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Transient processes near the threshold of subharmonic resonance
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Instability of a dynamical system near a subharmonic resonance is manifested in the prolongation
of transient processes. It is shown for nonlinear pulsations of a gas bubble under the action
of an acoustic carrier signal modulated by a pulse that the subharmonic radiation observed
experimentally below the generation threshold can be explained by the contribution of
characteristic oscillations which arise at the moment the pulse arrives and have a damping time
comparable to the pulse duration, due to the parametric energy transfer. ©1999 American
Institute of Physics.@S1063-7850~99!00109-3#
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The response of a nonlinear dynamical system to an
ternal harmonic perturbation is unusual in that spectral co
ponents below the excitation frequency appear. These c
ponents are said to be subharmonic. The best kno
example is the 1/2 component, whose frequency is half
excitation frequency. In contrast to higher-order harmon
whose amplitudes grow continuously with the intensity
the perturbation, the appearance of subharmonic compon
is of a threshold character.

In what follows, we shall analyze as an example of su
a system the radial pulsations of a gas bubble in a liq
under the action of a powerful acoustic wave. The detec
of the subharmonic component~we shall always be referring
to the 1/2 component! is a general characteristic of cavitatio
and other nonlinear phenomena in liquids containing ph
inclusions.1–5 At the same time, as first observed b
Neppiras,2 a small subharmonic component is also obser
below threshold,6–8 so that the growth of this spectral com
ponent is not, strictly speaking, of a threshold character.

The explanation proposed in the present letter invol
the analysis of transient processes near a subharmonic
nance. Near threshold the state in which oscillations at
fundamental frequency have zero amplitude becomes
stable, and one of the two Lyapunov exponents goes to z
When an external field is switched on~as a rule, experiment
are performed with modulated pulsed signals contain
from ten to hundreds of pump periodsT52p/vp!, besides
forced oscillations, characteristic oscillations with frequen
;vp/2 are excited. Near threshold the damping of the ch
acteristic oscillations, which is determined by a Lyapun
exponent, is very small because of parametric energy tran
into this component~it vanishes at the threshold value of th
pump amplitude!. For this reason, the time of the transie
processes can be greater than the duration of the pump p
and the corresponding component in the radiation spect
can be interpreted as the appearance of a subharmonic
ponent below threshold.

To analyze the effect quantitatively we shall employ t
Rayleigh–Plesset equation describing the pulsations o
bubble in a pressure fieldPp5Pm cos(vpt1a)
6751063-7850/99/25(9)/3/$15.00
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Ṙ21

P0

r0
F12S R0

R D 3gG12dR0Ṙ52
Pp

r0
. ~1!

Hereg is the ratio of specific heats;d is the damping, which
effectively takes account of the dissipative processes, du
viscosity and heat conduction, as well as radiation loss
P0 , r0 , and R0 are the equilibrium values of the pressu
and density of the liquid and the bubble radii. Th
asymptotic expansion of the solution of Eq.~1! near a sub-
harmonic resonanceuvp22V0u!vp ~see, for example,
Refs. 9–11! has the form

~R2R0!/R05a cos~ iV0t1 iq!1
Pm cos~vpt1a!

r0R0
2~vp

22V0
2!

1«u1~a,q,t !1«2u2~a,q,t !1 . . . ~2!

HereV05(3gP0 /r0R0
2)1/2 is the characteristic frequency o

the bubble and« is a small dimensionless parameter intr
duced to designate the order of the nonlinear terms.
slowly varying amplitudea and phaseq of the oscillations
are determined from a system of ‘‘truncated’’ equations t
follows from the requirement that there be no secular ter
in the expansion. Taking account of terms up to second o
inclusively in Eq. ~1! gives the following equation forz
5a exp(iq)exp@2i(vp/22V0)t#:

ż52dz2 iDVz2 id
Pm

Pk
exp~ ia!z* ,

DV5vp/22V0 , Pk54dV0r0R0
2g21. ~3!

This equation must be supplemented by initial data fora and
q, which can be obtained by substituting the expansion~2!
into the exact initial conditions. When the bubble is excit
from rest,R(0)50 anddR/dt(0)50, we have

a~0!5
Pm

3r0R0
2V0

2 A113 sin2 a; tanq~0!52 tana.

~4!

The solution of the system of equations~3! with constant
coefficients is
© 1999 American Institute of Physics
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z~ t !5exp~2l1t !
1

2 Fz~0!S 12 i
2DV

l12l2
D

2 iz* ~0!
dPm

Pk~l12l2!G1exp~2l2t !
1

2 Fz~0!

3S 11 i
2DV

l12l2
D1 iz* ~0!

dPm

Pk~l12l2!G , ~5!

wherel1,25d@17A(Pm
2 /Pk

2)2(DV/d)2# are Lyapunov ex-
ponents.

Near threshold Pm5Pb2DP, where DP.0, DP
!Pb , and Pb

25Pk
2@11(DV/d)2#, the exponentl15d@1

2A(Pm
2 /Pk

2)2(DV/d)2#5d@12A12(Pb
2/Pk

2)2(Pm
2 /Pk

2)#
'd(DPPb /Pk

2) is small, so that the first term in Eq.~5! will
dominate at timest5l1

21'@d(DPPb /Pk
2)#21@d21 and de-

scribe the subharmonic component of the radiation of
bubble.

Substituting explicit expressions for the initial valu
z(0) andz* (0) we obtain

a~ t !cos~V0t1q~ t !!

5a~0!~Pb /Pk!exp@2dt~DPPb /Pk
2!#Re$exp@ i ~~vp/2!t

1tan21~2 tana!!#0.5@expi ~ tan21~DV/d!!2expi ~p/2

22 tan21~2 tana!1a!#%. ~6!

As follows from this expression, the efficiency of excitatio
of the weakly-stable component of the characteristic osc
tions depends on the phasea of the external field. This effec
is greatest forPm,Pk , while for a continuous distribution
of the bubble sizesPk is the experimentally observed thres
old for the excitation of the subharmonic component. T
conditions for damping to be small in this region arePk

2Pm!Pk and (DV)2!d2. Excitation will be extremely in-
efficient for a pump wave with phase close top/2. As fol-
lows from Eq.~6!, the difference of the exponentials in th
brackets is;(DV)/d in this case. It should be noted that
the now classic works of Lauterborn,12–14which are devoted
-
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to the analysis of the nonlinear dynamics of a bubble
numerical methods, the phase of the external field was
sumed to bep/2.

We shall now compare our results with existing expe
mental data.6 The region where (5 – 10)31026 m bubbles
were produced by electrolysis was probed with ultraso
pulses with a 1.2 MHz carrier frequency and 10ms duration.
A selective detector was used to measure the signal lev
0.6 MHz. The results show that there is no clear genera
threshold for probe pulse amplitudes in the range (0.25–
3105 Pa. These data are shown in the figure by bla
squares.

The spectral density of the subharmonic signal emit
by the bubble under the action of a carrier shaped by a p
with durationT is proportional to

FIG. 1.
S~vp/2!;
~12exp@2T~d2l1!# !212~12cos~DVT!!exp@2T~d2l1!#

~~d2l1!/d!21~DV/d!2 . ~7!
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The damping coefficientd of a bubble with resonance fre
quency 0.6 MHz is, according to Ref. 15,d;43105 s21.
The thresholdPk of a subharmonic resonance will be equ
to ~see the definition~3! or the more accurate expressio
given in Ref. 10 taking account of surface tension! Pk;0.8
3105 Pa. Since the bubble density was not determined d
ing the experiments being discussed, we treated the bu
density as an adjustable parameter and plotted the sub
monic signal level versus the pressure, starting from the
pression~7!, for various values of the offset. The curve1
corresponds to exact resonanceDV50 and the curve2 cor-
l

r-
le

ar-
x-

responds toDV/d50.5. The qualitative agreement is a de
nite argument in support of the proposed explanation. Ho
ever, to make a quantitative comparison the contributions
individual bubbles must be systematically summed and
Rayleigh equation must be solved numerically, since
large value of the threshold limits the accuracy of t
asymptotic expansion employed.

In closing, we note that although the results presen
above are for a specific physical model, the fact that a w
class of nonlinear dynamical problems, described by, for
ample, the Duffing equation, has the same structure as
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truncated equation~3! enables us to predict prolongation
transient processes in these systems near the threshold
subharmonic resonance.

We thank V. A. Bulanov for a fruitful discussion.
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It is shown that when saturation is taken into account, the transmission function of a directional
coupler is more complicated than the Kerr function. Specifically, transmission characteristics
with two critical points of self-switching exist. ©1999 American Institute of Physics.
@S1063-7850~99!00209-8#
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The investigation of nonlinear directional couple
~NDCs!, which are based on the laws of propagation of u
directional distributed-coupled waves, opens up wide pr
pects for creating superfast all-optical switches.1–3 The phe-
nomenon of self-switching of waves was predicted in Ref
It consists in the fact that even weak changes of the in
intensity of one wave give rise to abrupt changes in the
tensities of both waves at the output of the system. In Re
the effect of saturation in the refractive index of the mediu
was studied by numerical methods, and it was shown tha
operational characteristics of NDCs are qualitatively diff
ent from those of Kerr media. In this connection, it is
interest to obtain exact analytical solutions of the system
equations for an NDC in a model of a medium with exp
nential saturation of the refractive index~propagation con-
stant!.

Let us consider an NDC consisting of two identical o
tical waveguides whose propagation constantb depends on
the intensityJ of the propagating waves as2

b5b01a expS 2
J

Js
D , ~1!

whereb0 , a, andJs are constants. We shall assume that
coupling constantg of the coupler does not depend on t
intensity1–3 and that light absorption in the medium in va
ishingly small.

The nonlinear differential equations for the amplitud
E1 andE2 of the coupled waves propagating along thex axis
of the guides in the NDC have the following form in th
case:1–4

dEk

dx
52 i S b01a expS 2

Jk

Js
D DEk1 igE32k , k51,2.

~2!

Introducing the functions

J15
c

8p
uE1u2, J25

c

8p
uE2u2,

Q5
c

8p
~E1* E22E2* E1!, R5

c

8p
~E1* E21E2* E1! ~3!

and using Eqs.~2!–~3! we obtain the following system o
coupled nonlinear equations:
6781063-7850/99/25(9)/3/$15.00
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dJ1

dx
5 igQ,

dJ2

dx
52 igQ,

dQ

dx
5 iaS expS 2

J1

Js
D2expS 2

J2

Js
D DR12ig~J12J2!,

dR

dx
5 iaS expS 2

J1

Js
D2expS 2

J2

Js
D DQ. ~4!

We shall find the solutions of this system of equatio
under the condition that laser radiation with amplitudeE0

~intensityJ0! enters at the input of one of the guides in t
NDC ~for example, the first one!. Then three integrals o
motion and a differential equation for the light intensity
the first guide can be derived from Eq.~4!, whose solution is
conveniently written in quadratures in the form

E
y1

y0
@y~y02y!2a~12exp~2y!!2

3~12exp~y2y0!!2#1/2dy52gx, ~5!

where the following scaled variables were introduced:

y15
J1

Js
, y05

J0

Js
, a5

a2

4g2 . ~6!

Herey1 is the normalized light intensity in the first guide i
the NDC,y0 is the pump intensity, anda is the nonlinearity
parameter.

It follows from Eq. ~5! that the intensity of the light
propagating along the first guide varies periodically from t
valuey0 up to a certain minimum value given by the root
the nonlinear transcendental equation, obtained by setting
radicand of the expression in Eq.~5! to zero, which closest to
y0 .

Investigation of the phase trajectories of the different
equation corresponding to the integral~5! and the bifurcation
curve in the (a,y0) plane shows that qualitatively differen
types of solutions exist. Fora,ac complete transfer of light
intensity from the first to the second guide occurs, while
a.ac less than half the intensityy0 at the guide input is
© 1999 American Institute of Physics
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transferred into the second guide. Here the critical valueac

of the nonlinearity parameter is given by the expression

ac5
y0

2

4~12exp~2y0/2!!4 . ~7!

For a5ac exactly half the intensityy0 is transferred into the
second guide. This occurs over an infinitely long distan
from the front end. The solution witha5ac is unstable. Van-
ishingly small variations of the parametera in either direc-
tion from ac convert the solution into a region with a diffe
ent behavior of the functiony1(x). In the regiony0.5.97 a
fork appears in the bifurcation curveac(y0) in the (a,y0)
plane, i.e., there arises a new section of the curve be
which light propagates with total transfer, while with a tra
sition through the new bifurcation curve the transferred
tensity is less than half. Figure 1 shows the phase trajecto
of the solution in the (dy1 /dx,y1) plane for various values
of the parametersy0 anda. These trajectories show the e
istence of various types of solutions separated by sep
trices. The separatrices correspond to the values ofy0 anda
located on the bifurcation curves in the (a,y0) plane which
separate regions in which the solutions behave differentl

The coupling length is a complicated function ofy0 and
a. For values ofy0 anda lying on the bifurcation curves o
on the separatrices, the coupling length becomes infinite.
other values ofa and y0 the coupling length is finite. We
note that fora.6.029 the coupling length becomes infini
twice asy0 increases.

Figure 2 shows the transmission functions~power trans-
mission coefficient! T15y/y0 of the first guide in the NDC,

FIG. 1. Phase trajectories in the (dy1 /dx,y1) plane for the cases 0,y0

,5.97 ~a! andy0.5.97 ~b! with various values of the nonlinearity param
eter a: a! 1—0.0, 2—1.0, 3—5.0, 4—6.26, 5—7.0, 6—12.5; b! 1—7.0,
2—14.2,3—17.3,4—18.6,5—19.5,6—21.1.
e

w

-
es

a-

or

pumped from the end, as a function of the excitation levely0

for various values of the nonlinearity parametera and NDC
lengthL/L055. The lengthL was chosen to be greater tha
the coupling lengthL05p/(2g) of a linear coupler.

Analyzing the results presented in Fig. 2, we can co
clude that the behavior of the transmission function of
NDC including saturation is more diverse and more comp
cated than for a Kerr NDC.1 For a,ac the curveT1(y0) is
characterized by sections with smoothly increasing and
creasing transmission in the range of small values ofy0 . The
decrease inT1 on the initial section of the curves is due
the increase in the coupling length with increasingy0 . When
the coupling length as a function of the excitation levely0 is
equal to the length of the coupler, complete transfer of rad
tion from the first into the second guide occurs and the tra
mission of the first guide is zero. It is significant that th
transmission function does not have an oscillatory tail w
transmission essentially equal to 1 when the excitation le
y0 increases, as is characteristic of a Kerr NDC.1

For a.ac the transmission curve vanishes twice wi
increasingy0 for different values ofy0 , and irregular oscil-
latory changes occur between these points nearT'1. The
number of oscillations and the width of the region of osc
lations increase as functions of the nonlinearity parametea.
Another characteristic feature of the transmission function
the presence of two steep sections inT1(y0). They corre-
spond to values ofy0 for which the coupling length of the
NDC is equal to the length of the coupler.

Comparing our results with those of Ref. 1 for a Ke
NDC, we can conclude that self-~double! switching exists in
NDC with saturation. In contrast to Ref. 1, saturation resu
in the existence of transmission characteristics with two cr

FIG. 2. Transmission functionT1(y0) of the first guide, pumped from the
end, with NDC lengthL/L055 and various values of the nonlinearity pa
rametera: a! 1—1, 2—2, 3—5, 4—a.ac ; b! 1—6.5, 2—8.0, 3—20.
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cal self-switching points. If the input radiation intensity
slightly less or slightly greater than the critical intensity, co
responding to the midpoint of the actually linear, steep s
tion of transmission, then virtually all of the input radiatio
ends up in one or the other guide in the coupler. Theref
small variations of the input intensity near the critical po
give rise to abrupt changes in the output intensity. This eff
can be used to produce all-optical switches, weak-signal
-
c-

re
t
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-

plifiers, optical transistors, and other devices for integra
optics.
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4J. D. Begin and M. Cada, IEEE J. Quantum Electron.QE-30, 3006
~1994!.
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Investigation via characteristic electron energy loss spectroscopy of the chemical
interaction of antimony with a eutectic composite in the aluminum–nickel system
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The interaction of thin layers of antimony with a substrate consisting of an Al3Ni eutectic
composite was investigated by characteristic electron energy loss spectroscopy. It was found that
antimony interacts chemically with the substrate, which makes it possible to control the
surface activity of the main material. ©1999 American Institute of Physics.
@S1063-7850~99!00309-2#
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Eutectic-based composite materials are of great inte
as promising materials for especially critical structural app
cations. One such material is a eutectic composite in
aluminum–nickel system. It is distinguished by high corr
sion resistance and large Young’s modulus, reaching
GPa.1 One of the problems in using this material rema
reliable binding of the components. As is well known, th
problem is characteristic for any aluminum alloys and is
other side of the coin of their stability with respect to exte
nal perturbations.2

The objective of the present work is to investigate t
possibility of controlling the surface properties of a eutec
composite by depositing active films. The eutectic samp
were prepared by the standard technology and consiste
cylinders 3–5 mm in diameter, made by threading a la
number of single-crystal Al3Ni filaments through an alumi

FIG. 1. Characteristic energy loss spectrum of the eutectic composite A3Ni.
The primary-electron energies are 246 eV~solid line! and 470 eV~dashed
line!.
6811063-7850/99/25(9)/2/$15.00
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num matrix. The cylinders were sawed with a circular d
mond saw and chemically treated in a hydrochloric acid
lution. Next, they were placed in a vacuum chamber, wh
made it possible to investigate the electronic seconda
emission spectra, including Auger spectra and character
energy loss spectra, and to deposit aluminum and antim
films. After the standard evacuation and degassing at 150
a 1027 Pa vacuum was attained in the system.

The Auger spectra of the samples contained the m
peaks of aluminum, nickel, oxygen, and carbon, the la
being quite large in all cases. The observed carbon seem
have been introduced at the time the sample was gro
since the control samples did not show such a peak.
peaks of the characteristic energy losses~CELs! of secondary
electrons did not correspond to the characteristic losse
any of the materials present or their oxides~Fig. 1!. Their
distinguishing property was that the position depended

FIG. 2. Characteristic energy loss spectrum of the eutectic composite A3Ni
with a 3 nmthick antimony layer. The primary electron energies are 246
~solid line! and 470 eV~dashed line!.
© 1999 American Institute of Physics
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the energy of the primary electron beam. This phenome
is presumably associated with the excitation of electro
levels of thed band, which in this material is very we
developed,3 though the possibility of certain plasma-type o
cillations being excited in the thin Al3Ni filaments cannot be
ruled out. It is well-known that plasmon oscillations in low
dimensional structures, for example, thin layers, can exh
very specific properties.4

The deposition of aluminum led to a completely predi
able result. At the initial stages the carbon and oxygen Au
peaks disappeared, and the CEL structure changed sha
The nickel Auger peaks remained for thickest films. F
thick aluminum films, a characteristic structure of volum
and surface plasmons of aluminum appeared.

The behavior of the system with thin antimony layers
much more interesting. Even with approximately one-te
of an angstrom of antimony, when the Auger spectrum w
essentially constant, with the exception of the appearanc
an antimony peak, the CEL spectrum changed sharply
general shape was transformed, and the position of the m
feature stabilized at 8.5 eV~Fig. 2!. Note that this position of
the CEL can be due only to nickel, for which CELs equal
8.5 eV have been recorded,5 but formed clusters of metallic
nickel are very unlikely to appear in this process. When
sample with an antimony film was allowed to stand at ro
temperature for 12–16 h, the initial structure of CELs w
restored, just as the Auger spectra.

The most likely explanation of the observed phenome
is a chemical reaction of the type

Al3Ni13Sb53AlSb1Ni,

which occurs with substantial energy release. The hea
formation of the compound AlSb is 49 kJ/mole and that
Al3Ni is only 40 kJ/mole, which corresponds to about 0.
n
c

it

-
er
ly.

r

h
s
of
ts
in

e

s

a

of
f

eV released per atom participating in the reaction. In o
view, the observed CEL spectrum refers precisely to alu
num antimonide.

Similar reactions in Al–Ni systems have been observ
repeatedly, though at somewhat higher temperatures,6 and in
Ref. 7 it is mentioned such reactions can also occur at ro
temperature. For our samples, these processes are espe
likely because the surface is extremely extended, and the
insulation of the thin filaments can lead to local heating
the material as a result of energy release in the reaction m
tioned. The disappearance of the observed CEL structur
probably due to the migration of antimony into the interi
volume of the sample, i.e., surface or volume diffusion. It
well-known that the crystal lattice of Al3Ni is very open and
interstitial diffusion is quite likely to occur. Diffusion along
grain boundaries, i.e., along the aluminum matrix and Al3Ni
filaments, also cannot be ruled out.

In summary, the deposition of an antimony layer has
extremely strong effect on the surface activity of a eutec
composite in the aluminum–nickel system and can be u
to control its surface properties.

1Y. Fukui and K. Takashima, in3-rd International Symposium on Struc
tural and Functional Gradient Materials, Laussane, Switzerland, 1994
p. 293.

2H. M. Dunlop and M. Benmalek, J. Physique IV, Colloque C6, 7, C6–1
~1997!.

3G. Cubiottiet al., J. Phys.: Condens. Matter8, 2549~1996!.
4Cheng-Min Lee and Chin-Hsiung Liao, Jpn. J. Appl. Phys., Part 135,
5448 ~1996!.

5J. L. Robins and J. B. Swan, Proc. Phys. Soc.76, 857 ~1960!.
6Y. Huttel, P. Soukiassian, P. S. Mungat, and Z. Hurych, Surf. S
352–354, 845 ~1996!.

7E. J. Petit and R. Caudano, Appl. Surf. Sci.46, 357 ~1990!.

Translated by M. E. Alferieff
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Optical absorption in Gd 3Ga5O12 epitaxial films grown from PbO–B 2O3 based
fluxed solution

V. V. Randoshkin, N. V. Vasil’eva, A. M. Saletski , and N. N. Sysoev
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We report the observation of additional optical absorption in single-crystal garnet films with the
nominal composition Gd3Ga5O12, grown by liquid-phase epitaxy from a supercooled
fluxed solution based on PbO–B2O3. © 1999 American Institute of Physics.
@S1063-7850~99!00409-7#
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It has been observed1 that single-crystal garnet film
~SGFs! with a variety of compositions grown successive
under identical conditions by liquid-phase epitaxy
Gd3Ga5O12 ~GGG! substrates from a supercooled fluxed s
lution based on PbO–B2O3 change color.

To determine the reasons for this effect, in the pres
work we studied the optical transmission of Gd3Ga5O12

SGFs grown on~111! GGG substrates from a PbO–B2O3

based fluxed solution.
The composition of the charge was characterized by

following molar ratios:

R15Ga2O3/Gd2O3'14.4,

R25PbO/B2O3'16.0,

R35~Gd2O31Ga2O3!/~Gd2O31Ga2O31PbO1B2O3!'0.08.

The fluxed solution was homogenized in a platinum c
cible for 240 min. Next, its temperature was lowered to
growth temperatureTg in 30 min, and when the temperatu
was set the substrate was immersed in the fluxed solu
The SGFs were grown with the fluxed solution supercoo
by DT520 K. Four series of SGFs, each series contain
three samples, were grown. The growth timestg for each
series were 2, 5, 10, and 20 min, and the time interval
tween the removal of one film and the commencemen
growth of the next film was;60 min.

In each series the first film was violet and the last fi
was colorless. It was also found that;70mm garnet single
crystals, as a rule, in the form of a tetragontrioctahedr
were observed to precipitate spontaneously on the surfac
the fluxed solution and platinum assembly. Just as for
epitaxial films, the first single crystals formed were viol
after which the single crystals became colorless.

The thicknessh of the SGFs was determined by weig
ing the substrate before epitaxial growth and the film
gether with the substrate after growth.1 The transmission
spectrum of the films was measured with a Perkin–Elm
Lambda 900 spectrometer. The parameters of the experim
tal SGFs are presented in Table I.
6831063-7850/99/25(9)/3/$15.00
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A strong decrease of the film growth ratef g was ob-
served when the fluxed solution was held in the supercoo
state. As a result, the thicknessesh of the SGFs grown suc
cessively in each series under identical conditions are dif
ent~see Table I!. Following Ref. 1, we attribute this decreas
in f g to degradation of the saturated state of the fluxed so
tion, well known to occur for single crystal iron-garne
films.2–4

The decrease inf g cannot be explained by evaporatio
of the fluxed solution,5 since it also occurs during successi
growth of a series of films, one after another, withtg

52 min ~f g52.23mm/min for the first film in the series and
f g50.47mm/min for the fourth film!.

The transmission spectra of the GGG substrate~curves
1! and two series of films with growth timestg52 min ~Fig.
1, curves2–4! and tg520 min ~Fig. 2, curves5–7! are dis-
played in Figs. 1 and 2. It is evident that the epitaxial film
show additional absorption compared with the substrate,
pecially large for relatively thick samples~Fig. 1, curve2;
Fig. 2, curves5–7!. In each series of successively grow
SGFs, as the number of the sample and therefore the
growth rate increase, the edge of the transmission cu
shifts into the short-wavelength region. We characteriz

TABLE I. The parameters of epitaxial SGFs with the nominal composit
Gd3Ga5O12 .

Film
No.

tg ,
min

2h,
mm

f g ,
mm/min

l0.1,
nm

lmax,
nm

lmin ,
nm I min /Imax

1 2 5.6 2.80 359 430 552 0.89
2 2 1.5 0.75 251 – – –
3 2 1.1 0.55 235 – – –
4 5 9.5 1.90 367 425 554 0.82
5 5 4.6 0.92 297 – – –
6 5 2.0 0.40 241 – – –
7 10 35.9 3.59 385 425 556 0.51
8 10 8.0 0.80 341 432 552 0.97
9 10 3.1 0.31 249 – – –

10 20 64.9 3.25 393 428 556 0.35
11 20 29.8 1.49 365 438 542 0.95
12 20 9.4 0.47 289 – – –
© 1999 American Institute of Physics
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FIG. 1. Optical transmission spectraT(l) of the GGG
substrate~1! and epitaxial SGFs No. 1~2!, No. 2 ~3!,
and No. 3~4!. Inset: Difference spectraDT(l) of the
GGG substrate and epitaxial SGF No. 1~2!, No. 2 ~3!,
and No. 3~4!.
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this edge by the wavelengthl0.1 ~see Table I! at which the
transmissionT is 10% of the maximum value.

Two characteristic forms of the curvesT(l) can be dis-
tinguished in Figs. 1 and 2. The curves3 and4 ~Fig. 1! have
the same basic features as the transmission curve of the G
substrate~curve1!. The curve2 ~Fig. 1! and the curves5 and
6 ~Fig. 2! have a dip near the wavelengthlmin'550 nm. We
characterize d the depth of this dip by the ratioI min /Imax,
where I min is the transmission in the dip andI max is the
transmission in the preceding peak near the wavelen
lmax'430 nm. The values oflmin , lmax, and I min /Imax are
presented in Table I. The curve7 ~Fig. 2!, which does not
hav a dip but does have a transmission peak at the w
lengthl'270 nm characteristic for the GGG substrate fa
in between.

For clarity, the difference spectraDT(l) obtained by
subtracting from the transmission spectrum of the GGG s
strate the transmission spectrum of the corresponding
are presented in the insets in Figs. 1 and 2. It is evident
a wide peak centered near 560 nm, whose intensity incre
with h, is characteristic for thick SGFs.

The appearance of additional optical absorption in e
taxial SGFs as compared with GGG single crystals can
G

th

e-

b-
m
at
es

i-
e

explained by the fact that the films contain impurity ions.
addition, the higher the film growth rate, the higher the co
centration of ions with distribution factor less than 1, spec
cally, nontrivalent ions Pb21, Pb41, and Pt41, in the film is.
~We note that platinum ions enter the fluxed solution a
result of dissolution of the crucible material.! Specifically,
the peak centered near 560 nm is most likely due to
presence of Pb21–Pb41 ions in the SGFs and, in conse
quence, to the corresponding intervalence transitions.3 In-
traionic transitions are weaker.3

The existence of additional optical absorption must
taken into account in the development of new laser film m
terials grown by liquid-phase epitaxy from a supercoo
fluxed solution.

In summary, it has been shown in this work that, fir
epitaxial SGFs with the nominal composition Gd3Ga5O12

grown from a PbO–B2O3 based fluxed solution exhibit add
tional optical absorption compared with the GGG substra
and, second, degradation of the fluxed solution influen
this absorption.

We are sincerely grateful to A. V. Vasil’ev and V. G
Plotnichenko for assisting in the optical measurements
analysis of their results.
FIG. 2. Optical transmission spectraT(l) of the GGG
substrate~1! and epitaxial SGFs No. 10~5!, No. 11~6!,
and No. 12~7!. Inset: Difference spectraDT(l) of the
GGG substrate and epitaxial SGFs No. 10~5!, No. 11
~6!, and No. 12~7!.
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Production of ions and microdroplets in conducting-liquid emitters
I. S. Gasanov
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The characteristics of the finely dispersed component of an electrodynamic source of indium and
tin ions were studied. Microdroplets are emitted above a threshold value of the beam
current, and oscillations of the ion current with a frequency of order 10 MHz are excited at the
same time. At the maximum values of the ion current the microdroplet sizes range from
20 to 400 Å. The mechanisms for producing light ions and charged microdroplets in sources of
this type were analyzed. These are field ionization of vapor and thermal dispersion of
liquid, respectively. ©1999 American Institute of Physics.@S1063-7850~99!00509-1#
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Although tip sources based on conducting liquids,1–3

have long been studied in detail, a generally accepted in
pretation of the processes occurring in them has still not b
attained. This applies specifically to the mechanisms for
production of charged microdroplets and the excitation
oscillations of the ion current. The observed phenomena
difficult to interpret because it is virtually impossible to pe
form diagnostics on them, since the ion-production proces
occur in micron-size regions.

In the present work, the mechanisms responsible for
formation of light ions and charged microdroplets in liqui
metal emitters are analyzed on the basis of a study of
characteristics of the finely dispersed component.

A source of indium and tin ions with current up to 15
mA and energy up to 10 keV was used in the experimen4

The spectra of the ion current oscillations that partially str
the extractor were recorded with an S4-25 analyzer wit
transmission band of up to 60 MHz. The mass spectra w
obtained using a Wien velocity filter analyzer with crossedE
andH fields, ~Fig. 1!. The strength of the uniform magnet
field in the analyzer was 1.4 kOe, and that of the electric fi
between the deflecting plates was 7–20 kV/cm. A dc am
fier made it possible to fix the current of the beam com
nents passing through the mass analyzer to the collector
a value as small as 10212A.

For a gap of about 0.5 mm between the tip and
extractor, the threshold voltage for ion emission was 4–6
Up to ion currents of 30–40mA the emission is highly
stable, and above this range current oscillations with a
quency of 25 MHz are excited in the beam. As the curr
increases continuously, stronger and lower-frequency mo
appear in the spectrum in a threshold manner, and the p
ously excited modes remain. It is noteworthy that the f
quency spectrum is discrete, i.e., not arbitrary; disti
modes develop in the system. A maximum the tin ion curr
of 150 mA corresponds to the minimum oscillation fre
quency of order 2 MHz.

Mass analysis of the composition of the beam of tin io
performed over a wide range of currents shows that the f
of the spectrum as a whole remains unchanged. The ions2

1

and Sn1 make the main contribution to the ion current. In t
6861063-7850/99/25(9)/2/$15.00
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experiments, it was clearly observed that oscillations of
beam current arise simultaneously with the emission
charged microdroplets, corresponding to the peak in the m
spectrum in the range of small specific charges.5 The current
transported by the microdroplets is a small fraction of t
light-ion current~less than 2%! and was detected using a
amplifier. Calculations show that for a microdroplet speci
chargeq/m553104 C/kg there is one elementary charge f
each 15 tin atoms, and the particle velocity in an accelera
voltageU56 kV is v5E/H5A2qU/m52.53106 cm/s ~E
and H are the electric and magnetic field strengths, resp
tively, in the analyzer!.

To determine the sizes of the microdroplets after th
settled on graphite films, the films were photographed in
electron microscope. It was found that as the beam cur
increases, larger particles appear in the beam and the m
droplet sizes form a continuous spectrum over a wide ra
from 20 to 400 Å; the number of the smallest particles
three orders of magnitude greater than the number of
largest particles, and individual particles with micron diam
eters are present.

It should be emphasized that the production of mic
droplets does not cause an inflection in the current–volt
characteristic of the source, although mass transfer incre
sharply. This shows that the emission of charged microdr
lets does not destroy the process leading to the formatio
light ions.

These properties of the microdroplet phase6 allow the
process of emission of charge carriers in liquid-metal sour
to be interpreted as being due to overheating of the emi
Substantial overheating of the tip in sharp sources has b
noted in a number of treatments, and for a gallium-ion sou
the tip temperature reached 1000 °C.7

As the voltage rises, the sequence of processes in
source between the tip wetted with the working material a
the extractor can be represented as follows.

The electric field brings the surface of the liquid to
point. This substantially increases the field near the protub
ance where the curvature is small and causes breakdow
the vacuum gap with emission of light ions. The electro
produced as a result of field ionization of the vapor as wel
© 1999 American Institute of Physics
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the electrons knocked out by fast ions from the electro
surfaces are accelerated in the form of a sharply focu
beam by the field in the direction of the tip. The local pow
input into the liquid excites its electronic subsystem, a
result of which the binding energy of the surface atoms
creases. For a power level of 106 W/cm2, a high rate of
anomalous evaporation is exhibited in phenomena suc
the breakdown of vacuum insulation and ion emission fr
the surface of a liquid.8 In the presence of an electrodynam
source, the field ionization coefficient

P~ t !512expF2
Avts

\
expS 2

2s

\ D G ~1!

of an atom over its transit timet ~Ref. 9! is close to 1. The
observed values of the ion currents cannot be obtained
conventional thermal vaporization of a liquid even
1000 °C temperature.

The deviation of the ion beam composition compositi
from the stoichiometric composition of the working materi
the presence of vapor10 with a high concentration of orde
1016cm23, and the brightly glowing region at the apex of th
tip argue in favor of this mechanism of ion production due
ionization of anomalously evaporating ions in a strong el
tric field of order 108 V/cm.

As the beam current increases, the heating of the
apex by secondary electrons increases, and when the ce
zone of the emitter boils up, charged microdroplets are
persed. The continuous spectrum of microdroplet size
similar to the vapor bubble size distribution in a boiling li
uid, expressed by the formula11

f ~x!5
1

2
Axe21/3x3/2

, ~2!

wherex5R/R0 andR0 is the most probable bubble radius
The regions where ions and microdroplets form can

schematically represented as in Fig. 2. The travel distanc
atoms before ionization is finite, so that the regions of p
duction are spatially separated, which is why the CVC of
source with emission of microdroplet s is monotonic.

FIG. 1. Diagram of ion source with mass analyzer:1—cathode,
2—container,3—tip, 4—extractor, 5—magnetic core,6—flat permanent
magnet,7—deflecting plate,8—collector.
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As the liquid boils up, the evaporation of atoms from t
zone of overheating sharply intensifies. The space charg
the ions and microdroplets that builds up locally decrea
the electric field near the surface of the liquid until dispe
sion of the liquid stops. Estimates show that the liquid
will cool by 10 K, as a result of the removal of heat b
evaporation of atoms when 107 W/cm2 is introduced by elec-
trons, in a time 931028 s, which is comparable to the ob
served period of the oscillations of the ion current.

A subsequent monotonic increase of the beam cur
will increase in the same manner the power introduc
However, the liquid will be dispersed impulsively, since it
hot and heat is removed by the evaporated matter in a fi
time. A new, more intense and low-frequency peak will a
pear in the spectrum of oscillations at an ion current su
that the power of the electron beam is sufficient for a wid
concentric zone of the emitter to boil up. That is, the sp
trum of ion-current oscillations reflects a temporal seque
of microexplosions of increasing intensity.

1R. Gomer, Appl. Phys.19, 365 ~1979!.
2D. R. Kingham and L. W. Swanson, Appl. Phys. A34, 123 ~1984!.
3V. E. Badan, V. V. Vladimirov, V. N. Gorshkov, and I. A. Soloshenk
Zh. Tekh. Fiz.63~6!, 47 ~1993! @Tech. Phys.38, 457 ~1993!#.

4M. D. Gabovich, I. S. Gasanov, and I. M. Protsenko, Zh. Tekh. Fiz.58,
2367 ~1988! @Sov. Phys. Tech. Phys.33, 1442~1988!#.

5V. E. Badan and I. S. Gasanov, Pis’ma Zh. Tekh. Fiz.15~18!, 49 ~1989!
@Sov. Tech. Phys. Lett.15, 724 ~1989!#.
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9E. W. Müller and T. T. Tsong,Field Ion Microscopy, Field Ionization,
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FIG. 2. Scheme of the emission of ions and microdroplets:1—tip,
2—liquid, 3—region of overheating~dispersion! of the liquid,4—region of
ionization of vapor,5—beam boundary, 6—field lines,7—microdroplets.
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Inelasticity of solids for small strains
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Residual~irreversible! deformations of solids were observed under very low stresses for strains
«'1026, which in the literature are traditionally classed in the elastic region. Inelastic
deformations appeared in this range for all types of solids~mono- and polycrystals of plastic and
brittle materials, amorphous solids! differing strongly in nature and physicomechanical
properties. These deformations can be classified as a special form of inelastic deformations—
quasimicroplastic—and quasimicroplasticity can be classified as a fundamental property
of solids. © 1999 American Institute of Physics.@S1063-7850~99!00609-6#
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Solids are classified as plastic and elastic. Plastic de
mation divides into micro- and macroplastic. Microplas
deformation, observed in plastic metals and alloys at stre
;104 times lower than their theoretical strength, is due
dislocation motion in individual microvolumes of grains, an
the shear stress at which the first dislocation source is a
ated is taken as the true elastic limit of the material.1

Materials and other dielectrics~diamond, quartz, corun
dum, glass! exhibit brittle properties. Specifically, quartz
room temperature is an absolutely brittle material.2 It is be-
lieved that its yield point is close to the breaking point,
that it can deform plastically only under fracturing stresses
order 23109 Pa,3 and in the process only a thin layer of th
quartz (!1 mm)4 along the edges of the growing fractu
crack undergoes plastic deformation. Germanium and sili
cleave, as a rule, along the$111% plane without substantia
preceding deformations at stress 1.53108 Pa, and at 4
3107 Pa their plastic properties appear at temperatures
450 and 650 °C, respectively.5

We have observed residual~irreversible! deformations at
room temperature in both plastic and brittle solids in t
strain range«'1026, which in the literature is usually
placed in the elastic region~see Fig. 1!. These deformations
are comparable to or greater in magnitude than the ela
deformations. Tests on the samples were performed by
three-point bending method, and the loading time was 1–
in the initial region of deformation and 10–15 s in the stra
range«.1026. Samples were prepared in the form of 7
3533 mm plates. The deformation was measured by
optical-mechanical method, whose sensitivity was 531027

~Ref. 6!, and the measurement error was650% in this strain
range and610% and less in the range«>1026 ~as the strain
increases, the measurement error decreases!. The experiment
was performed by the loading–unloading method with
load increased in steps. The total deformation was meas
for a loaded sample, and the residual deformation was m
sured for an unloaded sample. No indications of creep w
observed during the tests.

Figure 1 shows the results of measurements of the
sidual strains«k as a function of the stresss for samples of
various materials with different surface smoothness: polis
6881063-7850/99/25(9)/3/$15.00
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1 and ground 6 silicon polycrystals, glass 2, polished germ
nium single crystal 3, and fused quartz 4, ground silic
single crystal 5, and a sample of polycrystalline copper 7

It is evident from the figure that the residual strains a
recorded for brittle and plastic materials even with stres
53104– 105 in the strain range 831027– 1025, which is
traditionally placed in the elastic range.3,5 It should also be
noted that for the quartz sample only residual strains in
absence of an elastic component were observed in the in
region of loading. The stresses for which residual stra
were recorded in the experimental materials are;6 orders
of magnitude lower than the theoretical shear strength of
material~in order of magnitude,t;G/15 when the direction
of glide and the glide plane make an angle of 45° with t
direction of the applied force;7 hereG is the shear modulus!,
they are;4 orders of magnitude less than the yield po
~equal to, for example,;23108 Pa for general purpose
steel8! and their real strength, and two orders of magnitu
less than the stress of microplastic flow of metals~the stress
at which dislocation motion starts!.

Repeated testing of the samples with no ‘‘rest’’ und
identical conditions~second stage of the experiment! does
not qualitatively change the picture of the ‘‘stress–resid
strain’’ diagram, but the dependences(«k) is not reproduced
quantitatively; in addition, in repeated measurements of
stresses at which the previously recorded residual strai
samples was reached in the first stage shift into a hig
region. The need to increase the stresses with repeated
ing to achieve the residual strain recorded in the first load
shows that at this stress level the capability of material
irreversible deformation is exhausted even in the first sta
This behavior of materials under very weak stresses attes
irreversible substructural changes in their crystal lattice, a
the experimental data presented suggest that the stress r
ation mechanism in our experiments is different from t
microplastic strain mechanism. This conjecture is streng
ened if one notes that in the range of these low stres
residual strains were recorded for typical brittle materia
such as quartz, glass, silicon, and germanium, which do
manifest plastic properties under ordinary conditions,
taken into account.
© 1999 American Institute of Physics
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In this connection, we note that according to the data
Ref. 9 the barrier for dislocation motion in metallic and ion
crystals is 1023– 1024 times lower than the interatomic bon
energy and is overcome by dislocations under stres
1023– 1024 G, while in covalent~brittle! crystals the poten-
tial barrier for dislocation motion approaches the chemic
bond energy in order of magnitude. Covalent solids have
property because the Peierls potential barrier, which dislo
tions must overcome in their motion, is higher than in m
als. Indeed, determining the activation energyDW per unit
length of an edge dislocation and the critical shear stresssc

as DW;@Gb2/2p(12n)#exp@22pa/(12n)b# and sc

;@2G/(12n)#exp@22pa/(12n)b#, which are approximate
~hereb is the Burgers vector,a is the lattice constant, andn
is the Poisson ratio!,10 and substituting characteristic value
for copper5 ~G54.931010Pa, b52.6310210m, a53.6
310210m, andn50.3!, we obtainDW;10215J/m andsc

;106 Pa, while for corundum5 ~G53.531011Pa, b58.3
310210m, a54.8310210m, n50.3! we obtain DW
;10210J/m andsc;1010Pa. HenceDW for copper is five
orders of magnitude smaller than in corundum, andsc is
four orders of magnitude smaller. In Ref. 11, the same ra
was obtained for the critical stresssc for dislocation motion
in copper and the critical stresss of a Peierls dislocation
sc;1024s, showing that in a plastic metal the dislocatio
displacement stress is four orders of magnitude lower tha
a covalent crystal.

The decrease in the mobility of dislocations in covale
materials can be explained by the localization and spa
directedness of their chemical bonds7 and by the specific
topology of dislocations in an energetically inhomogeneo
crystal-chemical lattice. A change in their position and co
figuration even with a unit translational displacement c
induce recombination of several interatomic bonds at
same time. These crystal-chemical features of solids w

FIG. 1. Strain diagrams~«!, where« is the residual strain, of materials.
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covalent bonds are responsible for the high starting st
and energy of dislocation motion in a material.

According to published data, the stresses for genera
of dislocations and the stresses at which the leading dislo
tion stops in lithium fluoride are an order of magnitud
greater, 13107 Pa,12 and a stress of order 0.03–0.05 G
required for stable growth of dislocation loops and clust
with homogeneous nucleation in germanium, while for h
erogeneous nucleation an order of magnitude lower stres
required.13 The formation of glide bands in quartz was o
served in Ref. 14 at 1000 °C and 83108 Pa pressure, the
exposure time was up to 5 h. Translational glide in qua
parallel to the basal plane~0001! at 500– 700 °C, 2
3109 Pa pressure, and exposure time;0.5 h is described in
Ref. 15. According to the data in Ref. 16 dislocations
silicon are stationary at room temperature, and in Ref. 17
stressed that below a certain temperature~250 °C for germa-
nium and 600 °C for silicon! the mechanism of plastic defor
mation in covalent crystals changes substantially.

Thus, the residual strains observed in covalent cryst
where the critical stress for dislocation motion is appro
mately an order of magnitude higher than in plastic meta
point especially clearly to the specific character of t
mechanism of inelastic deformations in our experiments.
a result, the residual deformation which we recorded in
solid under unusually low stresses can be characterized
manifestation of a special type of inelastic deformation
quasimicroplasticity~QMP!.

Special attention should be given to the fact that
observed QMP deformation in the initial strain range~where
it is most effectively manifested! does not differ greatly in
magnitude and stress level even for solids with sharply
ferent nature and physicochemical properties, such as pla
copper and brittle covalent crystals. Such behavior of ma
rials with QMP deformation emphasizes its special charac
which gives rise to the difference between microplastic
and QMP deformation of solids, while the generality of t
manifestation of QMP in brittle and plastic materials co
firms the generality of its mechanism in solids with differe
physicochemical properties. It can be inferred that QMP
formation of solids precedes microplastic flow.

In summary, the experimental data presented ab
show that the QMP properties of materials have a spe
mechanism, different from plastic flow, and they are ma
fested in single and polycrystals as well as in amorph
solids. These materials possess qualitatively opposite ph
comechanical properties, which are due to the difference
their nature, crystal structure, surface state, material
phase composition, degree of crystallinity, and chemic
bond structure, and on the basis of all factors examined ta
as a whole the observed quasimicroplasticity can be cla
fied as a fundamental property of solids.
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Josephson effect in a metal–polyimide-film–metal structure
A. N. Ionov, V. A. Zakrevski , and I. M. Lazebnik
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It is shown that in metal–polyimide-film–metal sandwich structure a conducting state arises in a
zero electric field when a reliable electric contact is established between the metal and
polyimide film. The Josephson effect is observed with superconducting electrodes in weak
magnetic fields, attesting unequivocally to the existence of superconductivity in the polyimide film.
© 1999 American Institute of Physics.@S1063-7850~99!00709-0#
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It was first reported in Ref. 1 that metal–polyimid
film–metal ~Me–PF–Me! in sandwich structure a technica
zero of the resistance is detected if the metallic electrodes
in a superconducting state. It was concluded that the poly
interlayer itself possesses conductivity higher than that
nonsuperconducting metals. Atactic polypropylene preirra
ated with UV light at high temperature was used as the
ject of investigation. As a result of intense photothermoo
dative destruction occurring under these conditions,
molecular structure of the organic interlayer was indefin
Moreover, a high-conductivity state was detected at elec
field strengthsE5102– 103 V/cm, i.e., under conditions suc
that some authors admit intergrowth of a metallic dend
from electrode to electrode as a result of ion transpo2

These circumstances, specifically, the impossibility of re
ably characterizing the object together with the effect o
comparatively strong field, made the result of Ref. 1 unc
vincing.

These doubts were removed in Ref. 3. It was establis
there that for a thin~approximately 1mm thick! polyphtha-
lidylidene biphenylene film inserted between two meta
electrodes, the existence of a high-conductivity state with
the application of an electric field is characteristic. For t
polymer, just as in the case described in Ref. 1, a techn
zero of resistance was recorded with a transition of the e
trodes from the normal to the superconducting state. It w
shown that the high-conductivity state is an intrinsic prope
of metal–polymer film–metal structures.

It became obvious that there is a need for new data
the conditions under which the superconducting state ar
in Me–PF–Me structures and to determine their cond
tivity.

Polyimide was chosen as the object of investigati
Polyimides comprise a wide class of polymers characteri
by high thermal stability~up to 700 K!, high radiation resis-
tance, and stiffness ~the elastic modulus reache
1000 kg/mm2!. Just as in Ref. 1, in Me–polyimide–Me stru
tures 1! the conducting state arose after an electric fieldE
,103 V/cm was applied and 2! at low, liquid-helium, tem-
peratures a technical zero of resistance was observed
the electrodes passed into the superconducting state.4

Films of thickness 0.7–3.0mm were prepared by depos
6911063-7850/99/25(9)/4/$15.00
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iting drops of a 20% solution of sulfoxidianiline on the po
ished surface of one of the electrodes, followed by centrif
ing, as a result of which the solution spread out uniform
over the surface of the metal. Then the film was held for
at T5330 K to remove the solvent, after which imidizatio
was performed atT5450 K.

Massive tin and niobium of at least 99.99% purity we
used as electrode materials. An MII-4 interference mic
scope was used to monitor the quality of surface polishi
The surface irregularities was less than 0.08mm. The elec-
trode diameters were 10 and 3 mm. The polyimide film
vestigated was deposited on the electrode of larger diam
The other electrode was clamped to the polymer film with
small force. To obtain more uniform clamping and to preve
bending, the clamped electrode was pressed into a ring, m
of a dielectric material, with inner and outer diameters o
and 10 mm, respectively, in such a manner that the electr
and the nonconducting outer ring formed a single clamp
surface. The series of sandwich structures had a 0.7–1.4mm
thick bounding ring made of a nonconducting material. T
inner 2 mm in diameter opening with a diameter of 2 m
was filled with the polyimide under study. The sandwi
structures were constructed so as to prevent the electr
from coming into direct contact with one another.

The appearance of a conducting state in the sandw
structure was detected with a digital voltmeter with a hi
input resistance, i.e., in the same way as in Ref. 3. When
conducting polymer was connected to the input of the dig
voltmeter, its noise voltage dropped sharply. Under th
conditions detection of a conducting state in a zero elec
field becomes possible.

It was established experimentally that the conduct
state in Me–PF–Me structures arises for films of thickn
d,1.5mm over a wide temperature range from 77 to 500
This rules out a model whereby a metallic dentrite form
between electrodes by an ionic mechanism,2 since 1! there is
no ionic current in the absence of an electric field and!
there are no electrolytes that would not freeze at the boi
temperature of liquid nitrogen.

It has been remarked in a number of publications5,6 that
a conducting state arises in polymer films only after
uniaxial mechanical pressure has been applied. A theore
© 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the resistance
Sn–PF–Sn~a! and Nb–PF–Nb~b! sandwich struc-
tures with current less than 100mA through the struc-
ture.
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model where the mechanical pressure plays a key role in
formation of the conducting state has been proposed in
7. However, it should be noted here that in all experimen
work a small threshold pressure, less than 105 Pa, was ob-
served. Such a weak pressure is hardly likely to bring ab
changes in the molecular and supermolecular structure
the film or any substantial deformation. In this connection
was proposed in Ref. 3 that the only role of mechani
pressure is to ensure a reliable electrical contact between
polymer film and the electrode. To check this supposition
following experiments were performed.

A droplet of liquid gallium1! with volume less than
1 mm3, which wetted an area of at least 104 mm2 on the
surface of the polymer, was deposited on the free surfac
the polymer in a metal–polymer structure. As soon as
needle electrode touched the top of the gallium droplet, us
a micrometric vertical manipulator, the electr
circuit ~metal–polyimide-film–liquid-gallium-drop–needle
electrode! was closed and the voltmeter instantaneously
he
f.
l

ut
of
t
l
he
e

of
e
g
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tected a conducting state. The load on the polymer in th
experiments was so small that there is no sense in talk
about it influencing the properties of the film. On the oth
hand, the liquid metal provided a good electric contact w
the film. We also note that when tin was used as the bot
electrode, liquid gallium was also a good indicator of qual
of the polymer coating, because in the presence of hol
channels through the polymer film gallium will wet the S
bottom electrode and form with it a eutectic alloy Sn–G
After the polymer coating on the polished surface of the
electrode is removed with an organic solvent, craters sho
be observed at the locations of the channels in the poly
coating. In our case, the quality of the electrode surface
not change after such a procedure, indicating good uni
mity of the polymer film.

In some experiments a 0.4mm thick and 2–3 mm in
diameter electrode, obtained by vacuum depositing gold
the polyimide surface, was used instead of a clamped, m
sive electrode. The deposited electrode, whose weight c
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FIG. 2. Voltage dropV versus the magnetic fieldH
for a structure Nb–PF–Sn structure at temperatu
T52.83 K with currentI>I c5163mA through the
sandwich structure.
t
ng

v
a
d

e-

ro
ith
nc
h
in
tin
i

o

on

ic
nc
o,
m
S
s
e

le
, t
oc
o
t

se
en

-
te

bly
on-
ors
ra-
uct-

n-
ved
the

ing
for
the
rally

k
in

ss
be-
per-
’’
er

ap-
ctor
on-
des.
an-
llic
ce of
on-
ed
the
f a
ved,
tic

eld,
be neglected, also provided a good electric contact, and
conductivity of the structure was recorded without applyi
mechanical pressure.

The data obtained confirm the conjecture, made pre
ously in Ref. 3, that mechanical pressure is merely a me
for providing a reliable electric contact between the electro
and the polymer.

We now turn to investigation of low-temperature ph
nomena in the Me–PF–Me structure. The voltageV on the
sandwich structures was measured by means of a four-p
method using SHCH300 and V2-36 digital voltmeters w
constant current, which was set by a large load resista
Temperatures below 4.2 K were obtained by evacuating
lium vapors, and it was fixed with a monostat to with
0.01 K. A temperature above 4.2 K was obtained by hea
helium vapors with a microheater, and it was measured w
a conventional TSG-1 germanium thermometer.

Figures 1a and 1b show the low-temperature variation
the resistancesR for Sn–PF–Sn~a! and Nb–PF–Nb~b!
structures. It is well known that tin passes into a superc
ducting state at temperatureTc53.72 K and niobium atTc

59.2 K. As one can see from the figure, when our sandw
structures are cooled, an appreciable decrease of resista
first observed atTc , which continues down to technical zer
determined by the resolution limit of the apparatus e
ployed. It is also evident from the figure that for Sn–PF-
~a! and Nb–PF–Nb~b! the transition to technical zero i
observed in temperature ranges of 0.9 and 4 K, respectiv
When no polyimide was present between the metallic e
trodes and the electrodes directly touched one another
transition to technical zero of the resistance on cooling
curred extremely sharply, which confirms that the purity
the metals employed as electrodes was quite high. On
basis of the classical theory of superconductivity the diffu
ness of the transition could indicate fluctuation phenom
near the critical temperatureTc . According to the theory
~see, for example, Ref. 8!, nearTc order-parameter fluctua
tions give rise to a resistance in the superconducting sta
T,Tc and superconducting electrons atT.Tc . In pure mas-
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sive superconductors such fluctuations do not apprecia
affect the character of the superconducting transition. In c
trast to this, in two- and one-dimensional superconduct
such fluctuations should wash out the transition in tempe
ture. Such behavior is indeed observed in thin supercond
ing filaments and particles with diameterd!j0—the coher-
ence length.

Tin and niobium havej0.2500 andj0.600 Å, respec-
tively. Hence it follows that if the gradual temperature tra
sition to technical zero of the resistance which we obser
is due to the existence of superconducting electrodes in
polyimide, then the effective diameter of all superconduct
polymer channels should be much smaller than 2500 Å
Sn electrodes and 600 Å for Nb electrodes. In this case,
sandwich structures investigated should be systems gene
referred to as ‘‘weak links.’’ As is well known, a weak lin
is a region where the critical current is much lower than
the superconductors linked by it.2!

This region can be formed by a bridge with a small cro
section consisting of a superconductor, a point contact
tween two superconductors or a normal metal where su
conductivity has appeared as a result of the ‘‘proximity
effect. In our case a low critical current could be due eith
to induced superconductivity in the polymer channel, as h
pens in superconductor–normal metal–supercondu
structures,9 or point contacts between the ends of a superc
ducting polymer channel and the superconducting electro
In the latter case the superconductivity of the polymer ch
nel cannot be due to the superconductivity of the meta
electrodes, and the mechanism leading to the appearan
superconductivity can be different from classical superc
ductivity, which is due to a weak interaction. The observ
smearing of the transition is due to the properties of
polymer film. However, in any case, in the presence o
weak link a stationary Josephson effect should be obser
i.e., oscillations of the critical current in weak magne
fields ~see, for example, Ref. 10!. To check this supposition
we investigated the dependenceV(H) in weak magnetic
fields for the same current, transverse to the magnetic fi
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flowing through an Nb–PF–Sn structure for which a volta
drop is recorded on the sandwich structure. Figure 2 sh
the observed dependenceV(H), clearly indicating oscillation
of the critical superconducting current.

In summary, it has been established that: 1! in a thin
polyimide film inserted between two metallic electrodes
conducting state arises in a zero electric field when a relia
electric contact is established between the metal and
polyimide film and 2! when the electrodes pass into the s
perconducting state a Josephson effect is observed in
PF–Me structures, unequivocal evidence that the thin p
imide film is superconducting.

In closing, we thank V. M. Sarygina and V. A. Ionov fo
assisting in this work.

1!The experiment was performed at a temperature higher than the me
temperature of gallium (29 °C) and under conditions ruling out the form
tion of gallium oxide films.

2!This region can be formed by a bridge with a small cross section consis
of a superconductor, a point contact between two superconductors
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normal metal where superconductivity has appeared as a result o
‘‘proximity’’ effect.
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Mechanical behavior of porous zirconium dioxide under active deformation
by compression
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The properties of the mechanical behavior of porous ceramic based on partially stabilized
zirconium dioxide are studied. The special features of the mechanical behavior of ceramic with
different degrees of porosity are determined. It is shown that three macrodeformation
mechanisms are observed simultaneously in the material: elastic deformation characteristic of
compact material; microcracking with accumulation of microdefects; and displacement
of local volumes of material into the pore space. A ceramic with porosity less than 20% retains
its capacity for transformational changes in the stress field of a propagating crack. ©1999
American Institute of Physics.@S1063-7850~99!00809-5#
ide

on
th
ar
ls

ic

he
m
re

d

ta

in
ry
p
ith

i
ur

s
o
c

i
in

rs
ul
ri

ce-
hat
las-

rved
ar-
u-
of

ted

ing
ress

s
in-
Ceramics based on partially stabilized zirconium diox
are of great interest as high-viscosity ceramic materials.1,2 In
addition, they are promising as materials containing a c
trollable number of pores but at the same time retaining
strength characteristics determined by transformation h
ening. This could be helpful, for example, for biomateria
filters, heat-shielding structures, and so on.3 However, there
are no data on the influence of porosity on the mechan
properties.

The objective of the present work is to investigate t
effect of porosity on the mechanical behavior of zirconiu
dioxide based ceramic under active deformation by comp
sion.

A porous ceramic based on ultradispersed zirconium
oxide powder, stabilized with 3 molar% Y2O3, was studied.
Samples of the material were prepared by the power me
lurgy method by pressing and then sintering ZrO2 in the
temperature range 1200– 1600 °C. Varying the sinter
time from 10 min to 10 h caused the final porosity to va
over the range 10–60%. Compression tests on the sam
were performed in an INSTRON-1185 testing machine w
a constant loading rate of 331024 s21. The strength and
relative deformation of the material were determined.

Figure 1 shows stress–strain diagrams of ceramics w
different degrees of porosity. As one can see from the fig
in the loading diagram for the pore-free ceramic~porosity
less than 2%! the material fractures essentially from the ela
tic region, and there is a small section corresponding to n
linear elasticity or, possibly, tetragonal–monoclinic stru
tural transformation.1

As porosity increases, multiple microdefects appear
the course of deformation, and the number of defects
creases with the degree of porosity. This process appea
the loading diagram as sharp drops of the stress as a res
microcracking. Microcracks stop at pores and the mate
regains its capability for elastic deformation.
6951063-7850/99/25(9)/2/$15.00
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The microcracking process is accompanied by displa
ment of local volumes of material into the pore space, so t
an increase in porosity results in the appearance of quasip
ticity as a result of additional compaction of the material.

Thus, three macrodeformation mechanisms are obse
simultaneously in the material: the elastic deformation ch
acteristic of compact material; microcracking with accum
lation of microdefects; and displacement of local volumes
material into the pore space. This is most clearly illustra
in Fig. 2, where the relative coordinatess/smax5f(«/«max)
are used. As porosity increases, the region of microcrack
observed in the loading diagram as sharp drops in st

FIG. 1. Curves of deformation of ZrO2 based ceramic with different degree
of porosity. Inset: Variation of the strength and elastic modulus with
creasing porosity.
© 1999 American Institute of Physics
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FIG. 2. Curves of deformation of ZrO2 based ceramic
in relative coordinates. Inset: Variation of the relativ
strain«/«max with increasing porosity.
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shifts into the region of smaller relative deformations a
becomes more extended. Characteristically, the rela
strain«/«max at which the stresses reach their maximum v
ues ~i.e., s/smax51! decreases linearly with increasing p
rosity ~inset in Fig. 2!.

The inset in Fig. 1 shows the dependence of the stren
and elastic modulus on the degree of porosity. Fitting fu
tional dependences of the formY5A exp(b•X) ~Ref. 4! to the
experimental values gave 1200 MPa and 200 GPa, res
tively, for the strength and elastic modulus of pore-free m
terial, in good agreement with the published data.5

The results of x-ray crystallographic analysis of t
samples, performed with a Dron-UM1 diffractometer usi
FeKa radiation, showed that in its initial state the ceramic
in a tetragonal phase. Under loading a structural transfor
tion, typical of these materials, from the tetragonal to
monoclinic phase on the fracture surface, is observed o
for low porosity, because quasiplastic deformation of th
materials starts at low stresses. Indeed, an estimate o
concentration of internal stresses, following Ref. 4, in t
form

E/E05s/s1 ,

whereE is the elastic modulus,E0 is the elastic modulus o
the pore-free material,s is the applied stress, ands1 is the
e
-

th
-

c-
-

a-
e
ly
e
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e

local stress, showed that stresses sufficient for a phase t
formation~.200 MPa according to Ref. 6! arise only in ma-
terial with porosity less than 20%. In ceramic with high
porosity the local stresses decrease sharply and do not r
a high enough level for a phase transformation.

In summary, three macrodeformation mechanisms
observed simultaneously in porous ceramic material: ela
deformation characteristic for compact material; microcra
ing with accumulation of microdefects; and displacement
local volumes of material into the pore space. A ceram
with porosity not exceeding 20% retains its capacity
transformational changes in the stress field of a propaga
crack.

1D. F. Kalinovich, L. I. Kuznetsova, and E´ . T. Denisenko, Poroshkovaya
Metallurgiya, No. 11, 98~1987!.

2A. G. Evans and R. M. Cannon, Acta Metall.34, 761 ~1986!.
3Porous Structural Ceramic, edited by Yu. L. Krasulin~Metallurgiya,
Moscow, 1980!.

4R. L. Coble and N. M. Parikh,Fracture, Vol. 7 ~Mir, Moscow, 1976!.
5A. R. Andrievski� and I. I. Spivak,Handbook of the Strength of Refractor
Compounds and Materials Based on Them~Metallurgiya Press, Chelya-
binsk, 1989!.

6D. B. Marshal and M. R. James, J. Am. Soc.69, 3 ~1986!.
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Deformation stability of a flat domain wall in magnetic films
Yu. I. Gorobets, Yu. F. Vilesov, and N. A. Groshenko

Simferopol’ State University
~Submitted July 20, 1998; resubmitted May 18, 1999!
Pis’ma Zh. Tekh. Fiz.25, 49–56~September 12, 1999!

The forces determining the orientation of domain walls in films of magnetooptic materials with a
figure of merit of order unity are studied. The behavior of small perturbations of the
position of a flat domain wall in the presence of an in-plane component of the anisotropy vector
is analyzed. The forces arising when the orientation of the domain wall deviates from the
easy-magnetization axis and striving to return the wall to its initial state are conventionally
represented as a gradient ‘‘effective magnetic field.’’ The forces exerted by the ‘‘effective
field,’’ due to the in-plane component of the anisotropy vector, on the perturbed domain wall are
calculated. The orientational stability conditions for a planar domain wall are found. An
explanation is given for the experimentally observed predominant orientation of striped domains.
© 1999 American Institute of Physics.@S1063-7850~99!00909-X#
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A labyrinthine domain structure is formed in films of
magnetooptic material with anisotropy axis perpendicula
the film plane and figure of merit of order unity,q
5Hk/4pMs>1, in the absence of external magnetic fiel
and anisotropy axis in the film plane. It appears because
domain wall, as an analog of a conductor with a current
unstable with respect to bending deformations.1–3 The mag-
netic field resulting from a small deformation of a conduc
carrying a current strives to increase this deformation. U
mately, straight domain walls are energetically unfavora
compared with curved walls. This is what gives rise to
labyrinthine domain structure.

The existence of a component of the anisotropy field
the film plane has the effect that the magnetization vecto
the domains turns under the action of this field through
angle relative to the normal. This rotation of the magneti
tion vector in domains decreases the angle of rotation of
magnetization vector in domain walls oriented along the
isotropy field and decreases the energy of domain walls.
orientation of striped domains along the anisotropy field
comes energetically favorable.

To analyze the question of the bending instability o
flat domain wall we shall calculate the total energy of a
nusoidally perturbed domain wall in an effective magne
field with a constant gradient~Fig. 1a!. Rotation of a domain
wall relative to the easy-magnetization axis will increase
specific energy of the domain wall and result in the appe
ance of certain compensating forces which strive to ret
the wall to the initial state. In solving the problem, the
elastic forces can be replaced by an effective gradient m
netic field. The magnitude of these forces and, correspo
ingly, the effective gradient magnetic field for a sinusoida
perturbed wall are proportional to the ratioHz;2B/L,
whereB is the amplitude of the sinusoidal perturbation of t
domain wall andL is the period of the sinusoidal perturb
tion.

We also assume that the uniaxial anisotropy field
much greater than the in-plane component of the anisotr
6971063-7850/99/25(9)/3/$15.00
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field, and the contribution of the in-plane anisotropy to t
total energy of the system is taken into account comple
by the effective magnetic field which we have introduce
We shall assume that the effective magnetic field is perp
dicular to the film surface and is zero in the initial~unper-
turbed! state of the planar domain wall. For perturbatio
with constant periodL the field varies along thex axis as

Hz~x!1ax/L, ~1!

wherea is a constant, which depends on the ratio betwe
the in-plane and normal components of the anisotropy fie
The equilibrium position of the wall fora.0 corresponds to
the coordinatex50.

The change in energy of the domain structure in
effective magnetic field due to the bending of the wall is

DWH54Ms

a

L
t
Ly

L E
S
xdS, ~2!

where t is the thickness of the magnetic film,Ly /L is the
number of bends of the domain wall, and the integrat
extends over the areaS of a half-period of the wall~Fig. 1a!.
The integral in Eq.~2! can be calculated as

E
S
xdS5E

0

L/2

dyE
0

B sin ky

xdx5
pB2

4k
, ~3!

wherek52p/L. Thus,

DWH5
MsB

2atLy

2L
. ~4!

Next, we use the well-known formulas for the surface ene
of a domain wall as a function of its surface densitys:

DWs5s
2tLy

L E
0

L

dy~A11B2k2 cosky21!

'
stB2k2Ly

4
~5!
© 1999 American Institute of Physics
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FIG. 1. a—Striped domain with one flat and one sinus
dally perturbed wall. b—Qualitative behavior of the func

tion F̃(kt).
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and the magnetostatic energy of a sinusoidally deform
wall for d5`:

DWM524Ms
2LyB

2H K0~kt!1g2 ln
k t

2 J , ~6!

whereg50.5772 is Euler’s constant andK0 is a modified
Bessel function.3

Summing all types of changes in the energy of a
formed wall we obtain

DWM54pMs
2LyB

2F F̃~kt!1
at

8MsL
G . ~7!

Here

F̃~kt!5
s~kt!2

16Ms
2t

2g1 ln
kt

2
2K0~kt!. ~8!

Analyzing the expression~7!, taking into account the
graphical dependence ofF̃ on kt ~Fig. 1b!, we conclude that
in the absence of a gradient field (a50) a flat domain wall
in a uniaxial film is always unstable relative to an increase
the deformation amplitudeB, since in this case the increme
DW in the energy becomes negative. The minimum value
the gradient fielda/L for which a flat domain wall is still
stable can evidently be found from the condition that
energy incrementDW with the minimum possible value o
the functionF̃ vanishes. This is determined by the relatio
d

-

n

f

e

a

L
5

8Ms

t FK0~kt!1 ln
kt

2
1g2

stk2

16Ms
G , ~9!

sk

8Ms
2 2

1

kt
1K1~kt!50, ~10!

whereK1 is a modified Bessel function. The equation~10!
determines the period of the resulting perturbations.

It is obvious from the foregoing analysis that for positiv
values of the derivative of the functionF̃, a spontaneous
periodic domain structure with striped domains orient
along the easy-magnetization axis in the film plane is es
lished in a magnetic field~Fig. 2a!. However, for negative
values of the derivative the in-plane anisotropy field ha
large effect on the orientation of domains in a magnetic fil
The deformation arising in the domain wall can lead
branching of the initial stripe domain and growth of th
‘‘branches.’’ The deformation of the domain wall loses i
sinusoidal form. However, the behavior of the domain w
can be described qualitatively by examining deformatio
along thex and y axes. The width of a ‘‘branch’’ arising
from the initial domain is determined by the relations~9! and
~10! and is equal to the width of the initial domain. Th
effective field will be minimum if the ratio of the maximum
of the deviation of the domain wall in the direction of thex
axis to the maximum of the displacement along they axis is
minimum, i.e., when the deformation of the domain w
develops not in the direction of thex axis, but rather starting
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at some deviation of order the period of the domain struct
in the direction of they axis. For such development of th
deformation, its growth is not accompanied by an increas
elastic forces exerted by the in-plane component of the
isotropy field, and aY-shaped branched domain is forme
~Fig. 2b!.

Examples of physical mechanisms leading to the app
ance of an easy-magnetization axis in the film plane
growth anisotropy, mechanical deformations~magnetostric-
tion!, or a small deviation of the crystallographic directio
@111# of the substrate from the normal direction.4 In mag-
netic films with an easy-magnetization axis in the film plan
disclinations of the domain lattice in the form ofY-shaped
domains~or ‘‘fork-shaped’’ disclinations5! appear.

Many factors responsible for the anisotropy~growth,
mechanical stresses! can be largely eliminated in the proce

FIG. 2. a—Photograph of a striped periodic domain structu
b—Photograph of disclinations of a domain grating in the form of
Y-shaped domain or ‘‘fork.’’ c—Photograph of disclinations of a doma
grating in the form of accumulations ofV-shaped domains.
e

in
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of synthesis of the magnetic film or during subsequent
nealing of the film. If no other physical mechanisms for t
formation of an easy-magnetization axis in the plane of
magnetic film are present, then the projections of the th
other crystallographic directions@111#, making angles of
120° with one another, make the decisive contribution to
process leading to the formation of a planar anisotropy.
this case, accumulations ofV-shaped domains form in a
magnetic field~Fig. 2c!.

Despite its approximate character, our analysis of
behavior of striped domains in magnetic films with an i
plane component of the anisotropy vector agrees quite w
with experiment. It not only determines the stability cond
tions of a flat domain wall relative to bending deformation
but it also predicts qualitatively the development of the be
ing deformation of a wall, if the stability conditions are n
completely satisfied—appearance of aY-shaped branched
domain and accumulations ofV-shaped domains.

Periodic domain structures find wide application as re
ganizable magnetooptic diffraction gratings in optoelectro
ics: in magnetooptic deflectors, spectrum analyzers, m
netic field sensors, magnetically controlled lasers, and
on.4,9 It should be expected that a domain grating with d
clinations in magnetooptic diffraction should act like a ma
netic hologram of an optical vortex and transform a fund
mental Gaussian beam into a wave carrying angu
momentum.5–8 The disclinations of a domain structure ha
a strong effect on the parameters of the diffracted radiat
and they must be either eliminated~in deflectors, spectrum
analyzers, and lasers! or induced to form optical vortices
Therefore the problem of matching the parameters of m
netooptic materials is very pressing, and the relation betw
the magnetic properties of a film~for example, the anisot-
ropy field! and the quality of a domain grating, studied in th
present letter, makes it possible to optimize the technol
for synthesizing magnetooptic materials for specific tech
cal applications.
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The Oktupol’ galathea electric-discharge confinement system
A. I. Morozov, A. I. Bugrova, A. M. Bishaev, and V. A. Nevrovski 

Moscow State Institute of Radio Engineering, Electronics, and Automation (Technical University)
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A new electric-discharge plasma confinement system based on an octupole magnetic field is
described. The results of experiments with a confinement system using argon are reported.
© 1999 American Institute of Physics.@S1063-7850~99!01009-5#
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The Oktupol’ electric-discharge plasma confineme
system belongs to the galathea class of magnetic traps,
confinement systems with current-carrying conductors wh
are completely immersed in plasma.1 Such conductors are
called myxines.

Galatheas make it possible to produce a magnetic-fi
configuration having a gapless magnetic barrier around
plasma volume where the magnetic field is arbitrarily clo
to zero. In Ref. 2 it was suggested that plasma be produ
in such confinement systems by means of an electric
charge between a heated cathode placed inside the con
ment system and the walls of a vacuum chamber, wh
7001063-7850/99/25(9)/2/$15.00
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serve as the anode. The results obtained in Refs. 2 and
MIREA on the ‘‘Avos’ka’’ ÉRL-M facility with a plasma
volume of 0.5l demonstrate the great possibilities of su
electric-discharge confinement systems.

The ÉRL-M confinement system uses a quadrupole m
netic field produced by two coaxial current-carrying rin
with currents flowing in the same direction. To increase
plasma-occupied volume in the region of a weak magn
field ~up to 5l!, it was decided to use an octupole magne
configuration and to increase the barrier field to 0.1 T
switching to pulsed powering of the magnetic system.
nt

-

FIG. 1. Schematic of the Oktupol’ magnetic system~a! and
magnetic field distribution in a section of the confineme
system passing through thez axis ~b—flux lines, c—lines
of constant voltage!: 1—gas input, 2—cathode,
3—repellers and compensators, 4—myxines,
5—framework,6—myxine holders, repellers, and compen
sators,7—magnetic flux lines,8—B5const contours.
© 1999 American Institute of Physics
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Presumably, the plasma parameters in the Oktupol’ c
finement system can be improved.

A toroidal magnetic-field formed by four myxines wa
used as a basis for the Oktupol’ confinement system. In
system, because of the curvature of the central line of
torus, the field differs strongly from that of a straight oct
pole formed by four straight conductors.

Inserting two repeller coils and two more compensat
coils, all with currents flowing opposite to the current in t
myxines, decreased the attractive forces between the m
ines and improved the field configuration.4 Thus, the Oktu-
pol’ magnetic system consists of eight coils, shown in Fig
All coils are connected in series. The optimal magnetic c
figuration is obtained with the ratiosN1 :N2 :N3

51:1.25:0.75, whereN1 , N2 , and N3 , are the number of
turns in a myxine, a repeller, and a compensator, resp
tively. The total number of ampere-turns is zero, and
magnetic field is concentrated primarily near the coils, en
cling the central line of the torus. The magnetic field co
figuration in the Oktupol’ confinement system is shown
Figs. 1b and 1c. A region of essentially zero magnetic fi
and the surrounding magnetic barrier can be seen in the
ure.

Each coil was wound with aluminum foil, which playe
the role of a liner, and was attached with six stainless s
holders to the Oktupol’ framework. The outer diameter a
width of Oktupol’ were 900 mm and 380 mm, respective
The system was placed in a vacuum chamber~background
gas pressure 1023 N/m2!, a heated tungsten-wire cathode w
placed near the central line of the torus, gas was introdu
into the region near the cathode, and a discharge was ign
the anode consisting of the chamber and the liner of
myxines. A pulsed voltage source powered the discha
The initial voltage was up to 5 kV, and the pulse durati
was;10 ms. A dc current source with a discharge voltage
up to 400 V could also supply power. A barrier magne
field up toH50.1 T was produced by a pulsed-power syst
~pulse duration;30 ms!. An additional power supply main
tained a barrier fieldH'0.005 T for a long time~up to
;15 min! andH'0.01 T for a short time~up to 2 min!.

The basic measurements were performed w
argon, whose flow rate was regulated in the ran
ṁ51.3– 13 mg/s. The working pressure in the chamber w
set in the rangep5(1.8– 3.7)•1022 N/m2.

The observations showed that the plasma in the confi
ment system occupies the shaded region in Fig. 1b.
current–voltage characteristics of the discharge demons
strong saturation with respect to current with discharge v
ages above;110 V, and the saturation current is determin
only by the heating of the cathode. It was difficult to ignite
discharge when only the chamber served as the anode
the liners of the myxines were not connected to the sou
powering the discharge. In this case it was necessary to a
;300 V with a magnetic field of 0.005 T in the barrier r
gion.

Probe measurements of the plasma parameters sho
the existence of a potential well in the plasma, where ions
confined, similarly to the E´RL-M confinement system, bu
wider in the transverse direction. In this region the elect
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temperature isTe520– 22 eV, the charged-particle density
ne;1011cm23, the space-charge potential isw'250 V with
a discharge voltage of 200 V and a barrier fieldH
50.005 T ~Fig. 2!. In contrast to the E´RL-M confinement
system, the plasma in the Oktupol’ possesses a fairly sh
boundary, determined visually from the emission of the d
charge and the distribution of the plasma parameters.

In the experiments, the oscillations of the discharge c
rent, the floating potential of the probe, and the ionic curr
on a probe in the frequency range 100 kHz–100 MHz w
measured. It was found that a 0.005–0.01 T magnetic fi
greatly decreases the amplitude of the oscillations at frequ
cies above 30 MHz and increases the amplitude of the os
lations at frequencies below 5 MHz.

This work was supported by the Ministry of Atomic En
ergy of the Russian Federation.

We are grateful to V. A. Abramov for his constant inte
est and suggestions while this work was being performe
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FIG. 2. Plasma parameters versus the short radiusR of the torus:
1—Electron temperatureTe , 2—electron densityne , 3—plasma potential
w, 4—floating potentialw1 .
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Electrostriction mechanism of microwave losses in a ferroelectric film
and experimental confirmation

O. G. Vendik and A. N. Rogachev

St. Petersburg State Electrotechnical University, Russia
~Submitted May 18, 1999!
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The experimental confirmation of the existence of the electrostriction mechanism of microwave
losses in a thin ferroelectric film is discussed. The results of simulation of the dielectric
loss tangent due to the mechanism discussed for a planar capacitor with one gap are presented
and compared with existing experimental data for an interdigital capacitor. The simulation
results agree well with the experimental data. The small discrepancy with experiment could be
due to inaccurate determination of the sound velocity in the ferroelectric film and to
differences in the capacitor structures used in the simulation and in the experiment. ©1999
American Institute of Physics.@S1063-7850~99!01109-X#
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Dielectric losses at microwave frequencies are the m
obstacle to practical applications of controllable ferroelec
~FE! devices. The sources of these losses have thus fa
been absolutely identified. According to the latest publi
tions, the microwave losses in ferroelectrics are due to
following mechanisms:1,2

1! fundamental losses due to multiphonon scattering
the soft FE mode;

2! conversion of microwave oscillations of the electr
field into acoustic oscillations via scattering by regions w
residual FE polarization;

3! conversion of microwave oscillations of the electr
field into acoustic oscillations as a result of fields genera
by charged defects;

4! conversion of microwaves into hypersound because
resonance phenomena arising when the characteristic dim
sions of the working region of the FE device become m
tiples of half the hypersound wavelength.

All these mechanisms have been formulated for
called virtual ferroelectrics, used at liquid-nitrogen tempe
ture. However, they can also be applied to conventional
roelectrics, such as (Bax , Sr12x)TiO3, in the paraphase a
room temperature.

This letter is devoted to proving the existence of expe
mental confirmation of the existence of the electrostrict
mechanism of microwave losses due to hypersonic reson
in a FE film. Microwave losses of this type appear in a
film with nonzero bias voltage, which generates an indu
piezoelectric effect in the FE film. For a flat capacitor, h
personic resonance can arise in the gap between the
trodes and within the FE film. This phenomenon was p
dicted theoretically in Ref. 2, and a formula describing t
behavior of the dielectric loss tangent due to hyperso
resonance phenomena was also presented there:

tandac5@V^sin2~kg/2!/~kg/2!&

12Vk^sin4~kh/2!/~kh/2!&#F~E!. ~1!

In this formula
7021063-7850/99/25(9)/3/$15.00
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V(k)5~4/s!Q(k)
2 «0

3 , ~2!

F~E!5« r
3~Edc!Edc

2 , ~3!

k5
v

vs
, ~4!

wheres is the diagonal component of the elasticity tensor,Q
andQk are, respectively, the diagonal and off-diagonal co
ponents of the electrostriction tensor,g is the distance be-
tween the electrodes,h is the thickness of the FE film,v is
the microwave frequency, andvs is the longitudinal phase
velocity of sound in the ferroelectric.

In Ref. 2 it was shown that the dielectric loss tangent d
to the electrostriction mechanism is a function of frequen
and for a flat SrTiO3 capacitor it is less than 0.01 in th
frequency range 1–10 GHz.

Until recently it was difficult to check the theory ex
pounded in Ref. 2 because of the lack of data on the dep
dence of the dielectric loss tangent for a FE film in a su
ciently wide frequency range. However, the first publicati
giving such information has recently appeared.3 In Ref. 3 the
results of an investigation of a series of interdigital capa
tors based on a thin~Ba0.5, Sr0.5!TiO3 film are presented. The
measurements were performed at room temperature in
frequency range 50 MHz–20 GHz. The method of conform
mapping was used to obtain the values of the dielectric c
stant and the dielectric loss tangent. This method mad
possible to obtain reliable results right up to 5 GHz. In R
3 the results of measurements performed on an interdig
BSTO capacitor with interelectrode distanceg57.5mm and
FE film thicknessh50.4mm are described in detail. Th
frequency dependence of the dielectric loss tangent of the
film in this capacitor is presented in Fig. 1a.

In summary, experimental data making it possible
check the validity of the theory proposed in Ref. 2 are n
available.

To compare the experimental results of Ref. 3 with th
oretical estimates, it is first necessary to extract from
© 1999 American Institute of Physics
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experimental data the part of the microwave losses for wh
the mechanism under study is responsible. As already m
tioned above, a hypersound resonance arises in a FE
only with a nonzero bias voltage, and therefore for a z
bias voltage~Fig. 1a, curve1! this mechanism does not con
tribute to the total microwave losses in the film. It should
noted that in this case the experimental values of the die
tric loss tangent can be fit to a high degree of accuracy b
function of the form tand (f );f1/3 ~Fig. 1a, curve18!. For a
nonzero bias voltage the losses via hypersound appear i
form of resonance peaks in the frequency characteristic
the dielectric loss tangent~Fig. 1a, curves2–5!. The second
circumstance that helps to distinguish the various l
mechanisms is that for the given dimensions of the capac
structure the contribution of the mechanism under study
negligibly small at frequencies above 2–3 GHz. Thus,
separate the loss mechanism under discussion from the
ers it is first necessary to fit the field dependence of
dielectric loss tangent due to the other loss mechanisms
ing the dependence

FIG. 1. a—Frequency dependence of the dielectric loss tangent for a
terdigital capacitor based on a thin FE film. Experiment~Ref. 3!: 1—Ub

50 V, 2—Ub510 V, 3—Ub520 V, 4—Ub530 V, 5—Ub540 V. Simu-
lation: 18—f 1/3 for Ub50 V and 58—f 1/3 for Ub540 V. b—Frequency de-
pendence of microwave losses due to hypersound generation in the cap
gap and losses due to charged defects (Ub540 V): 1—experimental results
~Ref. 3!, 2—simulation.
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where A(E) is a function of the bias field, which ensure
agreement of the experimental and computed values of
dielectric loss tangent at high frequencies. Next, the co
puted dependence must be subtracted from the experim
dependence for each value of the bias voltage. The remai
is the dielectric loss tangent due to the mechanism un
investigation.

The source of the losses described by the expression~5!
are charged defects.1,4 It was shown in Ref. 4 that the losse
due to charged defects are characterized by a bias-vol
dependence of tand that is proportional to the field-
dependence of the dielectric constant. This relation betw
the dielectric loss tangent and the dielectric constant of a
film can also be seen from the experiment described abo3

The frequency dependence of the microwave losses du
charged defects is determined by the sizes of the cha
regions. A reasonable choice of the size distribution
charged regions makes it possible to satisfy the experim
tally observed dependencef 1/3.

Returning to the acoustic loss mechanism, it should
noted that for the given values of the interelectrode gap~7.5
mm! and the thickness of the FE film~0.4 mm! the mecha-
nism under study forms maxima of the microwave losses
frequencies of 1, 1.3, and 2 GHz.

To calculate the dielectric loss tangent using the expr
sion ~1! it is first necessary to determine the longitudin
phase velocity of sound in the~Ba0.5, Sr0.5!TiO3 film. The
sound velocityvs54200 m/s used in the simulation wa
found by interpolating the velocities in SrTiO3 and BaTiO3.

5

Figure 1b shows the frequency dependence of the mi
wave losses with a bias voltage (Ub540 V). The experimen-
tal results~1 GHz! and the simulation results~0.8 GHz! for
the field dependence of the loss mechanism under inves
tion in the range 0–40 V are shown in Fig. 2. The value
the relative dielectric constant obtained in Ref. 3 was use

in-

itor

FIG. 2. Microwave losses due to hypersound generation in a capacitor
as a function of the bias voltage:1—Experimental results~Ref. 3,
f 51 GHz!, 2—simulation (f 50.8 GHz).
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the calculation~Fig. 2, inset!. The discrepancy between th
positions of the peaks of the microwave losses for the sim
lation and experimental results can be explained by the e
in determining the sound velocity in the FE film.

In conclusion, it should be noted that the simulation
sults agree well with the experimental data. This can be
terpreted as experimental proof of the existence of a
mechanism via hypersound generation in the gap of a
capacitor. The small discrepancy with experiment could
due to the differences in the capacitor structures used in
calculation and in experiment.3 The frequency dependence
the microwave losses in the interdigital capacitor used in
experiment of Ref. 3 could have certain features due to
periodic structure of the capacitor. Thus, the theory dev
oped in Ref. 2 needs to be modified to take account of
construction of an interdigital capacitor with several ga
The result could be an acoustic model resembling
Kronig–Penney model for energy bands in a solid. This w
make it possible to give recommendations for changing
-
or

-
-
s

at
e
he

e
e
l-
e
.
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e

dimensions of an interdigital capacitor and, in consequen
to decrease microwave losses in the working frequency ra
of the device.

We thank L. T. Ter-Martirosyan for a discussion of th
work and D. Pond for providing prior to publication3 the
experimental data on microwave losses in a flat BSTO
pacitor.
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Erbium-doped oxidized porous silicon for integrated optical waveguides
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It is shown for the first time that introducing erbium electrochemically into waveguide structures
based on oxidized porous silicon not only preserves their waveguide properties but it also
opens up prospects for producing active waveguide devices based on them. It is established that
erbium in a waveguide is in an optically active state and light with wavelengths 381 and
523 nm excites the erbium ions most efficiently. ©1999 American Institute of Physics.
@S1063-7850~99!01209-4#
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In Ref. 1 it was shown that it is possible to produ
integrated optical waveguides based on oxidized porous
con ~PS!. The fabrication process is compatible with the tr
ditional silicon technology and consists in the formation
local layers of PS followed by thermal oxidation of the la
ers. All waveguides developed thus far using oxidized PS1–6

are passive devices. Active waveguide devices can be
tained by introducing optically active impurities into th
waveguide channel. Erbium is of special interest for this p
pose, since its main emission band with wavelength 1532
corresponds to minimum losses of the quartz fiber optics.7 In
the present work, electrochemical method of deposition
erbium-containing material in PS layers, followed by therm
oxidation of the structures obtained, was used to introd
erbium ions into oxidized PS.

Hole-type ~111! silicon wafers with resistivity 0.01V
•cm were used. The local PS regions were formed by an
ization in a 24% solution of hydrofluoric acid at current de
sity 20 mA/cm2 through a silicon nitride mask. Erbium wa
introduced by cathodic treatment in an alcohol solution
M Er~NO3!3 at current density 0.1 mA/cm2 for 30 min. Next,
7051063-7850/99/25(9)/2/$15.00
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the samples were heat-treated for 1 h in oxygen at 300 °C,
followed by 30-min treatment in vapor at 1000 °C, and th
in argon at 1150 °C 30 min.

Spectroscopic investigations were performed on 32

oxidized PS samples, prepared by a similar method but w
out a nitride mask. The erbium distribution profiles in th
waveguides were determined by x-ray microprobe analy
The photoluminescence~PL! spectra were measured at roo
temperature and at the temperatures of liquid helium~4.2 K!
and liquid nitrogen~77 K!. The photoluminescence excita
tion spectra~PLE! were recorded in the wavelength rang
250–1000 nm at 300 K.

Comparative investigations showed that doping with
bium does not alter the waveguide properties of oxidized
Figure 1 shows a transverse section of an integrated w
guide based on oxidized PS~a! and erbium distribution pro-
files over the surface~b! and depth~c! of the waveguide
channel. As one can see from Fig. 1a, the chan
waveguides are 8mm thick and 20mm wide. Scanning the
waveguide surface~Fig. 1b! showed erbium to be present i
ide

ec-
FIG. 1. Transverse section of an integrated wavegu
based on oxidized porous silicon SiI ~a!, erbium distri-
bution profiles on the surface~b! and in the interior~c!
of the waveguide channel and photoluminescence sp
tra of an erbium-doped waveguide~d!.
© 1999 American Institute of Physics
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FIG. 2. Photoexcitation spectrum of erbium-doped ox
dized porous silicon (l51532 nm).
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an 11–12mm wide central part with constant concentrati
0.3 at. %. Scanning a cleavage face of the waveguide~Fig.
1c! showed that the erbium concentration increases from
at. % at the surface to 0.6 at. % at a depth of 2.5mm and
remains at this level to 4.5mm, after which it decreases t
0.1 at. % at depths greater than 7mm. Comparing the erbium
distribution profiles with the waveguide section shows t
erbium is introduced predominantly into the core of t
channel. This result is very important, because guided wa
guide modes propagate precisely along the central part o
waveguide.2–4

It is known7 that to produce efficient optical amplifier
the erbium concentration in the fiber should be at least 0.
at. % with an optical fiber several tens of meters long.
integrated waveguide structures the waveguide can be
several centimeters long, and to obtain amplification the
bium concentration should be at least 0.1 at. %.7 The erbium
concentration levels obtained in waveguide channels of
dized PS in the present work satisfy this requirement.

Figure 1d shows the the PL spectra of an erbium-do
waveguide whose surface is irradiated with a focused la
radiation. An intense peak at 1540 nm and an additional p
at 1545 nm are observed in the spectra measured at 4.
These peaks are due to transitions between the first ex
level 4I13/2 and the ground state4I15/2 of erbium ions.7 At 4.2
K the widths of the main and additional peaks are 4.8 a
6–7 nm, respectively, and are determined by Stark split
of the excited and ground states of erbium ions in the ma
field of oxidized PS. Two PL peaks are also observed at
measurement temperatures 77 and 300 K. The intensit
the main peak decreased by a factor of 3 as tempera
increased from 4.2 to 300 K. We observed a small differe
in the spectral position of these peaks as a function of
measurement temperature. The main peak recorded at
nm shifts to 1532 nm as the measurement temperature
creases from 77 to 300 K. The width of the main peak w
observed to increase from 4.8 to 21 nm as the measurem
temperature increased from 4.2 to 300 K.

To investigate the mechanisms for exciting erbium
oxidized PS, measurements of the PLE spectra of the ce
emitting at 1532 nm were performed. The PLE spectr
presented in Fig. 2 shows a distinct band structure, attes
.3
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to direct optical excitation of Er31 ions in the oxidized PS.
The position of the peaks in the spectrum correspond to
citation by light with wavelength 381, 492, 523, 654, 80
and 980 nm, which correlates well with the position of t
optical absorption bands due to transitions inside erbi
ions: 4I15/2→4G11/2 ~380 nm!, 4I15/2→4F7/2 ~490 nm!,
4I15/2→2H11/2 ~524 nm!, 4I15/2→4F9/2 ~657 nm!, and
4I15/2→4I11/2 ~980 nm!.7–9 The weak peak obtained by exc
tation with 803 nm light corresponds to the transitio
4I15/2→4I9/2 ~810 nm!.

As follows from Fig. 2, the PL intensity is greatest whe
erbium ions are excited by 381 and 523 nm light, i.e., su
radiation is optimal for pumping 1532 nm PL in optical am
plifiers based on oxidized PS. The transitions correspond
to these peaks are ordinarily called supersensi
transitions.9

In summary, electrochemical deposition of erbium in P
followed by oxidation of the porous layer makes it possib
to introduce erbium into the core of the waveguide chan
and preserve the waveguide properties of oxidized PS. It
shown that erbium in the waveguide is in an optically act
state. Radiation with wavelength 381 and 523 nm is m
effective for pumping 1532 nm PL in optical waveguid
based on oxidized PS.

This work was supported in part by the CRDF~grant
BE2–108!.
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Photoinduced surface-relief grating in a cubic crystal in a constant electric field
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A theoretical model gibing a time-independent description of a photorefractive surface-relief
grating in a cubic crystal placed in an external constant electric field is proposed. The model is
used to calculate the height of the surface barrier of a Bi12TiO20 crystal for the~001! cut,
where there is no interaction of light beams in the interior volume of the medium. ©1999
American Institute of Physics.@S1063-7850~99!01309-9#
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The periodic relief photoinduced during the formation
photorefractive gratings by the interference pattern of t
light waves on the surface of sillenites placed in a cons
external field has been investigated experimentally in R
1–3. Its presence is due to elastic deformations, which
company the space-charge field of the photorefractive g
ing as a result of the piezoelectric effect.4 A theoretical
analysis of the surface structure of a photorefractive gra
has been performed for crystals to which an external fi
was not applied.5–7

In the present letter we present a theoretical model
scribing the structure of the electric and elastic fields o
photorefractive grating in the stationary regime for cryst
with an applied constant field. We consider a photorefrac
grating with wave vectorkg , oriented along the@110# crys-
tallographic axis in a cubic crystal with symmetries 23 a
4I 3m ~see Fig. 1!. It is formed with a symmetric geometry o
interaction of light beams, such that the bisector of the an
between the beams lies along the@001# axis of the sample.
An electric field is applied to the crystal along the@110# axis
and is oriented in the same direction as the vectorkg . We
assume that the boundaryx50 of the crystal is mechanically
free, and the permittivity of the dielectric medium forx.0
is «0 .

Neglecting self-diffraction, we represent the light inte
sity distribution in the crystal as

I ~z!5I 0@11m cos~kgz!#, ~1!

where I 0 is the total intensity of the signal and referen
beams,kg5ukgu52p/L, m is the degree of modulation o
the light, andL is the period of the interference pattern.
the stationary regime and under conditions such that the
conductivity and saturation of traps can be neglected,
electron density in the conduction band is related linea
with the light intensity. Using the electrostatic potential
describe the space-charge field and the continuity equa
we obtain an equation describing the distribution of the a
plitude of the first spatial harmonicwm(x) of the potential in
the crystal

]2wm

]x2 2kg
2wm52mS kBT

e
kg

21 ikgE0D , for x<0, ~2!
7071063-7850/99/25(9)/2/$15.00
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wherekB is Boltzmann’s constant,T is the absolute tempera
ture,e is an elementary electric charge, andE0 is the ampli-
tude of the external electric field. Using the continuity of t
potential and the fact that the normal component of the c
rent is zero at the boundaryx50, it can be shown that the
amplitude of the space-charge field in the sample, assum
a fixed distribution of photoelectrons in the conduction ba
is independent of the transverse coordinatex. Therefore, if
the grating of the electric field is prescribed,6 whose potential
distribution in our case has the form

w~z!5
m

kg
~ED cos~kgz!2E0 sin~kgz!!, for x<0,

~3!

where ED5kgkBT/e is the diffusion field, is valid for the
dielectric boundary in the stationary regime.

We shall determine the structure of the elastic fie
from the equations of elastostatics, which in our case, tak
account of the symmetry of the tensor of elastic moduliĈ
and the tensor of piezoelectric constantsê, assume the form

&C44
E ]2Uz

]x2 1
1

2
~C111C1212C44

E !
]2Uz

]z2 1&~C12

1C44
E !

]2Ux

]x]z
50, ~4!

~C121C44
E !

]2Uz

]x]z
1C11

]2Ux

]x2 1C44
E ]2Ux

]2z
52e14

]2w

]2z
,

~5!

whereUx andUz are the components of the vector of elas
displacements normal and tangential, respectively, to
boundary of the crystal, and from the boundary conditio
for the elastic stress tensorT̂

C44
E ]Ux

]z
1C44

E ]Uz

]x
52e14

]w

]z
, at x50, ~6!

C11

]Ux

]x
1C12

]Uz

]z
50, at x50. ~7!
© 1999 American Institute of Physics
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It follows from Eqs.~4!–~7! that the tangential componen
Uz of the elastic displacement is zero, and the amplitudeUxm

of the component transverse to the grating vector is cons
in the entire volume of the sample, so that

Ux~z!5S 2
e14

C44
mD F S kBT

e D cos~kgz!1
E0

kg
sin~kgz!G .

~8!

The existence of the componentUx in the elastic field of
the photorefractive grating causes bending of the~001!
planes of the crystal and formation of a periodic relief on
entrance and exit faces of the sample. The contribution of
diffusion mechanism to the surface relief does not depend
its spatial period and is characterized, depending on the
of the piezoelectric constante14, by a phase shift 0 orp
relative to the interference pattern. The drift mechani
makes a contribution proportional to the grating period an
characterized by a phase shiftp/2 or 2p/2. The values of

FIG. 1. Orientation of the crystallographic axes and lattice vector. The c
tal occupies the half-spacex<0. 1—surface relief.
nt

e
e
n

gn

is

the amplitude of the surface relief and the resulting ph
shift f in the grating, which were calculated for a Bi12TiO20

crystal for various values of the spatial periodL and ampli-
tude E0 of the external field, are presented in Table I f
m50.1.

Note that in this cut~001! there is no interaction betwee
the light beams in the interior volume of the sample.8 How-
ever, the existence of surface relief makes it possible to
serve in this case diffraction processes in a reflection ge
etry, investigated in Refs. 2 and 3 for the~110! cut of
Bi12TiO20 and Bi12SiO20 crystals.

We thank S. I. Stepanov for helpful discussions.
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TABLE I.

f, grad uUxu, m

E051 kV/cm L53 mm 2118.5 2.468310213

L530mm 293.1 2.173310212

E0510 kV/cm L53 mm 293.1 2.173310212

L530mm 290.3 2.17 310211
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Radiation-stimulated point defects in Li 2B4O7 single crystals
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and V. A. Tarasov
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Using thermally stimulated luminescence, optical absorption, and x-ray crystallographic analysis
methods, it is established that oxygen vacancies appear near Li ions in lithium tetraborate
single crystals after the crystals are irradiated with~Sr:Y!-90 b particles with dose 73105 Gy and
that these vacancies are capable of trapping one or two electrons, which are freed at
temperatures 565 and 630 K, respectively. It is shown that hole localization on oxygen ions,
joining triply and quadruply coordinated boron ions near Li vacancies, and freeing of the holes at
414 K are possible. ©1999 American Institute of Physics.@S1063-7850~99!01409-3#
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Crystalline lithium tetraborate Li2B4O7 ~LTB! activated
by Cu and Mn is described as an effective high-tempera
dosimetric material.1 It has been shown2 that the output sig-
nal of the thermally stimulated luminescence~TSL! of LTB
obtained for doses ranging from 0.5 to 500 Gy consists
three intense peaks at 433, 533, and 578 K and a serie
low-intensity peaks. In Ref. 3, after irradiation of LTB with
flux of 4 MeV electrons (F5531016cm22), two sharp
peaks were observed on the thermally stimulated conduc
ity curve at temperatures 423 and 458 K, and it was s
gested that the trapping centers could be oxygen vacan
with different symmetry of the environment, triply- an
quadruply-coordinated boron ions, respectively.4 More com-
plete information about trapping centers for electronic ex
tations in LTB is not available in the literature. In the prese
letter we study in detail the nature of the radiation-stimula
point defects in LTB.

LTB single crystals were grown by the Czochrals
method. The basic crystallographic characteristics of
crystals corresponded to the data of Ref 5. Polar-
1031032 mm, plane-parallel plates were prepared for
investigations. The samples were irradiated at room temp
ture with b particles from a radionuclide source~strontium-
90:yttrium-90! with 2 Ci activity ~doseD573105 Gy!. The
method for measuring the TSL is described in Refs. 6 an
Three peaks were observed in the TSL curves at temp
tures 414, 473, and 538 K with trapping levels at 0.83, 0.
and 1.0 eV, respectively. For the weak peak at 365 K t
energy was 0.73 eV~Fig. 1a!.

The induced optical absorption~OA! spectra were re-
corded with a SPECORD40 spectrophotometer relative to
unirradiated sample. LTB single crystals are transparen
the experimental wavelength range 200–900 nm.7,8 A weak
band withlm5235 nm and a wide band, without a distin
maximum, in the range 260–375 nm were observed in
induced OA spectra. Analysis of the contour of the OA ba
distinguished four Gaussians withlm5235, 285, 321, and
352 nm ~Fig. 1b!. The figure also shows the induced O
spectra of LTB subjected to thermal bleaching~TB!. As one
can see, thermal decay of bands withlm5235 and 285 nm
7091063-7850/99/25(9)/3/$15.00
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occurs at 414 K, while for bands withlm5321 and 352 nm
it occurs at temperatures 565 and 630 K, respectively. C
paring the TB and TSL shows that the thermal bleaching

FIG. 1. Normalized thermally stimulated luminescence curves~a! and in-
duced optical absorption spectra~b! of Li2B4O7 single crystals: before ther-
mal annealing and after annealing for 5 min at 414 K~2! and 565 K~3!. The
arrows indicate the positions of the peaks of the Gaussian components
© 1999 American Institute of Physics
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FIG. 2. Structure of Li2B4O7. The fragment B4O9 is
singled out.
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LTB occurs in the region of the main TSL peaks.
According to Ref. 9, the computed model of a F1 center

in LiB3O5 crystals in the form of a vacancy at the location
an oxygen atom in an environment of quadruply coordina
boron ion, which captures an electron, should have an
sorption band with lm5320 nm. In an irradiated
gadolinium–gallium garnet crystal, F centers are respons
for the absorption band withlm'345 nm.10 Similar models
of centers have been observed in alkali-borate glasses:11 an
electron localized on an oxygen vacancy near an alkali
For this reason, in our case the induced OA bands withlm

5321 and 352 nm could be due to one and the same de
in a different charge state, specifically, an oxygen vaca
which has captured one~F1 center! or two ~F center! elec-
trons, respectively.

The absorption bands withlm5235 and 285 nm seem t
be associated with the main and additional trapping level
a O2 hole center, recorded in a LiB3O5 crystal after electron
bombardment.12 The trapped hole is localized in ap orbital
of the oxygen ion, connecting triply and quadruply coor
nated boron ions near a negatively charged stabilizing de
for example, a Li vacancy.13

An additional correspondence between thelm5321 and
365 nm absorption bands and F1 and F centers, respectively
is the character of the temperature dependence of their in
sity ~Fig. 1b!. It is known that in BeO crystals in the regio
of thermal decay of a hole center the concentration o
d
b-

le

n.

ct
y

of

-
ct,

n-

F

centers decreases: F1e1→F1, as a result of which the num
ber of F1 centers increases.14 In our case the character of th
bleaching of thelm5352 nm and 321 nm bands is simila
and therefore can result from F centers capturing holes fr
through thermal decay of an O2 center.

X-Ray structural investigations of the LTB crystals we
performed on a Siemens P3/PC D500 diffractometer
monochromatized Mo radiation. The results were analy
with the SHELTXL-PLUS program package. The stronge
peaks~up to 0.7 e/Å3! in the irradiated crystal in the differ
ence Fourier synthesis near O~1!, O~2!, and O~3! ions point
to oxygen vacancies arising at the location of these ions~Fig.
2!. The indicated O ions, connecting triply and quadrup
coordinated boron ions, are the nearest neighbors of th
ion. The occupation factor, determined more accurately
the calculation of the structure of irradiated LTB crysta
showed a deficiency of O~1! atoms in their crystallographic
positions—K50.986. Therefore the most likely candida
for the formation of an oxygen vacancy is an O~1! atom,
connecting the neighboring structural blocks. A hole cen
can be realized on O~1!–O~3! atoms. This possibility is in-
dicated by the presence of Li vacancies (K50.929) in irra-
diated LTB crystals.

1El. D. R. Vij, Thermoluminescent Materials, ~PRT Prentice-Hall, Inc.,
1993!, p. 452.
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Theory of the Lesage–Jeans instability in a linear chain of dust particles in plasma
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The dynamics of the Lesage–Jeans instability in a linear infinite periodic chain of dust particles
in plasma is studied theoretically by deriving and numerically solving the nonlinear wave
equation. ©1999 American Institute of Physics.@S1063-7850~99!01509-8#
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The dynamics of the dust component has recently b
actively investigated in plasma physics. It It was found to
so unusual that in a number of cases it is difficult to fi
familiar analogs compatible with its collective motion. A
enormous number of facts confirming this thesis can be m
shalled. We indicate only the most dramatic:

formation of a stable ordered structure of dust partic
in plasma—plasma–dust crystal~see reviews Refs. 1 and 2!;

tendency of a dust plasma to self-compress and assu
compact form.3

A new direction in investigations of plasma-dust cryst
has already been formulated—plasma–dust crystallogra
The number of works in this field in now in the hundred
whereas we know of very few works on the instability
self-compression of dust plasma and its compact state.3,4 At
the same time, it is this instability that is most interesting
practical purposes, for example, for increasing the confi
ment time of a low-temperature plasma in a compact for

The reason for crystallization and self-compression
the dust component can be indicated at an elementary le
the existence of long-range attractive forces between the
particles. The mechanism leading to the appearance of
forces, proposed in Refs. 5–7 and based on the relative s
owing of the ion and dust fluxes, gives rise to an interact
similar to gravity

F1,2}nTi

a1
2a2

2

R2 , ~1!

wheren is the plasma concentration,Ti is the ion tempera-
ture of the plasma,a1 and a2 are the radii of the dust par
ticles, andR is the distance between the centers of the d
particles. As indicated in Ref. 6, this formula was derived
the 18th century by Lesage, who attempted to explain gra
on the basis of the ether concept.

The results of experimental investigations8,9 confirming
the existence of attractive forces between macrobodies
plasma are consistent on the whole with theoretical ideas5–7

It is easy to see that in the presence of attraction a Je
instability can develop in an ensemble of dust particles
plasma. In addition, self-compression can be regarded
particular case of this instability. Since, as will be show
below, for a dust plasma this instability has certain spe
features that distinguish it from the classical gravitatio
instability, we decided to call it the Lesage–Jeans instabi
7121063-7850/99/25(9)/3/$15.00
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The aim of the present work was to investigate theor
cally the dynamics of this instability in a linear infinite per
odic chain of dust particles in plasma, the most illustrat
configuration which admits a simple solution. Such cha
~of course, with a finite number of dust particles! have been
obtained experimentally and investigated in Refs. 10 and

In what follows, the nonlinear wave equation describi
the instability is derived, and an example of its numeric
solution is presented.

Let us consider an infinite periodic chain of identic
spherical dust particles in an isotropic and uniform u
bounded collisionless plasma. The collisionless nature of
plasma presupposes that the mean free path of all pla
particles in the absence of the dust particles is much lon
than all characteristic length scales in the problem. We s
assume that the periodd in the chain and the radiusa of the
dust particles satisfyd,a!r d , wherer d is the Debye ra-
dius. The geometry of the problem is shown in Fig. 1.

Let us determine the force acting on an individual du
particle. This force consists of the mutual attractive forc
with two neighboring dust particles, one on each side. I
important that the subsequent dust particles do not inte
with the dust particle under consideration, since they are
cated in the geometric shadow of the dust particles close
it. This shadowing~or in other words, screening! is the key
point that distinguishes the problem under study from
classical gravitational Jeans instability.

Therefore each dust particle interacts according to
law ~1! with only its nearest neighbors. Therefore the Tod
chain formalism is entirely applicable to this chain.12

It is easy to see that the periodic chain is in equilibriu
since the attractive forces on both sides of each dust par
balance one another. However, a small perturbation will t
the system out of equilibrium.

We write the equation of motion of the (n11)-st and
nth dust particles as

d2Dn11

dt2
5

m

m S 1

xn,n11
2

2
1

xn11,n12
2 D , ~2!

d2Dn

dt2
5

m

m S 1

xn21,n
2

2
1

xn,n11
2 D , ~3!
© 1999 American Institute of Physics
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FIG. 1. Geometry of the problem: a—Unperturbed p
sition of the dust particles; b—instantaneous position
the dust particles during the development of the ins
bility.
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whereDn is the displacement of thenth dust particle from its
position of equilibrium,xn,m is the instantaneous distanc
between thenth andmth dust particles, andm}nTia

2 is the
constant force~1!. Subtracting Eq.~3! from Eq. ~2! gives

d2

dt2
~d1Dn112Dn!52

m

m S 1

xn11,n12
2

2
2

xn,n11
2

1
1

xn21,n
2 D .

~4!

We note that the functiond1Dn112Dn5xn,n11 appears on
the left-hand side of Eq.~4!.

We now transform from a discrete chain to its contin
ous analog. For this, it is convenient to introduce a lin
dust particle densityr5x21. Then Eq.~4! can be rewritten
as

d2

dt2
rn11,n

21 52
m

m
~rn11,n12

2 22rn,n11
2 1rn21,n

2 !. ~5!

The expression in parentheses in Eq.~5! is the difference
form of the second derivative with respect to the spatial v
ablex. Therefore we can write
-
r

i-

d2

dt2
r211

m

m

d2

dx2 r250, ~6!

and performing the differentiation we obtain finally the d
sired wave equation

rr tt22r t
21

m

m
~r3rx

21r4rxx!50. ~7!

This equation together with the profiles of the initial pe
turbationr(x,0) andr t(x,0) constitutes a Cauchy problem
which makes it possible to describe the dynamics of
Lesage–Jeans instability of an infinite chain of dust partic
in plasma.

As an example, we consider a localized perturbation
the chain

r~x,0!5r01
r8~x/b!

11~x/b!
, r t~x,0!50, ~8!

where r8 and b are constants such thatr8!r05d21 and
b!d.
FIG. 2. Evolution of the density distribution.
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The problem~7!–~8! was solved numerically by the fac
torization method. In so doing, the time scalet05(m/m)1/2

was used to represent Eq.~7! in dimensionless form. The
relative integration error was less than 10210. Figure 2 shows
the evolution of the density distributionr with time step
Dt50.005.

Figure 2 clearly shows the tendency of the system
dust particles to cluster together, which qualitatively agr
with the well-known Jeans gravitational instability. How
ever, as a result of screening, the growth rate of the Lesa
Jeans instability is nevertheless appreciably smaller.
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On the conditions for contraction of a multielectrode corona discharge in He/Ar, Kr, Xe
mixtures
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The results of an investigation of the contraction of a corona discharge in ‘‘needle–grid’’ and
‘‘needle–plane’’ electrode systems maintained by a constant negative voltage are
presented. The discharge was ignited in working media of infrared lasers onp–d transitions of
atoms of heavy inert gases~He/Ar, Kr, Xe mixtures!. Investigation of the current–voltage
characteristics showed that in the mixtures He/Ar/Kr there is no hysteresis on the rising section
of the current–voltage characteristic, while hysteresis does appear for a corona discharge
in the mixture He/Xe. For voltages>5.5 kV on the needles and ballast resistanceRb>0.5 MV
dynamical contraction of a corona discharge together with current pulses with
f 53 – 5 kHz and hysteresis loops were found on the descending section of the curveI
5 f (U), whereI andU are the average current and voltage on the discharge gap. The maximum
content of atoms of heavy inert gases for@He#5200–300 kPa is@Ar#<12, @Kr#<8, and
@Xe#<4 kPa. © 1999 American Institute of Physics.@S1063-7850~99!01609-2#
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A multielectrode corona discharge~CD! ignited in
‘‘needle–grid~plane!’’ electrode systems with the mixture
He/Ar, Kr, Xe5100/1 (P5100– 350 kPa) using a stationa
negative voltage exists in the form of a spatially unifor
plasma close to a transverse glow discharge.1 The attained
power densities fed into the plasma,<1 W/cm3, make such
discharges promising for the development of simple las
based onp–d andp–s transitions of heavy inert gases (R)
in a stationary operating state.2 The main factor preventing
the development of such lasers is the nonthermal contrac
of this CD, manifested at high supply voltages and cont
R. The contraction of a discharge in inert gases~for P
<10 kPa! has been investigated in greatest detail in a stat
ary longitudinal discharge and appeared as a contractio
current to the center of the cylindrical discharge tube.3–5 It
ws was shown that the contraction appears in the form
stationary and dynamic regimes, and the dynamic regim
accompanied by current pulsations (f 55 – 10 kHz) in the
presence of a megohm ballast resistance in the supply cir
Contraction of a stationary high-pressure discharge obta
in working mediaR(p2d;p2s) with a nearly transverse
electrode system of a CD has not been studied.

In the present letter we report the results of an inve
gation of the conditions of contraction of a multielectro
CD in the working media of high-pressure electric-discha
lasers using atoms of heavy inert gases.

The CD was ignited in two extended electrode system
the ‘‘needle–plane’’~unipolar, UP! and ‘‘needle–grid’’~bi-
polar, BP! types up to 5 cm long. The interelectrode distan
was 2 cm. The electrode system consisted of two rows
needles with a 0.5 mm tip radius and with the needles~and
rows of needles! separated by 1 cm. The other experimen
conditions are similar to those described in Refs. 2 and

Figures 1 and 2 show the CVCs of a CD in the mixtur
7151063-7850/99/25(9)/2/$15.00
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He/R with different pressures. All CVCs of the CD in th
mixtures He/Xe had a rising dependenceI 5 f (U) and hys-
teresis, which appeared even with near-threshold driv
voltages. At high He/Xe mixture pressures (P>250 kPa) the
CVC was nearly quadratic,I 5a(U2U0)2, where a is a
constant andU0 is the ignition potential of the discharge. Fo
P<150 kPa the region of stable existence of these CDs w
respect to the magnitude of the voltage on the discharge
decreased from 2.0 to 0.3 kV, and the CVC acquired a
early rising form similar to the CVC of a recombination
controlled glow discharge~under our conditions this is a dis
sociative recombination reaction of R2

1 ions with slow
electrons!.7 For U56.3 kV and mixture pressureP
5300 kPa~curves3 and4 in Fig. 2! contraction of the dis-
charge was observed, expressed as fading of a uniform
charge between conical needles and a grid~or plate! and
formation of a bright current channel at the point where
voltage is applied to the needles. Negative-resistance reg
~negative slope of the CVC! were not observed, and a dis
charge withU<6.3 kV burned in a stationary regime.

When the Xe atoms were replaced by lighter Ar and
atoms, hysteresis vanished almost completely on the in
section of the CVC and negative-resistance regions appea
Contraction of the discharges in the rangeU56.0– 6.3 kV
was accompanied by current pulsations with frequencf
53 – 5 kHz and was not as distinct. A current channel in t
range ofU existed against the background of a glow d
charge, whose radiation brightness and uniformity decrea
substantially. For all cases the ignition potential of the B
CD was 1.0–1.5 kV lower than for a UP CD in the sam
working mixture. Adding a small quantity~20–50 Pa! of
hydrogen chloride molecules eliminated the current hys
esis in the CVC. In this case the discharge retained its b
character, but the maximum current at the uncontracted s
© 1999 American Institute of Physics
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FIG. 1. CVCs of a negative CD in the ‘‘needle–grid’
~1, 3! and ‘‘needle–plane’’~2! electrode systems. The
discharge was ignited in the mixtures He/Ar5300/2.8
~1! and He/Kr5300/2.8 kPa~2, 3!.
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decreased by a factor of 1.5–2. The appearance of cu
hysteresis for a CD in inert gases is due mainly to metast
atoms R(m) and molecules R2(m) which enter into a chemi-
ionization reaction with one another.8 For this reason, the
presence of HCl molecules in plasma~due to efficient ‘‘har-
poon’’ reactions with formation of excimer molecule
(RCl* )9 and quenching R(m) by HCl molecules! decreases
the density of metastable atoms R and hysteresis vanish

Depending on the kind and content of R atoms in the
mixtures, the conditions of a transition of a CD into a co
tracted state change. In our experiment, for high He p
sures in the mixtures (P>200 kPa) an uncontracted dis
charge was ignited for@Xe#<4, @Kr#<8, and@Ar#<12 kPa.
The appearance of current pulsations in some regimes
given CD can be interpreted as a manifestation of dyna
contraction of the discharge similarly to a longitudin
average-pressure glow discharge in Ar.3 In this case the cur-
rent pulsations are due to the presence of a nega
resistance section in the CVC and buildup of self-exci
oscillations~with a ballast resistanceRb>0.5 MV!, since the

FIG. 2. CVCs of a CD in the mixtures He/Xe5300/4~1, 3! and 150/4 kPa
~2, 4!: 1, 2—bipolar; 3, 4—unipolar.
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electric circuit of the discharge always possesses a para
inductance and capacitance (C550– 100 pF), forming the
oscillatory system.

The physical reasons for contraction of a given discha
are the nonlinear dependence of the ionization rate~chemi-
ionization R(m) and R2(m)! on the electron density, the
presence of Coulomb collisions, and nonuniform heating
the gas medium. A detailed quantitative investigation of
mechanism leading to the contraction of a multielectrode
requires numerical simulation of the kinetics of the proces
in the plasma and calculation of the discharge characteris

In summary, the investigation of contraction of a mul
electrode CD in the working media of lasers on R(p2d) ~the
mixtures He/Ar, Kr, Xe5100/1; P5100– 300 kPa! showed
that the CVCs of the discharge are characterized by hys
esis, while in He/Ar, Kr mixtures negative-resistance s
tions are observed and lead to the development of s
excited oscillations in the system~current pulsationsf
53 – 5 kHz! when a certain value ofU, the mixture pressure
or the content of atoms of heavy inert gases is exceeded
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An approach in which the spectral density of a noise signal, varying inversely as the frequency
with a fractal exponent close to 1, is due to the inhomogeneity of the medium is proposed.
In the critical region the nucleation process serves as the source of inhomogeneity. ©1999
American Institute of Physics.@S1063-7850~99!01709-7#
o
ha
t
tu

-
ru
-

ic
ti

em
o
fr
n

ity
a

i o
rm
ro

im
-
co
o

th

r
or
e
l

an
u

a-
re-

e

r-

also
es.
ity
r

lax-

that
.
the

e

or-

of
rs
An enormous amount of information on observations
1/f noise in various, often completely dissimilar, systems
now been accumulated.1–3 Especially valuable in this respec
are recent experiments on the observation of such fluc
tions near a nonequilibrium first-order phase transition.4–6 It
is now clear that the existence of 1/f noise cannot be unam
biguosly attributed to the existence of a continuous spect
of relaxation times with a uniform distribution of their loga
rithm in the system. The lack of theoretical concepts wh
are adequate for the phenomenon under study is stimula
an intense search for a satisfactory solution of this probl

This letter proposes an approach that assumes the n
signal, whose spectral density varies inversely as the
quency with fractal exponent close to 1, due to phase tra
formations to be directly related with an inhomogene
whose source is nucleation. A quite general model of
inhomogeneous condensed medium is considered: nucle
different phase which are randomly distributed in a unifo
matrix. The random motion of charge carriers has a mic
scopically short characteristic time scale: the free travel t
tk between two nearest clusters. Thus, 1/f noise can be rep
resented as a random sequence of pulses associated un
lated motion in the matrix being replaced by correlated m
tion in the nuclei. It is obvious that they~the pulses! all have
approximately the same form. The correlation function of
stationary process can be simply approximated as7

w~ t !5^~Dn/n!2&exp~2vutu!, ~1!

where @^(Dn/n)2&#1/2 is the rms fluctuation of the carrie
density. Since in the present case the decrease of the c
lation function is characterized by a relaxation tim
1/v(1/L), whereL is the characteristic size of the critica
nuclei, the desired function of time has the form

w~ t !5E
2`

1`

^~Dn/n!2&exp~2v~t/L !t !d4~r /L !, ~2!

whered is the dimension of the space.
In the region of strong fluctuations~close to a phase

transition! the correlation radius becomes greater than
linear dimension, including the critical dimensions of the n
7171063-7850/99/25(9)/2/$15.00
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clei. As a result, the similarity hypothesis for critical fluctu
tions can be applied to the quantity under study and its
laxation time:

^~Dn/n!2&5~Dn!2n22x22a, v~x!5lx2b, x5r /L,
~3!

and since the functionw(t) is even and positive-definite, w
put the expression~2! into the form

w~ t !52E
0

`

~Dn!2n22x22aexp~2lx2bt !ddx. ~4!

Here (Dn)2 is the mean-square amplitude of the carrie
density fluctuations. The approximation~3! actually means
that we assume not only the charge carrier density but
the related energy to be anomalously fluctuating quantiti

Performing the integration and using the ident
G(z)G(12z)5p/sin(pz), we obtain the final expression fo
the correlation function

w~ t !58p2~Dn!2n22b21~lt !2
2a2d

b

3FGS 12
2a2d

b D sinS p
2a2d

b D G21

, ~5!

which is valid with the natural bound 2a2b,d. Integrals of
this type have been encountered in calculations of the re
ation of a system with ‘‘residual’’ memory.8

Since the events are independent, it can be assumed
the quantitiestk are distributed according to Poisson’s law
Electrons in a nucleus of a new phase are described by
function ~2!; for x.1, for simplicity, we shall assume th
motion to be completely uncorrelated~in principle, a zero
reference level is not necessary; it is sufficient that the c
relation of the motion be constant outside nuclei!. Then the
noise signal is a linear superposition of individual pulses

F~ t !5(
k

w~ t !u~ t2tk!, ~6!

whereu(t2tk) is a unit step function, equal to 1 fort.tk

and zero fort,tk . The appearance of a random process
the form~6! is a result of single scattering of current carrie
© 1999 American Institute of Physics
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by inhomogeneities~nuclei! randomly dispersed in the me
dium. In accordance with Carson’s theorem,9 the spectral
density of the signal can be represented as

Sx~ f !52nuF~ f !u2. ~7!

HereF( f ) is the Fourier transform of the shape function
a single pulse,n is the average frequency of events, and
overbar on the left side of the expression signifies averag
over a large number of tests~i.e., an average over a set!.

After appropriate transformations, for (2a2d)b→1/2
we obtain

Sx~ f !→16p2nb21l21/2~Dn!2n22f 21. ~8!

We note that the advances made in the theory of s
organization are based mainly on the fact that dissipa
thermodynamically nonequilibrium systems in a station
state with detailed balance are formally indistinguisha
from nonquilibrium systems.10 The existence of detailed ba
ance in a system is equivalent to the condition that the fu
tional of the distribution be represented in a potential for
This means, for example, that

P~n!5Ae2Y(n). ~9!

The mean-square of the fluctuation deviation of the car
density should be determined for the functional~9!. For low
nonequilibrium carrier densities

V~n!5V~0!2
bn2

2
. ~10!

The distribution~9! in this case becomes Gaussian, and
expression~8! becomes

Sx~ f !→8p2nb21l21/2N21f 21. ~11!

The exponent of the frequency for real phase transiti
is of the order of 1.6. In the present theory it is obtained
choosing appropriate values fora and b. The theory pre-
sented above relates the indicated exponent with the fra
geometry of the phase space. The expression~11! correctly
describes the increase in the noise amplitude with increa
inhomogeneity of condensed media and corresponds
Hooge’s empirical law, whence it follows that the spect
density of 1/f noise is inversely proportional to the tot
e
g

f-
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ng
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number of charge carriers in the sample.9 The theoretical
result of this work agrees with the results of investigatio
performed in the last few years, which relate the nature
1/f noise in random media to internal disorder in su
systems.11 The spectral composition of 1/f noise does not
depend on the geometric dimensions of the system a
whole or on the dimensions of the clusters which appear

In accordance with Eq.~1! 1/f noise should be regarde
to be stationary process. This result can be used to exp
the low-frequency critical nonequilibrium regime,4–6 if the
nuclei of a new phase are assumed to be the source o
inhomogeneity. Real calculations in the latter case must
modified to take account of the effect of evolution of su
nuclei on the noise process under study. In addition, the
distribution~9! should be used in the expression~8!. All this
complicates the computational problem, but it will not b
reflected in the fundamental results of the present analys

The conventional interpretation of 1/f noise as a super
position of a large number of Lorentzian spectra has b
criticized in Ref. 12. Different aspects of the model of 1f
noise as a random series of pulses, which was employe
our work, have been discussed in Refs. 12 and 13.
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Ti:Al 2O3 laser pumped by radiation from a copper-vapor laser

S. V. Kruzhalov, Yu. M. Mokrushin, and V. A. Parfenov

St. Petersburg State Technical University
~Submitted May 14, 1999!
Pis’ma Zh. Tekh. Fiz.25, 6–11~September 26, 1999!

A scheme enabling spatial matching of copper-vapor laser radiation, which pumps a mode of an
Al2O3:Ti laser cavity, has been developed and implemented. It is shown that copper vapor
lasers as pump sources for titanium–sapphire lasers are fully capable of competing with
conventional pump sources. ©1999 American Institute of Physics.@S1063-7850~99!01809-1#
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Titanium sapphire (Al2O3 :Ti31) lasers remain among
the most promising lasers for obtaining near-IR radiat
~680–1100 nm! as well as UV and blue-green radiation usi
nonlinear frequency conversion.1 Numerous works devoted
to their investigation have made it possible to produce
tunable radiation source with unique characteristi
Titanium–sapphire lasers can operate in the most div
regimes — single-frequency, mode-locking, with frequen
tuning — in pulsed and in continuous-wave regimes.

The absorption curve of the active medium of this la
has a maximum near 500 nm,2 so that in most works argon
laser radiation~515, 488 nm! and the second harmonic of th
YAG:Nd laser ~532 nm! are used for pumping it. The few
existing works on coherent pumping of an Al2O3:Ti laser by
a copper-vapor laser3 have not been further elaborated; t
7191063-7850/99/25(9)/3/$15.00
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output power level and efficiency attained in them are mu
lower than those of the systems mentioned above.

In our view, the current situation does not correspond
the potential possibilities of copper lasers, since among c
mercial systems they make it possible to obtain the high
average power level in the visible range~up to 70 W! using
simple power supply and cooling sources. The periodic-pu
operating regime characteristic of copper lasers provide
high rate of pumping of the active medium and makes
easier to satisfy the lasing conditions.

Among the factors that can negatively affect the e
ciency of such lasers in practice, we note the large diam
of the output beam, which makes it difficult to match th
pump field and a cavity mode of Al2O3:Ti laser, and the
presence of two separated lines (l15510.6 nm andl2
FIG. 1. Experimental arrangement.
© 1999 American Institute of Physics
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5578.2 nm! with strongly different absorption cross se
tions (s158.3310220 cm2 ands253.8310220 cm2) in the
emission spectrum.

Our objective in the present work is to develop a sche
that would make it possible to obtain spatial matching of
pump beam with a mode of the Al2O3:Ti cavity and to com-
pare the efficiency of pumping of the Al2O3:Ti laser by two
different spectral emission lines of a copper-vapor laser.

The experimental arrangement is displayed in Fig. 1
GL-201 sealed gas-discharge tube was used as the a
componentA1. A polarization prismP1 placed inside the
cavity gave the required polarization of the radiation. A
unstable telescopic cavity with gainM5R3 /R1'37, where
R1 andR3 are the radii of curvature of the mirrorsM1 and
M3, was used to decrease the divergence of the copper-
radiation. In addition, an inverted telescope, formed by
lensesL1 and L2, was positioned in the path of the bea
extracted from the cavity using a flat mirrorM2 containing a
coupling opening. A diaphragmD operating as a spatial filte
was placed at the focal point of the lensesL1 andL2. These
measures decreased the divergence of the radiation to
31024 rad. Replaceable dichroic mirrorsF made it possible
to vary the ratio between the green and yellow compone
e
e

ive

ser
e

3.5

ts

of the pump spectrum, as required to determine their rela
efficiency.

The copper laser operated at 15.6 kHz and generate
ns light pulses. The average power measured after the m
M7 reached a 7 Wlevel with the green/yellow ratio of 3/4.

The cavity of the titanium–sapphire laser consisted o
standardZ-shaped scheme with compensation of astigm
tism. A 5 mm in diameter and 15 mm long Al2O3:Ti31

active elementA2 with Brewster ends was placed betwe
the spherical mirrorsM7 andM8 with 10 cm radii of curva-
ture. The transmission of the active element wasTp1

51.8% atlp1
5510.6 nm andTp2

516.8% atlp2
5578.2

nm. The distances between the mirrorsM72M10 and M8

2M9 were 30 cm. The reflection coefficients of all mirro
at the center of the tuning range exceeded 99%. The pu
radiation passed through the lensL3 with focal length 20 cm
and was directed through the mirrorM7 with high transmis-
sion in the pump range onto the active elementA2. A mea-
surement of the intensity distribution of the pump radiati
in the waist showed that the light spot is a circle with
diameter of approximately 100mm, close to the size of the
cavity mode. Two mirror assemblies for the ranges 680–8
r-
is-
FIG. 2. Output power of a titanium–sapphire laser ve
sus the lasing wavelength: a — Pumping by both em
sion lines simultaneously; b — separate pumping,l1

5510.6 nm andl25578.2 nm.
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and 850–980 nm were used in the experiments. A Brew
glass prismP2 was used to tune the lasing wavelength an
thin plane-parallel glass plateP3, set at an angle to the axi
of the cavity of the titanium–sapphire laser, was used
extract radiation from the cavity. Power meters1 ~IMO-2!
were used to measure the average lasing and pump pow
A photocell2 ~PK-19! was used to record the temporal cha
acteristics of the radiation. Radiation was directed alon
lightguide to the input of the spectrometer3 ~SFK-601! to
measure the wavelength.

The tuning characteristics were studied at a 16% ca
load, determined by rotating the plateP3. The lasing region
obtained with the mirror assemblies was 710–970 nm. As
illustration, the tuning characteristic of an Al2O3:Ti31 laser
using a mirror assembly whose spectral characteristic
centered atl5790 nm is presented in Fig. 2a. The tot
pump power in both lines was 6 W in this case.

The spectral characteristics of the laser pumped se
rately with l15510.6 nm andl25578.2 nm radiation are
presented in Fig. 2b. We note that the pump power in e
line was 3 W. As one can see from the plots presen
despite the strong difference in the absorption cross secti
the efficiency of conversion of the pump radiation and
tuning ranges are essentially the same in both cases.

The results obtained can be explained using an exp
sion for the differential efficiency4,5

h5
lp

lg
3

T

~T1d!
3~12Tp!, ~1!

wherelp andlg are the pump and lasing wavelengths,T are
the transmission losses of the laser mirrors,d are the passive
losses in the cavity, andTp is the transmission of the crysta
at the pump wavelength.

It is easy to obtain from Eq.~1! a relation for the relative
efficiency of pumping at the wavelengthslp1

andlp2
er
a

o

rs.

a

y

n

as

a-

h
d,
s,

e

s-

h1 /h25
lp1

lp2

3
~12Tp1

!

~12Tp2
!
. ~2!

Substituting into Eq.~2! the values of the quantities cor
responding to the experimental conditions we obtainh1 /h2

51.04, which agrees well with our data. Actually, this mea
that in the two-frequency pumping case studied the effe
associated with the difference of the Stokes shift and abs
tion in the active medium compensate one another.

The maximum output power was obtained by increas
the load to 40%, and at the center of the tuning character
it was P51.32 W (l5790 nm! for the first mirror assembly
andP51.2 W (l5900 nm! for the second one. The differ
ential efficiencies were 26.4 and 24%, respectively.

The output power level, the tuning range, and the e
ciency obtained in this work show that copper lasers
sources for pumping titantium–sapphire lasers are fully
pable of competing with the conventionally used system
The existence of alternative pumping sources, in our vie
expands the possibilities of titanium–sapphire lasers, mak
it possible to select the optimal variant for a specific pro
lem.

1P. E. Moulton, J. Opt. Soc. Am. B No. 3, 125~1986!.
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3S. G. Bartoshevich, V. V. Zuev, S. Yu. Mirzaet al., Kvant. Élektron.16,
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13C enrichment of fullerenes

D. V. Afanas’ev, G. A. Baranov, A. A. Bogdanov, G. A. Dyuzhev, A. K. Zinchenko,
V. I. Karataev, and A. A. Kruglikov
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It is shown experimentally that fullerenes can be enriched with13C as a constituent of CO2 gas
molecules. A qualitative model of the processes that correctly reflects the experimental
laws is proposed. ©1999 American Institute of Physics.@S1063-7850~99!01909-6#
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In scientific research, especially in chemistry, biolog
and medicine, it is convenient to have fullerenes enrich
with the carbon isotope13C. This is because this isotope is
reference for nuclear magnetic resonance methods.

13C-tagged fullerenes can be quite easily obtained
graphite consisting of13C carbon is available. Preparing a
anode from a mixture of such graphite with convention
graphite with 1.1%13C makes it possible to obtain differen
degrees of13C enrichment of fullerene in a convention
‘‘fullerene’’ arc.1–4 This method was used in Ref. 4, in
study of the mass spectra of fullerenes obtained in discha
with different ratios of12C and13C in the anode, to obtain th
first experimental proof that fullerenes are formed from c
bon atoms and not from large fragments of graphite plan
which, as was assumed, can evaporate from the anode. H
ever,13C graphite is a unique and expensive material.13CO2

gas obtained by laser enrichment of freon, followed
chemical treatment, and using gas centrifuges5 is much more
readily available and cheaper. Our objective in the pres
work was to determine experimentally the possibility of o
taining ‘‘tagged’’ fullerenes using13CO2 gas.

This possibility is not at all obvious. In order for13C to
be incorporated in fullerene, the cold gas enriched with
isotope must effectively seep into the hot zone of the d
charge and dissociate there into atomic carbon, while the
molecules, which are unavoidably present in the fullere
formation zone, must not radically disrupt their formatio
process.

The experiments were performed in the conventio
fullerene production apparatus6,7 with vertical electrodes.
The electrodes consisted of 6 mm in diameter graphite r
with the natural13C content. The anode rod was secured t
mobile holder, which was inserted into the chamber throu
the top flange using a Wilson seal. Before the arc discha
was ignited, the chamber was evacuated and filled with
mixture He1 13CO2; the 13C content in the carbon dioxid
gas was 99%. The total mixture pressure before the disch
was 100 torr, the13CO2 partial pressure ranged from 33
65 torr, the discharge current was 60 and 80 A, and
discharge duration was several minutes.

Two phases of an arc discharge are observed in the m
ture He1 CO2. After ignition, soot particles are not forme
for discharge burning timestd,t0,7 in contrast to the con-
7221063-7850/99/25(9)/3/$15.00
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ventional fullerene arc in pure helium where soot partic
fill the vacuum chamber virtually uniformly even sever
seconds after the arc is ignited. Experimentally, not only
absence of ‘‘smoke’’ in the vacuum chamber but also
constancy of the intensity of a laser beam passed through
vacuum chamber outside the discharge zone indicated
absence of soot formation.

The absence of soot formation indicates that in the
zone of an arc discharge carbon dioxide is converted
CO. The characteristic conversion time will be determin
by the ratio of the total number of oxygen atoms in t
chamber, which is proportional to the initial CO2 pressure
and the chamber volumeV, to the flux of carbon atoms
evaporated from the anode, which depends primarily on
discharge current and the interelectrode distance.6 The quan-
tity t0 can be determined experimentally from the atten
tion of the laser radiation or it can be estimated from t
formula

t05
pCO2

•V

kT•q
, ~1!

wherepCO2
is the initial CO2 pressure in the chamber,T is

the temperature of the chamber walls, andq is the experi-
mental value of the erosion of the anode. For one of
investigated regimes, an estimate from Eq.~1! gives t0

5100 s, while the experimental value ist0570 s.
One other experimental fact indicates complete conv

sion of CO2 into CO — a large increase in pressure in th
chamber at the initial stage of the discharge. The press
increase in the vacuum chamber measured after the disch
was switched off and the gas has cooled is equal to the in
CO2 partial pressure in the mixture He1 CO2.

We note that the C binds with O not only in the di
charge volume but apparently also on the anode surf
since for the same arc current the erosion in the gas mix
is 1.5–2 times greater than in pure helium.

For td.t0 fullerenes and soot particles are formed in t
arc and settle on the walls of the vacuum chamber. A
completion of the discharge the soot is collected from
chamber walls and the fullerene content in it is determine6

The fullerene contenta in soot was about 5%, which is th
© 1999 American Institute of Physics
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same as the values ofa obtained in discharges in the mixture
He 1 O2.7

The soot samples were analyzed in a mass-reflect
time-of-flight mass spectrometer.8 Figure 1 shows the mass
spectrum of fullerene soot for one of the experimental r
gimes. It is evident that substantial enrichment of th
fullerenes C60 and C70 with the isotope13C has occurred. The
distribution of13C over the mass spectrum for C60 and C70 is
approximately the same. The experiments showed that
form of the mass spectrum depends on the current, the ini
pressurepCO2

, and the burning time of the discharge.
We shall consider a qualitative model of the process

occurring. If13C and12C atoms are present in the zone whe
fullerenes are formed, then the formation probability of th
fullerene13Cn

12C602n is

Wn~ t !5C60
n pn~12p!602n, ~2!

where C60
n 5(60!/n!(602n)!) and p(t) is the relative con-

centration of13C in carbon gas.
Therefore the form of the functionp(t) must be found.

Since the energy required to rupture a C–O bond is mu
greater than the energy required to rupture a C–C bond,

FIG. 1. Experimental mass spectrum of13C-enriched fullerenes:pHe570
torr, pCO2

533 torr, I 580 A, andtd5270 s.
n
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e
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ial
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leaving the hot zone of the arc, where all components ar
an atomic state, at first CO molecules will form first, aft
which the carbon atoms which are not bound by oxygen s
to form fullerenes and soot. The CO molecules form
which are carried by the gas flow into the fullerene produ
tion zone soon or later once again enter the hot zone of
discharge. For this reason it is obvious thatp(t) will de-
crease with time only because of13C ‘‘leaves’’ with the
fullerenes and soot particles. Hence

dp/dt52p~ t !/t ~3!

and

p~ t !5p0 expS 2
t

t D . ~4!

It is obvious that the time constantt will depend on the
total amount of the isotope13C in the vacuum chamber be
fore the discharge is ignited and on the ‘‘rate of substi
tion’’ of the isotope12C for the13C in CO molecules, which
will obviously be determined by the erosion of the anod
For this reason,t can be related with the characteristic tim
t0 as

t5at0 , ~5!

wherea is a variable parameter.
The constantp0, equal to the ratio of the concentration

of 13C carbon atoms entering the fullerene production zo
to the total carbon concentration in this zone at the star
soot formation, is likewise a variable parameter of the pro
lem.

It is obvious that the soot extracted from the chamb
after completion of the discharge contains fullerenes wh
were produced at different times during the burning of t
discharge. The total mass spectrum of fullerenes obtaine
a discharge buring for a long time can be found by integr
ing the instantaneous mass spectrum

Wn5E
0

t

Wn~ t !dt, ~6!

wheret5td2t0.
Varying the parametersa and p0 in the calculation, the

least-squares method can be used to fit the mass spectru
the experimental spectrum. Figure 2 displays the results
such a fit for three regimes, differing by the initial pressu
tra
FIG. 2. Comparison of the experimental mass spec
with calculations.
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pCO2
, the discharge burning timetd , and the erosion of the

anode. The solid curves in this figure show the compu
tional results.

It is evident that the calculation conveys well the qua
tative features of the experimental mass spectra. Conside
the roughness of the proposed model, it can be asserted
the parametersa and p0 remain approximately constant fo
all three regimes.

In summary, the experiments performed have shown
fullerenes can be enriched with the isotope13C as a constitu-

TABLE I.

Experiment Calculation

pHe , torr pCO2
, torr I, A td , s q, mg/s t0, s t, s a p0

a 70 33 80 300 7 40 260 3.6 0.31
b 33 65 80 200 7 80 120 4.1 0.33
c 30 66 60 440 2 140 300 2.6 0.37
-

ng
hat

at

ent of gas molecules, and the proposed qualitative mo
correctly reflects the experimental laws.
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Motion of a ‘‘drift island’’ in a toroidal magnetic confinement device with Coulomb
scattering of the particles

A. A. Shishkin, Osamu Motojima, and É. I. Polunovski 
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~Submitted September 15, 1998!
Pis’ma Zh. Tekh. Fiz.25, 19–27~September 26, 1999!

A resonant drift trajectory of a charged-particle in a magnetic field~a ‘‘drift island’’ ! can be
used to remove high-energy impurities from a thermonuclear plasma and to introduce~inject! high-
energy particles into the plasma. As a rule, these effects are studied neglecting the Coulomb
scattering, i.e., in the collisionless approximation. In the present letter, the effect of Coulomb
scattering of a particle with a resonant trajectory by plasma particles is studied. The
conditions under which the drift resonance is maintained are found, i.e., the plasma densities and
plasma density profiles for which the ‘‘drift island’’ can still move over the transverse
section of the plasma are determined. ©1999 American Institute of Physics.
@S1063-7850~99!02009-1#
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I. INTRODUCTION

The sets of tracks of the trajectories of a charged part
with different starting points in a confinement device w
rotational transformation in a distinguished meridional s
tion of the torus form a family of drift surfaces. Sections
these surfaces can be a closed curve such as a circle, el
or a triangle with smoothed corners. If any drift surface p
sesses a rotation anglei * which is a rational numbern/m,
i.e., i * 5n/m, and a perturbing magnetic field with ‘‘wav
numbers’’ n and m is present in the magnetic confineme
device, then a chain of islands forms at the location of
drift surface. There arem such islands in the meridional se
tion and each island rotatesn times over the length of the
torus. If the conditioni * 5n/m can be made to move alon
the transverse section of the plasma by some method,
the particle moves in a transverse section of the plasma.1,2 In
Refs. 2 and 3 it was proposed that the main helical magn
field in a toroidal confinement device be varied slowly and
was shown that in this manner high-energy impurities,
example, cooleda particles, can be removed from th
plasma center or high-energy ions from the plasma periph
can be introduced into the plasma center, for example,
tium can be injected as fuel into a thermonuclear reactor
so doing it is important that the time of variation of th
helical field be matched with the time of formation of a dr
island.2,3 In this manner it is possible to use transit partic
with a high value of the parameterV i /V, the so-called
pitch-velocity parameter. It is obvious that Coulomb scatt
ing of particles, which changes the parameterV i /V, can
disrupt the drift resonance and interrupt the extraction
injection of high-energy ions. However, the plasma dens
and the density profile influence this entire process. W
kind of plasma density profile is required so that drift res
nance is preserved and can be used to influence the beh
of a particle? We shall consider how this occurs for the th
7251063-7850/99/25(9)/4/$15.00
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monuclear confinement device Large Helical Devi
~LHD!,4 which has been put into operation at the Nation
Institute for Fusion Science in Tokyo, Japan. A superc
ducting helical coil withl 52, producing a magnetic field
B054 T, is used in this device. A special coil producing
perturbing magnetic field withm51 andn51 is installed in
the system. A magnetic island, arising at the location of
magnetic surface with a rotational transformation angle o
should make it possible to divert hot plasma and to wea
the contact of the plasma with the wall. The duration o
plasma pulse in LHD should reach 1000 s. In such a sys
it makes sense to control the motion of distinguished p
ticles by slowly varying the helical magnetic field.

II. BASIC EQUATIONS

1. For our study we assume that the particle motion c
be described by the equations for a guiding center5

dr

dt
5Vi

B

B
1

M jc~2Vi
21V'

2 !

2eB3
@B–¹B#,

dW

dt
5

M jV'
2

2B

]B

]t
,

dm

dt
50. ~1!

HereW is the kinetic energy of a particle,V i andV' are the
parallel and perpendicular components of the particle ve
ity, M j and e are the particle mass and charge,B is the
magnetic field vector,m is the transverse adiabatic invaria
of the particle (m5(M jV'

2 )/2B), and r is the radius vector
of the guiding center of the particle.

2. The main magnetic field (B5¹F) is modeled with
the scalar potential
© 1999 American Institute of Physics
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F5B0FRw2
R

m (
n

«n,m~r /ah!n sin~nq2mw!

1«1,0r sinqG , ~2!

where B0 is the magnetic field on the circular axis of th
torus,R andah are the major and minor radii of the torus o
whose surface the helical conductors lie;r ,q, andw are the
coordinates of the observation point which are related w
the circular axis of the torus:r is the radial distance from th
circular axis of the torus to the observation point andq and
w are the angular variables along the major and minor
cumferences of the torus,q is measured from the directio
opposite to the principal normal to the circular axis of t
torus; the metric coefficients of the coordinates are:hr51,
hq5r , hw5R1r cosq; the summation indexm in our case
is the numbermh of periods of the magnetic field on th
length of the torus, the summation indexn in our case is the
numberl of poles of the helical coil, and«n,m are the coef-
ficients of the harmonics of the magnetic field.

The following parameters were chosen for our investi
tion: l 52, mh510, R53.9 m, ah50.975 m, andB053 T.
We give the coefficients of the helical harmonics in the fo

«n,m5«n,m,01«n,m,1 sin~Vn,mt1dn,m!, ~3!

where in our case «2,10,050.94, «2,10,150.06, «3,10

520.032, «1,10520.056 ~the satellites to the helical har
monics are assumed to remain unchanged in time!, and all
other coefficients«n,m are assumed to be zero. The pha
d2,1052p/2 and«1,050.045, which corresponds to the pre
ence of a transverse magnetic field equal to 4.5% of the m
longitudinal field. A magnetic configuration with a displac
ment of the magnetic axis into the torus is obtained for t
value of the transverse magnetic field. The magnetic-fi
frequencyV2,10 is 5750 rad/s when dynamic control of th
drift resonance is realized.

The perturbing magnetic field can be described with
potential

Fp5B0ah

«n,m,p

m
~r /ah!m sin~mq2nw1dn,m,p!. ~4!

In our case the ‘‘wave’’ numbers of the perturbing magne
field arem51 andn51, and the amplitude of the perturbin
magnetic field is«1,1,p50.0003 anddn,m,p5p/2.

3. We take as a test particle a deuterium ion with ene
W5350 keV and initial value of the parameterV i /V50.9.
The coordinates of the starting point of the ion arer 0520
cm,q050, andw050.

4. The test particle is scattered by particles of the m
plasma, whose density profile isN5N(0)@12C/C(apl)#k.
The parametersN(0) andk are variable in our analysis. Th
function C describes a section of the magnetic surface
has the form

C5~r /ah!212~R/ah!2/m2

3(
n

n«n,m~r /ah!ncos~nq2mw!. ~5!
h

r-

-

e

in

s
ld

e

y

n

d

Here the summation extends overn5 l , l 21, l 11; the func-
tion C(apl) describes the section of the magnetic surfa
coinciding with the plasma boundary;apl is the plasma ra-
dius, and in our caseapl543 cm. In the presence of Cou
lomb scattering, the momentump of the test particle varies
according to the rule6

dp

dt
52

4pe2

V3
V( *

L~e* !2~M1m* !

Mm*
NF1~b* V!, ~6!

where F1(x)5F(x)2x(dF/dx), and F(x) is the error
function. The parameterb* 5Am* /2T* ; L is the Coulomb
logarithm;e* , m* , andT* are the charge, mass, and tem
perature of the plasma particles; the temperature is assu
to be given byT* 5T* (0)@12C/C(apl)#. The summation
in Eq. ~6! extends over the index * denoting the type
particle. Results are presented below for the case of a
particle scattered by the plasma electrons. The plasma
perature at the center is taken to beT(0)510 keV. The
variation ofV i andV' in time according to Eq.~6! is taken
into account at each step of the integration in the numer
solution of the system of equations~1!.

III. DRIFT RESONANCE WITH COULOMB SCATTERING

In the collisionless approximationdeuterium ions with
energyW5350 keV andV i /V50.9 can be introduced from
the plasma periphery into the center of the magnetic confi
ment device with helical magnetic fields, using the resona
i * 51/1.2 A drift island can arise at the location of the dri
surface with rotation anglei * 51 under the action of a mag
netic perturbation with the ‘‘wave numbers’’n51 and m
51. For «2,1050.88 a drift island is formed by the particl
trajectory with the initial coordinatesr 0520 cm,q050, and
w050 ~Fig. 1a!; for «2,1051.0 a drift island is formed by a
particle trajectory with the initial coordinatesr 057 cm, q0

50, andw050 ~Fig. 1a!. As «2,10 varies in time from 0.88 to
1.0 in accordance with the relation~3!, the drift island moves
from the periphery into the center of the plasma~Fig. 1b!.
The motion is followed fort54.931024 s. In the figure the
tracks left by the trajectory in the section single out are c
nected by a line for clarity, making it possible to follow th
sequence of tracks. The main physical conclusion is tha
deuterium ion enters the center of the magnetic confinem
volume.

When the Coulomb scatteringis taken into account for
plasma withN(0)553103 cm23 and k53 and k54 the
drift island moves~‘‘drifts’’ ! from the pperiphery into the
center of the plasma in essentially the same manner as in
case shown in Fig. 1b. For a profile which is not so sha
specifically,k52 andN(0)5531013 cm23, there is no drift
island, i.e., resonance breaks down. DecreasingN(0) par-
tially restores the drift resonance. Thus, forN(0)5131013

cm23 the drift angle of rotation becomes closer to 1:i *
51.069. A particle starting at a point with the initial coord
natesr 0520 cm,q050, andw050 moves in a manner so
that the resonancei * 51 is satisfied at the start of the path —
the outlines of a moving drift island can be seen~Fig. 2a!,
but then the ‘‘island structure’’ is replaced by the tracks o
trajectory which are characteristic for an ordinary transit p
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FIG. 1. Drift island formed by a transit deu
terium ion with a starting point with coordi-
nates r 0520 cm, q050, and w050 with
«2,1050.88 and r 057 cm, q050, w050
with «2,1051.0 ~a!; motion of a drift island
with «2,10 varying in time ~b!. Plasma den-
sity N(0) 50.
nt
le
fi
a is-

for
ticle, i.e., resonance is disrupted. ForN(0)50.131013 cm23

andk52 the drift resonance is completely restored.
However, the decrease in the density at plasma ce

cannot be regarded as an acceptable solution to the prob
while an attempt can be made to control the plasma pro
by choosing, for example, the method of heating. For a sh
density profile, i.e.,k53 andN(0)5131013 cm23, a ‘‘drift
er
m,
le
rp

resonance’’ occurs~Fig. 2b!. The drift island moves freely
even for high densityN(0)51031013 cm23 ~Fig. 2c!. The
deuterium ion reaches the plasma center.

IV. DISCUSSION

An important step in the assessment of the effect of d
sipative mechanisms on the satisfaction of the conditions
FIG. 2. Disruption of a drift resonance forN(0)5131013 cm23, k52 ~a! and restoration of the drift resonance forN(0)5131013 cm23, k53 ~b!, motion
of a drift island forN(0)51031013 cm23, k53 ~c!.
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a drift resonance of a particle was taken using a combi
approach employing the equations for a guiding cente
describe the motion of a test particle and the Coulomb s
tering of the test particle by the plasma particles. The d
resonance is sensitive to the value of the density and
density profile of the plasma. The closer the plasma profil
‘‘bell shaped,’’ the weaker the effect of Coulomb scatteri
on the ‘‘motion of a drift island’’ is. The present investiga
tion took account of the change in the momentum of a
particle. Preliminary results show that the change in the
netic energy of a test particle in Coulomb scattering does
fundamentally change the physical picture.

V. CONCLUSIONS

The following conclusions can be drawn fromour inve
tigation of the effect of Coulomb scattering of particles
the dynamics of a drift resonance~the motion of a ‘‘drift
island’’! in a slowly varying helical magnetic field.

1. For a plasma density profileN5N(0)@1
2C/C(apl)#k, N(0)5131013 cm23, and k52, a drift
resonance withi * 51/1 is disrupted, and a resonant partic
transforms into a transit particle with a nonresonant angle
rotation.

2. For a sharper density profile, specifically, fork53,
the drift angle of rotation retains its resonant value and
d
o
t-

ft
e

to

st
i-
ot

-

f

e

particle forms a ‘‘drift island’’ under the action of a perturb
ing magnetic field with the ‘‘wave numbers’’m51 andn
51. A profile with k53 ensures that the conditions for dri
resonance are satisfied forN(0)51031013cm23 and right
up to N(0)510031013 cm23.

3. A drift island in a slowly varying helical magneti
field ~and with Coulomb scattering of a test particle by t
plasma particles! moves in the transverse section of th
plasma. Ions with high energy and high longitudinal veloc
can reach the plasma center. This mechanism can be us
introduce fuel into a thermonuclear reactor and to introdu
high-energy ions in order to change the electric field pro
in the plasma.
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Interaction of hydrogen with a metal–oxide–semiconductor structure containing an
additional solid-electrolyte layer

V. Filippov, A. Vasil’ev, A. Terent’ev, and V. Morits

Russian Science Center ‘‘Kurchatov Institute,’’ Moscow; Humboldt University, Berlin, Germany
~Submitted April 23, 1999!
Pis’ma Zh. Tekh. Fiz.25, 28–32~September 26, 1999!

The effect of hydrogen on the flat-band voltage of the structure Pt/LaF3 /SiO2/SiC, which is the
sensitive element of a high-temperature fluorochlorocarbons sensor, is investigated. It is
shown that at 441 K temperature and 1022% hydrogen concentration in air, the
capacitance–voltage characteristic of the structure shifts in the direction of negative voltages by
about 160 mV. Increasing the temperature decreases this amount, apparently because of
the catalytic oxidation of oxygen on the platinum electrode of the structure. The hydrogen
sensitivity of the structure investigated can affect the kinetics of the response of a sensor
interacting with hydrogen-containing fluorochlorocarbons. ©1999 American Institute of
Physics.@S1063-7850~99!02109-6#
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Increasing the operating temperature of sensors w
sensitive elements based on a metal–insulat
semiconductor structure extends the range of detect
gases. As a result of the dissociation of complex molecu
products that influence the electrophysical properties of
structure are produced on the catalytically active electro
Replacing silicon in the hydrogen-sensitive structure ca
lytically active metal–silicon dioxide–silicon1 by wide-gap
silicon carbide makes it possible to raise the operating t
perature of a Pt/SiO2/SiC sensor to 1000 K and to dete
methane and other saturated hydrocarbons reliably.2 A struc-
ture with an additional subgate layer of the solid electrol
Pt/LaF3/SiO2/SiC exhibits high sensitivity to fluorine even a
room temperature,3 and at temperatures above 600 K it
sensitive to fluorochlorocarbons~freons!.4 However, as a re-
sult of high-temperature catalytic dissociation of comp
molecules, such as Freon 134~CF3CH2F!, Freon 22
(CHClF2), and so on, hydrogen in one form or another c
form on the gas–metal–solid three-phase electrolyte bou
ary. Our objective in the present work is to investigate
sensitivity of the structure Pt/LaF3/SiO2/SiC to hydrogen.

Structures of the type described in detail in Ref. 5 we
used as experimental samples. A solid layer of the electro
LaF3 ~240 nm thick! was deposited by thermal deposition o
a semiconductor silicon carbide substrate with an epita
6H–SiC layer ~n type, carrier density 101521016 cm23,
thickness 5mm! and a layer of the oxide SiO2 ~35 nm thick!.
A high-temperature ohmic contact consisting of annea
nickel was formed on the substrate. A catalytically act
platinum electrode~0.7 mm in diameter, 30 nm thick! was
deposited on the solid-electrolyte layer by magnetron sp
tering. A sensor, located on top of the heater, was placed
the measuring gas cell. The cell was connected to a dyna
mixing gas stand, which made it possible to deliver to
cell ‘‘steps’’ of hydrogen concentration in synthetic air ran
ing from 1023 to 1021%.

Hydrogen-induced change in the flat-band voltageU of
7291063-7850/99/25(9)/2/$15.00
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the structure was detected. The relaxation curvesU5 f (t)
with ‘‘steps’’ of hydrogen concentration in air introduce
into the measuring cell were obtained for the temperature
the structure 298, 441, and 603 K.

No reversible changes inU with cylced action of hydro-
gen in synthetic air was observed at room temperature. W
the operating temperature of the structure is increased, a
versible change appears in the flat-band voltage on the s
ture. The signal obtained at 441 K temperature is shown
Fig. 1. A characteristic, for metal–insulator–semiconduc
structure with catalytically active electrodes, response to
action of hydrogen — a shift of the capacitance–volta
characteristic in the direction of negative voltages — is o
served. We note that the response of a structure with
additional subgate layer of the solid electrolyte LaF3 on in-
teraction with fluorine has the opposite sign — t
capacitance–voltage characteristic shifts in the direction
positive voltages.

The quantityDU, equal to the difference of the station
ary values ofU in air and in an air–hydrogen medium ca
serve as the sensor signal that is correlated with the hydro
concentration. Figure 2 showsDU versus the hydrogen con
centration in synthetic air for the two temperatures 441 a
603 K. The decrease in the sensor response with increa
temperature is probably due to heterogeneous oxidation
hydrogen on the platinum electrode.6 If a simple oxidation–
reduction reaction occurs on the hydrogen–platinum–s
electrolyte three-phase boundary, thenDU is related with the
hydrogen concentrationPH2

by the Nernst equation

DU5~kT/Ze!• ln PH2
,

wherek is Boltzmann’s constant,Z is the number of elec-
trons participating in the reaction, ande is the electron
charge. Fitting a relation of this type to the experimen
points~solid lines in Fig. 2! givesZ51.660.2 for both tem-
peratures. This is close to the valueZ52, which corresponds
to simple dissociative absorption of hydrogen at the interf
© 1999 American Institute of Physics
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followed by the formation of a charged double layer. Th
process can be described by the reaction H2→2H22e
→2H1. However, the experimental points in the entire co
centration range are poorly described by the Nernst equa
The concentration dependence tends to saturate at hydr
concentrations in air above 331022%. Additional study is
required to determine the mechanism of the interaction
hydrogen with the Pt/LaF3/SiO2/SiC structure and the influ
ence of oxygen on this process. The results obtained in
work show that the interaction of hydrogen with a structu
with a subgate layer of the solid electrolyte LaF3 changes its
flat band voltage. Therefore the hydrogen formed~on the
Pt/LaF3 interface! as a result of the high-temperature diss
ciation of freons can introduce characteristic features into
kinetics of the sensor response.

FIG. 1. Relaxation curve~1! showing the variation of the flat-band voltag
of the structure as ‘‘steps’’ of oxygen concentration in air~2! are introduced
into the measuring cell. The operating temperature of the structure is 44
-
n.
en

f

is

-
e
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K.
FIG. 2. Stationary changeDU of the flat-band voltage of the structur
Pt/LaF3/SiO2/SiC versus the hydrogen concentrationPH2

. Dots — experi-
mental data~1 — temperature of the structure 441 K,2 — temperature of
the structure 603 K!, solid lines — fit of the Nernst equation withZ51.6.
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Fast magnetosonic and fast Alfve ´n waves in an elliptic plasma cylinder
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The propagation of ion–cyclotron waves in an extended cylindrical plasma is analyzed
analytically. The results obtained show progress in constructing a two-dimensionally–nonuniform
analytical theory. ©1999 American Institute of Physics.@S1063-7850~99!02209-0#
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Together with numerical methods, the plasma-cylind
model is one of the most popular models for planning a
analyzing the results of experiments on rf heating of plas
in the ion-cyclotron frequency range. In many setups
plasma filament has an elliptic cross section, so that it is
interest to investigate the effect of the shape of the filam
on the distribution of rf fields in the plasma. This proble
was first studied in Ref. 1, where the deviation of the sh
of the filament from a circle was assumed to be small.

The present letter is devoted to an analytic investigat
of the propagation of fast magnetosonic~FMSWs! and fast
Alfvén ~FAWs! waves in an elliptic plasma cylinder in a
axial magnetic fieldB0 i Oz. The characteristic oscillation
of such a cylinder are investigated as a first step. We emp
elliptic coordinates (j,w,z). They consist of a system of con
focal ellipsesj5j i (j is the analog of the radial coordinate!
and hyperbolasw5w i (w is the analog of the azimuthal co
ordinate!. The focal distances of all ellipses are 2h52a«
52a/coshj, and «5A12b2/a2. Here a is the major axis
and b is the minor axis of the ellipse,« is the eccentricity,
«→0 (j→`) corresponds to a circle, and«→1 (j→0)
corresponds to a slit. We note that even a small devia
from a circle (a5100 cm,b599 cm! leads to«50.14, and
for the JET setup«50.7.

We assume the plasma to consist of two types of i
and electrons andEz50. We write the rf field in the form
B;B(j,w)eik i z. Then we have forBz

]

]j S 1

N'
2

]Bz

]j D 2 i
]

]j F «2

N'
2 ~«12Ni

2!
G ]Bz

]w

1
1

N'
2

]2Bz

]w2
1

v2h2

c2
~cosh2j2cos2w!Bz50, ~1!

where

N'
2 5N'

2 ~j!5
~«12Ni

2!22«2
2

~«12Ni
2!

,

«1512
vp1

2

v22vc1
2

2
vp2

2

v22vc2
2

1
vpe

2

vce
2

,

«252
v

vc1

vp1
2

v22vc1
2

2
v

vc2

vp2
2

v22vc2
2

,
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vp1 , vp2 , andvpe are the ion and electron plasma freque
cies, andvc1 , vc2 , andvce are the ion and electron cyclo
tron frequencies.

For a uniform plasma Eq.~1! admits separation of vari
ablesBz(j,w)5u(j)•n(w). Then the field in the plasma ca
be described by the Mathieu equations

]2u

]j2
2~C22q•cosh 2j!•u50,

]2n

]w2
1~C22q•cos 2w!•n50, ~2!

where q5(N'vh)/2C)25(h/2l')2 is the main paramete
of the problem. Let us assume that the plasma is surroun
by a metal wall withj5j0. Then the boundary condition ha
the form

2 i«2

]Bz

]w U
j5j0

1~«12Ni
2!

]Bz

]j U
j5j0

50. ~3!

We write the solution of Eqs.~2! in the form

Bz~j,w!5 (
m50

`

Cm Cem~j,q! cem~w,q!

1 (
m50

`

Sm Sem~j,q! sem~w,q!. ~4!

Here cem and sem are the ordinary and Cem and Sem the
modified Mathieu functions.2 For small q/4 one azimuthal
harmonic can be retained in the expression~4! ~the neighbor-

FIG. 1.
© 1999 American Institute of Physics
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FIG. 2.
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ing harmonics are proportional toq/4). Then, using Eq.~3!,
we obtain a dispersion equation for the characteristic os
lations of the elliptic cylinder

«2
2
•m2

~«12Ni
2!2

Cem~j0 ,qi !

Cem8 ~j0 ,qi !
5

Sem8 ~j0 ,qi !

Sem~j0 ,qi !
, ~5!

which determines the eigenvaluesqi . Taking the three lead
ing terms in the expansions of Cem and Sem in Bessel func-
tions, we obtain from Eq.~5!

Aql5
~k' l r !cir

2
«~11«2/4!,

~k' la!el5~k' l r !cir~11«2/4!, ~6!

where (k' l r )cir is the solution of Eq.~5! for a ‘‘circular’’
cylinder, whose radius is equal to the major axis of the
lipse. From the solution~6! ~Fig. 1, the curve ‘‘qtheo’’! fol-
lows that a change in the shape of the plasma filament w
the cross-sectional area remaining constant does not a
k' l ~or the eigenfrequenciesv l

(0)). The exact solution ob-
tained numerically for the dispersion equation~5! is shown
in Fig. 1 ~curve ‘‘q 1 mode’’!. Analyzing a solution in the
form ~4! with the boundary condition~3!, we arrive at the
conclusion that forq>1 it consists of a set of coupled ellip
tic harmonics. The dispersion equation in this case can
obtained by setting to zero the determinant originating fr
Eq. ~3! ~Fig. 1, curve ‘‘qdet’’!. Comparing the curves ‘‘q 1
mode’’ and ‘‘qdet,’’ we see that Eq.~5! gives the correct
values of k' l even outside its range of applicability~for
q/4>1).

We shall now study the azimuthal structure of the so
tions obtained. Formally, it is completely different from th
azimuthal waves existing in a ‘‘circular’’ cylinder. From Eq
~4! we obtain

Sm5 i
«2

«12Ni
2
•m•Cm

Am
m

Bm
m

Cem~j,q!

Sem8 ~j,q!
,

while for traveling waves

Sm56 i •Cm

Am
m

Bm
m

Cem~j,q!

Sem~j,q!
,

whereAm
m andBm

m are the coefficients in the Fourier expa
sions of cem and sem in terms of coslw and sinlw, respec-
tively. Figure 2 shows the eccentricity dependence of
amplitudes of the satellites with respect to the fundame
il-

l-

th
ct

e

-

e
al

(m511) azimuthal harmonics normalized to the amplitu
of the fundamental harmonic (a — first radial mode,b —
seventh radial mode!. The azimuthal dependence of the wa
field is shown in Fig. 3 (a — first radial mode;b,c —
seventh radial mode;j ( — sum of the harmonics!. For com-
parison, a plot of cosw corresponding to a ‘‘circular’’ cylin-
der is presented. For the first radial mode no substan
change in the azimuthal behavior of the oscillations is o
served. However, for the seventh radial mode the azimu
structure of the oscillations changes radically. The maxi
of the field shift to the minor axis of the ellipse. The sin
soidal components of the field will also demonstrate a sim
shift toward the minor axis.

We shall write out the corrections to the frequencies
the characteristic oscillations of the plasma cylinder wh

FIG. 3.
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are due to the ellipticity. In the frequency rangev'vci ,
v,vci for N i

2 @NA
2 FAWs with

vel5v (0)S 11
k'

2 /ki
2

11k'
2 /ki

2

«2

4 D ,

v (0)5vciS 12
vci

2

ki
2nA

2

ki
21k'

2 /2

ki
21k'

2 D ~7!

are excited. For FMSWs (NA
25c2/nA

2@N i
2 , nA is the Alfvén

velocity, v (0)5knA) we have

v5v (0)~11«2/4!. ~8!

The results~7! and~8! are of the same order of magnitude
the results obtained in Ref. 1.
Thus, without assuming the deviation of the ellipse fro
a circle to be small, a dispersion equation for the charac
istic oscillations of an elliptic plasma cylinder was derive
and the eigenfrequencies and eigenvectors were found
was shown that ellipticity substantially changes the a
muthal structure of the fields.

1I. A. Girka and K. N. Stepanov, Ukr. Fiz. Zh.36~7!, 1051~1991!.
2Handbook of Mathematical Functions, edited by M. Abramowitz and
I. Stegun~Dover, New York, 1965; Nauka, Moscow, 1979!.

Translated by M. E. Alferieff
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Structure of a picosecond electron beam inside a vacuum diode
K. A. Zheltov and I. G. Turundaevskaya

Scientific-Research Institute of Pulsed Technology, Moscow, Russia
~Submitted March 25, 1999!
Pis’ma Zh. Tekh. Fiz.25, 39–45~September 26, 1999!

The structure of a picosecond (;150 ps! electron beam in the cathode–anode gap of a vacuum
diode is determined. The electron beam is modeled in the form of flat quasiparticles with
a definite charge density which follow one after another in equal time intervals. It is shown that
the expansion of concentric layers of the beam under the action of the electric and magnetic
self-fields strongly depends on the current strength. The experimental confirmation of the
computed estimates is illustrated by recording the structure of the electron beam at the
anode using a film which is sensitive to electron radiation. ©1999 American Institute of Physics.
@S1063-7850~99!02309-5#
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In high direct current electron accelerators, in which
picosecond (;10210 s! high-voltage burst is obtained by dis
charging a short (;1 cm) accumulator on a long lin
through a strongly overvoltaged (;700 kV/mm) spark gap,1

propagating along the line to the vacuum diode, the incid
voltageU can be described by the relation

U5Um•sin2~pt/2T!, 0<t<2T, ~1!

whereUm is the amplitude of the incident picosecond pu
andT is the duration at half-amplitude.

In the picosecond accelerators developed thus far,
amplitude of the incident pulse, as a rule, lies in the ran
350–700 kV and the average duration is;150 ps with the
electron-beam current varying from hundreds of ampere
several kiloamperes. If the electron beam must be extra
7341063-7850/99/25(9)/3/$15.00
nt

e
e

to
ed

through the ‘‘transparent’’ anode, high-impedance vacu
diodes, in which the ‘‘internal resistance’’ is much great
than the wave impedance of a long line (Zl!Zwl), are ordi-
narily used. The maximum possible cathode–anode dista
(;9 mm) and relatively small cathode areas are charac
istic for such diodes. A high impedance makes possible
formation on the cathode–anode gap of a reflected pulse
the same polarity, as a result of which the accelerating v
age is essentially twice the incident amplitude. In many ca
the energy of the electron beam can be much greater
1 MeV.

The structure of an electron beam in a vacuum diode2–4

is determined by the electric~Coulomb! and magnetic~Lor-
entz force! fields. A picosecond burst of current of a beam
the
FIG. 1. Transverse section of an electron beam on
cathode surface — quasiparticle initially:R — cathode
radius,r x — initial radius of a beam layer.
© 1999 American Institute of Physics
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FIG. 2. a — RadiusXA of a beam layer on the anode versus t
maximum current inside a vacuum diode for various laye
(r x). b — Structure of the electron beam at the anode w
currents ;0.3 and ;2 kA ~picosecond pulse duration
T;150 ps!.
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fast electrons, which is proportional to the difference of t
incident and reflected voltage pulses, for large reflection
efficientsb is described by approximately the same relat
as Eq.~1! with the current amplitudeI m5Um(12b). In nu-
merical simulation, the time dependence of the beam cur
is divided into several intervals (;15) in which the volume
charge density is approximately constant. The electron
each interval are combined into a single quasiparticle w
the total electric charge in this interval. The electron beam
therefore represented in the form of quasiparticles follow
one another with the same intervals but with a differe
charge density distribution.

The electrostatic repulsion of the distributed chargeQ of
a quasiparticle~Fig. 1! is due to the total effect of the Cou
lomb forcesD f on a charge elementq0 from all charge ele-
mentsq1

D f 5q0•q1/4•p•«0•r 12
2 , ~2!

whereq15rvrdadr, q05(dr x)
2rv , «058.85310212 F/m,

andrv is the charge density of the distributed electrons.
The total force(D f acting on all elementsq1 in the

relativistic case withD f i v ~Ref. 5! is proportional to the
massmq of the chargeq0 and the accelerationdv/dt, where
v is the instantaneous velocity,
e
-

nt

in
h
is
g
t

( D f 5mq~12v2/c2!23/4dv/dt. ~3!

Heremq5(dr x)
2mv , mv5rv(me /e) is the mass density o

the distributed charge (me59.1310231kg and e51.6
310219 C are the electron mass and charge!.

For a quasiparticle corresponding to the current am
tude in the beamI m with interval Dt (;10211s), the dis-
tributed charge density isrv5I mDt/pR2, where R is the
radius of the cathode of the vacuum diode, and forDt
'R/c the quasiparticles do not affect one another. After a
propriate transformations of the expressions~3!, taking ac-
count of Eq.~2!, we obtain a system of equations for th
electrostatic expansion of the distributed charge:

rv
2

2p«0
E

0

pE
0

R ~r x2rcosa!r da dr

~r 21r x
222rr xcosa!3/2

5
mv

A~12v2/c2!3/2
3

dv
dt

,

V5
dx

dt
, 6

~4!

wherer x is the radius of a layer of the electron beam,x is the
expansion coordinate, andc533108 m/s is the speed o
light.
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The magnetic field compressing a paraxial electron be
is due to the Lorentz force,d fL'q1@cB#, and the magnetic
inductionB at the boundary of the beam layer with radiusr
is determined by the relation

B5
m0r

2pR2
I m . ~5!

Hence the Lorentz forceFL for the corresponding laye
is

FL5E
0

pE
0

r xm0I m

pR2
crvr dr da. ~6!

The system of equations that takes account of the e
tric and magnetic fields and makes it possible to determ
the expansion of the layers of the electron beam insid
vacuum diode and on the anode has the form

R2rv
2

2«0
E

0

pE
0

R ~r x2rcosa!r da dr

~r 21r x
222rr xcosa!3/2

2
m0crvI m

pR2 E
0

pE
0

r x
r 2dr da5

pR2mv

A~12v2/c2!3/2
3

dv
dt

,

v5
dx

dt
.

6
~7!

The results of calculations of the expansion of an el
tron beam inside a vacuum diode with a cold flat catho
with radiusR52 mm and a 9 mmcathode–anode gap ar
presented in Fig. 2a. The expansion of the beam near
anode (XA) depends strongly on the maximum currentI m

flowing between the cathode and the anode. The inner la
with radiusr x,0.5 R of the beam expand very little, and th
outer layers (r x'0.85R) and especially the boundary laye
(r x'R) experience substantial electrostatic repulsion. E
pansion is mainly due to electrostatic forces. The magn
field has a smaller effect. This is illustrated by the family
m

c-
e
a

-
e

he

rs

-
ic
f

curves in Fig. 2a for the beam layersr x50.85R and r x5R.
The dashed curves show the expansion (XA) under the action
of electrostatic forces only, and the solid lines show the co
bined effect with a magnetic field. For weak electron-be
currents (,0.3 kA!, beam expansion is relatively small, b
for currents;1 kA and higher the boundary and adjoinin
layers move apart substantially. The experimental confirm
tion of the computed estimates is given in Fig. 2b, whi
shows the electron-beam structure~track! recorded at the an
ode by a sensitive film placed on the backside of the ano
for which thin-walled beryllium or titanium, which are trans
parent to high-energy electrons, is used. For the maxim
beam current;0.3 kA the track essentially corresponds
the cathode area~the beam divergence is small!, but for a
;2 kA current the track covers an area with a much lar
radius than the cathode radius — the beam expands stron
as a result of not only the boundary but also the adjoin
inner layers.

The computational estimates presented could be hel
for determining the impedances of a vacuum diode in
picosecond channels of electronic radiation of high dir
current accelerators.

This work was supported by the International Scien
and Technology Center, project No. 510–97, financed by
European Society.
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Application of resonant Raman scattering of light for plasma diagnostics
G. T. Razdobarin, R. R. E. Salomaa, M. I. K. Santala, and S. Yu. Tolstyakov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia;
Helsinki University of Technology, Helsinki, Finland
~Submitted June 16, 1999!
Pis’ma Zh. Tekh. Fiz.25, 46–54~September 26, 1999!

An application of a diagnostics method based on the scattering of laser radiation by atoms in
plasma is discussed. The high sensitivity of the method is due to resonant enhancement
of the Raman scattering cross section with a small offset from the exact optical resonance with
an intermediate level. The measurements of the spatial distribution of the excited argon
atoms were performed in the plasma of a high-frequency induction discharge in a wide range of
offsets from exact resonance under the conditions of linearity and with saturation of the
scattering intensity. The results of the experiments are used to analyze the sensitivity of the method
and to formulate the requirements for diagnostics so as to optimize the experimental
conditions. © 1999 American Institute of Physics.@S1063-7850~99!02409-X#
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Raman scattering of light is conventionally used in sp
troscopic investigations as an effective method for study
the structure of molecules and their interaction with a m
dium. The use of tunable lasers has greatly expanded
range of objects accessible for investigation. This is due
first and foremost, the possibility of selecting a lasing wa
length near an optical resonance, as a result of which
Raman scattering cross section is many orders of magni
larger.1 The results of theoretical and experimental inves
gations of near-resonance Raman scattering are present
many works. Some of them are relevant to plas
diagnostics.2–4 The essence of the diagnostics method is t
the plasma is illuminated by laser radiation at a wavelen
close to an optical resonance of an absorption line. The s
tered radiation is observed directly at the laser wavelengt
at other wavelengths corresponding to combination frequ
cies for a transition from a virtual into shifted levels. W
note that Raman scattering is preferable for plasma diag
tics problems because the large difference between the p
and the scattered radiation wavelengths makes it possib
eliminate noise from the parasitic scattering signal. For
same reason there is no noise due to scattering of ligh
electrons. The radiation studied is collected from a sm
volume of the plasma, where the laser beam overlaps w
the cone of observation rays and therefore contains infor
tion about local parameters of the plasma. The offset fr
exact resonance makes it possible to eliminate the pos
measurement errors due to reabsorption, which is espec
important when studying plasma with a large optical thic
ness. As a result of the offset, there is no background du
the characteristic plasma radiation on the line of the opt
transition, which is the main source of noise for plasma
agnostics by the resonance fluorescence method.5

The specific features arising in Raman scattering a
result of the large contribution of collisional relaxation mu
be taken into account in the formulation of plasma diagn
tics experiments. For plasma with a sufficiently hig
charged-particle density the ratio of the transverse and
7371063-7850/99/25(9)/4/$15.00
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gitudinal relaxation rates can be much greater than 1.6 This
has a large effect on the population dynamics of the level
the transition excited in the field of a light wave7 and ulti-
mately makes the analysis of scattering processes more c
plicated. The new diagnostics method is aimed at optimiz
the experimental conditions so as to eliminate, when p
sible, any influence of the model constraints due to co
sional~transverse! relaxation and to increase sensitivity. Th
main problem of the experiments performed was meth
ological work, first and foremost, the investigation of sc
tering signals in a wide range of offsets from exact resona
and also the dependence of the scattering intensity on
flux density of the probe beam.

The Raman scattering experiments were performed
the argon plasma of an induction rf discharge in a gas flow
atmospheric pressure. The typical electron densities and
peratures for such a discharge arene;1015 cm23 and Te

<1 eV.8 A simplified scheme of the levels of the excite
transitions is shown in Fig. 1. A dye laser with controllab
offset from exact resonance with the 1s5–2p2 transition at
wavelength 696.5 nm was used to excite the scattering
nal. The scattered radiation was observed near the w
length 772.4 nm of the 2p2–1s3 transition. The oscillator
strengths for the chosen transitions aref 1s5– 2p2

50.03 and

f 1s3– 2p2
50.34. The energy and duration of the probe pu

were 1–2 mJ and 10 ns, and the pulse repetition freque
reached 25 Hz. The scattering volume was projected w
two-fold reduction onto the input slit of a monochromato
Radiation at the output of the device was detected wit
photomultiplier. In various experiments the scattering v
ume was chosen froms;1024 to ;1023 cm3. The solid
angle for collecting the scattered radiation in a direction p
pendicular to the probe axis was 5.631023 sr. To increase
the measurement accuracy, multipassage probing of
plasma was used~Fig. 2!, and the scattered signals we
accumulated over several tens of laser pulses. Absolute
bration of the sensitivity of the apparatus was performed
© 1999 American Institute of Physics
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the well-known method of Raman scattering by nitrog
molecules at frequencies corresponding to rotatio
transitions.9 The spectral sensitivity of the apparatus w
measured using a calibrated incandescent lamp.

Figure 1 shows Raman scattering and fluorescence
nals on the background due to the characteristic plasma
diation, which were excited simultaneously by the laser
diation with a spectral offset of 1 nm from exact resonan
The fundamental difference of the long- and sho
wavelength sections of the spectrogram which are prese
in the figure is that the accuracy with which the fluoresce
signals are detected is determined exclusively by the ba
ground due to the plasma line radiation, which is alm
three orders of magnitude stronger than the continuum
the same time, the accuracy of Raman signal detection
pends on the strength of the signal itself~about 100 photo-

FIG. 1. Trace of Raman signals1 and fluorescence signals2 ~spectral reso-
lution 0.65 nm, laser wavelength offset from exact resonance 1 nm!. A
simplified scheme of the levels of the excited transitions is shown at the
of the figure.
l
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electrons for the maximum readings in the spectrogram! and
is virtually independent of the background due to the co
tinuous spectrum.

The effect of the background due to the continuous sp
trum could become substantial as the Raman scattering
nal decreases with increasing offset. This is evident fr
Fig. 3, which shows the results of measurements of the
man scattering signal intensity for different offsets of t
laser wavelength up to 2 nm. The figure also shows the
oretical dependence of the scattering intensity;l22 in ac-
cordance with the Lorentz function.

It is well known that as the flux density of the prob
radiation increases, the scattering intensity ceases to de
linearly on the incident flux and reaches saturation in
limit.10,11 Saturation of scattering creates definite conv
niences for plasma diagnostics. Specifically, when the pr
beam is collimated, observation of scattering from a sm
plasma volume increases the signal-to-background ratio
addition, the strength of the detected signal with saturation
the scattering intensity no longer depends on the rates
collisional relaxation processes. We measured the nonlin
dependence of the Raman scattering intensity on the
density of the probe radiation with a fixed offset of 1 n
from exact resonance. The measured values of the scatte
signals for a number of values of the lasing energy~spot
diameter 0.2 mm! are presented in Fig. 4. A least-squar

FIG. 2. Multipassage probe scheme.

p

e-
FIG. 3. Raman signal intensity versus the laser wav
length offset.
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FIG. 4. Raman scattering intensity versus the probe
ergy density.
t
io
h

fs
n
T
x

a

tr
th
p
s

s
ea
te

e of
was
for-
ure-
ra-
. 5

me
he
the
ri-
ion.
nd
cial

ble
of

e of
l. If
her
curve is drawn through the experimental points according
the data of Ref. 11 assuming that the collisional relaxat
rate is much higher than the radiative decay rate. T
squared Rabi frequency, scaled to the frequency of
(V/D)2, corresponding to the best fit curve, are plotted alo
the abscissa together with the probe energy density.
quantity (V/D)2 can be interpreted as the ratio of the flu
density of the probe to its saturation value~saturation param-
eter!. As one can see from the figure, for the chosen be
geometry and a 1 nm offset, the saturation condition
(V/D)251 corresponds to a probe energy density;8 J/cm2,

The results of measurements of the radial density dis
bution of excited argon atoms over the cross section of
flame are presented in Fig. 5. The measurements were
formed by scanning the observation axis along the la
beam ~across the plasma flame! with a 0.7 mm step and
averaging the readings over several tens of laser pulse
each scanning step. The spatial resolution along the b
was 1 mm with the beam focused into a 0.5 mm in diame
o
n
e
et
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he

m
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er
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spot. The measurements were performed in the absenc
saturation of the scattering intensity. In this case, there
no need to take account accurately of the spatial nonuni
mity of the beam, which has the same effect on the meas
ment results for the intensities of the useful and the calib
tion scattering signals. The measured density profile in Fig
shows a detailed picture of the formation of the plasma fla
with a large disruption of axial symmetry. We note that t
observations of the 772.4 nm line, corresponding to
2p2–1s3 transition, along a chord do not give the true dist
bution of atomic densities because of radiation reabsorpt

Under the conditions of our experiment the backgrou
due to the continuous spectrum did not produce any spe
problems for plasma-to-probe beam diameter ratios;10.
Under these conditions the lower limit of the measura
atomic densities is determined by the statistical variance
the detected number of photoelectrons at the photocathod
the photomultiplier that correspond to the scattering signa
the conditions of our experiment are extrapolated to ot
t-
e.
FIG. 5. Radial density distribution of excited argon a
oms in the 1s5 level over the cross section of the flam
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large plasma objects, then for a saturating laser flux den
the maximum measurable number of atoms in a single la
pulse in a resolvable volume;1 cm3 is ;107 for transitions
at the Raman frequencies with oscillator strength;1. For
weaker lines, the limiting measurable densities increase
versely as the oscillator strength. On the basis of the sat
tion conditions, the laser energy should increase quad
cally with increasing offset from exact resonance. Accord
to the results of our experiments, for a detuning of 1 nm fr
exact resonance, probe wavelength 700 nm, and pulse d
tion ;10 ns the required beam energy density for (V/D)2

51 is ;0.25/f ~J/cm2), wheref is the oscillator strength fo
a transition near the lasing line. The transmission of the sp
trometers employed limits the decrease in the spectral o
beyond the limits of the Doppler width of the absorptio
contour. Fabry–Perot interferometer based spectrome
with higher transmission will make it possible to have for t
same source dimensions a smaller spectral offset and the
ity
er

n-
a-
ti-
g

ra-

c-
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by

substantially to decrease the energy requirements for pro
plasma.
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Growth of A 3N whiskers and plate-shaped crystals by molecular-beam epitaxy
with the participation of the liquid phase

V. V. Mamutin
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It is shown that InN and GaN whiskers and plate-shaped crystals can be grown by molecular-
beam epitaxy~MBE!, and the growth mechanism on gallium arsenide and sapphire
substrates is investigated. A comparison is made with the theory. It is proved that the growth
mechanism corresponds to the vapor–liquid–solid~VLS! mechanism, and the parameters
of the crystallization process are determined. The nanometer sizes of the crystals grown give hope
that the crystals and the VLS growth method itself can be used to obtain quantum-size
objects~quantum dots and wires! by MBE in the promising system of elements A3B5–AlGaInN.
© 1999 American Institute of Physics.@S1063-7850~99!02509-4#
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Spatial confinement of carriers in low-dimensional stru
tures ~quantum wells, wires, dots! gives rise to the specia
properties of such structures and the great interest in s
conductor devices~lasers, photodetectors, transistors, nonl
ear switches, and so on!. The production of such structure
involves either self-organization or specific self-orientati
during growth. The self-organization processes have b
studied in many recent works,1–3 whereas directed growth o
low-dimensional crystals~whiskers, plate-shaped, and ho
low! has receded somewhat into the background after
mechanism was discovered,4 though the dimensions of th
objects obtained are close to those obtained in the last
years~nanometer and subnanometer range! by methods such
as the molecular-beam epitaxy~MBE!.

To date there have been no reports of growth of s
crystals in high vacuum, in which MBE is performed.
growth mechanism, called the ‘‘vapor–liquid–solid’’~VLS!
mechanism,4 has been proposed and confirmed. The proc
must be conducted in the temperature and supersatur
range where kinetic constraints inhibit the thermodyna
cally possible reaction. In practice, this could mean that
temperature must be 100–200 °C lower than the usual
taxy temperature. In the early works on the growth of A3B5

compounds from vapor, whiskers and dendritic cryst
formed randomly and were viewed as a curiosity or an
desirable product of crystallization. After the discovery
the VLS mechanism, the deliberate growth of A3B5 whiskers
was reported in a number of publications.5,6 Little informa-
tion is available on the oriented growth of such crysta
while this type of growth makes it possible to understand
mechanism itself and opens the way to practical applicati
of whisker structures. In addition, the literature on se
organizing processes contains absolutely no information
the growth of quantum-size objects by the VLS mechanis

It is significant that the experimental facts obtained
such objects fit well within the modern ideas on nucleati
layered (2D) growth~layer-by-layer mechanism!, the role of
impurities in surface kinetics~so-called surfactant mecha
7411063-7850/99/25(9)/4/$15.00
-

i-
-

en

ts

w

h

ss
ion
i-
e
i-

s
-

f

,
e
s

-
n
.

,

nism!, and growth of liquid and quasiliquid phases even
processes presuming the existence of only gas and s
phases, as for example, MBE.7 Surface force effects make
possible to measure many parameters of the process tha
inaccessible for measurement under other conditions an
establish the most general laws of growth.

In the present work A3B5 whiskers and plate-shape
crystals were grown for the first time by MBE in a nitrid
system~the binary compounds InN and GaN which are no
being widely investigated!, a comparison was made wit
theory,8,9 and their growth mechanism was analyzed. Grow
on GaAs ~311! substrates was conducted in the EP-12
MBE system with a novel coaxial magnetron source of
trogen plasma with rf capacitive excitation of the discharg10

as well as on Al2O3 ~0001! substrates using a source wi
electron cyclotron resonance~ECR! ASTEX ~USA!.

The crystals were studied with a CamScan~England!
scanning electron microscope~SEM!. The experimental data
were analyzed mainly for InN whiskers, which give th
brightest pattern of whisker and plate-shaped growth, w
the usual planar growth is suppressed~possibly because o
the much lower growth temperatures: 370–500 °C for I
instead of 600–800 °C for GaN!. The typical SEM images
are presented in Fig. 1. It is evident from the scale shown
the figures that the whiskers can vary strongly in size
from tens of nanometers in diameter to tens of microns
length.

If the possibility of the existence of the VLS mechanis
is considered, then it is obvious that in order for a liquid dr
of metal to exist on a surface and a crystal to grow benea
at the same time, the arriving flux (Jads) must equal the
re-evaporated flux (Jdes): DJ35(Jads

3 2Jdes
3 )5DJ55(Jads

5

2Jdes
5 ). Of course, a flat film can also grow (2D growth! in

this case, if the conditions for this are not artificially su
pressed on the remaining surface~for example, by selecting a
plane with a much lower growth rate, such as^111& in many
semiconductors!.

The following possibilities occur.
© 1999 American Institute of Physics
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FIG. 1. SEM photographs of InN and GaN whiskers and plate-shaped crystals: a — GaN/GaAs~311!, b — InN/GaAs~311!, c — InN/Al2O3~0001!.
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1. DJ3@DJ5. A drop increases in size continuously an
rapidly, and supersaturation~growth rate! decreases in it. Fo
large decreases of supersaturation, whisker growth stops~In-
dium ~A3)-enriched growth conditions far from stoichiom
etry.!

2. DJ3>DJ5. Conical crystals, expanding toward th
vertex because of slow growth of drops or slowly growi
drops on a flat layer, will grow.~A3-enriched growth nea
stoichiometry~A3: B5.1:1)).

3. DJ3<DJ5. Conical crystals, tapering toward the ve
tex on account of the gradual decrease in the drop sizes,
grow. Planar growth without drops with an A3 deficiency is
possible.~Nitrogen-enriched growth near stoichiometry.!

4. DJ3!DJ5. A drop can vanish or solidify in the form
ill

of a polycrystal, if the supersaturation exceeds a critical le
at which spontaneous crystallization starts.~Nitrogen-
enriched growth far from stoichiometry.!

The characteristic indicators of the VLS mechanism
as follows: 1! the length-to-diameter ratio of a whiskerL/d
>10; 2! the growth rate is a quadratic function of the dro
diameter:V; f (1/d2); 3! growth occurs predominantly in th
direction of suppressed~or strongly reduced! planar growth
under ordinary conditions; 4! faceting of the lateral surface
of whiskers~planes of the plate!; 5! bending of whiskers in
definite crystallographic directions; 6! presence of a spheri
cal liquid or crystallized particle~globules! at the vertex~in
addition, its absence does not prove the absence of the
mechanism!; 7! two-stage growth — rapid increase in whi
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ker length followed by slow thickening~or growth of a flat
plate on it!.9 These indicators were all observed in o
samples of InN and GaN whiskers~plate-shaped crystals!
grown on various substrates~Fig. 1!. An ordered arrange
ment of the whiskers~and drops! along the distinguished
directions and prismatic faceting of the whiskers and th
vertices or plates — a characteristic indicator of the V
mechanism — can be seen in the figure.4

Growth by the VLS mechanism includes the followin
stages: 1! transport in the vapor phase, 2! reaction at the
vapor–liquid surface, 3! diffusion into the liquid, and 4!
crystallization processes on the liquid–solid surface. In R
9 it was shown that the limiting stage of the process is st
4 — phenomena on the liquid–solid boundary. The law
growth is not known in advance, but it can be determin
from experiment,8 and the dependence of the growth rate
the whisker~drop! diameter can be expressed as9

AV5~Dm0 /kT!Ab2~4Vavs/kT!Ab/d,

whereDm0 is the difference of the chemical potentials on t
flat vapor–liquid boundary~asd→`), Dm0 /kT is the effec-
tive supersaturation in the vapor phase above a flat surf
V is the specific volume,avs is the specific free energy o
the vapor–solid phase boundary,k is Boltzmann’s constant
T is the absolute temperature, andb is the kinetic coefficient
of crystallization for the liquid–solid boundary~by defini-
tion, it does not depend on the supersaturation!. The experi-
mental data for several samples of InN whiskers grown w
a magnetron source are presented in Table I. HereL is the
whisker length,d is the whisker diameter~measured from

TABLE I. The basic growth parameters of InN whiskers.

Nsamp L, 1024 cm V, 1029 cm/s d, 1024 cm b, 1027 cm/s Dm/kT

158 0.3 4.2 0.07 1.07 0.199
157 0.6 8.3 0.10 1.06 0.279
243 1.2 16.9 0.30 1.05 0.403
252 2.2 19.6 0.5 1.04 0.430
ir

f.
e
f
d

e,

h

SEM photographs!, V is the whisker growth rate, and the la
columns show the kinetic coefficientb and the supersatura
tion on the crystallization front Dm/kT5Dm0 /kT
2(4Vbs/kT)/d calculated from the dependenceAV
5 f (1/d).9

The dependenceAV5 f (1/d) itself is shown in Fig. 2.
Besides the quantities indicated in Table I,dcrit — the drop
diameter for the given effective supersaturations when
real supersaturations at the crystallization boundary van
and growth stops — is found from the dependence. In ot
words, the value below which the increase in the chem
potential below a curved surface~the Gibbs–Thompson
effect9! completely stops growth for the given supersatu
tion in the vapor phase. This value isd50.04 mm ~for V
50). Since the literature contains no data for InN, it w
assumed that the specific free energyavs for InN does not
differ much from the published values for Si~1617 ergs/
cm2), Ge ~1500 ergs/cm2), and GaAs~1090 ergs/cm2),9 and
the value equal in order of magnitude for the compou
A3B5–GaAs (;1000 ergs/cm2) was taken. The slope of th
dependence makes it possible to determine the kinetic c
ficients for all processes, the saturation on the crystalliza
front Dm/kT, and the effective saturationsDm0 /kT in the
vapor phase. The latter quantity~for ;700 K — the average
growth temperature! was Dm0 /kT50.465, and all other
quantities are given in Table I. The saturated vapor press
p in the vapor above the curved surface of the drop a
above a flat surface (p0) — the Gibbs–Thompson effect —
was p/p0;exp(4Vavs/kTdcr);1.6.9 As assumed, the ki-
netic coefficient does not change, being a phenomenolog
parameter expressing the dependence of the process o
driving force.8

In conclusion, in this work whiskers and plate-shap
crystals in the system A3N were grown for the first time by
MBE and their growth mechanism was investigated. It w
shown that growth occurs by the VLS mechanism with t
participation of the liquid phase. Since the main parame
~contact angle, coefficients of embedding, desorption,
adsorption! remain the same for this system of elemen
these results can also be used to understand the p
e
FIG. 2. Growth rate of InN whiskers versus th
whisker diameter.
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growth of A3B5 compounds by MBE, since in many cases
occurs with the participation of liquid or quasiliquid phas
on the surface.7 In addition, controllable growth of nano
meter-size nonplanar objects gives hope for obtaining in
future quantum wires~dots! in the A3N system by the VLS
mechanism, opening up additional possibilities for contr
ling them.

I thank V. M. Busov for obtaining the SEM photograph
and for productive discussions.
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17103 of the Russian Fund for Fundamental Research
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Radar sounding of hydroacoustic disturbances of the sea surface
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The results of an experimental investigation of the interaction of hydroacoustic and
electromagnetic fields at an air–water interface under laboratory conditions are reported. It is
shown that this phenomenon can be used under natural conditions to transmit information
from an underwater source to a receiver located in the atmosphere. ©1999 American Institute
of Physics.@S1063-7850~99!02609-9#
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One of the pressing problems in monitoring the con
tion of the world’s oceans is transmitting information fro
underwater sources to receivers located in the atmosph
The optimal information carrier in dense conducting med
such as seawater, is an acoustic wave. However, an aco
field does not penetrate into air very well and is attenua
comparatively rapidly there, so that the direct detection
acoustic signals at large distances from the interface is
possible. Remote reading of an acoustic signal is poss
using microwave electromagnetic radiation and resona
volume scattering by an acoustic wave in air near the in
face or phase modulation of the reflections from the int
face, which oscillates under the action of the hydroacou
signals on it. The characteristics of the first method of re
ing were investigated in Refs. 1–3, and in Refs. 4–6 it w
shown that the second method is in principle realizable. T
experimental investigation whose results are reported in
present letter was conducted in order to make an assess
of the possibility of practical applications of the seco
method under natural conditions.

The experimental investigation of the method of rem
detection of a hydroacoustic signal according to the ph
modulation of microwave reflections from the air–water
terface was conducted in the tank at the Science and In
trial Association ‘‘D. I. Mendeleev All-Russia Scientific
Research Institute of Metrology.’’ The experiment
conditions and the arrangement of the apparatus co
sponded to Ref. 3.

The frequency of the hydroacoustic oscillations was
kHz. The microwave~3.2 cm! receiver–transmitter wa
placed in a cab which was moved by an overhead track h
in the space above the tank. After the phase detector,
signal entered a selective amplifier tuned to the frequenc
the acoustic oscillations. The signal from the output of
selective amplifier was recorded with a level plotter.

The amplitude of the vibrations of the water surface
related with the densityPS of the acoustic power flux at th
interface as

A5~2PS /rn!1/2/~2p f !, ~1!

wheref is the frequency of the oscillations,r is the density
of the liquid, andv is the velocity of sound in water.
7451063-7850/99/25(9)/4/$15.00
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The value ofPS is related with the powerPa and delthH
of the hydroacoustic source as

PS5GPa /~4pH2!, ~2!

whereG is the gain of the radiator.
From the relation~1!, using Eq.~2! and substituting the

values for waterr5103 kg/m3 andn51.53103 m/s, we ob-
tain

A50.5310211~GPa!1/2/~ f H !. ~3!

The voltage at the output of the selective amplifier
proportional to the amplitude of the vibrations.4 Therefore
we can write

u;~GPa!1/2/~ f H !. ~4!

Figure 1 shows examples of the traces on the reco
chart for the acronym VNIIM transmitted in Morse cod
The hydroacoustic radiator was located at a depth of 0.9
and the cab with the receiver–transmitter for reading inf
mation from the water surface was located 4.0 m from
water surface. Analysis of the traces presented shows th
all cases information is transmitted without distortion.

To obtain the experimental dependences for e
45–60 s realization, the values of the contrastK5ūs /ūn ,
whereūs and ūn are the average values of the voltage at
output of the selective amplifier with the sound sour
switched on and off, respectively, were determined. The c
trast as a function of the various measurement condition
presented in Fig. 2.

Figure 2a shows the values of the contrast~the vertical
line characterizes the range of individual realizations! with
the radar located 3.0 m above the undisturbed water sur
for different depths of the hydroacoustic source. The fig
also shows that theoretical dependence from Ref. 4. The
crepancy between the experimental and theoretical value
H50.5 m is explained as follows. If only the partS2 of the
surfaceS1 irradiated by the radar antenna vibrates, then
contrast

K5Kmax~S2 /S1!1/2, ~5!

where Kmax is the contrast that would be obtained if th
entire surfaceS1 vibrated. Since the hydroacoustic field
spherical, Fresnel zones are formed on the water surf
© 1999 American Institute of Physics
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FIG. 1. Examples of the recorder traces (H50.9 m, h54.0 m): a — calm
water and stationary cab; b — calm water and rocking cab, c — waves on
the water surface and stationary cab, d — waves on the water surface
rocking cab.
Sound oscillations at the boundaries of these zones occu
antiphase. The radius of the section in which the phase of
oscillations differs by not more thanp/2 ~region of quasi-in-
phase vibrations! is

r 5@la~H2la/8!/2#1/2, ~6!

wherela is the acoustic wavelength in water. The expe
mental results corrected taking this into account, shown
Fig. 3 by the dashed line, agree well with the theoreti
values.

It should be noted that the effect of the incoherence
the vibrations on different sections of the surface waves m
be taken into account when choosing the operating freque
of the hydroacoustic radiator. The condition

la>4hmax, ~7!

wherehmax is the maximum height of the sea waves, must
satisfied in order that the phase difference between the vi
tions at the crest and in the trough of the sea waves
exceedp/2. Therefore lower sound frequencies must be u
as the waves intensify. However, these frequencies shoul
above the spectrum of Doppler frequencies of the reflec
signal, which are due to the waves. Therefore the radar
quency must be decreased in this case. On the other h
when the radar frequency is decreased, the sensitivity of
system decreases, since the degree of phase modulatio
creases. These considerations show that an adaptive sele
of the frequency of hydroacoustic and electromagnetic wa
can be used.

The dependence of the contrast on the voltageUac, ap-
ply to the electroacoustic transducer~Fig. 2b!, is nearly lin-
ear K;Uac. The increase in the difference of the contra
with increasingUac is due to the nonlinear dependence of t
acoustic power on the voltage applied to the transducer.

nd
-

ig-
FIG. 2. Contrast versus a — the depth of the sound
source (h53.0 m), b — the voltage of the sound fre
quency (h50.5 m), c — the height of the radar (H
50.65 m), and d — the attenuation of the received s
nal (H52.2 m, h53.0 m).
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The dependence of the contrast on the height of the ra
system above the water surface is presented in Fig. 2c.
deviation of the experimental results from the theoretical
pendenceK;h22 with increasing height is due to the fa
that the area irradiated by the radar becomes larger than
region of quasi-inphase vibrations.

The dependence of the contrast on the attenuation o
reflected signal~Fig. 2d! shows that the radar employed ca
be used to detect at height of 30 m the perturbations of
water surface by the sound source employed with a con
of not less than 1 dB. The pressure 1 m from the radiator was
6300 Pa, which givesA50.13mm for the estimated ampli
tude of the vibrations of the water surface.

We shall now estimate the limiting values of the depth
the hydroacoustic source and the height of the radar sys
on the basis of our experimental results.

Figure 3a shows the dependence, calculated from
~3!, of the vibration amplitude on the depth of the nondire
tional (G51) source of sound. It is evident from the figu
that even with high hydroacoustic radiation power the am

FIG. 3. Vibration amplitude versus the depth of nondirectional~a! and para-
metric ~b! radiators.
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tude of the vibrations of the water surface decreases
0.2mm when the source is at a deptj of the order of 120

One promising avenue for forming a narrow direction
pattern of radiators at low frequencies is to use parame
acoustic antennas.7,8

In this case the power emitted at the working frequen
f 5 f 12 f 2 is determined by the expression7

Pa53.4310215P0
2 f 2/~2Q!0

2 , ~8!

whereP05P11P2 is the sum of the powers of the emitte
signals~in W!; f 1 and f 2 are the frequencies of the initia
vibrations ~in Hz!; (2Q)0 is the width ~in degrees! of the
directional pattern of the parametric radiator at the 3 dB le
and is given by

2Q54@~a11a22a!/~k12k2!#1/2, ~9!

where a1 , a2 , and a are the absorption coefficients fo
acoustic oscillations of sea water at the primary frequenc
and at the difference frequency, respectively;k1 and k2 are
the wave numbers of the initial oscillations. Since the wo
ing frequency is much lower than the initial frequencies, a
the latter are close to one another, we can write

a1'a2'a0 ,

a11a2@a, J ~10!

wherea0 is the absorption coefficient at the frequency (f 1

1 f 2)/2. From the expression~9! we obtain, using Eq.~10!
and the equalityk12k252p f /n,

2Q'43@a0v/~2p f !#1/2. ~11!

The area of the ocean surface that is excited by the
droacoustic energy is

S5pH2tan2Q'pH2Q2. ~12!

Taking account of the relations~8!, ~11!, and ~12!, the flux
density of the acoustic power at the air–water interface
be expressed as

PS5Pa /S'2.62310220@p3/2P0f 2/~a0vH !#2. ~13!

In accordance with the expression~1!, using the relation
~13!, we obtain for the amplitude of the vibrations

A'1.14310210p1/2P0f /~a0v3/2r1/2H !. ~14!

The absorption coefficient can be determined from
formula7

a05163103p2ms~110.75mv /ms! f 0
2/~3rv3!, ~15!

where ms and mv are, respectively, the shear and volum
viscosities of the liquid.

From the expression~14!, substituting the expressio
~15! and the values for waterms50.001 Pa•s, mv /ms

52.81,v51500 m/s, andr5103 kg/m3, we obtain

A'2.2431023P0f /~ f 0
2H !. ~16!

The dependenceA(H) calculated using Eq.~16! is pre-
sented in Fig. 3b. It is evident from this figure that a pa
metric radiator makes it possible to excite vibrations of t
air–water interface with amplitude greater than 0.2mm with
the acoustic source placed at depths greater than 400 m
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Taking account of the characteristics of the means e
ployed in performing this experiment, the maximum heig
of the radar for observing vibrations of the water surfa
with an amplitude of the order of 0.13mm under the condi-
tion that the contrast is less than 1 dB can be estimated f
the relation

hmax'1.73~G1G2P!, ~17!

whereG1 and G2 are, respectively, the gains for the tran
mitting and receiving antennas of the information read
system, andP is the emitted microwave signal power.
calculation using Eq.~17! shows that the radar can be plac
at a height of several kilometers with comparatively lo
emitted powers~tens of watts! and antenna gains~of the
order of 1000!. The maximum height can be increased
using special methods to extract the signal from the no
~correlation processing, accumulation, and so on!.

In summary, the results of our experimental investig
tion show that the method of remote detection of a hydr
coustic signal according to phase modulation of 3-cm mic
wave reflections from the air–water interface can be u
-
t
e

m

g

e

-
-
-
d

under natural conditions to transmit information from an u
derwater source to a receiving point in the atmosphere.
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Effect of the rise rate of nanosecond high-voltage pulses on the breakdown of air gaps
L. M. Vasilyak, S. P. Vetchinin, and D. N. Polyakov
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Russian Academy of Sciences, Moscow
~Submitted June 2, 1999!
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The breakdown velocity increases to 10–20 cm/ns when the leading edge of the negative voltage
pulse decreases to 0.5–2.5 ns. The sharp increase in the velocity can be explained by the
appearance of a short-pulse beam of high-energy electrons which produce in the gap a sufficient
number of initial electrons. ©1999 American Institute of Physics.@S1063-7850~99!02709-3#
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Spark breakdown of long air gaps at atmospheric pr
sure occurs by the streamer and streamer–leader me
nisms. The leader velocity is 2 – 5 cm/ms,1 though the
streamer velocity can reach 1 cm/ns, and for this reason
assumed that the rise rate of the voltage pulse should
affect the shorting time of the gap. On the other hand, i
known that the breakdown of long gas tubes by pulses w
nanosecond leading edges occurs in the form of hi
velocity waves of ionization with 1–10 cm/ns shorting v
locities in the gap~Ref. 2! on account of the appearance
high-energy electrons in the wave front. It is known that t
appearance of runaway electrons during breakdown of s
gaps in dense gases by high-voltage pulses with a nano
ond leading edge makes the dynamics of breakdown subs
tially different from static or microsecond breakdown.3,4

Our objective in the present work is to investigate t
processes influencing the propagation velocity of elec
breakdown in atmospheric air with an increasing rise rate
the voltage pulse. The experimental arrangement and
methods employed are similar to those of Ref. 5. Breakdo
of up to 25 cm long air gaps with different geomet
~sphere–sphere with 4 cm diameters, plane–plane in
form of 21 cm in diameter disks, tip–plane and tip–tip wi
1 mm diameters and 4 cm length! was accomplished by
pulses with up to 420 kV amplitude, 60 ns duration, a
from 0.5 to 8 ns leading edge. The average propagation
locity of a discharge in the gap was determined from the ti
delay between the appearance of a voltage pulse on the h
voltage electrode and the appearance of a current pulse a
low-voltage electrode.5 The dependences of the average d
charge propagation velocity on the length of the discha
gap with a 420 kV voltage for negative pulses and 350
for positive pulses with different leading edge durations
presented in Fig. 1a for the sphere–sphere configuration
in Fig. 1b for the plane–plane configuration. In a nonunifo
electric field, the velocity depends strongly on the rise rate
the incident pulse and increases with decreasing leading
duration. The average velocity for negative pulses with
,3 ns leading edge decreases with increasing gap length
increases for more slowly rising pulses. Breakdown occ
most rapidly in the sphere–sphere configuration. The bre
down velocity is maximum for a 0.5 ns leading edge a
reaches 10–20 cm/ns for negative pulses in gaps less th
7491063-7850/99/25(9)/3/$15.00
s-
ha-

is
ot
s
h
-

e
rt

ec-
n-

c
f

he
n

he

e-
e
h-

the
-
e

e
nd

f
ge
a
nd

rs
k-
d
n 8

cm long. As the gap length increases, the growth velocity
the channel decreases to 2–4 cm/ns and reaches the
observed for pulses with a 5–8 ns leading edge. The s
dependence is observed in the plane–plane configura
For gaps with tip–tip and tip–plane geometries, the veloc
is lower than for the sphere-sphere geometry but greater
for the plane–plane geometry. The breakdown velocity i
uniform field for positive pulses, in contrast to negati
pulses, is somewhat higher than in a nonuniform field, an
increases with the gap length.

The high rate of development of breakdown is due
additional mechanisms which arse at high voltage rise ra
Figure 2 shows the average breakdown field correspond
to the moment breakdown is detected in a sphere–sphere
for negative pulses. It depends strongly on the duration of
leading edge. For pulses with long leading edges, the ave
breakdown fields in short gaps can reach 200 kV/cm.
pulses with extremely short leading edges, 0.5–2.5 ns, w
breakdown of short gaps occurs on the leading edge of
voltage pulse, the average breakdown fields in short g
drop sharply to 15–20 kV/cm. It should be noted that f
breakdown of gaps with a uniform field~plane–plane! by
negative pulses with an 8 ns leading edge the average br
down fields are close to the static intensity in a uniform fie

It is known that for breakdown of gaps several millim
ters long by pulses with a nanosecond leading edge a b
of fast electrons can arise initially.3 In our experiments, we
observed powerful beams of high-energy electrons in m
longer gaps. Fast electrons were detected according to
presence of x-ray bremsstrahlung. X-Ray radiation at the
face of a grounded electrode in the sphere–plane geom
was reliably detected on the basis of blackening of RT-5 fi
after three to five breakdowns only for breakdown of le
than 8 cm long gaps by negative pulses with short lead
edges 0.5–2.5 ns. For pulses with longer leading edges
x-ray radiation was observed from the gap. Using the f
method, it was possible to determine that the maximum
the fast-electron spectrum occurs at 60–100 keV. In
case, the number of fast electrons produced during bre
down was much higher than in Ref. 3.

The high-energy electron beam arising can strongly
fect the development of breakdown and can provide ul
high velocities in the case of breakdown by steep nega
© 1999 American Institute of Physics
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pulses. The propagation velocity of streamers is limited
the production of the initial electrons in front of the stream
head. Fast electrons and the accompanying secondary
trons, arising as the beam moves in the gas, produce pre

FIG. 1. Breakdown velocity versus the discharge gap length: a — sphere–
sphere, b — plane–plane:1–5 — negative polarity,6 — positive polarity;
1 — 0.5 ns leading edge,2 — 1.5 ns,3 — 2.5 ns,4 — 5 ns,5, 6 — 8 ns.
y
r
ec-
n-

ization ahead of the discharge front, which greatly facilita
the forward advancement of the front. In this case, a w
external electric field is required for motion of an ionizatio
front, even with very high velocities. This is also confirme
by the data in Fig. 2, where the voltage drop for pulses w
a short leading edge is recorded.

Under our conditions accelerated electrons appear at
stage when a breakdown wave propagates through the
in contrast to Ref. 3, where they were detected only on
leading edge of the current after the discharge shorted
gap. Their appearance is most likely explained by the mec
nism of polarization acceleration on the front of the prima
streamer,3 which develops in the near-cathode region duri
the rapid growth of the voltage. For a sufficiently stron
external field, this streamer with a strong local field at t
head grows along an ionized path produced in the gas by
fast-electron flux. As a result of the high rate of ionization
a dense gas, such a negative streamer is a powerful h
velocity ionization front, which leaves behind it a high
conductivity plasma channel. The latter transfers the e
trode potential to the streamer head. The conduction cur
flowing into the front should not be less than that requir
for charging the capacitance of the lengthening hig
conductivity plasma channel:I;CvU;502100 A, whereC
is the capacitance per unit length of the streamer channev
is the velocity, andU is the electrode potential. In the plane
plane case the uniform distribution of the field impedes
appearance of high-energy electrons.

For a positive pulse, the intensity of the electric fie
near the grounded electrode in a gap with a nonuniform fi
will be lower than at the high-voltage electrode, and fa
electrons do not form or there are few such electrons
they move in a direction opposite to the direction of moti

FIG. 2. Average breakdown field versus the discharge gap length for
sphere–sphere configuration with negative pulses:1 — 0.5 ns leading edge,
2 — 2.5 ns,3 — 5 ns.
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of the ionization wavefront; this sharply decreases their
fect on the development of breakdown.

In summary, increasing the rise rate of the negative pu
results in breakdown in the form of a high-velocity hig
current negative streamer, whose front is a source of h
energy electrons, which fly out of it in the forward directio
and produce preionization ahead of it. This mechanism g
breakdown velocities an order of magnitude higher than
streamer breakdown with photoionization ahead of the fro

This work was supported by the Russian Fund for F
damental Research~Grant No. 98-02-17435!.
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Antiferro–ferroelectric transition in the system „12x …NaNbO3—xLiNbO 3

I. B. Pozdnyakova, L. A. Reznichenko, and B. G. Gavrilyachenko

Rostov State University
~Submitted May 12, 1999!
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The dielectric properties of the system (12x)NaNbO3—xLiNbO3 are investigated. The
antiferro–ferroelectric transition region is determined for the first time. It is found that the
antiferroelectric phase is stable forx<0.015, while the ferroelectric phase is stable for
x>0.0225. The transition from one phase to another occurs in the concentration range
0.015,x,0.0225. © 1999 American Institute of Physics.@S1063-7850~99!02809-8#
-
f

in
of

o
ys

is

ed

-

an
es
ar
s
.
ta

nt
er

he
cm.
era-

The
er–
and
m.

ied

era-
ing
e–

m

As is well known, in the system (12x)NaNbO3—
xLiNbO3 the antiferroelectric~AFE! phase, which is charac
teristic of pure sodium niobate, becomes unstable even
low concentrations of the second component, transform
into the ferroelectric~FE! phase. Despite the large number
works on this system,1–4 the exact location of the AFE–FE
transition has still not been determined. In the present w
we investigated in detail the dielectric properties of the s
tem in the entire range of solubility of LiNbO3 in NaNbO3

(0<x<0.145), and the region of the AFE–FE transition
determined on the basis of the data obtained.

Ceramic samples in the system (12x)NaNbO3—
xLiNbO3 were obtained by solid-phase synthesis follow
by hot pressing using ‘‘Nbo–PT’’ grade Nb2O5. Forty four
compositions from the concentration range 0<x<0.145
with average stepDx'0.003 were investigated. The tem
perature dependences of the permittivity«(T) in the tem-
perature range 20–600 °C with a constant electric field
in the absence of a field as well as the dielectric hyster
loops were studied. The experimental samples were prep
in the form of 8–10 mm in diameter and 1 mm thick disk
The electrodes were deposited by annealing silver paste

The experimental apparatus made it possible to ob
the temperature dependence«(T) by the bridge method
7521063-7850/99/25(9)/2/$15.00
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( f 520 kHz, E;510 V/cm) under the action of a consta
electric field. The conduction current was monitored in ord
to eliminate errors in determining the field acting on t
sample; the field strength on the sample was 0.5–5 kV/
The concentration dependences of the transition temp
tures (Tc(x)) and the field-induced (DTc(x)) change inTc

were determined from the temperature measurements.
dielectric hysteresis loops were observed with a Sawy
Tower scheme at room temperature at frequency 50 Hz,
the external field applied to the sample reached 50 kV/c
The x dependences of the coercive fieldEc and the residual
polarizationP0 were determined from the data.

Analysis of the dependences«(T) in the absence of an
external electric field shows that in all compositions stud
there exists a single anomaly of«, which is stable with re-
spect to heating–cooling cycles and corresponds to temp
tures 335–405 °C during heating and 295–350 °C dur
cooling, in agreement with the results of Ref. 4. The Curi
Weiss law with the constantCw5(223.5)3105 °C is satis-
fied above the transition point.

Figure 1 shows thex dependence of the change inTc

under the action of a constant electric field for 1 kV/c
(DTc). It is evident that in samples withx<0.015, the field
re
FIG. 1. Field-induced shift of the Curie temperatu
(DTc) for 1 kV/cm versus the concentrationx in the
system (12x)NaNbO3—xLiNbO3 .
© 1999 American Institute of Physics
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FIG. 2. Coercive fieldEc and residual polarization
P0 versus the concentrationx in the system
(12x)NaNbO3—xLiNbO3 .
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shifts Tc in the direction of low temperatures, as is chara
teristic of antiferroelectrics, while forx>0.0225 the shift
occurs in the opposite direction, as in ferroelectrics. T
small peak inDTc atx50.00075 is due to the high density o
defects in these compositions, which is due to Li ions oc
pying irregular positions of NaNbO3, as confirmed by x-ray
crystallographic methods. The peak inDTc in the range
0.0175<x<0.02 indicates a high mobility of structural ele
ments due to a transition from the AFE into the FE pha
Further stabilization of the FE phase leads to ‘‘stiffening’’
the structure and, in consequence, to a decrease ofDTc in the
range 0.02<x<0.025 and a negligible change with increa
ing x (DTc;1321 °C). For this reason, the concentratio
range 0<x<0.04 is presented in the figure.

Ferroelectric hysteresis loops were observed in all co
positions, including pure sodium niobate. For an elec
field E535 kV/cm in NaNbO3 obtained using ‘‘Nbo–PT’’
Nb2O5, the coercive field is 6 kV/cm and the residual pola
ization is 2.331023 C/m2. When the field is applied gradu
ally, the threshold value at which an FE loop arises
6 kV/cm. For NaNbO3 obtained from ultrapure Nb2O5, for
E535 kV/cm, Ec52.5 kV/cm, andP051.131023 C/m2 the
threshold field is 10 kV/cm.

The presence of an FE hysteresis loop in NaNbO3 could
attest to a possible field-induced transition into the FE s
in some crystallites of the ceramic, where the direction
antipolarization makes an optimal angle with the direction
the external field, as is observed in single crystals,5 and to the
possible coexistence of AFE and FE phases in it.6 Low val-
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c
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te
f
f

ues of P0 indicate that the FE phase is metastable. T
higher values ofEc andP0 in ‘‘Nbo–PT’’ NaNbO3 as com-
pared with ultrapure material can be explained by the pr
ence in the former of a large number of various impuritie
which can stabilize the FE phase. This is supported by
fact that the threshold field for the appearance of a FE h
teresis loop is lower. Asx increased, the form of the hyste
esis loop changed as follows: Forx<0.015Ec andP0 were
essentially the same as the values obtained for NaNbO3, and
for x.0.0225Ec and P0 were appreciably higher. The de
pendencesEc(x) andP0(x) are presented in Fig. 2.

In summary, it can be asserted on the basis of the pre
investigation that in the system (12x)NaNbO3—xLiNbO3

the AFE phase is stable forx<0.015, and the FE is stable fo
x>0.0225. The transition from the AFE into the FE pha
occurs in the range 0.015,x,0.0225.

This work was partially supported by the Russian Fu
for Fundamental Research under grant No. 99-02-17575
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Role of internal stresses in the localization of plastic flow of irradiated materials
N. V. Kamyshanchenko, V. V. Krasil’nikov, V. V. Sirota, I. M. Neklyudov,
and A. A. Parkhomenko
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The collective behavior of dislocations in irradiated materials is studied using the kinetic
equation for the dislocation density, taking account of a Burgers-type nonlinearity. It is shown
that the degree of dislocation localization in slip bands is higher in the irradiated materials
than in the unirradiated materials. ©1999 American Institute of Physics.
@S1063-7850~99!02909-2#
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There now exist several theoretical approaches
studying processes in the collective behavior of dislo
tions.1 Often, in the evolutionary equations for the disloc
tion densityr(x,t) (x is the spatial coordinate andt is the
time! the nonlinearity of the plasticity processes is rep
sented by terms which are quadratic in the dislocation d
sity.

In the present letter the kinetic equations that desc
the collective behavior of dislocations taking account of
so-called Burgers nonlinearity, i.e., terms of the ty
r(]r/]x), are used.

We proceed from balance equation for the density
moving dislocations1,2

]r~x,t !

]t
1div~Vr~x,t !2DDr~x,t !!5Q~r~x,t !!, ~1!

whereV is the dislocation glide velocity,D is the dislocation
diffusion coefficient, andQ(r(x,t)) is a functional of the
dislocation density, determining the interaction of disloc
tions with one another. We shall consider a simplified mo
of a crystal, for which the moving dislocations glide in on
plane in a certain definite direction, determined by theOx
axis, and possess charges with the same sign. The disloc
glide velocity V ~since the motion is one dimensional, w
omit the sign of the vector! is, generally speaking, a func
tional of the dislocation density, since the dislocation gli
velocity can be represented as consisting of three partV
5Vext1m( f int1 f cor), whereVext is the velocity due to the
external load,m is the dislocation mobility, andf int is the
internal stress force produced, for example, by the dislo
tion charges,3 and is determined by the Green’s function f
the elastic problem

f int5bE K~x2x8,t2t8!r~x8,t8!dx8dt8,

whereb is the magnitude of Burgers vector and the functi
K(x2x8,t2t8) is determined by the nonlocal influence
the dislocation density and fluxes. In the leading approxim
tion in the spatial gradient, it can be shown that

f int5bKr~x,t !, ~2!
7541063-7850/99/25(9)/2/$15.00
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whereK is a proportionality coefficient andf cor is a correla-
tion force, arising due to the relative arrangement of
dislocations,3 and is given by

f cor5
Gb2

4pr0

]r

]x
, ~3!

whereG is the shear modulus andr0 is a certain stationary
dislocation density.

We shall assume the right-hand side of Eq.~1! to be
zero. The physical justification for this is that we are inte
ested in plastic flow in irradiated materials. According
recent works,4 irradiation has an enormous effect on disloc
tion generation at the initial stages, often almost complet
suppressing it, as a result of the strong blocking of dislo
tion sources by very small clusters of interstitial atom
Moreover, dislocation annihilation processes are likew
suppressed by irradiation, since in irradiated deformable
terials the properties of the dislocations themselves
change~expansion of dislocation nuclei, decrease of the
fect packing energy!.5

On the basis of these considerations, specifically, E
~2! and ~3!, the balance equation~1! can be written in the
form

]r

]t
1

]

]x S Vextr1mbKr21S m
Gb2

4pr0
2D D D50. ~4!

Writing r(x,t) as

r~x,t !5r01r1~x,t !,

where r0 is the average stationary dislocation density a
r1(x,t) is the fluctuation of this density, we have

]r1

]t
1a

]r1

]x
1r1

]r1

]x
52d

]2r1

]x2
, ~5!

where

a5r11
Vext

2mbK
, d5

1

2Kb S Gb2

4p
2

D

mD .

We note that the nonlinearityr1(]r1 /]x) is due to in-
ternal stresses produced by the dislocations. Analysis of
temperature dependences of the yield point of irradiated
© 1999 American Institute of Physics
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terials shows that the main effect of irradiation with neutro
and high-energy charged particles is due to an increase o
internal stresses, produced by radiation defects, on acc
of which in the irradiated materials the termr1(]r1 /]x)
should play a dominant role.5

The stationary solution of Eq.~5! has the well-known
form

r1~x,t !5adS 11tanh
1

2
~ax2a2td! D , ~6!

wherea is a constant determined by the boundary conditio
specifically,r1(x,t)→` asx2atd→2`. The solution~6!
corresponds to the edge of the Chernov–Lu¨ders band, i.e.,
the region where a jump occurs in the dislocation dens
The ratioD/m appearing in the expression ford ~see Eq.~5!!
can be written as

D

m
5

kT

n
•

vd

V
•

sa

s i
, ~7!

wherek is Boltzmann’s constant,T is the absolute tempera
ture, vd is the diffusion drift velocity of dislocations,sa is
the stress of plastic flow in the slip plane,s i is the magnitude
of the internal stresses, andn is a numerical factor (n>1).
The ratiovd /V in irradiated materials at the stage of form
tion of the localized-deformation bands decreases sharpl
a result of the large increase in the fraction of dislocatio
moving with velocities of the order of 0.1c (c is the sound
velocity! under the action of the stressessa .6 The factor
sa /s i likewise decreases with increasing irradiation dose
a result of an increase in internal stresses. As a result o
this, increasing the irradiation dose will increase the hei
of the step determined by Eq.~6!. This is illustrated qualita-
tively in Fig. 1, which shows three plots corresponding to
solution ~6! for three values of the irradiation dosep1,p2

,p3 .
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The increase in the step height as a result of irradiat
corresponds to the experimental results showing an incre
in the degree of localization of deformation in slip bands
irradiated materials. The dislocation density in them, even
doses less than one displacement per atom, is more tha
order of magnitude higher than the dislocation density in
Chernov–Lu¨ders bands in unirradiated materials.
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It is shown that dispersion is not observed in the propagation of a weakly damped wave, and
dissipation is frequency-dependent. For strongly damped waves, dispersion and
dissipation are observed. However, a wave in a viscoplastic medium decays over very short
distances and the penetration depth of strongly damped waves of defects is bounded by the skin-
layer thickness. ©1999 American Institute of Physics.@S1063-7850~99!03009-8#
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The system of dynamical equations of a dislocation
semble

B¹•I 52P, ~1.1!

]a

]t
5¹3I , ~1.2!

¹•a50, ~1.3!

S¹3a52B
]I

]t
2s, ~1.4!

derived on the basis of the gauge approach,1–3 is the starting
point for analyzing the defect field characterized by the d
location density tensora and the dislocation flux densit
tensorI in a medium with fixed effective stresss and mo-
mentumP. The quantitys andP are related by the equatio
of dynamical equilibrium

]P

]t
5¹s, ~2!

which is the condition of compatibility of Eqs.~1!. In these
expressionsB andSare new constants of the theory, and t
symbols• and 3 denote scalar and vector multiplicatio
Using the formal analogy between these equations and M
well’s equations in electrodynamics,4 the dislocation flux
density tensor can be juxtaposed to the electric field ten
the dislocation density tensor to the magnetic field intens
the effective momentum to the charge, and the stress to
current, and we can write a material relation

s5hI , ~3!

similar to the relation between the electromagnetic field
the presence of matter for a uniform conducting medium
phenomenological theories of plasticity5 this relation corre-
sponds to the definition of viscoplastic flow, whence it fo
lows that the coefficienth is a generalized viscosity of th
medium. In the general caseh is a viscosity tensor of rank 4
for which the number of independent components is de
mined by the symmetry of the medium and the tensorss and
I.

We shall study the laws of propagation of plane h
monic waves of defects in a viscoplastic medium on the
7561063-7850/99/25(9)/2/$15.00
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x-

r,
,

he

n
n

r-

-
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sis of Eqs.~1!–~3!. According to Eqs.~3! and~1.1!, the equa-
tion of dynamical equilibrium can be written as

]P

]t
52

h

B
P, ~4!

whence

P5P0exp~2t/t0!,

i.e., the effective momentum in a viscoplastic medium d
creases with time, wheret05B/h is the relaxation time.
Taking this into account and setting the right-hand side
Eq. ~1.1! equal to zero, the system of equations~1! can be
written in the form

B

S

]2a

]t2
2Da1

h

S

]a

]t
50,

B

S

]2I

]t2
2DI 1

h

S

]I

]t
50,

whereD is the Laplacian. Let us assume that the field inte
sities a and I depend only on the coordinatex. Setting
a5a0(x)exp(2ivt), we obtain for the complex amplitud
the Helmholtz equation

d2a0

dx2
1v2

B

S S 11
ih

Bv Da050, ~5!

where

k25v2
B

S S 11
ih

Bv D . ~6!

The solution of Eq.~5! ~an analogous equation is obtaine
for I 0) can be written in the form

a05c1 exp~ ikx!1c2 exp~2 ikx!,

wherec1 and c2 are unknown constants, to be determin
from the boundary conditions, and the expression fork can
be represented as

k5v~n1 ix!/C. ~7!

Here n and x are the refractive index and the absorpti
coefficient, andC5AS/B. The absorption coefficientx is
© 1999 American Institute of Physics



tu

iu
at

b
c

ne
m
c

r

a

k
F

f
s
p

ct
is

ab-
ical
ac-

rms
the
The
cks
en-
f a
-

tigue
ace,

a

e,

757Tech. Phys. Lett. 25 (9), September 1999 N. V. Chertova and Yu. V. Grinyaev
characterized by the rate of decrease of the wave ampli
in the direction of wave propagation, andn5C/V deter-
mines the phase velocity of the waves in the medium.

We shall now determine the dependence ofn andx on
the frequency of the wave and the parameters of the med
Let tand5h/Bv, called the tangent of the loss angle. Equ
ing the expressions~6! and ~7!

~11 i tand!5~n1 ix!2,

we obtain

n5A~11A11tan2 d!/2, x5A~A11tan2 d21!/2,
~8!

i.e., in a viscoplastic medium the refractive index and a
sorption coefficient depend on the frequency, sin
tand;1/v, and the medium is dispersive. When pla
waves of arbitrary form propagate in a dispersive mediu
the wave profile becomes distorted, since the phase velo
V and the damping coefficientvx/C are not the same fo
different frequency components.

Let us consider the limiting cases of large and sm
losses. For a weakly damped wave, so that tand!1 or
vt0@1,

n515const, x5tand/25x~v!, ~9!

i.e., dispersion is not observed in the propagation of a wea
damped wave, and dissipation is frequency-dependent.
strongly damped waves, tand@1, so that

n'x5Atand/25Ah/~2Bv!, ~10!

i.e., dispersion and dissipation are observed. However,
tand@1 or vt0!1 there is essentially no wave proces
since the wave decays over very short distances. The am
tude decreases by a factor ofe over a distance

d5C/~xv!5l/~2px!, ~11!
de

m.
-

-
e

,
ity

ll

ly
or

or
,
li-

which for tand@1 and n'x@1 is much shorter than the
wavelengthl. Therefore the penetration depth of defe
waves in a viscoplastic medium with strong damping
bounded by the skin-layer thickness~11!, where

x5A~A11~h/Bv!221!/2

5A~A11~hl/2pBC!221!/2.

The surface localization of waves of defects, as est
lished above, makes it possible to understand the phys
nature of many experimentally observed facts in fatigue fr
ture, and ultrasonic treatment. For example, it is known6 that
if repeated loads act on a sample, then a fatigue crack fo
in the high-stress region, usually on the surface of
sample, and propagates until complete fracture occurs.
results obtained can be used to explain why a fatigue cra
forms at the surface. The reason is that the dislocation d
sity localized at the surface corresponds, by definition o
defect in the continuum theory,7 to internal stresses concen
trated in the same region. Internal stresses engender a fa
crack, and the fluxes of defects, also localized at the surf
determine the development of the crack.
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