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Influence of electrode commutation on magnetohydrodynamic flow in a supersonic
diffuser
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The slowing of an ionized gas in a supersonic diffuser operating as a magnetohydrodynamic
~MHD! generator is investigated by numerical simulation. The calculation results, which reveal a
significant dependence of the static pressure level and the Mach number distribution in the
exit cross section of the diffuser on the design of the electrode system, are presented. ©1999
American Institute of Physics.@S1063-7850~99!00105-6#
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1. Let us consider a stationary gas flow in a flat chan
that simulates the shape of the front part of the air intake
a supersonic aircraft. The operating efficiency of an air
take is known to be determined by the pressure restora
level. One of the promising methods for raising that lev
and controlling the flow is to preliminarily ionize the gas a
employ an external magnetic field. The air intake then op
ates as a magnetohydrodynamic~MHD! generator.1,2 This
paper examines the dependence of the parameters of the
ized gas in a supersonic air intake on the variant of electr
commutation. The case of a Faraday generator with cont
ous and sectioned electrodes and the case of a Hall gene
are considered.

2. The system considered has the form of a flat chan
whose form is shown in Fig. 1. The upper and lower walls
the channel serve as electrodes. The external magnetic
induction vectorB(0,0,Bz) is perpendicular to the plane o
the figure. The stationary flow of a preliminarily ionized g
in the channel is treated under the following basic assu
tions:

a! the Reynolds number of the flowRe5r0U0L/m0

@1;
b! the extent of ionization of the gasa!1;
c! the Reynolds magnetic fieldRem5U0Lsm!1;
d! the projection of the gas velocity onto thex axis is

greater than the local velocity of sound,M.1, at all points
in the calculation region.

Herer0 , U0, andm0 are the characteristic values of th
density, velocity, and viscosity of the gas;L is the linear
scale of the flow,s is the electrical conductivity,m is the
permeability of free space, andM is the Mach number.

Under the assumptions indicated, which correspond
the conditions of flow in the air intakes of supersonic a
craft, we can use the model of an ideal gas described b
system of Euler equations, neglect the influence of ioniza
on the thermodynamic properties of the gas, and assume
the magnetic induction vector has an assigned magni
equal to the external magnetic field induction. The influen
of an external magnetic field on the flow of an electrica
conductive gas is mediated by the ponderomotive forcF
5 j3B and theJoule heatQ5 j•E. Here j is the electrical
3371063-7850/99/25(5)/4/$15.00
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conduction current density, andE is the intensity of the in-
duced electric field. When the external magnetic field ind
tion B is known, these quantities are related by a generali
Ohm’s law, which, without consideration of the slippage
ions and the electron pressure gradient, can be written in
form

j1me~ j3B!5s~E1V3B!, ~1!

where me is the electron mobility. In the MHD generato
regime the closing relation needed to calculate the pond
motive force and the Joule heat is defined in terms of
external load factor.3

When external magnetic field has the orientation in
cated, thez component of the ponderomotive force is equ
to zero. The formulas for other projections of that force a
the Joule heat depend on the variant of electro
commutation.4

a! Faraday generator with continuous electrodes. In t
case the projection of the electric field intensity vector on
line l, whose direction varies linearly from the direction
the lower electrode to the direction of the upper electrode
set equal to zero. ThenEx52Ey tanw, wherew is the angle
of inclination of line l to thex axis. Introducing the externa
load factork5Ey /uxB, we can obtain the following formu-
las for the projections of the ponderomotive force vector a
the Joule heat:

Fx5
sB2

11be
2 @be~uy2kux tanw!2ux~12k!#,

Fy52
sB2

11be
2 @uy2kux tanw1uxbe~12k!#, ~2!

Q5
sB2

11be
2

kux$be~uy2kux tanw!2ux~12k!

2@~12k!beux1uy2kux tanw#tanw%,

wherebe5meuBu is the Hall parameter.
b! Faraday generator with ideally sectioned electrod

In this case the projection of the current density vector o
© 1999 American Institute of Physics
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FIG. 1. Density isolines. a —B50.0; b —Faraday generato
with continuous electrodes,be50.0; c —Faraday generato
with continuous electrodes,be51.0; d — Faraday generato
with sectioned electrodes,be51.0; e — Hall generator,
be51.0.
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line l, which was defined above, is equal to zero. Thenj x

52 j y tanw, and under the former definition of the load fa
tor we have

Fx52
sB2

11be tanw
ux~12k!, Fy5Fx tanw, ~3!

Q52
sB2

11be tanw
~12k!uxF 11tan2w

11be tanw
kux

1S be2tanw

11be tanw
ux1uyD tanw G .

c! Hall generator. In this case the projection of the ele
tric field intensity vector onto a normal to linel is equal to
zero, givingEy5Ex tanw. The external load factor is define
by the formulak5Ex /uyB. The projections of the pondero
motive force vector and the Joule heat are defined by
formulas

Fx5
sB2

11be
2 @~be1tanw!kuy1beuy2ux!],

FIG. 2. Distribution profiles of the pressure~a! and the Mach number~b! in
the exit cross section of the diffuser.1 — B50.0; 2 — Faraday generator
with continuous electrodes,be50.0; 3 — Faraday generator with continu
ous electrodes,be51.0; 4 — Faraday generator with sectioned electrod
be51.0; 5 — Hall generator,be51.0.
-

e

Fy52
sB2

11be
2 @~12be tanw!kuy1uy1uxbe#, ~4!

Q5
sB2

11be
2

kuy$~11k!uy1beux

1@~k tanw1be!uy2ux#tanw%.

Formulas~2!, ~3!, or ~4!, together with the thermodynami
relations, close the system of equations used to describe
flow under consideration. Under the assumption of a sup
sonic flow velocity this system isx-hyperbolic. It can be
solved with the initial conditions at the entrance to the c
culation region (x50), where the values of all the gas
dynamic functions are assigned, and by the boundary co
tions for the absence of flow onto the diffuser walls.

Numerical solutions were obtained using an expli
Marsh through-calculation scheme of second-or
accuracy.5 The integration step along the Marshx coordinate
is determined from the stability condition. The differen
grid contained 60 evenly spaced points in the transverse
rection in most cases.

3. Calculations were performed for the simple physic
model of a homogeneous ideal gas with a ratio between
specific heatsg51.4. The MHD interaction is characterize
by two dimensionless parameters: the Stuart numbeS
5sB2L/r0U0 and the Hall parameterbe .

Figures 1 and 2 present some calculation results, wh
correspond to a Mach number at the entrance to the diffu
M056, a Stuart numberS50.003, and an external load fac
tor k50.5. Figure 1 shows density isolines in a diffuser
the absence of an external magnetic field~a!, in the case of a
Faraday generator with continuous~b, c!, and ideally sec-
tioned ~d! electrodes, and a Hall generator~e!. The density
was calculated relative to the density for freestream flow, a
the isolines were constructed with a spacingDr50.3. The
figures reveal the significant influence of the MHD intera
tion on the shock-wave structure and violation of the flo

,

FIG. 3. Variation of the pressure in the symmetry plane of the diffus
dashed line —B50.0; solid line — Hall generator,be51.0.
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symmetry in the presence of the Hall effect. The quality o
supersonic air intake is characterized by the pressure re
ration level in its exit cross section. Figure 2 shows profi
of the static pressure and the Mach number in that cr
section for different variants of electrode commutation a
two values of the Hall parameter. The pressure was ca
lated relative tor0U0

2. We can, first, discern a significant ris
in pressure and a drop in the Mach number due to the M
interaction. The strongest effect is achieved for electro
commutation according to the scheme for a Hall genera
However, in that case the distribution profiles of the press
and the Mach number in the exit cross section of the diffu
are most inhomogeneous. It should also be noted that
pressure level varies significantly along the diffuser. This
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illustrated by Fig. 3, which presents the distribution of t
static pressure along the diffuser axis.
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A mathematical model for the appearance of fluctuations with a spectrum inversely proportional
to the frequency~flicker or 1/f noise! upon the intersection of phase transitions is proposed.
A system with a two-valley potential, whose dynamics are described by two coupled nonlinear
Langevin equations that transform Gaussiand-correlated noise~white noise! into two
modes of stochastic fluctuations with spectra having 1/f m and 1/f n frequency distributions, where
m'1 and 1.5<n<2, is considered. ©1999 American Institute of Physics.
@S1063-7850~99!00205-0#
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For many years there has been unwaning interest in
dom processes whose spectral density varies in inverse
portion to the frequency due to the widespread occurrenc
this phenomenon and the absence of generally accepted
versal mathematical models. Stochastic processes wi
spectrum that is inversely proportional to the frequen
~flicker or 1/f noise! are observed in systems of very diver
nature, from current fluctuations in radiophysical devices
cellular automata, which simulate self-organized criticali
Numerous studies~see, for example, Refs. 1–4! have estab-
lished the main properties of 1/f noise. However, the mecha
nism leading to the appearance of a 1/f spectrum and the
location of its sources are often unclear. Most of the pu
cations devoted to this phenomenon refer to spatially dist
uted systems. The model of an exponentially bro
relaxation-time distribution,1–3 in which 1/f noise is inter-
preted as the result of the superposition of random relaxa
processes, has been used most often. A thermal mode
which heat conduction mechanisms are responsible for
1/f behavior of the spectrum, is also widely known. Ho
ever, the classical ‘‘thermal-conductance’’ model runs in
some difficulties in accounting for experimental results.1,2 In
Ref. 5 1/f noise was attributed to the presence of nonlin
heat sources in the system, and in Ref. 6 it was attribute
the interaction between diffusion and heat-conduct
modes. In Ref. 4 flicker noise was treated as a resul
Brownian motion in a bounded system.

In Refs. 7–10 we presented the results of the experim
tal discovery of thermal fluctuations with a 1/f spectrum ac-
companying the Joule heating of a superconductor in a b
ing coolant. The distinguishing feature of these experime
is the presence of only one source of stochastic signals
a 1/f spectrum in the system, which can be considered z
dimensional. Extended models of 1/f noise in spatially dis-
tributed systems cannot be used to explain the results.
origin of intense thermal fluctuations with a spectral dens
inversely proportional to the frequency can be associa
with the interaction of nonequilibrium phase transitions o
curring in the nonlinear subsystems, i.e., the current-carry
superconductor and the boiling coolant. A mathemati
3411063-7850/99/25(5)/3/$15.00
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model of intersecting nonequilibrium phase transitions in
form of a system of two coupled Langevin equations th
transforms white noise into two modes of fluctuations w
spectral densities proportional to 1/f and 1/f 2 was proposed
in Refs. 9 and 10. The distinguishing feature of this mode
the fact that the dynamic system is not a potential one. T
paper proposes a potential system which yields results s
lar to those in Refs. 9 and 10.

Let us consider a point system in which two phase tr
sitions with interacting order parametersX andY take place.
In the vicinity of the point of intersection of the lines of th
phase transitions the potential of the system can be writte
the form of the expansion11

F5F02a1X22a2Y22a12XY

1b1X41b2Y41b12X
2Y2. ~1!

Taking into account that]X/]t52]F/]X and ]Y/]t
52]F/]Y and introducing fluctuating forces in the form o
the additive termsG1(t) and G2(t),whereG1(t) and G2(t)
are Gaussiand-correlatednoises, we can go over to a syst
of coupled Langevin equations:

dX/dt522b12XY224b1X312a1X1a12Y1G1~ t !,

dY/dt522b12YX224b2Y312a2Y1a12X1G2~ t !.
~2!

The system~2! was solved numerically by Euler’s
method with various parameters. The spectral density of
fluctuations was determined from the numerical solutions
tained forX(t) and Y(t) by fast Fourier transformation. In
the simplest case, in which the solutions have diverg
spectral characteristics, the parameters of the system
b1251/2, b15a1251, anda15a25b250, and the system
~2! takes on the form

dX/dt52XY224X31Y1G1~ t !,

dY/dt52YX21X1G2~ t !. ~3!

In the absence of external noise the solution has the
lowing asymptotes att→`: X(t)→t21/2 andY(t)→t1/2. The
results of numerical calculations for an integration stepdt
© 1999 American Institute of Physics
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50.01, a realization lengthN5262143 points, and the em
ployment of a Gaussian sequence of random numbers w
zero mean and a standard deviations55 as external noise
~the results do not change fundamentally, if it is assumed
G15G2) are presented in Fig. 1. It can be seen from Fig
that the frequency dependence of the spectral densitySX( f )
of the fluctuations ofX(t) has the form 1/f m, wherem'1. In
other words, the system~3! generates 1/f noise. The spectra
density of the fluctuations of the order parameterY(t) de-
pends on frequency according to anSY( f )}1/f n law, where
1.5<n<2. As the number of points is increased for an a
signed integration step and dispersion of the external no
the branches of the spectra become horizontal. Thus, fo
signeddt and s, divergent spectra are observed only in
bounded frequency range. However, this range can be
tended in the low-frequency direction and the divergent lo
frequency asymptote can be traced, if the integration ste
decreased by a factor ofn with a simultaneous increase in th
standard deviations by a factor ofn1/2 as the number of
intervals is increased by a factor ofn. Thus, if we would
have true ‘‘white’’ noise as a sequence ofd functions with
an infinitesimal spacing, it is possible that 1/f behavior
would also be observed whenf→0.

FIG. 1. Spectral densitySX( f ) of fluctuations of the order parameterX and
a realization ofX(t). Dashed line — plot ofSX( f )}1/f 1.05.
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The potential in whose field the system undergoes r
dom walks described by the system~3! has the form

F5F02XY1X41
1

2
X2Y2. ~4!

The form of the potential surface~4! and the potential
relief are shown in Fig. 2. The potential surface has t
valleys, which are located in the first and third quadrants a
separated by potential barriers. In the absence of exte
noise the phase trajectory is located entirely in one of
valleys, depending on the initial conditions. The motion
then infinite with respect toY, and the process is nonstation
ary. When the amplitude of the external noise is small,
system undergoes random walks within a valley. As
noise intensity is increased, jumps from one valley to
other begin, and 1/f noise is observed in the system. Th
process becomes stationary, because the external noise
not let the system go too far along a valley. When the int
sity of the external noise is excessively high, the syst
ceases to undergo Brownian motion along the valleys,
dynamics are specified completely by jumps between v
leys, and the spectral densities have a typical Lorentz
form.

Thus, random walks in a two-valley potential lead to t
appearance of fluctuations with a 1/f spectrum. The mecha
nism of the appearance of flicker noise is associated, as in
model with an exponentially broad distribution of relaxatio
times,1–3 with overcoming different potential barriers. In th
model proposed here a distribution of barriers is not pos
lated, but it is specified by the form of the potential~4!, in
whose field the random walks take place. It is then not n
essary to assume that the system is spatially distributed.

The intersection and interaction of two phase transitio
comprise a fairly widespread phenomenon. For this rea
the proposed model can be fairly universal and can serv
a basis for explaining 1/f noise in a broad class of process
with phase transitions.

We thank V. P. Skritsov for discussing the results.
This work was carried out with support from the Russi

Fund for Fundamental Research~Project Code 96-02-
16077a!.
FIG. 2. Form of the potential surfaceF(X,Y) ~a! and po-
tential relief ofF(X,Y) ~b!.
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Near-threshold mode synchronization and Q switching in diode lasers with a fast
saturated absorber
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The near-threshold lasing regimes of AlGaAs lasers with an implanted saturated absorber under
short pulsed pumping are investigated experimentally. A near-threshold mode-
synchronization regime is obtained. ©1999 American Institute of Physics.
@S1063-7850~99!00305-5#
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1. INTRODUCTION

Both passiveQ-switching and mode-synchronization r
gimes can be obtained in multisection diode lasers, in wh
one of the sections functions as a saturated absorbe
mode-synchronization regime is generally observed only
considerable distance above the threshold,1–3 where the self-
pulsations associated withQ switching are suppressed. How
ever, in the case of a fairly fast saturated absorber wit
relaxation timeta comparable to the cavity transit perio
tct52Lng /c (L is the cavity length,ng is the group refrac-
tive index, andc is the speed of light!, the rate of the mode
synchronization process rises significantly with resultant
teration of the emission dynamics near the threshold.

As was shown in Refs. 5 and 6, a saturated absorber
a very short relaxation time;10212 s can be created by io
implantation. This paper presents the results of an invest
tion of the near-threshold features of the output of dio
lasers with an implanted saturated absorber under the co
tions of short pulsed pumping and offers a qualitative exp
nation for mode synchronization near the threshold.

2. EXPERIMENTAL RESULTS

Stripe SiO2/AlGaAs double heterostructure lasers with
thickness of the active region equal to 0.2mm, a stripe width
of 10 mm, and a cavity length of about 250mm were used in
the experiments. A saturated absorber region was create
implanting 16–18-MeV N41 ions on both sides of the cavit
mirror. The penetration depth of ions with such an energy
AlGaAs is 6–8mm. The dose was varied in the range
3101021.231012 cm22. The lasers were pumped by curre
pulses with a duration of about 3 ns and a repetition rate
MHz. Smooth regulation of the pump current permitted a
justment of the pulse amplitude so that the lasers would p
duce single pulses at a minimal distance above the thresh

Typical spectra of lasers with a saturated absorber n
the threshold are shown in Fig. 1. The transition from
superluminescence regime~a! to a lasing regime~b–d! was
accompanied by a decrease in the duration of the emis
pulse. The second-order autocorrelation function was m
sured to determine the dynamic parameters of the radia
Figure 2 shows the autocorrelation curve characteristic
lasers irradiated by doses smaller than 531011 cm22. The
3441063-7850/99/25(5)/3/$15.00
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presence of spikes on the curve indicates that the light p
has a substructure, i.e., is not Fourier-confined. The dura
of the spikes is determined by the emission spectrum, w
the width of the entire curve corresponds to the duration
the light pulse. The rapid oscillations in the central spike
caused by interference, whose averaging leads to a con
ratio equal to 2:1. This value corresponds to multimode l
ing with random mode phases. The cross-correlation sp
separated from one another by the double cavity transit t
have the same width and contrast ratio. This correspond
repetition of the emission substructure after the cavity tra
time. However, interference is generally not observed in
cross-correlation spikes because of the spontaneous emi
of other sources of noise. The situation just described co
sponds to a pureQ-switching regime.

When the dose of implanted ions is greater than 112

cm22, the form of the autocorrelation function changes~Fig.
3!. At the lasing threshold the contrast of the spikes equ
4.5:1. This means that longitudinal modes are synchroni
already at the threshold in the nonstationary regime. We n
that the emission time amounts to about 100 ps, which
significantly shorter than the characteristic times for the
tablishment of a mode-synchronization regime reported
Refs. 3 and 4. As the current is increased, the degree
synchronization decreases somewhat, as is manifested
decrease in the contrast to 3:1. Nevertheless, a complete
of synchronization does not occur at least until the onse
multipeak lasing.

We also observed an intermediate case of partial m
synchronization, which collapsed completely as the pu
current was increased~Fig. 4!. Here synchronization occur
only in a very narrow current range and vanishes when
energy of the light pulse is increased by about 10%, wh
corresponds to less than a 1% change in pump amplitud

3. DISCUSSION OF RESULTS

We assume that the occurrence of mode synchroniza
near the threshold when the dose of implanted ions is su
ciently high and the dependence of the degree of synchr
zation on pump current can be qualitatively explained in
following manner.
© 1999 American Institute of Physics
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The lasing regime depends on the recovery rate of
saturated absorber, which is determined by the lifetime of
nonequilibrium carriersta . A saturated absorber obtained b
heavy-ion implantation has separate lasing and carr
recombination regions.5 The recombination process take
place in the amorphized material along ion tracks. It can t
be assumed in a first approximation thatta is determined by
the transit time of electrons to the amorphized regions,
an increase in the dose of implanted ions should lead to
increase in the speed of the absorber.

Let us consider two extreme cases of the possible be
ior of a laser with a saturated absorber near the thres
under the conditions of a short pump pulse.

Let the dose be such thatta@tct . During the passage o
the current pulse the carrier concentration in the active
gion increases and surpasses the threshold value, at w
the total gain and the total losses~including the losses in the
unbleached absorber! are equal. The number of photon
within the cavity begins to rise. When the intensity of t
light in the cavity reachesEa

s/ta (Ea
s is the saturation energ

of the absorber!, the absorber is bleached, and the los
decrease significantly as a result (Q switching occurs!. The
radiation intensity increases rapidly and grows until t

FIG. 2. Autocorrelation function for a laser with a saturated absorber
passiveQ-switching regime. The dose of implanted ions is 431011 cm22.

FIG. 1. Spectra of lasers with a saturated absorber near the threshold
dose of implanted ions is 1.231012 cm22. Light-pulse energy: 1 pJ~a!, 2 pJ
~b!, 3 pJ~c!, and 6 pJ~d!.
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population inversion in the active region is eliminated.
this case the absorber weakly senses the inhomogenei
the intensity along the cavity, since it does not manage
recover. Therefore, the rate of the mode-synchronization p
cess is not sufficient for establishing an appreciable corr
tion between the initial phases of the longitudinal mod
during the period of emission. The beating of a large num
of longitudinal modes with random phases produces rand
variation of the intensity during the timetct with a nearly
exponential distribution of the probabilityP(I ) ~Ref. 7!:

P~ I !5
1

^I &
expS 2

I

^I & D ~1!

The contrast of the spikes on the mean autocorrelation fu
tion corresponding to this distribution is 2:1.

In the opposite case of a fairly high dose of implant
ions (ta!tct), the radiated power needed to bleach the
sorberEa

s/ta increases significantly. However, the saturat
absorber becomes sensitive to the inhomogeneity of the
diation during the timetct and is bleached by local intensit
maxima, which can significantly exceed the mean radi
flux density in the cavity. Redistribution of the intensity o

a

FIG. 3. Autocorrelation function of a laser in a mode-synchronization
gime for various light-pulse energies: 5 pJ~a!, 10 pJ~b!, and 15 pJ~c!. The
dose of implanted ions is 1.231012 cm22.

FIG. 4. Transition of a laser from partial mode synchronization to puls
passiveQ switching as the light-pulse energy is increased: 3.6 pJ~a!, 3.9 pJ
~b!, and 4.5 pJ~c!. The dose of implanted ions is 431011 cm22.

he



e-
th
a

-
d
o

th
he
d
-
da
ei
-
o

-
sy
re
s

th
.
s
c
m
r-

on
h
th

fir

tio
ch

iate

tally
ulse

by
las-
eed
de-
e of
ur-

n. A
en-

mp

.
d

346 Tech. Phys. Lett. 25 (5), May 1999 Gubenko et al.
curs within the cavity as a result of the mod
synchronization process, which is considerably faster in
present case than under ordinary conditions, since the
sorber supports the effective interaction oftct /ta modes~and
not just neighboring modes!. In addition, passive mode syn
chronization is known to be a self-starting process and
velops from the fluctuation which created the original inh
mogeneity of the radiation in the cavity. The greater is
amplitude of the fluctuation, the faster is the initial rate of t
synchronization process. In our case, if the number of mo
N is not excessively large (N<tct /ta), the saturated ab
sorber ‘‘senses’’ inhomogeneities caused by intermo
beats, and, as can be seen from Ref. 1, these inhomogen
are initially large:DI;^I &. The mode-synchronization pro
cess may also be ‘‘accelerated’’ by the deep modulation
the carrier concentration in the absorberDna;na when ^I &
;Ea

s/ta ~incontrast to the ordinary case, where^I &@Ea
s/ta

and the absorber is supersaturated!. Thus, the saturated ab
sorber is bleached by a short pulse produced by mode
chronization, and a sequence of pulses is emitted with a
etition period tct . The autocorrelation function exhibit
spikes of high contrast in this case.

Let us move on to the intermediate case (ta;tct), which
is a combination of the two extreme cases. In this case
emission process can be mentally divided into two stages
the first stage (̂I & <Ea

s/ta! mode synchronization take
place, and the saturated absorber is bleached. In the se
stage (̂ I &@Ea

s/ta)the absorber is transparent, and rapid a
plification of the radiation occurs until the population inve
sion in the active region is eliminated. The phase relati
between the modes are established in the first stage, w
the bulk of the energy is emitted in the second stage. As
pump current is increased, the residence time in the
stage shortens. If the time needed for synchronization
comparable to this period, the degree of synchroniza
should decrease with increasing pump current. Just su
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dependence is observed experimentally in the intermed
case of partial mode synchronization.

4. CONCLUSION

Thus, mode synchronization,Q switching, and an inter-
mediate lasing regime have been observed experimen
near the threshold under the conditions of a short pump p
in AlGaAs lasers with a fast saturated absorber obtained
heavy-ion implantation. It has been established that the
ing regime depends on ion dose, which determines the sp
of the saturated absorber, and on pump amplitude. The
pendence on the latter is strongest in the intermediate cas
partial mode synchronization, an increase in the pump c
rent leading to a decrease in the degree of synchronizatio
qualitative explanation has been proposed for the dep
dence of the lasing regime on the amplitude of the pu
pulses and the dose of implanted ions.

This work was partially financed within contract No
IC15-CT96-0748 ‘‘NIR-Diode Laser Systems for Infrare
Spectroscopy.’’
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Electric fields with annular features in corpuscular optics
Yu. K. Golikov, D. V. Grigor’ev, and T. A. Shorina

St. Petersburg State Technical University
~Submitted December 7, 1998!
Pis’ma Zh. Tekh. Fiz.25, 23–27~May 12, 1999!

A new class of axisymmetric Laplace potentials with an annular feature that can be described by
elementary functions is introduced. The possibilities of employing these potentials in the
synthesis of energy-analyzing systems and lenses are discussed. Equipotential portraits of electric
fields with annular features are presented. ©1999 American Institute of Physics.
@S1063-7850~99!00405-X#
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1. ORIGIN OF THE NEW CLASS OF POTENTIALS

We write an axisymmetric Laplace equation in the va
ablesx andy, wherex plays the role of the radial coordinat
andy plays the role of the axial coordinate:

]2v

]x2
1

]2v

]y2
1

1

x

]v

]x
50. ~1!

A standard separation of variables yields fundamental s
tions in the form of a product of exponential and Bes
functions:1

v~x,y!5~A1J0~x!1A2Y0~x!!~B1ey1B2e2y!.

The separation of variables can be enriched significantly
Eq. ~1! is brought into a complex form using the comple
conjugate variablesz5x1 iy and z̄5x2 iy and new solu-
tions are sought in the form of a product of functions ofz and
z̄ taken individually.

Using Kolosov’s operators2

]

]z
5

1

2 S ]

]x
2 i

]

]yD ,
]

] z̄
5

1

2 S ]

]x
1 i

]

]yD , ~2!

we write ~1! in the following form:

]

] z̄
S 2z

]v

]z
1v D1

]

]z S 2z̄
]v

] z̄
1v D 50. ~3!

The search for solutions of the formv5P(z)Q( z̄), where
P(z) and Q( z̄) are unknown analytic functions, leads d
rectly to a separation of variables in Eq.~3!:

2zdP/dz1P

dP/dz
52

2z̄dQ/dz̄1Q

dQ/dz̄
52C, ~4!

where C5a1 ib is the complex separation constant. Bo
equalities in~4! can be integrated quickly and give the fo
lowing expressions forP andQ:

P~z!5
A1

Az2C
, Q~ z̄!5

A2

Az̄1C
,

whereA1 andA2 are arbitrary complex numbers. The pri
cipal part of the solution sought can be written in the for
3471063-7850/99/25(5)/3/$15.00
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v~z,z̄!5w1 ic5
1

A~z2C!~ z̄1C!

5
1

Ax21~y2b1 ia !2
. ~5!

It can be seen from~5! that both real Laplace potentials,w
and c, have an annular feature with a radiusx5a lying in
the y5b plane. The specific value ofb clearly has no influ-
ence on the form of the equipotentials, and we, therefore,
b50. Then,

w5
1

M
AM1x21y22a2

2
, c5

1

M
AM2x22y21a2

2
,

M ~x,y!5A~x21y22a2!214a2y2. ~6!

2. PHYSICAL INTERPRETATION OF SOLUTIONS

Figures 1 and 2 present equipotential portraits ofw and
c. The potentialw describes the field of a grounded condu
ing disk of radiusa, near whose edge there is an infinite
thin ring of charge. In the limit wherea→0 the potentialw
degenerates into the potential of a point charge; therefore
small values ofa it is logical to regard the ‘‘disk-ring’’ case
as a very important variant of the generalization of the fi
of a point charge. The potentialc is the spheroidal inverse o
w, and its portrait corresponds to the field of a ground
infinite circular diaphragm of radiusa, near whose edge ther
is an annular filament of charge. Because of mutual ind
tion, the features in both cases have a dipole character.

3. ANNULAR MULTIPOLES

The differentiation of~6! with respect to the axial coor
dinatey gives two series of potentials with an annular featu
of radiusa, which should be regarded as a generalization
the point multipoles obtained by the same procedure fr
the ordinary potential of a Coulomb center. The general f
mula for these multipoles in complex form is:
© 1999 American Institute of Physics
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FIG. 1. Equipotential portrait of the harmonic potentialw ~disk–
charged-ring system!. The numbers in the figure correspond to th
following potentials:1 — w50.0,2 — w50.2,3 — w50.4,4 —
w50.5, 5 —w50.6, 6 — w50.8, 7 — w51.0.
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Ax21~y1 ia !2D . ~7!

For example, a complex annular quadrupole is described
the expression

v25
y1 ia

@x21~y1 ia !2#3/2
.

As a→0, the generalized complex multipoles transform in
classical multipoles of the same order.

4. APPLICATIONS

It was shown in Ref. 3 that the motion of charged p
ticles in a field with a potential in the form of a linear supe
position with arbitrary coefficients

V~x,y!5aw1bc ~8!
by

-

reduces to an additive separation of variables in
Hamilton–Jacobi equation in spheroidal coordinates. A se
ration of variables also occurs in the Schro¨dinger equation
with the potential function~8!. This fact can be productively
utilized to devise new quantum-mechanical models in so
state physics. In addition, the generalized Coulomb centew
can be employed in the synthesis of an energy analyze
the deflector type, which generalizes the classical spher
deflector. The potentialc corresponds physically to a varian
of a single lens consisting of a grounded diaphragm, wh
opening is adjacent to a torus with an almost circular cr
section charged to a certain potential. This lens is remarka
because the course of trajectories in it can be described
actly in elliptic functions not only in the paraxial region,4 but
also in all space,3 and such a situation usually facilitates th
synthesis of systems for transporting hollow conical bea
in energy analysis. The basis set of annular multipoles w
an elementary representation together with the known c
sical field structures, viz., the fields of coaxial cylinders, co
centric spheres, hyperboloids of revolution, etc., permits
-

FIG. 2. Equipotential portrait of the harmonic potentialc
~diaphragm–charged-ring system!. The numbers in the figure cor
respond to the following potentials:1 — c521.1,2 — c 521.0,
3 — c520.8, 4 — c520.6, 5 — c520.4, 6 — c520.3,
7 — c520.2, 8 — c50.0.
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synthesis of electron-optical systems for various purpo
primarily electrostatic energy analyzers and lens systems
transporting hollow and solid beams. Under the propo
approach there is no need to solve complicated bound
value problems; therefore, trajectories can be calculated
high speed and accuracy.
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Predetonation luminescence spectrum of thallium azide
B. P. Aduev, É. D. Aluker, A. G. Krechetov, A. Yu. Mitrofanov, A. B. Gordienko,
and A. S. Poplavno 

Kemerovo State University
~Submitted August 29, 1998!
Pis’ma Zh. Tekh. Fiz.25, 28–30~May 12, 1999!

The time-resolved predetonation luminescence spectrum of thallium azide is measured by the
‘‘spectrum-during-a-pulse’’ method. Good agreement between the spectrum obtained
and the results of a theoretical calculation of the valence-band density of states of TlN3 is noted.
© 1999 American Institute of Physics.@S1063-7850~99!00505-4#
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In Refs. 1 and 2 we measured the predetonation lu
nescence spectra of the azides of silver and lead. Bot
these materials are characterized by the presence of
peaks: the first peak is at 2.25 eV for AgN3 and at 2.1 eV for
PbN6, and the second peak is at 1.45 and 1.5 eV, resp
tively. The present study, which is a continuation of the wo
in Refs. 1–3, is devoted to measuring the predetonation
minescence spectrum of TlN3.

The measurements were performed on the setup in
3, which was modified to record time-resolved luminesce
spectra from a single sample in the wavelength range 5
1000 nm.

Thallium azide in the form of pellets of thickness 30
2400 mm and diameter 10 mm, which were obtained
compacting powered TlN3 under a pressure of 43104 Pa
following its synthesis by two-jet crystallization, served
the samples for study.
3501063-7850/99/25(5)/2/$15.00
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Unlike the spectra of AgN3 and PbN6, the predetonation
luminescence spectrum of thallium azide contains four pe
at 2.35, 1.9, 1.65, and 1.4 eV.

In Ref. 4, we proposed a model of the predetonat
luminescence of heavy-metal azides, according to wh
such luminescence is caused by optical transitions
valence-band electrons to a quasilocal level formed dee
the valence band as the explosive decomposition chain r
tion proceeds. The experimental results concerning the
detonation luminescence spectrumN2(E) of thallium azide,
which can be interpreted on the basis of this model, are c
pared in Fig. 1 with new calculations of the valence-ba
density of statesN1(E).

The calculations were performed self-consistently in
local density-functional formalism using first-principle
norm-conserving separable pseudopotentials. To constru
LCAO representation of the single-particle functions of t
ce
of

the
y of
e-
FIG. 1. Comparison of the predetonation luminescen
spectrum~a! with the calculated valence-band density
states~b!: N1 , E1 — scales for the density of states (E1

50 — top of the valence band!; N2 , E2 — scales for the
luminescence spectrum;N6 — position of the level of the
quasilocal state providing the best correlation between
predetonation luminescence spectrum and the densit
states. Vertical arrows — optical transitions of valenc
band electrons to the quasilocal state.
© 1999 American Institute of Physics
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crystal for all the types of atoms~Tl and N!, we used a basis
set consisting of their pseudoatomic eigenfunctions of ths,
p, andd types, whose radial parts were determined by so
ing the corresponding ‘‘pseudoatomic’’ equations and th
finding analytical representations for them.5,6 According to
the calculation procedure,7 plane waves with energies up t
33.6 Ry and a total number up to 2800 were taken into
count in forming the secular equations. To calculateN1(E)
with good resolution (;0.01 eV!, the energy spectrum
En(k) was calculated on a fairly densek grid covering the
Brillouin zone (;104 points!.

A comparison of the experimental and calculated d
reveals that the best agreement between the predeton
luminescence spectra and the valence-band density of s
is obtained if the short-wavelength maximum in the prede
nation luminescence spectrumN2(E) is located on the
‘‘shoulder’’ of N1(E) at ;2.2 eV from the top of the va-
lence band, which corresponds to a depth of the quasil
level within the band equal to;3.4 eV.

In our opinion, the results presented in this paper,
gether with the results previously published in Refs. 1 and
-
n

c-

a
ion
tes
-

al

-
,

can be regarded as weighty evidence of the faithfulnes
the model of the predetonation luminescence of heavy-m
azides proposed in Ref. 4.

This work was carried out with the support of the Ru
sian Fund for Fundamental Research~Grant No. 98-03-
32001! and a Grant from Ministry of General and Profe
sional Education of the Russian Federation.

1B. P. Aduev, É. D. Aluker, and A. G. Krechetov, Pis’ma Zh. Tekh. Fiz
22~6!, 24 ~1996! @Tech. Phys. Lett.22~3!, 236 ~1996!#.
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Criterion for fatigue failure in steels
L. B. Zuev, V. V. Murav’ev, and Yu. S. Danilova

Institute of the Physics of Strength and Materials Science, Russian Academy of Sciences, Siberian Branch,
Tomsk;
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~Submitted November 27, 1998!
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A formal criterion for fatigue failure in steels, which permits reliable detection of the transition
to the final stage of the process on the basis of the form of the dependence of the
propagation velocity of ultrasonic waves in them on the number of loading cycles and the
derivatives of this function with respect to the number of cycles, is established. The nature of the
phenomena associated with the variation of the ultrasound velocity during the accumulation
of fatigue damage is analyzed. ©1999 American Institute of Physics.@S1063-7850~99!00605-9#
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Fatigue failure usually occurs unexpectedly, and the p
diction of service life1,2 using fatigue curves is based o
statistical models, i.e., it permits only a probabilistic, rath
than a deterministic, estimation of the service life of a s
cific part. Estimation of the residual life of a part is esp
cially difficult when there is fatigue, and thus the most co
plicated problem associated with fatigue failure is predict
its approach for an individual object. Such a problem is u
ally solved with the use of various complicated techniqu
for the early detection of fatigue microcracks.3

This paper proposes a formal criterion for fatigue failu
which is suitable for individual objects, on the basis of p
viously performed4–6 investigations of the ultrasound prop
gation velocity in fatigue-loaded samples. It was establis
in Refs. 4–6 that the ultrasonic wave propagation veloc
drops continuously during cyclic loading as the number
loading cyclesN rises, as is shown in Fig. 1a. The tot
decrease in velocity up to the moment of failure is no grea
than 33102223.531022, whichplaces fairly high require
ments on the procedures and techniques for measuring
quantity.7 The relative velocity changeV* 5V/V0 (V0 is the
velocity before the beginning of fatigue testing, andV is the
velocity afterN loading cycles! is a function ofN, and, for
example, has a three-stage form for a whole series of st
The transition from one stage to another is determined b
by the type of material and the loading conditions.

The relationship between this dependence and the s
of the material is fairly clear. Microscopic examination5

showed that while there are no appreciable structural cha
in the first stages, microcracks measuring up to 0.1 mm
observed in the last stage. The onset of the third stage o
V* (N) curve clearly signals the approach of failure. In fa
direct experiments performed on 40, 40Kh, 30KhGSA, r
and other steels showed that one sample reaching such a
has undergone only;250 loading cycles, while the duratio
of the first two stages at the same loading amplitude can
as long as 104 cycles.

The use of plots of the type shown in Fig. 1a to pred
fatigue failure is possible, but it does not provide the ac
racy needed, since the ultrasound propagation velocity
3521063-7850/99/25(5)/2/$15.00
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creases continuously over the course of the entire load
process, differing only with respect to the rate of decreas
the different stages of the process, so that it is difficult to

FIG. 1. a — Dependences of the velocity of sound in samples of steel 4
the number of loading cyclesV* (N) ~asymmetric cycle, amplitude equal t
200 MPa, and a loading frequency equal to 1 Hz!. b — The first derivative
]V* /]N5j1(N). c — The second derivative]2V* /]N25j2(N).
© 1999 American Institute of Physics
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the time of passage from the second stage to the third. It
be shown that the behavior of the first and second derivat
of V* with respect to N, i.e., j15]V* /]N and j2

5]2V* /]N2, respectively, as a function of the number
loading cyclesN is more informative, as can be seen in Fig
1b and 1c.

The form of the plot ofj1(N) mimics the U-shaped
failure rate curve known in engineering reliability theory8

but adapts it to the case of an individual part.4 Thus, it can be
assumed that the initial drop in the value of the ultrasou
velocity corresponds to the processes responsible for
working failures, that processes leading to random failure
responsible for the drop in the rate in the second stage,
that, finally, the decrease in the ultrasound velocity in
third stage has the same causes as wear failures.4 The last
stage is most dangerous, since, as microscopic examina
have shown,5 incipient microcracks, which serve as foci fo
brittle failure, appear at its onset.

The behavior of the second derivativej2(N) is espe-
cially informative, since it clearly changes sign upon tran
tion to the final stage of the process~see Fig. 1c!. This dis-
tinctly discernible moment fixes the onset of the mo
dangerous stage of fatigue failure, so that the follow
qualitative criterion for the transition to the critical stage
fatigue loading can be formulated: the service life of a par
essentially exhausted when

j25]2V* /]N25]2~V/V0!/]N2.0, ~1!

while the conditionj2<0 corresponds to a fairly large re
serve of fatigue life for the part or sample.

It is noteworthy that while the duration of the fatigu
failure process for different samples of the same material
an
es

.
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e-
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-
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differ by almost two fold, the transition to the critical stag
occurs essentially always whenV* '0.98. Thus, the condi-
tion V* <0.98 can also be regarded as a criterion for
approach of fatigue failure.

The practical employment of the proposed criterion~1!,
which is based on measurements of the ultrasound prop
tion velocity, is possible at the time of repairs or technic
servicing and does not require a preliminary measuremen
the ultrasound velocity in the unloaded part. The critic
stage of the process can be detected by observing a chan
the sign of the derivativej2(N) during a small number of
additional loading cycles.

1V. S. Ivanova,Fatigue Failure of Metals@in Russian#, Metallurgizdat,
Moscow ~1963!.

2A. J. Kennedy,Processes of Creep and Fatigue in Metals, Oliver and
Boyd, Edinburgh~1962! @Russ. transl., Metallurgiya, Moscow~1965!#.

3R. A. Collacott,Mechanical Fault Diagnosis and Condition Monitoring,
Chapman and Hall, London; Wiley, New York~1977! @Russ. transl., Mir,
Moscow ~1989!#.

4L. B. Zuev, V. Ya. Tsellermaer, V. E. Gromovet al., Zh. Tekh. Fiz.67~9!,
123 ~1997! @Tech. Phys.42, 1094~1997!#.

5L. B. Zuev, D. Z. Chirakadze, O. V. Sosninet al., Mekh. Nizk. Temp.
19~8!, 80 ~1997!.

6L. B. Zuev, O. V. Sosnin, D. Z. Chirakadzeet al., Prikl. Mekh. Tekh. Fiz.
39~4!, 180 ~1998!.

7V. V. Murav’ev, L. B. Zuev, and K. L. Komarov,Velocity of Sound and
the Structure of Steels and Alloys@in Russian#, Nauka, Novosibirsk
~1996!.

8B. S. Dhillon and C. Singh,Engineering Reliability: New Techniques an
Applications, Wiley, New York ~1981! @Russ. transl., Mir, Moscow
~1984!#.
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Acoustic field created by radial oscillations of a portion of a cylindrical channel in the
medium within the channel

I. A. Kolmakov
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Pis’ma Zh. Tekh. Fiz.25, 35–41~May 12, 1999!

An explanation for the formation of plane waves traveling in opposite directions from a region
with cylindrical waves in the medium within a channel is presented. The problem of the
form of the region generating the plane waves and the problem of the field formed near that region
are solved. The results obtained can be useful for technical applications. ©1999 American
Institute of Physics.@S1063-7850~99!00705-3#
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Radial oscillations of the walls of a cylindrical chann
of infinite length~i.e., oscillations along the radius! produce
waves which propagate only in the radial direction in t
medium filling the channel.1 When the walls of a finite seg
ment of a channel oscillate, the region with cylindrical wav
created by the segment generates longitudinal waves, w
travel in opposite directions from its end surfaces. The
periments in Ref. 2 revealed that such waves are not nor
waves, since the characteristic distributions of the acou
parameters, i.e., pressures, densities, etc., for normal wa
which are proportional to Bessel functions of the for
Ji(kr ), were not observed. In particular, measurements
the amplitude of the acoustic pressure showed that the w
formed at a certain distance from the radial end plane bou
ing the region with cylindrical waves closely resemble pla
waves. There is presently no explanation for their format
or any hypothesis regarding the mechanism for the gen
tion of such waves; nevertheless, the investigation of th
questions is very important for applied problems.

This paper gives probably the only possible explanat
for the essence of the generation of traveling plane wave
a region with cylindrical waves. A mechanism for conve
sion of the energy of cylindrical waves converging towa
the longitudinal axis into direct longitudinal motion of th
medium, which creates a field of plane waves, is syste
cally developed and investigated. For greater simplicity,
dissipation of energy is not taken into account.

It is already clear from the foregoing that the formati
of longitudinal plane waves from cylindrical waves is caus
by the presence of a sharp boundary between two reg
with different acoustic energy densities: the region with c
lindrical waves and the region without such waves adjoin
it on each of its end surfaces. Because the pressure in a
is greater than the undisturbed pressure, i.e.,P.P0, motion
of the medium from the region with the cylindrical wave
through an end surface should appear. However, as calc
tions show, the energy lost as a result has a value sig
cantly smaller than the values obtained experimentally,
the latter cannot appear as a result of the transmissio
acoustic energy through the wave end surfaces alone. Ap
ciable conversion of the energy of cylindrical waves into t
energy of plane waves is apparently possible only when
3541063-7850/99/25(5)/3/$15.00
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cylindrical waves have a nonzero axial~longitudinal! wave-
vector componentKz . The formation of az component is
possible when the front of a cylindrical wave is bent. T
bending of the wave front should, in fact, take place alrea
because of the previously mentioned pressure drop at
wave end surface, which creates a longitudinal pressur
the region without cylindrical waves. It can be shown th
such energy ‘‘movement’’ slows the motion of the wave~the
slowing is proportional to the energy transfer rate!. This also
accounts for the retardation and, thereby, the bending firs
the end portion of a cylindrical wave and then of the pa
more distant from its end surfaces.

Figure 1~left-hand part! shows wave profiles formed b
a plane intersecting cylindrical waves at various moments
time. Profile1 corresponds to the initial moment, when th
wall of the emitting segment of the channel~W! has just
formed a cylindrical wave and the ‘‘bending’’ angleu of the
front is still close to zero. When the bulk of the wave fro
reaches theOZ axis ~focusing!, the angleu reaches its maxi-
mum value, since the intensity of the cylindrical wave i
creases with decreasing radius, and a region bounded b
conic surface of the cylindrical wave, i.e., theOd8d ‘‘cone,’’
forms in the bent end portion of the front bounded by t
radial OR0 and Z0Z8 planes. Profile2 corresponds to this
moment. Then the character of the motion of the fro
changes: the points of the profile in theZ0Z8 plane continue
their motion toward theOZ axis, while the points in theOR0

plane reverse their direction of motion. As a result, at a c
tain time the profile of the diverging cylindrical wave28 is
the ‘‘mirror image’’ of profile 2 of the wave converging
toward the axis. In the case under consideration the w
vectork of the cylindrical wave is perpendicular to the su
face of the front at all points. Therefore, bending of the fro
~which is negligibly small! appears, in principle, already a
the time of formation of the cylindrical wave. However, th
longitudinal component is effectively realized only with
the cone.

Let us examine the motion of the medium in the co
during compression of the ‘‘conical piston’’ after first mak
ing several simplifying assumptions. We assume that the
dium in the cone is incompressible, that the angleu at the
apex of the cone does not vary during compression, that
© 1999 American Institute of Physics
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rate of propagation~motion! of the cone surface is consta
and equal to the velocity of soundc, that the cone genera
tricesOd8 andOd ~see Fig. 1!, therefore, move to the righ
along the normaln with the constant velocityc, that the
pointsr 0 andr 08 move along the radiir 0O andr 08O, the apex
O moves along theOZ axis, and they have the velocitie
vz5c(sinu)21 andv r5c(cosu)21 andconverge at the poin
O8 simultaneously, and that the pressure exerted by the f
on the medium in the coneP̃25P202P05const (P0 is the
undisturbed pressure, andP20 is the acoustic pressure! over
the course of the entire time of ‘‘compression’’ of the co
into a point, i.e.,t0. The basis for these assumptions is
follows. The compressibility in the near-axial region is sm
even for gases; therefore, taking it into account would lea
corrections of the order ofvz

21
•c!1; the constancy ofP2

andc during the timet0 can be estimated by a correction
the same order of magnitude. We note that the ‘‘displa
ment’’ of part of the medium from the cone will continu
until the force exerted by the end surface of the cone
comes equal to the sum of two forces, viz., the drag of
regionM formed by the medium displaced from the cone a
the pressureP0 ~see Fig. 1, right-hand part!. Let us next
consider the effect of the forces in the cone. The vecto
the forceF exerted by the conical surface on the medium
directed along a normal to it. Because of the axial symme
the radial components ofF compensate one another, and t
longitudinal components create motion along theOZ axis.
Thus, the force exerted on the medium by the cone sur
F5P2Sl.s.•n, whereSl.s. is the area of the lateral surface
the cone andn is a normal to it, induces motion of the me
dium through the end surfacer 0r 08 at a distancez0 from the
origin of coordinates with the velocity

vz~z0!5
3P̃2t

~r0 cosu!•r
. ~1!

The dynamics of the regionz0r 0lr 08[M ~see Fig. 1,
right-hand part! formed by the medium displaced from th
cone can be described using the hydrodynamic equation
an incompressible fluid in cylindrical coordinates

]vz

]t
1v r

]vz

]r
1

1

2

]vz
2

]z
1

1

r0

]P

]z
50, ~2!
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1vz
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50 ~4!

(r0 is the density of the incompressible medium! and the
boundary condition~1!. The main points in the solution ar
as follows. From~4! we obtain expressions for the radi
(v r) and longitudinal (vz) flow velocities of the medium
~outside the cone! in terms of an arbitrary function of time
f (t):

v r5
r

2
• f ~ t !, ~5!

vz52z• f ~ t !. ~6!

Integrating~2! and ~3! first over r in the range fromR(t) to
R0 and then overz from Z(t) to `, whereR(t) andZ(t) are
points on the surface of regionM, and taking into account~5!
and~6!, for the rate of motion of the boundary~points on the
surface! of regionM we obtain

]Vz
2

]Z
1

Vz
2

Z H 11
3R0

414R~R0
32R3!

2R~R0
32R3!

J
52

12R0
3

Z~R0
32R3!

•

P02P~R,Z!

r0
, ~7!

]Vr
2

]R
16

Vr
2

R
52

2

R• ln RR0
21

•

P02P~R,Z!

r0
, ~8!

where Vz5dZ(t)/dt, Vr5dR(t)/dt, and P(R,Z) is the
pressure on the boundary ofM. Solving Eqs.~7! and ~8!
under the boundary condition~1! gives

Vz5vz~z0!S Z

Z0
D

3
2
•S m1z0

21m2

m1z21m2
D

3
8 N

, ~9!

Vr5vz~z0!
R

2
•S Z

Z0
3D

1
2

•S m1z0
21m2

m1z21m2
D

3
8 N

, ~10!

wherem15R0
32R3, m253R0

3R2 lnR R0
21, andN5R0

4@R(R0
3

2R3)#21. From formulas~9! and~10! we can determine the
expressions forZ(t) andR(t):

Z~ t !5z01
1

2
vz~z0!tS c0

R2z0
D

3
2S m1z0

21m2

m1c0
2R241m2

D
3
8 N

,

~11!

R~ t !5r 01
1

4
vz~z0!tS c0

Z D
1
2H FR0

32S c0

Z D
3
2G

13
R0

2c0

Z
lnFR0

21S c0

Z D
1
2G J

3
8 N

, ~12!

wherec05r 0
2z02c3t3(sinu•cos2 u)21.

Assigning the external impulseP̃2(t), we can use~11!
and~12! to reconstruct the form of the surface of the regi
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M in the arbitrary moments in timet i , and taking into ac-
count ~9! and ~10!, we can determine the values of the v
locities of V(t i) points on the surface ofM.

The second part of the problem is to find the field c
ated by the axial ‘‘source’’~the regionM ) outside its bound-
aries, i.e., when the condition on the boundary~the surface of
M ) is assigned by~9! and~10! and the surface itself is spec
fied by ~11! and~12!. It is difficult to obtain an approximate
analytical solution of the problem in such a formulation, a
numerical solutions would probably be more expedient
this case. An analytical solution is still possible, but for d
turbances of an acoustic scale, i.e., for the case where
volume of the regionM is small compared with the volum
of the coneZ(t)•z0

21 andR(t)•r 0!1. The mean velocity of
the regionM and the medium in it during the lifetimet0 of
the region for a not very small amplitude of the extern
signal is supersonic, i.e.,Vz.c. The radial velocities are
small and shall henceforth not be taken into account. It
be shown with consideration of the assumptions made
the motion of the regionM is approximated ‘‘well’’ by the
motion of a disk of radiusr 0 with a constant velocityVz

during the time t0 and a distribution of the form exp
(2r2r0

22). The energy losses accompanying the motion of
disk are proportional to its drag and determine the leve
the disturbances generated. Under such motion a weak
continuity surface, which resembles an ellipsoid of revo
tion and ends on the internal surface of the channel, form
front of the disk.

In a cylindrical coordinate system moving with a velo
ity Vz.c along theOZ axis the problem of the field create
by a flat disk reduces to the solution of the wave equatio

]2r8

]r 2
1

1

r

]r8

]r
1g2

]2r8

]j2
5

1

c2
div f, ~13!

where j5z2Vzt, g2512Vz
2c22, f5eza0SrVz

2

3exp(2r2r0
22)d(j), S is the area of the disk,d(j) is a Dirac

delta function,ez is the unit vector alongOZ, anda0 is the
drag coefficient.

The solution of Eq.~13! obtained using integral transfor
mations of the Fourier-Hankel type and the properties of
-

n
-
he

l

n
at

e
f
is-
-
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-

lindrical functions3,4 with consideration of the conditions a
infinity has the form

r85N
j

~j22g2r̃ 2!3/2
•F12

3

4
r 0

2g2
•

~2j213g2r̃ 2!

~j22g2r̃ 2!2 G ,

~14!

where r̃ 5r 2r 0 andN5(p12)(2p)21rVz
2c22

•S.
Equation~14! also specifies the field created by the e

portion of a converging cylindrical wave. The expression
the shape of the weak discontinuity surface can be obta
from ~14!, for example, using the condition for an extremu
(]r/]j)50; however, a sixth-order equation must then
solved. The points of intersection of the surface with t
coordinate axes 0j and 0r are determined at once. In pa
ticular, the points of intersection of the surface with thej
coordinate axis are always located in front of the disk (Vz

.c) at distancesj.r 0, which increase with increasingVz .
Thus, an explanation for the appearance of longitudi

plane waves has been given, and a detailed substant
description of the mechanism for their formation has be
presented. Formulas have been derived, which can be u
if the external signal is assigned in the required form, n
only to predict and reproduce the expected experimental
ture of the wave field formed in a channel, but also to so
the problem of optimizing various systems, for example,
emitter–communication-channel–receiver system, and o
problems. The results in the present communication can
useful for technical applications.
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Press, Oxford~1987! @Russ. original, Nauka, Moscow~1986!, 733 pp.#.
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original, Fizmatgiz, Moscow~1962!, 767 pp.#.

4H. Jeffreys and B. Swirles,Methods of Mathematical Physics, 3rd ed.,
Cambridge University Press, Cambridge~1966! @Russ. transl., Mir, Mos-
cow ~1970!, Vol. 3, 344 pp.#.

Translated by P. Shelnitz



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 5 MAY 1999
One-component cesium magnetometer for measuring the residual magnetic induction in
ferromagnetic shields

N. A. Dovator

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted April 30, 1998; resubmitted January 11, 1999!
Pis’ma Zh. Tekh. Fiz.25, 42–46~May 12, 1999!

A simple design for a miniature cesium magnetometer intended for measuring the residual
magnetic induction (B0<1000 nT! in ferromagnetic shields of cylindrical shape with an internal
diameterB>15 mm is described. ©1999 American Institute of Physics.
@S1063-7850~99!00805-8#
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Unlike quantum magnetometers of theSz andSx types,
which are based on double radio-optical resonance~DROR!,1

a one-component cesium magnetometer has been create
ing a nonresonant principle for forming a signal that is p
portional to the longitudinal~along the optical axis of the
magnetometer! component of the magnetic induction.2 This
principle for constructing magnetometers was chosen
cause it is difficult to measure weak magnetic fields in
range from21000 to11000 nT with only one type of quan
tum magnetometer based, for example, on the use of eith
DROR signal (10021000 nT! or a parametric resonance si
nal in an ensemble of optically oriented atoms (0210 nT!.3,4

The operation of the cesium magnetometer descri
here is based on utilization of the dependence of the po
ization of atoms subjected to the action of circularly pol
ized optical pump radiation on the angle between the dir
tion of the magnetic field and the pump radiation bea
Under stationary conditions the expression for the magn
zation of an atomic ensemble~along the pump beam! has the
form:3

M5M0

11g2B0
2t2

2

11g2B0
2t2

21g2B1
2t1t2

, ~1!

whereM0 is the magnetization created by the pump radiat
in the absence of a magnetic field,B0 andB1 are the values
of the longitudinal and transverse~relative to the pump
beam! components of the magnetic induction,g is the gyro-
magnetic ratio, andt1,2 are the longitudinal and transvers
relaxation times of the atomic magnetization~with allowance
for optical relaxation!. It follows from ~1! that a plot of
M (B0) has the form of a symmetric curve with a minimu
at B050. Therefore, by modulatingB0 using an additional
magnetic field with the inductionBM cosVMt (VM!t2,1

21)
directed along the optical axis of the magnetometer, we
tain the variable component of the magnetizationMVM. Its
amplitude and phase depend on the magnitude of the m
netic inductionB0 and its direction~parallel or antiparallel to
the pump beam!. Since the absorption of the pumping radi
tion by an ensemble with optically oriented atoms isdS
;(M02M ),1 a magnetic field sensor including a pum
lamp, a cell with cesium, a modulation coil, and a photod
tector~Fig. 1! can serve as a null indicator for the longitud
nal component of the magnetic induction~Fig. 2!. An auto-
3571063-7850/99/25(5)/2/$15.00
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compensation system for a quantum magnetometer~Fig. 1!
was also assembled on the basis of such a null indicator.
this purpose an error signal in the form of the alternat
component of the photocurrent~with a frequencyVM/2p
580 Hz! was amplified and fed after synchronous detect
~in the form of a dc signal! into the modulation coil in the
phase in which the longitudinal component of the magne
induction was zeroed within the cell with oriented atom
Thus the compensating current (J) was proportional to the
value of the inductionB0. The self-adjustment factor~with
respect to the magnetic field! attained in this magnetomete
was;750. The calibration needed for such a quantum m
netometer (B05aJ, whereJ is the indicator current anda is
the calibration factor!, as well as its testing were performe
using an experimental system with stabilization of the m
netic field in the ferromagnetic shield5 and an alkali-metal–

FIG. 1. Block diagram of the cesium magnetometer:1 — cesium spectral
lamp;2 — lens;3 — interference filter,which transmits the cesiumD1 line;
4 — circular polarizer;5 — modulation coil, which also serves as th
feedback coil in the self-adjustment system;6 — working cell; 7 — photo-
detector;8 — selective amplifier with a synchronous detector;9 — low-
frequency generator;10 — separating capacitor;11 — indicator; 12 —
power supply;13 — high-frequencygenerator for the discharge in the c
sium lamp;14 — ferromagnetic shield.
© 1999 American Institute of Physics
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FIG. 2. Output voltage of the synchronous detector with
open feedback loop andB1540 nT.
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helium magnetometer,6 which was certified by the D. I. Men
deleev All-Union Scientific-Research Institute of Metrolog

Several features of the design of the magnetometer
described should be noted. First, its magnetic field sensor
small dimensions (B153200 mm!, which were achieved by
employing a miniature glass cell of spherical shape (B10
mm! containing cesium vapor~at room temperature! and the
buffer gas neon at a pressure of 200 Torr as the working c
as well as a resonant cesium lamp of similar dimensions
a nonmagnetic version of an FD-24K photodiode. The
mensions of the magnetic field sensor permitted perform
measurements of the residual magnetic field and, co
quently, the longitudinal shielding factor (K5B1 /B2, where
B1 is the component of the external magnetic field direc
along the axis of the cylindrical ferromagnetic shield andB2

is the analogous component of the residual magnetic fi
within the shield! for ferromagnetic shields with an interna
diameterB>15 mm. Second, in order to simplify the de
sign, we dispensed with the forced creation of the transve
magnetic fieldB1 needed for the operation of the cesiu
magnetometer. The fact that such a field is needed can e
be seen from Eq.~1!. In fact, settingB150, we see thatM
5M0 for any value ofB0, which automatically also implies
the absence of an error signal under the conditions of mo
lation of this quantity. It was found experimentally that th
magnetometer functions correctly if 30 nT,B1,300 nT.
Under the real conditions under which the measurement
the longitudinal shielding factor of a one- or two-layer fe
romagnetic shield~in the earth’s magnetic field! were per-
formed it was sufficient to utilize the residual transver
st
as
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d
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of

~perpendicular to the axis of the shield! magnetic field within
the shield as the transverse fieldB1.

The testing of the one-component cesium magnetom
gave the following results: a range for measuring the lon
tudinal component of the magnetic induction from21000 to
11000 nT1! and a sensitivity to variations of the magnet
field as small as 0.02 nT with a measurement error equa
;3 nT.2!

1!The operating range of a quantum magnetometer is determined by
magnetic-field trapping band, which, as in any static automatic con
system, depends on the width of the discriminator characteristic and
transmission factor of the controlling element~in the general case, on th
constant of the feedback coil!.

2!The amount by which the measurement error of the magnetometer
scribed exceeds its sensitivity is determined mainly by the optical shif
the magnetic resonance line of cesium atoms1 and the error of the calibra-
tion needed for this type of magnetometer.

1N. M. Pomerantsev, V. M. Ryzhkov, and G. V. Skrotski�, Physical Prin-
ciples of Quantum Magnetometry@in Russian#, Nauka, Moscow~1972!,
448 pp.
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Spektrosk.23, 282 ~1967! @Opt. Spectrosc.23, 151 ~1967!#.

4C. Cohen-Tannoudji, C. Dupont-Roc, J. Haroche, and F. Laloe, Rev. P
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Abstracts of VSOOAM@in Russian#, FTI, Leningrad~1986!, p. 52.

6E. V. Blinov, R. A. Zhitnikov, and P. P. Kuleshov, Zh. Tekh. Fiz.49, 588
~1979! @Sov. Phys. Tech. Phys.24, 336 ~1979!#.
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Autostochastic ring system of triggers connected through integrating circuits
É. V. Kal’yanov
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A ring system of triggers connected to one another by integrating circuits is studied. Equations
for a multiple-trigger ring systems are given, and the results of a numerical analysis for a
system containing three triggers are presented. It is shown that chaotic oscillations with switching
between two basins of attraction are excited in the ring system considered. The possibility
of controlling chaotic oscillations is demonstrated. ©1999 American Institute of Physics.
@S1063-7850~99!00905-2#
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Various generators with chaotic dynamics operating
both autonomous1–7 and nonautonomous8–13regimes have
been widely investigated in the recent period. Considera
attention has been focused on an autostochastic system
a double-scroll attractor governed by chaotic switchings
oscillations between two basins of attraction1,4,10–12This is
the reason for the interest in ring systems of triggers c
nected to one another by integrating circuits. Such a sys
is examined in this paper. The excitation of chaotic osci
tions with a double-scroll attractor is studied by numeri
methods, and the possibility of controlling these oscillatio
is demonstrated.

A schematic representation of an autostochastic ring
tem containingn triggers (n51,2,3. . . ) isshown in Fig. 1a.
A diagram of an individual classical trigger14 is presented in
Fig. 1b. It is formed by the inductanceLn , the resistanceRn ,
the capacitanceCn , and the nonlinear active elementgn .
The elements of the integrating circuit joining adjacent tr
gers~for example, the triggersTn21 andTn) in the diagram
in Fig. 1a are obvious, i.e., they are the resistanceRn

s and the
capacitanceCn

s .
The triggerTn together with the capacitanceCn

s forms a
familiar autostochastic Chua circuit.1 For this reason, the
scheme in Fig. 1a can be regarded as a system ofn resis-
tively coupled Chua generators. The latter allows us to
pect a possibility of exciting chaotic oscillations with tw
basins of attraction in the system under consideration.

The ring system illustrated by Figs. 1a and 1b can
described in normalized variables by the following system
3n equations.

ẋ15@d1~y12x1!1g2~y22x1!2h1~x1!#a1 ~1.1!

ẋ25@d2~y22x2!1g3~y32x2!2h2~x2!#a2 ~1.2!

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ẋn5@dn~yn2xn!1g1~y12xn!2hn~xn!#an (1.n)

ẏ15@d1~x12y1!1g1~xn2y1!1z1#s1 ~2.1!

ẏ25@d2~x22y2!1g2~x12y2!1z2#s2 ~2.2!
3591063-7850/99/25(5)/2/$15.00
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ẏn5@dn~xn2yn!1gn~xn212yn!1zn#sn (2.n)

ż152b1y1 ~3.1!

ż252b2y2 ~3.2!

. . . . . . . . . . . . . . . . . .

żn52bnyn , (3.n)

where the variablesxi , yi , andzi ( i 51,n) are proportional,
respectively, to the voltages on the capacitancesCi and Ci

s

~the variablesxi andyi) and the current in the inductanceLi

~the variablezi). A dot over a variable in the system~1!–~3!
denotes differentiation with respect to the timet. The func-
tion hi(xi) describes a nonlinear characteristic of the act
element. It is approximated by the relation

hi~xi !52Di tanh~xi !, ~4!

whereDi is a constant. The parameters of the ring system
Eqs.~1!–~3! are defined by the expressions

a i5C1 /Ci , b i5C1 /LiG1
2 , g i5Gi

s/G1 ,

d i5Gi /G1 , s i5C1 /Ci
s , Gi51/Ri , Gi

s51/Ri
s .

A numerical analysis of Eqs.~1!–~4! was carried out for
three (n53) identical, symmetrically coupled triggers. I
this case the subscripti in Di , a i , b i , g i , d i , ands i can be
omitted. It was then found thata5d51. When the control
of the oscillations of the ring system using an external sig
was calculated, the latter was included as a term on the ri
hand side of Eq. (3.n): the right-hand side of this equatio
was set equal to@2b(y31 f (t))#. Under a harmonic distur-
bancef (t)5Ac cos(vct), whereAc andvc are the amplitude
and frequency of the external signal.

Figure 2 presents bifurcation diagrams of an autonom
ring system~a! and the analogous nonautonomous ring s
tem under the influence of a controlling harmonic signal~b!.
They illustrate the distribution of the maximum values of t
oscillatory processx1(t) ~they are denoted by@x1#) as a
© 1999 American Institute of Physics
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function of the coupling parameterg. The diagrams were
obtained for increasingg and the following values of the
remaining parameters:D53, s50.1, b51.6. The initial
conditions were set equal toxi(0)5yi(0)5zi(0)50.1. The
amplitude and frequency of the external signal in the cas
Fig. 2b are equal toAc50.4 andvc50.4.

In the absence of coupling (g50) autonomous oscilla
tions are not excited~Fig. 2a!. In accordance with the posi
tive initial conditions, the system is in a stable state with
value @x1#54.8. Increasing the coupling parameter leads
passage of the ring system from the stationary state to
oscillation regime with random passage from one basin
attraction to another. This corresponds to two bands wit
random spread of maximum values ofx1(t). An increase in
g is accompanied by greater irregularity in the spread
maximum values of the oscillatory processx1(t) and a rise

FIG. 1. Schematic representation of a ring system of triggers~a! and dia-
gram of a partial trigger~b!.

FIG. 2. Bifurcation diagrams for autonomous~a! and nonautonomous~b!
operation of a three-trigger ring system.
of

e
o
an
f
a

f

in the density of the corresponding points. Atg50.19 the
system goes over to regular motions; the maximum value
x1(t) reaches@x1#537.8 atg50.2.

The introduction of a small external harmonic sign
leads to alteration of the chaotic behavior of the system,
the transition of the system to regular oscillations occurs
significantly smaller value ofg ~at g50.095). In addition,
the amplitude of the stimulated regular oscillations is alm
two orders of magnitude greater than the amplitude of
disturbing oscillations, and atg50.1 it equals 32. This at-
tests to a possibility of controlling the oscillations in th
interval gP@0.1;0.2# by an external signal. In fact, chaoti
oscillations with random switching between two basins
attraction take place in this range of variation ofg in the
autonomous regime, while regular oscillations occur in
presence of a weak external signal. A calculation of the
tractors in these two regimes showed that a chaotic dou
scroll attractor is observed in one case, while a simple li
cycle is observed in the other case. Control of the cha
oscillations~in the sense of variation of the switchings b
tween the two basins of attraction! is possible in the interva
gP@0.04;0.09#. This is revealed by a comparison of the di
grams in Figs. 2a and 2b.

The investigations described attest to the possibility
employing a three-trigger autostochastic ring system a
generator of controlled chaotic oscillations.

The system considered is also of interest from the sta
point of studying the features of operation of triggers wh
their speed rises. This is because the capacitance of the
grating circuit in the scheme considered can be manifeste
a parasitic capacitance of the inductive element of a pa
trigger when the frequency is increased.

This work was carried out with support from the Russi
Fund for Fundamental Research~Grant 98-02-16722!.
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It is shown that a semifinite modulated electron beam in a vacuum emits an electromagnetic
field. The radiation fields and the radiated power are found. ©1999 American Institute of
Physics.@S1063-7850~99!01005-8#
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It is known that a modulated electron beam moving u
formly in a vacuum does not emit waves. We show that t
statement does not apply to the portion of the beam adja
to its source~the accelerator!, and we find the radiation
fields.

The transition radiation of a modulated electron be
emerging from a semifinite plasma was investigated in R
1. Cases in which the dielectric constant of the plasma
equal to zero or infinity were analyzed in that paper. T
transition radiation of modulated beams on the spher
plasma layer surrounding a conducting sphere and in a
mogeneous plasma were investigated in Refs. 2 and 3. Le
examine the radiation from a semifinite beam in a vacuu
where there are no inhomogeneous media and the radiati
not of the transition type.

We represent the oscillating part of the densi
modulated current of a beam of infinitesimal radius pro
gating along thez axis from the pointz50 in the form

J50 at z,0,

J52eNv exp@ i ~kz2vt !# at z.0, ~1!

where k.0, v.0, v5v/k is the beam velocity,N isthe
modulation depth of the linear density of the beam, an
2e is the charge of an electron. Then, according to Ref
the axial component~the only nonzero component! of the
retarding vector potentialA is defined by the expression

Az~r ,z!52
eNv

c E
0

`

dz8
1

R8
ei [kz82v(t2R8/c)] , ~2!

whereR85@(z82z)21r 2#1/2, c is the speed of light, and th
r ,w,z cylindrical coordinate system is used.

Replacement of the integration variable in Eq.~2! gives

Az52
eNv

c
ei (kz2vt) E

j

`

dz
ei z

~z21q2r 2!1/2
, ~3!

where j52kz1k0R, k05v/c, q5(k22k0
2)1/2, and R

5(r 21z2)1/2. Whenqr@1 ~in the wave zone!, the integral
on the right-hand side of~3! can be taken approximately. A
a result, we obtain

Az.2 i
eNv
ch

ei (k0R2vt), ~4!
3611063-7850/99/25(5)/2/$15.00
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whereh5kR2k0z. It follows from the relation~4! that at
large distances the electromagnetic field represents a w
propagating from the portion of the beam adjacent to
beam source.

The expression for the only nonzero magnetic com
nent of the wave fieldHw5]Az /]r in the wave zone can be
brought into the form

Hw.2
eNv2

c2R

sinq

12
v
c

cosq

eiu, ~5!

where u5k0R2vt, sinq5r/R, cosq5z/R, and q is the
angle between thez axis and the propagation direction of th
wave.

For a fixed value ofR, the amplitude of the wave propa
gating at an angleq satisfying the condition

cosq5
v
c

~6!

will be greatest.
In this case the expression~5! takes the form

Hw.2
eNv2g

c2R
eiu, ~7!

whereg5(12v2/c2)21/2.
According to~6! and ~7!, as the relativistic factorg in-

creases, the radiation is squeezed toward thez axis, where
the amplitude of the wave grows proportionally tog. The
components of the electric field of the wave are specified
the expressions

Ez52
]F

]z
2

1

c

]Az

]t
, Er52

]F

]r
, ~8!

where

F5F11F2 , F15
c

v
Az . ~9!

In order to determine the termF2, we must take into
account the charge conservation law. For this purpose
place a chargeQ satisfying the condition

dQ

dt
1Juz50

50, ~10!
© 1999 American Institute of Physics
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whereJ is defined by~1!, at the pointr 50, z50. Then the
potentialF2 created by the chargeQ has the form

F25 i
eNv
vR

eiu. ~11!

The relations~4!, ~8!, ~9!, and ~11! specify the electric
field of the waves emitted by the beam.

In the wave zone this field has the form

E5eqHw , ~12!

where e is the unit vector along the directionq, which is
perpendicular to the propagation direction of the wave a
the vectorH. Assuming that the real currentJr is related to
the complex currentJ by the expression

Jr5
1

2
~J1J* !, ~13!

for the total energy radiated by the beam per unit time
obtain the following expression

I 5
uJu2

2c S c

v
ln

c1v
c2v

22D , ~14!
d

e

whereuJu5eNv.
The calculations show that the mean work of the fie

over the currents per unit time*0
`dzJEz is positive and equa

to uJu2/c. This means that both the electromagnetic ene
associated with modulation of the beam and the radiated
ergy are drawn directly from the beam source.

We thank I. F. Kharchenko for taking an interest in th
work and for some useful discussions.
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Spectral data on the solid-phase reaction of powdered C60 with potassium halides, which is
regarded as the main cause of the modification of the characteristic bands in the IR spectra, are
presented. ©1999 American Institute of Physics.@S1063-7850~99!01105-2#
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Vibrational spectroscopy is widely used to investiga
fullerenes and their derivatives, as well as for detecting th
and determining their concentrations in solid samples. T
spectra of C60 and C70, which have been accessible in ma
roscopic quantities since 1990, have been studied most t
oughly. Among the various sample preparation methods,
chanical dispersion of powdered fullerite particles in
volume of powdered KBr has become dominant.

A comparative analysis of the vibrational absorpti
spectra obtained by various investigators reveals a more
twofold variation in the relative intensity of the characteris
bands of C60 and their position in ranges up to 5 cm21, as
well as the appearance of bands which correspond to m
that are active in the Raman or inelastic neutron scatte
spectra.1–3 The observation of broad bands at 400–60
900–1200, and 1400– 1450 cm21 and differences in the
background level, which are most probably attributable
variation of the impurity composition of the supporting m
trix, should also be noted.

The variation of the spectral features noted cannot
attributed to possible errors in the measurement of the op
density alone4 and, according to Kratchmer’s hypothesis,5can
be associated with a reaction of the C60 molecules with the
matrix. The problem has not previously been examined
this context because of the relatively high chemical stabi
of the solid-phase supporting matrix and the weak dep
dence of the spectral features on the degree of dispersio
the fullerene particles.5–7

The chemical stability, polarizability, and distribution o
the electron density of the C60 molecule allow us to regard i
as a unique adatom,8,9 while the high electron affinityEa

52.65 eV allows drawing analogies with ions of heavyd
metals.

It may be assumed that the adsorption of C60 on the
surface of an ionic crystal can lead to polarization of t
p-electron density and an accompanying displacemen
charges in the near-surface region of the potassium ha
~KHal!.10 The polarization model presumes a dependenc
the results of the C60– KHal reaction on the halide compos
tion of the matrix, as well as a high degree of dispersion
fullerite.

To verify the dependence of the IR absorption spectra
the properties of the supporting matrix, we performed a co
3631063-7850/99/25(5)/3/$15.00
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parative analysis of the IR spectra of C60 dispersed in KCl,
KBr, and KI matrices. A fullerite powder with a concentra
tion of C60 no less than 99.5% and powdered KCl, KBr, a
high-purity KI were used. Mixtures of the KHal and fullerit
powders were prepared in a vibratory ball mill. The possi
reaction of the mixture components with the internal surfa
of the mixer was monitored by x-ray fluorescence analy
by inducing theGe band and measuring the relative conce
trations of K and Hal in the composite. Before mixing, th
powders were dehydrated at 250 °C. The IR absorption sp
tra of the KHal–C60 composites and the corresponding su
porting matrices were recorded on a Specord M-80 spec
photometer.

The common features of the spectra of these mixtu
~Fig. 1! include variation of the background level, whic
depends on the halide composition of the matrix, as wel
the formation of broad bands in the spectral ranges 400–6
900–1200, and 1350– 1470 cm21. The intensity of the broad
band at 900– 1200 cm21 decreases from KCl and KI, and it
maximum undergoes a 25– 30-cm21 bathochromic shift.

Some samples of C60– KBr and C60– KI mixtures exhibit
a periodic structure of equally spaced bands of identical
tensity at 700– 900 cm21. The dependence of the position o
the bands in the periodic structure on the halide composi
of the supporting matrix and the sample preparation and s
age conditions, particularly on the thickness of the pelle
points out the interference nature of most of the bands in
periodic structure. The appearance of an interference pa
in the spectra of samples of heterogeneous composition i
indication of homogenization of the structure of the mixtu
in comparison to the structure of the original matrix, which
confirmed by a 10-fold decrease in the diameters of
ground particles of the C60– KHal mixture in comparison to
KHal particles ground under similar conditions.

Thus, the variation of the background level and the f
mation of broad bands and periodic structures
700– 900 cm21 are spectral features which depend on t
halide composition of the matrix and cannot appear as a
sult of purely mechanical contact between the particles of
semiconductor and the dielectric and which, taken toget
indicate the occurrence of a reaction between the fulle
and KHal particles within the composite. The same conc
© 1999 American Institute of Physics
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sion follows from the water solubility of all the C60– KHal
composites prepared.

Evaporative concentrating of aqueous solutions of
composites results in the precipitation of KHal crystals an
colored amorphized phase~AP! of fractal geometry. The vol-
ume ratios of KHal and the amorphized phase in the com
sition of the dry residues after evaporation of the water,
well as the fact that the mass of the dry amorphized phas
1.5–2.0 times greater than the mass of C60 in the composite,
rule out any connection between it and impurities in t
KHal or undetected impurities in the distillate. The solubili
of the amorphized phase in weakly polar solvents like b
zene points out the possible presence of C60 molecules in its
composition.

To identify C60 in the composition of the amorphize
phase, we measured the IR spectra of the amorphized p
in matrices of the respective KHal. Figures 2 and 3 pres
the IR spectra of the amorphized phase precipitated f
solutions of C60– KCl ~Fig. 2! and C60– KBr ~Fig. 3! com-
posites. These spectra were measured in samples with a
~spectrumA! and a low~spectrumB! concentration of the
amorphized phase relative to the matrix of the respec
KHal. The presence of characteristic bands in the spectr
Fig. 2 ~spectrumB! and Fig. 3~spectrumB! indicates that
C60 appears in the composition of the amorphized phase

Diluting and mixing the amorphized phase in the ma
rial of the KHal matrix leads to a decrease in the intensity
the broad structured band at 900– 1200 cm21. The spectrum
of the highly concentrated amorphized phase recovered f
the C60– KBr composite~Fig. 2, spectrumA! does not con-
tain characteristic bands of C60, while the spectrum of the

FIG. 1. IR spectra of C60 in KCl ~A!, KBr ~B!, and KI ~C! matrices~the
spectrum of the corresponding matrices are shown below each of the
tra!.
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same amorphized phase diluted to a high degree is the
sical spectrum for C60, with the exception of a series o
weak bands, some of which~the bands at 774 and
1250 cm21) are characteristic of the Raman spectra of C60.1

In particular, the bands at 713, 741, and 776 cm21, which
have also been discovered in the inelastic neutron scatte
spectra,1–3 can be regarded as split-off bands of the band
774– 776 cm21 in the low-frequency region, in agreeme
with the baric shift of the frequencies corresponding to
Hg~3! and Hg~4! vibrational modes.11

ec-

FIG. 2. IR spectra of the amorphized phase obtained from a C60– KCl com-
posite measured in a KCl matrix:A — high concentration of the amorphize
phase;B — low concentration of the amorphized phase.

FIG. 3. IR spectra of the amorphized phase obtained from a C60– KBr com-
posite measured in a KBr matrix:A — high concentration of the amorphize
phase;B — low concentration of the amorphized phase.
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This finding means that at least some of the C60 mol-
ecules are found in a shell of interacting molecular center
the matrix composition. The relative intensities of the ch
acteristic bands and the broad bands in the ra
900– 1200 cm21 in the spectra of the C60– KCl ~Fig. 1, spec-
trum A! and AP–KCl ~Fig. 2, spectrumB! composites are
roughly identical for the low concentration of the amo
phized phase, while in the corresponding spectra of
C60– KBr ~Fig. 1, spectrumB! and AP–KBr ~Fig. 3, spec-
trum B! composites the relative intensities of these ba
differ significantly, confirming the connection between t
modification of the spectral features and the chemical co
position of the supporting matrix.

A broad band was observed in the ran
900– 1200 cm21 in the IR spectra of polymerized C60 mol-
ecules in Refs. 12 and 13. The decrease in the intensit
this band in the spectra considered here is caused by
persal of the amorphized phase, and, therefore, the
similarity element of the amorphized phase as a fractal
gregate is a fullerene-containing molecular complex. In t
context the decrease in the intensities of the broad band
the spectra of the C60– KHal composites upon passage fro
KCl to KI corresponds to the decrease in the mobility of t
complex molecular centers on the matrix surface and co
lates with the increase in electron affinity from KCl~0.1 eV!
and KB ~0.7 eV! to K ~1.0 eV!.14

We thank N. A. Charykov for supplying the C60

samples, as well as S. V. Karpov, N. I. Kochnev, A.
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Krasovski�, and A. Yu. Serov for participating in the discus
sion of the results.
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Nonstationary photocurrent in a Bi 12SiO20 crystal grown in an argon atmosphere

M. A. Bryushinin and I. A. Sokolov
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A detailed investigation of the nonstationary photocurrent in crystals with a sillenite structure
grown in an oxygen-free~argon! atmosphere is performed. Basic parameters of the
photoinduced charge carriers in the crystals investigated, such as the mean carrier lifetime and
mobility, the mean photoconductivity, the carrier diffusion length, and the Debye screening
length, are determined. ©1999 American Institute of Physics.@S1063-7850~99!01205-7#
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Measuring the nonstationary photo-emf1 is an effective
method for determining the parameters of photoindu
charge carriers in semiconductors. This method can be u
to evaluate, for example, the mean photoconductivitys0 of a
crystal, the carrier diffusion lengthLD , the mean carrier life-
time t, the mobility m, and the concentration of impurit
centersNA on which the charge distribution is formed.1–3

The mechanism for the appearance of a sign-alternating
rent in a photoconductive crystal illuminated by a oscillati
interference pattern~Fig. 1! has already been described
detail many times:1 a photocurrent appears in a sho
circuited sample as a consequence of the periodic rela
displacement of the distributions of the photoconductiv
and the electric field of charges captured in deep traps.
obtain an oscillating interference pattern, one of the two
herent light beams is phase-modulated with a frequencyv.

This paper describes an investigation of the nonstat
ary photocurrent excited in a photorefractive crystal of b
muth silicosillenite Bi12SiO20 ~BSO! grown in an argon at-
mosphere. An investigation of such crystals has already b
reported in Ref. 4; however, the experiments were car
out in a fairly narrow range of values of the spatial frequen
K of the interference pattern and the mean intensityI 0 of the
light impinging on the crystal. A high photosensitivity o
Bi12SiO20 crystals was discovered in that study, revealing
prospect for employing them as a material for construct
adaptive interferometric sensors.3 Such an application of the
nonstationary photo-emf, as well as prediction of the prop
ties of devices and systems based on photorefractive crys
require exact determination of the photoelectric parame
of the materials used. Therefore, the purpose of the pre
work was to thoroughly study the nonstationary photocurr
in a photoreactive Bi12SiO20 crystal and to determine th
basic parameters of the photoinduced charge carriers ov
broad range of variation of the parameters of the interfere
patternK and I 0.

The photorefractive Bi12SiO20 crystal grown in an argon
atmosphere measured 33535 mm. The front and rear sur
faces of the crystal (335 mm! were polished, and electrode
were deposited on the two lateral surfaces (535 mm! using
a silver paste. An LGN-215 helium-neon laser (l50.633
mm, P530 mW! served as a source of coherentlight. A
3661063-7850/99/25(5)/3/$15.00
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ML-102A electro-optic modulator was employed for pha
modulation of one of the beams. The voltage on the lo
resistance (R533 kV) was measured using a Unipan-233
selective amplifier and an SK 4-56 spectrum analyzer. T
extinction coefficient of the crystal at the wavelengthl
50.633mm was equal toa50.86 cm21.

Plots of the experimental dependence of the amplitude
the first harmonic of the nonstationary photocurrent
phase-modulation frequency are presented in Fig. 2. A
gether 34 frequency dependences of the photocurrent w
recorded for spatial frequencies equal to 57, 130, 270, 5
1100, and 2500 mm and the light intensitiesI 055.9, 12, 23,
64, 130, and 280mW/mm2.

The unusually large value of the photocurrent for BS
crystals grown under ordinary conditions should first
noted. Light intensities 2–3 orders of magnitude larger
ordinarily needed to obtain a similar signal amplitude. Th
the photoconductivity of the crystal that we investigat
(s05102621025 V21m21) was 2–3 ordersof magnitud
greater than the photoconductivity of ordinary sillenit
grown in an oxygen atmosphere.

As was shown in Ref. 5, the amplitude of the first ha
monic of the nonstationary photocurrent~for t I5t) at the
maximum of the frequency characteristic is determin
mainly by the mean photoconductivity of the crystals0:

Jv5
0.5Sm2DEDs0

21~KLD8 !2

3
2 ivtM

21~KLD8 !22v2ttM1 iv$t1tM@21~KLD!2#%
.

~1!

HereS is the area of the electrodes,m is the contrast of the
interference pattern (m50.31), D is the phase-modulation
amplitude (D50.26), ED5KkBT/e is the diffusion field,
s05emn0 is the mean photoconductivity, LD

5(mtkBT/e)0.5 is the electron diffusion length,LD8
5@(««0kBT)/(e2NA0)#0.5 is the Debye screeninglength,t
5(gNA0)21 is the lifetime,t I is the lifetimeof an ionized
donor center,tM5««0 /s0 is the Maxwellian relaxation
time, kB is the Boltzmann constant,«0 is the permittivity of
© 1999 American Institute of Physics
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free space,e is the charge of an electron,T is the tempera-
ture, m is the electron mobility,g is the electron capture
coefficient, « isthe dielectric constant of the material («
556), NA0 is the concentration of ionized donors, andn0 is
the conduction-band electron density.

We also note the nonlinear character of the depende
of the amplitude of the nonstationary photo-emf on light
tensity ~for small values ofK). Such behavior of the signa
can be attributed to the quadratic law governing the reco
bination of photoexcited charge carriers in the crystal inv
tigated. As was shown in Ref. 5, such effects can be
served in cases where the concentration of photoexc
electronsn0 exceeds the concentration of deep centers in
absence of illuminationNA(I 050). Then the lifetime of an
electron is roughly equal to the lifetime of an ionized don
t't I5(gn0)21 and is significantly dependenton light inte
sity.

We performed additional experiments to measure
photoconduction relaxation time using amplitude-modula
light.6 In these experiments an external field was applied
crystal uniformly illuminated by amplitude-modulated ligh
A nonlinear dependence of the photoconduction relaxa
time on light intensity was observed up to intensities of
order of 0.1mW/nm2 ~Fig. 3!.

FIG. 1. Scheme for measuring the nonstationary photo-emf in photocon
tive media.

FIG. 2. Dependence of the amplitude of the nonstationary photocurren
the phase-modulation frequencyv ~BSO,l50.633mm, K5130 mm!.
ce
-

-
-
-
d
e

r

e
d
a

n
e

In the case of a quadratic law governing carrier trappi
the expressions for the stationary concentrationsn0 andNA0

can be written in the following form:

n05NA05Ag0

g
5ASDNDI 0

g
. ~2!

Hereg05SDNDI 0 is the photoelectron generation rate,SD is
the generation cross section, andND is the concentration of
donor centers from which charge carriers are generated.

The frequency dependence of the photocurrentJv(v)
was approximated using formula~1!. The quantitiesSDND ,
g, andm were taken as parameters.

The following values were found for them:SDND52.1
31018 J21 cm21, g54.2310211cm3 s21, and m52.5
31022cm2V21s21. The calculated value ofSDND and the
experimentally measured extinction coefficienta could be
used to estimate the photoconduction quantum efficiencb
50.78.

Beside the nonlinear dependence of the lifetime on li
intensity, we should mention the relation betweentM andt,
which is unusual for sillenites grown under ordinary con
tions: t'20tM . Such a relation between these two para
eters is confirmed both by calculations oftM andt using the
values ofSDND , g, andm found fromthe frequency depen
dences and by experiments devised to measure the lifet
The value of t for I 05540 mW/mm2 was equal to 6.2
31024 s, and the mean photoconductivitys0 of the crystal
for I 05510 mW/mm2 is equal to 1.631025 V21 m21

~Fig. 3!.
In the case of a quadratic type of carrier trapping, t

ratio g/m5e/(s0t)'1.631029 V•cm can be estimated i
t ands0 are known. The value of this ratio for the param
eters found from the frequency characteristics of the pho
emf equals g/m'1.731029 V•cm. The relationshipt
@tM implies that the first cutoff frequencyv0 ~see Ref. 5!
on the amplitude-frequency characteristics of the photo-e
recorded for an ‘‘argon’’ crystal at small values ofK corre-

c-

on

FIG. 3. Results of measurements of the photoconductivity and the lifet
by the standard method.6 The solid lines are theoretical plots ofs(I 0) and
t(I 0) calculated for the values ofSDND , g, andm obtained.
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sponds to (t/2)21 and that the second cutoff frequencyv08
corresponds to the reciprocal of the Maxwellian relaxat
time tM

21 .
Plots of the dependence of the photocurrent on the s

tial frequency of the interference pattern are shown in Fig
As is seen from the experimental curves presented, the m
mum on theJv(K) curve shifts toward higher spatial fre
quencies when the light intensity is increased. A similar p
nomenon was previously observed in sillenites, but for
blue-green region of the spectrum. The reason for such
havior of the photocurrent is the dependence of the diffus
and Debye lengths on light intensity which exists in the c
of a quadratic trapping law. Figure 4 also shows theoret
plots of Jv(K) calculated in accordance with the values
SDND , g, andm obtained. The values ofLD andLD8 calcu-
lated for the intensities at which the experimental plots w
recorded were, respectively,LD514 mm, LD8 53.2 mm for

FIG. 4. Experimental and theoretical plots of the nonstationary photocur
as function of the spatial frequencyK of the interference pattern recorde
for two values of the light intensityI 0 on the crystal.
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I 0512 mW/mm2 and LD56.1 mm, LD8 51.4 mm for I 0

5300 mW/mm2.
The values ofg and m obtained are effective and ar

roughly two orders of magnitude smaller than the true v
ues. Just these parameters determine the characteristi
instruments and devices based on photorefractive crys
The difference between the effective and true parameter
due to the presence of a complex structure of shallow tr
ping centers in sillenites. The effective value of the mobil
m is consistent with the earlier investigations of sillenit
@m52.931022 cm2/V•s ~Ref. 7!#. The role of the attach-
ment levels is even greater in crystals grown in an arg
atmosphere: the growth of a crystal with an oxygen de
ciency leads to the appearance of a considerable numb
shallow donor centers, which are responsible for populat
the deep traps and corresponding increases in the photo
ductivity and carrier lifetime.8 The high photosensitivity of
sillenites grown in an oxygen-free atmosphere suggests
these materials will find application in the construction
optical sensors that function in the infrared and red spec
ranges.
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Phenomenological model of the anomalous behavior of the avalanche noise factor
in metal-insulator-semiconductor structures

N. E. Kurochkin and V. A. Kholodnov

Orion Scientific-Industrial Association State Unitary Enterprise, Moscow
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A model which explains the experimentally observed drop in the avalanche noise factorF with
increasing values of the stationary mean carrier multiplication factorM5^M̃ & in metal-
insulator-semiconductor~MIS! structures is proposed. The basis of the model is the retention of
carriers at the interface due to trapping either in a potential well or on surface states. The
results of the calculation correspond numerically to the experimental data. ©1999 American
Institute of Physics.@S1063-7850~99!01305-1#
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It was discovered experimentally in MIS structur
based onp-type Si in Refs. 1–3 that the avalanche no
factor F ceases to increase~and even drops! with increasing
values of the stationary mean carrier multiplication factorM
at values aboveM51022103. Such behavior ofF is para-
doxical: because of the random character of an imp
ionization act, F should always increase with increasin
M.4–7 In Refs. 1–3 the avalanche was initiated by electro
flowing into the multiplication region. Therefore, accordin
to the classical treatment in Ref. 4, whenM@1, it would be
expected thatF>kM and increases with increasingM,
wherek(E)[b/a is a monotonically increasing function o
the electric field intensityE[^Ẽ&,5–11 anda and b are the
electron and hole impact-ionization coefficients. Accordi
to the data from the experiments in Refs. 1–3,F!kM at
fairly large values ofM. It is shown below that this is actu
ally the case.

Our model of the anomalous behavior ofF(M ) is not
associated with fluctuations of the potential along
interface.1–3 It is based on the trapping of electrons for
certain time either by a potential well near the interface@such
wells exist in SiO2/Si and TiO2/Si ~Refs. 1 and 2!; see Fig.
1a# or by surface states.12 To find the surface density o
trapped carriersÑs , we use the continuity equation

q
d

dt
Ñs5 Ĩ in2 Ĩ out, ~1!

where Ĩ in5M̃ Ĩ 1 andI out5qÑs /t are the current densities o
the electrons flowing toward the interface from the multip
cation region in the narrow-gap (N) layer and the electron
flowing into the wide-gap (W) layer, respectively~Fig. 1a!,
Ĩ 1 is the current density forM51, t is the characteristic
release time of the trapped carriers, andq is the charge of an
electron.

The voltage on the structureV5ṼW1ṼN is the sum of
the voltages on theW- and N-layers ṼW and ṼN ~Fig. 1b!.
Assuming that theN-layer is uniformly doped1–3 and that the
value ofẼ in theW-layer at large values ofM is determined
3691063-7850/99/25(5)/3/$15.00
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mainly by the chargeqÑs ~Refs. 10, 12, and 13!, under
short-circuit conditions~Fig. 1b! we can write

VN

dEN

EN
52VW

dNs

Ns
, ~2!

wheredEN anddNs are small~fluctuational! deviations from
the stationary mean values^Ñs&[Ns and^ẼN&[EN (ẼN is-
the field in theN-layer near the interface!, VN5^ṼN&, and
VW5^ṼW&. As can be seen from~2!, a positive fluctuation
dNs.0 decreases@due to screening by the charge2q•dNs

,0 ~Refs. 13 and 22!# the field in theN-layer (dEN,0) and
consequently lowers the intensity of the avalanche proce

Sincea andb drop sharply asE decreases and the ga
width increases,5–11,14andE(x) falls off across the width of
the N layer, we assume that carrier multiplication occu
only in a narrow part of the space-charge layer~SCL! within
the N-layer near the interface ~the d-function
approximation15!. In this approximation, using Read’
relation16

Ĩ ~ t !5
1

L E
SCL

@ Ĩ n~ t,x!1 Ĩ p~ t,x!# dx, ~3!

whereĨ n and Ĩ p are the electron and hole current densities
the space-charge layer,L is its thickness, and neglecting th
small flux of carriers flowing from theW-layer into the
N-layer, for M@1 we can obtain the following expressio
for the current density in the external circuit:

Ĩ ~ t !5
1

T S E
t2TN

t

Ĩ in~ t8! dt81E
t2TW

t

I out~ t8! dt8D , ~4!

whereT5TN1TW , andTN and TW are the transit time of
holes and electrons across the space-charge layer and
W-layer, respectively. The relations~2! and ~4! allow us to
write Ĩ (t) in the form of a linear functional ofdNs(t8) av-
eraged over the timeT. This means that the smaller is th
relaxation timet r of the fluctuational deviations compared
T, the smaller are the current fluctuations in the exter
circuit.
© 1999 American Institute of Physics



-

e

a-

nt
1
-

ch

-
f

-

9,

n

ear

f

370 Tech. Phys. Lett. 25 (5), May 1999 N. E. Kurochkin and V. A. Kholodnov
At large values ofM the timet r decreases with increas
ing M. In fact, after representing the functionM (V) in Mill-
er’s form17–19

M5
1

12~VN /VNB!sn~VN!
, ~5!

from the linearized equation~1! and the relation~2! we can
obtain the following expressions forM@1:

d

dt
dNs52

dNs

t r
, t r5

t

11~V/VNB21!snBM
, ~6!

whereVNB is the breakdown voltage of theN-layer,5–10,18,19

sn(VN) is the exponent for the flow of electrons into th
multiplication region, andsnB is the value ofsn for VN

→VNB , which was calculated numerically in Ref. 20. An
lytical expressions for the exponent~also for the flow of
holes into the multiplication region!, which are quantitatively
consistent with the results in Ref. 20 and the experime
data in Refs. 17 and 21–25, were derived in Refs. 18 and
The decrease int r with increasingM also causes an anoma
lous dependence ofF on M at large values ofM.

When there is no correlation between the avalan
noise and the noise of the electrons flowing into theW-layer,
the fluctuation spectrum ofÑs is the sum of the correspond
ing spectral noises4–7 multiplied by the dynamic function o
the system.5,26 Therefore, using Eq.~6!, we find that

^~dNs!
2&~v!5~2qI0kM312qIout!

t r
2

~11v2t r
2!q2

5
2I 0M2

q
•~kM1M 21!

t r
2

11v2t r
2

. ~7!

The dispersion of processes of the typeĩ (t)5(q/T)
•* t2T

t @ ñ(t8)/t r # dt8 can be described by the familiar Mc
Donald formula26

FIG. 1. Energy diagram of@Ec(x)# of the bottom of the conduction band o
a structure near the interface~a! and electrical diagram~b!.
al
9.

e

^~ ĩ 2^ ĩ &!2&5
1

pT
•S q

t r
D 2

3E
0

`^~dn!2&~v!

v2
•@12cos~vT!# dv.

~8!

If TN!TW ~Refs. 3 and 27!, the first term in~4! can be
neglected. Then, for

M@Ma[
VNB

SnBVW
, ~9!

if we take into account that, as follows from Refs. 18 and 1

SnB5
4kB ln kB

kB21
~10!

under the conditions considered here, we can obtain

FIG. 2. a — Theoretical~1! and experimental~2, Refs. 3 and 27! depen-
dences of the avalanche noise factorF on the carrier multiplication factorM
for SiC/Si heterostructures. The experimental dependence ofM on the volt-
ageV applied to the structure that was used in the calculation ofF th(M ) ~3,
Refs. 3 and 27! and theF(M ) curve predicted by the generally know
McIntire relation4–7 ~4! are also shown. b— Dependence of the ratiokB

between the hole and electron impact-ionization coefficients in silicon n
an interface on the concentration of shallow impurity acceptorsNA for VN

→VNB used in the calculation ofF th(M ).
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F[
^~dI !2&

^ Ĩ &2
>

kB

snB

VNB

VW
5

kB
21

4lnkB

VNB

V2VNB
, ~11!

wherekB is the value ofk near the interface forVN→VNB .
It can be seen from formula~11! that F falls off with

increasingV, i.e., with increasingM.
The experimentalM (V) andF(M ) curves presented in

Refs. 3 and 27 for SiC/Si heterostructures~Fig. 2a! permit a
numerical comparison of the conclusions of the theory p
posed above with experimental data. The calculation w
performed using the dependence ofkB on the concentration
of shallow impurity acceptorsNA in Si shown in Fig. 2b.7 It
can be seen from Fig. 2a that the results of our calcula
will be in satisfactory quantitative agreement with the e
perimental data if we setNA>531015 cm23. Such values of
NA correspond to the doping level of silicon in the expe
mental structures in Refs. 3 and 27. Approximately the sa
values ofF(M ) as in Ref. 3 and 27 were observed in Ref.
The somewhat smaller theoretical valueF5F th compared
with the experimental valueF5Fexp can be attributed to the
following factors.

First, in a real situation the exponentsB in Miller’s rela-
tion for VN→VNB is smaller than the value given by formu
~10!.18,19 This is due to the ability of holes to also effe
impact ionization, which, in principle, cannot be taken in
account by thed-function approximation15 when they are not
injected from theW-layer into theN-layer. Since, when such
injection occurs, even thed-function approximation gives a
value sB,snB ~Refs. 15, 18, and 19! ~in the case of appre
ciable injectionsB can be as much as four times smaller th
snB

18,19!. Third, the carrier multiplication in theW-layer was
neglected in our treatment. Such an approximation~like the
neglect of carrier multiplication in the highly doped part of
sharply asymmetricp2n homojunction28! is not always per-
missible even when there is large difference between the
widths in theW- and N-layers.29 The last two factors are
possibly responsible for the roughly threefold increase in
value of Fexp(M ) in Ref. 2 in comparison to the values o
Fexp(M ) in Refs. 1, 3, and 27@we also note that forNA

.1016 cm23 ~Ref. 2! the value ofsnB falls off with increas-
ing NA ~Refs. 18 and 19!#.
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Instability of a Bose condensate of neutral atoms in an external light field
of nonuniform intensity
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The existence of a new of type of instability of a Bose condensate in a rarefied atomic gas due
to momentum exchange with an external resonant spatially nonuniform radiation field is
demonstrated theoretically. ©1999 American Institute of Physics.@S1063-7850~99!01405-6#
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The creation of a Bose condensate of rarefied ato
gases is one of the most interesting achievements in ato
physics in recent years. The experimental results of vari
groups were generalized, for example, in the reviews in R
1 and 2, while the current theory was illuminated in Ref.
The main interest is this subject stems from the fact tha
Bose condensate of an atomic gas is a mesoscopic syste
which the interaction of the particles is characterized b
single parameter~which can be determined fairly reliably b
experimental means!, viz., the scattering length of the atom
in an s-wave upon a binary collision. This presents a pos
bility for a first-principles calculation of the macroscopic p
rameters of a system of interacting particles and, acco
ingly, for testing the fundamental conceptions of the phys
of nonideal gases and condensed media.

It has also aroused interest in the investigation of coll
tive excitations of a Bose condensate, particularly the pro
gation of sound waves in it.2 It should be noted that the
dynamics of collective excitations are decisively influenc
by the fact that a condensate consists of atoms confined
magnetic trap.4,5 The eigenfrequencies of the modes of su
a system are proportional to the fundamental frequency
the trap, but the proportionality factor is expressed by
irrational number in the case of a sufficiently large numb
of atoms in the condensate.3,4

All calculations of the imaginary part of the oscillatio
frequency have hitherto revealed only damping for dive
conditions. This paper presents the first theoretical calc
tion that predicts the development of an instability~exponen-
tial growth of a small disturbance! in a condensate unde
definite conditions, which are associated with the effects
external electromagnetic radiation.

Let us consider an ensemble of atoms in state 1~which
can be identified with, for example, theuF51, mF521&
sublevel of the hyperfine structure of the ground state of
alkali metal!. The atom is subjected to the action of bichr
matic laser radiation, which causes stimulated Raman tra
tions between states 1 and 2~the latter should also be held i
a trap, as, for example,uF52, mF51&; in addition, the line-
width of the Raman transition between the components
the hyperfine structure is small, so that it can be neglect!.
The effective Rabi frequencies of the transitions isu, the
detuning from two-photon resonance equalsV, and the mo-
3721063-7850/99/25(5)/2/$15.00
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mentumq, which is equal to the difference between photo
in the first and second modes of the light field, is transfer
to the atom during a transition. Then, ifV is significantly
greater than both the Rabi frequency and the fundame
frequency of the trap, level 2 can be excluded adiabatica
and the ‘‘quantum-hydrodynamic’’ equations of the Bo
condensate take the form

]

]t
n1div~nv!50,

M
]

]t
v1gradFMn2

2
1Uext~r !1gn1

u2

V2q•vG50. ~1!

Heren andv are the local values of the density and veloc
of the condensate, respectively;M is the mass of an atom;g
is a constant, which characterizes the interatomic interac
and is proportional to the scattering length; andUext(r )
5 M /2 (vx

2x21vy
2y21vz

2z2) is the trap potential, which is
assumed to be harmonic. We use a system of units in wh
Planck’s constant is taken as unity.

The main difference between Eqs.~1! and the equations
which describe a condensate in the absence of la
radiation3–5 is the inclusion of the light shiftu2/(V2q•v),
inwhich the Doppler effect is taken into account, in the e
ergy per atom in the condensate. The stationary solution
Eqs. ~1! corresponds to a quiescent condensate~the station-
ary values of the density and velocity are labeled by
subscript 0!:

n05
1

g S m2Uext2
u2

V D , v050. ~2!

Here m is the chemical potential. Let us now consider
disturbance~the quantities for it are marked with a prim
sign! on the background of the state~2!. The system~1!
should be linearized with respect ton8 andv8. After elimi-
nation of the density disturbance, it reduces to the follow
equation in partial derivatives:

]2v8

]t2
1gradS V

]v8

]t D2grad div~n0v8!50. ~3!

The characteristic velocityV5 (u2q/V2M )appears as a re
sult of momentum transfer from the field to an atom wh
© 1999 American Institute of Physics
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the latter is excited to state 2, which is occupied with
probability equal tou2/V2. We stress that spatial nonunifo
mity of the beam can arise andu depends explicitly on the
coordinates in the general case. Let us now make some
sumptions regarding the form of the trap. As in mo
experiments,1,2 its form is assumed to be prolate, i.e.,vx

!vy ,vz . Then oscillations occurring alongthex axis do not
cause appreciable motion in the perpendicular direction,5 and
the problem reduces essentially to the one-dimensional c
We also assume that the vectorq is directed parallel to thex
axis and, to fix ideas, in the positive direction.

We also assume that the square of the Rabi frequenc
the two-photon transition is linearly dependent on the co
dinate:u25ũ2(11bx). In this case the functionV(x) will
also be linear, i.e.,V5Ṽ(11bx), and the equilibrium den-
sity will take the formn05(Mvx

2/2g) @Rx
22(x1x0)2# for

ux1x0u,Rx
2 , wherex05u2b/(VMvx

2). In this case Eq.~3!
is written as

]2

]t2
n81

]

]x F Ṽ~11bx!
]

]t
n8G2

]2

]x2 Fvx
2

2
~Rx

22x2!n8G50.

~4!

It is easy to find a partial solution, which does not depend
the coordinate, i.e., which describes dipole oscillations of
condensate as a whole in the trap:

n8~ t !5n8~0!e2Ṽbt/2 cos~vx8t1a!,

vx5Avx
22~Ṽb/2!2, ~5!

wheren8(0) anda are the amplitude and initial phase of th
oscillations. Ifb,0 ~we note thatṼ.0 by definition!, i.e., if
the field intensity decreases in the direction in which
momentum transfer is oriented, the oscillation amplitude
creases. This can easily be understood on the basis of
~1!: if the condensate moves as whole parallel to thex axis in
the positive direction, the proximity of the Raman transiti
to resonance varies as a consequence of the Doppler e
and, regardless of the sign ofV, the light shift is modified so
that the minimum of the energy per atom is shifted relative
x0 toward larger values ofx. Because of momentum ex
change with the field, an additional force begins to act on
atoms, accelerating them parallel to thex axis in the positive
as-
t

se.

of
r-

n
e

e
-
q.

ct,

o

e

direction. Energy is transferred from the field to the trans
tional degree of freedom of the condensate, and growth
the oscillations according an exponential law takes place

If b.0, oscillations of the condensate and the trans
of momentum from the field occur in antiphase, and the
cillations are damped.

Let us obtain some estimates. The maximum poss
value of the velocity is determined by the wave number o
photon of the radiation field and is equal to about 1 cm/s
alkali metals. We also takeu2/V2'0.2 andb'Rx

21 . Taking
into account that the characteristic dimension of a cond
sate is about 0.01 cm,1,2 we obtain a growth rate of the os
cillations of the order of 10 s21. This value is already com
parable to the value of the experimentally observ
damping2 ~about 4 s21), which is usually identified with the
Landau mechanism.3 Thus, we can hope to detect the ph
nomenon theoretically considered in this paper already at
present level of the development of the experimental mea

In practice, a gradient of the radiated intensity can
created when light beams focused to a diameter of the o
of Rx intersect. Another interesting possibility is associat
with the use of an optically dense ensemble of atoms in
trap; however, in that case the cooling of the atoms mus
continued continuously in order to maintain a balance
tween the number of particles which have passed into
condensate and the number which have left it as a resu
the incoherent scattering of a photon upon resonant fluo
cence.
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Suppression of large-scale structures in a gas-saturated impact jet
S. V. Alekseenko, D. M. Markovich, and V. I. Semenov
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The suppression of large-scale vortex formations under gas-saturation conditions is detected on
the basis of measurements of the pulsation component of the surface friction when an
axisymmetric hot jet of a fluid impinges on an obstacle. The conditions for the resonant
enhancement of coherent structures and the suppression of broad-band turbulence are determined
for single-phase and gas-saturated impact jets. The evolution of various pulsation components
in the gradient region of an impact jet is analyzed. ©1999 American Institute of Physics.
@S1063-7850~99!01505-0#
o
n-
of
th

t
fl

in

o
e

s
h
tu

en

th
iq

a
as
a

rs
r

e
f
e

o
ve
an
e
t

ca
e

ud

xi-
ed
ture
od

mic
of
ing

ction
d
e

trix.
roat
as

ur-

lo-
all.
tial-
an-

ea-

dy-
a
a

tal

ave
the

a
ate
is
As a rule, the bubbles in gas-liquid bubbly flows are n
simply tracers moving with the flow. On the contrary, no
uniformity of the velocity field can lead both to dispersion
the bubbles and to variation of the level of fluctuations in
continuous phase. The effects can often be mutual when
local nonstationary turbulence of the continuous phase in
ences the trajectory of the dispersed phase~turbulent disper-
sion! and the positions of the bubbles and the wakes beh
them influence the turbulence in the liquid~turbulence
modulation!.

Significant variation of the turbulent characteristics
flows in the presence of a second phase has been observ
many experimental studies. It was concluded in the review
Ref. 1 that in most cases small particles reduce the inten
of turbulence in a flow, while large particles enhance it. T
main mechanisms determining the influences acting on a
bulent structure are: the dissipation of turbulent kinetic
ergy on particles, increases in the effective viscosity due
the presence of particles, the generation of vortices or
formation of wakes behind particles, the entrainment of l
uid by a particle~the added-mass effect!; increases in the
velocity gradients between two particles, and the deform
tion and oscillation of the boundaries of the dispersed ph
Different mechanisms from the list just enumerated c
dominate, depending on the concentration of the dispe
phase, the dimensions of the particles, and the characte
the flow.

Free shear flows, particularly turbulent jets, have be
studied to the least extent in regard to the influence o
second phase on turbulence. The principal special featur
jet flows is the presence of large-scale vortex formations~co-
herent structures! in the mixing layer. A periodic influence
acting on such a flow with frequencies from the region
greatest susceptibility of the jet is known to permit effecti
control of the large-scale structure of the flow up to reson
enhancement of the coherent structures and an influenc
the broad-band turbulence.2,3 The characteristics of turbulen
bubble jets have been investigated in several studies,4–6 but
the mutual influence of the gas phase and the large-s
structure of the jet mixing layer has scarcely been examin

The present work was devoted to an experimental st
3741063-7850/99/25(5)/3/$15.00
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of the evolution of instabilities in the shear layer of an a
symmetric impact jet in the presence of a finely dispers
gas phase. The main results regarding the turbulent struc
of the flow were obtained using an electrodiffusion meth
for measuring the tangential stress on the wall.

The experimental apparatus was a closed hydrodyna
loop consisting of a working section, a reservoir, a system
connecting tubes, and measuring instruments. The work
section was a Perspex channel of rectangular cross se
measuring 16238632000 mm. A nozzle unit was inserte
horizontally into the channel through a lateral wall. Th
nozzle used had a diameter of 10 mm and biradial genera
The ratio between the nozzle outlet diameter and the th
diameter was 1:4. The velocity profile at the nozzle tip w
nearly uniform, and the momentum loss thickness atx/d
50.15 wasu'0.1 mm. The measured degree of natural t

bulence at that distance wasu8/U05Au82/U050.005
20.008 on the nozzle axis and 0.0520.06 at the center of
the mixing layer.

An electrodiffusion method was used to measure the
cal values of the velocity and tangential stress on the w
Details of the method were presented in Ref. 7. Tangen
stress sensors were placed on the moving wall of the ch
nel, onto which the jet impinged. The accuracy of the m
surement of the translation of the wall was 0.1 mm.

The jet was excited by a standard ESE 201 electro
namic vibrator with the aid of a bellows connected to
damping chamber. The initial sinusoidal oscillations had

zero-order mode, and their rms value varied fromũ/U0

5Aũ2/U050.0001 to 0.001, depending on the experimen
conditions. The excitation frequencyf f was characterized by
the Strouhal number Shd5 f f•d/U0. The experiments
showed that superimposed small-amplitude oscillations h
essentially no effect on the flow characteristics near
nozzle rim.

Air bubbles were fed into the distributing unit through
finely porous plate by a compressor. The volume flow r
was varied during the experiment from 0 to 164 l/h. Th
corresponds to a volumetric gas contenta50212.1% for a
© 1999 American Institute of Physics
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FIG. 1. Spectral density of pulsations of the tangential str
on the wall. Gray lines — unexcited single-phase jet.H/d
52, f f5250 Hz (Shd50.6), Re540400, r /d51.1. a — a
50; b —3.4%; c — 5.9%; d — 10.1%.
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liquid flow rate Ql50.33 l/h. The mean diameter of th
bubbles was 200mm, and the spread of their diameters w
small; therefore, the gas phase was regarded as monodis
in these experiments.

The experiments were performed for two Reynolds nu
bers: Re525200240400. Here Re5U0•d/n, U0 is the
mean velocity of the liquid at the nozzle tip,d is the diameter
of the nozzle, andn is the kinematic viscosity of the solutio
used, which equals 1.0431026 m2. The distance betwee
the nozzle rim and the plane was not varied in the exp
ments and was equal to 20 mm (H/d52).

The basic information on the turbulent structure of t
flow in the near-wall region was obtained by measuring
averaged and pulsation values of the tangential stress o
obstacle in the flow, as well as the spectral characteristic

It is known3,8 that if the mixing layer is excited at a
frequency lying in the vicinity of the most probable fre
quencyf mp for the conditions under consideration, the coh
ent structures will be resonantly enhanced at that freque
In the present case (Re540400) the sensitivity range lies i
the interval 190, f f,350 Hz (0.45,Shd,0.83), wheref f

is the excitation frequency. Excitation at the most proba
frequencyf f5250 Hz (Shd50.6) leads to overall lowering
of the frictional resistance by more than 30%. The pulsat
level increases by almost two fold, predominantly due to
increment of the coherent component. Thus, in the zone
intense penetration of the structures into the near-wall reg
the spectral density of the pulsations at the resonance
quency increases by two orders of magnitude in compar
to the unexcited jet~Fig. 1a!. The distributions of the integra
characteristics of the jet become similar to the distributio
for small Reynolds numbers,9 and the spectral dependenc
~Fig. 1a! lead to the conclusion that a significant portion
the stochastic friction pulsations is suppressed at mode
rse
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frequencies. Thus, it can be stated that quasilaminarizatio
the flow occurs upon resonant enhancement of large-s
vortex structures. When the jet is excited at frequencies ly
above the range of greatest sensitivity, only weak enhan
ment of the fundamental harmonic, which does not alter
basic flow characteristics, can be observed. Excitation at
frequencies leads to enhancement of multiple harmonics,
2 f f , 3f f , etc., if they are suppressed in the range of grea
sensitivity. The amplitude of the superimposed oscillatio
has essentially no influence on the flow characteristics in
range investigated.

The measurements for a two-phase jet were performe
high Reynolds numbers, Re525200 and 40400, for the pur
pose of excluding effects associated with the lift of bubb
by Archimedes forces. These effects are insignificant
large Reynolds numbers and small bubble dimensions.
example, when Re540400, the difference between the me
sured values of the tangential stress on the wall at po
~upper and lower! that are symmetric relative to the horizon
tal axis of the flow amounted to no more than 5% for all t
gas contents investigated. Saturation of the jet with gas le
to a significant increase in the mean friction, but the char
ter of the flow remains unchanged up to values of the
contenta5829%. The amplitude of the rms friction pulsa
tions relative to the friction maximum for each gas conte
falls off monotonically over the entire region of flow, wit
the exception of the vicinity of the critical point, where th
absolute pulsation level rises. Ata.829% the flow struc-
ture undergoes changes, the near-wall characteristics
their clearly expressed jet character, and the pulsation m
mum moves closer to the critical point. Figures 1b–d co
pare the spectral density distributions of the friction puls
tions at the point on the obstacle where the large-scale vo
structures penetrate from the jet mixing layer with the hig
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est intensity (r /d51.1). Suppression of the coherent comp
nent of the pulsations with increasing gas content is cle
observed. At significantly higher gas contents the cohe
component essentially vanishes from the spectra for all
ues ofr /d.

An analysis of the evolution of the coherent and stoch
tic components of the pulsations along the radial coordin
reveals~Fig. 2! that the coherent component of the pulsatio
is significant only in a definite range of radial coordinat
(0.5,r /d,3) and falls off to zero with increasing gas co

FIG. 2. Total~a!, coherent~b!, and stochastic~c! components of the surface
friction pulsations as a function of gas content.H/d52, f f5250 Hz (Shd
50.6), Re540400.
-
ly
nt
l-

-
te
s

tent at a.8%. In Fig. 2 t8(total/t, t8(coher)/t, and
t8(random)/t are,respectively, the rms values of the tot
coherent, and stochastic components of the tangential s
pulsations relative to the averaged value of the friction at
respective point. Atr /d.3 the main contribution to the tur
bulent energy is made by the stochastic pulsations. The l
of stochastic pulsations relative to the local value of t
mean friction in this region varies weakly as the gas cont
increases~Fig. 2c!. This conclusion is attributed to the de
crease in the local concentration of bubbles with increas
distance from the critical point.

Thus, the suppression of stochastic turbulent pulsati
upon the resonant enhancement of large-scale organ
structures in an excited impact jet, as well as the suppres
of these structures when the jet is saturated with a fin
dispersed gas phase, have been detected in this work.
results obtained can serve as a basis for developing met
to control heat and mass transfer in confined two-phase
flows.
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38-GHz relativistic backward-wave tube based on a modulator with an inductive energy
accumulator and a semiconductor current interrupter

S. K. Lyubutin, G. A. Mesyats, S. N. Rukin, B. G. Slovikovski , V. G. Shpak,
S. A. Shuna lov, M. R. Ul’maskulov, and M. I. Yalandin

Institute of Electrophysics, Russian Academy of Sciences, Ekaterinburg
~Submitted January 15, 1999!
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The results of an investigation of a 38-GHz relativistic backward-wave tube with an output
power up to 40 MW are presented. An electron-beam injector based on a 5-ns high-current pulsed
periodic modulator with an inductive energy accumulator and a semiconductor current
interrupter is used for the first time in experiments. ©1999 American Institute of Physics.
@S1063-7850~99!01605-5#
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1. Since the nineteen-eighties the efforts to perfect hi
current nanosecond electron accelerators1 have permitted the
creation of relativistic microwave generators with pulsed
riodic operation. The most powerful among them are
relativistic backward-wave tubes for the millimeter and ce
timeter wavelength ranges.2–4 An operating regime of thes
devices with repetition rates up to hundreds of hertz beca
accessible when effective charge devices were develope
high-voltage generators on the basis of forming lines5 and
the conditions for the stable operation of gas discharges w
found.6

Since the appearance of high-voltage high-current se
conductor current interrupters7 it has been possible, in prin
ciple, to create high-power nanosecond modulators with
inductive energy accumulator that can support a periodic
erating regime of an accelerator with a repetition rate gre
than 1 kHz and high amplitude stability. The discovery
subnanosecond current cutoff in SOS diodes8 and new circuit
designs and technical solutions made it possible to su
quently obtain peak powers of 300–500 MW with a pu
duration of 5–6 ns on 150–200-V resistive loads. These pa
rameters are close to the values achieved for miniature
erators with forming lines and spark dischargers.1,4 Voltage
pulses with an amplitude of;250 kV are already perfectly
suitable for generating the electron beam needed to exc
38-GHz relativistic backward-wave tube. The purpose of
present work was to experimentally verify such a possibi
and to determine the operating features of a modular wi
semiconductor current interrupter and a load in the form o
magnetically insulated coaxial diode.

2. The experimental setup~Fig. 1! included a high-
voltage modulator with an inductive energy accumulator a
a semiconductor interrupter, a magnetically insulated coa
diode containing a graphite explosive-emission cathode,
an electrodynamic delay system for the backward-wave t
in the form of a circular corrugated waveguide, which pr
vides for synchronism of electrons having an energy
;250 keV with the first backward spatial harmonic of t
wave (E01). The output of the delay system was connected
a conical horn antenna. The residual pressure in the sys
was 1022 Torr.
3771063-7850/99/25(5)/3/$15.00
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To form and transport a tubular electron beam with
diameter of 5.5 mm and a current equal to;1 kA, the graph-
ite cathode was immersed in a longitudinal magnetic fi
created by a pulsed solenoid. A field strength of 50 kOe w
provided in the single-pulse regime. The field streng
reached 15 kOe at repetition rates up to 15 Hz, and the sh
term repeated-pulse operating regime was limited by the
sign of the solenoid, which did not have forced cooling.

The pump current of the semiconductor interrupter a
the voltage on the load were monitored in the experime
The electron-beam current was measured by a Faraday
inder, which was installed in the drift chamber instead of t
delay system for this purpose. The peak power of the mic
wave pulse was measured by scanning the radiation pa
using a silicon hot-carrier detector. All the measuring d
vices were calibrated and had times for the transient p
cesses from 1.5 ns~the microwave detector! to 150 ps~the
beam-current pickup!. The configuration of the magneticall
insulated coaxial diode~Fig. 1! had small dimensions. The
radial gap between the cathode and the anode was equa
mm, and the axial gap~between the end surface of the cat
ode and the anode constriction! was equal to 10 mm. The
Faraday cylinder was installed in the drift chamber at a d
tance of 10 mm from the entrance.

3. The absence of spark dischargers with their charac
istic deficiencies is a fundamental feature of the experime
setup. The high-voltage modulator circuit is connected g
vanically to the cathode of the magnetically insulated coax
diode. Therefore, the switching process of the saturated m
netic switch in the next-to-last energy-compression unit a
time ;200 ns before current cutoff in the interrupter leads
the appearance of a negative prepulse with an amplitud
20 kV and a duration of 70 ns on the load~Fig. 2a!. The
finite resistance of the semiconductor interrupter, in turn
responsible for the appearance of a positive prepulse (;40
ns, 15 kV! in the forward current pumping stage, and a neg
tive prepulse of approximately the same amplitude with
duration of;20 ns is generated in the backward pumpi
stage before the moment of current cutoff~Fig. 2c!. Thus, the
prepulses are caused, in principle, by the circuit design of
last energy-compression cascade. This is an important di
© 1999 American Institute of Physics
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FIG. 1. Diagram of the experimental setup:C — ca-
pacitive accumulator;L — inductive accumulator;L1 –
saturated choke; SOS — semiconductor interrupt
R1–R3 — current shunt and resistive divider;1 — in-
sulator;2— cathode;3 — solenoid;4 — anode;5 —
electronbeam;6 — grounding system;7 — Faraday
cylinder;8 — vacuum driftchamber;9 — horn antenna;
10 — vacuum microwave window;11–14 — zones of
the cathodic and anodic emission processes.
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ence between a modulator with an inductive accumulator
a semiconductor interrupter, on the one hand, and syst
with forming lines and dischargers, on the other hand.

4. It was previously shown in Ref. 9 that even when t
duration is 1–2 ns and the amplitude is;10215 kV, the
negative prepulse directly preceding the accelerating p

FIG. 2. Oscillograms: a — voltage on the vacuum diode (U1) and beam
current (I 2) in a regime without shunting of the interrupter; b — same
signals in a regime without shunting of the interrupter; c — pump current of
the interrupter (I 3) and voltage on the vacuum diode in the standard op
ating regime of the modulator; d, e — voltage on the vacuum diode and
beam current recorded in the regime with the accumulation of 20 pu
f — microwave pulse recorded in a stroboscopic regime with the accu
lation of 100 pulses;1–5 — prepulses.
d
s

se

plays a significant role in initiating electron emission on t
cathode. Therefore, in the present experiments the pres
of the prepulses of opposite polarity determined the ope
ing features of the electron diode and the microwave gen
tor itself.

The evolution of the emission processes in the magn
cally insulated coaxial diode was determined from a set
oscillograms of the pump current, the voltage on the int
rupter, and the beam current and erosion tracks on the e
trodes. Several specific operating regimes of the magn
cally insulated coaxial diode were noted. When inten
electron emission developed from the cathode in prepuls1
~Fig. 2b!, a time interval of 200 ns was sufficient for expa
sion of the cathode plasma from region13 ~Fig. 1! in the
axial and radial directions. When electrons impinged on
end surface of anode4 ~Fig. 1!, a collector plasma appeare
~erosion tracks in region14, Fig. 1!. When the expansion
velocities of the cathode-collector plasma in the radial a
axial directions were;106 and ;107 cm/s, respectively,10

the electrode diode essentially completely shunted the in
rupter. In this case~Fig. 2b! the output voltage dropped
sharply, and the Faraday cylinder detected both an elec
current from the cathode equal to;10220 A ~pulses2, Fig.
2b!,and a positive current surge with an amplitude of;100
A, which appears when the plasma strikes the pickup~pulse
3, Fig. 2b!. The plasma could arrive either from the catho
or the collector, i.e., from region13 or 14 ~Fig. 1!. Itis note-
worthy that the picture presented in Fig. 2b was rarely o
served. This indicates the threshold, random character of
initiation of electron emission during the prepulse.

The interrupter pump current and the accelerating v
age pulse on the magnetically insulated coaxial diode in
usual regime are shown in Fig. 2c. Such a regime w
achieved after activation of the electrodes of the magn
cally insulated coaxial diode, which required from seve
tens to hundreds of pulses. During the activation, par
shunting of the interrupter was observed from time to tim
which was associated with the development of electron em
sion from the anode electrode in positive prepulse4 ~Fig.
2c!. Emissionzone11 ~Fig. 1! exhibited pronounced erosion
and the opposite surface12 ~Fig. 1! exhibited traces of
‘‘treatment’’ by the electron beam. As these process
evolved, the amplitude of the accelerating pulse decrease
20–30%. As the electrodes were activated, the amoun
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dephasing decreased, and the accelerating voltage pulse~Fig.
2d! and the beam pulse~Fig. 2e! became fairly stable. We
note that the last two oscillograms were obtained for sev
tens of pulses by a Tek-TDS684B digital oscillogram in t
envelop-accumulation mode. When stability of the accele
ing voltage and the beam current was achieved, the mi
wave pulses were recorded at a frequency of 10–15 Hz
stroboscopic regime with the accumulation of 40–100 pul
~Fig. 2f!. In the single-pulse regime with a longitudinal ma
netic field of 50 kOe the peak power of the microwave
diation was;40 MW, and in the regime with pulse repet
tion it was 15220 MW. The maximum electron efficiency o
the microwave generator was on the 10215% level.

5. Thus, an experimental setup, which has combine
high-current microwave instrument with and an electron
ode based on an explosive-emission cathode and a modu
with an inductive accumulator and a semiconductor curr
interrupter for the first time, has been created. The stab
of the generation of microwave radiation in such a system
shown to be determined to a considerable extent by the
fluence of the set of advanced prepulses of opposite pola
on the operation of the electron diode. It is theorized t
optimization of the diode configuration, activation of th
electrode surfaces, improvement of the vacuum conditio
al

t-
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and the employment of a constant magnetic field~a super-
conducting solenoid or a permanent magnet! will provide for
operation of a microwave generator with a repetition r
above 1 kHz.
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The analogy between a problem of magnetohydrodynamics and the Benard problem in
the Boussinesq approximation

N. B. Volkov, N. M. Zubarev, and O. V. Zubareva

Electrophysics Institute, Ural Branch, Russian Academy of Sciences, Ekaterinburg
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It is shown that the equations of motion written in a longitudinal plane of symmetry of a liquid-
metal current-carrying conductor of rectangular cross section are identical with the equations
that describe heat conduction in a flat layer of liquid heated from below in the Boussinesq
approximation. The main parameters that determine the threshold of the convective
instability that develops under the action of Lorentz forces in a current-carrying liquid metal are
found. © 1999 American Institute of Physics.@S1063-7850~99!01705-X#
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Soliner et al.1 proposed the hypothesis that there is
analogy between the initial stages in the development of
bulence in heat convection and the electrical explosion o
current-carrying conductor. This analogy was subseque
used to explain various physical effects in current-carry
plasmalike media: the stratification of a current-carryi
conductor,2 the formation of hot spots,3 and the interruption
of an electric current.4,5 However, despite its fruitfulness
this analogy had only a qualitative character for the proble
considered in Refs. 1–5. In this article, we shall show t
the equations of magnetohydrodynamics written in a lon
tudinal symmetry plane of a current-carrying liquid-me
conductor with greatly differing dimensions in the cross s
tion are identical with the equations that describe the form
tion of the so-called Benard cells during heat convection
the Boussinesq approximation.

Thus, let us consider a liquid-metal conductor of t
following geometry: The cross section of the conductor i
rectangle with sides 2b and 2a, which correspond to they
and x axes of a rectangular coordinate system. An elec
current flows along thez axis, which is the symmetry axis o
the conductor. We shall assume for simplicity thata!b ~in
the limit a/b→0, this is the simplest case of plane geo
etry!.

We shall assume the conductive liquid to be incompre
ible and its kinetic coefficients to be constant. The equati
of magnetohydrodynamics then take the form

]v

]t
1~v•¹!v52

1

r
¹P1

1

4pr
~~¹3H!3H!1n¹2v,

~1!

]H

]t
1~v•¹!H5~H•¹!v1nm¹2H, ~2!

¹•v50, ¹•H50, ~3!

wherev, H, andP are, respectively, the velocity, the ma
netic field, and the pressure;r is the density;n5h/r is the
kinematic viscosity (h is the dynamic viscosity!; nm

5c2(4ps)21 is the magnetic viscosity;s is the conductiv-
ity; and c is the velocity of light.
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Since the perturbations that grow do not bend the m
netic field lines in first order, we shall assume that all t
fields are symmetrical relative to they50 plane. In such a
case, applying the curl operation to Eq.~2!, we get in the
y50 symmetry plane of the conductor that

F ]

]t
2

]vy

]y
1vx

]

]x
1vz

]

]z
2n¹2G S ]vx

]z
2

]vz

]x D
5

1

4pr

]Hx

]y

]Hy

]z
, ~4!

F ]

]t
2

]vy

]y
1vx

]

]x
1vz

]

]z
2nm¹2GHy50, ~5!

where ¹2 is the three-dimensional Laplace operator. No
that no simplifying assumptions were made in obtaining E
~4! and ~5!, except for using the symmetry of the solution

Let us represent the magnetic fieldH as a sum of the
unperturbed magnetic field corresponding to the absenc
hydrodynamic motion in the conductor,v50, and a pertur-
bation of the magnetic field:

H5H01h.

To first order in the perturbationsv andh, the system of Eqs
~4! and ~5! can be rewritten as

F ]

]t
2n¹2G S ]vx

]z
2

]vz

]x D5
1

4pr

]H0x

]y

]hy

]z
, ~6!

F ]

]t
2nm¹2Ghy5H0y

]vy

]y
2

]H0y

]x
vx . ~7!

The unperturbed magnetic field distribution over t
conductor is determined by the Biot–Savart law:6

H05E
V

j3R

cR3
dV5E

S

2j3r

cr2
dS,

whereR is the radius vector drawn from volume elementdV
of the conductor to the observation point,r is the projection
of this vector onto the cross section of the conductor~the
$x,y% plane!, anddS is an area element of this cross sectio
© 1999 American Institute of Physics
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Assuming the total currentI through the conductor to b
constant and the unperturbed current-density distribution
be homogeneous, we get the following for the unperturb
magnetic field close to they50 symmetry plane of the con
ductor to lowest order in the small parametera/b:

H05H 2
2Iy

cb2
,
pIx

abc
, 0J . ~8!

We introduce the pair of functionsh(x,z,t)5hyuy50 and
c(x,z,t)5vyuy50 , where the vector fieldw is given by¹
3w5v ~the vectorw can always be chosen so that, in t
y50 plane, it has only a component directed along thy
axis!. Using these functions and also assuming that the s
tial scale of variation of the quantities is much greater alo
the y axis than along thex andz axes, we get from Eqs.~6!
and~7! to lowest order ina/b the following system of equa
tions, from which the spatial variabley has been eliminated

F ]

]t
2nDGDc5

I

2pcrb2

]h

]z
, ~9!

F ]

]t
2nmDGh5

pI

cab

]c

]z
, ~10!

whereD5]2/]x21]2/]z2 is the two-dimensional Laplacian
If the perturbed magnetic field is replaced by by the tempe
ture field, these equations are identical with the equati
describing homogeneous heat convection in a flat laye
liquid heated from below in the Boussinesq approximatio7

This is evidence that, in a resistive, viscous, current-carry
medium with a rigid boundary, under the action of Loren
forces, large-scale hydrodynamic and current vortex str
tures can develop with a characteristic size on the orde
the cross sectional size of the system. Such structures d
from heat-convection structures mainly in that there is a d
tinct direction ~that in which the electric field points! that
orients the spatial structures.

By analogy with the problem of thermal convectio
where the Rayleigh number8 was used as a control param
eter, let us now introduce its analog:

R[
8I 2a3

c2b3nnmr
. ~11!

The critical value of this parameter, i.e., the value at wh
an initially unperturbed state of the system becomes
stable, is determined by the character of the boundary c
ditions. Thus, it isRc5656 for free boundaries,9 Rc51708
when one boundary is rigid while the other is free,8 etc. It is
clear from Eq.~11! that the stability limit is determined by
the total current through the conductor, with the thresh
current being

I c5cS b

2aD 3/2

ARcnmh. ~12!

Assuming, for example, that the ratio of the characteris
dimensions in the cross section of the conductor isb/a510
and recalling thath;1022 Pa andnm;103 cm2/sec for most
liquid metals, we get thatI c amounts to a few kiloamperes
to
d

a-
g
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.
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This agrees in order of magnitude with the threshold val
for current interruption in a eutectic,4,5 as well as with char-
acteristic currents in experiments on the electrical explos
of conductors2 accompanied by the onset of large-scale
stabilities.

It should be noted that, for liquid-metal conductors
cylindrical geometry, convective structures~annular vorti-
ces! can be generated only when the current through
conductor is increasing;2,5 when the current is constant, un
like the situation considered in this article, spontaneous
pearance of the structures is impossible.

Note also that, as can be seen from Eq.~12!, instability is
possible only in the presence of curvature of the magn
field lines ~as b→`, the critical currents become infinite!.
This is because, in this limit, the Lorentz force become
potential force and consequently has no effect on the r
tional motion of the medium.

It is interesting that, if we formally assume that close
the symmetry plane the perturbationhy depends only on the
spatial variablesx andz ~and is independent ofy), the non-
linear equations of motion take the form

]Dc

]t
5

]~Dc,c!

]~x,z!
1

I

2pcrb2

]h

]z
1nDDc, ~13!

]h

]t
5

]~h,c!

]~x,z!
1

pI

cab

]c

]z
1nmDh, ~14!

where ]( f ,g)/](x,z)5(] f /]x)(]g/]z)2(] f /]z)(]g/]x) is
the Jacobian. This system is identical with the system t
describes the nonlinear dynamics of perturbed tempera
and velocity fields in the theory of the Benard effect7 ~the
formation of so-called Benard cells!.

We have thus shown under what conditions the anal
with the Benard problem can be used in the magnetohyd
dynamics of an incompressible conductive liquid with fin
viscosity and conductivity.
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Resonance-tunnel-transit diode with coherent tunneling as an oscillator in the
submillimeter range
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This paper presents an improved method for designing a resonance-tunnel-transit diode that
makes it possible to substantially increase its negative dynamic resistance. ©1999 American
Institute of Physics.@S1063-7850~99!01805-4#
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The great efforts made in recent years to create effic
generators of electromagnetic oscillations based on reli
semiconductor devices—Gunn diodes and avalanche-tra
diodes in the millimeter range and quantum cascade lase
the far-IR region—have left the submillimeter region virt
ally untouched. At the same time, a requirement for su
oscillators exists and is constantly increasing. In particu
the spectral absorption lines of the molecules of many s
stances used in industry and scientific research lie in
submillimeter region.

There is in fact a semiconductor device that for a rat
long time has aspired to the role of an active semicondu
element in the submillimeter range: the resonance-tun
transit diode~RTTD!, which is a variety of the injection-
transit diode in which the electrons are injected throug
dual-barrier size-quantized resonance-tunnelling heteros
ture ~DBRTS!. It has been experimentally shown that t
active section of such diodes possesses negative dyn
conductivity up to frequencies of about 2.5 THz~Ref. 1!,
while operating as masers at a frequency of 712 GHz~Ref.
2!. However, the resulting power levels were too small to
used in practice, and this experimental work was carried
further.

It should be pointed out that diode oscillators can
conventionally divided into two groups: parallel, in whic
the electromagnetic wave propagates parallel to the he
oboundaries of the semiconductor structure, as in la
based on Fabry–Perot cavities in which the light is emit
through the side faces of the crystal, and series, as in o
lators based on avalanche transit-time diodes~ATDs! and
Gunn diodes and in vertical-cavity surface-emission las
~VCSELs!,3 in which the electromagnetic wave leaves t
active section perpendicular to its heteroboundaries. The
ries layout has a number of substantial advantages ove
parallel, but it has the disadvantage that passive ohmic
tions are unavoidably present on the path of the electrom
netic wave, making the conditions for oscillation extreme
rigorous: the negative resistance of the active section mus
greater in absolute value than the total resistance of the
sive layers, which, for a cross-sectional area of 1026 cm2, is
on the order of a few ohms.4 Thus, the key requirement o
the interaction region for the series layout of the oscillato
3821063-7850/99/25(5)/3/$15.00
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that the negative resistance~per unit area! be greater than
1026(V cm2).

Reference 4 drew attention to the possibility of using t
resonant character of the frequency dependence of the a
negative dynamic resistance~NDR! of the transit section of
any injection-transit diode with delayed injection to substa
tially increase the NDR of the RTTD. The resonant charac
of this dependence appears when the reactive conduct
~inductive because of the delay of the injection! of the elec-
tric flux approaches the capacitive conductivity of the tran
section. It is clear that the frequency corresponding to t
resonance is determined by the ratio of the current and fi
amplitudes at the output of the DBRTS and by the lag an
of the current relative to the field and is an analog of t
avalanche~characteristic! frequency of an ATD. Based on
published data, the limiting oscillation frequency of a
RTTD with the power level used in practice was estimated
Ref. 4 as 300–400 GHz.

An improved RTTD circuit was subsequently propos
that assumed that an additional hot-electron injector w
used to introduce electrons with the necessary longitud
energy onto one of the size-quantization levels of a du
barrier structure, with the barriers being sufficiently transp
ent for the electrons to be coherently transported through
structure. It was theoretically shown that it is promising
use such a layout to create lasers with a Fabry–Perot ca
in the far IR ~Ref. 5! and RTTD-based oscillators in th
submillimeter wavelength region.6 However, the NDR val-
ues of the RTTD calculated in Ref. 6 for a frequency
2 THz were still too small for the output power to be
practical use. It should be pointed out that, despite the rig
ous quantum-mechanical calculation of the conductivity
the RTTD in Ref. 6, the active resistance of the diode w
calculated only approximately, on the assumption that
electronic component of the reactive conductivity is small
comparison with the capacitive conductivity of the diod
This approximation neglected the effect described in Ref
in which the NDR of the RTTD increases close to its ch
acteristic frequency, when the total reactive conductivity
the diode is close to zero. This paper uses an improved
culational method that is free of this drawback, making
possible to demonstrate that the NDR of an RTTD can
substantially increased in the submillimeter region.
© 1999 American Institute of Physics
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FIG. 1. Resistivity of an RTTD vs the length of th
transit section atT577 K. The relative injector height
is Eg /E050.83 ~1!, Eg /E050.84 ~2!, Eg /E050.85
~3!, Eg /E050.83 ~4!.
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The calculation was done for diode structures with c
herent electron transport, similar to those studied in Ref. 6
is assumed that the electrons arrive at the DBRTS from
heteroinjector in which they have a Fermi distribution, de
sity n, and temperatureT. Reflection of the electrons from
the heteroinjector boundaries is neglected.

Figure 1 shows the results of a calculation of the act
resistanceR of the RTTD at a frequency ofn53 THz vs the
length of the transit section of a diode based on a Ga
AlGaAs DBRTS with barrier heights ofwB51.04 eV, a
thickness ofb511 Å, and a distance between the barriers
a565 Å ~the energy of the resonance level isE0'100 meV!
for n51018cm23 and T577 K. The various curves corre
spond to various ratios of the heteroinjector heightEg to the
energyE0 of the resonance level. It can be seen that there
optimum values of this ratio @in this case,
Eg /E0'0.84–0.85, which provides a negative dynamic
sistivity of the RTTD of 631025(V•cm2) when the transit
sections are sufficiently short,'0.24mm, assuming ballistic
transport of the electrons#.
-
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In a quasi-classical RTTD the characteristic frequency
the diode strongly depends on the structural paramet
which determine the slope and the phase of the injection
the density-modulated electron flux into the transit section
complete quantum calculation gives just as strong a dep
dence: it can be seen from Fig. 1 that a deviation of
injector height by a few millielectron volts from the optimum
value reduces the NDR of the diode by a large factor. It c
also be seen that the effect shows up in a very narrow reg
of lengths of the transit section,;50 Å. It is interesting to
note that a temperature increase of the crystal, whose in
ence was taken into account via the temperature depend
of the Fermi distribution of the electrons in the injector, i
creases the resonant value of the NDR. This can be cle
seen in Fig. 2, where, for the same frequency of 3 THz an
diode structure that differs only by a small change of t
relative injector height, a negative resistance of
31024(V cm2) is obtained atT5300 K, which is more typi-
cal of the centimeter region than of the submillimeter regio

A consistent quantum-mechanical calculation of the
c-
FIG. 2. Resistivity of an RTTD vs the length of the transit se
tion at T5300 K. The relative injector height isEg /E050.88
~1!, Eg /E050.90 ~2!, Eg /E050.92 ~3!, Eg /E050.94 ~4!.
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teraction of the electrons that coherently tunnel through
active region of an RTTD with a high-frequency electr
field thus confirms the possibility of a resonant increase
the NDR of the diode close to its characteristic frequen
which, as shown by the calculation, can reach 3 THzl
50.1 mm! during tunneling through the size-quantizatio
ground state of a GaAs/AlGaAs DBRTS.

It should be pointed out that, because the NDR of
proposed~extremely specific! structure is strongly dependen
on the parameters, the observation and use of this effec
quires the structure to be very accurately fabricated.

However, this is quite feasible at the modern level
technology.
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Photoinduced self-organization of gallium nanowires on a GaN surface
D. A. Bedarev, S. O. Kognovitski , and V. V. Lundin

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted January 18, 1999!
Pis’ma Zh. Tekh. Fiz.25, 13–18~May 26, 1999!

The mechanism of ultraviolet laser ablation of GaN epitaxial films is determined: it is found to
be based on the dissociation of GaN molecules to form volatile nitrogen-containing
components. The conditions of exposure under which the formation of gallium nanoclusters on
the GaN surface are determined. Regimes of epitaxial growth of GaN are found in which
parallel microterraces form on the surface of the samples. It is found that when samples with
microterraces in the as-grown state are irradiated by high-power ultraviolet radiation,
gallium nanowires are formed on the surface. It is proposed to use these phenomena to develop
new UV optical lithographic techniques and to fabricate single-electron devices based on
GaN. © 1999 American Institute of Physics.@S1063-7850~99!01905-9#
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The study of effects wherein the self-organization
nanostructures occurs on semiconductor surfaces is very
portant for modern optoelectronics and has already led to
creation of lasers utilizing quantum dots of III–V and II–V
compounds grown in a submonolayer growth regime.1,2 The
possibility of forming ordered structures of these materi
on disoriented substrates can be utilized for efficient con
of their optical-polarization and spectral properties.

A promising new material for making light-emitting de
vices for the short-wavelength part of the visible spectrum
GaN.3 However, the self-organization processes leading
the necessary modification of the optical properties of
material have been insufficiently studied in GaN. In this p
per we propose an efficient new method of forming orde
arrays of parallel gallium nanowires on a slightly corruga
GaN surface under excimer laser radiation.

The GaN epitaxial film samples were grown b
MOCVD on sapphire substrates in the (0001)6308
orientation.4 The growth processes were carried out in a ho
zontal reactor, in a hydrogen flow at reduced pressure~200
3851063-7850/99/25(5)/3/$15.00
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mbar!. Ammonia and trimethyl gallium were used a
sources. Magnesium-doped films were obtained with the
of magnesium bicylopentadienyl.

The epitaxial process included the deposition of a G
buffer layer at a reduced temperature (;500 °C) and anneal-
ing of the buffer layer and the subsequent epitaxial growth
the main layer or multilayer structure at a high temperat
(;1000–1040 °C). During the epitaxial growth the flow
trimethyl gallium was 36mmole/min, which corresponded t
an epitaxial growth rate of 2.6–2.8mm/h.

The undoped epitaxial films grown at an epitax
growth temperature of 1040 °C had atomically smooth s
faces with not more than 1 nm of nonplanarity, according
atomic-force microscope~AFM! data; this attests to the two
dimensional character of the epitaxial growth. A similar mo
phology of the layers was observed for magnesium-do
films with magnesium concentrationsN[Mg] of 431019 cm23

or less. As the doping level was raised or the epitax
growth temperature was lowered the nonplanarity of the s
face increased significantly, even to such an extent that m
aN
FIG. 1. Scanning electron micrograph of the surface of a G
sample with quasiperiodic microterraces.
© 1999 American Institute of Physics
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FIG. 2. Scanning electron micrograph of a planar GaN surfa
after excimer laser irradiation.
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roscopic terraces with heights of the order of 100 nm w
formed.

Under certain intermediate conditions of growth, in
narrow range of parameters, we observed the formation
quasiperiodic array of parallel microscopic growth steps
the surface of the resulting samples~Fig. 1!. A single direc-
tion of the steps was maintained over an area of up to 5
in diameter. According to AFM images, the average rep
tion period of the steps was around 200 nm, and the heigh
the steps was 6 nm.

The GaN samples obtained, some of which were gro
with a slightly corrugated surface, were irradiated in air
248 nm radiation from an excimer laser. A single pulse w
a duration of 10 ns and an energy of around 80 mJ was u
for the exposure. The intensity distribution over the cro
section of the focused laser beam was close to Gaussia

The investigation revealed a characteristic and spec
redistribution of the photoablation products of GaN. Irrad
tion by intense UV light causes dissociation of GaN m
ecules, with the nitrogen passing into the gas phase and
metallic gallium settling on the surface of the sample. T
causes substantial changes in the optical properties of
surface, e.g., the reflection takes on a metallic character.
peculiarity of the ablation of GaN can be exploited in U
optical lithography.

After laser exposure the central part of the irradia
region on the surface of the sample, where the energy den
reached 2.1 J/cm2, was covered by a continuous galliu
film, while no modification of the morphology of the surfac
was observed at the edges of the irradiated region.

For excitation corresponding to a narrow range of int
mediate energy densities, estimated with allowance for
spatial distribution of the intensity of the laser beam,
observed the formation of an array of isolated gallium cl
ters.

On samples with a uniform planar surface the clust
formed were plane clusters about 70 nm in diameter. Th
clusters were distributed chaotically over the surface~the re-
gion in the upper part of Fig. 2!.

Randomly distributed gallium clusters up to 25mm in
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diameter were previously observed on a GaAs surface du
epitaxial growth with an As deficit.5 Chaotically distributed
‘‘magic’’ clusters 1–2 nm in size and with a definite numb
of Ga atoms in a cluster have recently been produced on
Si ~111! surface.6

The use of the new GaN samples with growth microt
races disrupting the uniformity of the surface permitted
formation, by the indicated laser irradiation, of gallium clu
ters predominantly joined into a quasiperiodic system of p
allel metallic wires ~Fig. 3!. These wires were localized
along the growth steps, apparently because of the higher
of photoablation and the redistribution of the surface tens
in the vicinity of the steps. The cross-sectional diameter
the wires was around 50 nm.

In summary, on the GaN surface we have for the fi
time created a self-organizing system of oriented meta
nanowires with a small repetition period; these wires co
prise a unique object for investigating the plasmon–polari
interaction in quasi-one-dimensional structures. In additi
such a system of metallic wires might play the role of
built-in polarizer for GaN-based light-emitting devices a
might also be used as a semitransparent contact to provi
more uniform distribution of injected carriers along the su
face of a sample.

The authors are grateful to R. P. Se�syan and N. S.
Averkiev for showing interest in this study, to V. M. Burso

FIG. 3. Scanning electron micrograph of a GaN surface with gallium wir
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for providing us the means to investigate the morphology
the sample surfaces under a high-resolution scanning e
tron microscope, and to A. K. Kryzhanovski� for investigat-
ing the morphology of the sample surfaces with an atom
force microscope.
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Experimental study of the transient process in a pulsed relativistic backward-wave tube
for the millimeter range

M. I. Yalandin, V. G. Shpak, S. A. Shuna lov, and M. R. Ul’maskulov

Institute of Electrophysics, Urals Branch of the Russian Academy of Sciences, Ekaterinburg
~Submitted July 14, 1998; resubmitted January 14, 1999!
Pis’ma Zh. Tekh. Fiz.25, 19–23~May 26, 1999!

The influence of the rise time of the current pulse of a nanosecond high-current electron beam
on the self-oscillation regime that is established in a relativistic backward-wave tube for
the 38 GHz range is investigated experimentally. It is shown that a peak power of more than 50
MW is attained in a time of;300 ps. © 1999 American Institute of Physics.
@S1063-7850~99!02005-4#
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The nature of the transient process in a relativis
backward-wave tube~BWT! depends on the amount b
which the working current of the oscillator exceeds the st
ing current and on the power level of the initial microwa
signal in the synchronism band of the device. This signa
the spectral component of the radiation of the front o
dense electron beam injected into the slow-wave system.1 At
present there is heightened interest in the study of the
structure of the transient process in connection with the
that, according to Refs. 1 and 2, a relativistic BWT can, ev
over times of the order oft;L/vg , generate a short burst o
microwave radiation with a power level higher than in t
steady state. HereL is the length of the slow-wave syste
and vg is the group velocity of the wave in the interactio
space. For a BWT at 38 GHz and a beam density of;200
keV the characteristic value (L/vg) is some hundreds of pi
coseconds. The study of the relaxation to steady-state
eration in a device of this kind3 has become possible with th
construction of a high-current electron accelerator4 (;250
keV, ;2 kA, 5 ns! with stable characteristics and a contin
ously adjustable rise time of the accelerating voltage pu
~0.3–1.5 ns!. A hot-carrier germanium microwave detect
and a beam current sensor, with time resolutions of 150
200 ps, respectively, were developed for such studies.
3881063-7850/99/25(5)/2/$15.00
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The slow-wave systems of the BWT were circul
waveguides with a sinusoidal corrugation of the wall. O
end of the slow-wave system was connected to an elec
vacuum diode with a cold cathode, and the other end w
connected to a beam collector and a horn antenna for ou
The vacuum diode was isolated from the slow-wave sys
by a circular cutoff waveguide. An annular beam with a d
ameter of 5.5 mm and a wall thickness of 0.4 mm was c
fined by the axial magnetic field of a pulsed solenoid with
induction of 5 T. The first backward spatial harmonic of t
E01 mode was synchronous with the beam. It has be
shown5 by numerical calculations and experiments that
subnanosecond rise times of the accelerating voltage,
longitudinal crossover is formed at the entrance to the d
chamber~the slow-wave system!, 1.5–2 cm away from the
explosive-emission cathode. The rise time of the curr
pulse of an electron bunch in this region is shorter than t
of the accelerating voltage. This is because of dynam
bunching of the electrons starting from the cathode as
voltage rises with time. Additional sharpening of the nan
second front of the accelerating voltage should lead to a s
stantial increase in the level of the initial microwave sign
in the synchronism band of the BWT. The implementation
such a regime was the main goal of the present experime
n
0

FIG. 1. Variation of the shape of the microwave radiatio
pulse from a BWT with slow-wave systems of length 6
and 100 mm~b and c, respectively! as the accelerating
voltage pulse applied to the cathode~a! is successively
sharpened.
© 1999 American Institute of Physics
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Figure 1a shows the character of the change in shap
the front of the accelerating pulse as the gap was varied
high-pressure~50 atm! nitrogen-filled peaking spark gap a
the output of the 5-ns high-voltage modulator of the acc
erator. The corresponding change in the shape of the si
of the microwave detector recording the radiation of t
BWT is shown in Fig. 1b and 1c. The series of oscillosco
traces in Fig. 1c were obtained with a 1.7 times longer slo
wave system than for the series in Fig. 1b. Thus the star
currents for these two versions of the BWT differed by ab
a factor of 5 (I st;L23); for the short slow-wave system~Fig.
1b! it had the valueI st1'0.4 kA. The working beam curren
was I op'1.6 kA for both experiments~Fig. 1b and 1c!. One
can see from curve I in Fig. 1b that when the working curr
is 4 times higher than the starting current a slight modulat
of the microwave signal is observed even without additio
sharpening of the front of the beam current. Sharpening
creases the modulation~curve III in Fig. 1b!, and in the case
of the long slow-wave system (I op/I st2'20) a beam curren
pulse with a sharp front leads to a pronounced stochas
tion of the generation, with a power modulation index clo
to 100%~curve III in Fig. 1c!. In the last case one notices
shortening in the duration of the generation. It should
noted that the shape of the microwave pulses in Fig. 1 is w
reproduced from pulse to pulse.

For recording the amplitude and time characteristics
the microwave radiation pulses with subnanosecond res
tion it was necessary to correct the results of the meas
ments for the finite pass band of the detection system. S
the S7-19 oscilloscope used in the experiment has an
equate bandwidth~5 GHz!, the main problem was due to th
delay lines and connecting cables. These elements were
brated by a test pulse with a duration of 3.5 ns and a rise t
of 70 ps ~Fig. 2!, which was recorded by a Techtron
TDS820 stroboscopic oscilloscope with a bandwidth o
GHz. For calibration we used even shorter pulses, with
rations at half maximum of from 190 to 550 ps and rise tim
of 90–300 ps. Analysis of the oscillograms obtained in
experiment and the channel calibration data showed tha
rise times of the microwave radiation pulses varied from 5
ps ~curve I in Fig. 1b! to 200 ps~curve III in Fig. 1c!. For
both lengths of the slow-wave system we observed an

FIG. 2. Distortion of a 3.5-ns calibration pulse with a rise time of 70
~solid curve! after passage through a 50-ns cable delay line~dotted line!.
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crease in the growth rate of the microwave power as
beam front was sharpened (I→ II→ III). The maximum
value attained was 300 MW/ns~curve III in Fig. 1c!. When
the impulse characteristic of the detection channel~Fig. 2! is
taken into account, one finds, for example, that the amplit
of the first spike of microwave power~curve III in Fig. 1c! is
at least 10% higher than that of the next spike. Furtherm
limiting the frequency characteristic leads to a certa
smoothing of the modulation of the microwave signal and
a 10–15% broadening of the spikes at durations of 500–
ps. When the necessary amplitude corrections are taken
account, one can estimate that the power of the first subn
second spike under these conditions is 50–55 MW.

The possible influence of reflections from the collec
end of the slow-wave system on the irregularity of the m
crowave signals at timest>L/vg was investigated in a spe
cial series of experiments. For this we used a proced
wherein a preliminarily sharpened 5-ns accelerating volt
pulse~curve III in Fig. 1a! is shortened to;1 ns by means
of a cutoff spark gap. In this case the duration of the be
current pulse was sufficient for generating only the first sp
of microwave radiation, with a duration of 300–500 ps at t
same power. If the corrugation of the slow-wave system
abruptly discontinued, a short microwave pulse gives rise
a sequence of reflections with a fixed delay of 2L/vg ~Ref.
6!. In the present experiments we used slow-wave system
which the amplitude of the last four periods of the corrug
tion was gradually decreased. As a result, the corruga
waveguide made a smooth transition to the circular out
waveguide, the level of reflections was less than 5%,
they caused only a slight distortion of the recorded osci
grams.

In summary, in this paper we have confirmed the imp
tance of the current rise parameterdI/dt of the high-current
beam for varying the self-oscillatory mode of the millimete
wave BWT and the attainment of peak powers of tens
megawatts in a picosecond interval. In this connection it
pears promising to persue the idea7 of making an oscillator
with an even higher rate of rise of the microwave pow
through the use of an accelerating voltage pulse synthes
on the principle of having a short spike on the front, fo
lowed by a quasiplanar section.

This study was supported by the Russian Fund for F
damental Research, Grant 98-02-17308.
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Quantitative analysis of endohedral metallofullerenes by Rutherford backscattering of
protons

E. G. Alekseev, Yu. S. Grushko, V. S. Kozlov, and V. M. Lebedev

B. P. Konstantinov St. Petersburg Institute of Nuclear Physics, Russian Academy of Sciences, St. Petersburg
~Submitted November 4, 1998!
Pis’ma Zh. Tekh. Fiz.25, 24–30~May 26, 1999!

Samples containing endohedral metallofullerenes of gadolinium (Gd@C82) and dysprosium
(Dy@C82) are investigated by the Rutherford backscattering of protons. It is shown that the
concentration of endohedral metallofullerenes can be determined to within a few percent.
The measured concentration of endohedral metallofullerenes Gd@C82 and Dy@C82 in samples
prepared by selective multistep extraction is;60%. © 1999 American Institute of
Physics.@S1063-7850~99!02105-9#
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Endohedral metallofullerenes are ordinarily analyzed
secondary-ion mass spectrometry, using various mean
desorption of the sample to be investigated. However,
method gives only qualitative results as to the concentrat
of metallofullerenes in the fullerene mixture, since the co
ditions for the molecules to pass into the gas phase are
stantially different.1,2

For a quantitative determination of the concentrations
endohedral metallofullerenes doped with rare-earth eleme
specifically, Gd@C82 and Dy@C82, in a fullerene mixture,
we have employed the Rutherford backscattering
protons.3,4 Since this method gives only the elemental co
position and not the form of the chemical compound,
presence of specifically endohedral metallofullerenes i
mixture is determined by methods used for separating th
from the fullerene mixture and by mass spectrome
measurements.1,2

This study was carried out on an analytical unit for m
terials research, built around the electrostatic accelerato
the B. P. Konstantinov St. Petersburg Institute of Nucl
Physics, Russian Academy of Sciences.5

In the backscattering method one investigates how
intensity of protons scattered into the reverse hemisphere
pends on their energy at a constant energy of the incom
particles. For a massive sample one observes steps in
continuous experimental spectrum, at energies correspon
to the scattering of particles on surface atoms of the ta
~Fig. 1a!. The number of steps observed is equal to the nu
ber of different kinds of atoms in the sample.

Starting from the laws of energy and momentum cons
vation in binary collisions, one obtains a unique relation b
tween the initial energyE0 of the proton~of massm) and its
energyEi after an elastic collision with a target atom of ma
Mi :

Ei5KiE05E0•$m•cosu1~Mi
22m2

•sin2 u!1/2/~m1Mi !%
2,

~1!

whereKi is a kinematic factor andu is the scattering angle
The elemental composition of the sample is determined fr
measurements ofKi•E0 . At a scattering angleu5135° the
kinematic factor of carbon isKC50.752 and that of the rare
3901063-7850/99/25(5)/3/$15.00
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earth elements isK'0.98, i.e., one can easily distinguish th
contributions from scattering on these atoms in the measu
spectrum~Fig. 1a!.

In the analysis of the experimental spectra obtained
samples with a constant composition over the thickness,
uses the subtraction~or step! method. This method is base
on the assumption that the scattering of the ions on atom
each species occurs independently. The plateaus in the s
trum near the steps are approximated by straight lines, wh
positions on the individual parts of the spectra are found
the least squares method.

The atomic ratio Ci /Cj in a sample under analysis i
calculated from the step heightsHi andH j for these elements
in the experimental spectrum:

Ci /Cj5~Hi /H j !•~s i /s j !•~@S# j /@S# i !, ~2!

wheres is the scattering cross section and@S# is an energy-
loss parameter.4 The factor (@S# j /@S# i) takes into account
the difference of the energy losses for the protons emerg
from the target after scattering on the different kinds of
oms; for the pair carbon/gadolinium one has@S#C/@S#Gd

>1.01 ~Ref. 6!.
The differential scattering cross section for ions w

chargez on atoms with chargeZi is calculated from the
Rutherford formula:3

ds/dV5~z•Zi•e2/2•E0•sin2 u!2

3$cosu1@12~m•sinu/Mi !
2#1/2%2/

@12~m•sinu/Mi !
2#1/2, ~3!

wheredV52pudu is an element of solid angle.
The fact that the scattering cross section depends on

square of the charge of the scattering atom gives this me
a high sensitivity to elements with a large atomic number
a host material consisting mainly of elements of small atom
number. This circumstance makes it possible to determ
the concentration of a rare-earth element in carbon at a l
of 0.01%. In a number of cases, however, it is necessar
take into account the deviation of the scattering cross sec
from that calculated by the Rutherford formula. Below t
Coulomb barrier the scattering cross section is decrease
© 1999 American Institute of Physics
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account of the screening of the electric field of the tar
nucleus by the atomic electrons. The presence of the nuc
potential and resonance scattering also complicates the
culation of the cross sections for light atoms; they c
change by a factor of some tens of times, especially for
ments with a small atomic number.3

We therefore measured the scattering cross section
carbon experimentally. For this purpose we prepared mo
samples containing carbon and gadolinium with an ato
ratio Gd/C from 0.05 to 0.001. We chose a proton ene
E051 MeV and a scattering angleu5135°, since under
these conditions the scattering cross section on carbon v
smoothly with energy.3 The measurements showed that t
scattering cross section on carbon is increased by a facto
3.0660.03 in comparison with the purely Rutherford cro
section, on account of the nuclear scattering contribut

FIG. 1. Experimental spectra for a sample containing Gd@C82: a — the
spectrum of protons scattered at an angleu5135° for an initial proton
energyEp51 MeV; b — the spectrum of the characteristic x-ray emissi
excited by the protons. The thickness of the carbon absorber at the S~Li !
x-ray detector was 80 mg/cm2. The atomic ratio Gd/C5(6.560.3)31023.
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The differential scattering cross sections of protons unde
these experimental conditions (Ep51 MeV, u5135°) are as
follows: 0.194310224 cm2/sr for carbon, 7.28
310224 cm2/sr for gadolinium, and 7.76310224 cm2/sr for
dysprosium.

This method was used for real-time elemental analysis o
endohedral metallofullerenes of gadolinium and dysprosium
during their enrichment and extraction from a fullerene mix
ture by the methods of selective multistep extraction.2

Samples of soot, a cathode deposit, and a mixture o
fullerenes in the form of a solution or suspension were
placed in an aluminum cup, dessicated, and then used f
accelerator experiments. A sample of 0.005 g of materia
uniformly deposited on a substrate, was sufficient for dete
mination of the elemental composition.

The samples were irradiated by protons with energyEp

51 MeV at an ion beam current of 50 to 100 nA. The scat
tered protons were detected by a planar silicon spectrome

FIG. 2. The experimental spectra for a sample containing Dy@C82: a — the
spectrum of protons scattered at an angleu5135° for an initial proton
energyEp51 MeV; b — the spectrum of the characteristic x-ray emission
excited by the protons. The thickness of the carbon absorber at the Si~Li !
x-ray detector was 80 mg/cm2. The atomic ratio Dy/C5(7.360.3)31023.
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positioned at an angleu5135° to the beam direction. Th
time of study for each sample was;15 min. Since the back
scattering method does not have sufficient mass resolutio
the region of the rare-earth elements~the kinematic factors
for gadolinium and dysprosium are practically equal,KCd

'KDy50.979), they were identified from the characteris
x-ray emission excited by the protons in the same exp
ment.

Figure 1 shows the Rutherford backscattering spect
of the protons~Fig. 1a! and the spectrum of the characteris
x radiation~Fig. 1b!, obtained for a sample enriched by th
selective extraction of the gadolinium endohedral meta
fullerene Gd@C82. The spectrum in Fig. 1a clearly exhibi
the steps corresponding to scattering on carbon and g
linium. The atomic ratio Gd/C5(6.560.3)31023. As is
shown by a mass spectrometric analysis, the gadolinium
the sample is found in the form of an endohedral metal
ullerene Gd@C82 ~Refs. 1 and 2!. Consequently, the mas
content of Gd@C82 in the target is;57%.

For a sample containing the dysprosium endohedral m
allofullerene~Fig. 2a,b!, the atomic ratio Dy/C5(7.360.3)
31023, and the mass content of Dy@C82 in it is ;63%.
in

i-

m

-

o-

in
f-

t-

Thus the Rutherford backscattering method can be u
for a quantitative determination of the concentration of e
dohedral metallofullerenes to an accuracy of a few percen
samples as small as 0.005 g of material.

This study was carried out under Project No. 980
‘‘Tracer’’ under the auspices of the Russian Science and
gineering Progam ‘‘Fullerenes and Atomic Clusters.’’
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Photoluminescence properties of erbium-doped single-crystal and porous silicon films
L. K. Orlov, S. V. Ivin, D. V. Shengurov, and É. A. Shte nman

Physicotechnical Research Institute at the N. I. Lobachevski State University, Nizhni� Novgorod;
Institute of Solid State Physics, Russian Academy of Sciences, Chernogolovka
~Submitted July 1, 1998!
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The features of the photoluminescence spectra of single-crystal and porous Si:Er films grown by
molecular beam epitaxy are discussed. ©1999 American Institute of Physics.
@S1063-7850~99!02205-3#
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The problem of optical transitions in erbium atoms im
bedded by various methods in a silicon host has been
tively discussed in the literature in recent years in connec
with applications in optoelectronics. Detailed studies ha
been done on the properties of silicon doped with erbi
either directly during epitaxial growth1,2 or by ion implanta-
tion and diffusion methods.3 To improve the emission effi
ciency of erbium it has been proposed to use porous silic4

into which erbium is introduced from solution during th
electrochemical etching. In that case, however, the erb
most likely would remain either on the surface of the por
forming light-emitting complexes radiating at a waveleng
of 1.54 mm, or would diffuse into the subsurface layers
oxidized silicon. The emission efficiency of the Er com
plexes in that case would be increased on account of
greater surface area, but the emission mechanism would
main the conventional one for Er. For this reason it would
hard to expect that the photoluminescence efficiency of
bium in porous silicon could compare with that in ordina
glasses. However, the role of bulk effects in porous silic
remains unclear; in particular, whether the electronic str
ture of porous silicon would increase the efficiency of rad
tive transitions of Er in silicon.

In the present study we have undertaken to answer
last question by comparing the photoluminescence spect
epitaxial silicon films and erbium-doped films prepared fro
them. For growing the erbium-doped autoepitaxial silic
structures we used molecular beam epitaxy~MBE! of silicon
in sublimating solid-phase sources.5 The sources of the
3931063-7850/99/25(5)/2/$15.00
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fluxes of silicon and erbium atoms in the reactor of the a
paratus were high-resistance rods of silicon doped with
bium directly during their growth by the floating zon
method. This method of growing the erbium-doped silic
epitaxial films was proposed and implemented here for
first time. Mass spectrometric studies of the erbium distrib
tion in the source showed that it has a gradient distribut
along the length of the source in a concentration rangeNEr

;1017– 1020 cm23.
Single-crystal films of erbium-doped silicon up to 2

mm thick were grown by this epitaxial method at a grow
temperatureTp'600 °C. The concentration of oxygen atom
in the silicon epitaxial films was set by the residual gas pr
sure in the reactor, which was at a level of;131026 torr.
The structure of the surface of the epitaxial film in this ca
had an orange-peel look, and a metallographic analysis
vealed the presence of inclined dislocations~up to 6
3106 cm22) growing from the substrate toward the surfac
This fact attests to the efficient incorporation of the erbiu
atoms in the growing film~the erbium concentration in th
film, according to a mass spectrometric analysis, reac
;131019 cm23). The presence of erbium in the sampl
was also confirmed by measurements of the profile of
structure by the CV and Hall-effect methods. In general,
bium atoms in Si can impartn- or p-type conductivity, the
concentration of electrically active states in the system be
a few percent of the total number of erbium atoms in t
film. As we have said, the initial Si:Er source hadp-type
tal
FIG. 1. Photoluminescence spectra of two single-crys
samples of Si:Er.
© 1999 American Institute of Physics
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FIG. 2. Photoluminescence spectrum of the correspond
samples of porous Si:Er.
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conductivity and was a rather high-resistance mate
(p,1014 cm23).

A typical photoluminescence spectrum taken atT54.2
K on two of the samples grown is shown in Fig. 1. It is se
that the rather efficient radiative recombination via states
the erbium atoms~the line at wavelength 1.54mm! almost
completely suppressed the radiative transitionsD1 andD2 at
dislocation pileups in the film.

Electrochemical etching of the grown Si:Er epitax
structures produced films of porous silicon in which, unli
those studied in Ref. 4, the erbium atoms were located no
the surface of the pores but in the bulk of single-crys
grains. Figure 2 shows their photoluminescence spectra.
seen that after the electrochemical etching, the role of erb
in the radiative recombination was sharply diminished:
intensity of the line at wavelength 1.54mm was greatly
weakened, while at the same time the efficiency of radia
recombination involving an optical phonon increased. T
effect may be due to the circumstance that etching of
sample occurs mainly along the inclined dislocations gro
ing from the substrate toward the surface, and it is likely t
the maximum concentration of both erbium and oxygen
curs around these dislocations. The etching away of th
l
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regions in the formation of the porous structure substanti
decreases the erbium concentration in the remaining pa
the silicon matrix, and electronic, particularly low
dimensional, effects do not compensate for this decrease
do they lead to any noticeable features.

This study was supported by the Government Scie
and Engineering Program ‘‘Physics of Solid-State Nan
structures’’~Grant 97-2023!.

The authors are also grateful to M. G. Mil’vidski� and N.
A. Sobolev for coming up with the problem and seeing
through, and to Yu. A. Karpov for preparing the Si:E
sources.
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AlGaAsSb lasers emitting in the 1.6 mm region

T. N. Danilova, B. E. Zhurtanov, A. N. Imenkov, M. A. Sipovskaya, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted November 19, 1998!
Pis’ma Zh. Tekh. Fiz.25, 35–41~May 26, 1999!

AlGaAsSb lasers with different Al concentrations in the active and confinement regions are
fabricated and investigated. The structures lase in the region;1.6 mm. The AlGaAsSb solid
solution in the active region is a direct-gap material with a small energy separation (;56
meV! between the direct-gapG minimum and the indirect-gapL minimum of the conduction band.
The lasers have a single-mode spectrum with a predominant longitudinal mode in the spatial
distribution of the emission. The lasers operate at room temperature in a pulsed mode. ©1999
American Institute of Physics.@S1063-7850~99!02305-8#
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1. Lasers emitting in the spectral region near 1.6mm are
promising for diode-laser spectroscopy, since they opera
room temperature and this spectral region contains overto
of the absorption lines of certain gases of great pract
interest, such as methane (CH4), carbon dioxide (CO2), and
others, whose fundamental absorption bands lie in the m
infrared region~3–4 mm!, where room-temperature lasin
has not been achieved. To compensate for the weak abs
tion of light at overtones in comparison with the fundamen
absorption, one usually uses multipass cells containing
gas under study.1 This principle has been used, e.g., to co
struct a portable methane analyzer using a laser in the s
solution InGaAsP for measurements in the op
atmosphere.2 By now devices with a very high spectral res
lution have been made using InGaAsP/InP heterostruc
diode lasers for sensitive optical detection and differentiat
of the close-lying overtone 2n3 of the CH4 absorption line
and the 6n21n3 combination line of CO2 in the 1.6 mm
spectral region.3,4

We undertook the construction and study of diode las
based on another semiconducting solid solution, AlGaAs
and working in the;1.6 mm spectral region. The laser
contain a heterostructure with active and wide-gap regi
consisting of the same solid solution AlGaAsSb but w
different Al concentrations. In the AlGaAsSb solid solutio
the energy distance between the direct-gapG minimum and
the indirect-gapL minimum in the direct-gap compositions
less than 100 meV. It is of interest to determine whet
lasing is possible with an active region containing this se
conductor material.

2. The laser structures were fabricated by liquid-ph
epitaxy~LPE! on ann-GaSb~100! substrate doped with Te t
a free electron concentration of (8 –9)31017 cm23. The ar-
rangement of the layers in the laser structure is illustrate
Fig. 1a. All the layers grown were isoperiodic with the su
strate. The matching of the periods of the substrate
narrow-gap layer wasDa/a5(8 –9)31024, and that of the
substrate and wide-gap layers wasDa/a;1023. The
narrow-gap layer of the active region, with a composition
Al0.05Ga0.95As0.044Sb0.956 was doped with Te to a free elec
3951063-7850/99/25(5)/3/$15.00
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tron concentration of (3 –5)31017 cm23. The thickness of
this narrow-gap layer was 0.5mm. Wide-gap layers with a
larger Al concentration (Al0.34Ga0.66As0.044Sb0.956) were then
grown. TheN-type wide-gap layer was doped with Te to
free electron concentration of (3 – 5)31017 cm23 and a the
P-type wide-gap layer was doped with Ge to a free h
concentration of;731017 cm23. The narrow-gapP-layer
near the contacts had the same composition as the a
region and was doped to a hole concentration of;131019

cm23. The wide-gap layers were;2.5 mm thick, and the
heavily doped layer near the contact was;1.5 mm thick.

FIG. 1. Diagram of the arrangement of the layers in the laser structure~a!,
the band gapEg in the layers~b!, and the refractive indexn in the layers~c!.
© 1999 American Institute of Physics
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FIG. 2. Emission spectra of the laser E-174 N 14 at 77
~a! and at room temperature~b!.
f
th
n
s

e
i-

t

a
io
Th

e
on

e
la

n
re

as
sS
en
n
n

0

st
K
um
h

de
ra-

e

rn
8°
r-

eing
al
with
the
lf

the
The variation of the band gapEg over the thickness o
the structure at room temperature is shown in Fig. 1b. In
active regionEg;0.775 eV, corresponding to a radiatio
wavelengthl;1.6mm. In the wide-gap confinement region
Eg has a value of;1.0 eV. The heavily dopedP-layer near
the contacts has approximately the same value ofEg as the
active region. The solid solution AlxGa12xAsSb in the active
region (x50.05) is a direct-gap material, while that in th
wide-gap regions (x50.34) is indirect-gap, since the trans
tion from an absoluteG minimum to an absoluteL minimum
occurs atx50.25 ~Refs. 5 and 6!. In the active region, how-
ever, the indirect-gapL minimum is close to the direct-gapG
minimum, with an energy separation between them of;56
meV. The heterointerfaces between the active region and
wide-gap confinement regions are type-I heterojunctions
with a discontinuity in the conduction band ofEc;120–150
meV and with a discontinuity in the valence band ofEv
;150–170 meV.

The variation of the refractive indexn over the thickness
of the structure is sketched in Fig. 1c. The numbers given
calculated values. The refractive index in the active reg
has a value close to that in GaSb, approximately 3.79.
refractive index in the Al0.34Ga0.66As0.044Sb0.956 wide-gap
confinement region was;3.6. Thus the difference of th
refractive indices between the active and wide-gap regi
wasDn;0.19.

Mesa stripes;10 mm in width were prepared from th
epitaxial laser structure by photolithography. Fabry–Perot
ser cavities 200–250mm long were formed by cleaving.

The emission spectra, far-field radiation pattern, a
current–voltage characteristics of the lasers were measu

The emission spectra were measured at 77 K and
room temperature. An MDR-2 monochromator was used
dispersive device. The photodetector was a GaInA
photodiode.7 In the measurements at 77 K the supply curr
was in the form of a ‘‘meander’’ of pulses with a repetitio
rate of 400 Hz. At room temperature the supply curre
pulses had a durationt5500 ns and a repetition rate of 3
kHz.

3. The emission spectrum of one of the lasers inve
gated~E-174 N 14! is shown in Fig. 2; the spectrum at 77
at a current of 40 mA is shown in Fig. 2a, and the spectr
at room temperature and 880 mA is shown in Fig. 2b. T
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laser has a threshold current of 27.5 mA at 77 K and;800
mA at room temperature. All the lasers have single-mo
emission spectra. The shift of the wavelength with tempe
ture from 77 K to room temperature occurs at a rate of;7.6
Å/deg.

Figure 3 shows the far-field spatial distribution of th
laser radiation in the plane of thep–n junction for a current
of 30 mA and a temperature of 77 K. The directional patte
has a predominant longitudinal mode with a width of 10.
at half maximum intensity. The side maxima probably co
respond to transverse modes, their combined intensity b
approximately one-fourth the intensity of the longitudin
mode. The intensity of the transverse modes decreases
increasing mode number. In a plane perpendicular to
p–n junction the width of the directional pattern at ha
maximum intensity is 40–50°.

From the measured current–voltage characteristics of

FIG. 3. Distribution of the emission energyF in the far zone versus the
radiation detection angleQ for the laser E-174 N 14.
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laser at room temperature it was found that the residual
sistance of the laser structures is;28 V.

4. Let us discuss the results.
The main result of this study is the achievement of las

in a laser with an active region consisting of a direct-g
material in which the indirect-gapL minimum lies close to
the direct-gapG minimum, at an energy separation of;56
meV. Estimates show that under conditions of lasing in s
a material the energy density in the side, indirect-gap m
mum of the conduction band is an order of magnitude hig
than in the main, direct-gap minimum.

The lasers have a single-mode spectrum with a spa
distribution predominantly in the longitudinal mode. Th
shift of the coherent emission wavelength as the tempera
is raised from 77 K to room temperature occurs at a r
which is approximately one-half as large as the rate t
would correspond to the change in the band gap in the ac
region of the laser in this same temperature interval.

The presence of transverse modes in the spatial distr
tion of the laser emission is probably due to the fact that
stripe width is too large for an emission wavelength of 1
mm. This may be taken into consideration in a later stud
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Because the confinement layers of the structure
indirect-gap, the lasers have a high series resistance~28 V),
which, however, can be decreased by increasing the do
of these layers.

This study was supported in part by the contract INC
Copernicus N 1C15-CT97-0802~DG12-CDPF! and in part
by a grant from the Ministry of Science of the Russian Fe
eration under the program ‘‘Optics and Laser Physics.’’
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Magnetoresistance of nanobridges of lanthanum–strontium manganite
V. A. Berezin, V. I. Nikola chik, V. T. Volkov, Yu. B. Gorbatov, V. I. Levashov,
G. L. Klimenko, V. A. Tulin, V. N. Matveev, and I. I. Khodos

Institute of Microelectronics and High Purity Materials, Russian Academy of Sciences, Chernogolovka
~Submitted December 22, 1998!
Pis’ma Zh. Tekh. Fiz.25, 42–50~May 26, 1999!

Nanobridges are fabricated from lanthanum–strontium manganite deposited on Si3N4 membranes
perforated by a focused ion beam. The magnetoresistance is'9% in fields of;1 kOe.
Nonlinearity of the current–voltage characteristic of the bridges is observed, and it is found that
the maximum of the resistance is shifted to lower temperatures from that of a control film
sample of composition La0.8Sr0.2MnO3. © 1999 American Institute of Physics.
@S1063-7850~99!02405-2#
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The properties of rare-earth manganites A12xBxMnO3,
where A is a rare-earth element~La, Pr, Nd! and B is an
alkaline-earth~Ca, Ba, Sr! are currently under active study
These materials are of interest because of the colossal m
netoresistance effect observed in them.1 The published data
on the conductivity of manganite materials were obtained
bulk and film samples of macroscopic dimensions. To und
stand the mechanisms of electron transport in mangan
and to use these materials to make various nanosensor
magnetic recording devices, it will be necessary to have
formation about the properties of samples of small dim
sions. In this paper we make the first report of the fabricat
of nanometer bridges of lanthanum–strontium manga
and a study of their magnetoresistance.

The starting components for the synthesis of
La0.8Sr0.2MnO3 targets were La and Mn oxides (La2O3 and
MnO2) and strontium carbonate (SrCO3). The mixture of
starting components was heat treated at a gradual increa
temperature with a two-hour hold at 300, 400, 650, a
900 °C. Then the powders were reground and pressed
tablets, which were sintered atT51385 °C in air for one
hour.

FIG. 1. Hole made by a focused ion beam in a Si3N4 membrane.
3981063-7850/99/25(5)/4/$15.00
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To form the nanobridges we started from Si3N4

membranes2 about 100 nm thick. A focused ion beam wa
used to make holes,500 nm in diameter in the membrane
~Fig. 1!. Then an Al2O3 layer of definite thickness was de
posited on the membrane from both sides by rf-diode sp
tering of a sapphire target; this made it possible to reduce
size of the holes to the required value and prevented
manganite from interacting with the membrane material.
this way channels with a characteristic cross section,100
nm in diameter and up to 200 nm long were formed. T
channels were filled with manganite by the laser deposit
of a La0.8Sr0.2MnO3 film 250 nm thick on both sides of the
membrane. Prior to deposition of the manganite the me
branes were vacuum-baked 800 °C directly in the vacu
chamber at a residual gas pressure of 1025 Pa. The deposi-
tion was carried out at a sample temperature of 700 °C
an oxygen pressure of 10 Pa.

The deposition was done with the use of a pulsed lase
wavelength 1.06mm. The beam was focused on the target
a long-focus lens located outside the vacuum chamber.
power density at the rotating target was;109 W/cm2 in a
pulse 10 ns long. At a pulse repetition rate of 15 Hz an
target-to-sample distance of 60 mm the deposition rate
'0.4 nm/s. After deposition of the manganite film th
samples were annealed in air at 850 °C for one hour and
cooled at a rate of 0.1 deg/s.

The target material was investigated under a JE
2000FX transmission electron microscope equipped with

TABLE I.

Dimensions of

channel before
deposition R ~300 K!, R ~77 K!,

R(0 Oe)2R(6 kOe)
R(0 Oe)

Sample No. of manganite kV kV at 77 K

1 50385 nm 1890 2577 0.085
2 25375 nm 257.4 465 0.159
3 532 mm 73.7 50.9 0.189
~control h5250 nm
sample!
© 1999 American Institute of Physics
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FIG. 2. Current–voltage characteristics of sample N
2, with a manganite nanobridge. The dotted lines a
experimental, the solid lines are approximations of t
linear parts of the experimental curves.1 — T5300 K,
H50 Oe;2 — T577 K, H56 Oe;3 — T577 K, H
50 Oe.
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AN10/95S elemental analysis system; it was found that
target was single-phase and chemically uniform, with
ratio of metallic elements in correspondence with their p
portions in the starting mixture. Observations of the struct
of the deposited manganite films revealed that they are p
crystalline, with an average grain size'50 nm. Also, in
contrast to the uniform target material, the structure of
films contained nonuniformities in the form a small numb
of inclusions~droplets! with an elemental composition dif
ferent from that of the main body of the grain. The presen
of such inclusions is typical for laser-deposited films of oth
metallic oxide materials as well, including high-temperatu
superconductors; thus it is necessary to choose the depos
conditions so as to minimize droplet formation.
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To study the electrical and magnetic properties of
nanobridges we measured the temperature and field de
dences of the resistance. The parameters of samples N
and 2, with nanobridges, and of a control sample~a manga-
nite strip 5 mm long and 2 mm wide, deposited and annea
simultaneously with the bridge samples! are given in Table I.
The expected values of the resistance for the bridges la
the range from hundreds of kV to several MV. With such
high resistances there was a significant chance that
samples would be overheated by the measuring current
avoid this risk, the current–voltage~I–V! characteristic of
the sample was measured beforehand. An example of
I–V characteristic for sample No. 2 is shown in Fig. 2~simi-
lar behavior was observed for sample No. 1!. It is seen that
of
ple
ue
FIG. 3. Temperature dependence of the resistance
nanobridge samples Nos. 1 and 2 and of control sam
No. 3; the curves are normalized to the maximum val
of the resistance for each.
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above a certain value of the current~here around 5mA!
Ohm’s law breaks down, and the resistance of the sam
with the bridge begins to decrease. The cause of the non
earity of the I–V characteristic of the bridge samples is d
cussed below. The magnetic measurements were done i
linear region of the I–V characteristic.

Figure 3 shows the temperature dependence of the r
tance for the bridge samples and the control sample. S
the resistance of the samples was quite different, the cu
in Fig. 3 show the values divided by the maximum resista
for each sample. The curves reveal the shift of the positio
the resistance maximum to lower temperatures as the tr
verse size of the bridge decreases. It is known that the m
mum of the resistance of manganite conductors of ma
scopic size lies near the Curie point, which is determined
the composition of the manganite material, viz., the ratio
the rare-earth and alkaline-earth elements,3 and the oxygen
content.4

One notices that the resistance of sample No. 1, in wh
the channel dimensions prior to deposition of the manga
film were 50385 nm, is larger than the resistance of sam
No. 2, in which the initial channel was smaller (25375 nm!.
Moreover, published data3,4 indicate that a higher value o
the temperature of maximum resistance corresponds
lower resistivity, i.e., sample No. 1 Should have the low
resistivity. The contradiction in these data may be explain
by the circumstance that in sample No. 1 the channel c
tained not only a material of high conductivity, the tempe
ture dependence of which determines the form of the cu
in Fig. 3, but also a larger amount of a material of lo
conductivity. The coexistence of two types of materials c
be explained by the presumed cluster structure of the m
ganite material, which is made up of mixed regions~several
nanometers in size! of different materials6 with high and low
conductivity.5 The conductivity of the bulk manganite mat
rial ~the control sample! is an averaged quantity determine
by the passage of charge carriers through a heterogen
region. For samples of small dimensions there is a m
higher probability that high-resistance or insulating regio
will be predominantly present. The latter could fill the cha
nel of sample No. 1 in large numbers.

Figure 4a and b shows the magnetoresistance of the
trol sample and of bridge sample No. 1 for various orien
tions of the magnetic field with respect to the sample. I
seen that the control sample has a pronounced anisotropy
to the fact that the sample is in the form of a film. The fa
that no such anisotropy is observed for the bridge sam
indicates that the bridge is of a more equiaxed form. The
samples have approximately the same values of the coe
force ('150 Oe! and of the change in resistance in a ma
netic field (.10% in a field of 6 kOe!. An important circum-
stance which permits their use as magnetic field senso
that a significant change in resistance ('9%) occurs in
fields as low as;1 kOe.

The observed nonlinearity of the I–V characteristics
the bridges cannot be explained by a simple thermal o
heating of the sample. In this connection let us estimate
possible elevation of the temperature of a bridge whe
power between 10 and 200mW is dissipated in it~for sim-
le
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plicity, we take the dimensions of the bridge to be 1
31003100 nm!. Assuming that the thermal conductivity o
manganite has a typical value for oxide materials,7 l
;1022–1021 W• m21

•K21 at 300 °C, we estimate that th
temperature at the center of the nanobridge will be at m
20–40 deg higher than at its edge. Thus the power relea

FIG. 4. Field dependence of the resistance atT577 K. a: Control sample; b:
nanobridge sample No. 2. The magnetic field was directed parallel~1! and
perpendicular~2! to the plane of the manganite film.
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will be effectively removed to the contacts and side wa
and the nanobridge should not overheat. This estimate is
ported by the fact that the nonlinear dependence is obse
both at temperatures below the resistance maximum~the re-
gion of metallic conductivity! and at temperatures above th
resistance maximum~the region of semiconductor condu
tivity !. Similarly, the nonlinearity cannot be caused by t
magnetic field of the current. Estimates show that the m
netic field of the current is quite small (;1 Oe!. The non-
linear dependence might be due to the opening up of a
tional channels of conduction as the electron ene
increases.

In closing, let us emphasize the following. We have
the first time fabricated nanometer objects~bridges! of
lanthanum–strontium manganite, which exhibits the gi
magnetoresistance effect. The size of the effect is com
rable to that in manganite films, and an appreciable chang
resistance ('9%) occurs in fields of only;1 kOe. We have
observed nonlinearity of the I–V characteristic of the nan
,
p-
ed
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i-
y
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t
a-
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-

bridge samples and a shift of their resistance maximum
lower temperatures as compared to a film control sample
composition La0.8Sr0.2MnO3.

This study was supported by the Russian Fund for F
damental Research~Grant 96-02-17123! and the Govern-
ment Program ‘‘Physics of Solid-State Nanostructure
~Grant 97–1063!.
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5É. L. Nagaev, Usp. Fiz. Nauk166, 833 ~1996!.
6V. I. Nikolaichik and L. A. Klinkova,Abstracts of the Fifth International
Workshop MSU-HTSC V~1998!, p. F-14.

7C. Uher and A. B. Kaiser, Phys. Rev. B36, 5680~1987!.

Translated by Steve Torstveit



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 5 MAY 1999
Hyperboloid mass spectrometer with a truncated trap
E. V. Mamontov and D. A. Ivlev

Ryazan State Radio Engineering Academy
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A hyperboloid mass spectrometer is proposed in which the analyzer is a three-dimensional ion
trap truncated by the planez50. The mass peaks for different operating regimes of the
mass analyzer are constructed from the results of a numerical modeling of the electric field and a
simulation of the process of sorting the charged particles. The results serve as a basis for
the construction of a hyperboloid mass spectrometer with a simple electrode system and a high
resolving power. ©1999 American Institute of Physics.@S1063-7850~99!02505-7#
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Hyperboloid mass spectrometers~HMSs! utilize quadru-
pole mass filters and ion traps as analyzers of particles
cording to the specific charge.1 The electrode systems o
these analyzers are complicated to fabricate and assem
The monopole analyzer has a simplified construction of
electrode system but a limited resolving power. The analy
proposed here, which utilizes a truncated ion trap, can
used to construct a HMS with a simple construction of
electrode system and good analytical parameters and w
also effectively solves the problems of ion injection and e
traction.

The electrode system of the analyzer~Fig. 1! consists of
half the electrode system of an ion trap, in the hemisph
z.0. It consists of two successive hyperboloid electrode1
and2, with minimum distances ofZ0 andR0 from the coor-
dinate origin (Z055R0), and a shielding electrode3. The
ideal potential distribution in the analyzer, which does n
take into account the finiteness of the electrode system
described by the expression

F~z,r !5
~F12F2!~z22r 2/2!1F1R0

2/21F2Z0
2

Z0
21R0

2
. ~1!

An opening in the ring electrode2 permitted injecting the
ions into the analyzer prior to the start of the sorting proc
and to remove the sorted ions for detection after its com
tion. The sorting space of the truncated trap along to thz
coordinate is restricted to positive values, and the char
particles can execute only unipolar oscillationsz(t)>0 in it
under the influence of an rf field. In a field with a quadra
potential distribution~1! such oscillations correspond to th
boundarya0(q) of the stability diagram and are described
the relation2

z~ t !5Ace0~ t,q!1B f e0~ t,q!, ~2!

where ce0(t,q) and f e0(t,q) are periodic and aperiodi
zeroth-order solutions of the Hill equation, andA andB are
parameters which depend on the initial coordinatez0 and
initial velocity n0 of the charged particles. In this case t
sorting of the particles according to specific charge can
done with respect to a single coordinate.3 When the volume
of the trap is limited, the potential distribution in the regio
4021063-7850/99/25(5)/3/$15.00
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z,2R0 is considerably different from~1!, and the characte
of the trajectories of ions with light massesm,m0 (m0 is
the mass of the ions to be analyzed! is altered in such a way
that these ions fall in the region of nonlinear distortion
Since the efficiency of one-dimensional sorting is lowered
is of interest to create a regime of two-dimensional sorting
ions in a unipolar analyzer.

To estimate the analytical capabilities of such a regi
we did a computer simulation of the sorting of charged p
ticles in a truncated trap with the parametersZ0532 mm,
R056 mm, andD580 mm. The sorting space of the an
lyzer ~the active zone4! is bounded by a cylinder of radiu
R0. In the first step the electric field in the analyzer w
modeled for fixed potentialsF1 , F2, and F3 on the end
electrode1, the ring electrode2, and the shielding electrod
3, and the deviationDF(z,r ) of the potential in the active
zone from the ideal value was determined. According to
value of DF(z,r ) the active zone was divided up into re
gions with substantial and unimportant distortions of t
field. In the region 2R0<z<Z0 at the optimum value of the
potentialF350.275F1 on the shielding electrode the erro
in the potential distribution does not exceed 0.431024F1

and has practically no influence on the ion trajectories a

FIG. 1. Electrode system of the analyzer.
© 1999 American Institute of Physics
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FIG. 2. Trajectories of ions withm50.99m0 in the ideal
field ~a! and in a field with nonlinear distortions, with
l50.33 ~b!.
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HMS resolving power of several thousand. In the region
substantial distortions 0<z<2R0 the deviation of the poten
tial from Eq. ~1! for the indicated parameters of the analyz
were approximated by the function

DF~z,r !'27.7•1023F1 exp~214.5z/Z0!

3exp~270r 2/R0
2!. ~3!

The second step in the simulation was to calculate
ion trajectories and mass peaks of the analyzer with all
ance for the error in the potential distribution~3! under the
influence of an rf field on the charged particles. The rf fie
was produced by a potential differenceF0(t)5F12F2 be-
tween the field-forming electrodes. The pulsed volta
sourceF0(t)5U1Vc(vt) with an initial phasew025p/2,
whereU and V are the dc component and the amplitude
the rf voltage, respectively, andc(vt) is a normalized peri-
odic function. Before the start of the sorting the valuesF1

5F25F350 were imposed, and ions were injected in t
analyzer at initial coordinatesz052R0 and with thermal ini-
tial velocitiesn0. Here the parametersz0 andn0 of the ions
were matched with the initial phasew025p/2 of the rf
voltage.4 The trajectories of the charged particles with r
spect to the coordinatesz andr were calculated by numerica
solution of second-order nonlinear equations with perio
coefficients:

d2z

dt2
1@a12qf~vt !#S z1k

]DF

]z D50,

d2r

dt2
2@a/21qf~vt !#S r 1k

]DF

]r D50, ~4!

wherea and q are sorting parameters which depend on
dimensionZ0 of the analyzer and the parametersU, V, v and
the shape of the rf voltage, andk5(Z0

21R0
2/2)/2(F12F2).

It was found that the motion of the ions with light mass
m,m0 (m'm0) along thez coordinate has the peculiar fea
ture that for particles withm,m0 the trajectories, which in
the ideal field alternate in sign, become unipolar~Fig. 2! in
the presence of potential deviations of the form in Eq.~3!.
This occurs because the ions withm,m0, which in the ini-
tial step of the sorting are found in the ideal-field region, a
subsequently displaced alongz into the region of nonlinear
f

r

e
-

e

f

-

c

e

e

distortions with a higher field than in the ideal case. As
result, the ions that do not cross the axisz50 return to the
initial oscillation region. Here the ion trajectories take on t
character of unipolar beats~Fig. 2b!, and one-dimensiona
sorting of the ions becomes inefficient. In that case it is
visable to use sorting with respect to the coordinater for
filtering of the light ions; such a sorting is realized whe
operating at the vertex of zone I of the stability diagram
l5U/2V close to 0.3455.1

The mass peaks were obtained from integral represe
tions of the properties of the mass analyzer with a trunca
trap, on the basis of a calculation of a set of trajectories
53103 ions with various initial coordinatesz05(0.2–
0.35)Z0 , r 052R0 to R0, and thermal initial velocities, with
allowance for the nonlinear distortions of the field. The r
sults of the calculations are presented in Fig. 3. Curve1
corresponds to the one-dimensional regime of ion sorting
which, because of the nonlinear distortions of the field
efficiency of the filtering of light ions is low. In this case th
mass peak has a gentle declivity on the left-hand side,

FIG. 3. Mass peaks for a hyperboloid mass spectrometer with a trunc
trap. The number of sorting periodsn520: 1 — l50.33; 2 — l50.34;
3 — l50.344.
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the resolving power does not exceed 50. Curves2 and3 were
obtained with the analyzer operating in the vicinity of t
vertex of zone I of the stability diagram, where the lig
masses are filtered out with respect to ther coordinate. At
l50.344 the resolving power reaches a valuer0.55850. Ef-
fective confinement of the particles to be analyzed~the in-
tensity of the peak is 20% of the maximum! is ensured by
having the optimum initial phase of the rf voltage,w02

5p/2, at which the initial velocities of the ions have le
influence, and the amplitudes of the oscillations with resp
to ther coordinate for the stable ions are an order of mag
tude smaller than at other injection phases. Optimization
the analyzer parameters and of the ion sorting regime co
increase the resolving power of the HMS to seve
ct
i-
f
ld
l

thousand.
In summary, a simulation of the charge-particle sorti

processes in a hyperboloid analyzer of the truncated trap
has demonstrated the possibility of building a hyperbol
mass spectrometer with a simple electrode system and
good analytical parameters.

1R. E. March and R. J. Hughes,Quadrupole Storage Mass Spectrometr,
Wiley, New York ~1989!, 463 pp.

2N. W. McLachlan,Theory and Application of Mathieu Functions, Claren-
don Press, Oxford~1947! @Russ. transl., IL, Moscow~1953!, 468 pp.#.

3E. V. Mamontov, Izv. Akad. Nauk SSSR, Ser. Fiz.62, 2039~1998!.
4E. V. Mamontov,Proceedings of the Fourteenth Mass Spectrometry C
ference, Helsinki, Aug. 25–29, 1997, p. 228.
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Faraday compensator of reciprocal optical anisotropy utilizing a polarization ring
interferometer

V. M. Gelikonov, G. V. Gelikonov, V. V. Ivanov, and M. A. Novikov

Institute of Applied Physics, Russian Academy of Sciences, Nizhni� Novgorod; Institute of the Physics of
Microstructures, Russian Academy of Sciences, Nizhni� Novgorod
~Submitted November 11, 1998!
Pis’ma Zh. Tekh. Fiz.25, 57–63~May 26, 1999!

It is shown that a polarization ring interferometer containing a Faraday cell can be used to
compensate the reciprocal anisotropy in round-trip optical circuits. It is established theoretically
and experimentally that, unlike the case of conventional Faraday mirrors, the quality of
the restoration of the polarization in a compensator based on a polarization ring interferometer is
practically independent of the Faraday rotation angle. A deviation of the Faraday rotation
angle from 45° leads only to an additional power loss. The novel compensators can be used in
fiber-optic circuits with a wideband light source or with several sources having different
wavelengths. ©1999 American Institute of Physics.@S1063-7850~99!02605-1#
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Compensators of reciprocal optical anisotropy which u
lize Faraday rotators — so-called Faraday mirrors —
widely used at the present time in round-trip optic
circuits,1–5 in particular, in fiber-optic interferometers3 and
optical amplifiers.4,5 The simplest Faraday mirror1,2 is a com-
bination of a 45° Faraday rotator and a rotating mirror.
was shown in Ref. 1, in a round-trip optical circuit consisti
of a Faraday mirror and a reciprocal element placed in fr
of it having arbitrary phase anisotropy~e.g., a length of
single-mode optical fiber!, the output polarization is alway
orthogonal to the input polarization, regardless of the anis
ropy and input polarization. This allows one to obtain
stable polarization at the output of a round-trip anisotro
optical system with unstable parameters.

However, if the angle of rotation of the Faraday rota
differs from 45°, the Faraday mirror1 will not provide com-
plete compensation of the parasitic anisotropy. The inten
of the undesirable component of the output polarization

I i;sin2 2Du, ~1!

where Du is the deviation of the angle of rotation of th
Faraday rotator from 45°. The compensation error~1! can
arise as a result of temperature instability of the Fara
rotation ~which is present to some degree in all magneto
tical materials! or on account of degradation of the perm
nent magnet of the Faraday rotator. In addition, becaus
the frequency dispersion of the Faraday rotation, the co
pensation error~1! is always present in circuits with a wide
band light source or with several sources having differ
wavelengths.

In this paper we propose and investigate experiment
a Faraday compensator of reciprocal anisotropy in which
compensation is practically independent of the angle of ro
tion of the Faraday rotator. A diagram of the compensato
shown in Fig. 1. The compensator is a polarization r
interferometer6 containing a Faraday rotator F. The polariz
tion ring interferometer~PRI! consists of a polarization beam
4051063-7850/99/25(5)/3/$15.00
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splitter ~PBS! and two mirrors m1 and m2. The Jones mat
of a PRI containing an anisotropy elementM̂ has the form

R̂5U 0 m12
1

m21
2 0

U, ~2!

wheremi j are elements of the Jones matrixM̂ , and the su-
perscripts6 correspond to opposite directions of traversi
the contour of the PRI. If the anisotropic elementM̂ is a
Faraday rotator with the Jones matrix

M̂F5Ucosu 2sinu

sinu cosu
U, ~3!

then the Jones matrix of our compensator takes the form

R̂5sinuU 0 1

21 0
U. ~4!

As was shown in Ref. 1, in a round-trip optical circuit
reflector with the Jones matrix~4! will compensate any re-
ciprocal phase anisotropy in the elements placed in fron
it. Aside from the Faraday rotation angle, a compensa
based on a PRI is completely equivalent to an ideal conv
tional 45° Faraday mirror. A deviation of the angle of Far
day rotation from the optimum~45°) will lead only to a
decrease of the power returned by the compensator, this
fect being due to a decrease in the polarization componen
the counterpropagating waves not redirected by the PBS

The characteristics of a compensator based on a PRI
a conventional 45° Faraday mirror were compared in an
periment using the arrangement shown in Fig. 2. Light fro
a helium–neon laser~He–Ne! passed through a polarizer~P!,
a single-mode axisymmetric optical fiber~SMF!, reflected
off the compensator under study~C!, once again passe
through the fiber, and was directed through a 50% be
splitter~BS! onto a polarization photodetector consisting o
Wollaston prism~W! having one of its axes oriented parall
to the polarization at the output of the polarizerP, and a pair
© 1999 American Institute of Physics
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of photodiodes~PD1, PD2!. With a Lefevre polarization con
troller ~PC! we could create any desired phase anisotropy
the fiber. In the case of ideal compensation of the anisotr
in the fiber the polarization at the exit from the fiber~and,
accordingly, at the entrance of the photodetector! should be
strictly orthogonal to the polarization, produced by polariz
P, at the entrance to the fiber. The fact that a polariza
component parallel to the input polarization appears at
entrance of the photodetector is indicative of compensa
error. In the experiment we measured the intensity of
orthogonal and parallel components of the polarization a
a round-trip passage through the fiber as a function of
angle of Faraday rotation for both types of compensators

FIG. 1. Diagram of a Faraday compensator based on a polarization
interferometer. PBS is a polarization beam splitter, m1 and m2 are mir
and F is a Faraday rotator.

FIG. 2. a: Experimental apparatus for investigating Faraday compensa
He–Ne is a helium–neon laser (l50.63mm!, P is a polarizer~Glan prism!,
L is a lens, SMF is a single-mode optical fiber, PC is a Lefevre polariza
controller, and C is the compensator under study. b: A compensator b
on a polarization ring interferometer: PBS is a polarization beam splitte
is a plane mirror, and F is a Faraday rotator with an adjustable angl
rotation.
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each value of the Faraday rotation angle the Lefevre po
ization controller was used to create in the fiber an anis
ropy such that the uncompensated component was maxim
at each value. It should be noted that, although in our exp
ment the polarization at the entrance of the round-trip circ
was linear, our data on the quality of the compensation
valid for any input polarization that can be represented as
sum of two linearly polarized components.

A diagram of the compensator used in the experimen
shown in Fig. 2b. The compensator included a polarizat
beam splitter~PBS!, a mirror ~M! closing the contour of the
PRI, and a Faraday cell~F! having an adjustable angle o
rotation of the plane of polarization and mounted directly
front of the mirror. The PBS used was a cleaved Savart p
— a calcite prism cut at an angle to the optic axis. T
mirror was mounted at the crossing point of the rays se
rated by the Savart plate. The Faraday rotator was mad
the form of a rod of the magnetooptical glass MOS-31 wh
could be moved around inside a cylindrical samarium–cob
permanent magnet. By moving the magnetooptical
around inside the permanent magnet we could vary the
aday rotation angle at the working wavelength 0.63mm from
0 to 60°. The same cell was used in a 45° Faraday mirr

The results of the measurements are shown in Fig. 3
is seen that when a PRI-based compensator is used, the
ity of the compensation, defined as the ratio of the para
and orthogonal components of the input polarization, rem
high at all Faraday rotation angles, whereas in the case
conventional 45° Faraday mirror the ratio of the intensit

ng
s,

rs:

n
ed
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FIG. 3. Quality of compensation versus the Faraday rotation anglew. 1 —
IntensityA of the uncompensated~parallel to the initial! component of the
output polarization;2 — intensity of the compensated~orthogonal to the
initial! component of the output polarization. a: For a conventional Fara
mirror; b: for a compensator based on a polarization ring interferomete
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of the uncompensated and compensated components
rapidly as one moves away from 45°. It is important to no
that even at Faraday rotation angles close to 45° the
compensator provides a higher-quality restoration of the
larization than does a 45° Faraday mirror. The residual co
pensation error is apparently due to imperfection of the F
aday cell and nonideality of the adjustment of the PRI a
the photodetector.

The results presented above suggest that compens
of parasitic anisotropy which utilize polarization ring inte
ferometers may find application in various optical circui
primarily fiber-optic ones, where wideband light or light
several wavelengths is used and where high-quality comp
sation at all wavelengths is required. It should be noted
ses
e
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-
-
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d
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,

n-
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this new compensator is amenable to all-fiber implemen
tion with the use of polarization-dependent fiber couplers

The author thanks E. A. Khazanov for useful commen
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New type of oscillations in bistable resonant tunneling diodes
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It is shown that that the coupling of resonant tunneling diodes with an external electrical circuit
containing an oscillatory loop can lead to the excitation of spatiotemporal oscillations.
© 1999 American Institute of Physics.@S1063-7850~99!02705-6#
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Resonant tunneling diodes~RTDs! have been the subjec
of intensive investigations in recent years~see, e.g., Ref. 1!.
One of the effects commonly observed in RTDs is Z-sha
internal bistability of the current–voltage~I–V! characteris-
tic, arising as a result of the accumulation of the elec
charge of the resonant electrons in the quantum well of
RTD.

Recently a new type of transient process in bista
RTDs, due to transverse switching waves, was exami
theoretically in Refs. 2 and 3. A switching wave is a nonu
form ~in the direction transverse to the current! structure of
the resonant tunneling current density. Part of the cross
tion of the RTD is in a high-current state, and part is in
low-current state~Fig. 1a!, and the boundary between the
two regions moves along the quantum well with a cert
velocity v which depends on the voltageV across the RTD.
As we see, the switching wave brings about the switching
the RTD from one uniform state to the other. The type
switching that is possible is also determined byV. Inside the
bistable region of voltagesVl,V,Vh there is a certain volt-
age valueVc for which v50 and the switching wave is
stationary transverse structure. ForVl,V,Vc , switching
can occur from the low-current to the high-current state, a
for Vc,V,Vh , from the high-current to the low-curren
state. Importantly, the switching wave can be excited by
cess injection or extraction of resonant electrons near
transverse boundaries of the RTD, which can occur on
count of technological nonuniformities~variations of the
layer thicknesses in the quantum well and barriers! and also
on account of the presence of additional contacts. Thus
low-current branch of the I–V characteristic forVl,V,Vc

and the high-current branch forVc,V,Vh may become un-
stable as a result of excitation of a switching wave.

The main result of this study is the finding that when
RTD whose I–V characteristic has a region of instabil
against the excitation of a switching wave is connected i
an external electrical circuit containing an oscillatory loop
new type of spatiotemporal oscillations can be excited. Th
oscillations are caused by the fact that the change in the R
current during the propagation of a switching wave will le
to a change in the voltage across the RTD and in the velo
of the switching wave on account of the reaction of the el
trical circuit. The subject of our analysis is the simple ele
trical circuit illustrated in Fig. 1b. For specificity we assum
4081063-7850/99/25(5)/2/$15.00
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that the high-current branch of the I–V characteristic
Vc,V,Vh is unstable as a result of the excitation of
switching wave. The stationary states of the system are
termined by the intersection of the I–V characteristic of t
system and the load line~Fig. 1c!. We are interested in the
case in which two of these stationary states (S1 andS3) are
homogeneous high- and low-current states, while the th
S2, is a stationary structure of the typeV5Vc . It is easy to
see thatS1 and S3 are stable against small perturbation
while S2 is unstable. If the system is initially found in sta
S1, then a disturbance that is strong enough forV to become
greater thanVc will lead to the excitation of a switching
wave. Then there are three possible scenarios for the su
quent evolution of the system: 1! the RTD is completely
switched to the stateS3; 2! the influence of the circuit cause
V at some time to become smaller thanVc , so that the
switching wave changes its direction of propagation and
RTD reverts to the homogeneous high-current state; 3! after
the reversion described in scenario 2 the evolution of
circuit restores the conditionV.Vc , and the switching wave
is excited anew.

As we see, each cycle of oscillations consists of t
stages. During the first stage a switching wave propagate
the RTD. In this stage the system is described by the eq
tions

dl

dt
52v~V!,

d2U

dt2
1v0

2U5
1

C

dI

dt
. ~1!

Here l is the length of the RTD region found in the high
current state, a positive velocityv corresponds to switching
from the high- to the low-current state,U is the voltage
across the oscillatory loop,v05(L* C)21/2, L* and C are
the natural frequency, inductance, and capacitance of the
cillatory loop, I is the RTD current, which is given by th
relation

I 5~ l /L !I (h)~V!1~12 l /L !I ( l )~V!, ~2!

whereL is the length of the RTD in the direction of propa
gation of the switching wave, andI (h,l ) are the equations o
the high- and low-current branches of the I–V characteris
of the RTD. This system of equations must be supplemen
with Kirchhoff’s law: IR1U1V5E, whereE is the source
voltage. During the second stage the RTD is found in a
© 1999 American Institute of Physics
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mogeneous high-current statel 5L, and the system is de
scribed by the second of Eqs.~1!. In accordance with wha
we have said above, each cycle is determined by three in
conditions. Two of them, however, are always the same
the beginning of the cycle,l 5L and U[U05E2Vc

2I (h)(Vc)R. Thus there is actually only one initial param
eter, which we define asn52(v0U0)21/2(dU/dt)(t50).
Then the evolution of the whole system is described b
one-dimensional mapP which determines the value ofn in
the (n11)th cycle according to its value in thenth cycle:
nn115P(nn).

Figure 2 shows two types of mapsP that lead to oscil-
lations. Regular oscillations correspond to the fixed points
P, which are defined by the conditionP(n)5n. If at a fixed
point udP/dnu,1, then the fixed point and the oscillation
are stable, and the situation corresponds to curve1 in Fig. 2.
Oscillations can also exist when the fixed point is unstab
but the map will have a basin of attraction within which t
parametern is trapped. This case corresponds to curve2 in
Fig. 2 ~the basin of attraction is shown by the dashed re

FIG. 1. a: Schematic illustration of the transverse cross section of a reso
tunneling diode~RTD! during the propagation of a switching wave. Th
shaded part, of lengthl, is found in the high-current state, while the remai
der L2 l is in the low-current state. b: The electrical circuit used in t
analysis; D is the RTD. c: Stationary states of the system; the Z-shaped
characteristic of the RTD and the load line are shown.
ial
at

a

f

,

t-

angle!. In the calculations we used linear approximations
v and for the I–V characteristic of the RTD:v5b(V
2Vc), I (h,l )5I 0

(h,l )1(V2Vc)/Rh,l . Curves1 and 2 corre-
spond to the following parameters of the RTD and circu
b(I 0

(h)2I 0
( l ))R/(Lv0)51.3 and 1.6, respectively,Rh /R

5100, Rl /R51000, v0RC520, l c /L50.9, wherel c is the
value of l corresponding to the stationary stateS2.

Thus we have shown that excitation of a switching wa
in bistable resonant tunneling diodes connected to an o
latory loop can give rise to a new type of spatiotempo
auto-oscillations that do not derive from the presence
negative differential resistance. This effect is largely due
the stability properties of transverse structures in syste
with Z-type bistability.4

1Proceedings of a NATO Advanced Research Workshop on Resonant
neling in Semiconductors: Physics and Applications, El Escorial, May
14–18, 1990, Plenum Press, New York~1991!, 537 pp.

2B. A. Glavin, V. A. Kochelap, and V. V. Mitin, Phys. Rev. B56, 13346
~1997!; Lith. Phys. J.35, No. 5–6, pp. 549–551~1995!.

3D. V. Mel’nikov and A. I. Podlivaev, Fiz. Tekh. Poluprovodn.32, 227
~1998! @Semiconductors32, 206 ~1998!#.

4M. Meixner, P. Rodin, and E. Scho¨ll, Phys. Status Solidi B204, 493
~1997!.
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FIG. 2. One-dimensional mapsP(n) leading to the onset of oscillations
The single straight lineP5n and the basin of attraction of map2 are shown
by dashed lines.
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Temperature effect on the field emission from zirconium islands on tungsten
E. L. Kontorovich, T. I. Sudakova, and V. N. Shrednik
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The coefficientsaT of the change in the work function with temperature are determined
experimentally for two-dimensional islands of zirconium on and in the vicinity of the$001% face
of tungsten. The values ofaT are an order of magnitude higher than those typical for clean
metals. The reason is a change in the adatom–adatom binding energy with increasing temperature.
© 1999 American Institute of Physics.@S1063-7850~99!02805-0#
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Two-dimensional islands of zirconium form in the vicin
ity of the $001% cube faces of the tungsten crystal and
these faces themselves. These islands appear as bright
in a field electron microscope.1,2 Zirconium is ordinarily de-
posited on cold tungsten in high vacuum. At a temperat
T51000–1400 K the zirconium is redistributed over the s
face~while not yet diffusing into the interior or evaporating!
and accumulates around the faces of the cube. The isl
have the greatest contrast if the coverage is low: 0.05–
monolayer. Special experiments1,3 have demonstrated tha
these islands are actually flat~a monolayer thick! and not
three-dimensional micropyramids, and that their strong fi
emission is due to a lowering of the work functionw of the
surface from 4.4–4.5 eV for the initial clean tungsten
2.5–3 eV ~Ref. 1! for the islands. The islands are sma
ordinarily 30–100 Å in size, which is comparable to th
resolution of the field electron microscope. An example
these islands is shown in Fig. 1. By varying the temperat
one can cause the islands to ‘‘dissolve’’~i.e., evaporate
within the confines of the adsorbed layer! and regrow. From
the rates of these processes investigators have determine
energies of the interatomic bond in the two-dimensio
crystal and the activation energies for the growth and dis
lution of the islands.2,4,5

A detailed analysis of two-dimensional phase transitio
in adsorption systems of this kind, in particular, of the valu
of the pre-exponential coefficients in the Arrhenius equati
governing the kinetics of the transitions, has raised the is
of searching for anomalies in the temperature coefficient
the work function of two-dimensional adsorbed phases.6 Car-
rying out such a search in the case of Zr islands on W is
main purpose of the present study. For this we determi
experimentally the temperature effect on the field emiss
from the islands, which was then compared with the kno
theory of this effect.7

Repeated measurements of the emission current from
islands at room temperature and at an elevated temper
lying below the temperature of their formation were carri
out in three sealed-off glass devices on three tungsten
The vacuum in the devices was at the 1029– 10211 torr level,
which eliminated the influence of adsorption of residu
gases on the measured currents. The amount of Zr initi
deposited was varied from 0.05 to 0.5 monolayer. Isla
4101063-7850/99/25(5)/2/$15.00
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around the$100%W faces were formed atT;1400 K. Mea-
surements of the emission currents~within the interval from
1 to 500 nA! were carried out in the temperature interv
from room temperature~293 K! to 1330 K. The growth of
the emission current with temperatureT was significant and
measurable starting at 500 K. However, our task was to
cidate the conditions under which and the degree to wh
this growth exceeded the growth expected according to
Murphy–Good theory.7

According to that theory7 the ratio of the field electron
currentI (T) at temperatureT to its valueI (0) at 0 K obeys
the following formula in cases whenI (T)/I (0),10:

I ~T!/I ~0!5pv/sinpv, ~1!

where

v54pA2m•kAw•t~y!•T/he•E, ~2!

m is the electron mass,k is Boltzmann’s constant,w is the
work function,h is Planck’s constant,T is the absolute tem-
perature,E is the electric field, andt(y) is a tabulated func-
tion which is of the nature of a correction with values clo
to 1 ~see, e.g., Ref. 8!.

For w measured in eV andE in V/cm, if we substitute
the valuet(y)'t(0.5)51.044 from Ref. 8 and the values o
all the constants into the above equation, we get

v'9.223103Aw•T/E. ~3!

In practice the minimum current is measured not at 0
but at room temperature (Troom5293 K!, and the current
I (T) measured at highT is taken in ratio to it. The experi-
ments are carried out at the same value ofE, and to a first
approximation it is assumed thatw does not change asT is
increased.1! Then

I ~T!/I ~Troom!5T•sinpv room/Troom•sinpvT , ~4!

where v room and vT are the values ofv at Troom and T,
respectively. For convenience in comparing the measu
and calculated ratiosI (T)/I (Troom)[D(T) we have calcu-
lated detailed tables ofD as a function ofT and of the pa-
rameterP5(Aw/E)3107 ~with w in eV andE in V/cm!.

Measurements ofD for strongly emitting spots on and
around$001%W revealed that for none of these Zr formatio
does the temperature effect on emission fall outside the
© 1999 American Institute of Physics
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oretical range. An effect slightly in excess of~4! was ob-
served both for the low-contrast islands (w'4.2 eV! formed
at low coverages in the initial stages of island formation a
also for the overdense, continuous-looking formatio
around the$001% poles at relatively high coverages~0.3
monolayer and higher!. A strong temperature effect was ob
served for the islands with high contrast inw ~with w from
2.5 to 3 eV!, formed in the heating of the deposit from a
initial concentration of 0.05–0.15 monolayer~this is the type
shown in Fig. 1!. For such islandsD exceeded the calculate
value, depending on the parametersw, E, andT, by a factor
of N, whereN varied from 1.2 to 4.9 in the cases record
here.

The excess growth ofD was related to the lowering ofw
with increasing temperature, and for the known value oE
the Fowler–Nordheim theory8 was used to find the depres
sion of the work functionwT , and then by dividing the
change in w (Dw) by the temperature intervalDT5T
2Troom we obtain the temperature coefficientaT of the work
function:

FIG. 1. Field electron image of Zr islands in the vicinity of a$001% cube
face of a W single crystal. The Zr, in an amount of about 0.1 monolay
was deposited on the W at room temperature and then redistribute
heating to 1300–1400 K. The picture was taken at a temperature of th
tip of T51000 K, at a voltageV53790 kV and an emission current of 4
nA. The scale is specified by the distance between centers of the$001%
faces, which was around 5000 Å.
d
s

aT5~wT2w room!/DT, ~5!

wherewT andw room are the work functions atT andTroom,
respectively.

A similar calculation was done for new measurements
D in DT intervals from 500 to 1000 deg and also for th
measurements ofD made in Ref. 3, over intervals of 200
400 deg. All of these calculations gave coefficientsaT an
order of magnitude greater than the typical values ofaT for
metals, which lie around 1025 eV/deg.9 For islands with
work functionsw from 2.5 to 3 eV, forDT from 500 to 1000
deg the coefficientaT was 2(1.6–2.2)31024 eV/deg. For
islands withw from 2.5 to 4 eV, forDT of 300–400 deg we
obtainedaT52(3 –7.5)31024 eV/deg.

In summary, it is those two-dimensional crystals of
on W which undergo reversible two-dimensional phase tr
sitions, exhibiting ‘‘nontheoretical’’ pre-exponential facto
in the Arrhenius equations, that have anomalously high ne
tive coefficientsaT . This confirms the idea that an importa
role is played by the redistribution of bonds in the adatom
adatom adatom–substrate system as the crystal under
thermal expansion.6 This redistribution gives an appreciab
contribution to the lowering of the energy of the Zr–Zr in
teratomic bonds in the two-dimensional islands as the te
perature is raised.

This study was supported by the Russian Fund for F
damental Research, Project No. 97-02-18066.

1!If the change ofw with T is then taken into account, this will give only
small correction to the values ofaT presented at the end of this paper.
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Global reconstruction from nonstationary data
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One-dimensional time series of a dynamical system with slowly varying parameters are
investigated. For estimation of the characteristics of the attractors of such a system which exist
for fixed values of the parameters, it is proposed to ‘‘cut out’’ from the time series short
segments that belong to the individual attractors and to use them to reconstruct a model dynamical
system. ©1999 American Institute of Physics.@S1063-7850~99!02905-5#
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Papers in which dynamical systems are analyzed fr
one-dimensional time series as a rule have the goal of
mating the characteristics of the operating regimes of
systems, specifically, to calculate the power spectra and
ment functions and to determine the geometric and dyna
characteristics of the attractors, etc. One of the most com
cated problems is to predict the future behavior of the sys
and to construct a mathematical model describing the ev
tion of its state~the problem of global reconstruction!.

An algorithm for global reconstruction of a dynamic
system from one-dimensional times series was first propo
in 1987.1,2 In recent years the technique of modeling fro
experimental data has been discussed in a number of pa
various modifications of the global reconstruction meth
have been developed,3–5 and several original approaches
the problem have been implemented.6,7

Since most of the algorithms hitherto developed for so
ing the aforementioned problems are applicable to station
signals, it is ordinarily assumed that the time series is ge
ated by a finite-dimensional dynamical system with const
parameters,

dx/dt5F~x,m!, xPRn, mPRm, ~1!

in which the investigated processes are assumed station
However, if real experimental signals are being an

lyzed, especially signals of biological origin, such an a
sumption is not always justified, since the initial objects a
open systems, subject to the influence of the surround
medium. Such systems, on account of the presence of f
back, generally function in a regime of adaptation to chan
in the external conditions. The signals generated by them
nonstationary, and the adaptation process can often be i
preted as a variation of the parameters of the system in t

In this paper we consider the possibility of applying t
technique of reconstruction to a one-dimensional time se
of a dynamical system with slowly varying parameters
the purpose of determining the dependence of the chara
istics of the attractors of the systems on the values of
control parameters.

Suppose thatm5m(t) in the dynamical system~1!. Let
us make several assumptions under which we will solve
stated problem:
4121063-7850/99/25(5)/3/$15.00
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1! the functionm(t) is oscillatory;
2! for simplicity we restrict consideration to the case

one-parameter modulation, i.e.,m j5m j (t), mk(t)5const, k
51, . . . ,m,kÞ j ;

3! the parameters vary slowly not only in comparis

FIG. 1. a: Modulation of the parameterc of the Rössler system; b: corre-
sponding time dependencex(t); c: time dependence of the variance calc
lated from the signal~b! within a time window that is shifted along the tim
series.
© 1999 American Institute of Physics
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FIG. 2. a,c: Phase trajectories reconstructed from short segm
of the time series in Fig. 1b and corresponding to levels1 and2 in
Fig. 1c; b,d: attractors of the dynamical systems reconstruc
from the given phase portrait. The parameters of the reconstruc
for Fig. 2 are as follows: a,b — dimension of the embedding sp
n53, the right-hand sides were approximated by third-deg
polynomials, and the coordinates were reconstructed by
method of successive differentiation;11 c,d — dimension of the
embedding spacen54, the right-hand sides were approximated
third-degree polynomials here also, but the coordinates were
constructed by the delay method; e — the power spectrum calcu
lated from thex coordinate of the Ro¨ssler system at the value o
the parameter corresponding to level2 in Fig. 1c; f — power
spectrum calculated from the solution of the reconstructed mo
system.
o
du
t

na
-

m
lu
w
n

e
a
a
e

h

a
as
e
a

e

rved
sys-
this
ra-
ts
50
y

mo-
ing
nts
1b
er is
ill
der

o

e
nly
e of

ow
it
c

ns
with the period of the base frequency of the oscillations
the system under study but also in comparison with the
ration of the transient processes, so that one can neglec
inertial properties of the system;

4! the system does not exhibit multistability phenome
i.e., for identical values ofm it functions in the same dy
namical regime.

These assumptions allow us to assume that at ti
when the parameters of the system take on the same va
the phase transitions belong to the same attractor. We
discuss the meaning of the fourth assumption, which may
be necessary, below.

We note that we are analyzing only a time series gen
ated by a system with varying parameters and do not h
information about the concrete form of the evolution equ
tions of the system or about the character of the time dep
dence ofm(t).

As an example, let us model the given situation with t
well-known Rössler model:8

dx

dt
52~y1z!,

dy

dt
5x1ay,

dz

dt
5b1z~x2c!,

a50.15, b50.2, ~2!

where the parameterc varies in an irregular way~Fig. 1a! on
the interval.1–12 On this interval a transition occurs from
one-cycle to a regime of chaotic oscillations through a c
cade of period-doubling bifurcations. The relation betwe
the mean modulation period of the parameter and the b
period of the auto-oscillationsx(t) was chosen to be of th
order of 1000:1. The observed time series~Fig. 1b! is non-
stationary.
f
-

the

,

es
es,
ill
ot

r-
ve
-
n-

e

-
n
se

We choose the time window for the signalx(t) so as to
be long enough to encompass several periods of the obse
time series but short enough that the parameters of the
tem can be considered approximately constant during
time interval. We will determine the character of the pa
metric modulation. For this we will calculate the momen
for segments of the time series inside a time window
dimensionless time units long~encompassing approximatel
8 periods of the oscillations!.1! By shifting the window along
the signal, we construct the time dependence of these
ments. Obviously a changeover of the regime of function
of the system will not lead to a change of all the mome
simultaneously. For example, for the time series in Fig.
the mean value does not change as the control paramet
varied. However, one can always find moments which w
react to a changeover of regime, and for the time series un
study the variance is one of those~Fig. 1c!. The behavior
of this graph qualitatively reproduces the functionc(t)
~Fig. 1a!.

Let us now consider two levels corresponding to tw
different values of the variance~Fig. 1c!, which, as we as-
sume, correspond to two fixed values of the parameterc. In
an actual calculation with real signals we will not know th
values of the control parameters of the system and will o
assume that each set of them corresponds to some valu
the moment. However, for the modeled situation we kn
that the lower level~line 1! corresponds to a one-cycle lim
cycle, while the upper level~line 2! corresponds to a chaoti
regime.

We choose small neighborhoods of the points~the size
of the neighborhood is about one period of the oscillatio!
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in which each chosen level crosses the time dependenc
the variance. We ‘‘cut out’’ the corresponding segments
the time series for these neighborhoods and apply to th
the standard embedding technique, e.g., the delay metho
the method of successive differentiation.9–11 The results of
the reconstruction of the phase portrait for such segments
the two different levels are shown in Figs. 2a and 2c, resp
tively. The segments of the phase trajectories do not ‘‘m
up’’ with one another and are rather short, but we assu
that they belong to the same attractor~the regular and the
chaotic, respectively!.

Since the number of state vectors reconstructed by
method may be quite small and, moreover, the reconstru
segments of the phase trajectories do not ‘‘meet up,’’
application of the standard method of signal processing, s
as calculation of the autocorrelation function, power sp
trum, Lyapunov exponents, etc., to these data is problem
cal. At the same time, employing the technique of glo
reconstruction presupposes only knowledge of a set of s
vectors at discrete times and their time derivatives~here the
length of the signal may be relatively short!12,13and does not
impose any requirements on the continuity of the phase
jectory. Let us illustrate the application of the given alg
rithm to the phase portraits shown in Figs. 2a and 2c~the
parameters of the algorithm are given in the captions!.

Figures 2b and 2d show the attractors correspondin
the reconstructed models. Then, having obtained a dynam
description of the necessary regime, one can by nume
integration generate a phase trajectory of arbitrary dura
and calculate from it the characteristics of the attractors
standard algorithms. In particular, the maximum Lyapun
exponent l1 calculated for the chaotic attractor of th
Rössler system by the method of Ref. 14 forc'8.0 and
corresponding to level2 in Fig. 1d, has a value'0.065. The
Lyapunov exponent calculated by the same method from
equations of the model system obtained for level2 is
'0.052, somewhat less than its ‘‘true’’ value. For compa
son, in Figs. 2e and 2f we show the power spectra of
initial chaotic attractor of system~2! and of the chaotic at-
tractor of the corresponding reconstructed system.

In summary, with the multiwindow reconstruction pro
cedure discussed in this paper, by shifting the straight line1
and 2 in Fig. 1c one can track the evolution of the chara
of
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teristics of the regimes of functioning of a dynamical syste
with slowly varying parameters from a one-dimensional tim
series.

We note in closing that the technique described abov
applicable under conditions where the system under st
does not exhibit multistability and the related hysteresis
this is not the case, then the time dependences of the mom
functions will not reproduce the law of modulation of th
parameters. However, since the moments characterize th
gime of oscillations and not the values of the parameters,
assume that this technique will permit reconstruction of
necessary attractors even in that case, but this question
require a separate detailed investigation.

The research reported was supported in part by INT
Grant 96-0305 and by the Korolev Society of London.

1!To calculate the moment functions of the random process one need
know its distribution densities. However, by making the assumption t
the process under study is stationary over the chosen time segmen~we
assume that the oscillations occur at an attractor! and ergodic, one can
replace the averaging over an ensemble of time series by a time ave
For calculations to high accuracy in averaging over time it is necessary
the time series be long. Here, with short time series, we can evaluate
moments only approximately, and that will lead to choppiness of
graphs of their ‘‘time’’ dependence~Fig. 1c!.
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The condition of minimum entropy production has been used previously by the author@see Yu.
V. Vandakurov,Proceedings of the SOHO 6/GONG 98 Workshop, Boston~1998!, Vol. 1,
pp. 567–571;Conference on the New Activity Cycle of the Sun@in Russian#, St. Petersburg,
Pulkovo ~1998!; Zh. Tekh. Fiz.~1999! @in press## to find the rotation of stellar convective
zones and, in particular, to find the latitude distribution of the rotation near the Sun. It turns out,
however, that the self-excitation of even very slow meridional flows of the medium leads
to ‘‘smearing’’ of the entropy-production minima that were considered in the papers cited. In the
presence of a toroidal magnetic field the ‘‘smearing’’ effect is eliminated. In the case of
rotation of the solar type the necessary field is of the order of 10 kG, which can apparently be
reconciled with the magnetic fields in bursts on the Sun. ©1999 American Institute of
Physics.@S1063-7850~99!03005-0#
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It is known that many of the phenomena observed on
Sun are magnetic-field related. It is generally believed t
the magnetic fields are generated in the interaction wit
differentially rotating plasma, although the mechanism
generation still remains unknown. In this regard it is of i
terest to take a new approach to the problem of studying
directed motions of the medium in the stellar convect
zones, an approach based on the use of the minimum p
erty of the entropy production.1–3 Essentially, in the case o
an adiabatic convective zone the main forces~per unit mass!
are potential forces, and therefore the solenoidal compon
of such forces as the Coriolis or magnetic force must
counterbalanced by the corresponding component of the
cous force. In particular, an order-of-magnitude estim
shows that in order to maintain the observed solar rotatio
is necessary to generate a very strong turbulent visco
exceeding the molecular viscosity by 14 orders of mag
tude. Since viscosity is a source of entropy production,
latter is markedly increased.

The hypothesis that the interaction with the convect
motions causes the distribution of the rotation in the conv
tive zone to be established in accordance with the condi
of minimum entropy production, i.e., the condition of sma

est ē ~whereē is a dimensionless quantity characterizing t
average turbulent viscosity of the medium over the conv
tive zone!, can be used to find, among the many possi
solutions, a solution which satisfactorily describes the
served latitude distribution of the solar rotation.1–3 The char-
acteristic radial gradient of the rotational modes, which
proportional to a certain quantitya, is also determined. Her
and below we assume that the dependence on the radiusr for
all the modes with dimensions of velocity is given by a fa
tor r a, wherea5const. For the investigated rotation of th
medium the parametera is close to unity, i.e., the rotation i
close to rigid-body. It is convenient to study the vario
4151063-7850/99/25(5)/3/$15.00
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equilibrium configurations for different values of this param
eter.

However, when the other modes responsible for exc
tion of slow meridional flows of the medium are include
among the variables to be varied, an unexpected re
emerges: Despite the small value of the meridional veloci

~in the case of minimumē investigated here they were les
than 10 cm/s, which is 4 orders of magnitude less than
equatorial velocity of the solar rotation!, their influence on

the distribution of the minima ofē turned out to be extremely
substantial. While rough calculations attest to the existe

of many such intervals ofa within which ē decreases quite
strongly, when the boundaries of these intervals are refi
they ‘‘smear out’’ and vanish altogether, except for a sing
solution with the minimuma51, corresponding to rigid-
body rotation of the medium. This ‘‘smearing out’’ of th
minima can also occur in the absence of meridional flow
the numberN of effectively interacting rotational modes i
sufficiently small. In that case, however, instead of the
pected minimum we usually obtain an extremely close
neutral state with a small valueē(a)'const.

Since rigid-body rotation of the convective zone do
not agree with the data of solar observations, in finding sta
with minimum values ofē we are forced to take into accoun
the current motions leading to generate of the magnetic fi
We restrict consideration to a steady-state equilibrium mo
with a toroidal magnetic field that is antisymmetric about t
equatorial plane. Such a symmetry of the field follows fro
the aforementioned observational data. Our problem is
find the values of the coefficients of an expansion of the fi
B and velocityv in a series in vector spherical harmonics,
minimization of ē. As in Ref. 3, we consider the problem i
the approximation of a thin convective zone, where the rad
dependence of the hydrodynamic and Alfve´n velocities are
assumed to be proportional to const•r a, and the equilibrium
density r is written approximately as const•r 2b, wherea
© 1999 American Institute of Physics
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and b are constants. In this case the toroidal coefficient
the fieldBJ0

(0) is equal to const•r (a2b/2).
It is not hard to show that when the toroidal magne

field is taken into account in the basic equations~9! and~10!
of Ref. 3, only the termAJ1J2

J in Eq. ~10! of that paper will

change, and it will be replaced byAJ1J2

J 2HJ1J2

J . Here

AJ1J2

J 5@~a11!I 2ZJ1J2

J 12aI 1
2ZJJ2

J1 #vJ10
(0) vJ20

(0) ~1!

and

HJ1J2

J 5@~a112b/2!I 2ZJ1J2

J

12aI 1
2ZJJ2

J1 #BJ10
(0) BJ20

(0) /~4pr!, ~2!

and the rest of the notation is the same as in Ref. 3. In
case of a rotation of the medium which is symmetric ab
the equatorial plane and an antisymmetric field distributi
the coefficientsJ1 andJ2 in Eq. ~1! are odd, while in Eq.~2!
they are even. Then the numberJ is even. For the discussio
that follows we introduce the notation

uJ5u2k215vJ0
(0)/v10

(0) , f J5 f 2k5vJ0
(21)/@ iv10

(0)#,

bJ5b2k5BJ0
(0)/@v10

(0)~4pr!1/2#, ~3!

wherev10
(0)52 ir V(8p/3)1/2, k is equal to 1,2, . . . ,N, with

N the number of modes~the same for all variables!; V is a
real quantity which would be equal to the angular velocity
rotation if only the first rotation mode were nonzero; t
numberJ is expressed in terms ofk in accordance with the
parity that follows from Eq.~3!.

We assume thatN andb are known quantities, and w
set out to find those values of the coefficientsuJ , f J , bJ ,
anda for which ē reaches a minimum. The actual procedu
of finding the solution is similar to that described in Ref.
only a larger number of coefficients are varied. Among
possible configurations we pay particular attention to th
which characterize rotation similar to that observed on
Sun. In other words, only models that are rather close
rigid-body rotation are considered.

It turns out that in the presence of a magnetic field
aforementioned ‘‘smearing out’’ of the minima vanishes, a
a transition to a neighboring solution will occur ifa changes
by approximately 2%. Two computational models withN
54 andb510 and 50 are given in Table I. For the sol
model of Guentheret al.,4 at these values ofb the relative
radius ~in units of the solar radius! and the density of the
layer under consideration are equal to 0.85, 0.04 g/cm3 and
0.96, 0.004 g/cm3, respectively. The coefficients of the radi
velocity f J are not given in Table I, since they turned out
be zero. In contradistinction to this, the field contributi
almost completely counterbalances the contribution due
the rotation of the medium~replacing the field by zero would
increaseē to a quantity of the order of 1022). We also note
that the sign of the field is arbitrary, i.e., the sign in front
all the coefficientsbJ can be changed to the opposite.

The latitude dependence of the angular velocity of ro
tion, expressed as a ratio to the equatorial angular velocit
shown in Fig. 1 by the solid curve and the dashed cur
respectively, for models 1 and 2 of Table I. The crosses
f

e
t
,

f

,
e
e
e
o

e
d

to

-
is
,

n

Fig. 1 represent experimental data obtained by Dopp
measurements.5 The helioseismological results of Birch an
Kosovichev,6,7 which pertain to depths with relative radiu
greater than 0.96, are shown by the vertical bars, the len
of which characterize the scatter in the data. It is seen
the theoretical curves satisfactorily describe the obse
tional data, and they may also explain the recently obser
strong decrease of the angular velocity of rotation at h
latitudes. We note, by the way, that the curves shown in F
1 are rather close to the curve corresponding to the nonm
netic case forN55 anda51.27914.

TABLE I. Model parameters

Model No. 1 2
Number of modes 4 4

b 10 50
a 1.295910 1.291355
u1 1 1
u3 20.0535370 20.0534743
u5 20.0119636 20.0115274
u7 20.0033672 20.0026194
b2 0.0295428 0.0150941
b4 0.0151412 0.0052541
b6 0.0084693 0.0023948
b8 0.0046572 0.0010049

ē 631029 931029

FIG. 1. Dependence on latitude~in degrees! of the angular velocity of
rotationV, normalized by the angular velocityVe at the equator, for models
1 and 2 of Table I~the solid and dashed curves, respectively!. The crosses
and vertical bars represent the experimental results of Ref. 5 and Refs.
7, respectively.
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The distribution for a magnetic field that is antisymme
ric about the equatorial plane is shown in Fig. 2 by the so
and dashed curves, respectively, for models 1 and 2 of T
I. Here va5Bw /@4pr#1/2 is the Alfvén velocity, which we

FIG. 2. Latitude distribution of the Alfve´n velocityva , renormalized by the
equatorial velocityrVe , for the same models as in Fig. 1.
d
le

have normalized by the equatorial velocitytVe . The maxi-
mum values of the field for the same models 1 and 2
approximately 8 and 1 kG. It is seen that the equilibriu
magnetic field increases with depth and can reach value
15 kG in the deepest layers of the solar convection zo
These field values are not inconsistent with the fact that
induction in bursts of the solar field is considerably less th
10 kG.

Thus our calculations definitely argue in favor of th
view that the state with the lowest entropy production in t
solar convective zone can be reached only in the presenc
a magnetic field of around 10 kG. In the approximation o
thin convective zone and a toroidal field a steady-state e
librium configuration of the field and rotation is possibl
However, in the case of the Sun this approximation is
tremely crude, so that unsteady processes will also be
cited. In order to study the latter it will be necessary to co
sider more-exact equations.

This study was done with the financial support of t
Fund of the St. Petersburg Education and Science Cente
the Ministry of Education of the Russian Federation and
Russian Academy of Sciences for ‘‘Electrophysics of Hig
Density Currents and High Magnetic Fields.’’
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A new way of generating high-power tunable coherent gamma radiation in a free electron laser
with a crossed fluted cavity is proposed. The gamma rays are generated in the inverse
Compton scattering of intracavity radiation on the electron beam of the free-electron laser. The
use of a crossed fluted cavity makes it possible to raise substantially the intracavity
power and thereby the power of the gamma radiation and also to solve the problem of extraction
of the hard radiation while eliminating the hitherto unavoidable losses in passage through
the material of the cavity mirror. ©1999 American Institute of Physics.
@S1063-7850~99!03105-5#
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INTRODUCTION

Coherent, frequency-tunable sources of gamma an
rays are needed for various applications. Such sources
find use for research in solid-state and nuclear physics an
medicine, both for diagnostic purposes~tomography! and for
precision irradiation of tumors, since coherent radiation
more easily focused and better absorbed in the place whe
is needed.

The possibility of generating coherent gamma and x
diation in the inverse Compton scattering of laser photons
a relativistic electron beam was first analyzed in Refs. 1
2. The wavelengthlX of the hard radiation forg@1 is given
by the expression3

lX'
lL

4g2
~11g2u2!, ~1!

wherelL is the wavelength of the laser radiation,g is the
electron energy in units ofmc2, m and c are the electron
mass and the speed of light, respectively, andu is the obser-
vation angle measured from the direction of motion of t
electron beam.

In Ref. 4 it was proposed for the first time to use intr
cavity inverse Compton scattering of free-electron la
~FEL! radiation on the beam electrons of the laser itself
generating frequency-tunable gamma rays. Not only co
the hard radiation be tuned in frequency over a wide ra
but would also be polarized. The frequency of the gam
radiation is given by the following relation, which is a ge
eralization of Eq.~1!:

lX'
L

8g4 S 11
K2

2 D ~11g2u2!, ~2!

whereL is the period of the undulator andK is the undulator
parameter.

Since that time there have been several demonstra
experiments which have confirmed the main theoretical e
mates. Let us discuss in greater detail one of the more re
4181063-7850/99/25(5)/3/$15.00
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such experiments,5 which used an infrared FEL with wave
length tunable over the interval 3.5–7.0mm. The peak cur-
rent of the linear rf accelerator was equal to 100 A in
electron micropulse 8 ps long. A macropulse 11ms long was
filled with micropulses separated by 16 ns, so that the opt
cavity, 4.8 m long, contained 2 micropulses of the electr
and ~accordingly! light beams. The collision of the electro
micropulse (g'100) and backward-propagating light micro
pulse at the center of the cavity led to the generation o
rays with energy in the range 7–14 keV.

To decrease the absorption of the hard radiation, one
the mirrors of the cavity was made of beryllium, and t
central part of the mirror, a region 12 mm in diameter, w
thinned down to 1.7 mm. To decrease the loss of infra
radiation the surface of the beryllium mirror was additiona
coated by a layer of gold 100mm thick.

In Ref. 5 the number of gamma raysNX was estimated
from the approximate formula

NX'22.7NK2g2u2q, ~3!

whereK50.934B0@T#lFEL(cm), B0 is the peak field of the
electromagnetic wave,lFEL is the wavelength of the free
electron laser,N is the number of periods of the electroma
netic wave,u is the observation angle in mrad, andq is the
charge of the electrons in nC. SinceK2}JFEL(W/cm2) andN
is proportional to the length of the wave, it follows thatNX is
proportional to the laser energy and not to the peak pow

For the given parameters a calculation according to
~3! gives the following values for the number of photons
the hard radiation:5 43102 for a micropulse, 23105 for a
macropulse, and 53106 s21 for a macropulse repetition rat
of 25 Hz.

The experimental results obtained in Ref. 5 turned ou
be around an order of magnitude lower than the quoted n
bers, and the shortfall was attributed by the authors mainl
a decrease in the intracavity intensity on account of degra
tion of the gold coating by the high-power infrared radiati
~the loss per pass reached 6%! and also to the partial absorp
© 1999 American Institute of Physics
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FIG. 1. Schematic illustration of the generation of gamm
rays in inverse Compton scattering in a crossed fluted c
ity of a free-electron laser:1 — mirror, 2 — interaction
region.
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tion of the hard photons in the cavity mirror. We note al
that for prolonged operation there is inevitably addition
degradation of the mirror surface by the hard radiation in
region of the maximum laser field, which would obvious
increase the intracavity losses still further.

MAIN IDEAS

In this paper we propose to use a crossed fluted cavi6,7

as the optical cavity of the laser for the generation of gam
rays in intracavity inverse Compton scattering in a FEL. T
eliminates the difficulties mentioned in Ref. 5, making
possible to increase the intracavity power and the intensit
the hard radiation substantially while avoiding the lo
of gamma rays in passage through the cavity mirror~see
Fig. 1!.

Let us briefly recall the features of the crossed flu
cavity ~CFC! device.7 Unlike ordinary fluted cavities, the
geometric generator of the concave mirror in revoluti
around the symmetry axis of the CFC is inclined at a sm
angle to this axis. As a result, the intersection zone of
rays propagating between the mirrors of the CFC occupie
central region of significant length, which is bounded by t
outer caustic surface. At the mirrors these rays uniformly
an annular region. For such a structure of the field the p
ence of a central hole in the mirror does not materially aff
the parameters of the oscillation. In addition, this geome
of the field makes the CFC especially attractive for appli
tion to high-power FELs.8

It was shown in Refs. 9 and 10~and also in 11–13! that
stable oscillations can exist in the geometric structures
described, and the fundamental mode of the cavity ind
has an annular field distribution at the mirrors and a focu
field distribution at the center of the cavity, at the propos
location of the undulator of the FEL. An experiment
modeling14 of the operation of the CFC in the millimete
wavelength range has confirmed the basic theoretical
computational results.

Thus, as follows from the above-described properties
the CFC and the sketch in Fig. 1, the use of a FEL with
CFC for generating coherent tunable radiation will make
possible to implement the following measures:

— to introduce a central hole in the cavity mirror~on the
symmetry axis! for extracting the hard photons without los
in passage through the mirror. The introduction of the cen
l
e

a
s

of

d

ll
e
a

e
ll
s-
t
y
-

st
d
d
d

nd
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al

hole will not affect the intensity of the intracavity radiation
since it does not increase the loss of the fundamental m
on account of its annular distribution at the surface of
mirror;

— to increase sharply the intracavity radiation intens
and, hence, the intensity of the hard radiation through the
of cooled optics, for example, since the thickness and c
struction of the mirror do not affect the intensity of the ha
radiation emerging from the cavity, as it does for conve
tional cavities;

— to eliminate the degradation of the mirror surface
the hard radiation, since the hard photons do not touch
surface of the mirror, so that the service life of the device
practically unlimited.

CONCLUSION

Let us emphasize that the advantages of using a cro
fluted cavity in a high-power FEL~the relatively high inten-
sity of the hard radiation and the long service life! make it
likely that a source of coherent tunable hard radiation can
built for solving specific problems in both fundamental a
applied physics and for novel medical applications.

The authors thank J. M. J. Madey and E. Szarmes, U
versity of Hawaii at Manoa, for interest in this study and f
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