporation of the first layer is completed, the evapora-
tics, rather than to measurements. The initial evaporating irtion rate increases. The second layer passing beneath the
tensities of the base fielde() and the total (basepulsed) probe opening is evaporated more slowly, especially at the
field (F,) were varied in the range from 110° to 1.8  beginning. If it is assumed that the microprotrusion was in
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pbtained for a tip temperature equal to 1400LK-Hf "+ 2—HfF ** . The
residual pressure equals ) Vg=12 kV, and the amplitude of the applied
pulses is 4 kV.

FIG. 2. Accumulation curve of the number of ions detected as a function o
the cumulative number of voltage pulses for the spectrum in Fig. 1.

equilibrium with respect to the ponderomotive and capillary
forces and that its diameter at the apex was no more than 3@0in our experimentsthere were many spots, and they were
A, an upper, probably overestimated, estimate of the numbright and mobile.
ber of atoms projected onto the probe opening would Be 10 A definite base voltag¥,, was established after growing
atoms. This permits estimation of the upper limit of thea microprotrusion which evaporates ioinssitu, and then a
evaporation rate at the base voltage: 40 ions/s in the firddesirable regime, for example, evaporation from a locally
period up to the 230th pulse and 15 ions/s in the secondtable microprotrusioritoward which the probe opening or
period. Accordingly, the contragt between the evaporation diaphragm was aimedor from a large set of neighboring
rates during the action of a pulse and at the base voltage microprotrusions, which intermittently passed beneath the
5-7x10° or more. In the case of the other spectra of thisprobe opening, was selected by varyifig An evaporation
series,w lies in the range 18-1CP, according to similar rate contrast sufficient for obtaining satisfactory selective
estimates. The most pronounced peaks in the spectra are theaporation spectra with a low noise level and clearly sepa-
peaks corresponding to Hf " and Mo"*" (which some- rated mass peaks was attained by varying the amplitude of
times change places along the intensity Scads well as  the pulsed voltage. In most of the experiments of this series
HfMo** (m/q=71-72). The other appreciable peaks in-the ratioV,(V,+ V) was equal to 0.33, which was suffi-
clude peaks corresponding to Hf, Mo* ™", and HfMoG}"  cient. In a few cases a value of 0.25 @ cover all possi-
(m/gq=80-81). In the initial experiments with an inad- bilities) 0.41 was used.
equately cleaned tip, the intensity of the peak for HtQwas One of the typical and statistically reliable spectra of the
appreciable. The general conclusion from this series of exhot field evaporation of the HfMo alloy is presented in Fig.
periments is that the thermofield microprotrusions growing3. The spectrum contains two pronounced peaks correspond-
on the alloy investigated are strongly enriched with hafniuming to Hf; *™ and Hf" **. The field intensities at the base
The microprotrusions can be grown repeatedly with reprovoltage and during the application of a pulse were estimated
ducible results. Depending on their initial sharpness, theyas 6x 10’ and 8< 10’ V/cm, respectively. The temperature
allow the cold evaporation of from several to tens of mon-of the tip was about 1400 K. Figure 4 displays a pulse accu-
atomic layers at a single voltage settifige., without appre- mulation curve of all the ions detected for the case of the
ciable blunting. A fairly refractory material, viz., hafnium spectrum in Fig. 3. The very characteristic curve in Fig. 4
(with some molybdenum as an impuifycan be deposited attests to the nonuniformity in the collection of the ions: on
by field evaporation at moderate fields for cold evaporatiorthe steep segments of the curve the mean effective evapora-
in the range 1.1-1:810° V/cm. tion rate reaches %10’ ions/s during the application of a

b) High-temperature field evaporation of the-Hilo al-  pulse, but there are less steep segments and even pauses in
loy. The appearance of the image of a microprotrusion in thehe collection of ions. It follows from the form of the curve
host ions on the screen of the field ion desorption microscopthat the moving microprotrusions passed at least three times
can easily be achieved by raising the temperature and inin the steep segmentsxactly under the probe opening as
creasing the field accelerating the positive ions. Such imagakey were rapidly evaporated. At other times only their edges
were observed for our alloy &f>1300—1350 K in fields were opposite the probe opening, @n the pausesthey
equal to 5—6<10” V/cm or more. At the smallest values of bypassed it. The small fluctuations on the curve are associ-
T and F the microprotrusion spots were dull and locally ated with fluctuations of the evaporation of the microprotru-
stable. At the highest values &f (up to 910’ V/cm atT  sions. The passage of the microprotrusions through the probe
=1440 K) and especially at the maximum valuesiof1850 opening zone is demonstrated even more clearly by the ac-
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nl during a pulse equal to 48610 ions/9. At
500 i~ / T=1620-1660 K, apart from the Hf * and H{ " * ions
- ,_/"f mentioned above, the spectrum displays a strong peak corre-
w0 - — sponding to HIMg ** ions, which is sometimes the highest
| ,,../ peak in the spectrum. At the highest temperature used,
7 =1850 K, peaks for Hf ", Hfg", Hf***, and HfMg, **
300 - f{ are noticeable in order of decreasing intensities above the
- ; “noise” level. At high temperature$1600—1850 K evapo-
200 . ration rates during a pulse from &@o 2x 10 ion/s were
N ,..»/ typical, while in the rangd =1300-1440 K the values var-
0 - _'/_,_/"/ ied from 4.5< 10’ to 8x 10’ ions/s.
,r/ Thus, in a regime of hot field evaporation an alloy con-
;‘j taining less than 10 at. % Hf preferentially supplies Hf in ion
0 . ,,'00 . 8ll70 : 1250 : ”' fluxes. The stationary ion currentsvaporation at the base

voltage are regulated by varyin andV, and can appar-
FIG. 4. Accumulation curve of the number of ions detected as a function ofently range from 18- 1 ions/s from one spatto apprecia-
the cumulative number of voltage pulses for the case of the spectrum in Fi%ly smaller values. The selection of relatively weak currents
3. . ) ) ) )

is apparently more convenient for use in nanotechnologies,

since a microprotrusion is locally stabilized under those con-
cumulation curve for another spectruffiig. 5), where five ditions. At stationary currents less thar?ifns/s it becomes

steps, which are associated with the passage of the emittincafficult to observe the images of spots on the screen of the

spot through the probe opening zone, are clearly displaye(i'.eld ion desorption microscope. However, by following the

The spectrum corresponding to Fig. 5 was obtained aficcumulation rate of the ions, we can see that microprotru-
T=1440 K for the higher field intensitiesE,=9 sions exist and can move. On the other hand, the accumula-
X 107—1.35x 10 Vicm andV,,/V,+V,=0.33. In this case, tion curves attest to appremablg Iocqlhstablllllzﬁltmn of a mi-
too, there are two peaks for the Hf* and Hf ** ions, but ~ Croprotrusion w em(N) curves rise with small fluctuations,

the peak for the dimer is lower than the peak corresponding/@Ve @ constant mean slope, and correspond to times mea-
to the monomer. sured in tens and hundreds of secoldale observed such

An analysis of 12 hot field evaporation spectra showedstable ion emission during a period from 150 to 400 s in half
that the main components in the spectra are theHifand of the cases studied. The stable emission of ions detected

Hf; ** ions and that the peak for the monomer Hif takes duri_ng a p_ulse corresponds to stable stationary _e_mis_sion.
first place in cases of very strong fields. The polymeric clusVhile at highT (1620-1660 K the observed stability is
ter ions are characteristic of evaporation at high temperaPrésumably only apparefdue to the numerous rapidly mov-
tures. For example, at 900 K the Hf' ion is not yet ob- "9 microprotrusiony at 1300-1400 K.such stablht.y defi-
served(and the Hf ** peak is the most intense peak in the mtely corr_esponds to prolonged_ emission from a single sta-
spectrum, while atT=1325-1850 K the Hf* * peak is al- tionary microprotrusion. By adjusting and V, we can

ways present and is almost always the strongest peak. T@(Fend the temporally and spatially stable emission to sig-
other ions observed in the spectra are HfMp Hf**, and  Nificantly greater times.

+++ ; ;
Hf ;Mo (at 1325 K and relatively low evaporation rates This work was carried out as part of the Physics of

Solid-State Nanostructures State Progrépmoject No. 2-
_ 002, “Flomaster”).

{[ YThe pulse repetition rate is 1 Hz; therefore, the valudlain the horizon-
00 —.f”"""“"’" tal axis on the graphs of the accumulation curiégs. 2, 4, and palso
corresponds to the time in seconds.
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Visualization of strains of diffusely scattering surfaces in the optical treatment
of photographs of projected fringes using spatial filtering

A. M. Lyalikov

Ya. Kupala Grodno State University, 230023 Grodno, Belarus
(Submitted February 21, 1996; resubmitted December 16,)1996
Zh. Tekh. Fiz68, 74—78(March 1998

A method for visualizing deformed regions on diffusely scattering surfaces is proposed. The
method is based on the spatial filtering of a wave diffracted on a photograph of projected fringes.
The particular features of the visualization of strains for the cases of both planar and

nonplanar surfaces are considered. The results of experimental testing of the method in a
visualization of the strains of a flat aluminum plate are presented19@8 American Institute of
Physics[S1063-78428)01203-3

INTRODUCTION formed regions of diffusely scattering surfaces is demon-
strated on the basis of the optical treatment of photographs of

Holographic interferometry is considered the most senprojected fringes using spatial filtering.

sitive contactless testing method for studying small displace-  The optical treatment of double-exposure holograms and

ments and strains of a surfat& However, in many cases speckle photographs using spatial filtering has been em-

holographic interferometry is too sensitive for investigatingployed previously for the subtraction of images and for ex-

real objects. Speckle photography and speckle holographyracting information on the deformation and translational dis-

which permit regulation of the measurement sensitivity ovelplacement of the object under investigatfott 3

a fairly broad range, are preferable methods for visualizing  We shall examine the optical treatment of photographs

comparatively large displacements of diffusely scatteringof projected fringes in monochromatic light for the case of a

objects®~° Fringe projection and the application of meshes tosingle photograph and for a pair of photographs oriented in

the diffusely scattering surface under investigation should beptically conjugate planes.

assigned to a separate group of methods for visualizing sur-

face displacements and strafsUnlike the foregoing meth-  opTiCAL TREATMENT OF A SINGLE PHOTOGRAPH

ods, these methods do not require coherent light sources. In ) . o

addition, fringe projection techniques are preferable for in- L€t us assume that the object of investigation is a planar,

vestigating normal surface displacements exceeding tens giffusely scattering surface. After deformation, its surface

microns. differs from the planar situation. To simplify the mathemati-
Despite the differences in the implementation of thecal manipu!ations, we assume that the optical axis of the

methods just cited for investigating diffusely scattering ob-Photographic system used to record the photograph of the

jects, they all require the introduction of a spatial carrierProjécted fringes is normal to the planar surface under inves-

frequency in the recording stage, as well as utilization of théigation, that the linear magnification of the photographing

phenomenon of diffraction and spatial filtering in the stage ofSyStém is equal to unity, and that tkey plane is parallel to

visualizing regions with displacements and strains on th&oth the planar surface under !nvest|g§t|on and the recording

surface under investigatiéh. plane of the photograph of projected fringes. If, for example,
When flat plates, beams, etc. are investigated, the maiff€ Projected fringes are oriented parallel to thedXis, in

information on the surface strains and stresses is provided B{iS case the amplitude transmission of the photograph of

the first derivativesiw/dx and dw/dy of the normal dis- Projected fringes can be represented in the fofin

placementw(x,y), the &x and Oy axes lying in the plane of -2

the surface under investigatiériThe fringes of a double- 7(X,y)~ ] : 1)

exposure hologram observed normal to a plate after recon-

struction are essentially lines of constant normal displacewhereT is the period of the fringes observed in the region of

mentw(X,y). The moirefringes observed when a deformed the planar surface of the object ands the contrast coeffi-

planar surface is visualized by fringe projection also describ&ient of the photographic emulsion.

the normal displacements of the surface investigated. The In (1) the phaseb(x,y) is defined as

sim_plest_metho_d f_or diff_erentiating displacerp_ent data is the 27 w(x,y)tan ©

optical differentiation of interferograms or moipatterns’® d(x,y)=—m———, 2

Optical differentiation employing either the optical shearing T

of displacement patterns or the superposition of interferowherew(X,y) is the normal displacement of the surface un-

grams is applicable here in real tirtfe. der investigation as a consequence of deformation of the ob-
In the present work the possibility of visualizing de- ject and® is the angle between the projected planes of the

2wy
1+cos{?+db(x,y)

1063-7842/98/43(3)/5/$15.00 332 © 1998 American Institute of Physics
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light beam from a point light source, which is formed in the
rear focal plane of a microobjectivk and is cut out by a
circular diaphragn®2, which has a small diameter equal to
~10 um. Microobjectivel and objective3 form a tele-
scopic system. When the photograghis illuminated by
monochromatic light with a wavelength, we assume that
the condition cosy,=n\/T is satisfied, where is the angle
between the wave propagation direction and thieafis, and
n=1,2,3,... . In this case the wave diffracted in tite order
propagates along a normal to the photogrdphhe phase of
the diffracted wave is defined §a®(x,y)]. This wave is
focused by objectiv® and is obstructed in the Fourier plane
of the latter by narrow slit diaphrag®, which is followed
by objective7. The waves diffracted into other orders are
obstructed by the opaque part of a visualizing diaphr&gm
Using the analogy between the case of the optical treat-
ment of a photograph of fornil) under consideration and
the shadow methods for investigating a wave front recon-
structed by a hologram of a phase object, we can relate
dwldx and dw/dy to the displacements andl, of the im-
shadows creating the system of fringes on the object and @ge of a point source in the Fourier plane of objectve
normal to the plane of the surface of the object. o TI,

FIG. 1. Optical scheme of the apparatus for the optical treatment of photo
graphs of projected fringe&) and orientation of the visualizing slit dia-
phragm for the visualization ofw/dx (b) and dw/dy (c).

As was noted in Ref. 14, the form of expressidn for —_——~ (3)
. o . ax fatan®
the amplitude transmission of a photograph of projected
fringes corresponds to the amplitude transmission of a holo- g Tl
gram of a phase object recorded with planar wave fronts, W“m: 4

where ®(x,y) describes the variation of the phase of the
plane wave caused by the phase object. Drawing such apheref is the focal distance of objecti& andl, andl, are
analogy between the amplitude transmissions of a photoheasured along thex0and Oy axes, respectively.
graph of projected fringes and a hologram of a phase object Figure 1 presents the orientations of the slit diaphragm
permitted the use of the methods for extracting informatiorfor Vvisualizing the corresponding surface-displacement de-
on the phase distribution, which have been developed to Hvatives:dw/dx (Fig. 1b anddw/dy (Fig. 19. The edges of
high level in the holographic interferometry of phase objectsthe slit are oriented strictly parallel to they Gaxis in the
to visualize, for example, the relief of a diffusely scatteringformer case and to thexGaxis in the latter case.
surfacet415 The measurements of the first derivativés/Jx and

Itis seen from(2) that it is easy to go from derivatives of dwldy, which characterize the strains of the diffusely scat-
the phaseb(x,y) to dw/dx anddw/dy, which are of interest tering surface, are performed in the following manner. Visu-
to us and specify the strains of the diffusely scattering surdlization of only the regions of the image of the surface
face under investigation. Because the variation of the intenunder investigation wheréw/dx=0 for orientation of the
sity along the field in a wave diffracted on a photograph ofVisualizing slit diaphragm in Fig. 1b and whe#e/dy=0
projected fringes is more significant than the variation in afor orientation of the diaphragm in Fig. 1c in plaeis
wave reconstructed from a hologram of a phase object, onlchieved by moving the visualizing slit diaphraghn In
the shadow method§;*” for which the nonuniformity of the these cases only undeformed regions of the surface under
intensity in the wave does not influence the measured valudgvestigation are illuminated in the observation plage
of the derivatives of the phask(x,y), can be chosen for Then, the deformed regions of the surface under investiga-
quantitatively estimating the derivative of the phasex,y). tion are visualized by discretely displacing the visualizing
Thus, shadow methods with a visualizing diaphragm in theslit in the direction perpendicular to its edges. A series of
form of a diffraction grating, a wire, or a slit, which performs Patterns which visualize the deformed regions of the surface
spatial filtering in the Fourier plane of the objective, can pein plane8 is thus obtained, and the values of the first deriva-
employed to quantitatively evaluates/dx and dw/dy. In tives dw/dx and dw/dy are determined from the measured
our opinion, of the types of spatial filters just cited, prefer_displacementi;x andl, of the visualizing slit relative to the
ence should be given to the slit as the most universal filterP0sition for visualizing the undeformed regions of the sur-
which permits easy regulation of the width of the spectrumface.
of spatial frequencies isolatéf.

Figure 1a presents the optical scheme of an apparatus f(ngICAL TREATMENT OF A PAIR OF PHOTOGRAPHS
the optical treatment of photographs of projected fringes,
which permits the visualization of deformed regions of the = The method described above for visualizing the de-
diffusely scattering surface under investigation. A photo-formed regions of a diffusely scattering surface is suitable
graph of projected fringed is illuminated by a collimated only for the case in which the surface was planar before
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FIG. 2. Optical scheme for treating a pair of photographs of projected
fringes.

deformation. In the case of a nonplanar surface, the visual-
ization of regions with constant values of the first derivativesriG. 3. Portion of the diffraction spectrufa) and pattern observed in the
of the normal displacement requires consideration of theisualization plane with complete isolation of thel diffraction order by a
original shape of the relief or, more precisely, the first de-Wide slit(b). 1—Zeroth order2—-+1 order,3—+2 order.

rivatives of the deviatiori.(x,y) of the relief of the surface

under investigation from a planar reference surface, i.e.,

dL/ax anddL/ay.

The influence of the first derivatives of the deviation of 54 (7), the phase of the wave is determined only by the

the relief of the surface under investigation from a pla”ardisplacememw(x y) due to deformation of the nonplanar
reference surface on the visualization of a deformed regiog,tace under investigation.

of a nonplanar surface can be compared with the influence of 1 \isyalize the strains of nonplanar surfaces, the optical

the aberrgtions of a system for recordir_‘lg holqgrams of &cheme of the apparatus in Fig. 1a is supplemented by a
phase object when the angles of deflection of light rays by.heme for treating a pair of optically conjugate photographs
the phase object are visualiz€iClearly, if the conditions instead of photograph (Fig. 2). It should be noted here that
IL the optical axes of the illumination and reception systems of
W ) ) the apparatus, unlike those in the case of the treatment of a
single photograph, coincide. This should be taken into ac-
hold, the deviationL(x,y) of the surface relief from the count in experimentally implementing the method.
plane can be neglected when strains are visualized. Formulas(3) and(4) are used to determine the values of

Figure 2 presents an optical scheme for treating photodw/dx anddw/ dy in the visualized regions of the image of a
graphs of projected fringes, which permits subtraction of thenonplanar surface from the known values of the displace-
influence of the relief of the nonplanar surface under invesments of the visualizing slit, andl, relative to the exactly
tigation. oriented position.

We assume that a pair of photographs of projected The errors in the measurement @b/dx and dw/dy in
fringes has been recorded before and after deformation of ghe optical treatment of both a single photograph and a pair
nonplanar, diffusely scattering surface. The amplitude transef photographs of projected fringes can be estimated in anal-
missions of such photographs are described (by the ogy to the estimation of the resolving power of a
phases for the first and second photographs being equal, reronochromatdr?’because of the virtual equivalence of the
spectively, to optical schemes. The error in the measurement of the first

2L (x,y)tan derivatives of the normal surface displacement is determined
= 7 (6) by the error in the determination of the spatial coordinate of
T the position of the slit relative to the exactly oriented posi-
tion, i.e., 61, and él,,. The error in the determination of the
D,(X,y)= 2L (xy) +_|C_U(X’y)]tan ° : (7)  coordinates is influenced by the finite width of the image of
the point light source. This is attributed both to the diffrac-
To eliminate the influence df(x,y) on the shape of the tion phenomena due to the finite width of the light beams and

wave front under investigation, the two photographs are orit0 the aberrations of the optical elements of the system for
ented in optically conjugate plandsand5 (Fig. 2). Optical ~ the optical treatment of the photographs. In the case of a
phase conjugation of the photographs is ensured by televide slit in the visualizing diaphragm, the diffraction phe-
scopic systen®, 4 with onefold magnification. nomena, as well as the aberrations of the optical system can

When the first photographis illuminated along the nor- be neglected. In this case the accuracy of the measurements
mal in the optical treatment scheme under consideration, ©of dw/dx and dw/dy is determined by the width of the vi-
can be showl? that a wave will propagate along the normal sualizing slitAl. It is clear from simple arguments that the
to the second photograph with a phase specified by the spatial coordinate in the Fourier plane of the objective cannot
difference{n[®,(x,y) —®(x,y)]}, wheren is the diffrac- be measured more accurately thih In this case the errors
tion order isolated in the Fourier plane of objecti2eby  in the measurement ofw/dx and dw/dy are given by the
circular filtering diaphragn8. In this case, according t®) expression
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FIG. 5. Isolines ofdw/dx (a) and dw/dy (b) for the aluminum plate inves-
tigated.

source. Figure 3a presents a portion of the diffraction spec-
trum observed in the Fourier plane of objectvéFig. 1a.
l The brightest diffraction order corresponds to a directly
transmitted wave, i.e., to a wave diffracted into the zeroth
FlIG. 4. Patterns visualizing deformed regions of a thin aluminum plate withgrder. Figure 3b presents the pattern observed in p@ane
different values obw/dy. (Fig. 1@ when the+1 diffraction order is completely iso-
lated by a broad slit in the filtering plan@ This pattern
demonstrates the practically uniform illumination of the en-
TAI L . .
- - (8) tire image of the surface of the plate investigated.
nAf tan® The deformed regions of the plate investigated were vi-
It is seen from(8) that the error in the measurements of sualized by discretely scanning thel diffraction maximum
dwldx and dwldy is inversely proportional to the selected by a narrow slit with a width of 5Qm. The scanning step
diffraction ordem of the wave diffracted on the photographs was 50um. Figure 4 presents the patterns observed in plane

S(dwl 9X)= 8(dwl dy)~

of projected fringes being treated. 8 (Fig. 18, which visualize regions of the image of the plate
under investigation with different degrees of strain. The de-
EXPERIMENTAL TESTING rivative dw/dy equals 0(a), 0.10 (b), and 0.25(c,d). The

pattern shown in Fig. 4a corresponds to visualization of an

The method developed for VisualiZing the strains of dif'undeformed region of the p|ate investigated_ Figure 5 pre-
fusely scattering surfaces as a result of the optical treatmerfents patterns of the isolines of the deformed plate investi-
of photographs of projected fringes was experimentallygated with constant values éfs/dx (a) anddw/dy (b). The
tested in the visualization of deformed regions of a flat rect'graphs were constructed from series of photographs which
angular aluminum plate, which had undergone large strains;isualize deformed regions of the image of the plate.

The photographs of projected fringes were recorded by  Thus, the method considered permits not only visualiza-
projecting a system of interference fringes formed in aton of the deformed regions of the diffusing scattering sur-

Mach—Zehnder interferometer upon the illumination of thefaces investigated, but also quantitative evaluation of the de-
latter by coherent light from a helium-neon laser onto thegree of strain.
plate under investigation. The projected fringes were ori-
ented perpendicularly to theyGaxis. The photographs were
recorded on the Mikratizopan high-resolution photographicg. p. Hidebrand and K. A. Halnes, Appl. O, 595 (1966.
emulsion by a Zenit camera with a Gelios-44M objective at a’E. B. /?Ieksandrov and A. M. Bonch-Bruegich, Zh. Tekh. F&7, 360

; . ; ; . (1967 [Sov. Phys. Tech. Phy42, 258(1967)].
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system coincided with a normal to the plangr undefqrmed phy [in Russiai, LIYaF, Leningrad(1973, pp. 293—303.
surface of the plate. The period of the visualized projected*N. G. viasov, Yu. P. Presnyakov, and S. N. Smirnova, Zh. Tekh.4dz.
fringes on the deformed regions of the object was equal to 1104(1973 [Sov. Phys. Tech. Phy48, 706(1973].
0.12 mm. When the photograph of projected fringes was &> Kimerko,Holography of Focused Images and Speckle Interferom-
optically treated.accordlng to the scheme shown in Fig. _1a!6R. K. Erf (Ed), Holographic Nondestructive Testing\cademic Press
an LGN-125 helium-neon laser served as the coherent light[New York (1974; Mashinostroenie, Mosco979].
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The possibility of using the surface ionization of organic molecules to investigate the organic
matter in carbonaceous minerals is tested. It is shown in the example of shungite that

the pyrolysis of such compounds releases organic molecules or radicals into the gas phase that
are capable of being ionized on the surface of oxidized tungsten19@8 American

Institute of Physicg.S1063-784£98)01303-9

INTRODUCTION ionization of organic compounds with its unique surface and
selectivity can be very useful.

The scientific and practical significance of the surface  To test the possibilities of the surface ionization of or-
ionization of organic molecules on a number of differentganic compounds in finding and identifying organic com-
metals in vacuudt® or in an atmosphere of aif became pounds in geological objects, we carried out a search for
clear immediately after its discovery. A search for efficientorganic compounds which have fairly low ionization poten-
ionizers and classes of organic compounds that are capahiials in shungite—a carbonaceous material which has a long
of being ionized on the surfaces of heated solids began. The~1.9x 10° years) and complex histofy.
first experiments showed that for the ionization of organic
molecules upon contact with a surface, the latter must have
both a large work function and catalytic propertied This
called for a search for efficient emittef$!'and the ability of
organic molecules to generate ions with a fairly high effi- Shungite of the first kindthe Shunga deposit, Karelia
ciency on hot oxidized molybdenum under the conditions ofwas selected as the object of investigation. The experiments
an air environmefit created a promising new area in which were carried out on an MI1201T mass spectrometer with the
this phenomenon can be utilized, viz., the detection of oruse of a two-ribbon ion source. The ion currents were mea-
ganic compounds in atf® sured by an electrometer using an electron multiplier with an

A great deal of work has been performed in searchingopen entrance as a preamplifier. The principal technical char-
for classes of organic compounds that are capable of beinacteristics of the version of the instruments used were as
ionized on the surfaces of oxidized met#ls?°These studies follows: mass range, 1-300 a.m.u.; resolution, 600; sensitiv-
formed the foundation for the extensive use of the surfacéty in the detection of ion currents, 18 A; stability of the
ionization of organic compounds in scientific research. Thaibbon heating currentst: 0.05%; ribbon material, tantalum
surface ionization of organic compounds has been employe@aporizej and oxidized tungstefiionizen; dimensions of
in physics, physical chemistry, analytical chemistry, and in-the ribbons, 18&0.8X0.03 mm. The shungite samples were
dustrial ecology®’ The discovery of the surface ionization ground in an agate mortar, and the powder obtained was used
of organometallic compount$?° opened up new areas for to prepare a suspension in triply distilled watte last dis-
using the surface ionization of organic compounds as dillation step was carried out in a quartz apparatisve
method of scientific research. For example, in geochemistrgrops of the finely dispersed suspension were successfully
investigations of the chemical species and the mechanisnapplied to the vaporizer ribbon with intermediate drying in
for the transport of metals in nature are of great intefest. air at a temperature of about 100 °C. A blank sample was
Resolving these questions should help to solve several prolprepared in a similar manner: five drops of water were ap-
lems in geology, for example, ore formation. The problemsplied to the ribbon serving as the vaporizer in the blank
of the formation and genesis of carbonaceous minécalal,  experiment. The mass spectra were recorded at an ionizer
shale, etg. are no less important for geology. One of the temperature equal te-430 °C, the temperature of the va-
ways to solve these problems is to find so-called biomarkergorizer being gradually raised frotg,,, which corresponds
i.e., organic compounds of biological origin. Biomarkers in-to radiative heating of the vaporizer from the ionizing rib-
clude compounds with fairly low ionization potentials bon, tot,,=1200 °C by stepwise variation of the ribbon
(nitrogen- and sulfur-containing compounds and condenseleating current in 0.4 A steps. In each vaporizer heating step,
aromatic compounds The content of these substances inthe mass spectrum was recorded in the rangée
natural minerals is generally very small, and here the surface 1-300 a.m.u. The temperature of the ribbons was deter-

EXPERIMENT
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FIG. 2. Dependence of the intensity of the line witlife=178 on the
vaporizer temperature.

shungite is accompanied by the release of light partigtes
L Y, s H,, H,O, CO, CQ, and hydrocarbon particles up tg)@nd
160 780 200 ZZl’Jn /160 180 200 220 the formation of phenanthrene and its derivatives, which
have sufficiently low ionization potentials to be efficiently
FIG. 1. Mass spectra of the organic compounds formed during the highionized on heated oxidized tungsten. The presence of the
temperature pyrolysis of shungite in a vacuup,: a—890, b—1000 °C. phenanthrene iom@/e: 178) in the mass spectrum suggests
that the biomarkers found in shungite can be steroids.

. f he ri heat | . The results obtained should be regarded as preliminary
mined from the ribbon heating current below 800 °C and Wa!?_indings for the investigation of problems concerning the or-

measured by an optical pyrometer above 800 °C. The experyjanic” matter in carbon-containing rocks using the surface

ments were repeated with distilled water. ionization of organic compounds. They are intended to illus-
trate the prospects of the surface ionization of organic com-
RESULTS AND DISCUSSION pounds as a method for investigating geochemical problems

. . . i with the presen f organi mpounds in rocks.
The mass spectra obtained with a shungite sample ar@?soC ated with the presence of organic compounds in rocks

o o . . X lan Xpan r investigations of shungi ing thi
an oxidized tungsten ionizer contained not only lines for ions € pa .to expand ou estigations of shungites using this
method in the future.
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An expression of the theorem on the kinetic energy for an elastic continuum with dislocations is
derived on the basis of the dynamical equations of a gauge model of the medium. This

relation shows that the work performed by internal surface stresses in the volume is redistributed
between the work performed by the effective stresses at the rates of the effective elastic
distortions and plastic distortions. In phenomenological theories of plasticity the latter quantity,
representing the rate of energy dissipation, governs the dissipative processes. An expression

is obtained which relates the rate of energy dissipation with the self-energy density of the field of
the defects and the energy flux of the defects. 1898 American Institute of Physics.
[S1063-78428)02902-X

According to Ref. 1, one of the most important conse- da
quences of the dynamical equations of motion of a medium ~ VXI=—-, 6)
is the kinetic energy theorem. We shall obtain and analyze a
similar relation for an elastic continuum with dislocations, V-a=0, (6)

which is described in a gauge approdchrhe simplest La-

grangian of the gauge model has the form comprise a complete system of field equations of a disloca-

tion ensemble. The dynamic equation of equilibri@is a
L=pDouDou—Du:C:Du+Bl:I-Sa:«, (1) compatibility condition for the system. Let us form a scalar
product of this equation and the velocity and integrate

where over the volumew of the body bounded by the surfage
el
Dou= ——+v, Du=Vu+peP, J
U=tV Du=vVur+p f(v.a)-de:f (—pV)~VdW. @
w w\ dt
ﬁBeID
l=———"v, a=VxgeP, Using the equality
V-(6-V)=(V-0)V+0:VV, (8)

In these expressionsis the density of the mediung is
a rank-four tensor of the elastic constant®;is the vector of  we write Eq.(7) in the form
elastic displacements;is the velocity of the material points,

Whi.Ch are dqe to the _motion of the defecﬁ_befD is an incom.— f V-(o-V)dW=f o VV+ 9 P_\/wa )
patible elastic distortiong and| are the dislocation density w w at 2

and dislocation flux tensors; anfl,andS are new constants

of the theory. Here and below a colon designates a scaldl’

contraction with respect to the first and second indices>and 9 pV?2

denotes a vector product. Varying the Lagrangianwith Ln- o-VdS= fw o:VV+ T dw, (10

respect to the independent variabie® B®P°, andv, we
obtain the dynamical equations of the medfutin the form  \wheren is the outer normal to the surfa&e

9 If we now introduce the vector of surface forces

Vo=V, @ t=n-o, (12)
BV-I=—pV, (3)  then the left-hand side of the equalit}0) will represent the
rate of change of the work performed by the surface forces
al
SVXa=—-B——o. (4) 3 pV?
at ft-Vds=f T+ — - |dW, (12)
Here o=C:Du is the tensor of effective stresses, and S W
V=Dyu is the total velocity of the elastic continuum with The first term on the right-hand side of EJ.0) deter-
defects. Equation$3) and (4), supplemented by the well- mines the rate of change of the work performed by the inter-
known continuity equatiorfs nal surface stresses in the bulk. Since
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Jd J
VV=—Vu+Vv (13 f o-:IdW=—J’ SVXa+B —I|:1dW. (16)
at w w ot
and at the same time, according to Ref. 6, Let us add to this expression the integral, which is iden-
gpeP gD gpgeld tically equal to zero, from Eq23), scalar-contracting it twice
Vv= pm + - o l, with «,

where 8PP is an incompatible plastic distortion due to the sf
defects, and the rate of change of the work performed by the w
internal surface stresses in the bulk can be written in the  ysing the identity

Ja
V><I+BE):adW. (17)

form
V-(aX)=(VXa)l—(VXI]):a
oB
f o:VVszf o Edw_f o ldW. (14  we finally obtain the expression
W W W
. _ o d Sa’+BI?
Here B=Du represents the effective stresses of the distor- Wcr BPPdW= — pr TdV\H SLdS-(aXI),

tion, and the corresponding integral in Efj4) represents the (19)
work performed by the effective stresses at the rates of elas-
tic distortions. The second integral is most interesting. It exWhich shows that the rate of energy dissipation in an elastic
presses the work performed by the effective stresses at t@ntinuum with dislocations is determined by the rate of
rates of the plastic distortions. In phenomenological theorie§hange of the self-energy of the field of defects and the en-
of plasticity the dissipation of energy is described by thisergy flux of the field of the defects. The quantityx1,
quantity, which determines the rate of energy dissipation ofvhich determines the energy flux of the field of defects, is
plastic distortions. Summing Eq$10)—(14), we obtain fi-  similar to the Poynting vector in electrodynamics.
nally the expression In closing, we note that the expression for the kinetic
5 energy theorefhcontains, besides an increment to the work
i pV—dW=ft~VdS+J’ a:%dW—J o 1dW, performed by the external and internal surface forces, an
s w w increment to the work performed by the body foréiesernal
(15  and external which likewise can be taken into account in

which shows that the rate of change of the kinetic energy ofh€ initial model(1) and obtained in expressida5).

a f'n'_te mdmdual Vo_lume of an elastic continuum with dis- 1 Sedov,A Course in Continuum Mechani@sanslation of 1st Russian

locations is determined by the rate of change of the work editior), Wolters-Noordhoff, Groningen, 1971-19@ted Russian origi-

performed by the external and internal surface forces and bgnal Nauka, Moscow, 1987, Vol]1

the rate of d|$3|pat|0n of energy. Therefore, in the gauge A. Kadic and D. EdelenA Gauge Theory of Dislocations and Disclina-
tions Springer-Verlag, Berlin, 198B8Russian translation, Mir, Moscow,

theory of the medium, in contrast to the phenomenological 19g7,

theories of plasticity, a term describing the dissipation of *Yu. V. Grinyaev and N. V. Chertova, Izv. Vyssh. Uchebn. Zaved. Ra-

energy appears automatically in the expression of the kinetig dicfiz. 2, 34 (1990.

energy theorem without any phySICaI assumptlons To deter- “L. D. Landau and E. M. LifshitzTheory of Elasticity Pergamon Press,
New York, 1986; Nauka, Moscow, 1987.

mine how the rate of dissipation of energy is related with thesa . Kosevich, Crystal Lattice Theonfin Russian, Vysshaya Shkola,

characteristics of the dislocation ensemble, let us examineKharkov, 1988.

. . . . . 6 5 Pt

the last integral on the right-hand side in Eti) in greater YnggV' (?””%’alea‘;] a”dLNt-tZV- gghlefi%‘gav Pis'ma Zh. Tekh. F22(10), 34

detail, substituting the expression forfrom the field equa- (1999 [Tech. Phys. Lett22 391(1996]
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Two-phase states of equilibrium of a thin superconducting film carrying a current under
conditions of convective heat exchange at the free surface of the film are studied. It is shown
that for a classical superconductor the two-phase state of the film remains a single-front

state over a wide range of parameters of the system. ForThiguperconductors there exists a
maximum value of the Steckl number above which weakly nonequilibrium stationary

states can only be multifront states. The solutions of the boundary-value problem modeling a two-
front state of equilibrium are investigated, and the conditions under which they obtain are
examined. ©1998 American Institute of Physids$51063-78498)03002-3

1. The main factor limiting the sensitivity of supercon- similar to that studied in Ref. 2 for a classical superconductor
ducting IR detectors is thermal noise—primarily fluctuations(Fig. 13. Qualitative changes occur fer,>1/e, when the
of the temperature of the cooling liquid. W. Franzen pro-coordinate of the phase boundary is determined by the con-
posed a nonisothermal bolometer, which is not so criticallydition
dependent on thermostatting accuraeyfree superconduct-
ing film, part of which is in a normal state, can be used as a €0 \2Bi,(s0o— 1)(1— &,)]coth \Bigg,
nonisothermal bolometer. In this connection it is of interest
to analyze the two-phase states of a superconducting film :(1+8)‘70_1 ﬁ ©)
over a wide range of thermophysical and electrophysical pa- gop—1 \g
rameters.

The two-phase states of equilibrium of a thin supercon-  If the phase boundang{?’ of the unstable state ap-
ducting film carrying a current were studied in Ref. 2. Theproaches 1 asymptotically, as shown in Fig. 1b, then the
main results of this work reduce to the following. The stateboundary of the stable stagél)—>0 asog— o1 This result
of the system under study is determined by the control pacan be easily explained, taking account of the fact that as
rametero=oq/(1—e0,), Wwheres=BT., oy is the Steckl oo— 0 =1/e+ m2/8¢Bi,, the temperature of the normal
number, is the temperature coefficient of the resistance ofphase
the film, andT, is the difference between the critical tem-
perature and the thermostat temperature. Above the critical
value of the control parametet,, the superconducting state
is metastable, and a region of normal phase can form at the
center of the film. The position of the phase boundgyyn

@n(g)zl_,_(M)
gog—1

CcosV2Bi,(eop—1)(1—¢) 1

L " X
the general case is given by the condition cos V2Bi(eop—1)(1— &) )
coth V2Bi,(1—¢e0g)(1— &) ]cothyBigé, approachese. Therefore,o.; is the maximum(in the ap-
proximation studiefvalue of the Steckl number for a high-
_(A+e)ao—1 /h, 0 T, superconductor.
Vi-eoy A’ Nonetheless, above.; with og= 0, a new stationary

state(Fig. 1b that does not correspond to the conditions of

where Bi= al?/h\, «is the heat-transfer coefficientandh the problem posed in Ref. 2 appears near the stability bound-
are, respectively, the length and thickness of the supercory. Indeed, in the formulation of the boundary-value prob-
ductor, and\¢ and \, are the thermal conductivity of the lem it was assumed that the temperature of the normal phase
superconducting and normal phases. is @ monotonic function of the coordinate. Nonmonotonicity

In the special case of a classical superconductor the paf the temperature, provided that it is symmetric with respect
rametere is so small thatry<1/e almost always. In Ref. 2 it to the center of the film, would signify the possibility of
was shown for this case that there exist two nonuniformmultifront states of equilibrium forming. Since now the tem-
states of equilibriumé() and &2, where ¢§M<&?, of  perature(3) is periodic and therefore is not always a mono-
which the stategfjl) turned out to be stable. tonic function of the spatial variable, E@) must be supple-

2. For highT, superconductors &/and o, are compa- mented by the requirement of monotonicity:
rable quantities, so that the caseg<<lle and oy>1le
should be distinguished. f,[0,1k], then the situation is 0,(6€)>0, &e[&p,1]. 4
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FIG. 1. Structure of the separation of the phase plane of a highuperconducting film witle =0.1. a—ey<1/e: Below the first critical value of the Steckl
numbera, the state of the film is uniform, above. the superconducting state is metastable and a normal-phase region, whose boundary as a function of the
Steckl number is represented by the curte$, corresponding to B+ 0.5, 1, 3, 10, 15, can form at the center of the film; &> 1/e, o.,—second critical

value of the Steckl number, which determines the physical boundaries of the nonuniform state of a linear system.

From the latter equation follows the equation for the 01,(£€)—2Big04(£)=0,
separatrix
On(6)— %0 ,(§)+K=0,

a
f=1- o ® O,(£)—2Big04(£)=0,

which separates the phase plane into a region of the single- O (&1)=0,(£1)=1; AO4L(&)=N0O/(&1),

front (we have in mind the number of fronts on the segment

studied and multifront state$Fig. 2). Therefore if states of 0,(£2)=0gx(&)=1; MO (£&)=NOH(&),

equilibrium exist abover.,, then they can only be multi- , .

fr?)nt states. However, t?wzis does no% mean t?]/at mutiifront @s1(8e=0=0; O5(1)=0. (6)

states cannot arise belowg, or o¢;. Here®g;, O4,, and®,, are the temperatures, normalized to
3. Let us examine the simplest case of a two-front stateT ., of the superconducting regions and the normal phase,

of equilibrium, when the center of the film is in a supercon-

ducting state. In view of the symmetry of the temperature

field, we shall formulate the boundary-value problem only

for the positive semiaxis, placing the origin of coordinates at @(&)
the center of the filmFig. 3), 10— ——————— A U
o
a.sr ||
& : |
0.3 0.6} l I
0.4} : |
0.2 i
0.2} : }
a1 L i E’ L l N ’
: o 0z 04 05 087 10
S, [N/ S
%
' L
fe

FIG. 2. Coordinate of the phase boundary versus the Steckl nuinbed FIG. 3. Thin superconducting film in a two-phase stationary state with two
the separatri®, dividing the phase plane into regions of single-front#nd phase boundaries on the segment studied. The temperature field of the film
multifront (1) states of equilibrium for B 10. corresponds to curvekin Fig. 4b.
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respectively, and; and¢, are the coordinates of the phase §, a
boundaries. The solutions of the boundary-value prokd&m 1.0
have the form

cosh+/2Big¢ 0.8
cosh/2Big;

L
~
LN

0x(8)=

0.6
®n<§)=<1—a>Re{[1—exp V(61— €)]
0.4
sinh \x(é— &) J
X +(1—
sinh \/;(gz_ &) ( 7

XRE1—exp Vx(é—&)]+o,

0.2

x=2Bi(1—eay), /] 0.2 0.4 0.6 0.8 1.0
(2B, K
sinh \2Big(1—¢§)
O(£)=— = : 7 & b
sinh y2Big(1—&,) 10k
The conditions of continuity of the heat flux lead to the J
following relations between the coordinates of the phase gl 7
boundaries: ) 7/
_ _ 1, G
F(£1.£,)=\s\2Bi; tanh y2Bigt, — \y(1- o) 05} 7
1_ —
Re _exp&(él & 1l 0 (@ 2k
sinh (&~ &) . Z
7,
®(§1,82)=Ns\2Bis coth y2Big(1—§,) —Np(0—1) 0.2} 7
X Re Vx{[1-exp Vx(£—&)]
X coth \x(&,— &1) — exp (&1~ £,)}=0. .0z 9% 05 s 77
) &

As one can see from the plotfig. 4) of the implicit ~ FIG. 4. Implicit functionsf(¢;,&,)=0 ande(&;,&,) =0 with e=0.1. a—
functionsf(&,,£,)=0 and ¢(&,,£,)=0, the conditiong8) Biz_lp, the plots of the functiond and?2) with 00=5 and_20 are ‘virtually
and(9) are incompatible in the regiong,<1/e anday> 1/e m_dlstlngwshable; b—rplots c_>f the_ same fuqctlons WlthslngInZIOI,

. . Bi,=3.6, 0y,=5 (1), Biyz=Bi,=10, Bi,=3.6, 0(,=20 (2);
(Fig. 49. However, for large values of Bi the curvésand?2 Biey = Bi, = Biy, =50, 0y=5 (3).
approach so close to each otlidashed line in Fig. 4bthat
they are virtually impossible to distinguish when solving
Egs.(8) and(9) by numerical methods. This means that the
size of the normal region for large Bi becomes constant, angront state in a wide range of values of the parameters of the
the region itself becomes delocalized. system. For highF, superconductors there exists a limit

In a real situation the normal phase will remain localizedabove which the slightly nonequilibriurtin the thermody-
for any value of Bi, since even a very small change in thenamic sensestationary states can only be multifront states.
parameters of heat exchange can cause the condiBpasd  For the formation of two-front states in the case of both high-
(9) to be satisfied. For example, the heat-transfer coefficiertr, and traditional superconductors it is sufficient for the co-
should be somewhat lower at the edges of the film in direckfficients in the equation) to depend on the spatial vari-
proximity to the thermostatFig. 3) than at the center. One able, specifically, it is sufficient for the parameter Bi to be a
can see from Fig. 4b that for Bi=Bi,>Bis, the conditions piecewise-continuous function of the coordinate.

(8) and (9) are compatible, i.e., two-front states of equilib-

rium are possible. The temperature field of one state, where

the superconducting phase occupies a small region at the

thermostatted edge of the film, is shown in Fig. 3. 1W. Franzen, J. Opt. Soc. A3, 596 (1963.

4. In summary, the two-phase state of equilibrium of a 2A. S. Rudy, Pis'ma Zh. Tekh. Fiz22(9), 85(1996 [Tech. Phys. Lett22,
thin film of a classical superconductor under constant condi- 362(1999].
tions of heat transfer at the free surface remains a singl€franslated by M. E. Alferieff
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The additional force exerted by a gas on an aerosol particle on account of the change in recoil
momentum of the gas molecules on the surface of the particle in a resonance radiation
field is analyzed. ©1998 American Institute of Physids$51063-784£98)01403-2

The problem of controlling the motion of aerosol par- cients of the gas molecules on the particle surface relative to
ticles is of crucial importance for numerous areas of moderrihe direction of the incident radiation. We note that such
technology (the preparation of high-purity substances, theasymmetry can be caused by a difference between the flux
fabrication of microelectronics elements, ecological con-densities of the excited gas molecules impinging on opposite
cerns, etg. This has led to a search for new methods tosides of the aerosol particle relative to the radiation source
influence the motion of aerosol particles. The use of resoand by a difference between the sticking coefficients for ex-
nance(particularly laser radiation can be effective here. cited and unexcited molecules. This situation can arise in the

It is known that the character of the interaction of gascase of nonuniform illumination of the aerosol particle
molecules with a surface can be altered significantly in gwhen its radius is sufficiently largeor when the radiation
resonance radiation field. Such changes, in turn, give rise tfsequency is detuned from the resonance frequency of the
new components of the force exerted by the gas phase agas molecules, in which case only molecules moving in a
aerosol particle$? In this paper we examine the possibility definite direction will be excited because of the Doppler ef-
of the appearance of a new component of the photophoretiect (velocity-selective excitation of molecufds The latter
force due to a change in the normal momentum transferredase is especially significant for sméielative to the wave-
by gas molecules to the surface of an aerosol particle in &Ength of the radiationparticles, as well as transparent par-
resonance radiation field. Let us consider a spherical particlécles with a sufficiently high thermal conductivity. Under
of radiusR, on which radiation with a flux density im-  such conditions the heating of the particle by radiation will
pinges. We next assume that a free-molecule flow regime, ibe nearly uniform and the classical component of the photo-
which the mean free path of the molecules is much greatephoretic force associated with nonuniform heating of the par-
than the radius of the particle, is realized. The distribution ofticle can be neglected. The fraction of excited molecules can
the molecules moving away from the surface is assumed tbe found from the system of kinetic equations for the transi-
be diffuse. For the absolute value of the force acting on thaions of resonant molecules from the ground state to an ex-

particle we can write the expression cited statgland in the opposite directignFor simplicity, we
- consider a two-level system. These equations now have the
F=27R2 f P, cos  sin 6d4), (1 form?
0
: dn J n
where P is the pressure of the gas at the surface of the —l=(n2—n1) _U+ _2, 2)
particle, andd is the angle between the axis passing through t hv t,
the center of the particle in the direction parallel to the ra- d
.. n2 Jo n2
diation flux and a normal to the surface. W:(nl_nz) et ©)
14

The value ofPg is determined by the momentum trans-

ferred to the aerosol particle during collisions of gas MOl heren, andn, are, respectively, the densities of the excited
ecules with its surface and by the recoil momentum of they,q unexcited molecules, is the relaxation time of the

gas molecules moving away from the surface. Under the assycited molecules] is the radiated intensity is the radia-
sumption that the first of these components$giis constant, o frequency,h is Planck’s constant, and is the cross

a contribution toF will be made only by the recoil pressure ggcign of the radiation-induced transitions of the molecules,
P4 of the gas molecules moving away from the surface of th§yhich depends on the direction of motion of the molecules
particle, which can differ on different portions of its surface pocause of the Doppler effect when the radiation frequency
due to the nonuniform heating of the parti¢tbe classical 5 getuned away from the resonance frequency of the gas
variant of photophoresisHowever, in the case of the action ,5lecules.

of resonance radiation on a disperse system in air, such a agsuming that the heating of the particle by radiation is
difference in the values d?4 can also appear even when the uniform, for its temperaturd we have

temperature of the surface of the aerosol particle is constant,

particularly when there is asymmetry of the sticking coeffi-  Tg=Tgy+k;J/4ky, 4

14
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whereTg is the temperature of the gas, is the efficiency equal to zero even in the case of equality between the tem-
factor for the absorption of radiation by the particle, &d peratures of the particle and the gas. In this case a difference
is the effective heat-transfer coefficient. between the condensation coefficients of the excited and un-
We next assume that the excited and unexcited molexcited molecules is sufficient by itself. In the steady-state
ecules are characterized by different sticking coefficients ompproximationF can be estimated as
the surface of the aerosol particle. For simplicity, we also 3
T T Jo
assume that only the molecules sticking to the surface of the F= _7R?> —t,|1+2—t,
particle take the temperature of the latter, while the nonstick- 2 hv hv
ing molecules are reflected elasticafiyithout energy trans-  where«, and o, have the meaning of the condensation co-
fer) from it. Under the assumption of a Maxwellian velocity efficients for the unexcited and excited molecules, and the
distribution function for the molecules impinging on the sur-radius of the aerosol particle depends in this case on the
face of the aerosol particle and the molecules moving awayime and is determined by the resultant flux of molecules into
from it, as well as with consideration of the differencedn the particle.
for gas molecules characterized by oppositely directed pro- \We note that unlike the case of an impermeable surface
jections of the velocity onto the direction of the radiation considered above, here asymmetry of the recoil pressure ap-
flux (for simplicity we assume that is nonzero only for one pears because of the molecules that impinge on the surface of
of the directions of these projectionsn the stationary case the particle and condense on it, while the molecules moving

-1

|ac—aé|,

we obtain the following expression fét from (1)—(4): away (evaporating from the surface do not make a contri-
p Jo Jo \71 bution to the resultant force under the assumptions stipulated
F=—-amR2—t,|1+2—t,| |a—a'] above.
2 hv hv
li 1/2
4|(.|.Tg V. V. Levdanski, in Abstracts of the 14th All-Union Conference on Cur-

) rent Topics in the Physics of Aerodispersion SystéemRussian, Odessa
whereP is the pressure of the gas, aadinda’ are, respec- (1986, Vol. 1, p. 165.

tlvely’ the St|ck|ng coefficients for unexcited and excited gaszv . Roldugin, inAbstracts of the 14th All-Union Conference on Current
molecules Topics in the Physics of Areodispersion Syst¢msRussiaf, Odessa,

(1986, Vol. 1, p. 116. ;
It follows from (5) that for F to be nonzero, the reso- 3r kh. Gel'mukhanov and A. M. Shalagin, Pis'ma Ztkdp. Teor. Fiz29,

nance and thermal effectexcitation of gas molecules and  773(1979 [JETP29, 711(1979].

heating of the particle by radiatiprmust occur simulta- 4N. V. Karlov and B. S. Luk'yanchuk, Kvantovaya ElektraiMoscow 8,
. . 1509 (1 . Electron.l, 1981)].

neously. If phase transformatiofievaporation and conden-  -°0° (1983 [Sov. J. Quantum Electrorl1, 909 (1981)]

satior) take place on the surface of the partidfewill not be  Translated by P. Shelnitz
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