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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 present€899©
American Institute of Physic§S1063-785(19)00105-9

1. Let us consider a stationary gas flow in a flat channekonduction current density, arilis the intensity of the in-
that simulates the shape of the front part of the air intake ofluced electric field. When the external magnetic field induc-
a supersonic aircraft. The operating efficiency of an air intion B is known, these quantities are related by a generalized
take is known to be determined by the pressure restoratio®hm’s law, which, without consideration of the slippage of
level. One of the promising methods for raising that levelions and the electron pressure gradient, can be written in the
and controlling the flow is to preliminarily ionize the gas and form
employ an external magnetic field. The air intake then oper- .
ates as a magnetohydrodynanfdHD) generatot? This 1+ ue(jXB)=0(E+VXB), @)

paper examines the dependence of the parameters of the iQfpere Lo is the electron mobility. In the MHD generator

ized gas in a supersonic air intake on the variant of electrod|==egime the closing relation needed to calculate the pondero-

commutation. The case of a Faraday generator with continynotive force and the Joule heat is defined in terms of the

ous and sectioned electrodes and the case of a Hall generai@fiernal load facto?.

are considered. When external magnetic field has the orientation indi-
2. The system considered has the form of a flat channekated, thez component of the ponderomotive force is equal

whose form is shown in Fig. 1. The upper and lower walls ofto zero. The formulas for other projections of that force and

the channel serve as electrodes. The external magnetic fiefle Joule heat depend on the variant of electrode

induction vectorB(0,0B,) is perpendicular to the plane of commutatiorf:

the figure. The stationary flow of a preliminarily ionized gas a) Faraday generator with continuous electrodes. In this

in the channel is treated under the following basic assumpease the projection of the electric field intensity vector onto

tions: line I, whose direction varies linearly from the direction of
a) the Reynolds number of the flolRe=poUoL/ng  the lower electrode to the direction of the upper electrode, is
>1; set equal to zero. TheB,= — E, tang, whereg is the angle
b) the extent of ionization of the gas<1; of inclination of linel to thex axis. Introducing the external
¢) the Reynolds magnetic fiele,=UjLou<1; load factork=E, /u,B, we can obtain the following formu-

d) the projection of the gas velocity onto theaxis is las for the projections of the ponderomotive force vector and
greater than the local velocity of sourld,>1, at all points  the Joule heat:
in the calculation region.

iati oB?

Herepo, U_O, and uq are the characterlst.|_c value_s of the F,= 5[ Bo(uy—ku tang) — u,(1- k)1,
density, velocity, and viscosity of the gak;is the linear 1+p;
scale of the flow,o is the electrical conductivityy is the
permeability of free space, arM is the Mach number. oB?

Under the assumptions indicated, which correspond to  Fy=~ —1+’82[uy—kuxtan<p+ UxBe(1—K) ], 2
the conditions of flow in the air intakes of supersonic air- ©
craft, we can use the model of an ideal gas described by a 2
system of Euler equations, neglect the influence of ionization Q= ku,{ Be(uy—kuy tane) — u,(1—k)

X 7 2 e y X X

on the thermodynamic properties of the gas, and assume that 1+Be

the magnetic induction vector has an assigned magnitude
equal to the external magnetic field induction. The influence
of an external magnetic field on the flow of an electrically where B.= u¢|B| is the Hall parameter.

conductive gas is mediated by the ponderomotive fd¥ce b) Faraday generator with ideally sectioned electrodes.
=jXB and theJoule hea®=j-E. Herej is the electrical In this case the projection of the current density vector onto

—[(1—k)Beux+uy—ku, tane]tane},
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FIG. 1. Density isolines. a -B=0.0; b —Faraday generator

with continuous electrodes3,=0.0; ¢ —Faraday generator
with continuous electrodes3,=1.0; d — Faraday generator
with sectioned electrodespB.=1.0; e — Hall generator,
B.=1.0.
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oo elee Solve  S2loe  Ga oo aloo Formulas(2), (3), or (4), together with the thermodynamic

y relations, close the system of equations used to describe the
FIG. 2. Distribution profiles of the pressuf@ and the Mach numbeb) in ﬂOW. under cons@eratl.on. Under .the assumptlon of a super-
the exit cross section of the diffuser.— B=0.0; 2 — Faraday generator sonic flow velocity this system is-hyperbolic. It can be
with continuous electrodeg,=0.0; 3 — Faraday generator with continu- Solved with the initial conditions at the entrance to the cal-
ous electrodesB.=1.0; 4 — Faraday generator with sectioned electrodes, culation region x=0), where the values of all the gas-
Be=1.0;5 — Hall generator¢=1.0. dynamic functions are assigned, and by the boundary condi-

tions for the absence of flow onto the diffuser walls.
Numerical solutions were obtained using an explicit

line I, which was defined above, is equal to zero. Then Marsh through-calculation scheme of second-order
= —jytane, and under the former definition of the load fac- accuracy The integration step along the Marstzoordinate

tor we have is determined from the stability condition. The difference
2 grid contained 60 evenly spaced points in the transverse di-
Fy=— 75 ———Ux(1-k), F,=F,tane, ©) rection in most cases.
1+ Betane 3. Calculations were performed for the simple physical
B2 1+tarfe model of a homogeneous ideal gas with a ratio between the
Q=- m(l—k)uX mkux specific heatgy=1.4. The MHD interaction is characterized

by two dimensionless parameters: the Stuart numBer

=gB?L/pyU, and the Hall parametes,, .

. Figures 1 and 2 present some calculation results, which

correspond to a Mach number at the entrance to the diffuser

¢) Hall generator. In this case the projection of the elec-\j —g a Stuart numbe®=0.003, and an external load fac-

tric field intensity vector onto a normal to lideis equal to  tor k=0.5. Figure 1 shows density isolines in a diffuser in

zero, givingk, = E, tane. The external load factor is defined the ahsence of an external magnetic figly in the case of a

by the formulak=E,/uyB. The projections of the pondero- pFaraday generator with continuods, ), and ideally sec-

motive force vector and the Joule heat are defined by thgoned (d) electrodes, and a Hall generat@. The density

Be—tane
1+ Betang

Uyt Uy [tane

formulas was calculated relative to the density for freestream flow, and
2 the isolines were constructed with a spaciag=0.3. The

= 5[ (Bettang)kuy+ Beuy—Uy)], ﬂgures reveal the significant influence of the_ MHD interac-

1+8; tion on the shock-wave structure and violation of the flow
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symmetry in the presence of the Hall effect. The quality of aillustrated by Fig. 3, which presents the distribution of the
supersonic air intake is characterized by the pressure reststatic pressure along the diffuser axis.
ration level in its exit cross section. Figure 2 shows profiles ~ This work was carried out with support from the Russian
of the static pressure and the Mach number in that crosEund for Fundamental Resear@@rant No. 98-01-01121
section for different variants of electrode commutation and
two values of the Hall parameter. The pressure was calcuC. Bruno, P. A. Czysz, and S. N. B. Murthy, AIAA Paper 97-3389
lated relative tg,U3. We can, first, discern a significant rise ,(1997. _ o
. . Yu. P. Golovachev, S. A. II'in, and S. Yu. Sushchikh, Pis'ma Zh. Tekh.
in pressure and a drop in the Mach number due to the MHD g, 316), 1 (1997 [Tech. Phys. Lett23(8), 615 (1997)].
interaction. The strongest effect is achieved for electrode®*M. Mitchner and C. H. Kruger, JrRartially lonized GasesWiley, New

; ; York (1973 [Russ. transl., Mir, Moscow1976)].
CommUtatl,on accordlng to t,he_scheme fo,r a Hall generator"‘v. V. Breev, A. V. Gubarev, and V. P. Panchenl8ypersonic Magneto-
However, in that case the distribution profiles of the pressure pygrodynamic Generatorgin Russiai, Energoatomizdat, Moscow
and the Mach number in the exit cross section of the diffuser (1988. ' _
are most inhomogeneous. It should also be noted that the V- Rodionov, Zh. Vychisl. Mat. Mat. Fiz27, 1853(1989.

pressure level varies significantly along the diffuser. This isTranslated by P. Shelnitz
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1/f noise in a model of intersecting phase transitions
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(Submitted October 8, 1998
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A mathematical model for the appearance of fluctuations with a spectrum inversely proportional
to the frequencyflicker or 1f 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 Gaussiaoorrelated noiséwhite noise into two

modes of stochastic fluctuations with spectra havirfdt Bind 1f” frequency distributions, where
pu~1 and 1.55v<2, is considered. ©1999 American Institute of Physics.
[S1063-785(1900205-7

For many years there has been unwaning interest in rarmodel of intersecting nonequilibrium phase transitions in the
dom processes whose spectral density varies in inverse préerm of a system of two coupled Langevin equations that
portion to the frequency due to the widespread occurrence dfansforms white noise into two modes of fluctuations with
this phenomenon and the absence of generally accepted, usipectral densities proportional tof ldnd 1f? was proposed
versal mathematical models. Stochastic processes with i Refs. 9 and 10. The distinguishing feature of this model is
spectrum that is inversely proportional to the frequencythe fact that the dynamic system is not a potential one. This
(flicker or 1F nois@ are observed in systems of very diverse paper proposes a potential system which yields results simi-
nature, from current fluctuations in radiophysical devices tdar to those in Refs. 9 and 10.
cellular automata, which simulate self-organized criticality. L€t us consider a point system in which two phase tran-
Numerous studietsee, for example, Refs. 1)}-Have estab- Sitions with interacting order parametetsandY take place.
lished the main properties offlhoise. However, the mecha- In the vicinity of the point of intersection of the lines of the
nism leading to the appearance of & &pectrum and the phase transitions the p(_)tential of the system can be written in
location of its sources are often unclear. Most of the publi-the form of the expansidh
cations devoted to this phenomenon refer to spatially distrib- =@, — a; X2~ a,Y2— @ XY
uted systems. The model of an exponentially broad
relaxation-time distribution;® in which 1f noise is inter- +B1XH BoYH+ XY, 1)
preted as the result of the superposition of random relaxation Taking into account thatX/dt=— adb/aX and aY/at
processes, has been used most often. A thermal model, ia — 5d/Y and introducing fluctuating forces in the form of
which heat conduction mechanisms are responsible for thghe additive termd™;(t) and I',(t),whereI';(t) and I',(t)

1/f behavior of the spectrum, is also widely known. How- gre Gaussiad-correlatednoises, we can go over to a system
ever, the classical “thermal-conductance” model runs intoof coupled Langevin equations:

some difficulties in accounting for experimental restitdn ) 3
Ref. 5 1f noise was attributed to the presence of nonlinear dX/dt= =281 XY = 4B, X+ 20, X+ ag,Y +Ta(1),
heat sources in the system, and in Ref. 6 it was attributed 10 qv/qt=—28,,Y X2—48,Y3+ 2a,Y + a;,X+Tx(1).
the interaction between diffusion and heat-conduction 2)
modes. In Ref. 4 flicker noise was treated as a result of

Brownian motion in a bounded system. The system(2) was solved numerically by Euler's

method with various parameters. The spectral density of the

In Refs. 7-10 we presented the results of the experimer}_luctuations was determined from the numerical solutions ob
tal discovery of thermal fluctuations with afigpectrum ac- . : :
tained forX(t) and Y(t) by fast Fourier transformation. In

companying the Jgul'e hgatmg of a superconductor n a IOOIIt'he simplest case, in which the solutions have diverging
ing coolant. The distinguishing feature of these experlment%

is the presen £ onlv on ) f stochastic signals wit pectral characteristics, the parameters of the system are
S e presence o7 only one source of SIochastic signas 12=1/2, B1=ay,=1, anda; = a,= $,=0, and the system
a 1f spectrum in the system, which can be considered zer

. : o X . (2) takes on the form
dimensional. Extended models off Ifoise in spatially dis-
tributed systems cannot be used to explain the results. The dX/dt=—XY2=4X3+Y+Ty(t),
origin of intense thermal fluctuations with a spectral density
inversely proportional to the frequency can be associated
with the interaction of nonequilibrium phase transitions oc-  In the absence of external noise the solution has the fol-
curring in the nonlinear subsystems, i.e., the current-carryingpwing asymptotes at—: X(t)—t~Y?andY(t)—t*2 The
superconductor and the boiling coolant. A mathematicatesults of numerical calculations for an integration stkp

dY/dt=—Y X2+ X+T5(t). ®)

1063-7850/99/25(5)/3/$15.00 341 © 1999 American Institute of Physics
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Sx( 1) X(t) The potential in whose field the system undergoes ran-
! dom walks described by the systdf) has the form

0

4 1 2\/2
O =P XY+ X+ 5 XY (%)

-1

1

102
The form of the potential surfacgl) and the potential

relief are shown in Fig. 2. The potential surface has two
valleys, which are located in the first and third quadrants and
separated by potential barriers. In the absence of external
noise the phase trajectory is located entirely in one of the
valleys, depending on the initial conditions. The motion is
10 1 ! ! 1 ! then infinite with respect t&, and the process is nonstation-
103 102 107! 100 1 f ary. When the amplitude of the external noise is small, the
system undergoes random walks within a valley. As the
FIG. 1 S_pectral densit$y(f) c_>f fluctuations of the orld(gr parametérand noise intensity is increased, jumps from one valley to the
a realization oiX(t). Dashed line — plot 08x(f) 1/ other begin, and 1/noise is observed in the system. The
process becomes stationary, because the external noise does
not let the system go too far along a valley. When the inten-
=0.01, a realization lengthN=262143 points, and the em- sity of the external noise is excessively high, the system
ployment of a Gaussian sequence of random numbers with@ases to undergo Brownian motion along the valleys, the
zero mean and a standard deviatior 5 as external noise dynamics are specified completely by jumps between val-
(the results do not change fundamentally, if it is assumed thdeys, and the spectral densities have a typical Lorentzian
I'y=T',) are presented in Fig. 1. It can be seen from Fig. 1form.
that the frequency dependence of the spectral deBsitf) Thus, random walks in a two-valley potential lead to the
of the fluctuations oK(t) has the form I, whereu~1.In  appearance of fluctuations with af lpectrum. The mecha-
other words, the systefi8) generates I/noise. The spectral nism of the appearance of flicker noise is associated, as in the
density of the fluctuations of the order parameYgt) de-  model with an exponentially broad distribution of relaxation
pends on frequency according to Sp(f)1/f” law, where  timesl~3with overcoming different potential barriers. In the
1.5<v=<2. As the number of points is increased for an as-model proposed here a distribution of barriers is not postu-
signed integration step and dispersion of the external noiséated, but it is specified by the form of the potent{d), in
the branches of the spectra become horizontal. Thus, for asthose field the random walks take place. It is then not nec-
signeddt and o, divergent spectra are observed only in aessary to assume that the system is spatially distributed.
bounded frequency range. However, this range can be ex- The intersection and interaction of two phase transitions
tended in the low-frequency direction and the divergent low-comprise a fairly widespread phenomenon. For this reason
frequency asymptote can be traced, if the integration step ithe proposed model can be fairly universal and can serve as
decreased by a factor afwith a simultaneous increase in the a basis for explaining 1/noise in a broad class of processes
standard deviationr by a factor ofn? as the number of with phase transitions.

TTrIrrrrTrrvrorron, T T rrueil

intervals is increased by a factor af Thus, if we would We thank V. P. Skritsov for discussing the results.
have true “white” noise as a sequence &ffunctions with This work was carried out with support from the Russian
an infinitesimal spacing, it is possible thatf 1behavior Fund for Fundamental ResearctiProject Code 96-02-
would also be observed whdr-0. 16077a.

Y/// N\

FIG. 2. Form of the potential surfack(X,Y) (a) and po-
tential relief of ®(X,Y) (b).
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Near-threshold mode synchronization and Q switching in diode lasers with a fast
saturated absorber

A. E. Gubenko, G. B. Venus, |. M. Gadzhiev, and E. L. Portnoi

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 12, 1999
Pis'ma Zh. Tekh. Fiz25, 15-22(May 12, 1999

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. €99 American Institute of Physics.
[S1063-785(10900305-5

1. INTRODUCTION presence of spikes on the curve indicates that the light pulse

Both passiveQ-switching and mode-synchronization re- has a substructure, i.e., is not Fourier-confined. The duration

gimes can be obtained in multisection diode lasers, in whicﬁ)f the. spikes is detgrmmed by the emission spectrum,' while
one of the sections functions as a saturated absorber. K]e W'dth of the entire curve _cor_resp(_)nds o the dura_tlon of
mode-synchronization regime is generally observed only at Hwe light pul_se. The rapid oscillations m_the central spike are
considerable distance above the thresfiofdyhere the self- caused by interference, whose averaging leads to a contrast

pulsations associated witD switching are suppressed. How- rat|o (_et(rq]ual tg 2:1. TZ'S Vzlue cor1r_(re]sponds to mulltltrpode l.is'
ever, in the case of a fairly fast saturated absorber with 49 with random mode phases. The cross-correfation Spikes

relaxation timer, comparable to the cavity transit period separated from one another by the double cavity transit time
ra=2Ln,/c (L ig the cavity lengthn, is the group refrac- have the same width and contrast ratio. This corresponds to
tif/te indei andc is the speed of Iight%he rate of the mode- repetition of the emission substructure after the cavity transit

synchronization process rises significantly with resultant alfime. Howeve'r ’ mterference is generally not observed |n'th.e
teration of the emission dynamics near the threshold. cross-correlation spikes because of the spontaneous emission

As was shown in Refs. 5 and 6, a saturated absorber WitRf other sources of noise. The situation just described corre-

a very short relaxation time- 10”12 s can be created by ion sponds to a pur@-switching regime.

; ; ; 2
implantation. This paper presents the results of an investiga- 7\£Vhen the dose of |mplanted. ons 1S .greater thaﬁ 10
cm™ <, the form of the autocorrelation function chandEgy.

tion of the near-threshold features of the output of diode : .
lasers with an implanted saturated absorber under the con ) .At the_ lasing threshold the cpntrast of the spikes quals
tions of short pulsed pumping and offers a qualitative expla- -5:1. This means that Ipngltudmal mlodes are ;ynchronlzed
nation for mode synchronization near the threshold. already at the threshold in the nonstationary regime. W? no.te
that the emission time amounts to about 100 ps, which is

significantly shorter than the characteristic times for the es-
tablishment of a mode-synchronization regime reported in

Stripe SiQ/AlGaAs double heterostructure lasers with aRefs. 3 and 4. As the current is increased, the degree of
thickness of the active region equal to QBh, a stripe width  synchronization decreases somewhat, as is manifested by a
of 10 um, and a cavity length of about 2%0m were used in  decrease in the contrast to 3:1. Nevertheless, a complete loss
the experiments. A saturated absorber region was created lpy synchronization does not occur at least until the onset of
implanting 16—18-MeV N* ions on both sides of the cavity multipeak lasing.
mirror. The penetration depth of ions with such an energy in ~ We also observed an intermediate case of partial mode
AlGaAs is 6-8 um. The dose was varied in the range 5 synchronization, which collapsed completely as the pump
X 10— 1.2x 102 cm 2. The lasers were pumped by current current was increase@Fig. 4). Here synchronization occurs
pulses with a duration of about 3 ns and a repetition rate of bnly in a very narrow current range and vanishes when the
MHz. Smooth regulation of the pump current permitted ad-energy of the light pulse is increased by about 10%, which
justment of the pulse amplitude so that the lasers would proeorresponds to less than a 1% change in pump amplitude.
duce single pulses at a minimal distance above the threshold.

Typical spectra of lasers with a saturated absorber near
the threshold are shown in Fig. 1. The transition from a5 5scussiON OF RESULTS
superluminescence reginfa) to a lasing regiméb—d was
accompanied by a decrease in the duration of the emission We assume that the occurrence of mode synchronization
pulse. The second-order autocorrelation function was meaiear the threshold when the dose of implanted ions is suffi-
sured to determine the dynamic parameters of the radiatiortiently high and the dependence of the degree of synchroni-
Figure 2 shows the autocorrelation curve characteristic ofation on pump current can be qualitatively explained in the
lasers irradiated by doses smaller than B}'* cm 2. The  following manner.

2. EXPERIMENTAL RESULTS

1063-7850/99/25(5)/3/$15.00 344 © 1999 American Institute of Physics
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FIG. 1. Spectra of lasers with a saturated absorber near the threshold. TigG. 3. Autocorrelation function of a laser in a mode-synchronization re-
dose of implanted ions is 1:210™ cm 2. Light-pulse energy: 1 p®, 2pJ  gime for various light-pulse energies: 5 (@), 10 pJ(b), and 15 pJc). The
(b), 3 pJ(c), and 6 pJd). dose of implanted ions is 12102 cm™2.

The lasing regime depends on the recovery rate of thopulation inversion in the active region is eliminated. In
saturated absorber, which is determined by the lifetime of thenhis case the absorber weakly senses the inhomogeneity of
nonequilibrium carriers, . A saturated absorber obtained by the intensity along the cavity, since it does not manage to
heavy-ion implantation has separate lasing and carrierrecover. Therefore, the rate of the mode-synchronization pro-
recombination regions.The recombination process takes cess is not sufficient for establishing an appreciable correla-
place in the amorphized material along ion tracks. It can thefion between the initial phases of the longitudinal modes
be assumed in a first approximation thgtis determined by  during the period of emission. The beating of a large number
the transit time of electrons to the amorphized regions, i.e.of longitudinal modes with random phases produces random
an increase in the dose of implanted ions should lead to apariation of the intensity during the time,, with a nearly

increase in the speed of the absorber. exponential distribution of the probabilify(1) (Ref. ?:
Let us consider two extreme cases of the possible behav-

ior of a laser with a saturated absorber near the threshold p()— iexr{ - I_> (1)

under the conditions of a short pump pulse. (" ("

Let the dose be such thag> 7. During the passage of The contrast of the spikes on the mean autocorrelation func-
the current pulse the carrier concentration in the active regon corresponding to this distribution is 2:1.

gion increases and surpasses the threshold value, at which | the opposite case of a fairly high dose of implanted
the total gain and the total loss@acluding the losses in the jong (r,< ), the radiated power needed to bleach the ab-
unbleached absorberare equal. The number of photons sorherES/ 7, increases significantly. However, the saturated
within the cavity begins to rise. When the intensity of the psorber becomes sensitive to the inhomogeneity of the ra-
light in the cavity reacheB;/ 7, (E is the saturation energy iation during the timery and is bleached by local intensity
of the absorber the absorber is bleached, and the l0sse$naxima, which can significantly exceed the mean radiant

decrease significantly as a resu@ éwitching occurs The  fiuy density in the cavity. Redistribution of the intensity oc-
radiation intensity increases rapidly and grows until the

J@a.u)

J (a.u)

40 0 40
t (ps)

FIG. 4. Transition of a laser from partial mode synchronization to pulsed
FIG. 2. Autocorrelation function for a laser with a saturated absorber in gpassiveQ switching as the light-pulse energy is increased: 3.6apJ3.9 pJ
passiveQ-switching regime. The dose of implanted ions i #0' cm™2. (b), and 4.5 pJc). The dose of implanted ions is410' cm™2.
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curs within the cavity as a result of the mode- dependence is observed experimentally in the intermediate
synchronization process, which is considerably faster in thease of partial mode synchronization.

present case than under ordinary conditions, since the ab-

sorber supports the effective interactionmgf/ 7, modesand 4. CONCLUSION

not just neighboring modeéslin addition, passive mode syn-

chronization is known to be a self-starting process and der-n d-li—htus,l mi?1 dersyri1[(1:1hro§|f/atlct;ng iw'tghmr?/’ anxanrlirr]r:e:t I
velops from the fluctuation which created the original inho- ediate fasing regimé have been observed experimentally

mogeneity of the radiation in the cavity. The greater is theneirlér;eAthrleshold L?Phderfthi cort1d|t|?nds oga sgort pb“tmp deIse
amplitude of the fluctuation, the faster is the initial rate of the!" S 'asers With a 1ast saturated absorber obtained by

synchronization process. In our case, if the number of modegeavy-lon implantation. It has been established that the las-

N is not excessively largeN<r/7.), the saturated ab- ing regime depends on ion dose, which determines the speed

sorber “senses” inhomogeneities caused by intermoda?lc the saturated absorber, and on pump amplitude. The de-

beats. and. as can be seen from Ref. 1. these inhomogeneit%%ndence on the latter is strongest in the intermediate case of

are initially large:Al~(1). The mode-synchronization pro- partial m_ode synchronizati.on, an increase in the pump cur-
cess may also be “accelerated” by the deep modulation ofent .Iea'dlng toa degrease in the degree of synchronization. A
the carrier concentration in the absorkem,~n, when(l) qualitative explar_1at|on has been propos_ed for the depen-
~ES/7, (incontrast to the ordinary case, wheiié>ES/, dence of the lasing regime on the amplitude of the pump

and the absorber is supersaturatéhus, the saturated ab- pu'?ﬁg”ﬂ;:fﬁg:e (;frtlig'lllolafri]rt]eairlzzgs;/vithin contract No
sorber is bleached by a short pulse produced by mode Syn@lS CT96-0748 “N?R Dio)ée Laser Systems for Infrared
chronization, and a sequence of pulses is emitted with a reps CCITOSCODY.” y
etition period 7. The autocorrelation function exhibits P Py
spikes of high contrast in this case.

Let us move on to the intermediate casg+ 7,), which E. L. Portnoi and A. V. Chelnokov, iDigest of the 12th IEEE Interna-
. bi . f th | ¢ f’l h tional Semiconductor Laser Conferendeavos, Switzerland1990, p.
is a combination of the two extreme cases. In this case the;,,
emission process can be mentally divided into two stages. Irfe. L. Portnoi, E. A. Avrutin, and A. V. Chelnokovoint SovietAmerican
the first stage <(|> gEZ/Ta) mode synchronization takes Workshop on the Physics of Semiconductor Laskeningrad, USSR,
place, and the saturated absorber is bleached. In the secog% njnugngnldgil'&,;géth Appl. Phys. Lei3, 2717(1993
stage (|>>EZ/Ta)th9f a_bsorber is transparent, and.rap.id am-40_ solgaard, M.-H. Kiang, and K. Y. Lau, Appl. Phys. LefG, 2021
plification of the radiation occurs until the population inver- (1993.
sion in the active region is eliminated. The phase relations’E- A AVth“” and M. E. Portnp Fiz. Tekh. Poluprovodr22, 1524(1983
between the modes are established in the first stage, whil ASOE‘)" ;hggviim{fozaaafﬁfﬁgz?]t L. PorthN. M. Stefmakh, and
the bulk of the energy is emitted in the second stage. As the o_ N. Titkov, Fiz. Tekh. Poluprovodr22, 352 (1988 [Sov. Phys. Semi-
pump current is increased, the residence time in the first cond.22 217(1988].
stage shortens. If the time needed for synchronization iS7UItrashort Light Pulses S. L. Shapiro(Ed.), Springer-Verlag, Berlin—
comparable to this period, the degree of synchronization e YOrk (1977 [Russ. transl,, Mir, Moscow1983), pp. 119-12%

should decrease with increasing pump current. Just such Taanslated by P. Shelnitz
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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. Fiz25, 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.
[S1063-785(109)00405-X

1. ORIGIN OF THE NEW CLASS OF POTENTIALS 1

. . . o . )=t ———
We write an axisymmetric Laplace equation in the vari- ©(z2)=etiy /(z— C)(?+ )
ablesx andy, wherex plays the role of the radial coordinate

andy plays the role of the axial coordinate: 1

= . 5
Vx2+(y—b+ia)? ©

) ) _ It can be seen fron5) that both real Laplace potentialg,
A standard separation of variables yields fundamental soluyng 4, have an annular feature with a radixs a lying in

tions_ in tlhe form of a product of exponential and Bessekne y=p plane. The specific value df clearly has no influ-
functions: ence on the form of the equipotentials, and we, therefore, set
©(XY)=(Ado(X) + AgYo(X))(B1e¥+Boe ™). b=0. Then,

The separation of variables can be enriched significantly, if 1/ +x2+y2—a? 1 M—x—y?+a?
Eq. (1) is brought into a complex_form using the complex- ¢= M\/f, Y= M\/f,
conjugate variableg=x+iy and z=x—iy and new solu-
tions are sought in the form of a product of functionzahd

z taken individually.
Using Kolosov's operatofs

Pow Po 1w

+==o. 1
(9)(2 &yz X X ( )

M(x,y) = V(x?+y?—a?)?+4a?%y?. (6)

2. PHYSICAL INTERPRETATION OF SOLUTIONS

g 1(a a g 1(a 9
97 5(&_' @) (9_?: 5(5+I W) 2 Figures 1 and 2 present equipotential portraitgpadnd
. The potentiaky describes the field of a grounded conduct-
we write (1) in the following form: ing disk of radiusa, near whose edge there is an infinitely
thin ring of charge. In the limit whera— 0 the potentiak
i( 22’9_“’+w + i( 27 —+ ol =0. 3) degenerates into the potential of a point charge; therefore, at
az Jz Iz Jz small values of it is logical to regard the “disk-ring” case

) _ — as a very important variant of the generalization of the field
The search for solutions of the form=P(2)Q(z), where ot 5 point charge. The potentiglis the spheroidal inverse of
P(z) and Q(z) are unknown analytic functions, leads di- ¢, and its portrait corresponds to the field of a grounded
rectly to a separation of variables in E@): infinite circular diaphragm of radius near whose edge there
27dP/dz+ P 27d0/dz+ is an annular f|Iament of charge. Becau;e of mutual induc-
zdPdz __ =t Qdz+Q = (4) tion, the features in both cases have a dipole character.

dP/dz dQ/dz

where C=a+ib is the complex separation constant. Both
equalities in(4) can be integrated quickly and give the fol- 3. ANNULAR MULTIPOLES

lowing expressions foP and Q:
The differentiation of(6) with respect to the axial coor-

A1 — Az dinatey gives two series of potentials with an annular feature

Z—¢c’ Q(z)= /__z+C’ of radiusa, which should be regarded as a generalization of

the point multipoles obtained by the same procedure from

whereA; andA, are arbitrary complex numbers. The prin- the ordinary potential of a Coulomb center. The general for-
cipal part of the solution sought can be written in the form mula for these multipoles in complex form is:

P(z)=

1063-7850/99/25(5)/3/$15.00 347 © 1999 American Institute of Physics
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r 1
1.0} ‘b 5 .
7N 3
I 4
4
> 3 Y FIG. 1. Equipotential portrait of the harmonic potential(disk—
0.0 ! charged-ring systemThe numbers in the figure correspond to the
\ following potentials:1 — ¢=0.0,2 — ¢=0.2,3 — ¢=0.4,4 —
©=0.5,5—¢=0.6,6 — ¢=0.8,7 — ¢=1.0.
-1.0¢
20 -0 0.0 0o 20
N 1 reduces to an additive separation of variables in the
wp= @, ti o= | |- (7) Hamilton—Jacobi equation in spheroidal coordinates. A sepa-
gy \ Vx“+(y+ia) ration of variables also occurs in the Sédlirmer equation

For example, a complex annular quadrupole is described byith the potential functior{8). This fact can be productively
the expression utilized to devise new guantum-mechanical models in solid-
state physics. In addition, the generalized Coulomb cepter
, can be employed in the synthesis of an energy analyzer of
wy= ytia _ the deflector type, which generalizes the classical spherical
[x%+(y+ia)?]%? deflector. The potential corresponds physically to a variant
of a single lens consisting of a grounded diaphragm, whose
opening is adjacent to a torus with an almost circular cross
section charged to a certain potential. This lens is remarkable
because the course of trajectories in it can be described ex-
4. APPLICATIONS actly in elliptic functions not only in the paraxial regiéut
also in all spacé,and such a situation usually facilitates the
synthesis of systems for transporting hollow conical beams
in energy analysis. The basis set of annular multipoles with
an elementary representation together with the known clas-
sical field structures, viz., the fields of coaxial cylinders, con-

As a— 0, the generalized complex multipoles transform into
classical multipoles of the same order.

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

V(X,y)=ap+ B¢ (8) centric spheres, hyperboloids of revolution, etc., permits the

X
3

1.0} N |
1

5

2/ {3 |4 FIG. 2. Equipotential portrait of the harmonic potentigl

0.0 Y (diaphragm—charged-ring systgrThe numbers in the figure cor-

respond to the following potentialé:— ¢=—1.1,2 — ¢ =—1.0,
3— ¢y=-08,4 — y=-06,5— y=-04,6 — y=-0.3,
7— ¢y=-0.2,8 — 4=0.0.

-1.0}
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synthesis of electron-optical systems for various purposes?A. N. Tikhonov and A. A. SamarskiEquations of Mathematical Physics
primarily electrostatic energy analyzers and lens systems forPergamon Press, Oxfod964) [Russ. original, 4th ed., Nauka, Moscow

transporting hollow and solid beams. Under the proposed, (1953}

approach there is no need to solve complicated boundary-Y“: K Golikov, Dgtermlnaﬂon of electr.lc fields from assigned chgrac—
. . . .-, teristics of the motion of charged and dipole particles,” Doctoral disser-
value problems; therefore, trajectories can be calculated with

: tation, Leningrad1984).

high speed and accuracy. 4W. Glaser, Grundlagen der ElektronenoptikSpringer, Vienna(1952
[Russ. transl., Gostekhizdat, Mosco®957)].

1. N. Vekua,Generalized Analytic Functionéddison—Wesley, Reading,
MA (1962 [Russ. original, Fizmatgiz, Mosco®959]. Translated by P. Shelnitz
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Predetonation luminescence spectrum of thallium azide

B. P. Aduev, E. D. Aluker, A. G. Krechetov, A. Yu. Mitrofanov, A. B. Gordienko,
and A. S. Poplavnol

Kemerovo State University
(Submitted August 29, 1998
Pis'ma Zh. Tekh. Fiz25, 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;af Tibted.

© 1999 American Institute of Physids$1063-785(09)00505-4

In Refs. 1 and 2 we measured the predetonation lumi-  Unlike the spectra of Aghland PbN, the predetonation
nescence spectra of the azides of silver and lead. Both dfiminescence spectrum of thallium azide contains four peaks
these materials are characterized by the presence of twat 2.35, 1.9, 1.65, and 1.4 eV.
peaks: the first peak is at 2.25 eV for Aglnd at 2.1 eV for In Ref. 4, we proposed a model of the predetonation
PbN;, and the second peak is at 1.45 and 1.5 eV, respeduminescence of heavy-metal azides, according to which
tively. The present study, which is a continuation of the worksuch luminescence is caused by optical transitions of
in Refs. 1-3, is devoted to measuring the predetonation luvalence-band electrons to a quasilocal level formed deep in
minescence spectrum of TN the valence band as the explosive decomposition chain reac-

The measurements were performed on the setup in Refion proceeds. The experimental results concerning the pre-
3, which was modified to record time-resolved luminescenceletonation luminescence spectriNg(E) of thallium azide,
spectra from a single sample in the wavelength range 500which can be interpreted on the basis of this model, are com-
1000 nm. pared in Fig. 1 with new calculations of the valence-band

Thallium azide in the form of pellets of thickness 300 density of stateiN;(E).

—400 um and diameter 10 mm, which were obtained by  The calculations were performed self-consistently in the
compacting powered TINunder a pressure of 410" Pa local density-functional formalism using first-principles
following its synthesis by two-jet crystallization, served asnorm-conserving separable pseudopotentials. To construct an

the samples for study. LCAO representation of the single-particle functions of the
N], a.u.
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,/ /’ % spectrum(a) with the calculated valence-band density of
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/‘ / =0 — top of the valence bandN,, E, — scales for the
’ P I . E .
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crystal for all the types of atom@1 and N), we used a basis can be regarded as weighty evidence of the faithfulness of
set consisting of their pseudoatomic eigenfunctions ofsthe the model of the predetonation luminescence of heavy-metal
p, andd types, whose radial parts were determined by solv-azides proposed in Ref. 4.

ing the corresponding “pseudoatomic” equations and then  This work was carried out with the support of the Rus-
finding analytical representations for théMAccording to  sian Fund for Fundamental Researt@rant No. 98-03-
the calculation procedureplane waves with energies up to 32001 and a Grant from Ministry of General and Profes-
33.6 Ry and a total number up to 2800 were taken into acsional Education of the Russian Federation.

count in forming the secular equations. To calculstg¢E)

with good resolution £0.01 eV, the energy spectrum 1B. P. Aduev, E D. Aluker, and A. G. Krechetov, Pis'ma Zh. Tekh. Fiz.

E,(k) was calculated on a fairly dengegrid covering the 22(6), 24 (1996 [Tech. Phys. Lett22(3), 236(1996].
Brillouin zone (N 104 points). 2B. P. Aduev, ED. Aluker, Yu. A. Zakharov, A. G. Krechetov, and . V.

A comparison of the experimental and calculated datal3cm‘b‘”A"c;‘u ;VET: [')'etﬁfk;rllA(lgémKrechetov and Yu. P. Sakharchuk
reveals that the best agreement between the predetonat|orr1,,S ma Zh. Tekh. Fiz24(16), 31 (1998 [Tech. Phys. Lett24(8), 636
luminescence spectra and the valence-band density of statestgga]
is obtained if the short-wavelength maximum in the predeto- E Plgggle;gg(?gg%lker G. M. Belokurov, and A. G. Krechetov, Khim.
V4

‘r‘1at|0n Iur,r’nnescence spectru, (E) is located on the SA. B. Gordienko and A. S. Poplaviolzv. Vyssh. Uchebn. Zaved. Fiz.
shoulder” of N,(E) at ~2.2 eV from the top of the va-  No. 1, 54(1995.
lence band, which corresponds to a depth of the quasilocalA. B. Gordienko and A. S. PoplaviioPhys. Status Solidi 02, 941
level within the band equal te-3.4 eV. 7(51937); KM Ho. and M. L. Cohen. Phys. Rev.@5747(197

In our opinion, the results presented in this paper, to- — -0Ue: K-M.Ho. and M. L. Cohen, Phys. Rev.83 3

gether with the results previously published in Refs. 1 and 27ranslated by P. Shelnitz
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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;

Siberian State University of Ways of Communication, Novosibirsk

(Submitted November 27, 1998

Pis'ma Zh. Tekh. Fiz25, 31-34(May 12, 1999

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. €999 American Institute of Physids$51063-785(19)00605-9

Fatigue failure usually occurs unexpectedly, and the preereases continuously over the course of the entire loading
diction of service lifé? using fatigue curves is based on process, differing only with respect to the rate of decrease in
statistical models, i.e., it permits only a probabilistic, ratherthe different stages of the process, so that it is difficult to fix
than a deterministic, estimation of the service life of a spe-
cific part. Estimation of the residual life of a part is espe-
cially difficult when there is fatigue, and thus the most com- 100 _1
plicated problem associated with fatigue failure is predicting
its approach for an individual object. Such a problem is usu-
ally solved with the use of various complicated techniques
for the early detection of fatigue microcracks. Vv

This paper proposes a formal criterion for fatigue failure, Vs
which is suitable for individual objects, on the basis of pre-
viously performeé® investigations of the ultrasound propa-
gation velocity in fatigue-loaded samples. It was established 0.96 .
in Refs. 4—6 that the ultrasonic wave propagation velocity
drops continuously during cyclic loading as the number of ;
loading cyclesN rises, as is shown in Fig. 1a. The total 4 N*10
decrease in velocity up to the moment of failure is no greater
than 3x 10 2—3.5x 10 2, whichplaces fairly high require-

(=]
H
«©
-
N

ments on the procedures and techniques for measuring this 0.00 b
quantity’ The relative velocity change* =V/V, (V, is the — i !
velocity before the beginning of fatigue testing, avis the v 9 4 8 12
velocity afterN loading cycles is a function ofN, and, for E(}:)
example, has a three-stage form for a whole series of steels. ]
The transition from one stage to another is determined both
by the type of material and the loading conditions.

The relationship between this dependence and the state 005 —
of the material is fairly clear. Microscopic examinatidns
showed that while there are no appreciable structural changes ¢
in the first stages, microcracks measuring up to 0.1 mm are 0.00
observed in the last stage. The onset of the third stage of the ' ' I ! l o
V*(N) curve clearly signals the approach of failure. In fact, v v 4 8 12
direct experiments performed on 40, 40Kh, 30KhGSA, rail, _ (7)

and other steels showed that one sample reaching such a state N~
has undergone only 250 loading cycles, while the duration
of the first two stages at the same loading amplitude can be

as long as 10cycles. FIG. 1 Depend f the velocity of sound i les of steel 45
. . . . 1. a— Dependences of the velocity of sound in samples of steel 45 on
The use of plOtS of the type shown in Fig. 1a to predICtthe number of loading cycleg* (N) (asymmetric cycle, amplitude equal to

fatigue failure is_ possible, but it does not prQVide the aCCU200 MPa, and a loading frequency equal to 1) Hz— The first derivative
racy needed, since the ultrasound propagation velocity denv*/oN=¢,(N). c — The second derivative?V* | IN?= £,(N).
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the time of passage from the second stage to the third. It cadiffer by almost two fold, the transition to the critical stage

be shown that the behavior of the first and second derivativesccurs essentially always whaft ~0.98. Thus, the condi-

of V* with respect toN, ie., £&=0dV*/ON and &  tion V*<0.98 can also be regarded as a criterion for the

=9%V*/9IN?, respectively, as a function of the number of approach of fatigue failure.

loading cycleN is more informative, as can be seen in Figs.  The practical employment of the proposed criterii

1b and 1c. which is based on measurements of the ultrasound propaga-
The form of the plot of¢;(N) mimics the U-shaped tion velocity, is possible at the time of repairs or technical

failure rate curve known in engineering reliability the8ry, servicing and does not require a preliminary measurement of

but adapts it to the case of an individual phfthus, it can be  the ultrasound velocity in the unloaded part. The critical

assumed that the initial drop in the value of the ultrasoundstage of the process can be detected by observing a change in

velocity corresponds to the processes responsible for prehe sign of the derivativé,(N) during a small number of

working failures, that processes leading to random failure aradditional loading cycles.

responsible for the drop in the rate in the second stage, and

that, finally, the decrease in the ultrasound velocity in the

third stage has the same causes as wear faifufé® last

stage is most dangerous, since, as microscopic examinations;, s vanova,Fatigue Failure of Metalgin Russiaf), Metallurgizdat,

have shown, incipient microcracks, which serve as foci for Moscow (1963.

brittle failure, appear at its onset. 2A. J. Kennedy,Processes of Creep and Fatigue in MetaBiiver and

h s . _ Boyd, Edinburgh(1962 [Russ. transl., Metallurgiya, Mosco(®965].
The behavior of the second derlvatngg(N) IS espe 3R. A. Collacott,Mechanical Fault Diagnosis and Condition Monitoring

cially informative, since it clearly changes sign upon transi- chapman and Hall, London; Wiley, New Yot&977) [Russ. transl., Mir,

tion to the final stage of the proce&see Fig. 1& This dis- 4Moscow(1989]. _

tinctly discernible moment fixes the onset of the most i'zg'( 1255;)’7[\4- Yﬁ- ;f]e”if;algg‘:/(-l 'Sé?)]fom@ al, Zh. Tekh. Fiz67(9),
. . . ech. Phys¢ .

dang_er(,)us S,tag,e of fatigue fal!lflre’ SO that, Fhe following L. B. Zuev, D. Z. Chirakadze, O. V. Sosnat al, Mekh. Nizk. Temp.

qualitative criterion for the transition to the critical stage of 19s), 80(1997.

fatigue loading can be formulated: the service life of a part is°L. B. Zuev, O. V. Sosnin, D. Z. Chirakadze al, Prikl. Mekh. Tekh. Fiz.

essentially exhausted when ,39(4), 180(1998. _
V. V. Murav'ev, L. B. Zuev, and K. L. Komarowelocity of Sound and
§2=62V*/0N2232(V/V0)/&N2>0, ) the Structure of Steels and Alloygn Russiaid, Nauka, Novosibirsk
(1996.
while the condition&,<0 corresponds to a fairly large re- ®B. S. Dhillon and C. SinghEngineering Reliability: New Techniques and
serve of fatigue life for the part or sample. Applications Wiley, New York (1981 [Russ. transl., Mir, Moscow

It is noteworthy that while the duration of the fatigue (1984
failure process for different samples of the same material camranslated by P. Shelnitz
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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

(Submitted April 17, 1998
Pis'ma Zh. Tekh. Fiz25, 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 application499® American

Institute of Physicg.S1063-785(09)00705-3

Radial oscillations of the walls of a cylindrical channel cylindrical waves have a nonzero axigngitudina) wave-
of infinite length(i.e., oscillations along the radiuproduce vector componenK,. The formation of az component is
waves which propagate only in the radial direction in thepossible when the front of a cylindrical wave is bent. The
medium filling the channél.When the walls of a finite seg- bending of the wave front should, in fact, take place already
ment of a channel oscillate, the region with cylindrical wavesbecause of the previously mentioned pressure drop at the
created by the segment generates longitudinal waves, whickave end surface, which creates a longitudinal pressure in
travel in opposite directions from its end surfaces. The exthe region without cylindrical waves. It can be shown that
periments in Ref. 2 revealed that such waves are not normalch energy “movement” slows the motion of the watiee
waves, since the characteristic distributions of the acoustislowing is proportional to the energy transfer pafehis also
parameters, i.e., pressures, densities, etc., for normal waves;counts for the retardation and, thereby, the bending first of
which are proportional to Bessel functions of the formthe end portion of a cylindrical wave and then of the parts
Ji(«r), were not observed. In particular, measurements ofmore distant from its end surfaces.
the amplitude of the acoustic pressure showed that the waves Figure 1(left-hand part shows wave profiles formed by
formed at a certain distance from the radial end plane bounda plane intersecting cylindrical waves at various moments in
ing the region with cylindrical waves closely resemble planetime. Profilel corresponds to the initial moment, when the
waves. There is presently no explanation for their formationvall of the emitting segment of the chann@/) has just
or any hypothesis regarding the mechanism for the generdermed a cylindrical wave and the “bending” angteof the
tion of such waves; nevertheless, the investigation of thes#ont is still close to zero. When the bulk of the wave front
guestions is very important for applied problems. reaches th©Z axis (focusing, the angled reaches its maxi-

This paper gives probably the only possible explanatiormum value, since the intensity of the cylindrical wave in-
for the essence of the generation of traveling plane waves bgreases with decreasing radius, and a region bounded by the
a region with cylindrical waves. A mechanism for conver- conic surface of the cylindrical wave, i.e., t&a’d “cone,”
sion of the energy of cylindrical waves converging towardforms in the bent end portion of the front bounded by the
the longitudinal axis into direct longitudinal motion of the radial OR, and Z,Z' planes. Profile2 corresponds to this
medium, which creates a field of plane waves, is systemimoment. Then the character of the motion of the front
cally developed and investigated. For greater simplicity, theehanges: the points of the profile in tAgZ’ plane continue
dissipation of energy is not taken into account. their motion toward th® Z axis, while the points in thOR,

It is already clear from the foregoing that the formation plane reverse their direction of motion. As a result, at a cer-
of longitudinal plane waves from cylindrical waves is causedtain time the profile of the diverging cylindrical wa® is
by the presence of a sharp boundary between two regiorthe “mirror image” of profile 2 of the wave converging
with different acoustic energy densities: the region with cy-toward the axis. In the case under consideration the wave
lindrical waves and the region without such waves adjoiningvectork of the cylindrical wave is perpendicular to the sur-
it on each of its end surfaces. Because the pressure in a wafece of the front at all points. Therefore, bending of the front
is greater than the undisturbed pressure, Pex,Py, motion  (which is negligibly small appears, in principle, already at
of the medium from the region with the cylindrical waves the time of formation of the cylindrical wave. However, the
through an end surface should appear. However, as calculsngitudinal component is effectively realized only within
tions show, the energy lost as a result has a value signifithe cone.
cantly smaller than the values obtained experimentally, i.e., Let us examine the motion of the medium in the cone
the latter cannot appear as a result of the transmission afuring compression of the “conical piston” after first mak-
acoustic energy through the wave end surfaces alone. Appréig several simplifying assumptions. We assume that the me-
ciable conversion of the energy of cylindrical waves into thedium in the cone is incompressible, that the an@lat the
energy of plane waves is apparently possible only when thapex of the cone does not vary during compression, that the
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U:{’ Fe 91; oo _d' (po is the density of the incompressible medjuand the
- LY CO— {‘l 244 P, _—\|' M boundary conditior(1). The main points in the solution are
5 50 0 6 > as follows. From(4) we obtain expressions for the radial
0 7 |, 9 x|i! € (v) and longitudinal ¢,) flow velocities of the medium
g LI——— 0 (outside the conein terms of an arbitrary function of time
f(t):
FIG. 1. ;
ve=5-f(), (5)
rate of propagatiorimotion) of the cone surface is constant V2= —Z-f(1). (6)

and equ:lal to the velocity of sourd that the cone genera- e qrating(2) and (3) first overr in the range fromR(t) to
tricesOd’ andOd (seg Fig. 1, therefore, move to the right R, and then ovee from Z(t) to =, whereR(t) andZ(t) are
along the normah with the constant velocity, that the points on the surface of regidv, and taking into accour(s)

pointsr, andr, move along the radiiyO andr O, the apex 54 (g), for the rate of motion of the boundafgoints on the
O moves along theDZ axis, and they have the velocities surface of regionM we obtain

v,=c(sing) ! andv,=c(cosd) ! andconverge at the point

O’ simultaneously, and that the pressure exerted by the front  gy2 /2 3R+ 4R(R3—R®)

on the medium in the conB,=P,,— Py=const P, is the 2z | Z 2R(R3—R3)

undisturbed pressure, amthg is the acoustic pressyrever 0

the course of the entire time of “compression” of the cone 12RS Po—P(R,2)

into a point, i.e.,7g. The basis for these assumptions is as =— N , (7)
follows. The compressibility in the near-axial region is small Z(Ry—R%) Po

even for gases; therefore, taking it into account would lead to 2 2

corrections of the order of;1~c<1; the constancy oP, IV ﬁ: _ 2 ) Po—P(R,Z) @)
andc during the timery can be estimated by a correction of IR R R-InRR;* Po ’

the same order of magnitude. We note that the “displace- _
ment” of part of the medium from the cone will continue Where V;=dZ(t)/dt, V,=dR(t)/dt, and P(R,Z) is the

until the force exerted by the end surface of the cone bePressure on the boundary . Solving Egs.(7) and (8)
comes equal to the sum of two forces, viz., the drag of thé/nder the boundary conditioil) gives

regionM formed by the medium displaced from the cone and 3 3

the pressureP, (see Fig. 1, right-hand partLet us next Z\2 mlz§+ m, |8

consider the effect of the forces in the cone. The vector of szvz(20)<z_0 (m ©
the forceF exerted by the conical surface on the medium is ! 2

directed along a normal to it. Because of the axial symmetry, % ) g,\,

the radial components &f compensate one another, and the , _ (z )E. 2|7 [ Mzptm, (10
longitudinal components create motion along th& axis. R ZS myz2+m, '

Thus, the force exerted on the medium by the cone surface

F=P,S..-n, whereS,, is the area of the lateral surface of Wherem;=R3—R3, m,=3RR?INR R, !, andN=R{[R(R]
the cone and is a normal to it, induces motion of the me- —R®)]™*. From formulag(9) and(10) we can determine the
dium through the end surfaagr; at a distance, from the ~ expressions foZ(t) andR(t):

origin of coordinates with the velocity 3 3
2 5 =N
- 1 Co |2/ myzg+m, |8
3Pt Z(t)=zp+ EUz(Zo)t > py—
vAZ0)= - (@8] R°zg) \ mycgR™*+m,
(pgcosh)-r (11
The dynamics of the regiogyrylr ;=M (see Fig. 1, 1 1 3
right-hand pait formed by the medium displaced from the R(D)=ro+ >v,(Zo)t Co|? R3— o)
. . . . 0 4 Z\ 40 7 0 Z
cone can be described using the hydrodynamic equations of
an incompressible fluid in cylindrical coordinates 111 3N
2 218
v, vy 1 au§+ 1P _ ) +3@In Rgl(%)z ] : (12
W T2 Tpea @
, wherecy=r2z,— c3t3(sin 6-cog ) ..
v, dvp 1dvr 1 9P —0 3 Assigning the external impulsB,(t), we can usg€11)

—4v,—+= +——= .
at %9z T2 ar po Or and (12) to reconstruct the form of the surface of the region
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M in the arbitrary moments in timg, and taking into ac- lindrical functions** with consideration of the conditions at
count(9) and (10), we can determine the values of the ve- infinity has the form
locities of V(t;) points on the surface dfl.

2 202
The second part of the problem is to find the field cre- p'=N g 11— §r272~ (26743777
ated by the axial “source’(the regionM) outside its bound- (£2—y7r2)%2 4707 (2-yf22 |
aries, i.e., when the condition on the boundéhe surface of (19

M) is assigned by9) and(10) and the surface itself is speci-

fied b)_/(ll) and_(12). It is difficult t(.) obtain an appro>§|mate Equation(14) also specifies the field created by the end
analytical solution of the problem in such a formulation, and

) . . ._portion of a converging cylindrical wave. The expression for
numerical solutions would probably be more expedient in ; o .
. . Lo . . the shape of the weak discontinuity surface can be obtained
this case. An analytical solution is still possible, but for dis-

; ; from (14), for example, using the condition for an extremum
turbances of an acoustic scale, i.e., for the case where t P . .
! . . pl3€)=0; however, a sixth-order equation must then be
volume of the regiorM is small compared with the volume . . . :
-1 . solved. The points of intersection of the surface with the
of the coneZ(t) -z, = andR(t) - ro<1. The mean velocity of . :
: AR : I coordinate axes § and O are determined at once. In par-
the regionM and the medium in it during the lifetime, of : . . . .
. . ticular, the points of intersection of the surface with the 0
the region for a not very small amplitude of the external

signal is supersonic, i.eV.>c. The radial velocities are coordinate axis are always located in front of the disk (
9 P RN >c) at distanceg>rq, which increase with increasing, .

small and shall henceforth not be taken into account. It can Thus. an exblanation for the appearance of lonaitudinal
be shown with consideration of the assumptions made that X P PP 9

. . . . . » plane waves has been given, and a detailed substantiated
the motion of the regio is approximated “well” by the o . . .
; . . ; ; description of the mechanism for their formation has been
motion of a disk of radiug, with a constant velocity, . ;
) . S presented. Formulas have been derived, which can be used,
during the time r, and a distribution of the form exp

(—rr>2). The energy losses accompanying the motion of théf the external signal is assigned in the required form, not

. ) . . nly to predict and reproduce the expected experimental pic-
disk are proportional to its drag and determine the level oP ytop ) rep . P P P
.ture of the wave field formed in a channel, but also to solve

continuity surface, which resembles an ellipsoid of revolu the problem of optimizing various systems, for example, an

. y L P .emitter—communication-channel-receiver system, and other

tion and ends on the internal surface of the channel, forms in : N
problems. The results in the present communication can be

front of the disk. ) -
_— . . . useful for technical applications.
In a cylindrical coordinate system moving with a veloc-

ity V,>c along theOZ axis the problem of the field created
by a flat disk reduces to the solution of the wave equation

wherer=r—ry andN=(7+2)(27) *pVic 2.S.

L. D. Landau and E. M. LifshitzFluid Mechanics 2nd ed., Pergamon

#p' 1ap' ) #?p' 1 Press, Oxford1987 [Russ. original, Nauka, Mosco986, 733 ppl.
St ot = g divh, (13) 21 A Kolmakov, Akust. Zh.42, 721 (1996 [Acoust. Phys.42, 635
or o€ c (1996,

o 2_14_\/2~-2 _ 2 3N. S. Koshlyakov, EB. Gliner, and M. M. Smirnovpifferential Equa-
where 2{_2 z Vzt’, Yy =1=Vie s, . f= ?ZQOSP_VZ tions of Mathematical Physiclorth-Holland, Amsterdani1964 [Russ.
Xexp(=riy9)&é), Sis the area of the diskj(£) is a Dirac original, Fizmatgiz, Moscow1962, 767 ppl.
delta function,g, is the unit vector alon@Z, and a is the 4H. Jeffreys and B. SwirlesMlethods of Mathematical Physic8rd ed.,
drag coefficient. Cambridge University Press, Cambridd®66 [Russ. transl., Mir, Mos-

The solution of Eq(13) obtained using integral transfor- 0" (1970: Vol. 3,344 pp}

mations of the Fourier-Hankel type and the properties of cyTranslated by P. Shelnitz
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One-component cesium magnetometer for measuring the residual magnetic induction in
ferromagnetic shields

N. A. Dovator

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted April 30, 1998; resubmitted January 11, 1999
Pis'ma Zh. Tekh. Fiz25, 42—46(May 12, 1999

A simple design for a miniature cesium magnetometer intended for measuring the residual
magnetic induction B,=<1000 nT) in ferromagnetic shields of cylindrical shape with an internal
diameter=15 mm is described. €999 American Institute of Physics.
[S1063-785(109)00805-9

Unlike quantum magnetometers of tBe and S, types, compensation system for a quantum magnetom@iey. 1)
which are based on double radio-optical resondBfROR),!  was also assembled on the basis of such a null indicator. For
a one-component cesium magnetometer has been created tlis purpose an error signal in the form of the alternating
ing a nonresonant principle for forming a signal that is pro-component of the photocurrefivith a frequencyQ /2=
portional to the longitudinalalong the optical axis of the =80 Hz) was amplified and fed after synchronous detection
magnetomet@rcomponent of the magnetic inductiéithis  (in the form of a dc signalinto the modulation coil in the
principle for constructing magnetometers was chosen bephase in which the longitudinal component of the magnetic
cause it is difficult to measure weak magnetic fields in thenduction was zeroed within the cell with oriented atoms.
range from— 1000 to+ 1000 nT with only one type of quan- Thus the compensating current)(was proportional to the
tum magnetometer based, for example, on the use of eithenalue of the inductiorBy. The self-adjustment factdkvith
DROR signal (106-1000 nT) or a parametric resonance sig- respect to the magnetic figléttained in this magnetometer
nal in an ensemble of optically oriented atoms<00 nT).3>*  was~750. The calibration needed for such a quantum mag-

The operation of the cesium magnetometer describedetometer Bo= aJ, whered is the indicator current and is
here is based on utilization of the dependence of the polathe calibration factgr as well as its testing were performed
ization of atoms subjected to the action of circularly polar-using an experimental system with stabilization of the mag-
ized optical pump radiation on the angle between the direcnetic field in the ferromagnetic shi€l@nd an alkali-metal—
tion of the magnetic field and the pump radiation beam.

Under stationary conditions the expression for the magneti-
zatior31 of an atomic ensemb{elong the pump beanhas the
form:

1+ y?B373
M=Mo—— 55— 1)
1+ y*Bors+ yBimm

whereM, is the magnetization created by the pump radiatior,
in the absence of a magnetic fielly andB, are the values
of the longitudinal and transversgelative to the pump
bean components of the magnetic inductionjs the gyro-
magnetic ratio, and- , are the longitudinal and transverse .
relaxation times of the atomic magnetizatigvith allowance /
for optical relaxation It follows from (1) that a plot of 14
M(Bg) has the form of a symmetric curve with a minimum
at Bo=0. Therefore, by modulating, using an additional
magnetic field with the inductioly cosQut (Qu<751)
directed along the optical axis of the magnetometer, we ob
tain the variable component of the magnetizatdiv. Its
amplitude and phase depend on the magnitude of the ma, I +

netic inductionB, E.md its direCtior(p_ara”el or antipa_rallel to. FIG. 1. Block diagram of the cesium magnetometer— cesium spectral
the pump beapn Since the absorption of the pumping radia- lamp; 2 — lens; 3 — interference filter,which transmits the cesilbn line;
tion by an ensemble with optically oriented atomsdS 4 — circular polarizer;5 — modulation coil, which also serves as the

~(My— M),l a magnetic field sensor including a pump feedback coil in the self-adjustment syster— working cell; 7 — photo-

Iamp a cell with cesium. a modulation coil. and a photode_detector;S — selective amplifier with a synchronous detectdr;— low-
’ ’ ! frequency generator]0 — separating capacitortl — indicator; 12 —

tector(Fig. 1) can serve as a n_U”_ indica}tor for the longitudi- power supply;13 — high-frequencygenerator for the discharge in the ce-
nal component of the magnetic inductidfig. 2). An auto-  sium lamp;14 — ferromagnetic shield.

2 7 9 o8
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helium magnetometénwhich was certified by the D. I. Men- (perpendicular to the axis of the shigldagnetic field within
deleev All-Union Scientific-Research Institute of Metrology. the shield as the transverse fidgl.

Several features of the design of the magnetometer just The testing of the one-component cesium magnetometer
described should be noted. First, its magnetic field sensor hagve the following results: a range for measuring the longi-
small dimensions@15x 200 mm), which were achieved by tudinal component of the magnetic induction frerr1000 to
employing a miniature glass cell of spherical shag#l@ +1000 nT and a sensitivity to variations of the magnetic
mm) containing cesium vapdat room temperatujeand the  field as small as 0.02 nT with a measurement error equal to
buffer gas neon at a pressure of 200 Torr as the working celk-3 nT?
as well as a resonant cesium lamp of similar dimensions and
a nonmagnetic version of an FD-24K photodiode. The di-
mensions of the magnetic field sensor permitted performingThe operating range of a quantum magnetometer is determined by the
magnetic-field trapping band, which, as in any static automatic control

measurements of the residual magnetic field and, COnse_system, depends on the width of the discriminator characteristic and the

quently, the longitudinal shielding factoK( B, /B,, where transmission factor of the controlling eleméirt the general case, on the
B, is the component of the external magnetic field directed constant of the feedback cpil

along the axis of the cylindrical ferromagnetic shield d&hd ?The amount by which the measurement error of the magnetometer de-
is th nal mponent of the residual magnetic fi Idscribed exceeds its sensitivity is determined mainly by the optical shift of
S_ _e a aogous component o . e _es ua_ ag_ elic neldy,o magnetic resonance line of cesium atbarsl the error of the calibra-
within the shield for ferromagnetic shields with an internal  tion needed for this type of magnetometer.

diameter@@=15 mm. Second, in order to simplify the de-

sign, we dispensed with the forced creation of the transverse

magnetic fieldB; needed for the operation of the cesium 'N. M. Pomerantsev, V. M. Ryzhkov, and G. V. Skrotsihysical Prin-
magnetometer. The fact that such a field is needed can easil)ﬁfée;pm Quantum Magnetometfin Russiad, Nauka, Moscow(1972,

be seen from Eq(1). In fact, .settingBlzq, we see t_haM 2R. E. Slocum, Rev. Phys. Apg, 109 (1970).

=My for any value ofB,, which automatically also implies SE. B. Aleksandrov, A. M. Bonch-Bruevich, and V. A. Khoddy®pt.

the absence of an error signal under the conditions of moduZSPektLOS'(Z& 282 (1967 [Opt. Spectrosc23, 15hl (1967]. | A
lation of this quantity. It was found experimentally that the gbgoseggag%“d”‘ C. Dupont-Roc, J. Haroche, and F. Laloe, Rev. Phys.
magnetometer functions correctly if 30 #B;<300 nT.  Sg. v. Blinov, S. P. Dmitriev, P. P. Kuleshov, and A. I. Okunevich, in
Under the real conditions under which the measurements of Abstracts of VSOOANin Russiai, FTI, Leningrad(1986, p. 52.

the longitudinal shielding factor of a one- or two-layer fer- (Eig\;' B'govr EHA' ZTh't”r:kC"DVH ag”f g’ég’-l*;‘;'ssm"v Zh. Tekh. Fig, 588
romagnetic shieldin the earth’s magnetic fieldvere per- 9 [Sov. Phys. Tech. Phy4, 336 (1979

formed it was sufficient to utilize the residual transverseTranslated by P. Shelnitz
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Autostochastic ring system of triggers connected through integrating circuits
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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. 1®99 American Institute of Physics.
[S1063-785(09)00905-2

Various generators with chaotic dynamics operating in
both autonomous’ and nonautonomofis'tegimes have _
been widely investigated in the recent period. Considerable  Yn=[6n(Xn—¥Yn) + ¥n(Xn=1—Yn) T Znlon (2.n)
attention has been focused on an autostochastic system with
a double-scroll attractor governed by chaotic switchings of
oscillations between two basins of attractiéi®~*2This is 2=~ P11 3.1
the reason for the interest in ring systems of triggers con- 2= 3 3.2
nected to one another by integrating circuits. Such a system 2 2Y2 '
is examined in this paper. The excitation of chaotic oscilla-
tions with a double-scroll attractor is studied by numerical
methods, and the possibility of controlling these oscillations ~ Zn= — BnYn, (3.n)
is demonstrated.

A schgmatic r.epresentation of an e}utostochgstip ring SYSihere the variables; ,
tem containingn triggers ©=1,2,3. .. ) isshown in Fig. la.
A diagram of an individual classical triggéiis presented in
Fig. 1b. It is formed by the inductants, , the resistanc®,,,
the capacitanc€,, and the nonlinear active elemegy .
The elements of the integrating circuit joining adjacent trig-
gers(for example, the trigger$,,_; andT,) in the diagram
in Fig. 1a are obvious, i.e., they are the resistaRtand the
capacitanceCs . hi(xi)=—D; tanh(x;), 4

The triggerT, together with the capacitan@;, forms a whereD; is a constant. The parameters of the ring system in
familiar gutqstochashc Chua circditFor this reason, 'the Egs.(1)~(3) are defined by the expressions
scheme in Fig. 1a can be regarded as a system resis-
tively coupled Chua generators. The latter allows us to ex- @=C1/Ci, Bi=C;/LiG], %=G{/G,
pect a possibility of exciting chaotic oscillations with two s s s
basins of attraction in the system under consideration. 9=Gi/Gy, =Ci/C7, G=1Ri, G=1R".

The ring system illustrated by Figs. 1a and 1b can be A numerical analysis of Eq$1)—(4) was carried out for
described in normalized variables by the following system ofthree fi=3) identical, symmetrically coupled triggers. In

y;, andz; (i=1,n) are proportional,
respectively, to the voltages on the capacitar€gsnd C}
(the variablesq; andy;) and the current in the inductante
(the variablez;). A dot over a variable in the systeth)—(3)
denotes differentiation with respect to the timéerhe func-
tion h;(x;) describes a nonlinear characteristic of the active
element. It is approximated by the relation

3n equations. this case the subscriptn D;, «;, B, v, 6, ando; can be
: omitted. It was then found that= 6=1. When the control
X1 =[81(y1—X1) + ya(Y2— %) —ha(xy)]ay (1. of the oscillations of the ring system using an external signal
. was calculated, the latter was included as a term on the right-
X2=[02(Y2=X2) + 73(Y3=X2) ~ha(Xp) ], 12 hand side of Eq. (B): the right-hand side of this equation

was set equal tp— B(ys+f(t))]. Under a harmonic distur-
bancef (t) = A; cosit), whereA; andw. are the amplitude
Xn=[0n(Yn—Xn) + ¥1(Y1—Xpn) —hp(Xp) ]an (1.n)  and frequency of the external signal.
Figure 2 presents bifurcation diagrams of an autonomous
ring system(a) and the analogous nonautonomous ring sys-

y1=[81(X1— Y1)+ ¥1(Xa— Y1) + 2110y (2.1)  tem under the influence of a controlling harmonic sigftel
. They illustrate the distribution of the maximum values of the
Y2=[02(X2—Y2) + y2(X1—Y2) + 23] 0 (2.2 oscillatory process(t) (they are denoted byx,]) as a
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FIG. 1. Schematic representation of a ring system of trig¢@rand dia-
gram of a partial trigge(b).

function of the coupling parametey. The diagrams were
obtained for increasingy and the following values of the
remaining parameterdd=3, ¢=0.1, 8=1.6. The initial
conditions were set equal 1g(0)=y;(0)=2z(0)=0.1. The

amplitude and frequency of the external signal in the case of

Fig. 2b are equal té&\;=0.4 andw.=0.4.
In the absence of couplingyE&0) autonomous oscilla-

tions are not excitedFig. 23. In accordance with the posi-
tive initial conditions, the system is in a stable state with th
value[x,]=4.8. Increasing the coupling parameter leads t

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 with

random spread of maximum values>gf{t). An increase in

vy is accompanied by greater irregularity in the spread o

maximum values of the oscillatory procesgt) and a rise
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FIG. 2. Bifurcation diagrams for autonomo(® and nonautonomouk)
operation of a three-trigger ring system.

o) . ST - .
syrating circuit in the scheme considered can be manifested as

oft parasitic capacitance of the inductive element of a partial
rigger when the frequency is increased.

E.V. Kal'yanov

in the density of the corresponding points. A&0.19 the
system goes over to regular motions; the maximum value of
X1(t) reachegx,]=37.8 aty=0.2.

The introduction of a small external harmonic signal
leads to alteration of the chaotic behavior of the system, and
the transition of the system to regular oscillations occurs at a
significantly smaller value ofy (at y=0.095). In addition,
the amplitude of the stimulated regular oscillations is almost
two orders of magnitude greater than the amplitude of the
disturbing oscillations, and ag=0.1 it equals 32. This at-
tests to a possibility of controlling the oscillations in the
interval ye[0.1;0.2 by an external signal. In fact, chaotic
oscillations with random switching between two basins of
attraction take place in this range of variation pfin the
autonomous regime, while regular oscillations occur in the
presence of a weak external signal. A calculation of the at-
tractors in these two regimes showed that a chaotic double-
scroll attractor is observed in one case, while a simple limit
cycle is observed in the other case. Control of the chaotic
oscillations(in the sense of variation of the switchings be-
tween the two basins of attractipis possible in the interval
ve[0.04;0.09. This is revealed by a comparison of the dia-
grams in Figs. 2a and 2b.

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

The system considered is also of interest from the stand-

epoint of studying the features of operation of triggers when

their speed rises. This is because the capacitance of the inte-
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Emission of waves by a modulated electron beam
V. V. Dolgopolov

“Khar’kov Physicotechnical Institute” National Scientific Center, Ukraine
(Submitted November 23, 1998
Pis'ma Zh. Tekh. Fiz25, 52-55(May 12, 1999

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.19®9 American Institute of
Physics[S1063-785(09)01005-§

It is known that a modulated electron beam moving uni-where =kR—Kkgz. It follows from the relation(4) that at
formly in a vacuum does not emit waves. We show that thidarge distances the electromagnetic field represents a wave
statement does not apply to the portion of the beam adjacemptropagating from the portion of the beam adjacent to the
to its source(the acceleratgy and we find the radiation beam source.
fields. The expression for the only nonzero magnetic compo-

The transition radiation of a modulated electron bearment of the wave fieldH ,= dA,/dr in the wave zone can be
emerging from a semifinite plasma was investigated in Refbrought into the form
1. Cases in which the dielectric constant of the plasma is

C s . 2 H
equal to zero or infinity were analyzed in that paper. The —, _ _ eNv sing ot ®)
transition radiation of modulated beams on the spherical ® c?R v '
plasma layer surrounding a conducting sphere and in a ho- 1- cosd

mogeneous plasma were investigated in Refs. 2 and 3. Let us _ )
examine the radiation from a semifinite beam in a vacuumhere 6=KkoR—ot, sind=r/R, cos9=2/R, and 4 is the
where there are no inhomogeneous media and the radiation 39l between theaxis and the propagation direction of the
not of the transition type. wave. _
We represent the oscillating part of the density- or afixed value oR the amplitude of the wave propa-
modulated current of a beam of infinitesimal radius propa92ting at an anglé) satisfying the condition
gating along the axis from the poinz=0 in the form v
cosd= — (6)
J=0 at z<0, c
_ o will be greatest.
J=—eNvexdikz—wt)] at z>0, @ In this case the expressigb) takes the form
where k>0, >0, v=w/k is the beam velocityN isthe eNp2
modulation depth of the linear density of the beam, and H,=— v 7ei01 (7)
—e is the charge of an electron. Then, according to Ref. 4, c’R
the axial componentthe only nonzero componenof the where y=(1—p2/c?) 12

retarding vector potentiah is defined by the expression According to(6) and (7), as the relativistic factoy in-

eNp [ 1 creases, the radiation is squeezed towardztheis, where
A[r,z)=— — f dz’—,e‘[kz'*w(‘*R"C)l, (2)  the amplitude of the wave grows proportionally o The

¢ Jo R components of the electric field of the wave are specified by
the expressions

whereR’ =[(z’ —2)?+r?]*?, cis the speed of light, and the

r,e,z cylindrical coordinate system is used. ad 1A, dP
Replacement of the integration variable in E2). gives B=—— "¢’ BT ®
A eNv o un fxd e't . where
=7 g © ¢ £(§2+q2r2)1/2’ 3 c
(I):¢l+(1)2, ®1:_AZ‘ (9)
where é=—kz+koR, ko=w/c, q=(k?—k3)'? and R v
=(r2+z_2)1’2. Whengr>1 (in the wave zong the integral In order to determine the tern®,, we must take into
on the right-hand side dB) can be taken approximately. As account the charge conservation law. For this purpose we
a result, we obtain place a charg® satisfying the condition
eNv . dQ
i 2 (kR wt) o~ -
Ay=—i o e , (4) T +J_,=0, (10
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whereJ is defined by(1), at the pointr =0, z=0. Then the where|J|=eNv.

potential®, created by the charg® has the form The calculations show that the mean work of the field
eNv over the currents per unit timg dzJE, is positive and equal
O,=i ﬁem- (1) to |J|*c. This means that both the electromagnetic energy

_ _ ~associated with modulation of the beam and the radiated en-
The relations(4), (8), (9), and(11) specify the electric  grgy are drawn directly from the beam source.

field of the waves emitted by the beam. We thank I. F. Kharchenko for taking an interest in this
In the wave zone this field has the form work and for some useful discussions.

E=eyH,, (12

where e is the unit vector along the directioft, which is
perpendicular to the propagation direction of the wave and
the vectorH. Assuming that the real curredt is related to

. 'Ph. Parzen, J. Appl. Phy82, 2484(1961).
the complex currend by the expression PPl Py (196D

2y. A. Balakirev, V. A. Buts, and V. I. Kurilko, Zh. Tekh. Fiz6, 477
1 (1976 [Sov. Phys. Tech. Phy&1, 272(1976].
J,==J+ J* ), (13 3V. A. Balakirev and G. L. Sidel'nikov, “Transition radiation of modulated
2 electron beams in an inhomogeneous plasnjizi’ Russian, Preprint,
: - Khar'kov Physicotechnical Institut€1994), p. 104.
fOkI)’t thetLOta%l ﬁ”ergy radlated. by the beam per unit time We4L. D. Landau and E. M. LifshitzThe Classical Theory of Fieldgth ed.,
obtain the following expression Pergamon, New York1975 [Russ. original, Moscovw1948].
[32/c c+v
| = —In -2, (14)

~2clv c-v

Translated by P. Shelnitz
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Influence of the solid-phase reaction in fullerite—alkali-metal-halide systems on optically
detectable vibrational states of C 4

A. A. Sukhanov and V. A. Reznikov

St. Petersburg State University
(Submitted December 26 1908
Pis'ma Zh. Tekh. Fiz25, 56—-62(May 12, 1999

Spectral data on the solid-phase reaction of powdergdwith 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 Physids$$1063-785(09)01105-2

Vibrational spectroscopy is widely used to investigateparative analysis of the IR spectra of,@ispersed in KCI,
fullerenes and their derivatives, as well as for detecting thenkBr, and KI matrices. A fullerite powder with a concentra-
and determining their concentrations in solid samples. Theon of C4, no less than 99.5% and powdered KCI, KBr, and
spectra of Go and Gg, which have been accessible in mac- high-purity KI were used. Mixtures of the KHal and fullerite
roscopic quantities since 1990, have been studied most thoppwders were prepared in a vibratory ball mill. The possible
oughly. Among the various sample preparation methods, Mgeaction of the mixture components with the internal surface
chanical dispersion of powdered fullerite particles in aof the mixer was monitored by x-ray fluorescence analysis
volume of powdered KBr has become dominant. by inducing thel'e band and measuring the relative concen-

A comparative analysis of the vibrational absorptionyrations of K and Hal in the composite. Before mixing, the
spectra obtained by various investigators reveals a more th%wders were dehydrated at 250 °C. The IR absorption spec-
twofold variation in the relative intensity of the characteristic 5 of the KHal-G, composites and the corresponding sup-

bands of (o and their position in ranges up to 5 ch as porting matrices were recorded on a Specord M-80 spectro-
well as the appearance of bands which correspond to mOd?ﬁotometer.

that are active in the Raman or inelastic neutron scattering the common features of the spectra of these mixtures
-3 .
spectrd.* The observation of broad bands at 400_600’(Fig. 1) include variation of the background level, which

9001200, and 1400-1450 cth and differences in the depends on the halide composition of the matrix, as well as

background level, which are most prohably attributable ©he formation of broad bands in the spectral ranges 400—-600,

variation of the impurity composition of the supporting ma- 900-1200, and 1350—1470 cf The intensity of the broad

trix, should ‘."‘IS.O be noted. band at 900—1200 cht decreases from KCl and K, and its
The variation of the spectral features noted cannot be _ . oin . .
attributed to possible errors in the measurement of the opticaWaleum undergoes a 25-30-cmbathochromic shift.
Some samples of gg— KBr and Gg— Kl mixtures exhibit

density alontand, according to Kratchmer's hypothe a periodic structure of equally spaced bands of identical in-

be associated with a reaction of thgo@nolecules with the : ~ .
matrix. The problem has not previously been examined ir;[enSIty at 7.00_900 (’?ml'. The dependence of t.he posmon.o.f
he bands in the periodic structure on the halide composition

this context because of the relatively high chemical stabilit . ) .
of the solid-phase supporting matrix and the weak depenc_)f the supporting matrix and the sample preparation and stor-

dence of the spectral features on the degree of dispersion 89? condltlong, particularly on the thickness of the pgllets,
the fullerene particle:” points out the interference nature of most of the bands in the

The chemical stability, polarizability, and distribution of Periodic structure. The appearance of an interference pattern
the electron density of theggmolecule allow us to regard it N the spectra of samples of heterogeneous composition is an
as a unique adatoff while the high electron affinitg,  Indication of homogenization of the structure of the mixture
—2.65 eV allows drawing analogies with ions of heagy N comparison to the structure of the original matrix, which is
metals. confirmed by a 10-fold decrease in the diameters of the

It may be assumed that the adsorption qf Gn the ground particles of the §—KHal mixture in comparison to
surface of an ionic crystal can lead to polarization of theKHal particles ground under similar conditions.
m-electron density and an accompanying displacement of Thus, the variation of the background level and the for-
charges in the near-surface region of the potassium halid@ation of broad bands and periodic structures at
(KHal).1° The polarization model presumes a dependence of00—900 cm® are spectral features which depend on the
the results of the g—KHal reaction on the halide composi- halide composition of the matrix and cannot appear as a re-
tion of the matrix, as well as a high degree of dispersion ofsult of purely mechanical contact between the particles of the
fullerite. semiconductor and the dielectric and which, taken together,

To verify the dependence of the IR absorption spectra omndicate the occurrence of a reaction between the fullerite
the properties of the supporting matrix, we performed a comand KHal particles within the composite. The same conclu-
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1500 1000 500 'cm-i FIG. 2. IR spectra of the amorphized phase obtained frorg,a KCl com-
posite measured in a KCI matrik— high concentration of the amorphized

FIG. 1. IR spectra of g in KCI (A), KBr (B), and KI (C) matrices(the phaseB — low concentration of the amorphized phase.

spectrum of the corresponding matrices are shown below each of the spec-

tra).

same amorphized phase diluted to a high degree is the clas-
) . sical spectrum for gy, with the exception of a series of
sion follows from the water solubility of all thegg-KHal  \ ook bands. some of whickthe bands at 774 and
composites prepared. . _ 1250 cm Y) are characteristic of the Raman spectra gf.€
Evaporative concentrating of aqueous solutions of thg, particular, the bands at 713, 741, and 776 émwhich

composites results in the precipitation of KHal crystals and g,5ye als0 been discovered in the inelastic neutron scattering
colored amorphized pha$aP) of fractal geometry. The vol- spectra—3 can be regarded as split-off bands of the band at

ume ratios of KHal and the amorphized phase in the compo;74_776 cm? in the low-frequency region, in agreement

sition of the dry residues after evaporation of the water, ayity the baric shift of the frequencies corresponding to the
well as the fact that the mass of the dry amorphized phase Wig(3) and Hd4) vibrational moded?

1.5-2.0 times greater than the mass gf i@ the composite,
rule out any connection between it and impurities in the
KHal or undetected impurities in the distillate. The solubility
of the amorphized phase in weakly polar solvents like ben-
zene points out the possible presence gf i@olecules in its A
composition.
To identify Gso in the composition of the amorphized
phase, we measured the IR spectra of the amorphized phase
in matrices of the respective KHal. Figures 2 and 3 present

the IR spectra of the amorphized phase precipitated from \‘/\
solutions of Gy—KCI (Fig. 2) and Go—KBr (Fig. 3 com-
posites. These spectra were measured in samples with a high
V

(spectrumA) and a low(spectrumB) concentration of the

amorphized phase relative to the matrix of the respective
KHal. The presence of characteristic bands in the spectra in VJ
Fig. 2 (spectrumB) and Fig. 3(spectrumB) indicates that “Jj\~
Ceo appears in the composition of the amorphized phase. \)\\J\

Diluting and mixing the amorphized phase in the mate- B “WW\M—M
rial of the KHal matrix leads to a decrease in the intensity of : . '
the broad structured band at 900— 1200 émThe spectrum 1500 1000 500 cpit
of the highly concentrated amorphized phase recovered frorl]—JIG. 3. IR spectra of the amorphized phase obtained frorgoa KBr com-

th_e Go—KBr cpmposite(Fig. 2, spe_ctrurm) does not Con-  osite measured in a KBr matriki— high concentration of the amorphized
tain characteristic bands ofgg; while the spectrum of the phaseB — low concentration of the amorphized phase.
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This finding means that at least some of thg @o0l-  Krasovski, and A. Yu. Serov for participating in the discus-
ecules are found in a shell of interacting molecular centers ofion of the results.
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trum B) composites the relative intensities of these bandsSMir, Moscow (1982, p. 327.
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position of the supporting matrix. 7G. N. Churilov, O. A. Bayukov, EA. Petrakovskayat al. Zh. Tekh. Fiz.
A broad band was observed in the range 6709), 142(1997 [Tech. Phys42 1111(1997].
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and KB (0.7 eV) to K (1.0 ew_14 X-Ray Luminescence of Alkali-Metal Halide Crystéis Russian, Zi-

We thank N. A. Charykov for supplying the g& natne, Riga1979, p. 251.

samples, as well as S. V. Karpov, N. I. Kochnev, A. N. Translated by P. Shelnitz

Fullerene Sci. Technol.



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 5 MAY 1999

Nonstationary photocurrent in a Bi  1,Si0,, crystal grown in an argon atmosphere
M. A. Bryushinin and I. A. Sokolov

Institute of Mechanical-Engineering Problems, Russian Academy of Sciences, St. Petersburg
(Submitted December 25, 1998
Pis'ma Zh. Tekh. Fiz25, 63-69(May 12, 1999

A detailed investigation of the nonstationary photocurrent in crystals with a sillenite structure
grown in an oxygen-freg¢argor) 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. @999 American Institute of Physid$§1063-785(19)01205-7

Measuring the nonstationary photo-éng an effective ML-102A electro-optic modulator was employed for phase
method for determining the parameters of photoinducednodulation of one of the beams. The voltage on the load
charge carriers in semiconductors. This method can be use@sistance R=33 k()) was measured using a Unipan-233-7
to evaluate, for example, the mean photoconductiwjyof a  selective amplifier and an SK 4-56 spectrum analyzer. The
crystal, the carrier diffusion length, , the mean carrier life-  extinction coefficient of the crystal at the wavelength
time r, the mobility , and the concentration of impurity =0.633um was equal tax=0.86 cnm ™.
centersN, on which the charge distribution is forméd Plots of the experimental dependence of the amplitude of
The mechanism for the appearance of a sign-alternating cuthe first harmonic of the nonstationary photocurrent on
rent in a photoconductive crystal illuminated by a oscillatingPhase-modulation frequency are presented in Fig. 2. Alto-
interference patteriiFig. 1) has already been described in 9ether 34 frequency dependences of the photocurrent were
detail many times: a photocurrent appears in a short- recorded for spatial frequenci_es e_qual tp 57, 130, 270, 570,
circuited sample as a consequence of the periodic relativé100, and 2500 mm and the light intensitlgs=5.9, 12, 23,
displacement of the distributions of the photoconductivity®4» 130, and 28QW/mn.,
and the electric field of charges captured in deep traps. To '€ unusually large value of the photocurrent for BSO
obtain an oscillating interference pattern, one of the two coS'YStals grown under ordinary conditions should first be

herent light beams is phase-modulated with a frequency notgd. .Light intensities 2_—3 or.de.rs of magnitud_e larger are
This paper describes an investigation of the nonstationgrdmar'ly needed to obtain a similar signal amplitude. Thus,

L . . the photoconductivity of the crystal that we investigated
ary photocurrent excited in a photorefractive crystal of bis- :
yp P Y (0o=10"%-10"% O 'm~1) was 2—3 ordersof magnitude

muth silicosillenite Bj,SiO,q (BSO) grown in an argon at- - : o
mosphere. An investigation of such crystals has already bee%reater_ than the photoconductivity of ordinary sillenites
grown in an oxygen atmosphere.

repqrted n Ref. 4; however, the experiments were carrie As was shown in Ref. 5, the amplitude of the first har-
out in a fairly narrow range of values of the spatial frequency.

) . . monic of the nonstationary photocurreffibr 7,=7) at the
‘.(Of t.h emn te'rference pattern and thg mean mteris;tgf t.he maximum of the frequency characteristic is determined
light impinging on the crystal. A high photosensitivity of

Bi1,Si0,q crystals was discovered in that study, revealing amamly by the mean photoconductivity of the crysta)

prospect for employing them as a material for constructing

adaptive interferometric sensorSuch an application of the Jw:%

nonstationary photo-emf, as well as prediction of the proper- 2+(KLp)?

ties of devices and systems based on photorefractive crystals, )

require exact determination of the photoelectric parameters —0Tm _
of the materials used. Therefore, the purpose of the present 2+ (KLp)?— w?rry+iw{r+ 7y[2+ (KLp)?]}
work was to thoroughly study the nonstationary photocurrent 1)

in a photoreactive BjSiO,, crystal and to determine the

basic parameters of the photoinduced charge carriers overigere Sis the area of the electrodes,is the contrast of the
broad range of variation of the parameters of the interferenciterference patternn=0.31), A is the phase-modulation
patternK and|l . amplitude A=0.26), Ep=KkgT/e is the diffusion field,
The photorefractive BiSiO,q crystal grown in an argon o,=eun, is the mean photoconductivity, Ly
atmosphere measuredk® x5 mm. The front and rear sur- =(u7kgT/€)®° is the electron diffusion length,L}
faces of the crystal (85 mm) were polished, and electrodes =[(eekgT)/(€°Nao)]°° is the Debye screeninglength,
were deposited on the two lateral surfacex@mm) using  =(yN,o) ! is the lifetime, 7, is the lifetimeof an ionized
a silver paste. An LGN-215 helium-neon lasev={0.633  donor center,7y=¢eceq/0oy is the Maxwellian relaxation
um, P=30 mW) served as a source of coherentlight. Antime, kg is the Boltzmann constant,, is the permittivity of
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FIG. 1. Scheme for measuring the nonstationary photo-emf in photoconduc-
tive media.

2
I, uW/mm

free spacee is the charge of an electrof, is the tempera-
ture, u is the electron mobility,y is the electron capture FIG. 3. Results of measurements of the photoconductivity and the lifetime
coefficient, ¢ isthe dielectric constant of the materia¢ ( by the standard methddThe solid lines are theoretical plots ofl,) and
— 56), NAO is the concentration of ionized donors, amgjis 7(lo) calculated for the values &;Np, y, andu obtained.
the conduction-band electron density.

We also note the nonlinear character of the dependence

of the amplitude of the nonstationary photo-emf on light in- In the case of a quadratic law governing carrier trapping,

tensity (for small values o). Such behavior of the signal he expressions for the stationary concentratignandN g
can be attributed to the quadratic law governing the recomgan pe written in the following form:

bination of photoexcited charge carriers in the crystal inves-

tigated. As was shown in Ref. 5, such effects can be ob- \/& /[SoNpl o

served in cases where the concentration of photoexcited No=Nao= 7: y @

electronsn, exceeds the concentration of deep centers in the

absence of illuminatioMN(1o=0). Then the lifetime of an Heregy=SpNpl is the photoelectron generation raB, is

electron is roughly equal to the lifetime of an ionized donorthe generation cross section, aNg is the concentration of

~7=(yNe) ! and is significantly dependenton light inten- donor centers from which charge carriers are generated.

sity. The frequency dependence of the photocuri@to)
We performed additional experiments to measure thevas approximated using formu(d). The quantitiesSpNp,

photoconduction relaxation time using amplitude-modulatedy, and u were taken as parameters.

light.® In these experiments an external field was applied toa  The following values were found for therSyNp=2.1

crystal uniformly illuminated by amplitude-modulated light. X10® Jtcm™!, y=4.2x10 cm*s™?, and =25

A nonlinear dependence of the photoconduction relaxation< 10 2cn?V s 1. The calculated value oB,N and the

time on light intensity was observed up to intensities of theexperimentally measured extinction coefficientcould be

order of 0.1uW/nn? (Fig. 3. used to estimate the photoconduction quantum efficiggicy
=0.78.
Beside the nonlinear dependence of the lifetime on light
03 intensity, we should mention the relation betwegnand r,
K=130 mm": which is unusual for sillenites grown under ordinary condi-
* 1,=5.9 pwimm’ tions: 7~20ry . Such a relation between these two param-
1 © 1=tz uwimm’ eters is confirmed both by calculations®f and = using the
024 V2 RWimm? values ofSpNp, v, andu found fromthe frequency depen-
< A 1,264 p/mm dences and by experiments devised to measure the lifetime.
c O 1,130 pimm’ The value of r for 1,=540 uW/mn? was equal to 6.2
2’ O 1,280 pwimm? X 10" % s, and the mean photoconductivity of the crystal
2 oal for 1,=510 uW/mn? is equal to 1.&10°° Q 'm!
(Fig. 3.
In the case of a quadratic type of carrier trapping, the
_ X - ratio y/ u=el(oo7)~1.6x10"° V.cm can be estimated if
Y A e — 7 and o are known. The value of this ratio for the param-

102 10° 10° eters found from the frequency characteristics of the photo-
¢ emf equals y/u~1.7<10"° V.cm. The relationshipr
. Hz >y implies that the first cutoff frequency, (see Ref. b

FIG. 2. Dependence of the amplitude of the nonstationary photocurrent o®N the amplitude-frequency characteristics of the photo-emf
the phase-modulation frequenay(BSO,\=0.633um, K=130 mm). recorded for an “argon” crystal at small values kfcorre-
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10° 3 lo=12 uW/mnm? and Lp=6.1 um, Ly=1.4 um for I,

] =300 pW/mmn?.

] o The values ofy and u obtained are effective and are
10" 4 roughly two orders of magnitude smaller than the true val-

ues. Just these parameters determine the characteristics of

instruments and devices based on photorefractive crystals.

The difference between the effective and true parameters is
o due to the presence of a complex structure of shallow trap-

ping centers in sillenites. The effective value of the mobility

M is consistent with the earlier investigations of sillenites

[£=2.9x10 2 cn?/V-s (Ref. 7]. The role of the attach-

J¢ nA

10?

O 1,212 pWimm?,

3 =360 Hz
107 4
O 1,=300 pW/mm?,

21800 Hz ment levels is even greater in crystals grown in an argon
v P atmosphere: the growth of a crystal with an oxygen defi-
10 10 ciency leads to the appearance of a considerable number of

shallow donor centers, which are responsible for populating
the deep traps and corresponding increases in the photocon-
FIG. 4. Experimental and theoretical plots of the nonstationary photocurrendluctivity and carrier lifetimé. The high photosensitivity of

as function of the spatial frequend§ of the interference pattern recorded sillenites grown in an oxygen_free atmosphere Suggests that
for two values of the light intensity, on the crystal. these materials will find application in the construction of
optical sensors that function in the infrared and red spectral
ranges.

K, mm’”

sponds to ¢/2)"! and that the second cutoff frequenay,
corresponds to the reciprocal of the Maxwellian relaxation iy, p. petrov, I. A. Sokolov, S. I. Stepanov, and G. S. Trofimov, J. Appl.
time 7,,%. Phys.68, 2216(1990.

Plots of the dependence of the photocurrent on the spa-S: S: T[“’ﬁmo" and S. I Stepanov, Fiz. T"er]d- Telaningrad 28, 2785
. . . . (1986 [Sov. Phys. Solid Stat28, 1559(1986)].
tial .frequency of the mterfgrence pattern are shown in Fig. 4.3\, p. Petrov, S. I. Stepanov, and A. V. Khomenko,Rhotorefractive
As is seen from the experimental curves presented, the maxi-Crystals in Coherent Optical Systems (Springer Series in Optical Sci-
mum on theJ“(K) curve shifts toward higher spatial fre-  ences, Vol. 59)T. Tamir (Ed), Springer-Verlag, Berlin1991).

; ; ; PR o Yu. B. Afanas’ev, V. V. Kulikov, E. V. Mokrushina, A. A. Petrov, and
quencies when the |.Ight Intensity Is 'r?cre‘."‘sec.j' A similar phe I. A. Sokolov, Pis'ma Zh. Tekh. Fi23(17), 28 (1997 [Tech. Phys. Lett.
nomenon was previously observed in sillenites, but for the >39) 65(1997].
blue-green region of the spectrum. The reason for such be%|. A. Sokolov and S. I. Stepanov, Optituttgar 93(4), 175 (1993.
havior of the photocurrent is the dependence of the diffusion’S. M. Ryvkin, Photoelectric Effects in Semiconductor€onsultants

and Debye lengths on light intensity which exists in the case B“ges;j New York(1964 [Russ. original, Fizmatgiz, Moscowl963,
of a quadratic trapping law. Figure 4 also shows theoretical’s | 'Hou, R. B. Lauer, and R. E. Aldrich, J. Appl. Phys, 2652(1973.

plots of J*(K) calculated in accordance with the values of 8v. K. Malinovskii, O. A. Gudaev, V. A. Gusev, and S. I. Demenko,
SoNp, 7, andu obtained. The values df, and L|/:> calcu- Photoinduced Phenomena in Silleni{és Russian, Nauka, Novosibirsk
lated for the intensities at which the experimental plots were (1999 160 PP

recorded were, respectiveliy=14 um, L;=3.2 um for  Translated by P. Shelnitz
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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
(Submitted September 25, 1998
Pis'ma Zh. Tekh. Fiz25, 70-76(May 12, 1999

A model which explains the experimentally observed drop in the avalanche noise Faeity

increasing values of the stationary mean carrier multiplication feMtenr<|\7I> in metal-
insulator-semiconductdiMIS) 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 datd.999 American
Institute of Physicg.S1063-785(19)01305-]

It was discovered experimentally in MIS structures mainly by the chargeqNg (Refs. 10, 12, and 23 under
based onp-type Si in Refs. 1-3 that the avalanche noiseshort-circuit conditiongFig. 1b we can write
factor F ceases to increagand even dropswith increasing
values of the stationary mean carrier multiplication fadtbr v BN, ONs
at values abové/ =10°—10®. Such behavior of is para- NEy T TWING
doxical: because of the random character of an impact- . .
ionization act,F should always increase with increasing WhereédsEy andoN, are smalkfluctuationa) deviations from
M.*~" In Refs. 1-3 the avalanche was initiated by electronghe stationary mean valugsls)=Ns and(En)=Ey (Ey is-
flowing into the multiplication region. Therefore, according the field in theN-layer near the interfaQeVN=<VN>, and
to the classical treatment in Ref. 4, whigte1, it would be Vw=<vv\/>- As can be seen fror2), a positive fluctuation
expected thatF=kM and increases with increasinil, 6Ns>0 decreasefdue to screening by the chargeq- 6Ng
wherek(E)= g/« is a monotonically increasing function of <0 (Refs. 13 and 29 the field in theN-layer (5E\<0) and
the electric field intensit;Es(E)P‘” andy and 8 are the consequently lowers the intensity of the avalanche process.
electron and hole impact-ionization coefficients. According  Sincea and g drop sharply a& decreases and the gap
to the data from the experiments in Refs. 1#3ckM at  width increases;**'*andE(x) falls off across the width of
fairly large values oM. It is shown below that this is actu- the N layer, we assume that carrier multiplication occurs
ally the case. only in a narrow part of the space-charge la¢®€L) within

Our model of the anomalous behavior B{M) is not the N-layer near the interface (the &-function
associated with fluctuations of the potential along theapproximatio®®). In this approximation, using Read’'s
interface’® It is based on the trapping of electrons for a relationt®
certain time either by a potential well near the interfesgch
wells exist in SiQ/Si and TiG/Si (Refs. 1 and 2 see Fig. Tt)= E f [T (1, %) +T(t x)] dx @)
1al or by surface state’é. To find the surface density of L)sc ™ P ’
trapped carrier§lg, we use the continuity equation

@

wherel , andTp are the electron and hole current densities in
the space-charge layet, is its thickness, and neglecting the
small flux of carriers flowing from théAN-layer into the
N-layer, forM>1 we can obtain the following expression
for the current density in the external circuit:

d. -~ -~
ans: lin= 1 outs (1)

wherel;,=MT, andl,=qNs/7 are the current densities of 1/
the electrons flowing toward the interface from the multipli- ~ T(t)= _( j
cation region in the narrow-gapNj layer and the electrons -
ilov_vmg into the Wlde-g_ap\(\/) layer, rgspectwel;(ﬁg. 13 whereT=Ty+ Ty, andTy and Ty, are the transit time of

I1 is the current density foM =1, 7 is the characteristic pgles and electrons across the space-charge layer and the

r(TIe?se time of the trapped carriers, @pid the charge of an  \\.jayer, respectively. The relatior®) and (4) allow us to
electron.

- t
Im(t’)dt’-i-j Iout(t’)dt’), (4)

N —Tw

- o~ . write T(t) in the form of a linear functional oBN(t') av-

The voltage on the structulé=Vy,+Vy is the sum of g aged over the tim@. This means that the smaller is the
the voltages on th&V- and N-layersVy, and Vy (Fig. 1D.  relaxation timer, of the fluctuational deviations compared to
Assuming that théN-layer is uniformly dopeti®and thatthe T, the smaller are the current fluctuations in the external
value ofE in the W-layer at large values d¥l is determined  circuit.

1063-7850/99/25(5)/3/$15.00 369 © 1999 American Institute of Physics
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FIG. 1. Energy diagram df€.(x)] of the bottom of the conduction band of
a structure near the interfa¢a) and electrical diagrartb).

At large values oM the timer, decreases with increas-

ing M. In fact, after representing the functidh(V) in Mill-
er's form-’~19

1
~ 1-(Vn/Vig)Sa(VN)

M )

from the linearized equatiofi) and the relatior(2) we can
obtain the following expressions fdi>1:

T

"1+ (VIVyg—1)S,M’

(6)
whereVyg is the breakdown voltage of tHé-layer®~10:18:19
s,(Vy) is the exponent for the flow of electrons into the
multiplication region, ands,g is the value ofs, for Vy
—Vyg, Which was calculated numerically in Ref. 20. Ana-
lytical expressions for the exponefalso for the flow of
holes into the multiplication regignwhich are quantitatively

Ty
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FIG. 2. a — Theoretica(l) and experimental2, Refs. 3 and 27depen-
dences of the avalanche noise fadtoon the carrier multiplication factavl

for SiC/Si heterostructures. The experimental dependenté ai the volt-
ageV applied to the structure that was used in the calculatiofgM) (3,

Refs. 3 and 2y and theF(M) curve predicted by the generally known
Mclintire relatiot~7 (4) are also shown. b— Dependence of the rdio
between the hole and electron impact-ionization coefficients in silicon near
an interface on the concentration of shallow impurity acceptgygor Vy
—Vyg Used in the calculation df,(M).

consistent with the results in Ref. 20 and the experimental

data in Refs. 17 and 21-25, were derived in Refs. 18 and 19.

The decrease im, with increasingM also causes an anoma-
lous dependence ¢f on M at large values oM.

When there is no correlation between the avalanche

noise and the noise of the electrons flowing into Widayer,

the fluctuation spectrum ¥ is the sum of the correspond-
ing spectral noisés’ multiplied by the dynamic function of
the systen®:?® Therefore, using Eq(6), we find that

2

((9N)?) () = 2ok M+ 20lon) 55

21,M? 72
= (KM+M ™ ——m—.
( 1+w27'f

()

The dispersion of processes of the typét)=(q/T)

~f{,T[ﬁ(t’)/r,]dt’ can be described by the familiar Mc-
Donald formul&®

(= 3]
y fw<(5n)2>(w)
0 2

w

‘[1-coqwT)] dw.

®

If Ty<Tw (Refs. 3 and 2J the first term in(4) can be
neglected. Then, for

Vg
SneVw'’

if we take into account that, as follows from Refs. 18 and 19,

MM ,= (9)

4k Inkg

Se= 1 (10

under the conditions considered here, we can obtain
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Instability of a Bose condensate of neutral atoms in an external light field
of nonuniform intensity

. E. Mazets

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 20, 1998
Pis'ma Zh. Tekh. Fiz25, 77-81(May 12, 1999

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. @999 American Institute of Physids$S1063-785(09)01405-4

The creation of a Bose condensate of rarefied atomignentumg, which is equal to the difference between photons
gases is one of the most interesting achievements in atomig the first and second modes of the light field, is transferred
physics in recent years. The experimental results of varioug the atom during a transition. Then, §f is significantly
groups were generalized, for example, in the reviews in Refgyreater than both the Rabi frequency and the fundamental
1 and 2, while the current theory was illuminated in Ref. 3.frequency of the trap, level 2 can be excluded adiabatically,
The main interest is this subject stems from the fact that @nd the “quantum-hydrodynamic” equations of the Bose
Bose condensate of an atomic gas is a mesoscopic system,dondensate take the form
which the interaction of the particles is characterized by a

single parametefwhich can be determined fairly reliably by —n+div(nv)=0,

experimental meansviz., the scattering length of the atoms ot

in an swave upon a binary collision. This presents a possi- M 22 2

bility for a first-principles calculation of the macroscopic pa- M—v+ grac{— +Uegu(r)+gn+ =0. (1
rameters of a system of interacting particles and, accord- Jt 2 Q-qv

ingly, for testing the fundamental conceptions of the physiCsyeren andv are the local values of the density and velocity
of nonideal gases and condensed media. of the condensate, respectiveM;is the mass of an atong;

It has also aroused interest in the investigation of collecis a constant, which characterizes the interatomic interaction
tive excitations of a Bose condensate, particularly the propaand is proportional to the scattering length; abid,(r)
gation of sound waves in #.It should be noted that the = /2 (w§x2+w§y2+w§zz) is the trap potential, which is
dynamics of collective excitations are decisively influencedassumed to be harmonic. We use a system of units in which
by the fact that a condensate consists of atoms confined inRlanck’s constant is taken as unity.
magnetic trag:> The eigenfrequencies of the modes of such  The main difference between Eq4) and the equations
a system are proportional to the fundamental frequency ofvhich describe a condensate in the absence of laser
the trap, but the proportionality factor is expressed by amadiatiort> is the inclusion of the light shifu®/(Q—q-V),
irrational number in the case of a sufficiently large numberinwhich the Doppler effect is taken into account, in the en-
of atoms in the condensaté. ergy per atom in the condensate. The stationary solution of

All calculations of the imaginary part of the oscillation Egs.(1) corresponds to a quiescent condengtte station-
frequency have hitherto revealed only damping for diverseary values of the density and velocity are labeled by the
conditions. This paper presents the first theoretical calculasubscript 0
tion that predicts the development of an instabi(#xponen- 1 42
tial growth of a small disturbangen a condensate under no=—(M—Uext— —
definite conditions, which are associated with the effects of g Q

external electromagnetic radiation. _ , Here u is the chemical potential. Let us now consider a
Let us consider an ensemble of atoms in state/lich  gistrhance(the quantities for it are marked with a prime

can be identified with, for example, the=1, me=—1) sign on the background of the statg). The system(1)

sublevel of the hyperfine structure of the ground state of aRouid be linearized with respect b8 andv’. After elimi-

alkali meta). The atom is subjected to the action of bichro- nation of the density disturbance, it reduces to the following
matic laser radiation, which causes stimulated Raman transiquation in partial derivatives:

tions between states 1 andtBe latter should also be held in

a trap, as, for exampléE-=2, mg=1); in addition, the line- VA v’ )

width of the Raman transition between the components of erao(vﬁ) —graddinov’) =0. )
the hyperfine structure is small, so that it can be negléected

The effective Rabi frequencies of the transitionsujsthe  The characteristic velocity = (u?q/Q2°M)appears as a re-
detuning from two-photon resonance equ@lsand the mo- sult of momentum transfer from the field to an atom when

y VOZO. (2)
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the latter is excited to state 2, which is occupied with adirection. Energy is transferred from the field to the transla-
probability equal tau?/Q2. We stress that spatial nonunifor- tional degree of freedom of the condensate, and growth of
mity of the beam can arise anddepends explicitly on the the oscillations according an exponential law takes place.
coordinates in the general case. Let us now make some as- If >0, oscillations of the condensate and the transfer
sumptions regarding the form of the trap. As in mostof momentum from the field occur in antiphase, and the os-
experiments;? its form is assumed to be prolate, i.e, cillations are damped.
<wy,w,. Then oscillations occurring alongtixeaxis do not Let us obtain some estimates. The maximum possible
cause appreciable motion in the perpendicular directiamg  value of the velocity is determined by the wave number of a
the problem reduces essentially to the one-dimensional casphoton of the radiation field and is equal to about 1 cm/s for
We also assume that the vectpis directed parallel to the  alkali metals. We also take?/Q2?~0.2 and8~ R;l. Taking
axis and, to fix ideas, in the positive direction. into account that the characteristic dimension of a conden-
We also assume that the square of the Rabi frequency afate is about 0.01 cf? we obtain a growth rate of the os-
the two-photon transition is linearly dependent on the coor<illations of the order of 107s'. This value is already com-
dinate:u?=u?(1+ Bx). In this case the functiow(x) will ~ parable to the value of the experimentally observed
also be linear, i.e.V=V(1+Bx), and the equilibrium den- dampiné (about 4 §1), which is usually identified with the
sity will take the form no:(wa(/Zg) [Ri_(XJFXO)z] for Landau mecham;ﬁﬁ.‘l’hus, we can.hop_e to detect the phe-
|x+x0|<R§, wherex0=u2,8/(QMw§). In this case Eq(3) nomenon theoretically considered in this paper already at the
is written as present level of the development of the experimental means.
In practice, a gradient of the radiated intensity can be
&2 wf 2 o, created when light beams focused to a diameter of the order
a2 7(Rx_x v of R, intersect. Another interesting possibility is associated
(4) with the use of an optically dense ensemble of atoms in the

) ) ] ) ) trap; however, in that case the cooling of the atoms must be
Itis easy to find a partial solution, which does not depend onyqntinyed continuously in order to maintain a balance be-

the coordinate, i.e., which describes dipole oscillations of the aan the number of particles which have passed into the
condensate as a whole in the trap: condensate and the number which have left it as a result of

2
a_vf+i

e X =0.

~ J
V(1+BX)EV,

V' ()= ,,r(o)e*V/BtIZCOS(era) the incoherent scattering of a photon upon resonant fluores-
X 1
cence.
wx=*/w§—(vﬁl2)2, (5) This work was supported by the “Basic Metrology”

, . o State Scientific Program.
wherev'(0) anda are the ampllt~ude and initial phase of the We thank Corresponding Member of the Russian Acad-
oscillations. If3<0 (we note that/>0 by definition, i.e.,if  emy of Sciences D. A. Varshalovich and Prof. W. Ketterle
the field intensity decreases in the direction in which thefor some useful discussions.
momentum transfer is oriented, the oscillation amplitude in-
creases. This can easily be understood on the basis of Eq.
(2): if the condensate moves as whole parallel toxlagis in 1W. Ketterle, M. R. Andrews, K. B. Daviet al, Phys. Scr66, 31 (1998.
the positive direction, the proximity of the Raman transition “M- R. Andrews, D. S. Durfee, S. Inouyt al, J. Low Temp. Phys110
to resonance varies as a consequence qf t_he Doppler effec;é?i('llgigévsm Usp. Fiz. Nauk168 641 (1998 [Phys. Usp.41, 569
and, regardless of the sign 8f, the light shift is modified so (1999
that the minimum of the energy per atom is shifted relative to“S. Stringari, Phys. Rev. Lett.7, 2360(1996.
Xo toward larger values ok. Because of momentum ex- SYu. M. Kagan, E. L. Surkov, and G. V. Shlyapnikov, Phys. Rev54
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Suppression of large-scale structures in a gas-saturated impact jet
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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. 1899 American Institute of Physics.
[S1063-785(19)01505-7

As a rule, the bubbles in gas-liquid bubbly flows are notof the evolution of instabilities in the shear layer of an axi-
simply tracers moving with the flow. On the contrary, non- symmetric impact jet in the presence of a finely dispersed
uniformity of the velocity field can lead both to dispersion of gas phase. The main results regarding the turbulent structure
the bubbles and to variation of the level of fluctuations in theof the flow were obtained using an electrodiffusion method
continuous phase. The effects can often be mutual when thier measuring the tangential stress on the wall.
local nonstationary turbulence of the continuous phase influ-  The experimental apparatus was a closed hydrodynamic
ences the trajectory of the dispersed ph@sgulent disper-  |oop consisting of a working section, a reservoir, a system of
sion) and the positions of the bubbles and the wakes behindonnecting tubes, and measuring instruments. The working
them influence the turbulence in the liquidurbulence section was a Perspex channel of rectangular cross section
modulation. measuring 162 86X 2000 mm. A nozzle unit was inserted

Significant variation of the turbulent characteristics of horizontally into the channel through a lateral wall. The
flows in the presence of a second phase has been observedizzle used had a diameter of 10 mm and biradial generatrix.
many experimental studies. It was concluded in the review ifrhe ratio between the nozzle outlet diameter and the throat
Ref. 1 that in most cases small particles reduce the intensitfiameter was 1:4. The velocity profile at the nozzle tip was
of t_urbulence ina flow, Wh|l¢ large _parncles enha_nce it. Thenearly uniform, and the momentum loss thicknessx/at
main mechanisms determmmg thg influences actlng ona tur= g 15 wasf#~0.1 mm. The measured degree of natural tur-
bulent structure are: the dissipation of turbulent kinetic en- ) —
ergy on particles, increases in the effective viscosity due t®ulence at that distance was'/Uqy= \/E/U():0.00S
the presence of particles, the generation of vortices or the 0.008 on the nozzle axis and 0:08.06 at the center of
formation of wakes behind particles, the entrainment of lig-the mixing layer.
uid by a particle(the added-mass efféctincreases in the An electrodiffusion method was used to measure the lo-
velocity gradients between two particles, and the deformacal values of the velocity and tangential stress on the wall.
tion and oscillation of the boundaries of the dispersed phas&¥¢tails of the method were presented in Ref. 7. Tangential-
Different mechanisms from the list just enumerated carftress sensors were placed on the moving wall of the chan-
dominate, depending on the concentration of the dispersegel, onto which the jet impinged. The accuracy of the mea-
phase, the dimensions of the particles, and the character sfirement of the translation of the wall was 0.1 mm.
the flow. The jet was excited by a standard ESE 201 electrody-

Free shear flows, particularly turbulent jets, have beemamic vibrator with the aid of a bellows connected to a
studied to the least extent in regard to the influence of alamping chamber. The initial sinusoidal oscillations had a
second phase on turbulence. The principal special feature @&ro-order mode, and their rms value varied framJ,
jet flows is the presence of large-scale vortex formatigos \E ] ]
herent structur@sin the mixing layer. A periodic influence = YU“/U=0.0001 to 0.001, depending on the experimental
acting on such a flow with frequencies from the region ofconditions. The excitation frequendy was characterized by
greatest susceptibility of the jet is known to permit effectivethe Strouhal number Gk f;-d/Uo. The experiments
control of the large-scale structure of the flow up to resonanshowed that superimposed small-amplitude oscillations have
enhancement of the coherent structures and an influence @ssentially no effect on the flow characteristics near the
the broad-band turbulené€.The characteristics of turbulent nozzle rim.
bubble jets have been investigated in several stfdfelsyut Air bubbles were fed into the distributing unit through a
the mutual influence of the gas phase and the large-scafénely porous plate by a compressor. The volume flow rate
structure of the jet mixing layer has scarcely been examinedyvas varied during the experiment from O to 164 I/h. This

The present work was devoted to an experimental studgorresponds to a volumetric gas content 0—12.1% for a
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liquid flow rate Q,=0.33 I/h. The mean diameter of the frequencies. Thus, it can be stated that quasilaminarization of
bubbles was 20@m, and the spread of their diameters wasthe flow occurs upon resonant enhancement of large-scale
small; therefore, the gas phase was regarded as monodispers®tex structures. When the jet is excited at frequencies lying
in these experiments. above the range of greatest sensitivity, only weak enhance-

The experiments were performed for two Reynolds num-ment of the fundamental harmonic, which does not alter the
bers: Re=25200-40400. Here ReU,-d/v, U, is the basic flow characteristics, can be observed. Excitation at low
mean velocity of the liquid at the nozzle tigjs the diameter frequencies leads to enhancement of multiple harmonics, i.e.,
of the nozzle, and is the kinematic viscosity of the solution 2f;, 3f;, etc., if they are suppressed in the range of greatest
used, which equals 1.0410 % m?. The distance between sensitivity. The amplitude of the superimposed oscillations
the nozzle rim and the plane was not varied in the experihas essentially no influence on the flow characteristics in the
ments and was equal to 20 mi(d=2). range investigated.

The basic information on the turbulent structure of the = The measurements for a two-phase jet were performed at
flow in the near-wall region was obtained by measuring theéhigh Reynolds numbers, Re25200 and 40400, for the pur-
averaged and pulsation values of the tangential stress on awose of excluding effects associated with the lift of bubbles
obstacle in the flow, as well as the spectral characteristics.by Archimedes forces. These effects are insignificant for

It is knowr?® that if the mixing layer is excited at a large Reynolds numbers and small bubble dimensions. For
frequency lying in the vicinity of the most probable fre- example, when Re40400, the difference between the mea-
quencyf ,,, for the conditions under consideration, the coher-sured values of the tangential stress on the wall at points
ent structures will be resonantly enhanced at that frequencyupper and lowerthat are symmetric relative to the horizon-

In the present case (Ret0400) the sensitivity range lies in tal axis of the flow amounted to no more than 5% for all the
the interval 196<f;<<350 Hz (0.45<Shy<<0.83), wheref; gas contents investigated. Saturation of the jet with gas leads
is the excitation frequency. Excitation at the most probableo a significant increase in the mean friction, but the charac-
frequencyf;=250 Hz (SR=0.6) leads to overall lowering ter of the flow remains unchanged up to values of the gas
of the frictional resistance by more than 30%. The pulsatiorcontenta=8—9%. The amplitude of the rms friction pulsa-
level increases by almost two fold, predominantly due to theions relative to the friction maximum for each gas content
increment of the coherent component. Thus, in the zone dhlls off monotonically over the entire region of flow, with
intense penetration of the structures into the near-wall regiothe exception of the vicinity of the critical point, where the
the spectral density of the pulsations at the resonance frabsolute pulsation level rises. At>8—9% the flow struc-
guency increases by two orders of magnitude in comparisoture undergoes changes, the near-wall characteristics loss
to the unexcited jefFig. 18. The distributions of the integral their clearly expressed jet character, and the pulsation maxi-
characteristics of the jet become similar to the distributionamum moves closer to the critical point. Figures 1b—d com-
for small Reynolds numbersand the spectral dependencespare the spectral density distributions of the friction pulsa-
(Fig. 13 lead to the conclusion that a significant portion of tions at the point on the obstacle where the large-scale vortex
the stochastic friction pulsations is suppressed at moderagtructures penetrate from the jet mixing layer with the high-
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tent at «>8%. In Fig. 2 7'(total/r, 7'(coher), and

7' (random)/ are,respectively, the rms values of the total,
coherent, and stochastic components of the tangential stress
pulsations relative to the averaged value of the friction at the
respective point. At/d>3 the main contribution to the tur-
bulent energy is made by the stochastic pulsations. The level
a of stochastic pulsations relative to the local value of the
mean friction in this region varies weakly as the gas content
06 increaseqFig. 29. This conclusion is attributed to the de-
crease in the local concentration of bubbles with increasing
o distance from the critical point.

Thus, the suppression of stochastic turbulent pulsations
upon the resonant enhancement of large-scale organized
structures in an excited impact jet, as well as the suppression
of these structures when the jet is saturated with a finely
dispersed gas phase, have been detected in this work. The
results obtained can serve as a basis for developing methods
to control heat and mass transfer in confined two-phase jet
flows.

This work was carried out as part of Project 274 of the
“Basic Research in the Area of Physics and High Technolo-
gies” Section of the Federal Special-Purpose Program

“State Support of the Integration of Higher Education and
va o0 Basic Science in 1997-2000.”

g

Za

(total) /1

04

P
000
28

'(coner 11

/(random) /1

FIG. 2. Total(a), coherenib), and stochasti¢c) components of the surface
friction pulsations as a function of gas conteHt.d=2, f;=250 Hz (Sh 'R. A. Gore and C. T. Crowe, Int. J. Multiphase Flds, 279 (1989.
=0.6), Re=40400. 2S. C. Crow and F. H. Champagne, J. Fluid Me48, 547 (1977).

8C. M. Ho and L. S. Huang, J. Fluid Mech19 443(1982.

4V. W. Goldschmidt, M. K. Householder, and S. C. Chuang?ingress in

est intensity (/d=1.1). Suppression of the coherent compo- ;isaltlse;rl%olg/lass TransferPergamon Press, Oxfor971), Vol. 6,
nent of the pulsations with increasing gas content is clearlys;”y wiigram, J. Fluid Mechss, 345 (1983.

observed. At significantly higher gas contents the coherenfT.-y. Sun and G. M. Faeth, Int. J. Multiphase Fld&, 99 (1986.
component essentially vanishes from the spectra for all val-'S- V. Alekseenko and D. M. Markovich, J. Appl. Electroche?d, 626

(19949.
ues ofr/d. i . 83. V. Alekseenko, D. M. Markovich, and V. I. Semenov,Rnoceedings
An analysis of the evolution of the coherent and stochas- of the 4th world Conference on Experimental Heat Transfer, Fluid Me-

tic components of the pulsations along the radial coordinate chanics, and Thermodynamjdrussels(1997, Vol. 3, pp. 1815-1822.
i i 9S. V. Alekseenko, V. V. Kulebyakin, and D. M. Markovig al, Inzh.-
reveals(Fig. 2) that the coherent component of the pulsations , ' |

is significant only in a definite range of radial coordinates Fiz. Zh.69, 615(1999.
(0.5<r/d<3) and falls off to zero with increasing gas con- Translated by P. Shelnitz



TECHNICAL PHYSICS LETTERS VOLUME 25, NUMBER 5 MAY 1999

38-GHz relativistic backward-wave tube based on a modulator with an inductive energy
accumulator and a semiconductor current interrupter
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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. 1®99 American Institute of Physics.
[S1063-785(109)01605-3

1. Since the nineteen-eighties the efforts to perfect high- To form and transport a tubular electron beam with a
current nanosecond electron accelerdtbes/e permitted the diameter of 5.5 mm and a current equaktd kA, the graph-
creation of relativistic microwave generators with pulsed pedite cathode was immersed in a longitudinal magnetic field
riodic operation. The most powerful among them are thecreated by a pulsed solenoid. A field strength of 50 kOe was
relativistic backward-wave tubes for the millimeter and cen-provided in the single-pulse regime. The field strength
timeter wavelength rangés* An operating regime of these reached 15 kOe at repetition rates up to 15 Hz, and the short-
devices with repetition rates up to hundreds of hertz becam&rm repeated-pulse operating regime was limited by the de-
accessible when effective charge devices were developed feign of the solenoid, which did not have forced cooling.

high-voltage generators on the basis of forming ffnasd The pump current of the semiconductor interrupter and
the conditions for the stable operation of gas discharges wetthe voltage on the load were monitored in the experiments.
found® The electron-beam current was measured by a Faraday cyl-

Since the appearance of high-voltage high-current seminder, which was installed in the drift chamber instead of the
conductor current interrupterit has been possible, in prin- delay system for this purpose. The peak power of the micro-
ciple, to create high-power nanosecond modulators with awave pulse was measured by scanning the radiation pattern
inductive energy accumulator that can support a periodic opdasing a silicon hot-carrier detector. All the measuring de-
erating regime of an accelerator with a repetition rate greatevices were calibrated and had times for the transient pro-
than 1 kHz and high amplitude stability. The discovery ofcesses from 1.5 nghe microwave detectpto 150 ps(the
subnanosecond current cutoff in SOS difde® new circuit  beam-current pickup The configuration of the magnetically
designs and technical solutions made it possible to subsénsulated coaxial diodéFig. 1) had small dimensions. The
guently obtain peak powers of 300—500 MW with a pulseradial gap between the cathode and the anode was equal to 4
duration of 5—6 ns on 150—2QQ-resistive loads. These pa- mm, and the axial gafbetween the end surface of the cath-
rameters are close to the values achieved for miniature gemde and the anode constrictjowas equal to 10 mm. The
erators with forming lines and spark dischargets/oltage  Faraday cylinder was installed in the drift chamber at a dis-
pulses with an amplitude of 250 kV are already perfectly tance of 10 mm from the entrance.
suitable for generating the electron beam needed to excite a 3. The absence of spark dischargers with their character-
38-GHz relativistic backward-wave tube. The purpose of thastic deficiencies is a fundamental feature of the experimental
present work was to experimentally verify such a possibilitysetup. The high-voltage modulator circuit is connected gal-
and to determine the operating features of a modular with &anically to the cathode of the magnetically insulated coaxial
semiconductor current interrupter and a load in the form of aiode. Therefore, the switching process of the saturated mag-
magnetically insulated coaxial diode. netic switch in the next-to-last energy-compression unit at a

2. The experimental setugFig. 1) included a high- time ~200 ns before current cutoff in the interrupter leads to
voltage modulator with an inductive energy accumulator andhe appearance of a negative prepulse with an amplitude of
a semiconductor interrupter, a magnetically insulated coaxia20 kV and a duration of 70 ns on the lo&Hig. 23. The
diode containing a graphite explosive-emission cathode, anfinite resistance of the semiconductor interrupter, in turn, is
an electrodynamic delay system for the backward-wave tubeesponsible for the appearance of a positive prepuisé((
in the form of a circular corrugated waveguide, which pro-ns, 15 kVj in the forward current pumping stage, and a nega-
vides for synchronism of electrons having an energy oftive prepulse of approximately the same amplitude with a
~250 keV with the first backward spatial harmonic of the duration of ~20 ns is generated in the backward pumping
wave (Epq). The output of the delay system was connected tastage before the moment of current cutidfig. 20. Thus, the
a conical horn antenna. The residual pressure in the systeprepulses are caused, in principle, by the circuit design of the
was 102 Torr. last energy-compression cascade. This is an important differ-
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FIG. 1. Diagram of the experimental setup:— ca-
pacitive accumulatot. — inductive accumulator;; —
saturated choke; SOS — semiconductor interrupter;
R;—R; — current shunt and resistive divider;— in-
sulator; 2— cathode;3 — solenoid;4 — anode;5 —
electronbeamf — grounding system7? — Faraday
cylinder; 8 — vacuum driftchambe® — horn antenna;

10 — vacuum microwave window]1-14 — zones of
the cathodic and anodic emission processes.

I 12 13 14

ence between a modulator with an inductive accumulator anglays a significant role in initiating electron emission on the
a semiconductor interrupter, on the one hand, and systentathode. Therefore, in the present experiments the presence
with forming lines and dischargers, on the other hand. of the prepulses of opposite polarity determined the operat-
4. It was previously shown in Ref. 9 that even when theing features of the electron diode and the microwave genera-
duration is 1-2 ns and the amplitude 4s10— 15 kV, the tor itself.
negative prepulse directly preceding the accelerating pulse The evolution of the emission processes in the magneti-
cally insulated coaxial diode was determined from a set of
oscillograms of the pump current, the voltage on the inter-
T / rupter, and the beam current and erosion tracks on the elec-
) trodes. Several specific operating regimes of the magneti-
cally insulated coaxial diode were noted. When intense
electron emission developed from the cathode in preplise
(Fig. 2b), a time interval of 200 ns was sufficient for expan-
sion of the cathode plasma from regidB (Fig. 1) in the
axial and radial directions. When electrons impinged on the
end surface of anodé (Fig. 1), a collector plasma appeared
(erosion tracks in regiod4, Fig. 1). When the expansion
velocities of the cathode-collector plasma in the radial and
axial directions were~10° and ~10’ cm/s, respectively®
the electrode diode essentially completely shunted the inter-
rupter. In this casdFig. 2b the output voltage dropped
sharply, and the Faraday cylinder detected both an electron
current from the cathode equal t610—20 A (pulses2, Fig.
2h),and a positive current surge with an amplitude~af00
A, which appears when the plasma strikes the picupse

i 3, Fig. 2h. The plasma could arrive either from the cathode
250 <V or the collector, i.e., from regioh3 or 14 (Fig. 1). Itis note-
— worthy that the picture presented in Fig. 2b was rarely ob-
served. This indicates the threshold, random character of the
o ns initiation of electron emission during the prepulse.

. The interrupter pump current and the accelerating volt-
age pulse on the magnetically insulated coaxial diode in the
usual regime are shown in Fig. 2c. Such a regime was
achieved after activation of the electrodes of the magneti-
cally insulated coaxial diode, which required from several
tens to hundreds of pulses. During the activation, partial
shunting of the interrupter was observed from time to time,
FIG. 2. Oscillogramsa — voltage on the vacuum diod&J() and beam V\{hlcl’]lc was ?\SSOCIaged V\lllth thz dgvelopment of eIs;:rop emis-
current (,) in a regime without shunting of the interruptds — same ~ S1ON rolm .t € anode e_ECtrO e.”? positive prep é:'g_'
signals in a regime without shunting of the interrupter— pump current of ~ 2¢). Emissionzond.1 (Fig. 1) exhibited pronounced erosion,
the interrupter [3) and voltage on the vacuum diode in the standard oper-and the opposite surfacé2 (Fig. 1) exhibited traces of
ating regime of the modulator;, @ — voltage on the vacuum diode and- “treatment” by the electron beam. As these processes
beam current recorded in the regime with the accumulation of 20 pulses; . .
f — microwave pulse recorded in a stroboscopic regime with the accumu€Vv0lved, the amplitude of the accelerat!ng pulse decreased by
lation of 100 pulsesi—5 — prepulses. 20-30%. As the electrodes were activated, the amount of

|

15 MW

i |
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dephasing decreased, and the accelerating voltage (figse and the employment of a constant magnetic figldsuper-

2d) and the beam puls@-ig. 26 became fairly stable. We conducting solenoid or a permanent magmeétl provide for

note that the last two oscillograms were obtained for severabperation of a microwave generator with a repetition rate

tens of pulses by a Tek-TDS684B digital oscillogram in theabove 1 kHz.

envelop-accumulation mode. When stability of the accelerat-

ing voltage and the beam current was achieved, the micro*G. A. Mesyats, inRelativistic High-Frequency ElectronicNo. 4 [in

wave pulses were recorded at a frequency of 10-15 Hz in gRussian Inst. Prikl. Fiz. SSSR, Gor'ki(1984, pp. 192-216.
troboscopic regime with the accumulation of 40—100 uIses;N' F. Kovalevet al, JETP Lett.18, 138(1979.

5 r_o P g_ ’ . TH p V. I. Belousovet al, Pis’'ma zh. Tekh. Fiz4(12), 1443 (1978 [Sov.

(Fig. 2f). In the single-pulse regime with a longitudinal mag- Tech. Phys. Lett4, 584(19787; S. I. Krementsov, M. D. Raer, and A.

netic field of 50 kOe the peak power of the microwave ra- V. Smorgonski Pis'ma Zh. Tekh. Fiz2(10), 453 (1976 [Sov. Tech.
o - ; ; ; i Phys. Lett.2(5), 175(1976)].

d@tpn was~40 MW, anhd n th? reglmle with pt#se repenf 4M. 1. Yalandinet al, in Proceedings of the 9thIEEE International Pulsed

tion it was 15-20 MW. The maximum electron efficiency of  poyer conferenceAlbuguerque, NM(1993, pp. 388—391.

the microwave generator was on the-116% level. SA. S. El'chaninovet al., in High-Current Pulsed Electron Beams in Tech-

5. Thus, an experimental setup, which has combined anology[in Russiai, G. A. Mesyats(Ed), Nauka, Novosibirsk1983,
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The analogy between a problem of magnetohydrodynamics and the Benard problem in
the Boussinesq approximation
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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 Physid$$1063-785(19)01705-X]

Soliner et al! proposed the hypothesis that there is an  Since the perturbations that grow do not bend the mag-
analogy between the initial stages in the development of turnetic field lines in first order, we shall assume that all the
bulence in heat convection and the electrical explosion of dields are symmetrical relative to the=0 plane. In such a
current-carrying conductor. This analogy was subsequentlgase, applying the curl operation to BE®), we get in the
used to explain various physical effects in current-carryingy=0 symmetry plane of the conductor that

plasmalike media: the stratification of a current-carrying

conductor? the formation of hot spotsand the interruption {i _ E v i v i — V2 (@ _ &)

of an electric currert® However, despite its fruitfulness, ot gy  TYox oz az X

this analogy had only a qualitative character for the problems 1 oH, oH

considered in Refs. 1-5. In this article, we shall show that =— — 4
the equations of magnetohydrodynamics written in a longi- 4mp 0y 9z

tudinal symmetry plane of a current-carrying liquid-metal J v, 9 J

conductor with greatly differing dimensions in the cross sec- e W Uxx +v25 - umvz} H,=0, 5)

tion are identical with the equations that describe the forma-

tion of the so-called Benard cells during heat convection irwhere V2 is the three-dimensional Laplace operator. Note

the Boussinesq approximation. that no simplifying assumptions were made in obtaining Egs.
Thus, let us consider a liquid-metal conductor of the(4) and(5), except for using the symmetry of the solutions.

following geometry: The cross section of the conductor is a  Let us represent the magnetic fiditl as a sum of the

rectangle with sides 2 and 2a, which correspond to thg  unperturbed magnetic field corresponding to the absence of

and x axes of a rectangular coordinate system. An electridiydrodynamic motion in the conductor=0, and a pertur-

current flows along the axis, which is the symmetry axis of bation of the magnetic field:

the conductor. We shall assume for simplicity thatb (in H=H.+h

the limit a/b—0, this is the simplest case of plane geom- or

etry). To first order in the perturbationsandh, the system of Eqs.
We shall assume the conductive liquid to be incompress4) and(5) can be rewritten as

ible and its kinetic coefficients to be constant. The equations

of magnetohydrodynamics then take the form ﬂ_ 2 %_ E _ i m ‘9_hy 6)
at dz X Admp 3y 9z’
0V+( V) lVP+ ((VXH)XH)+pV?
- T V)jv=—— . VIV, ] vy, IH
ot p - Amp = V2 |y =Hey =L — =y (7)
(1) ot ay  ox
JH ) The unperturbed magnetic field distribution over the
—r T VIH=(H-V)v+v,VoH, (2)  conductor is determined by the Biot—Savart [Bw:
V= H= iXR 2jXr
V-v=0, V-H=0, ©) Ho=f —3dv=f >-ds,
v cR S cr

wherev, H, andP are, respectively, the velocity, the mag-

netic field, and the pressurg;is the density;y=7/p is the  whereR is the radius vector drawn from volume elemeiv
kinematic viscosity ¢ is the dynamic viscosily v,  of the conductor to the observation pointis the projection
=c?(4mwo) ! is the magnetic viscosityy is the conductiv-  of this vector onto the cross section of the conductbe
ity; and c is the velocity of light. {x,y} plane, anddSis an area element of this cross section.
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Assuming the total currentthrough the conductor to be This agrees in order of magnitude with the threshold values
constant and the unperturbed current-density distribution téor current interruption in a eutectfc as well as with char-
be homogeneous, we get the following for the unperturbedcteristic currents in experiments on the electrical explosion
magnetic field close to thg=0 symmetry plane of the con- of conductor® accompanied by the onset of large-scale in-
ductor to lowest order in the small parametéb: stabilities.
It should be noted that, for liquid-metal conductors of
H.— [ _2I_y 7T_|X O] ®) cylindrical geometry, convective structuréannular vorti-
0o— y y
ch?’ abc ceg can be generated only when the current through the
conductor is increasing® when the current is constant, un-
like the situation considered in this article, spontaneous ap-
pearance of the structures is impossible.

We introduce the pair of functiorts(x,z,t) =hy|,_o and
#(X,2,t) = wy|y—o, Where the vector fielav is given byV

Xw=v (the vectorw can always be chosen so that, in the " nqte glso that, as can be seen from B4), instability is
y=0 plane, it has only a component directed along yhe ,qssiple only in the presence of curvature of the magnetic
axis). Using these functions and also assuming that the Spgje|q jines (as b— o, the critical currents become infinjte
tial scale of variation of the quantities is much greater alongryis is because. in this limit. the Lorentz force becomes a

they axis than along the andz axes, we get from Eq$6)  hoential force and consequently has no effect on the rota-
and(7) to lowest order ira/b the following system of equa- tional motion of the medium.

tions, from which the spatial variabiehas been eliminated: It is interesting that, if we formally assume that close to

P | oh the symmetry plane the perturbatibp depends only on the
— VA AYE —— —, (9)  spatial variablex andz (and is independent of), the non-
at 2mcph? 92 linear equations of motion take the form

d h wl Y 10

T = ap 97 dA (A, I dh

gt m cab gz v_ oA — +vAAY, (13

A axz 2 9z
whereA = 5%/ 9x2+ 9%/ 9z% is the two-dimensional Laplacian. (x.2)  2mcpb

If the perturbed magnetic field is replaced by by the tempera-

ture field, these equations are identical with the equations o _ d(h.y) =l 3¢ AR (14

describing homogeneous heat convection in a flat layer of dt d(x,z) cab dz YmAH,

liquid heated from below in the Boussinesq approximafion.

This is evidence that, in a resistive, viscous, current-carryingvhere (f,g)/d(x,z) = (9f/9x) (gl 9z) — (9f19z) (dg/ 9x) is

medium with a rigid boundary, under the action of Lorentzthe Jacobian. This system is identical with the system that

forces, large-scale hydrodynamic and current vortex strucdescribes the nonlinear dynamics of perturbed temperature

tures can develop with a characteristic size on the order ofind velocity fields in the theory of the Benard effetthe

the cross sectional size of the system. Such structures diffggrmation of so-called Benard cells

from heat-convection structures mainly in that there is a dis-  \We have thus shown under what conditions the analogy

tinct direction (that in which the electric field pointthat  with the Benard problem can be used in the magnetohydro-

orients the spatial structures. dynamics of an incompressible conductive liquid with finite

By analogy with the problem of thermal convection, viscosity and conductivity.
where the Rayleigh numbewas used as a control param-  We are pleased to express our gratitude to A. M.
eter, let us now introduce its analog: Iskol'dskii for interest in our work and for fruitful discus-
2.3 sions, as well as to the Russian Fund for Fundamental Re-
= 8l"a _ (12) search for partial financial suppdiProject 97-02-1617%7
cZb3vvmp

The critical value of this parameter, i.e., the value at which

an initially unperturbed state of the system becomes un-N. B. Volkov and A. M. Iskol'dski, JETP Lett.51, 634(1990.

stable, is determined by the character of the boundary congg*éc')"é-l;kg'ds‘(y' N. B. Volkov, and N. M. Zubarev, Phys. Lett. 217,
ditions. Thus, it ISRC_:6_56_ for f_ree boundan_e%RC: 170_8 SA. M. Iskoidsky, N. B. Volkov, and O. V. Zubareva, Physicadd, 182
when one boundary is rigid while the other is ffeetc. It is (1996.

clear from Eq.(11) that the stability limit is determined by *N.B. Volkov, N. M. Zubarev, O. V. Zubareva, and V. T. Shkatov, Pis'ma

the total current through the conductor, with the threshold Zh- Tekh. Fiz.22(13), 43 (1996 [Tech. Phys. Letf22, 538 (1996].
N. B. Volkov, N. M. Zubarev, O. V. Zubareva, and V. T. Shkatov,
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b\ 3?2 L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
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c 2a crmi/- ’G. Z. Gershunin, E. M. Zhukhovitski and A. A. Nepomnyashchi

) ) o Stability of Convective Current¢éNauka, Moscow, 1989
Assuming, for example, that the ratio of the characteristic®L. D. Landau and E. M. LifshitzFluid Mechanics(Nauka, Moscow,

dimensions in the cross section of the conductds/e= 10 9?8??,'3?%1?0” Eress’z(f—,xzfé’“igiw
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Resonance-tunnel-transit diode with coherent tunneling as an oscillator in the
submillimeter range

E. A. Gel'vich, E. I. Golant, A. B. Pashkovskil, and V. P. Sazonov

“Istok” State Scientific Production Enterprise, Fryazino
(Submitted January 11, 1999
Pis'ma Zh. Tekh. Fiz25, 7-12(May 26, 1999

This paper presents an improved method for designing a resonance-tunnel-transit diode that
makes it possible to substantially increase its negative dynamic resistancE99®@American
Institute of Physicg.S1063-785(109)01805-4

The great efforts made in recent years to create efficierthat the negative resistan¢per unit area be greater than
generators of electromagnetic oscillations based on reliabl&0~°(Q cn?).
semiconductor devices—Gunn diodes and avalanche-transit Reference 4 drew attention to the possibility of using the
diodes in the millimeter range and quantum cascade lasers ie@sonant character of the frequency dependence of the active
the far-IR region—have left the submillimeter region virtu- negative dynamic resistan¢diDR) of the transit section of
ally untouched. At the same time, a requirement for suctany injection-transit diode with delayed injection to substan-
oscillators exists and is constantly increasing. In particulartially increase the NDR of the RTTD. The resonant character
the spectral absorption lines of the molecules of many subof this dependence appears when the reactive conductivity
stances used in industry and scientific research lie in thénductive because of the delay of the injectiar the elec-
submillimeter region. tric flux approaches the capacitive conductivity of the transit

There is in fact a semiconductor device that for a rathef€ction. It is clear that the frequency corresponding to this
long time has aspired to the role of an active semiconductofesonance is determined by the ratio of the current and field
element in the submillimeter range: the resonance-tunnePMPplitudes at the output of the DBRTS and by the lag angle
transit diode(RTTD), which is a variety of the injection- of the current relatl\./e.to the field and is an analog of the
transit diode in which the electrons are injected through &valanche(characteristic frequency of an ATD. Based on

dual-barrier size-quantized resonance-tunnelling heterostru@—UbliShe_d data, the limiting os_cillatior_1 frequency of an
ture (DBRTS). It has been experimentally shown that the RTTD with the power level used in practice was estimated in

active section of such diodes possesses negative dynanﬁzcef' 4 as 300-400 GHz. -
conductivity up to frequencies of about 2.5 THRef. 1), An improved RTTD circuit was subsequently proposed

while operating as masers at a frequency of 712 GRéf. that assgmed that an addltlo_nal hot-electron |nject9r was
. used to introduce electrons with the necessary longitudinal
2). However, the resulting power levels were too small to be

i . . . . energy onto one of the size-quantization levels of a dual-
used in practice, and this experimental work was carried NQ i : . . g
further arrier structure, with the barriers being sufficiently transpar-

. . . ent for the electrons to be coherently transported through the
It should be pointed out that diode oscillators can be y b 9

tionallv divided into tw ] llel. in which structure. It was theoretically shown that it is promising to
conventionally divided Into two groups. paraflel, in WhICh s o0y 5 layout to create lasers with a Fabry—Perot cavity
the electromagnetic wave propagates parallel to the heteys the far IR (Ref. 5 and RTTD-based oscillators in the

oboundaries of the semic_opdu_ctor §tructurg, as in I‘f"se@ubmillimeter wavelength regidhHowever, the NDR val-
based on Fabry—Perot cavities in which the light is emitted,o5 of the RTTD calculated in Ref. 6 for a frequency of
through the side faces of the crystal, and series, as in oscib Tz were still too small for the output power to be of
lators based on avalanche transit-time dio@&$Ds) and  ractical use. It should be pointed out that, despite the rigor-
Gunn diodes and in vertical-cavity surface-emission laserg;g guantum-mechanical calculation of the conductivity of
(VCSELS,® in which the electromagnetic wave leaves thethe RTTD in Ref. 6, the active resistance of the diode was
active section perpendicular to its heteroboundaries. The sex|culated only approximately, on the assumption that the
ries layout has a number of substantial advantages over th8ectronic component of the reactive conductivity is small by
parallel, but it has the disadvantage that passive ohmic segomparison with the capacitive conductivity of the diode.
tions are unavoidably present on the path of the electromagrhis approximation neglected the effect described in Ref. 4,
netic wave, making the conditions for oscillation extremelyin which the NDR of the RTTD increases close to its char-
rigorous: the negative resistance of the active section must kecteristic frequency, when the total reactive conductivity of
greater in absolute value than the total resistance of the pathe diode is close to zero. This paper uses an improved cal-
sive layers, which, for a cross-sectional area of4@n?, is  culational method that is free of this drawback, making it
on the order of a few ohnfsThus, the key requirement on possible to demonstrate that the NDR of an RTTD can be
the interaction region for the series layout of the oscillator issubstantially increased in the submillimeter region.

1063-7850/99/25(5)/3/$15.00 382 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (5), May 1999 Gel'vich et al. 383

R-105, Q-cm? /'\‘
10 F Fy

8r /

FIG. 1. Resistivity of an RTTD vs the length of the
transit section af =77 K. The relative injector height
is Eq/Eq=0.83 (1), E4/Ey=0.84 (2), E4/E,=0.85
(3), Eq/Eq=0.83(4).
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The calculation was done for diode structures with co-  In a quasi-classical RTTD the characteristic frequency of

herent electron transport, similar to those studied in Ref. 6. Ithe diode strongly depends on the structural parameters,
is assumed that the electrons arrive at the DBRTS from avhich determine the slope and the phase of the injection of
heteroinjector in which they have a Fermi distribution, den-the density-modulated electron flux into the transit section. A
sity n, and temperatur@. Reflection of the electrons from complete quantum calculation gives just as strong a depen-
the heteroinjector boundaries is neglected. dence: it can be seen from Fig. 1 that a deviation of the
Figure 1 shows the results of a calculation of the activeinjector height by a few millielectron volts from the optimum
resistanceR of the RTTD at a frequency af=3 THz vs the  value reduces the NDR of the diode by a large factor. It can
length of the transit section of a diode based on a GaAséalso be seen that the effect shows up in a very narrow region
AlGaAs DBRTS with barrier heights ofpg=1.04eV, a of lengths of the transit section;50A. It is interesting to
thickness ofo=11A, and a distance between the barriers ofnote that a temperature increase of the crystal, whose influ-
a=65 A (the energy of the resonance leveEg~ 100 me\} ence was taken into account via the temperature dependence
for n=10"cm 3 and T=77 K. The various curves corre- of the Fermi distribution of the electrons in the injector, in-
spond to various ratios of the heteroinjector heigjtto the  creases the resonant value of the NDR. This can be clearly
energyE, of the resonance level. It can be seen that there areeen in Fig. 2, where, for the same frequency of 3THz and a
optimum values of this ratio [in this case, diode structure that differs only by a small change of the
E4/Eq~0.84-0.85, which provides a negative dynamic re-relative injector height, a negative resistance of 5
sistivity of the RTTD of 6< 10 °(Q2-cn?) when the transit X 10 %(Q cn?) is obtained aff = 300 K, which is more typi-
sections are sufficiently shor0.24um, assuming ballistic  cal of the centimeter region than of the submillimeter region.
transport of the electrofs A consistent quantum-mechanical calculation of the in-

R-10%, Q-cm? \

FIG. 2. Resistivity of an RTTD vs the length of the transit sec-

| 0
o
b
2'l ( / tion at T=300K. The relative injector height iEy/E,=0.88
5 VA (1), Eq/Eq=0.90(2), E4/Eo=0.92(3), E4/Eq=0.94 (4).
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teraction of the electrons that coherently tunnel through the'T. C. L. G. Sollner, W. D. Goodhue, P. E. Tannewald, C. D. Parker, and
active region of an RTTD with a high-frequency electric D. D. Peck, Appl. Phys. Let#3, 588(1983.

field thus confirms the possibility of a resonant increase of E- R. Brown, J. R. Soderstrom, C. D. Parker, L. J. Mahoney, K. M.
the NDR of the diode close to its characteristic frequency, ,ova" and T. C. McGill, Appl. Phys. LetB8, 2291(1991.

. . S. Moneger, H. Qiang, F. H. Pollak, D. L. Mathin, R. Droopard, and G. N.
which, as shown by the calculation, can reach 3Thiz ( Maracasg Soli d_gtategElecmg 871 (1995 P

=0.1mm during tunneling through the size-quantization sg | golant and A. S. Tager,|&tron. Tekh. Ser. Bktron. Sverkh. Vi-
ground state of a GaAs/AlGaAs DBRTS. sok. Chast. No. @22, 19 (1989.

It should be pointed out that, because the NDR of the®E. I. Golant, A. B. Pashkovskiand A. S. Tager, Pis'ma Zh. Tekh. F0,
proposedextremely specificstructure is strongly dependent  No. 21, 74(1994 [Tech. Phys. Lett20, 886 (1994].
on the parameters, the observation and use of this effect reG_E. |. Golant and A. B. PashkovgkiPis'ma zZh. Tekh. Fiz21, No. 7, 16
quires the structure to be very accurately fabricated. (1999 [Tech. Phys. Lett21, 246 (1995,

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

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 18, 1999
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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 Physids$51063-785(09)01905-9

The study of effects wherein the self-organization ofmbay. Ammonia and trimethyl gallum were used as
nanostructures occurs on semiconductor surfaces is very insources. Magnesium-doped films were obtained with the use
portant for modern optoelectronics and has already led to thef magnesium bicylopentadienyl.
creation of lasers utilizing quantum dots of IlI-V and 11-VI The epitaxial process included the deposition of a GaN
compounds grown in a submonolayer growth regiri@he  buffer layer at a reduced temperature%00 °C) and anneal-
possibility of forming ordered structures of these materialsng of the buffer layer and the subsequent epitaxial growth of
on disoriented substrates can be utilized for efficient controthe main layer or multilayer structure at a high temperature
of their optical-polarization and spectral properties. (~1000-1040°C). During the epitaxial growth the flow of

A promising new material for making light-emitting de- trimethyl gallium was 3umole/min, which corresponded to
vices for the short-wavelength part of the visible spectrum isan epitaxial growth rate of 2.6—28m/h.

GaN?2 However, the self-organization processes leading to The undoped epitaxial films grown at an epitaxial
the necessary modification of the optical properties of thegrowth temperature of 1040 °C had atomically smooth sur-
material have been insufficiently studied in GaN. In this pa-faces with not more than 1 nm of nonplanarity, according to
per we propose an efficient new method of forming orderedatomic-force microscop@AFM) data,; this attests to the two-
arrays of parallel gallium nanowires on a slightly corrugateddimensional character of the epitaxial growth. A similar mor-
GaN surface under excimer laser radiation. phology of the layers was observed for magnesium-doped

The GaN epitaxial film samples were grown by films with magnesium concentratiohyg of 4x 10" cm™3
MOCVD on sapphire substrates in the (00&B0 or less. As the doping level was raised or the epitaxial
orientation® The growth processes were carried out in a hori-growth temperature was lowered the nonplanarity of the sur-
zontal reactor, in a hydrogen flow at reduced pres$R0®  face increased significantly, even to such an extent that mac-

FIG. 1. Scanning electron micrograph of the surface of a GaN
sample with quasiperiodic microterraces.
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FIG. 2. Scanning electron micrograph of a planar GaN surface
after excimer laser irradiation.

roscopic terraces with heights of the order of 100 nm weraliameter were previously observed on a GaAs surface during
formed. epitaxial growth with an As deficit.Chaotically distributed

Under certain intermediate conditions of growth, in a‘“magic” clusters 1-2 nm in size and with a definite number
narrow range of parameters, we observed the formation of af Ga atoms in a cluster have recently been produced on the
quasiperiodic array of parallel microscopic growth steps orSi (111) surface®
the surface of the resulting samplsg. 1). A single direc- The use of the new GaN samples with growth microter-
tion of the steps was maintained over an area of up to 5 mmaces disrupting the uniformity of the surface permitted the
in diameter. According to AFM images, the average repetiformation, by the indicated laser irradiation, of gallium clus-
tion period of the steps was around 200 nm, and the height ders predominantly joined into a quasiperiodic system of par-
the steps was 6 nm. allel metallic wires (Fig. 3. These wires were localized

The GaN samples obtained, some of which were growralong the growth steps, apparently because of the higher rate
with a slightly corrugated surface, were irradiated in air byof photoablation and the redistribution of the surface tension
248 nm radiation from an excimer laser. A single pulse within the vicinity of the steps. The cross-sectional diameter of
a duration of 10 ns and an energy of around 80 mJ was usdtie wires was around 50 nm.
for the exposure. The intensity distribution over the cross In summary, on the GaN surface we have for the first
section of the focused laser beam was close to Gaussian. time created a self-organizing system of oriented metallic

The investigation revealed a characteristic and specifinanowires with a small repetition period; these wires com-
redistribution of the photoablation products of GaN. Irradia-prise a unique object for investigating the plasmon—polariton
tion by intense UV light causes dissociation of GaN mol-interaction in quasi-one-dimensional structures. In addition,
ecules, with the nitrogen passing into the gas phase and tleich a system of metallic wires might play the role of a
metallic gallium settling on the surface of the sample. Thisbuilt-in polarizer for GaN-based light-emitting devices and
causes substantial changes in the optical properties of thaight also be used as a semitransparent contact to provide a
surface, e.g., the reflection takes on a metallic character. Thimore uniform distribution of injected carriers along the sur-
peculiarity of the ablation of GaN can be exploited in UV face of a sample.
optical lithography. The authors are grateful to R. P.iSgn and N. S.

After laser exposure the central part of the irradiatedAverkiev for showing interest in this study, to V. M. Bursov
region on the surface of the sample, where the energy density
reached 2.1 J/cfn was covered by a continuous gallium
film, while no modification of the morphology of the surface
was observed at the edges of the irradiated region.

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

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

Randomly distributed gallium clusters up to 28n in FIG. 3. Scanning electron micrograph of a GaN surface with gallium wires.
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for providing us the means to investigate the morphology of?2s. V. lvanov, A. A. Toropov, T. V. Shubina, S. V. Sorokin, A. V. Leb-
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tron microscope, and to A. K. Kryzhanovskor investigat- 3:\"°A’|‘(emakrj J. QZPLA Phy§3'J3168J(1:93|~ ohyas, 5393(1997
. Akasaki and H. Amano, Jpn. J. Appl. , .

Ing the ,morphOIOQy of the sample surfaces with an atomlc-4W_ V. Lundin, A. S. Usikovet al, “Optical and electrical properties
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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. Shunailov, and M. R. U'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. Fiz25, 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.
[S1063-785(09)02005-4

The nature of the transient process in a relativistic  The slow-wave systems of the BWT were circular
backward-wave tub€BWT) depends on the amount by waveguides with a sinusoidal corrugation of the wall. One
which the working current of the oscillator exceeds the startend of the slow-wave system was connected to an electron
ing current and on the power level of the initial microwave vacuum diode with a cold cathode, and the other end was
signal in the synchronism band of the device. This sighal ixonnected to a beam collector and a horn antenna for output.
the spectral component of the radiation of the front of aThe vacuum diode was isolated from the slow-wave system
dense electron beam injected into the slow-wave systdm. by a circular cutoff waveguide. An annular beam with a di-
present there is heightened interest in the study of the fineameter of 5.5 mm and a wall thickness of 0.4 mm was con-
structure of the transient process in connection with the factined by the axial magnetic field of a pulsed solenoid with an
that, according to Refs. 1 and 2, a relativistic BWT can, everinduction of 5 T. The first backward spatial harmonic of the
over times of the order df~L/vy, generate a short burst of Ey; mode was synchronous with the beam. It has been
microwave radiation with a power level higher than in theshowr? by numerical calculations and experiments that at
steady state. Herk is the length of the slow-wave system subnanosecond rise times of the accelerating voltage, the
andug is the group velocity of the wave in the interaction longitudinal crossover is formed at the entrance to the drift
space. For a BWT at 38 GHz and a beam density-@00 chamber(the slow-wave systemm1.5-2 cm away from the
keV the characteristic valud_(vg) is some hundreds of pi- explosive-emission cathode. The rise time of the current
coseconds. The study of the relaxation to steady-state gepulse of an electron bunch in this region is shorter than that
eration in a device of this kinthas become possible with the of the accelerating voltage. This is because of dynamic
construction of a high-current electron accelerafor250  bunching of the electrons starting from the cathode as the
keV, ~2 kA, 5 ng with stable characteristics and a continu- voltage rises with time. Additional sharpening of the nano-
ously adjustable rise time of the accelerating voltage pulssecond front of the accelerating voltage should lead to a sub-
(0.3-1.5 ns A hot-carrier germanium microwave detector stantial increase in the level of the initial microwave signal
and a beam current sensor, with time resolutions of 150 anth the synchronism band of the BWT. The implementation of
200 ps, respectively, were developed for such studies. such a regime was the main goal of the present experiments.

1 \
220 Kv
/\/\r‘ww' FIG. 1. Variation of the shape of the microwave radiation
\’ \/%\J\/f W pulse from a BWT with slow-wave systems of length 60
1 W 55 MW W

and 100 mm(b and c, respectivelyas the accelerating
voltage pulse applied to the catho@® is successively
1. Sns 2ns 2ns
—

A

sharpened.

1063-7850/99/25(5)/2/$15.00 388 © 1999 American Institute of Physics



Tech. Phys. Lett. 25 (5), May 1999 Yalandin et al. 389

crease in the growth rate of the microwave power as the
beam front was sharpened—¢lll— IIl). The maximum
value attained was 300 MW/risurve lll in Fig. 19. When
the impulse characteristic of the detection chariré. 2) is
taken into account, one finds, for example, that the amplitude
of the first spike of microwave powécurve Il in Fig. 10 is
at least 10% higher than that of the next spike. Furthermore,
limiting the frequency characteristic leads to a certain
smoothing of the modulation of the microwave signal and to
a 10-15% broadening of the spikes at durations of 500—300
ps. When the necessary amplitude corrections are taken into
I ns account, one can estimate that the power of the first subnano-
A second spike under these conditions is 50—-55 MW.
FIG. 2. Distortion of a 3.5-ns calibration pulse with a rise time of 70 ps The possible influence of reflections from the collector
(solid curve after passage through a 50-ns cable delay (iwited ling. end of the slow-wave system on the irregularity of the mi-
crowave signals at timets=L /vy was investigated in a spe-
cial series of experiments. For this we used a procedure
Figure 1a shows the character of the change in shape gfherein a preliminarily sharpened 5-ns accelerating voltage
the front of the accelerating pulse as the gap was varied in BUlse(curve Ill in Fig. 13 is shortened to-1 ns by means
high-pressurg50 atm) nitrogen-filled peaking spark gap at of a cutoff spark gap. In this case the duration of the beam
the output of the 5-ns high-voltage modulator of the accelcurrent pulse was sufficient for generating only the first spike
erator. The corresponding change in the shape of the sign@f microwave radiation, with a duration of 300-500 ps at the
of the microwave detector recording the radiation of thesame power. If the corrugation of the slow-wave system is
BWT is shown in Fig. 1b and 1c. The series of oscilloscopeabruptly discontinued, a short microwave pulse gives rise to
traces in Fig. 1c were obtained with a 1.7 times longer slowa sequence of reflections with a fixed delay &f/2; (Ref.
wave system than for the series in Fig. 1b. Thus the startin§)- In the present experiments we used slow-wave systems in
currents for these two versions of the BWT differed by aboutwhich the amplitude of the last four periods of the corruga-
a factor of 5 (~L ~3); for the short slow-wave systeffig.  tion was gradually decreased. As a result, the corrugated
1b) it had the valud ¢y~0.4 kA. The working beam current waveguide made a smooth transition to the circular output
was| =~ 1.6 kA for both experimentéFig. 1b and 1 One waveguide, the level of reflections was less than 5%, and
can see from curve | in Fig. 1b that when the working currenthey caused only a slight distortion of the recorded oscillo-
is 4 times higher than the starting current a slight modulatiorgfams.
of the microwave signal is observed even without additional ~ In summary, in this paper we have confirmed the impor-
sharpening of the front of the beam current. Sharpening intance of the current rise parametirdt of the high-current
creases the modulatidiurve Il in Fig. 1b, and in the case beam for varying the self-oscillatory mode of the millimeter-
of the long slow-wave system /1 ;~20) a beam current wave BWT and the attainment of peak powers of tens of
pulse with a sharp front leads to a pronounced stochastizdnegawatts in a picosecond interval. In this connection it ap-
tion of the generation, with a power modulation index closePears promising to persue the idesf making an oscillator
to 100% (curve lIl in Fig. 19. In the last case one notices a With an even higher rate of rise of the microwave power
shortening in the duration of the generation. It should bethrough the use of an accelerating voltage pulse synthesized
noted that the shape of the microwave pulses in Fig. 1 is welpn the principle of having a short spike on the front, fol-
reproduced from pulse to pulse. lowed by a quasiplanar section.
For recording the amplitude and time characteristics of ~ This study was supported by the Russian Fund for Fun-
the microwave radiation pulses with subnanosecond resoliflamental Research, Grant 98-02-17308.
tion it was necessary to correct the results of the measure-
ments for the fl.mte pass band .Of the deteCt.lon system. Slnc‘13'N. S. Ginzburget al, lzv. Vyssh. Uchebn. Zaved. Radiofi21, 137
the S7-19 oscilloscope used in the experiment has an ad-j97g
equate bandwidtkb GH2), the main problem was due to the 2N.s. Ginzburget al, Pis'ma zh. Tekh. Fiz22(9), 39(1996 [Tech. Phys.
delay lines and connecting cables. These elements were caljlett. 22(5), 359(1996].

: ; ; . 3N. M. Bykov et al, Pis’'ma Zh. Tekh. Fiz11, 541 (1985 [Sov. Tech.
brated by a test pulse with a duration of 3.5 ns and a rise time Phys. Lett11, 225 (1985].

of 70 ps (Fig. 2, V\{hiCh was recordgd by a Teghtronix 4V. G. Shpaket al, Proceedings of BEAMS'96 — Eleventh International
TDS820 stroboscopic oscilloscope with a bandwidth of 6 Conference on High Power Particle BeamBrague, Czech Republic
GHz. For calibration we used even shorter pulses, with du- (1996, rr)]p- i13-|916_- e 2 Teldn i - on
rations at half maximum of from 190 to 550 ps and rise times \L/ét?'zg(i))azg;?lﬂggg] ma Zh. Tekh. Fiz22(7), 65 (1996 [Tech. Phys.
of 90—-300 ps. Analysis of the oscillograms obtained in thesn. s, Ginzburget al, Nucl. Instrum. Methods Phys. Res. 203 352
experiment and the channel calibration data showed that the(1997.

rise times of the microwave radiation pulses varied from 500°V. G. Shpaket al, Proceedings of the Eleventh IEEE International
ps (curve lin Fig. 1b to 200 ps(curve Il in Fig. 10' For Pulsed Power Conferenc8altimore, MD, USA(1997, pp. 1581-1585.

both lengths of the slow-wave system we observed an infranslated by Steve Torstveit
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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. Fiz25, 24—-30(May 26, 1999

Samples containing endohedral metallofullerenes of gadolinium (Gg@@d dysprosium
(Dy@G;,) 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 Gg@@ Dy@G, in samples
prepared by selective multistep extractiomi$0%. © 1999 American Institute of
Physics[S1063-785(019)02105-9

Endohedral metallofullerenes are ordinarily analyzed byearth elements iK~0.98, i.e., one can easily distinguish the
secondary-ion mass spectrometry, using various means cbntributions from scattering on these atoms in the measured
desorption of the sample to be investigated. However, thispectrum(Fig. 13.
method gives only qualitative results as to the concentrations In the analysis of the experimental spectra obtained for
of metallofullerenes in the fullerene mixture, since the con-samples with a constant composition over the thickness, one
ditions for the molecules to pass into the gas phase are subises the subtractiofor step method. This method is based
stantially different+? on the assumption that the scattering of the ions on atoms of

For a quantitative determination of the concentrations ofach species occurs independently. The plateaus in the spec-
endohedral metallofullerenes doped with rare-earth elementum near the steps are approximated by straight lines, whose
specifically, Gd@g, and Dy@G,, in a fullerene mixture, positions on the individual parts of the spectra are found by
we have employed the Rutherford backscattering othe least squares method.
protons>* Since this method gives only the elemental com-  The atomic ratio @C; in a sample under analysis is
position and not the form of the chemical compound, thecalculated from the step heights andH; for these elements
presence of specifically endohedral metallofullerenes in @ the experimental spectrum:
mixture is determined by methods used for separating them _
from the fullerene mixture and by mass spectrometric GiIG=(Hi/H))-(aifap)- (LS} /S]), @
measurements? whereq is the scattering cross section dr#] is an energy-

This study was carried out on an analytical unit for ma-loss parametet.The factor [S];/[S];) takes into account
terials research, built around the electrostatic accelerator #te difference of the energy losses for the protons emerging
the B. P. Konstantinov St. Petersburg Institute of Nucleafrom the target after scattering on the different kinds of at-
Physics, Russian Academy of Sciences. oms; for the pair carbon/gadolinium one hpS]c/[S]cq

In the backscattering method one investigates how thé=1.01 (Ref. 6.
intensity of protons scattered into the reverse hemisphere de- The differential scattering cross section for ions with
pends on their energy at a constant energy of the incominghargez on atoms with charge; is calculated from the
particles. For a massive sample one observes steps in tiutherford formula
continuous ex_perimental_ spectrum, at energies correspondi%/dﬂz(z_ Z,-€%2-Ey-sir? 6)2
to the scattering of particles on surface atoms of the target
(Fig. 18. The number of steps observed is equal to the num- X {cosf+[1—(m-sin6/M;)]"3?/
ber of different kinds of atoms in the sample. : 211/2

Starting from the laws of energy and momentum conser- [1=(m-sin6/Mi)"]™, ©)
vation in binary collisions, one obtains a unique relation be-wheredQ)=2x6d6 is an element of solid angle.

tween the initial energ¥, of the proton(of massm) and its The fact that the scattering cross section depends on the
energyE; after an elastic collision with a target atom of masssqguare of the charge of the scattering atom gives this method
M;: a high sensitivity to elements with a large atomic number in

_ _ > o 12 » a host material consisting mainly of elements of small atomic
Ei=KiEo=Eo-{m-coso+ (M7 —m?.sinf 0)Y4(m+M)}%, |\ mper This circumstance makes it possible to determine
(1) the concentration of a rare-earth element in carbon at a level
whereK; is a kinematic factor and is the scattering angle. of 0.01%. In a number of cases, however, it is necessary to
The elemental composition of the sample is determined frontake into account the deviation of the scattering cross section
measurements ;- E,. At a scattering angl@=135° the from that calculated by the Rutherford formula. Below the
kinematic factor of carbon iK-=0.752 and that of the rare- Coulomb barrier the scattering cross section is decreased on

1063-7850/99/25(5)/3/$15.00 390 © 1999 American Institute of Physics
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spectrum of protons scattered at an angke135° for an initial proton
. o energyE,=1 MeV; b — the spectrum of the characteristic x-ray emission
FIG. 1. Experimental spectra for a sample containing G@@@ — the gy citeqd by the protons. The thickness of the carbon absorber at (i Si
spectrum of protons scattered at an angle135° for an initial proton x-ray detector was 80 mg/@nThe atomic ratio Dy/G (7.3=0.3)x 103,
energyE,=1 MeV; b — the spectrum of the characteristic x-ray emission
excited by the protons. The thickness of the carbon absorber at thie Si
x-ray detector was 80 mg/édnThe atomic ratio Gd/€ (6.5+0.3)x 10 3.
The differential scattering cross sections of protons under

these experimental conditionE{=1 MeV, §=135°) are as
account of the screening of the electric field of the targefollows:  0.194x10 %*cm?/sr  for  carbon,  7.28

nucleus by the atomic electrons. The presence of the nucleat 10~ 2% cnm?/sr for gadolinium, and 7.7610 2* cn/sr for
potential and resonance scattering also complicates the calysprosium.
culation of the cross sections for light atoms; they can  This method was used for real-time elemental analysis of
change by a factor of some tens of times, especially for eleendohedral metallofullerenes of gadolinium and dysprosium
ments with a small atomic numbgr. during their enrichment and extraction from a fullerene mix-
We therefore measured the scattering cross section faure by the methods of selective multistep extraction.
carbon experimentally. For this purpose we prepared modebamples of soot, a cathode deposit, and a mixture of
samples containing carbon and gadolinium with an atomidullerenes in the form of a solution or suspension were
ratio Gd/C from 0.05 to 0.001. We chose a proton energyplaced in an aluminum cup, dessicated, and then used for
Eo=1MeV and a scattering anglé=135°, since under accelerator experiments. A sample of 0.005 g of material,
these conditions the scattering cross section on carbon variesiformly deposited on a substrate, was sufficient for deter-
smoothly with energy. The measurements showed that themination of the elemental composition.
scattering cross section on carbon is increased by a factor of The samples were irradiated by protons with enegy
3.06=0.03 in comparison with the purely Rutherford cross=1 MeV at an ion beam current of 50 to 100 nA. The scat-
section, on account of the nuclear scattering contributiontered protons were detected by a planar silicon spectrometer
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positioned at an anglé=135° to the beam direction. The Thus the Rutherford backscattering method can be used
time of study for each sample wasl5 min. Since the back- for a quantitative determination of the concentration of en-
scattering method does not have sufficient mass resolution idohedral metallofullerenes to an accuracy of a few percent in
the region of the rare-earth elemeiitse kinematic factors samples as small as 0.005 g of material.
for gadolinium and dysprosium are practically equéky This study was carried out under Project No. 98066
~Kpy=0.979), they were identified from the characteristic “Tracer” under the auspices of the Russian Science and En-
x-ray emission excited by the protons in the same experigineering Progam “Fullerenes and Atomic Clusters.”
ment.

Figure 1 shows the Rutherford backscattering spectrum
of the protondFig. 18 and the spectrum of the characteristic 1y | karataev, Pisma zh. Tekh. Fi24(5), 1 (1998 [Tech. Phys. Lett.
x radiation(Fig. 1b), obtained for a sample enriched by the 24(3), 167(1999].
selective extraction of the gadolinium endohedral metallo-E. G. Alekseev, V. I. Karataev, V. S. Kozlcat al, Abstracts of Invited
fullerene GA@G,. The spectrum in Fig. 1a cleary exhibits _LSERe 378 Concuutes epers of e Thve inematon irioron
the steps corresponding to scattering on carbon and gadoy, 1997, p. 21.
linium. The atomic ratio Gd/€ (6.5+0.3)x10 3. As is %J. W. Mayer and E. Riminijon Beam Handbook for Material Analysis
shown by a mass spectrometric analysis, the gadolinium inAC\falgeguﬁ Per\fvsr’\;‘aeV(VerYgﬁgl\pA4ﬁi3c(§>lzéackcsaﬁerm Spectrome
the sample is found in the form of an endohedral metallof- , - it o Now Yorit978, 376 pp. g>p y
ullerene Gd@@; (Refs. 1 and 2 Consequently, the mass sy. m. Lebedev, V. A. Smolin, and B. B. Tokarev, PNPI Research Report
content of Gd@§G, in the target is~57%. 1994-1995, pp. 292—297.

For a Samp|e Containing the dysprosium endohedral met_GJ. E. _Ziegle_r, J. P. Biersack, and U. Littmaiihe Stopping and Range of
allofullerene(Fig. 2a,b, the atomic ratio Dy/& (7.3+0.3) lons in Solids Pergamon Presd1989, 300 pp.
x 1073, and the mass content of Dy@gQn it is ~63%. Translated by Steve Torstveit
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Photoluminescence properties of erbium-doped single-crystal and porous silicon films
L. K. Orlov, S. V. lvin, D. V. Shengurov, and E. A. Shteinman

Physicotechnical Research Institute at the N. |. Lobachevski State University, iNNzdwgjorod;
Institute of Solid State Physics, Russian Academy of Sciences, Chernogolovka
(Submitted July 1, 1998

Pis’'ma Zh. Tekh. Fiz25, 31-34(May 26, 1999

The features of the photoluminescence spectra of single-crystal and porous Si:Er films grown by
molecular beam epitaxy are discussed. 1@99 American Institute of Physics.
[S1063-785(09)02205-3

The problem of optical transitions in erbium atoms im- fluxes of silicon and erbium atoms in the reactor of the ap-
bedded by various methods in a silicon host has been agaratus were high-resistance rods of silicon doped with er-
tively discussed in the literature in recent years in connectiopium directly during their growth by the floating zone
with applications in optoelectronics. Detailed studies havemethod. This method of growing the erbium-doped silicon
been done on the properties of silicon doped with erbiunepitaxial films was proposed and implemented here for the
either directly during epitaxial growtf or by ion implanta-  first time. Mass spectrometric studies of the erbium distribu-
tion and diffusion method¥.To improve the emission effi- tion in the source showed that it has a gradient distribution

ciency of erbium it has been proposed to use porous sﬂiconakmg the length of the source in a concentration raNge
into which erbium is introduced from solution during the ~10—10° cm 3,

electrochemical etching. In that case, however, the erbium Single-crystal films of erbium-doped silicon up to 2.0

][nost_ Ilkel_lyhvtvoult_jttremam eltlher on tg_et_surfaie B thelporetﬁ,lum thick were grown by this epitaxial method at a growth
orming light-emitling complexes radiating at a waveleng temperaturd ,~600 °C. The concentration of oxygen atoms

of 1.54 um, or would diffuse into the subsurface layers of . - NN .
o S T - in the silicon epitaxial films was set by the residual gas pres-

oxidized silicon. The emission efficiency of the Er com- ure in the reactor. which was at a level-eflx 10~ torr

plexes in that case would be increased on account of th ' :

greater surface area, but the emission mechanism would r _hg structure of thel slurfliace %fthe epltﬁlxml f”k?.n' n th'ls case
main the conventional one for Er. For this reason it would be'ad an orange-peel look, and a metallographic analysis re-

hard to expect that the photoluminescence efficiency of ervealed the presence of inclined dislocatioisp to 6

bium in porous silicon could compare with that in ordinary X 10° €M™ ?) growing from the substrate toward the surface.
glasses. However, the role of bulk effects in porous siliconThis fapt attests to the.eff|C|ent incorporation of .the.erblum
remains unclear: in particular, whether the electronic strucatoms in the growing filmthe erbium concentration in the
ture of porous silicon would increase the efficiency of radia-film, according to a mass spectrometric analysis, reached
tive transitions of Er in silicon. ~1x10* cm™3). The presence of erbium in the samples

In the present study we have undertaken to answer thigas also confirmed by measurements of the profile of the
last question by comparing the photoluminescence spectra 6tructure by the CV and Hall-effect methods. In general, er-
epitaxial silicon films and erbium-doped films prepared frombium atoms in Si can impart- or p-type conductivity, the
them. For growing the erbium-doped autoepitaxial siliconconcentration of electrically active states in the system being
structures we used molecular beam epiteBE) of silicon  a few percent of the total number of erbium atoms in the
in sublimating solid-phase sourcésThe sources of the film. As we have said, the initial Si:Er source hadype
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conductivity and was a rather high-resistance materiategions in the formation of the porous structure substantially

(p<10*cm™3). decreases the erbium concentration in the remaining part of
A typical photoluminescence spectrum takenTat4.2 the silicon matrix, and electronic, particularly low-

K on two of the samples grown is shown in Fig. 1. It is seendimensional, effects do not compensate for this decrease, nor

that the rather efficient radiative recombination via states oflo they lead to any noticeable features.

the erbium atomsthe line at wavelength 1.54m) almost This study was supported by the Government Science
completely suppressed the radiative transitibnsandD, at and Engineering Program “Physics of Solid-State Nano-
dislocation pileups in the film. structures” (Grant 97-2023

Electrochemical etching of the grown Si:Er epitaxial The authors are also grateful to M. G. Mil'vidskind N.
structures produced films of porous silicon in which, unlike A. Sobolev for coming up with the problem and seeing it
those studied in Ref. 4, the erbium atoms were located not othrough, and to Yu. A. Karpov for preparing the Si:Er
the surface of the pores but in the bulk of single-crystalsources.
grains. Figure 2 shows their photoluminescence spectra. Itis - _
seen that after the electrochemical etching, the role of erbiumé‘uiﬂg]m:gb f'PF:]‘;';t'”L%‘i{ég'?,Fz'g'\é‘itlzge;ée' Abstreiter, H. Holzbbrecher, C.
in the radiative recombination was sharply diminished: thezg_ginetti, M. Donghi, S. Pizzini, A. Castaldini, A. Cavallini, B. Fraboni,
intensity of the line at wavelength 1.54m was greatly and N. A. Sobolev, Solid State Phenoméi¥a-58, 197 (1997).
weakened, while at the same time the efficiency of radiative?éAégSszliggj Fiz. Tekh. Poluprovod@9, 1153(1999 [Semiconductors
recombination involving an pptlcal phonon mcrea_sed. Thls“H.’PrzybyIinska, W. Jantsch, Yu. Suprun-Belevitch, M. Stepikhova, L.
effect may be due to the circumstance that etching of the paimetshofer, G. Hendorfer, A. Kozanecki, R. J. Wilson, and B. J. Sealy,
sample occurs mainly along the inclined dislocations grow- Phys. Rev. B54, 2532(1996.
ing from the substrate toward the surface, and it is likely that’V- A. Tolomasov, L. N. Abrosimova, and G. N. Gorshenin, Kristallogr.
the maximum concentration of both erbium and oxygen oc- 1> 1233(1970 [Sov. Phys. Crystalloga$, 1076(1970].

curs around these dislocations. The etching away of thesganslated by Steve Torstveit
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AlGaAsSb lasers emitting in the 1.6 ~ um region
T. N. Danilova, B. E. Zhurtanov, A. N. Imenkov, M. A. Sipovskaya, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted November 19, 1998
Pis'ma Zh. Tekh. Fiz25, 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 regidré um. The AlGaAsSb solid
solution in the active region is a direct-gap material with a small energy separatio@ (

meV) between the direct-galp minimum and the indirect-galp 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 mod899©
American Institute of Physic§S1063-785(19)02305-§

1. Lasers emitting in the spectral region near Al are  tron concentration of (3—5J10'7 cm 3. The thickness of
promising for diode-laser spectroscopy, since they operate @his narrow-gap layer was 0,6m. Wide-gap layers with a
room temperature and this spectral region contains overtonggrger Al concentration (A)l:Ga, s62S0 045k 059 Were then
of the absorption lines of certain gases of great practicajrown. TheN-type wide-gap layer was doped with Te to a
interest, such as methane (QHcarbon dioxide (C¢), and  free electron concentration of (3—8)10*" cm™2 and a the
others, whose fundamental absorption bands lie in the midp-type wide-gap layer was doped with Ge to a free hole
infrared region(3—4 um), where room-temperature lasing concentration of~7x 10" cm~3. The narrow-gapP-layer
has not been achieved. To compensate for the weak absorpear the contacts had the same composition as the active
tion of light at overtones in comparison with the fundamentalregion and was doped to a hole concentration-dfx 10*°
absorption, one usually uses multipass cells containing them 3. The wide-gap layers were-2.5 um thick, and the
gas under study This principle has been used, e.g., to con-heavily doped layer near the contact wad.5 um thick.
struct a portable methane analyzer using a laser in the solid
solution InGaAsP for measurements in the open
atmospheré.By now devices with a very high spectral reso-
lution have been made using InGaAsP/InP heterostructure
diode lasers for sensitive optical detection and differentiation
of the close-lying overtone iy of the CH, absorption line
and the 6,+ v3 combination line of CQ in the 1.6 um
spectral regior:*

We undertook the construction and study of diode lasers
based on another semiconducting solid solution, AIGaAsSb,
and working in the~1.6 um spectral region. The lasers
contain a heterostructure with active and wide-gap regions
consisting of the same solid solution AlGaAsSb but with
different Al concentrations. In the AlIGaAsSb solid solution
the energy distance between the direct-fapinimum and
the indirect-gap. minimum in the direct-gap compositions is
less than 100 meV. It is of interest to determine whether 0.6 .
lasing is possible with an active region containing this semi- X, arb.units
conductor material.

2. The laser structures were fabricated by liquid-phase
epitaxy(LPE) on ann-GaSk100 substrate doped with Te to 3.8 ——
a free electron concentration of (8910 cm™3. The ar- =
rangement of the layers in the laser structure is illustrated in 371 ¢
Fig. 1a. All the layers grown were isoperiodic with the sub-
strate. The matching of the periods of the substrate and 3.6
narrow-gap layer wada/a=(8-9)x 10 4, and that of the _
substrate and wide-gap layers wasa/a~10"3. The X, arb.units
narrow-gap layer of the active region, with a composition ofgig. 1. piagram of the arrangement of the layers in the laser strutaiire
Al 905Gy 95ASy 04510 956 Was doped with Te to a free elec- the band gafk, in the layers(b), and the refractive index in the layers(c).

n-GaSb
N-Al,,,GaAsSb
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The variation of the band galgy over the thickness of laser has a threshold current of 27.5 mA at 77 K an800
the structure at room temperature is shown in Fig. 1b. In thenA at room temperature. All the lasers have single-mode
active regionky~0.775 eV, corresponding to a radiation emission spectra. The shift of the wavelength with tempera-
wavelength\ ~ 1.6 um. In the wide-gap confinement regions ture from 77 K to room temperature occurs at a rate-gt6
E4 has a value of-1.0 eV. The heavily dopeB-layer near Aldeg.
the contacts has approximately the same valuk pés the Figure 3 shows the far-field spatial distribution of the
active region. The solid solution f&a_,AsSb in the active laser radiation in the plane of thee-n junction for a current
region x=0.05) is a direct-gap material, while that in the of 30 mA and a temperature of 77 K. The directional pattern
wide-gap regionsX=0.34) is indirect-gap, since the transi- has a predominant longitudinal mode with a width of 10.8°
tion from an absoluté’ minimum to an absolute minimum  at half maximum intensity. The side maxima probably cor-
occurs atx=0.25(Refs. 5 and B In the active region, how- respond to transverse modes, their combined intensity being
ever, the indirect-gap minimum is close to the direct-gdp  approximately one-fourth the intensity of the longitudinal
minimum, with an energy separation between them~&6  mode. The intensity of the transverse modes decreases with
meV. The heterointerfaces between the active region and thacreasing mode number. In a plane perpendicular to the
wide-gap confinement regions are typdieterojunctions p-n junction the width of the directional pattern at half
with a discontinuity in the conduction band Bf~120-150 maximum intensity is 40—-50°.
meV and with a discontinuity in the valence band Bf From the measured current—voltage characteristics of the
~150-170 meV.

The variation of the refractive indaxover the thickness
of the structure is sketched in Fig. 1c. The numbers given are
calculated values. The refractive index in the active region ®,, arb.units
has a value close to that in GaSb, approximately 3.79. The {
refractive index in the AJ3/Ga e6ASo 04t 056 Wide-gap
confinement region was-3.6. Thus the difference of the
refractive indices between the active and wide-gap regions
wasAn~0.19.

Mesa stripes~10 um in width were prepared from the
epitaxial laser structure by photolithography. Fabry—Perot la-
ser cavities 200—25@m long were formed by cleaving.

The emission spectra, far-field radiation pattern, and
current—voltage characteristics of the lasers were measured.

The emission spectra were measured at 77 K and at
room temperature. An MDR-2 monochromator was used as a
dispersive device. The photodetector was a GalnAsSb
photodiod€’. In the measurements at 77 K the supply current
was in the form of a “meander” of pulses with a repetition
rate of 400 Hz. At room temperature the supply current
pulses had a duration=500 ns and a repetition rate of 30 , .
kHz. -60  -30 0 30 68

3. The emission spectrum of one of the lasers investi-
gated(E-174 N 14 is shown in Fig. 2; the spectrum at 77 K
at a current of 40 mA is shown in Fig. 2a, and the spectrungg. 3. pistribution of the emission eneray in the far zone versus the
at room temperature and 880 mA is shown in Fig. 2b. Theadiation detection angl® for the laser E-174 N 14.

0.511

©, deg
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laser at room temperature it was found that the residual re- Because the confinement layers of the structure are
sistance of the laser structures~28 (). indirect-gap, the lasers have a high series resist@2g€)),
4. Let us discuss the results. which, however, can be decreased by increasing the doping
The main result of this study is the achievement of lasingof these layers.
in a laser with an active region consisting of a direct-gap  This study was supported in part by the contract INCO-
material in which the indirect-gap minimum lies close to Copernicus N 1C15-CT97-080&G12-CDPF and in part
the direct-gad” minimum, at an energy separation /56 by a grant from the Ministry of Science of the Russian Fed-
meV. Estimates show that under conditions of lasing in sucleration under the program “Optics and Laser Physics.”
a material the energy density in the side, indirect-gap mini-
mum of the conduction band is an order of magnitude higher
than in the main, direct-gap minimum. 1S. M. Chernin and E. G. Barskaya, Appl. OB0, 51 (1991).
The lasers have a Sing]e_mode spectrum with a SpatiafA. Beresin, S. C;hernin, O. Ershov, V. Kutnyak,_ and A. Nadezhdinskii,
distribution predominantly in the Iongitudinal mode. The '\S/lecond International Conference on Tunable Diode Laser Spectrgscopy
. Lo oscow (1998, Abstracts of papers, p. 33.
shift of the coherent emission wavelength as the temperaturey, weidon, P. Phelan, and J. Hegarty, Electron. L2&. 2098 (1992
is raised from 77 K to room temperature occurs at a rate*v. Weldon, P. Phelan, and J. Hegarty, Electron. L2%.560 (1993.
which is approximately one-half as large as the rate thatzg- AAM:sd a“dAWAGESP“ZEEﬂ Khés- Rev. I'{—_GIILV35£(1?(63- v
would correspond to the change in the band gap n the activey A", % & B0 £ & Sagetnst U konors ¥
region of the laser in this same temperature interval. (1975 [Sov. J. Quantum Electro, 37 (1975].
The presence of transverse modes in the spatial distribuZl. A. Andreev, A. N. Baranov, M. A. Afrailov, V. G. Danil'chenko, M. P.
tion of the laser emission is probably due to the fact that the Mikhailova, and Yu. P. Yakovlev, Pisma Zh. Tekh. Fiz2(21), 1311
stripe width is too large for an emission wavelength of 1.6 (1968 [Sov. Tech. Phys. Lett2(11), 542(1986].

um. This may be taken into consideration in a later study. Translated by Steve Torstveit
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Magnetoresistance of nanobridges of lanthanum-strontium manganite

V. A. Berezin, V. I. Nikolaichik, V. T. Volkov, Yu. B. Gorbatov, V. |. 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. Fiz25, 42-50(May 26, 1999

Nanobridges are fabricated from lanthanum—strontium manganite depositeg\pnng&mbranes
perforated by a focused ion beam. The magnetoresistare®% 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 L@Sr-MnO;. © 1999 American Institute of Physics.
[S1063-785(109)02405-2

The properties of rare-earth manganites_/B,MnO;, To form the nanobridges we started from ;M)
where A is a rare-earth elemefita, Pr, Nd and B is an membranesabout 100 nm thick. A focused ion beam was
alkaline-earth(Ca, Ba, Sy are currently under active study. used to make holes:500 nm in diameter in the membranes
These materials are of interest because of the colossal mag~ig. 1). Then an A}O; layer of definite thickness was de-
netoresistance effect observed in theifhe published data posited on the membrane from both sides by rf-diode sput-
on the conductivity of manganite materials were obtained fotering of a sapphire target; this made it possible to reduce the
bulk and film samples of macroscopic dimensions. To undersize of the holes to the required value and prevented the
stand the mechanisms of electron transport in manganite®anganite from interacting with the membrane material. In
and to use these materials to make various nanosensors aiiis way channels with a characteristic cross sectiatDO
magnetic recording devices, it will be necessary to have inam in diameter and up to 200 nm long were formed. The
formation about the properties of samples of small dimenchannels were filled with manganite by the laser deposition
sions. In this paper we make the first report of the fabricatiorof a L&, gSry ;MnO; film 250 nm thick on both sides of the
of nanometer bridges of lanthanum—strontium manganitenembrane. Prior to deposition of the manganite the mem-
and a study of their magnetoresistance. branes were vacuum-baked 800 °C directly in the vacuum

The starting components for the synthesis of thechamber at a residual gas pressure of°1Pa. The deposi-
Lag ¢Sty ,MNO;5 targets were La and Mn oxides (J@; and  tion was carried out at a sample temperature of 700 °C and
MnO,) and strontium carbonate (SrGO The mixture of an oxygen pressure of 10 Pa.
starting components was heat treated at a gradual increase in The deposition was done with the use of a pulsed laser at
temperature with a two-hour hold at 300, 400, 650, andvavelength 1.06.m. The beam was focused on the target by
900 °C. Then the powders were reground and pressed int® long-focus lens located outside the vacuum chamber. The
tablets, which were sintered @=1385°C in air for one power density at the rotating target wasl0® W/cn? in a
hour. pulse 10 ns long. At a pulse repetition rate of 15 Hz and a
target-to-sample distance of 60 mm the deposition rate was
~0.4 nm/s. After deposition of the manganite film the
samples were annealed in air at 850 °C for one hour and then
cooled at a rate of 0.1 deg/s.

The target material was investigated under a JEM-
2000FX transmission electron microscope equipped with an

TABLE I.
Dimensions of
channel before
deposition R(0 Oe)-R(6 kOe)
R (300K), R (77K), ~ RO
Sample No. of manganite k kQ at 77K
1 50X 85 nm 1890 2577 0.085
2 25X 75 nm 257.4 465 0.159
3 5X2 mm 73.7 50.9 0.189
(control h=250 nm
sample

FIG. 1. Hole made by a focused ion beam in gNgimembrane.

1063-7850/99/25(5)/4/$15.00 398 © 1999 American Institute of Physics
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10
5
= FIG. 2. Current—voltage characteristics of sample No.
R 0 2, with a manganite nanobridge. The dotted lines are
D experimental, the solid lines are approximations of the
linear parts of the experimental curvds— T=300 K,
H=0 0Oe;2 —T=77K,H=6 0e;3 —T=77 K, H
=0 Oe.
-5
-10

AN10/95S elemental analysis system; it was found that the To study the electrical and magnetic properties of the
target was single-phase and chemically uniform, with thenanobridges we measured the temperature and field depen-
ratio of metallic elements in correspondence with their pro-dences of the resistance. The parameters of samples Nos. 1
portions in the starting mixture. Observations of the structureand 2, with nanobridges, and of a control samlenanga-

of the deposited manganite films revealed that they are polyaite strip 5 mm long and 2 mm wide, deposited and annealed
crystalline, with an average grain size50 nm. Also, in  simultaneously with the bridge samplese given in Table I.
contrast to the uniform target material, the structure of theThe expected values of the resistance for the bridges lay in
films contained nonuniformities in the form a small numberthe range from hundreds ofkto several M). With such

of inclusions(droplets with an elemental composition dif- high resistances there was a significant chance that the
ferent from that of the main body of the grain. The presencesamples would be overheated by the measuring current. To
of such inclusions is typical for laser-deposited films of otheravoid this risk, the current—voltagé—V) characteristic of
metallic oxide materials as well, including high-temperaturethe sample was measured beforehand. An example of the
superconductors; thus it is necessary to choose the depositibaV characteristic for sample No. 2 is shown in Fig(simi-
conditions so as to minimize droplet formation. lar behavior was observed for sample N9. It is seen that

" —

- FIG. 3. Temperature dependence of the resistance of
nanobridge samples Nos. 1 and 2 and of control sample
No. 3; the curves are normalized to the maximum value
1 of the resistance for each.

R/R max, arb.units

0.3 L L 1 ' L 1 t Il 1 L L ' 1 1 L " L 1 1 1
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above a certain value of the currefitere around 5uA) 500 ———————————
Ohm’s law breaks down, and the resistance of the sample

with the bridge begins to decrease. The cause of the nonlin-

earity of the |-V characteristic of the bridge samples is dis-

cussed below. The magnetic measurements were done in the

linear region of the 1-V characteristic.

Figure 3 shows the temperature dependence of the resis- 475
tance for the bridge samples and the control sample. Since
the resistance of the samples was quite different, the curves
in Fig. 3 show the values divided by the maximum resistance
for each sample. The curves reveal the shift of the position of
the resistance maximum to lower temperatures as the trans-
verse size of the bridge decreases. It is known that the maxi- 450
mum of the resistance of manganite conductors of macro-
scopic size lies near the Curie point, which is determined by
the composition of the manganite material, viz., the ratio of
the rare-earth and alkaline-earth eleméngsmd the oxygen
content!

One notices that the resistance of sample No. 1, in which 425
the channel dimensions prior to deposition of the manganite
film were 50x 85 nm, is larger than the resistance of sample o

R kK

No. 2, in which the initial channel was smaller (2%5 nm). 0 2000 4000 6000
Moreover, published dat4 indicate that a higher value of

the temperature of maximum resistance corresponds to a H, Oe

lower resistivity, i.e., sample No. 1 Should have the lower .

resistivity. The contradiction in these data may be explained
by the circumstance that in sample No. 1 the channel con-
tained not only a material of high conductivity, the tempera-
ture dependence of which determines the form of the curve
in Fig. 3, but also a larger amount of a material of low
conductivity. The coexistence of two types of materials can
be explained by the presumed cluster structure of the man-
ganite material, which is made up of mixed regigssveral
nanometers in sizeof different material$with high and low
conductivity® The conductivity of the bulk manganite mate-
rial (the control sampleis an averaged quantity determined
by the passage of charge carriers through a heterogeneous
region. For samples of small dimensions there is a much
higher probability that high-resistance or insulating regions
will be predominantly present. The latter could fill the chan-
nel of sample No. 1 in large numbers.

Figure 4a and b shows the magnetoresistance of the con-
trol sample and of bridge sample No. 1 for various orienta-
tions of the magnetic field with respect to the sample. It is
seen that the control sample has a pronounced anisotropy due

R, k¢

to the fact that the sample is in the form of a film. The fact 40 — 0 2000 2000 6000
that no such anisotropy is observed for the bridge sample
indicates that the bridge is of a more equiaxed form. The two H Qe

samples have approximately the same values of the coercive
force (=150 Og¢ and of the change in resistance in a mag-FIG. 4._Field dependence of the resistancﬁatﬁ K. a: _Control sample; b:
netic field (> 10% in a field of 6 kOg An important circum- nanobno!ge sample No. 2. The magnetic fle!d was directed patajleind
‘ . . Lo erpendiculal?) to the plane of the manganite film.

stance which permits their use as magnetic field sensors fs
that a significant change in resistance Q%) occurs in
fields as low as~1 kOe. plicity, we take the dimensions of the bridge to be 100

The observed nonlinearity of the 1-V characteristics of X 100X 100 nnm). Assuming that the thermal conductivity of
the bridges cannot be explained by a simple thermal ovemnanganite has a typical value for oxide materials,
heating of the sample. In this connection let us estimate the-102-10 * W- m™1.K~! at 300 °C, we estimate that the
possible elevation of the temperature of a bridge when @aemperature at the center of the nanobridge will be at most
power between 10 and 2Q0W is dissipated in itffor sim-  20—40 deg higher than at its edge. Thus the power released
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will be effectively removed to the contacts and side walls,bridge samples and a shift of their resistance maximum to
and the nanobridge should not overheat. This estimate is suppwer temperatures as compared to a film control sample of
ported by the fact that the nonlinear dependence is observembmposition Lg Sty MnO;.

both at temperatures below the resistance maxinthen re- This study was supported by the Russian Fund for Fun-
gion of metallic conductivityand at temperatures above the damental ResearclGrant 96-02-17123and the Govern-
resistance maximunithe region of semiconductor conduc- ment Program “Physics of Solid-State Nanostructures”
tivity). Similarly, the nonlinearity cannot be caused by the(Grant 97—-1068

magnetic field of the current. Estimates show that the mag-

netic field of the current is quite smal<1 Oe. The non-

linear dependence might be due to the opening up of addiyg 5.+ ) rietel, M. McCormackt al, Science264 413 (1994
tional channels of conduction as the electron energyza vy kasumov, V. I. Levashov, V. N. Matveev, V. A. Berezin, and V.

increases. A. Tulin, Mikroelektronika26, 49 (1997).
In closing, let us emphasize the following. We have for 3A1-9;JFUShibafa’ Y. Morito, T. Akimaet al, Phys. Rev. B51, 14103
the first time fabricated nanometer objedtsridges of (1995.

; ; . L . 4I’-L L. Ju, C. Kwon, Qi Liet al, Appl. Phys. Lett.65, 2108(1994.
lanthanum—strontium manganite, which exhibits the giantsg | Nagaev, Usp. Fiz. Nauk66 833 (1996.

magnetoresistance effect. The size of the effect is compa?V. I. Nikolaichik and L. A. Klinkova, Abstracts of the Fifth International
rable to that in manganite films, and an appreciable change inWorkshop MSU-HTSC 14998, p. F-14.

. o _— C. Uher and A. B. Kaiser, Phys. Rev. 35, 5680(1987.
resistance£9%) occurs in fields of only-1 kOe. We have
observed nonlinearity of the |-V characteristic of the nano-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
(Submitted December 8, 1997
Pis'ma Zh. Tekh. Fiz25, 51-56(May 26, 1999

A hyperboloid mass spectrometer is proposed in which the analyzer is a three-dimensional ion
trap truncated by the plare=0. 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 Physids§1063-78519)02505-7

Hyperboloid mass spectrometdtdMSs) utilize quadru- z<2R, is considerably different fronil), and the character
pole mass filters and ion traps as analyzers of particles aof the trajectories of ions with light masses<mg (mq is
cording to the specific chardeThe electrode systems of the mass of the ions to be analyzésialtered in such a way
these analyzers are complicated to fabricate and assembtbat these ions fall in the region of nonlinear distortions.
The monopole analyzer has a simplified construction of the&Since the efficiency of one-dimensional sorting is lowered, it
electrode system but a limited resolving power. The analyzeis of interest to create a regime of two-dimensional sorting of
proposed here, which utilizes a truncated ion trap, can b&®ns in a unipolar analyzer.
used to construct a HMS with a simple construction of the  To estimate the analytical capabilities of such a regime
electrode system and good analytical parameters and whickie did a computer simulation of the sorting of charged par-
also effectively solves the problems of ion injection and ex-ticles in a truncated trap with the paramet&@s=32 mm,
traction. Ro=6 mm, andD =80 mm. The sorting space of the ana-

The electrode system of the analyzBrg. 1) consists of lyzer (the active zond}) is bounded by a cylinder of radius
half the electrode system of an ion trap, in the hemispher®,. In the first step the electric field in the analyzer was
z>0. It consists of two successive hyperboloid electrodes modeled for fixed potentiald,, ®,, and ®; on the end
and?2, with minimum distances af, andR, from the coor-  electrodel, the ring electrod®, and the shielding electrode
dinate origin £o=5R,), and a shielding electrod® The 3, and the deviatiol\®(z,r) of the potential in the active
ideal potential distribution in the analyzer, which does notzone from the ideal value was determined. According to the
take into account the finiteness of the electrode system, igalue of A®(z,r) the active zone was divided up into re-
described by the expression gions with substantial and unimportant distortions of the
field. In the region Ry<z<Z, at the optimum value of the
potential®;=0.275DP; on the shielding electrode the error
in the potential distribution does not exceed XX *d,

and has practically no influence on the ion trajectories at a
An opening in the ring electrod2 permitted injecting the

ions into the analyzer prior to the start of the sorting process
and to remove the sorted ions for detection after its comple-
tion. The sorting space of the truncated trap along tozthe
coordinate is restricted to positive values, and the charged
particles can execute only unipolar oscillatiar{s) =0 in it
under the influence of an rf field. In a field with a quadratic
potential distribution(1) such oscillations correspond to the
boundaryay(q) of the stability diagram and are described by
the relatiod

z(t)=Acey(t,q)+Bfey(t,q), (2

where cey(t,q) and feyg(t,q) are periodic and aperiodic
zeroth-order solutions of the Hill equation, aAdandB are
parameters which depend on the initial coordinajeand
initial velocity vy of the charged particles. In this case the
sorting of the particles according to specific charge can be
done with respect to a single coordindté’hen the volume

of the trap is limited, the potential distribution in the region FIG. 1. Electrode system of the analyzer.

(Dy— D,)(Z2—12/2)+ D, RE2+ D ,Z2

®(zn= Z2+R2

&)

1063-7850/99/25(5)/3/$15.00 402 © 1999 American Institute of Physics
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Z a

Zy /\/\/\/\
t
FIG. 2. Trajectories of ions witm=0.99m; in the ideal

field (@) and in a field with nonlinear distortions, with
A=0.33(b).

Zy

HMS resolving power of several thousand. In the region ofdistortions with a higher field than in the ideal case. As a
substantial distortions€z=< 2R, the deviation of the poten- result, the ions that do not cross the azisO return to the
tial from Eq. (1) for the indicated parameters of the analyzerinitial oscillation region. Here the ion trajectories take on the
were approximated by the function character of unipolar beai$-ig. 2b, and one-dimensional
_ _3 sorting of the ions becomes inefficient. In that case it is ad-
AD(zr)==7.7- 100, expl( ~ 14.8/Zo) visable to use sorting with respect to the coordinater
x exp(— 70r2/R3). (3) filtering of the light ions; such a sorting is realized when
. . . operating at the vertex of zone | of the stability diagram at
The second step in the simulation was to calculate th —U/2V close to 0.3453.
lon trajectories anql mass peak_s of _the_ an_alyzer with allow- The mass peaks were obtained from integral representa-
ance for the error n the potential dlstrlbut|_<()a) under the_ tions of the properties of the mass analyzer with a truncated
influence of an rf field on t_he c_harged particles. The rf fleIdtrap, on the basis of a calculation of a set of trajectories of
was produceq by a pqtentlal differendg(t) =@, — Py be- 5.1 jons with various initial coordinateg,=(0.2—
tween the field-forming eI_ectrodgs_._ The pulsed voltage0_35)ZO' ro=—Rg to Ry, and thermal initial velocities, with
source®q(t) =U +Vi(wt) with an initial phasepo,= 7.7/2’ allowance for the nonlinear distortions of the field. The re-
whereU andV are thg de componeqt and the ?mp"t“d? Ofsults of the calculations are presented in Fig. 3. Cutve
the_ d VO"?‘ge’ respectively, anfi{wt) is a n_ormahzed peri- corresponds to the one-dimensional regime of ion sorting, in
odic function. Befor_e the start of the sorting _th_e val®§ which, because of the nonlinear distortions of the field the
=®,=®,=0 were imposed, and ions were injected in theeffic:iency of the filtering of light ions is low. In this case the

e_malyzer_a_t initial coordinatez= 2R, and with therma_l N mass peak has a gentle declivity on the left-hand side, and
tial velocitiesv,. Here the parameters, and v, of the ions

were matched with the initial phasey,= /2 of the rf
voltage? The trajectories of the charged particles with re- 7,
spect to the coordinatesandr were calculated by numerical

solution of second-order nonlinear equations with periodic 0.6
coefficients: I
d?z JAD
E+[a+2q¢(a)t)] z+k7>=0,
0.4
dr IAD
E—[a/2+q¢(wt)] r+k7 =0, 4

wherea and g are sorting parameters which depend on the
dimensionZ, of the analyzer and the parametékrsV, » and 0.2
the shape of the rf voltage, arhd:(z(2)+ R§/2)/2(<I>1—<I>2).

It was found that the motion of the ions with light masses
m<mq (m~mg) along thez coordinate has the peculiar fea-
ture that for particles withm<<m, the trajectories, which in
the ideal field alternate in sign, become unipdlgig. 2) in . v >
the presence of potential deviations of the form in Eg). 0.98 0.99 1 mym,

Thls oceurs becau_se the ions wr_th< mO_’ WhICh In the_ml_ FIG. 3. Mass peaks for a hyperboloid mass spectrometer with a truncated
tial step of the sorting are found in the ideal-field region, aréyap. The number of sorting periods=20: 1 — A=0.33;2 — A\ =0.34;
subsequently displaced alognto the region of nonlinear 3 — \=0.344.
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the resolving power does not exceed 50. Cu/aad3 were  thousand.

obtained with the analyzer operating in the vicinity of the In summary, a simulation of the charge-particle sorting
vertex of zone | of the stability diagram, where the light processes in a hyperboloid analyzer of the truncated trap type
masses are filtered out with respect to theoordinate. At has demonstrated the possibility of building a hyperboloid
A =0.344 the resolving power reaches a vahge=850. Ef- mass spectrometer with a simple electrode system and with
fective confinement of the particles to be analyfdt in-  good analytical parameters.

tensity of the peak is 20% of the maximuns ensured by

having the optimum initial phase of the rf voltage,, 1R._ E. March and R. J. HugheQuadrupole Storage Mass Spectrometry
_:77/2’ at which the init_ial velocities of Fhe_ions have less Z\IGYII\?\X‘I\':cez;\(\:(hcl)gﬁ#r?gc?r'yéfngd%bplication of Mathieu FunctigrSlaren-
influence, and the amplitudes of the oscillations with respect gon press, Oxford1947) [Russ. transl., IL, Moscow1953, 468 ppl.

to ther coordinate for the stable ions are an order of magni-2E. V. Mamontov, Izv. Akad. Nauk SSSR, Ser. Fé2, 2039(1998.

tude smaller than at other injection phases. Optimization Of‘E. V. Mamoqtoy,Proceedings of the Fourteenth Mass Spectrometry Con-
the analyzer parameters and of the ion sorting regime could e Helsinki. Aug. 25-29, 1997, p. 228.

increase the resolving power of the HMS to severalTranslated by Steve Torstveit
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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, Witbwgorod; Institute of the Physics of
Microstructures, Russian Academy of Sciences, Nifowvgorod
(Submitted November 11, 1998

Pis'ma zh. Tekh. Fiz25, 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 Physids$S1063-785(09)02605-1]

Compensators of reciprocal optical anisotropy which uti-splitter (PBS and two mirrors m1 and m2. The Jones matrix
lize Faraday rotators — so-called Faraday mirrors — aref a PRI containing an anisotropy elemévithas the form
widely used at the present time in round-trip optical
circuits1 = in particular, in fiber-optic interferometérand .
optical amplifiers"® The simplest Faraday mirrbtis a com-
bination of a 45° Faraday rotator and a rotating mirror. As R
was shown in Ref. 1, in a round-trip optical circuit consistingwherem;; are elements of the Jones mathk, and the su-
of a Faraday mirror and a reciprocal element placed in fronperscripts= correspond to opposite directions of traversing
of it having arbitrary phase anisotropie.g., a length of the contour of the PRI. If the anisotropic elemevitis a
single-mode optical fibgr the output polarization is always Faraday rotator with the Jones matrix
orthogonal to the input polarization, regardless of the anisot-
ropy and input polarization. This allows one to obtain a
stable polarization at the output of a round-trip anisotropic
optical system with unstable parameters.

However, if the angle of rotation of the Faraday rotator
differs from 45°, the Faraday mirrbwill not provide com- R
plete compensation of the parasitic anisotropy. The intensity R=siné
of the undesirable component of the output polarization is

+
_0 my,

; )

m,, O

cosf® —sind

. )

sind  coséd
then the Jones matrix of our compensator takes the form
0 1

1 0 (4)

As was shown in Ref. 1, in a round-trip optical circuit a
I||~sin2 2A0, (D) reflector with the Jones matrigd) will compensate any re-

ciprocal phase anisotropy in the elements placed in front of
where A @ is the deviation of the angle of rotation of the it. Aside from the Faraday rotation angle, a compensator
Faraday rotator from 45°. The compensation efbrcan  based on a PRI is completely equivalent to an ideal conven-
arise as a result of temperature instability of the Faradayional 45° Faraday mirror. A deviation of the angle of Fara-
rotation (which is present to some degree in all magnetoopday rotation from the optimunt45°) will lead only to a
tical materialg or on account of degradation of the perma- decrease of the power returned by the compensator, this ef-
nent magnet of the Faraday rotator. In addition, because déct being due to a decrease in the polarization component of
the frequency dispersion of the Faraday rotation, the comthe counterpropagating waves not redirected by the PBS.

pensation errofl) is always present in circuits with a wide- The characteristics of a compensator based on a PRI and
band light source or with several sources having differena conventional 45° Faraday mirror were compared in an ex-
wavelengths. periment using the arrangement shown in Fig. 2. Light from

In this paper we propose and investigate experimentallya helium—neon laséHe—Ne@ passed through a polariz€?),
a Faraday compensator of reciprocal anisotropy in which tha single-mode axisymmetric optical fib€BMF), reflected
compensation is practically independent of the angle of rotaeff the compensator under stud{), once again passed
tion of the Faraday rotator. A diagram of the compensator ishrough the fiber, and was directed through a 50% beam
shown in Fig. 1. The compensator is a polarization ringsplitter (BS) onto a polarization photodetector consisting of a
interferometet containing a Faraday rotator F. The polariza- Wollaston prism(W) having one of its axes oriented parallel
tion ring interferomete(PRI) consists of a polarization beam to the polarization at the output of the polari#rand a pair
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FIG. 1. Diagram of a Faraday compensator based on a polarization ring A
interfer_ometer. PBS is a polarization beam splitter, m1 and m2 are mirrors, 1.000 P X ® 00 % iem b
and F is a Faraday rotator. oo N
0.100
of photodiodegPD1, PD2. With a Lefevre polarization con-
troller (PO we could create any desired phase anisotropy in
the fiber. In the case of ideal compensation of the anisotropy 0010
in the fiber the polarization at the exit from the fib@nd, 06 0 1
. 0 p 00 O / &
accordingly, at the entrance of the photodetecstiould be 0001 | © 0 g0 90,0
. . . . N T T | i ] T l
strictly orthogonal to the po_Iar|zat|0n, produced by pol_arlz_er 20 20 0 50 60
P, at the entrance to the fiber. The fact that a polarization #°

component parallel to the input polarization appears at the _ _ _
entrance of the photodetector is indicative of compensatiofy'C: 3: Quality of compensation versus the Faraday rotation angle—

. . . Intensity A of the uncompensategbarallel to the initial component of the
error. In the experiment we measured the intensity of thQ)utput polarization2 — intensity of the compensate@rthogonal to the
orthogonal and parallel components of the polarization aftemitial) component of the output polarization. a: For a conventional Faraday
a round-trip passage through the fiber as a function of théirror; b: for a compensator based on a polarization ring interferometer.

angle of Faraday rotation for both types of compensators. At

each value of the Faraday rotation angle the Lefevre polar-
P BS L PC ization controller was used to create in the fiber an anisot-
K] T a ropy such that the uncompensated component was maximum
AN l at each value. It should be noted that, although in our experi-
ment the polarization at the entrance of the round-trip circuit
W SMF was linear, our data on the quality of the compensation are
valid for any input polarization that can be represented as the
], I sum of two linearly polarized components.
4 N A diagram of the compensator used in the experiment is
PD14 ﬁPDZ shown in Fig. 2b. The compensator included a polarization
beam splittePBS), a mirror (M) closing the contour of the
L PRI, and a Faraday ce{F) having an adjustable angle of
%Tlﬂ rotation of the plane of polarization and mounted directly in
front of the mirror. The PBS used was a cleaved Savart plate
— a calcite prism cut at an angle to the optic axis. The
mirror was mounted at the crossing point of the rays sepa-
rated by the Savart plate. The Faraday rotator was made in
? \L‘ b the form of a rod of the magnetooptical glass MOS-31 which
could be moved around inside a cylindrical samarium-cobalt
= permanent magnet. By moving the magnetooptical rod
PBS around inside the permanent magnet we could vary the Far-
aday rotation angle at the working wavelength O.88 from
m 0 to 60°. The same cell was used in a 45° Faraday mirror.
FIG. 2. a: Experimental apparatus for investigating Faraday compensators: 1 he results of the measurements are shown in Fig. 3. It
He—Ne is a helium—neon lasex £ 0.63.m), P is a polarizetGlan prism, is seen that when a PRI-based compensator is used, the qual-
L is a lens, SMF is a single-mode optical fiber, PC is a Lefevre polarizationjty of the compensation, defined as the ratio of the parallel

controller, and C is the compensator under study. b: A compensator bas d orthogonal components of the input polarization remain
on a polarization ring interferometer: PBS is a polarization beam splitter, ’

is a plane mirror, and F is a Faraday rotator with an adjustable angle rc%igh at {ill Faraday rotation apgles, Whe'feas in th? case _Of a
rotation. conventional 45° Faraday mirror the ratio of the intensities

He-Ne

D
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of the uncompensated and compensated components riséss new compensator is amenable to all-fiber implementa-
rapidly as one moves away from 45°. It is important to notetion with the use of polarization-dependent fiber couplers.
that even at Faraday rotation angles close to 45° the PRI The author thanks E. A. Khazanov for useful comments.
compensator provides a higher-quality restoration of the po-
larization than does a 45° Faraday mirror. The residual com-
pensation error is apparently due to imperfection of the Far-1y . Gelikonov, D. D. Gusovski V. I. Leonov, and M. A. Novikov,
aday cell and nonideality of the adjustment of the PRI and Pis'ma zh. Tekh. Fiz13, 775 (1987 [Sov. Tech. Phys. Lettl3, 322
the photodetector. 2(lgslfll-gt]r.tineIIi Opt. Commun72, 341 (1989

The _r_eSUIt$ presented_ abov_e_ SqueSF thfit cqmp_ensatog%_' D. Kersegl, I\ﬁJ Marroné, ’and M. A bavis, Electron. Le¥, 518
of parasitic anisotropy which utilize polarization ring inter- (1993
ferometers may find application in various optical circuits, *N. Duling and R. D. Esman, Electron. Lef8, 1126(1992.
primarily fiber-optic ones, where wideband light or light of >C- R. Giles, Electron. Let80, 976(1994.
several wavelengths is used and where high-quality compen-M- A Novikov, Radiotekh. Elektron21, 904 (1976.
sation at all wavelengths is required. It should be noted thatranslated by Steve Torstveit
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New type of oscillations in bistable resonant tunneling diodes
B. A. Glavin, V. A. Kochelap, and V. V. Mitin

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, Kiev;
Wayne State University, Detroit, Ml 48202, USA
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Pis’'ma zZh. Tekh. Fiz25, 64—68(May 26, 1999

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 Physids$1063-785(09)02705-§

Resonant tunneling diodéRTDs) have been the subject that the high-current branch of the |-V characteristic for
of intensive investigations in recent yedsee, e.g., Ref.)1 V. <V<V, is unstable as a result of the excitation of a
One of the effects commonly observed in RTDs is Z-shapedgwitching wave. The stationary states of the system are de-
internal bistability of the current—voltagé-V) characteris- termined by the intersection of the |-V characteristic of the
tic, arising as a result of the accumulation of the electricsystem and the load ling=ig. 19. We are interested in the
charge of the resonant electrons in the quantum well of thease in which two of these stationary stat€$ @ndS3) are
RTD. homogeneous high- and low-current states, while the third,

Recently a new type of transient process in bistablé52, is a stationary structure of the type=V,. It is easy to
RTDs, due to transverse switching waves, was examinedee thatS1 and S3 are stable against small perturbations,
theoretically in Refs. 2 and 3. A switching wave is a nonuni-while S2 is unstable. If the system is initially found in state
form (in the direction transverse to the currestructure of  S1, then a disturbance that is strong enoughvfdo become
the resonant tunneling current density. Part of the cross segreater tharV will lead to the excitation of a switching
tion of the RTD is in a high-current state, and part is in awave. Then there are three possible scenarios for the subse-
low-current statgFig. 18, and the boundary between these quent evolution of the system:) the RTD is completely
two regions moves along the quantum well with a certainswitched to the stat83; 2) the influence of the circuit causes
velocity v which depends on the voltagéacross the RTD. V at some time to become smaller thafy, so that the
As we see, the switching wave brings about the switching ofwitching wave changes its direction of propagation and the
the RTD from one uniform state to the other. The type ofRTD reverts to the homogeneous high-current statefter
switching that is possible is also determined\byinside the the reversion described in scenario 2 the evolution of the
bistable region of voltageg, < V<V, there is a certain volt- Circuit restores the conditiod>V, and the switching wave
age valueV, for which v=0 and the switching wave is a IS excited anew.
stationary transverse structure. Pgr<V<V,, switching As we see, each cycle of oscillations consists of two
can occur from the low-current to the high-current state, angtages. During the first stage a switching wave propagates in
for V.<V<V,, from the high-current to the low-current theé RTD. In this stage the system is described by the equa-
state. Importantly, the switching wave can be excited by extlons

cess injection or extraction of resonant electrons near the 5
transverse boundaries of the RTD, which can occur on ac- - _ —v(V) d°u + wlU= i ﬂ (1)
count of technological nonuniformitievariations of the dt "4z % Cdt

layer thicknesses in the quantum well and barjiarsd also ] ) i .
on account of the presence of additional contacts. Thus thE€re! is the length of the RTD region found in the high-
low-current branch of the I-V characteristic fgj<V<V,  Current state, a positive velocity corresponds to switching

and the high-current branch fof,< V<V, may become un- from the high- to the low-current staE%J is the voltage
H — * - *
stable as a result of excitation of a switching wave. across the oscillatory loopyo=(L*C)" ™%, L* andC are
The main result of this study is the finding that when anthe natural frequency, inductance, and capacitance of the os-

RTD whose |-V characteristic has a region of instability €lllatory loop, I is the RTD current, which is given by the
against the excitation of a switching wave is connected intd€lation

an external eIect.ricaI circuit containing an oscillatqry loop, a L= (/L)) + (1= 1DV, @)

new type of spatiotemporal oscillations can be excited. These

oscillations are caused by the fact that the change in the RTB®hereL is the length of the RTD in the direction of propa-
current during the propagation of a switching wave will leadgation of the switching wave, arid™! are the equations of

to a change in the voltage across the RTD and in the velocithe high- and low-current branches of the |-V characteristic
of the switching wave on account of the reaction of the elecof the RTD. This system of equations must be supplemented
trical circuit. The subject of our analysis is the simple elec-with Kirchhoff's law: IR+U+V=E, whereE is the source
trical circuit illustrated in Fig. 1b. For specificity we assume voltage. During the second stage the RTD is found in a ho-
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0.5 0.7

FIG. 2. One-dimensional maf3(») leading to the onset of oscillations.
FIG. 1. a: Schematic illustration of the transverse cross section of a resonaffhe single straight lin®= » and the basin of attraction of m&pare shown
tunneling diode(RTD) during the propagation of a switching wave. The by dashed lines.
shaded part, of length is found in the high-current state, while the remain-
der L—1 is in the low-current state. b: The electrical circuit used in the
analysis; D is the RTD. c: Stationary states of the system; the Z-shaped 1-@ngl@. In the calculations we used linear approximations for

characteristic of the RTD and the load line are shown. v and for the 1-V characteristic of the RTDu=pgB(V
=V), 1=1D g (v—V /R, . Curvesl and 2 corre-

) . spond to the following parameters of the RTD and circuit:
mogeneous high-current state-L, and the system is de- B(Igh)—lg))R/(Lwo)=1.3 and 1.6, respectivelyR, /R

scribed by the second of Egdl). In accordance with what =100, R, /R=1000, wo,RC=20, | ./L=0.9, wherel, is the

we have said above, each cycle is determined by three initiq}ame of| corresponding to the stationary st&e.

conditions. Two of them, however, are always the same: at 11,5 e have shown that excitation of a switching wave

the hbeglnnlng of the cycle]=L and U=Uo,=E—Vc j, pistable resonant tunneling diodes connected to an oscil-
—( )(VC_)R. Thus there is actually on_l;ilzone initial param- latory loop can give rise to a new type of spatiotemporal

eter, which we define as=—(woUo) “(dU/d)(t=0). 515 gscillations that do not derive from the presence of
Then the evolution of the whole system is described by §,qative differential resistance. This effect is largely due to

one-dimensional maf which determines the value O’f'”_ the stability properties of transverse structures in systems
the (n+1)th cycle according to its value in theh cycle: with Z-type bistability*

vni1=P(vp).

. Figure 2 shows .tWO_ types of mapsthat |ea_d to 05(_3“' !Proceedings of a NATO Advanced Research Workshop on Resonant Tun-
lations. Regular oscillations correspond to the fixed points of neling in Semiconductors: Physics and ApplicatioB$ Escorial, May
P, which are defined by the conditid®(v)=v. If at a fixed ~  14-18, 1990, Plenum Press, New Yd#991, 537 pp.
point |dP/dv|<1, then the fixed point and the oscillations 231'93‘7)?5;;:”’;49: ' JK:,?SC hNeLapéfgdp\g' \5/42,\@ ggﬁghg; Rev. 8, 13348
are stable, and the situation corresponds to clrveFig. 2. 3D. V. Mel'nikov and A. I. Podlivaev, Fiz. Tekh. PoluprovodB2, 227

Oscillations can also exist when the fixed point is unstable, (1998 [Semiconductor$2, 206 (1998].

but the map will have a basin of attraction within which the *M. Meixner, P. Rodin, and E. SctioPhys. Status Solidi B204, 493
parameterw is trapped. This case corresponds to cu2ve

Fig. 2 (the basin of attraction is shown by the dashed rectTranslated by Steve Torstveit
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Temperature effect on the field emission from zirconium islands on tungsten
E. L. Kontorovich, T. |. Sudakova, and V. N. Shrednik
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(Submitted January 14, 1999
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The coefficientsyt of the change in the work function with temperature are determined
experimentally for two-dimensional islands of zirconium on and in the vicinity of &L} face

of tungsten. The values af; 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 PhysidsS1063-785(19)02805-0

Two-dimensional islands of zirconium form in the vicin- around the{10GW faces were formed af~ 1400 K. Mea-
ity of the {001} cube faces of the tungsten crystal and onsurements of the emission currefigthin the interval from
these faces themselves. These islands appear as bright spbtéo 500 nA were carried out in the temperature interval
in a field electron microscope Zirconium is ordinarily de-  from room temperatur¢293 K) to 1330 K. The growth of
posited on cold tungsten in high vacuum. At a temperaturéhe emission current with temperatufewvas significant and
T=1000-1400 K the zirconium is redistributed over the sur-measurable starting at 500 K. However, our task was to elu-
face (while not yet diffusing into the interior or evaporating cidate the conditions under which and the degree to which
and accumulates around the faces of the cube. The islandikis growth exceeded the growth expected according to the
have the greatest contrast if the coverage is low: 0.05-0.Murphy—Good theory.
monolayer. Special experimehtshave demonstrated that According to that theorythe ratio of the field electron
these islands are actually fl&d monolayer thick and not  currentl(T) at temperaturd to its valuel (0) at 0 K obeys
three-dimensional micropyramids, and that their strong fieldhe following formula in cases whelr{T)/1(0)<10:
emission is due to a lowering of the work functignof the _ ;
surface from 4.4-4.5 eV fogr the initial clean tungsten to HMN0)=malsinme, @
2.5-3 eV (Ref. 1) for the islands. The islands are small, where
ordinarily 30-100 A in size, which is comparable to the _
resolution of the field electron microscope. An example of w=4my2m-kVp-t(y)- T/he-E, @
these islands is shown in Fig. 1. By varying the temperaturén is the electron mass is Boltzmann’s constantp is the
one can cause the islands to “dissolvéi’e., evaporate work function,h is Planck’s constanfT is the absolute tem-
within the confines of the adsorbed layand regrow. From peratureE is the electric field, and(y) is a tabulated func-
the rates of these processes investigators have determined tien which is of the nature of a correction with values close
energies of the interatomic bond in the two-dimensionalto 1 (see, e.g., Ref.)8
crystal and the activation energies for the growth and disso- For ¢ measured in eV ané in V/cm, if we substitute
lution of the island€:*®° the valuet(y)~t(0.5)=1.044 from Ref. 8 and the values of
A detailed analysis of two-dimensional phase transitionsall the constants into the above equation, we get
in adsorption systems of this kind, in particular, of the values
of the pre-exponential coefficients in the Arrhenius equations ©=~9.22x 103‘/5' U= )
governing the kinetics of the transitions, has raised the issue In practice the minimum current is measured not at 0 K
of searching for anomalies in the temperature coefficients obut at room temperatureT{,,,=293 K), and the current
the work function of two-dimensional adsorbed phds€ar-  |(T) measured at higff is taken in ratio to it. The experi-
rying out such a search in the case of Zr islands on W is thenents are carried out at the same value€epaind to a first
main purpose of the present study. For this we determinedpproximation it is assumed that does not change aBis
experimentally the temperature effect on the field emissiofincreased Then
ILngr;/hgfltsrt?sngifggthCh was then compared with the known (T (Trogn) = T+ Sin T egqm! Troons SIN 701 | @)
Repeated measurements of the emission current from thehere w,,,, and w1 are the values ot at T, and T,
islands at room temperature and at an elevated temperaturespectively. For convenience in comparing the measured
lying below the temperature of their formation were carriedand calculated ratio$(T)/I(T,,om)=D(T) we have calcu-
out in three sealed-off glass devices on three tungsten tipfated detailed tables db as a function ofT and of the pa-
The vacuum in the devices was at the 1610 ™ torr level,  rameterP = (\/¢/E)x 10’ (with ¢ in eV andE in V/cm).
which eliminated the influence of adsorption of residual Measurements ob for strongly emitting spots on and
gases on the measured currents. The amount of Zr initiallaround{O0L}W revealed that for none of these Zr formations
deposited was varied from 0.05 to 0.5 monolayer. Islandsloes the temperature effect on emission fall outside the the-
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FIG. 1. Field electron image of Zr islands in the vicinity of @1} cube
face d a W single crystal. The Zr, in an amount of about 0.1 monolayer,

Kontorovich et al. 411

at=(@1— Proom/AT, 5)

where ¢ and ¢,qom are the work functions at and T,gom,
respectively.

A similar calculation was done for new measurements of
D in AT intervals from 500 to 1000 deg and also for the
measurements dd made in Ref. 3, over intervals of 200—
400 deg. All of these calculations gave coefficients an
order of magnitude greater than the typical valuestpffor
metals, which lie around I0 eV/deg® For islands with
work functionse from 2.5 to 3 eV, forAT from 500 to 1000
deg the coefficientrr was —(1.6—2.2)< 10”4 eV/deg. For
islands withe from 2.5 to 4 eV, forAT of 300—400 deg we
obtainedar=— (3-7.5)x 10 * eV/deg.

In summary, it is those two-dimensional crystals of Zr
on W which undergo reversible two-dimensional phase tran-
sitions, exhibiting “nontheoretical” pre-exponential factors
in the Arrhenius equations, that have anomalously high nega-
tive coefficientsat . This confirms the idea that an important

was deposited on the W at room temperature and then redistributed bgole is played by the redistribution of bonds in the adatom—
heating to 1300-1400 K. The picture was taken at a temperature of the Wdatom adatom—substrate system as the crystal undergoes

tip of T=1000 K, at a voltagd/=3790 kV and an emission current of 40
nA. The scale is specified by the distance between centers ofOB®
faces, which was around 5000 A.

oretical range. An effect slightly in excess @f) was ob-
served both for the low-contrast islands~£4.2 eV) formed

thermal expansiofi This redistribution gives an appreciable
contribution to the lowering of the energy of the Zr—Zr in-
teratomic bonds in the two-dimensional islands as the tem-
perature is raised.

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

at low coverages in the initial stages of island formation and’if the change ofe with T is then taken into account, this will give only a
also for the overdense, continuous-looking formations small correction to the values of; presented at the end of this paper.

around the{001} poles at relatively high coveragg$.3
monolayer and higherA strong temperature effect was ob-
served for the islands with high contrast¢n(with ¢ from
2.5 to 3 eV, formed in the heating of the deposit from an
initial concentration of 0.05—0.15 monolayghis is the type
shown in Fig. }. For such island® exceeded the calculated
value, depending on the parametersk, andT, by a factor

of N, whereN varied from 1.2 to 4.9 in the cases recorded
here.

The excess growth dd was related to the lowering af
with increasing temperature, and for the known valueEof
the Fowler—Nordheim theofywas used to find the depres-
sion of the work functionet, and then by dividing the
change ing (A¢) by the temperature intervaAT=T
— T0om We obtain the temperature coefficient of the work
function:
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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 PhysidsS1063-785(19)02905-5

Papers in which dynamical systems are analyzed from 1) the functionu(t) is oscillatory;
one-dimensional time series as a rule have the goal of esti- 2) for simplicity we restrict consideration to the case of
mating the characteristics of the operating regimes of th@ne-parameter modulation, i.g«; = u;(t), wu(t)=const k
systems, specifically, to calculate the power spectra and mo=1, ... mk#j;
ment functions and to determine the geometric and dynamic 3) the parameters vary slowly not only in comparison
characteristics of the attractors, etc. One of the most compli-
cated problems is to predict the future behavior of the system
and to construct a mathematical model describing the evolu- 12.0
tion of its state(the problem of global reconstructipn a

An algorithm for global reconstruction of a dynamical
system from one-dimensional times series was first proposed
in 198712 In recent years the technique of modeling from
experimental data has been discussed in a humber of papers:
various modifications of the global reconstruction method
have been developéd?® and several original approaches to
the problem have been implemenfed.

Since most of the algorithms hitherto developed for solv- 0.0
ing the aforementioned problems are applicable to stationary
signals, it is ordinarily assumed that the time series is gener- 20.0
ated by a finite-dimensional dynamical system with constant
parameters,

dx/dt=F(x,;), xeR", pmeR™, (1)

in which the investigated processes are assumed stationary.
However, if real experimental signals are being ana-
lyzed, especially signals of biological origin, such an as-
sumption is not always justified, since the initial objects are -20.0
open systems, subject to the influence of the surrounding
medium. Such systems, on account of the presence of feed- 750
back, generally function in a regime of adaptation to changes
in the external conditions. The signals generated by them are
nonstationary, and the adaptation process can often be inter-
preted as a variation of the parameters of the system in time. c?
In this paper we consider the possibility of applying the *
technique of reconstruction to a one-dimensional time series
of a dynamical system with slowly varying parameters for
the purpose of determining the dependence of the character- 0.0
istics of the attractors of the systems on the values of the o t 20000

control parameters. FlG. 1 Modulat ‘i f the Rissl b
_ ; ; . 1. a: Modulation of the parameterof the Rassler system; b: corre-
Suppose thap' M(t) in the dynamlcal SySterm)' Let sponding time dependenaét); c: time dependence of the variance calcu-

us make several assumptions under which we will solve theyeq from the signalb) within a time window that is shifted along the time
stated problem: series.
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4 4
a b
y y
-4 4 FIG. 2 : Phase trajectori tructed fi hort t
-4 X 4 -4 X 4 . 2. a,C. ase trajectories reconstructed trrom short segments

of the time series in Fig. 1b and corresponding to lextedd?2 in

Fig. 1c; b,d: attractors of the dynamical systems reconstructed
20 20 from the given phase portrait. The parameters of the reconstruction
for Fig. 2 are as follows: a,b — dimension of the embedding space
n=3, the right-hand sides were approximated by third-degree
polynomials, and the coordinates were reconstructed by the
method of successive differentiatidhc,d — dimension of the
embedding space=4, the right-hand sides were approximated by
third-degree polynomials here also, but the coordinates were re-
constructed by the delay methoel — the power spectrum calcu-
20 X 20 20 X 20 lated from thex coordinate ‘of the lf&;sle_r system at the value of
the parameter corresponding to lewlin Fig. 1g f — power
spectrum calculated from the solution of the reconstructed model

0.0 0.0 system.
e f
S S
wha,
-70.0 -70.0 B
0.0 T 20 0.0 f 20

with the period of the base frequency of the oscillations of  We choose the time window for the signdlt) so as to
the system under study but also in comparison with the dube long enough to encompass several periods of the observed
ration of the transient processes, so that one can neglect thiene series but short enough that the parameters of the sys-
inertial properties of the system; tem can be considered approximately constant during this
4) the system does not exhibit multistability phenomenatime interval. We will determine the character of the para-
i.e., for identical values ofu it functions in the same dy- metric modulation. For this we will calculate the moments
namical regime. for segments of the time series inside a time window 50
These assumptions allow us to assume that at timegimensionless time units longncompassing approximately
when the parameters of the system take on the same valuegsperiods of the oscillationd’ By shifting the window along
the phase transitions belong to the same attractor. We W|the Signa'y we construct the time dependence of these mo-
discuss the meaning of the fourth assumption, which may nghents. Obviously a changeover of the regime of functioning
be necessary, below. _ . _ of the system will not lead to a change of all the moments
We note that we are analyzing only a time series genergimyitaneously. For example, for the time series in Fig. 1b

ated by a system with varying parameters and do not havge mean value does not change as the control parameter is

information about the concrete form of the evolution equa- 4 jeq. However, one can always find moments which will

tions of the system or about the character of the time depen .t to 4 changeover of regime, and for the time series under

denZe ofpe(t). le. | del the ai o ith th study the variance is one of tho$Eig. 19. The behavior
S an example, let us model the given situation with t €of this graph qualitatively reproduces the functi@(t)
well-known Rassler modef

(Fig. 1a.
dx dy dz Let us now consider two levels corresponding to two
G- —WF2, gTxtay, gp=btzx—o), different values of the variano@ig. 19, which, as we as-

sume, correspond to two fixed values of the parametém

a=0.15, b=02, 2 an actual calculation with real signals we will not know the
where the parametervaries in an irregular wagFig. 13 on  values of the control parameters of the system and will only
the interval*~? On this interval a transition occurs from a assume that each set of them corresponds to some value of
one-cycle to a regime of chaotic oscillations through a casthe moment. However, for the modeled situation we know
cade of period-doubling bifurcations. The relation betweerthat the lower levelline 1) corresponds to a one-cycle limit
the mean modulation period of the parameter and the basgycle, while the upper levéline 2) corresponds to a chaotic
period of the auto-oscillations(t) was chosen to be of the regime.
order of 1000:1. The observed time seri€¥y. 1b is non- We choose small neighborhoods of the poifite size
stationary. of the neighborhood is about one period of the oscillations
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in which each chosen level crosses the time dependence tdristics of the regimes of functioning of a dynamical system
the variance. We “cut out” the corresponding segments ofwith slowly varying parameters from a one-dimensional time
the time series for these neighborhoods and apply to therseries.
the standard embedding technique, e.g., the delay method or We note in closing that the technique described above is
the method of successive differentiatidit! The results of applicable under conditions where the system under study
the reconstruction of the phase portrait for such segments fatoes not exhibit multistability and the related hysteresis. If
the two different levels are shown in Figs. 2a and 2c, respechis is not the case, then the time dependences of the moment
tively. The segments of the phase trajectories do not “meefunctions will not reproduce the law of modulation of the
up” with one another and are rather short, but we assumparameters. However, since the moments characterize the re-
that they belong to the same attractthie regular and the gime of oscillations and not the values of the parameters, we
chaotic, respectively assume that this technique will permit reconstruction of the
Since the number of state vectors reconstructed by thisecessary attractors even in that case, but this question will
method may be quite small and, moreover, the reconstructegquire a separate detailed investigation.
segments of the phase trajectories do not “meet up,” the The research reported was supported in part by INTAS
application of the standard method of signal processing, sucGrant 96-0305 and by the Korolev Society of London.
as calculation of the autocorrelation function, power spec; _
trum, Lyapunov exponents, etc., to these data is problemati-1° calculate the moment functions of the random process one needs to
. . . know its distribution densities. However, by making the assumption that
cal. At the same time, employlng the teChmque of gIObaI the process under study is stationary over the chosen time segwent
reconstruction presupposes only knowledge of a set of stateissume that the oscillations occur at an attracémd ergodic, one can
vectors at discrete times and their time derivatifesre the replace the averaging over an ensemble of time series by a time average.

Iength of the signal may be reIativer sh)é?t“and does not For calculations to high accuracy in averaging over time it is necessary that
the time series be long. Here, with short time series, we can evaluate the

?mpose any req.UirementS on the Fon_tinUity of the. phase tra-moments only approximately, and that will lead to choppiness of the
jectory. Let us illustrate the application of the given algo- graphs of their “time” dependencéFig. 19.
rithm to the phase portraits shown in Figs. 2a and(tke
parameters of the algorithm are given in the captions ;J. Cremers and A. Hhler, Z. Naturforsch., A: Phys. Sck2, 797 (1987.

Figures 2b and 2d show the attractors corresponding to,’ E- gr’géggffng”g Bmi-r '\’F')%';‘/";‘msg' %’2’“2?1"7?3‘95;%7 (1987.
the re_co_nstructed models. Then, havmg obtained a dynam_|c G. Gouesbet and J. Maquet, Physic® 202 (1992.
description of the necessary regime, one can by numericalG. Gouesbet and C. Letellier, Phys. Rev4€ 4955(1994.
integration generate a phase trajectory of arbitrary duratiorR. Hegger, M. J. Boner, H. Kantz, and A. Giaquinta, Phys. Rev. L8t
and calculate from it the characteristics of the attractors byif%/‘jffgﬁ 4 3. Kurths, Phys. Lett 284 336 (1997
standard algorithms. In particular, the maximum Lyapunoveg g gisler, Phys. Lett. éi 397(1976. '
exponentA; calculated for the chaotic attractor of the °N.H.Packard, J. P. Crutchfield, J. D. Farmer, and R. S. Shaw, Phys. Rev.
Rossler system by the method of Ref. 14 for=8.0 and 10Lett- 4:(5, 712(1980. | 4 Turbul « 19bted

; ; ; F. Takens, irDynamical Systems and Turbulence, Warwick 1 e
EorreSpondmg to Ie:/Q :n II:I% ;'c:)’ htEP:S a Value&o'gf% ]:I'he th by D. Rang and L. S. Youn@Vol. 898 of Lecture Notes in Mathematjcs
yapunov exponent calculated by the same metnod Irom € gpringer-verlag, Berlin, pp. 366-381.
equations of the model system obtained for leelis 113, L. Breeden and N. H. Packard, Int. J. Bifurcation Chaos Appl. Sci. Eng.
~0.052, somewhat less than its “true” value. For compari-124A, 3;111;’19?‘9- By 4V, S, Anishohenko. Pi 21 Tekt
. . . N. Paviov, N. B. Yanson, an . S. Anishchenko, Pis'ma . lekn.
son, in F|gs_. 2e and 2f we show the power spectrg of the Fiz. 23(8). 7 (1997 [Tech. Phys. Lett234), 207 (1997)].
initial chaotic attractor Of. syster2) and of the chaotic at- 135 N. paviov, N. B. Yanson, T. Kapitaniak, and V. S. Anishchenko,
tractor of the corresponding reconstructed system. Pis’ma zh. Tekh. Fiz25, No. 10(1999 [sic].
. - . 14 . . .

In summary, with the multiwindow reconstruction pro- Al-gvg’o'f' J. B. Swift, H. L. Swinney, and J. A. Vastano, Physicd § 285

cedure discussed in this paper, by shifting the straight lines (1985.

and?2 in Fig. 1c one can track the evolution of the charac-Translated by Steve Torstveit
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The condition of minimum entropy production has been used previously by the dateiYu.

V. Vandakurov,Proceedings of the SOHO 6/GONG 98 WorkshBpston(1998, Vol. 1,

pp. 567-571,Conference on the New Activity Cycle of the $imRussian, St. Petersburg,
Pulkovo (1998; zZh. Tekh. Fiz.(1999 [in presg] 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[S1063-785(0109)03005-7

It is known that many of the phenomena observed on thequilibrium configurations for different values of this param-
Sun are magnetic-field related. It is generally believed thaeter.
the magnetic fields are generated in the interaction with a However, when the other modes responsible for excita-
differentially rotating plasma, although the mechanism oftion of slow meridional flows of the medium are included
generation still remains unknown. In this regard it is of in-a@mong the variables to be varied, an unexpected result
terest to take a new approach to the problem of studying an§Merges: Despite the snlall value of the meridional velocities
directed motions of the medium in the stellar convective(in the case of minimune investigated here they were less
zones, an approach based on the use of the minimum prof?an 10 cm/s, which is 4 orders of magnitude less than the
erty of the entropy productioli® Essentially, in the case of equatorial velocity of the solar rotatigntheir influence on
an adiabatic convective zone the main for@aesr unit mass  the distribution of the minima of turned out to be extremely
are potential forces, and therefore the solenoidal componengibstantial. While rough calculations attest to the existence
of such forces as the Coriolis or magnetic force must bedf many such intervals o& within which e decreases quite
counterbalanced by the corresponding component of the vistrongly, when the boundaries of these intervals are refined
cous force. In particular, an order-of-magnitude estimatdhey “smear out” and vanish altogether, except for a single
shows that in order to maintain the observed solar rotation jgolution with the minimuma=1, corresponding to rigid-

is necessary to generate a very strong turbulent viscositP0dy rotation of the medium. This “smearing out” of the

exceeding the molecular viscosity by 14 orders of magni-m'nima can also occur in the absence of meridional flows if

tude. Since viscosity is a source of entropy production, théh‘:;f,”!Jm?e”\‘ of”eflfectr:vely mterﬁctmg rotqnonaldm(;d(;s IS
latter is markedly increased. sufficiently small. In that case, however, instead of the ex-

The hypothesis that the interaction with the convective” ected minimum we usually obtain an extremely close to

motions causes the distribution of the rotation in the convecneutr‘?II Stat? w ith a small .ValLE(a)%COﬂSt' .
Since rigid-body rotation of the convective zone does

tive zone to be established in accordance with the condition . . CL
. . o not agree with the data of solar observations, in finding states
of minimum entropy production, i.e., the condition of small-

— —. : . . - with minimum values ok we are forced to take into account
este (wheree is a d|.mens_,|0nless quantl_ty characterizing thethe current motions leading to generate of the magnetic field.
average turbulent viscosity of the medium over the CONVeCyyq regprict consideration to a steady-state equilibrium model
tive zong, can be used to find, among the many possible;it, 5 toroidal magnetic field that is antisymmetric about the
solutions, a solution which satisfactorily describes the obgqyatorial plane. Such a symmetry of the field follows from
served latitude distribution of the solar rotatibri.The char-  the aforementioned observational data. Our problem is to
acteristic radial gradient of the rotational modes, which isfind the values of the coefficients of an expansion of the field
proportional to a certain quantity, is also determined. Here B and velocityv in a series in vector spherical harmonics, by
and below we assume that the dependence on the ratbus  minimization ofe. As in Ref. 3, we consider the problem in
all the modes with dimensions of velocity is given by a fac-the approximation of a thin convective zone, where the radial
tor r%, wherea=const. For the investigated rotation of the dependence of the hydrodynamic and Ativeelocities are
medium the parameter is close to unity, i.e., the rotation is assumed to be proportional to const, and the equilibrium
close to rigid-body. It is convenient to study the variousdensity p is written approximately as const #, where a

1063-7850/99/25(5)/3/$15.00 415 © 1999 American Institute of Physics
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and 8 are constants. In this case the toroidal coefficient offABLE I. Model parameters
the fieldB'Q) is equal to consr (=412,

Model No. 1 2

_ It_ is not hard to show_ that whep the to_roidal magnetic \,moer of modes 4 4
field is taken into account in the basic equati¢@sand(10)
J : 10 50
of Ref. 3, only th.e term&J1J2 in Eq. (10 ofJ that paper will 1295010 1201355
change, and it will be replaced WJljz—Hlez. Here u, 1 1
; e 231 1 (0).(0) Us —0.0535370 —0.0534743
— 1 _ —
A3, =[(a+ D172y 5+ ZallzJ“.,z]leovJ20 () us 0.0119636 0.0115274
uy —0.0033672 —0.0026194
and b, 0.0295428 0.0150941
by 0.0151412 0.0052541
H3. 5. =[(a+1-BI2)1%Z] ; be 0.0084693 0.0023948
e 2 bs 0.0046572 0.0010049
253 0) p(0 e 6x107° 9x107°
+2a11Z)} 1BIRBYY (47p), 2 e

and the rest of the notation is the same as in Ref. 3. In the
case of a rotation of the medium which is symmetric about

the equatorial plane and an antisymmetric field distribution19- 1 represent experimental data obtained by Doppler
the coefficientsl; andJ, in Eq. (1) are odd, while in Eq(2) measurementsThe helioseismological results of Birch and

they are even. Then the numbkis even. For the discussion Kosovichev®” which pertain to depths with relative radius

that follows we introduce the notation greater than 0.96, are shown by the vertical bars, the lengths
). (0) (=1ri(0) of which characterize the scatter in the data. It is seen that
Uj=Ugk-1=0v50 vig,  fa=fa=v5e Iivig], the theoretical curves satisfactorily describe the observa-

(0 0 12 tional data, and they may also explain the recently observed

bJ_bZk_BSO)/[U(lO)(A'Wp) 1, ©® strong decrease of the angular velocity of rotation at high

wherev(l%)= —irQ(8=/3)'2 kis equal to 1,2. .. N, with latitudes. We note, by the way, that the curves shown in Fig.

N the number of mode&he same for all variablgs() is a 1 are rather close to the curve corresponding to the nonmag-

real quantity which would be equal to the angular velocity ofnetic case foN=5 anda=1.27914.

rotation if only the first rotation mode were nonzero; the

numberJ is expressed in terms &fin accordance with the

parity that follows from Eq(3). ' ' ‘ ' ' ' T
We assume thdll and 8 are known quantities, and we

set out to find those values of the coefficients f;, b;, 1.0

anda for which e reaches a minimum. The actual procedure

of finding the solution is similar to that described in Ref. 3,

only a larger number of coefficients are varied. Among the

possible configurations we pay particular attention to those

which characterize rotation similar to that observed on the

Sun. In other words, only models that are rather close tog/0

rigid-body rotation are considered. €
It turns out that in the presence of a magnetic field the

aforementioned “smearing out” of the minima vanishes, and 08

a transition to a neighboring solution will occurdf changes

by approximately 2%. Two computational models whkh

=4 and =10 and 50 are given in Table I. For the solar

model of Guentheet al.* at these values oB the relative

radius (in units of the solar radiysand the density of the 0.7

layer under consideration are equal to 0.85, 0.04 §/amd

0.96, 0.004 g/crh respectively. The coefficients of the radial

velocity f; are not given in Table I, since they turned out to

be zero. In contradistinction to this, the field contribution

09

L 06 - i
almost completely counterbalances the contribution due to
the rotation of the mediurtreplacing the field by zero would ' l
increasee to a quantity of the order of I%). We also note o 20 0 elo ' 8'0
that the sign of the field is arbitrary, i.e., the sign in front of Latitude, deg

all the coefficientd; can be changed to the opposite.
The latitude dependence of the angu|ar Ve|ocity of rotaF!G. 1. Dependence on latitudgn degrees of the angular velocity of

: : : -+, totation(), normalized by the angular velocify, at the equator, for models
tion, eXpressed as aratio to the equatonal angular VeIOCIty’ : and 2 of Table Kthe solid and dashed curves, respectiyelhe crosses

shown _in Fig. 1 by the solid curve and the dashed CUI'V€and vertical bars represent the experimental results of Ref. 5 and Refs. 6 and
respectively, for models 1 and 2 of Table I. The crosses irv, respectively.
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have normalized by the equatorial velocit{),. The maxi-
mum values of the field for the same models 1 and 2 are
approximately 8 and 1 kG. It is seen that the equilibrium
magnetic field increases with depth and can reach values of
15 kG in the deepest layers of the solar convection zone.
These field values are not inconsistent with the fact that the
induction in bursts of the solar field is considerably less than
10 kG.

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

This study was done with the financial support of the
Fund of the St. Petersburg Education and Science Center of
the Ministry of Education of the Russian Federation and the
Russian Academy of Sciences for “Electrophysics of High-
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. €999 American Institute of Physics.
[S1063-785(09)03105-3

INTRODUCTION such experimentswhich used an infrared FEL with wave-

length tunable over the interval 3.5-7.n. The peak cur-

Coherent, frequency-tunable sources of gamma and ¥ of the linear rf accelerator was equal to 100 A in an
rays are needed for various applications. Such SOurces Mayactron micropulse 8 ps long. A macropulse/dd long was
find use for research in solid-state and nuclear physics and ifjjeq with micropulses separated by 16 ns, so that the optical
medicine, both for diagnostic purposgsmographyand for oy 4.8 m long, contained 2 micropulses of the electron

precision_irradiation of tumors, since coherent radiation isand (accordingly light beams. The collision of the electron
more easily focused and better absorbed in the place Whererﬁicropulse ¢/~ 100) and backward-propagating light micro-

is needed. pulse at the center of the cavity led to the generation of x

The possibility of generating coherent gamma and x MAtays with energy in the range 7—14 keV.

diation in the inverse Compton scattering of laser photons on * 14 gecrease the absorption of the hard radiation, one of
a relativistic electron beam was first analyzed in Refs. 1 an¢he mirrors of the cavity was made of beryllium, and the
2. The wavelengthx of the hard radiation foy>1 is given  centra| part of the mirror, a region 12 mm in diameter, was
by the expressich thinned down to 1.7 mm. To decrease the loss of infrared
AL radiation the surface of the beryllium mirror was additionally
A= —— (149267, (1)  coated by a layer of gold 10@m thick.
4y In Ref. 5 the number of gamma rajs; was estimated
where), is the wavelength of the laser radiatiop,is the ~ from the approximate formula
electron energy in units afnc?, m and ¢ are the electron
mass and the speed of light, respectively, @nd the obser-

vation angle measured from the direction of motion of the ) ,
electron beam. whereK=0.938B[ T\ (cm), By is the peak field of the

In Ref. 4 it was proposed for the first time to use intra- €/€Ctromagnetic wavegg, is the wavelength of the free-

cavity inverse Compton scattering of free-electron lasef!€ctron lasemN is the number of periods of the electromag-
(FEL) radiation on the beam electrons of the laser itself for"€tic wave,d is the observation angle in mrad, aqds the
generating frequency-tunable gamma rays. Not only coul§"arge of the electrons in nC. SinkéoJgg (W/cn?) andN
the hard radiation be tuned in frequency over a wide rang& Proportional to the length of the wave, it follows iy is

but would also be polarized. The frequency of the gammdroportional to the laser energy and not to the peak power.
radiation is given by the following relation, which is a gen- F_or the given p_arameters a calculation according to Eq.
eralization of Eq/(1): (3) gives the following values for the number of photons of

the hard radiation: 4x 107 for a micropulse, X10° for a
L K2 macropulse, and>$10° s~ ! for a macropulse repetition rate
AX~F(1+7 (1+ 526, 2 of 25 Hz.

Y The experimental results obtained in Ref. 5 turned out to
whereL is the period of the undulator arklis the undulator be around an order of magnitude lower than the quoted num-
parameter. bers, and the shortfall was attributed by the authors mainly to

Since that time there have been several demonstratioa decrease in the intracavity intensity on account of degrada-
experiments which have confirmed the main theoretical estition of the gold coating by the high-power infrared radiation
mates. Let us discuss in greater detail one of the more recefthe loss per pass reached 6é&fid also to the partial absorp-

Ny~22.NK?y?6%q, ©))
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FIG. 1. Schematic illustration of the generation of gamma
rays in inverse Compton scattering in a crossed fluted cav-
ity of a free-electron laserl — mirror, 2 — interaction
region.

vyo

tion of the hard photons in the cavity mirror. We note alsohole will not affect the intensity of the intracavity radiation,
that for prolonged operation there is inevitably additionalsince it does not increase the loss of the fundamental mode,
degradation of the mirror surface by the hard radiation in theon account of its annular distribution at the surface of the
region of the maximum laser field, which would obviously mirror;
increase the intracavity losses still further. — to increase sharply the intracavity radiation intensity
and, hence, the intensity of the hard radiation through the use
of cooled optics, for example, since the thickness and con-
struction of the mirror do not affect the intensity of the hard
In this paper we propose to use a crossed fluted dality radiation emerging from the cavity, as it does for conven-
as the optical cavity of the laser for the generation of gammaional cavities;
rays in intracavity inverse Compton scattering in a FEL. This ~— to eliminate the degradation of the mirror surface by
eliminates the difficulties mentioned in Ref. 5, making it the hard radiation, since the hard photons do not touch the
possible to increase the intracavity power and the intensity ofurface of the mirror, so that the service life of the device is
the hard radiation substantially while avoiding the losspractically unlimited.
of gamma rays in passage through the cavity milisze

MAIN IDEAS

Fig. 1.
CONCLUSION
Let us briefly recall the features of the crossed fluted
cavity (CFO) device’ Unlike ordinary fluted cavities, the Let us emphasize that the advantages of using a crossed

geometric generator of the concave mirror in revolutionfluted cavity in a high-power FElthe relatively high inten-
around the symmetry axis of the CFC is inclined at a smalbity of the hard radiation and the long service )lifaake it
angle to this axis. As a result, the intersection zone of thdikely that a source of coherent tunable hard radiation can be
rays propagating between the mirrors of the CFC occupies huilt for solving specific problems in both fundamental and
central region of significant length, which is bounded by theapplied physics and for novel medical applications.
outer caustic surface. At the mirrors these rays uniformly fill ~ The authors thank J. M. J. Madey and E. Szarmes, Uni-
an annular region. For such a structure of the field the pres<ersity of Hawaii at Manoa, for interest in this study and for
ence of a central hole in the mirror does not materially affecé stimulating discussion.
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