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A one-dimensional two-parameter map whose behavior on the plane of control parameters
qualitatively reproduces the dynamics of a flow system — an rf oscillator describable by a system
of three ordinary differential equations. It is it is shown that that the behavior of the map

largely coincides with that of the flow system and is also similar to the results of a previous
experiment on the rf oscillator. €998 American Institute of Physics.

[S1063-785(08)00109-9

A tunnel-diode oscillator has been constructed, investispecified continuous function depending on two parameters
gated, and described by Kiashko, Piko¥skiand in such a way that, as the values of theses parameters were
Rabinovich!~ Physical experiments and numerical simula-varied, the map constructed would exhibit dynamics analo-
tions by those authors showed that this oscillator exhibitgous to the dynamics of an oscillator with a piecewise-linear
chaotic oscillations. The experiments of Ref. 4 produced the@nalog of a tunnel diode.
first detailed map of the dynamical regimes on the plane of The map described above belongs to a fundamentally
the control parameters — the damping rate and nonlinearitpew class of maps:
parameter — which showed the route to chaos and the pat- X 1= F (&%) 1)
tern of the transitions between the different types of LT e on s
complex-periodic oscillations as the control parameters ardhe essence of this type of map is that one of the parameters
varied. The same system, but with the real tunnel diode reon which it depends is the angle of rotatiprof the graph of
placed by a piecewise-linear analog implemented by meari§e map about some reference pding.,(0;0), as in the case
of an operational amplifier, was studied in Ref. 5. It wasunder discussion At a zero angle of rotation the map de-
shown in the course of numerical simulations and physicascribed has the form
e.xperiment_s that replaci.ng the ngnli_near element by its fole,X)=Y1(X)a(Yal&,X) = y1(X))
piecewise-linear analog did not qualitatively alter the dynam-
ics of this system. +Ya(e,X)o(y1(X) —ya(e,X)), (]

It should be noted tha}t the description of this system WaS here the functiong;(x), ya(s,x) are defined as
based on a flow model, i.e., the base model chosen for this
description is a system of ordinary differential equations. On  Y1(X) =125, (©)
the other hand, in Refs. 6 drv a map was proposed, based
on the initial differential equationghe tunnel diode charac- Ya(e,x)=2.85/(045+e)"+(x~0.857°-0.3, “)
teristic was approximated by a piecewise-linear functionand o(x) is the Heaviside step function. Despite the super-
which, however, was much more idealized and less like thdicial awkwardness of the form of ma), the principle by
real characteristic than that described in Ref. which in  which this map was constructed is quite transparent:(8q.
spite of the fact that it was of an implicit form, permitted a describes the linear part of the map, which corresponds to
clear explanation of the essence of the processes occurring fimding the flow system on the branch of the characteristic
the system. However, the question of the degree to which thef the piecewise-linear analog of the tunnel diotkee
behavior of this map repeats the behavior of the flow systenRef. 5; Eq. (4) is a branch of a hyperbola and corresponds to
on the plane of control parameters was not considered ifinding the oscillator on thgg branch of the characteristic,
detail. and the step functionr(x) matches them at the crossing

In the present paper we propose a one-dimensional twgoint and ensures the continuity of the functi¢®). The
parameter map which is a discrete analog of the aboveaumerical values in relation8) and(4) have been chosen so
described oscillator with a piecewise-linear analog of theas to make the dynamics of the map similar to the dynamics
tunnel diode. It should be noted straightaway that this map isf the initial flow system.
not derived from a system of differential equations describ-  Now, to obtain a one-dimensional map for another value
ing the dynamics of the oscillatbbut rather is devised. It of the parameterp, one must rotate the graph of the map
should be stressed that such an appro@ecte of devising about the origin by this angle. It is clear that for any
discrete maps that are analogs of real physical systems witiotation anglee#0 the mapf (e,x) cannot be written in
continuous timghas become more and more widely used inexplicit form (in the general cageMoreover, it is not hard to
recent year§® The map proposed in Ref. 7 was chosen assee that when the map is rotated, it is entirely possibly that
the base, which was then approximated by an explicitiythe functionf (&,x) will become multivalued. In that case:
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FIG. 1. a: Chart of the regimes on the plane of the control
parametersp and e for map (1); Ch. denotes chaos. Since a
change in the resistanaein an oscillator with a piecewise-
linear analog of a tunnel diode corresponds to a nonlinear
: change of the rotation anglg, the regimes of the parameter
-0.54 -0.8 on the chart are plotted on a nonlinear scale; b: chart of the
regimes of oscillation of an oscillator with a piecewise-linear
(1:2) 20 3:40 (0 analog of a tunnel diode on the plane of the control parameters
(R i b 6 and e, obtained in a numerical simulatiofCh. denotes
chaosg. The parametei is actually the dimensionless resis-
tancer, and the meaning and numerical values of all the other
parameters for which this chart was plotted are given in Ref. 5.
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1. One can investigate the behavior fof(e,x) as the One of the main control parameters in the oscillator with
behavior of a hysteretic map. Maps of this kind, whosethe piecewise-linear analog of the tunnel diode is the value
graphs possess multivaluedness, have a real “physical” basf the resistance that is essentially connected in series with
sis. the diode> Then the diode and the linear resistancean be

2. One can consider the behaviorfof(e,x) as that of a  regarded as a single nonlinear element whose current—
single-valued map by choosing some one branch of the fungyoltage characteristic for=0 is the same as that of the
tion, as was done in the present case: if at some valihe  giode (which, however, has its own internal resistande
mapf ,(&,x) can have two values, corresponding to branche§um' the form of the mag1) will be determined by the
y1(X) andy,(e,x), then one chooses as the value ofe,X)  characteristic of just this “virtual” nonlinear element. It is
the minimum value, corresponding to brangj(e,x). easy to see that as the resistamcicreases, the current—

What is the physical essence of a rotation of the graph of ,aqe characteristic will be rotated clockwigeonse-
auently, the rotation angle will be negative and distorted.

a map, and which parameter of the flow system changes i

correspondence with the change in the rotation aggleOf Since we are talking about only a qualitative correspondence

course, since the tunnel dIO@ Its p|ecev_V|se-I|near analpg between the behavior of the map and the dynamics of the
is the only nonlinear element in the oscillator, all the behav-

: . .~ system, we can to a first approximation neglect the distortion
ioral features of the flow system will be largely determlnedof the current—voltage characteristic of the nonlinear element
by the properties of this nonlinear element. It is clear that the urrent=voftag ' st inear

discrete map should convey an impression of the nonlinea(rCOnSIStIng of the diode and resistand, henc_e, the dlstor-_
of the map(1) and assume that the rotation is the main

element of the system. In essence, as it happens, one ne ok

only glance at the graph of the map proposed in Ref. 7 to sedominant factor determining the properties of the system. Of

the similarity between this map and the current—voltagee©Urse, this is only an assumption, but, as we shall see from
characteristic of the tunnel dioder, again, of its piecewise- the discussion below, this assumption is justified to good
linear analogy If as the variable whose observed values will accuracy.

be used to construct the one-dimensional map one choses the By analogy with the classification of the regimes of an
current flowing through the diodé doesn’t matter whether Oscillator containing a piecewise-linear analog of a tunnel
this is the tunnel diode or its analpgthen the one- diode(see Ref. } the oscillatory regimes of are identified by
dimensional map illustrating the dependence of, say, the lotwo integers (n:n). The first integem denotes the number
cal maximum of the current at thrgh step on the maximum of points of the sequende}|r- T (this sequence is actually
value in the previous,n(—1)th, step, the current—voltage the period of the oscillations of the discrete m#pat lie on

characteristic of the diode will be qualitatively reproduced. the linear part of the mafl); this number corresponds to the
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127y ) linear analog of a tunnel diode. The numberin turn is

defined as the number of points of the same sequence which
lie on the second segment of the mdp; it corresponds to

the total number of turns of the phase trajectory of the attrac-
tor that protrude into space, for an oscillator containing a
\ ? piecewise-linear analog of a tunnel dictfe.
_) As we see from Fig. 1, the similarity of the dynamics of
oy 125 25 the flow system and discrete map turns out to be extremely
5 good. The chart of the regimes of the map reproduces not
fox) only the base cyclesnf:1), m=0,1,2 ... butalso the win-
dows of periodicity in the regions corresponding to chaotic
oscillations. One can also clearly discern for the discrete map
the scenario of the transition from periodic to chaotic oscil-
A lations. An example of this scenario based on ¢hel) re-
gime is illustrated in Fig. 2.

a5

v — ’,5 Thus the proposed mdj) gives good qualitative agree-
s ' - ment between the behavior of an oscillator with a piecewise-
Jixe) linear analog of a tunnel diod8ow system and the dynam-

ics of this map. It seems extremely promising to employ
discrete-map analogs of the méh described above in the

qualitative study of flow systen{gn which one of the control
4 parameters is the dissipation parametend, in particular,
for constructing a chart of the regimes on the plane of the
X, control parameters.
00 125 25 In closing, the author expresses his deep gratitude to

A. A. Kipchatov for interest in this study, for much valuable
advice, and for fruitful discussions.
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It is shown that in the analysis of an avalanche processgrraheterojunction it is necessary,

as a rule, to take into account the multiplication of carriers in the wide-gap part of the
space-charge region of thee-n heterojunction even when the difference between the band gaps
&y in the narrow-gap and wide-gap layers is large, in spite of the fact that the impact
ionization coefficients for electronsyj] and holes f=Ka) in a semiconductor decreases sharply
with increasingg,. © 1998 American Institute of Physid$51063-785(08)00209-2

According to the well-known Sze—Gibbons expres&fon 1. in passing through the heterointerface=() the car-
for an avalanche breakdown voltaye= Vg of an asymmet- riers can acquire energy on account of the jump in the energy
ric (sayp—n") junction, the breakdown fielHg of the junc-  of the bottom of the conduction band£., or of the top of
tion, i.e., the corresponding value of the electric fielck) at ~ the valence band\&, (Fig. D.

the metallurgical interfacex(=0) of thep—n* junction can 2. As a rule, en>ey (Refs. 12—-18 and therefore
be determined, for a specified dopant concentraan the  E,,/Ey=¢&y/eyw>1, whereEy andE,y are the fields at the
p layer, from the condition heterointerface in th&l andW layers(Fig. 2).
4 6 8 3. The breakdown field of the—n heterojunction should
B(s.6. N.Eg)= S5e0e 1_1> Es E:l (1) s be affected by the difference in the concentrations of
g B 6q10°/ \ &/ \10°) N 7 dopantsNy and Ny, in the narrow-gap and wide-gap layers,

respectively.
wheree is the dielectric constant. Here and below we adopt Suppose that the curredtthrough the heterojunction is
the following units of measurement, which are convenient,itiated by the currentl,; of minority carriers(electron
for this topic? energy(eV), electric fieldE (V/cm), electron leaking into the space-charge region of théayer (Fig. 1.
changeq (C), permittivity of free spaces, (F/m), @ andB  Thjs assumption, as analysis shows and as one would expect,
(1/cm), mean free patha. and A, of electrons and holes qoes not affect the breakdown fields is also the case for
between scattering events on phondas), and concentra-  homojunctions; see Refs. 2—8 and 17. Most likely it is either
tion (cm ). Relation (1) does not take into account the the case that only carriers of one type acquire an energy
multiplication of carriers in then™ layer; this simplification  jncrementA& upon passage through the heterointerface or
is justified by the fact thaE(x) falls off more rapidly with  gse the incremenA & for the carriers of the other type is
depth in then™ layer than in thep layer and by the sharp mych less than the ionization threshold enefgyRefs. 14—

field dependence of(E) and B(E).""in Refs. 7 and 8 1¢) Therefore, let us assume for the sake of definiteness that
the multiplication was taken into account in both parts of thej; s only the holes that undergo this additior@on-field-

p—n junction. The electron and hole multiplication coeffi- rg|ateq jumplike heating(Fig. 1). We write
cientsM, and M, depend sharply oy (Ref. 9, as does

(for V=Vjg) the interband tunneling current, which is sub-
stantial even in structures with values &f that are not
small®%!l This is the case, for example, in the
INP/Iny 4G a 4As heterostructures that are widely used inwhereJ™'") andJ('Y) are the electron and hole currents in
optical communication$. theN andW layers,J;q, is the total(net current of holes that
Sincea andpg also depend sharply ofy (Ref. 1-6, the ~ cause impact ionization immediately after crossing the het-
breakdown fieldEYY of a p—n heterojunction can be deter- erointerface and of holes that have arisen as a result of im-
mined to a certain approximation by substituting the parampact ionization; in this case their energyis close togg'\‘);
eters of the narrow-gap layer into Ed) (the parameters of Jp,(0) is the current of holes that enter tNelayer ballisti-
the narrow-gapN) and wide-gap V) layers are denoted by cally, which either collide with phonons at a distance of the
indicesN andW). However, the degree to which th'é layer  order of)\ﬁN) or, as they are heated by the field, bring about
influences the value dE(" and hence the carrier multipli- impact ionization.
cation coefficients has not been analyzed before. In the Letr be the fraction of the hole curredﬁ,"")(O) due to

INWx)=3=INW(x),  IN(0)=Jignt Ipal(0), ()

present paper we give the results of such an analysis. holes which, on account of the jump #,, cause impact
The problem is of interest physically for the following ionization at the poink=0 of the narrow-gap part of the
reasons: space-charge region. This means that
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FIG. 1. Ratios=EZ/ESY of the breakdown fiel&{" in the narrow-gap
(N) part (p type) of GaAs/Ge and GaP/Ge-n heterojunctions to the value
EQY of the breakdown field calculated without taking carrier multiplication
in the wide-gap V) part (n type) of the heterojunctions into account, plot-
ted as a function of the dopant concentratipin the N layer with the use  FIG. 2. Carrier multiplication coefficientsl in GaAs/Ge and GaP/Ge-n

of the Wolf (W) and Shockley(Sh) approximations of the energy distribu- heterojunctions as functions of the multiplication coefficibhy calculated

tion functions of the carriers, respectively. It is assumed that the dopanwithout taking into account the multiplication of carriers in the wide-gap
concentration in th&V layer isNy,= 10'® cm™3, that the mean free pathy, (W) part (n type) of the heterojunctions. W and Sh are the Wolf and Shock-
between scatters on phonons i 807 cm in Ge, 410~ 7 cm in GaAs, ley energy distribution functions of the carriers, respectively. It is assumed
and 3.5¢ 107 cm in GaP(Ref. 5), that the ionization threshold energy for that the concentration of the dopants in iNeandN layers are 18 cm™3,
holes in germanium i€ \"")=1.3 eV(Ref. 5, that the jumpA&, of thetop ~ while the remaining parameters have the same values as in
of the valence band at the metallurgical boundaey 0) is 0.7 and 1.44 eV~ Fig. 1. The inset shows an illustration of the electric fi#dx) in the

for GaAs/Ge and GaP/Ge-n heterojunctions, respectivel§,and that the ~ space-charge region, whet€y and %, are the thicknesses of the space-
ratio K= 8/ a of the impact ionization coefficients for holeg) and elec-  charge region in thél andW layers of thep—n heterojunction, respectively.
trons () is equal to 2 in G&%?and to 1 in GaAs and GaPThe inset shows

the band diagram of thp—n heterojunction in the working regime, where

“n and %, are the thicknesses of the space-charge regions iN tued W

layer of thep—n heterojunction, respectively. MQM: (I\/IQN)— 1)%M LN) . (5)

For a number of semiconductors, e.g., for Ge, Si, InP,

Jion= 2rJ§1W)(O), Jbal(O):(]__r)JEIW)(O), IngsGay 4/AS, GaAs, and GaP, an app_roximate relation
holds betweenr and 8 (Ref. 19. That relation can be used
IV (x) = %IM(0), (3)  to derive numerical expressions fot, and M;, in a p—n

homojunctioff which are in quantitative agreement with the

_ _ —1(N) _ 1(N) i
=1+r+ = . . . ;
rr\:zetrgt:l in%:rerme(nlt tor)tﬁ’e g j??égf?”) (‘)]5 (aitl;ine‘z]g a(tole oII?s earlier results of numerical calculatidisand experimental
. ; " data?!~® Following Ref. 8, one can use this relation to ob-
tancex; from the heterointerface much less than the thick-__.

ness of theN part of the space-charge region, due to ioniza-

tion by holes of the initial cu_rremlba|(0), conditions being _ MW Kw(Ew)—1 M Kn(En)—1 5

such that the maximum possible energy that can be acquired e TKuw(Ew)—Gu’ h T K(En)—Gu °N° (6)
o > . w(Ew) —Gw n(En) — Gy

by the carriers in the electric field over the lengthis far

from sufficient for impact ionization. Therefore, we can WhereKy \(E) is the ratio ofg3 to « in the N andW layers,

write? 818that and

I=MMIN (x) + MM 3= MM I (0), @ Gyw=exp(@(enwiEy " iNnwi Enw) IN(Knw(Enw)) -

whereMg‘\‘HW) are the electron and hole multiplication coef- @
ficients relating to the passage of these particles through the To determine the possible values »fit is sufficient to
N or the W part of the space-charge layer. It follows from consider the Woff’ (W) and Shockle$f(Sh approximations
relations(2)—(4) that the breakdown field is determined by for the energy distributions of the carrigithe limiting cases
the equation of strong and weak fields®29.
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Using a factorized finite-volume method of solving the was proposed to determine the Cartesian projections of the
Reynolds equations closed by a two-parameter dissipativeector source term and then to project it onto the axes of a
model of turbulence, we analyze the lowering of the frontalcurvilinear coordinate system. In the discretization of the
drag of a cylinder containing vortex cells when the boundaryconvective terms of the transport equations of the turbulence
layer is controlled by utilizing provisions for the suction of characteristics, we used both the aforementioned Leonard
fluid at the central shaft of the cell. scheme and also the UMIST scheme, which is a modified

Methods of decreasing the drag of a profile by control-TVD schemé
ling the turbulent boundary layer by the blowing and suction = The proposed computational model is based on the con-
of fluid in the wall layers are well known in aerodynamics. cept of splitting according to physical processes and is
For practice purposes, however, these methods have not bemnplemented in the SIMPLEC pressure-correction proce-
developed very far. The growing interest in vortex traps ondure. The characteristic features of this iterative algorithm
curvilinear surfaces of objects has stimulated the use of suare that the provisional velocity components for the “fro-
tion of the fluid as an instrument for intensifying the flow in zen” pressure and turbulent-viscosity fields are determined
these traps. at the “predictor” step and the pressure is subsequently cor-

In the present study we employ numerical simulationrected on the basis of a solution of the continuity equation
methods to pose and solve the related problem of the influwith corrections to the velocity field. The computational pro-
ence of large-scale trapped vortex structures on the turbuleeess is devised so that in one “predictor” step there are
flow of an incompressible viscid fluid around an object andseveral local iteration steps in the pressure-correction rou-
on the aerodynamic drag of an object of classic geometry —tine. Then, in solving the transport equations of the turbu-
a circular cylinder — for different positions of a circular cell lence characteristics the turbulent vortical viscosity is rede-
with respect to the center of the cylindéfig. 19. The vor-  termined. The computational procedure utilizes the method
tex cells under discussion have a central shaft of the sam&f global iterations over subregions with a subsequent inter-
geometry, with provisions for suction of the fluid over the polation of the dependent variables in the zones where the
entire contour of the shaffFig. 1b and 1¢ subregions overlap.

The algorithm that was devised is based on the finite- The choice of a centered pattern with the dependent vari-
volume method of solving the Reynolds-averaged Navier-ables referenced to the center of the computational cell is
Stokes equations closed with a high-Reynolds two-parametenotivated by the fact that it tends to simplify the computa-
dissipative model of turbulence, utilizing the concept of de-tional algorithm and reduce the number of computational
composition of the computational region and the generatiomperations. In this approach the pressure oscillations are
in substantially different-scale subregions of overlappingeliminated by the Rhee—Chow approach. A high stability of
multigrid oblique-angle meshes of the same tyyie., of the  the computational procedure is ensured by the use of single-
O type). The system of initial equations is written in diver- sided counterflow differences for discretization of the con-
gence form for the increments of the dependent variables: theective terms in the implicit part of the equations for the
covariant components of the velocity and pressure. Such aincrements of the unknown variables, by the damping of the
approach is characterized by a more exact representation nbnphysical oscillations through the introduction of artificial
the flows through the faces of the computational cells. diffusion in the implicit part of the equations, and by the use

In the approximation of a source term, which in the caseof stabilizing pseudo-time terms. The computational effi-
of the steady-state problem is the right-hand side of the equaiency of the computational algorithm is also enhanced by
tions for the momentum, convective flows were calculatedhe method of incomplete matrix factorization in the Stone
with a one-dimensional counterflow quadratic interpolationversion (SIP) for solving systems of nonlinear algebraic
scheme, which was proposed by LeonAttshould be noted  equations. The standard method of near-wall functioves
that the Leonard scheme should be applied not to the covaised in the calculations.
riant but to the Cartesian components of the velocity, other-  In solving the problem of the turbulent flow around a
wise failure of the “uniform flow” test could occur. For this transversely oriented cylinder, for a more exact resolution of
reason, and for convenience of computer programming, ithe structural elements of different scales it is helpful to treat
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FIG. 1. Fragment of the contour of a cylinder with a vortex ¢a)] a sketch /‘ /
of the cell with the notation and a fragment of the composite mégh 0.376
which consistgc) of two-grid (1,2) mesh around the cylinder and the mesh /5
in the vortex cell(3). \./T

0.250 b

separately a near-wall region with a thickness of approxi-
mately 0.1 times the cylinder diametewhich is chosen as
the characteristic dimensigran intermediate circular region ™~3 Al
encompassing the attachment zone in the near wake behind ~* m0—q 1
the cylinder, and a peripheral annular zone whose outer o7 9
boundary lies at a sufficient distan¢ef the order of 50— 3
N\
2

3
56
>
J
7
>

100 from the object. The introduction of an annular zone  95¢
(Fig. 109 or equivalently the construction of multigrid

meshes is motivated not only by the faster convergence of e
the solution of the problem because of the smaller number of \
computational cells required but also, and more importantly,

by the adaptation of the local mesh to the characteristics of 0.28 o0z 0.08 008 008 () 00
the particular structural element of the flow which is being n

mapped: the boundary layer on the surface of a cylinder, theig. 2. comparison of the patterns of turbulent flow around a cylinder with
return flow in the wake, and the flow around the object at a vortex cell(for U,=0.05 andX,=0.1) and a smooth cylinde@); the
large distance from it. It should be noted that the resultdrontal drag coefficienC, of the cylinder as a function of the position of
presented i 1 paper were obained on he assumpion HF 51X SIS0 L0 0,7 Botzes o oagrs

a symmetric regime of flow around the cylinder is realized., _ o.'3" .

This permits some simplification of the solution of the prob-

TABLE |. Results of numerical and experimental studies of the integralle,m by 'COI’\SIderl'ng the ﬂow ina smg!e half plane.'NumerlcaI

characteristics of turbulent flow around a circular cylinder in a transverses_'muIat'o_nS carried out W|thO_Ut making use of this assump-
flow. tion confirm the validity of this approach.

One can state a requirement on the mutual positioning of

Re Mesh Cx Cu Xs Source the zones: the region in which adjacent zones are superposed
10 000 Multigrid ~ 0.686  0.024 396  Presentstudy Should include around 3—4 cells of each zone, so that the
10 000 10 62 0.743 0011  5.00 Ref. 3 total overlap region contains of the order of 6—8 computa-

14500 - 0.72 - - Ref. 4 tional cells. If this requirement is not met and the number of




Tech. Phys. Lett. 24 (9), September 1998 P. A. Baranov et al. 673

cells is smaller than that indicated, then the process of inforsisting of two disks or a composite of a disk and a cylinder
mation transfer between zones breaks down. The oppositdowever, this effect is weakly expressed because the circu-
case, choosing too large a number of cells in the overlapational flow in the cell is not well developed. Suction of
region, is a waste of computational resources. In the presefiuid at the central shaft of the cell will bring about a grow-
study the number of mesh points in the outer zone idng intensification of the flow in the bucket, and with increas-
15X 40, the number in the intermediate zone isx@D, and  ing suction velocity the local minimum of the frontal drag of
the number in the near-wall zone is*280. The step near a cylinder with cells(Fig. 2b is shifted toward a rearward
the wall is 0.0005. position of the cell on the contour of the cylind@t a con-
Inside the vortex cells the mesh is constructed uniformlystant suction velocily The reason lies not only in the redis-
in the circumferential direction toward the radiitke chosen tribution of the local loads inside the vortex cells but also in
number of mesh points is 21The number of mesh points a change of the pattern of the flow around the cylinder. It
(15) on the cut throuh the cavity is specified. The total num-follows from Fig. 2a that enhancing the momentum of the
ber of mesh points in the circumferential direction is thenturbulent flow in the near-wall zone of the cylinder due to the
calculated from the condition that the angular step be equaintense return flow in the cell substantially deforms the re-
The diameter of the vortex cell is taken equal to 0.2. Thegion of detached flow in the near wake behind the cylinder.
diameter of the central shaft is 0.1. In all cases the cells artt should be emphasized that the drag of the cylinder falls off
distributed inside the cylinder at a depth of 15% of the transby nearly half, and for a central position of the vortex cell on
verse dimension of a cellyf=0.7a,). Different positions of the contour of the cylinder the drag of the cylinder remains at
the cells are considered, characterized by a distXgdeom  a nearly constant level over a considerable interval of suction
the forward critical point of the cylinder to the rear edge of velocities(Fig. 20.
the cell (Fig. 1b. Also, the normal component,, of the This study was carried out with the financial support of
suction velocity at the central object of the cell is also variedthe Russian Fund for Fundamental Research under Project
The Reynolds number is specified as*.18n analysis(see  Nos. 96-01-01290 and 96-01-00298.
Table ) of the calculated coefficients of frontal drag,,
frictional drag G;, and detachment zone lengky in the
near wake behind the cylinder in comparison with the avail-1) A pgelov, s. A. Isaev, and V. A. KorobkoGomputational Problems
able computationdland experiment&ldata for roughly simi- and Methods for Detached Flows of Incompressible FljidsRussiad,

lar values of Re shows that the computational algorithm de- Sudostroenie, Leningrad 989, 256 pp.
vised here is suited to the task 2F. S. Lien, W. L. Chen, and M. A. Leschziner, Int. J. Numer. Methods

. ) ) Fluids 23, 567 (1996.
I?Iacmg a vortex cell on the contour of a cylinder in @ 3| A Belov and N. A. KudryavisewHeat Transfer and the Drag of Stacks
flow in the absence of suction can reduce the frontal drag by of Tubeqin Russiaf, Leningrad(1987), 213 pp.

approximately 10% if the cell is in a forward position. Then 4A. Roshko, “On the drag and shedding frequency of two-dimensional
. . bluff bodies,” NASA Tech. Note No. 31691954).

the observed effect is analogous to the lowering of the drag

of an object with a forward separation zof@ object con- Translated by Steve Torstveit
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Resonance ring interferometry with incoherent light
M. A. Novikov and V. V. Ivanov

Institute of Physics of Microstructures, Russian Academy of Sciences, iNlidvgjorod
(Submitted November 19, 1997
Pis'ma Zh. Tekh. Fiz24, 24—-29(September 12, 1998

A new method of measuring the phase nonreciprocity in a passive ring resonator using a light
source of low coherence is described. The method provides effective suppression of

noise from the backscattering of light in the ring resonator and insensitivity of the interferometer
to excursions of the resonance frequencies of the resonator due to reciprocal (effgcts

thermal expansionand also permits modulation and compensation of the phase nonreciprocity
by using a device outside the resonator to shift the frequency of the light. One version of

a low-coherent resonance ring interferometer is examined, viz., a two-transit asymmetric
interferometer with a rotating mirror. @998 American Institute of Physics.
[S1063-785(18)00409-1

Optical ring interferometers are widely used in physicsency, the center frequencies of which are the eigenfrequen-
and technology, mainly as optical rotation sensdRecently  cies of the resonator and whose widthFisimes smaller than
more and more attention is being devoted to ring interferomthe distance between adjacent lif€#y. 2). For this reason,
eters based on passive Fabry—Perot ring resongtassive  all the light power incident on the rotating mirror will be
resonance ring interferometers, or PRRIBRRIs have a concentrated in the transmission lines of the resonator for the
number of important advantages over ring lasers and Sagnatockwise directions. In the presence of phase nonreciprocity
interferometers; in contrast to the first there is no locking ofthese lines turn out to be shifted relative to the transmission
counterpropagating modes in them, and unlike the seconlihes of the resonator for the counterclockwise direction, and
they are many times more sensitive at the same dimensioribat leads to a decrease in the illuminance at the photodetec-
of the sensitive loop. Interest in PRRIs is also being stimutor on account of the decrease in the area of overlap between
lated by the advent of optical ring resonators with exceptionihe lines of radiation entering the resonator from the rotating
ally high Q factors; today there are known mirror ring reso-mirror and the transmission lines of the resonator in the
nators with a finess€~10° (Ref. 2, and fiber-optic ones counterclockwise direction. The frequency shift imposed on
with F~10° (Ref. 3. One expects that PRRIs will find wide the light by the frequency shiftéS upon reflection from the
application in physics and engineering if the difficulties still rotating mirror also has the same effect. The total light power
present can be overcome. The greatest difficulties stem fromigaching the photodetector is
the high noise level of the interference of backscattered light 1
in the ring resonator and from the sensitivity of PRRIsto  p_ — j T ()T (0+Q)=Py(w)dw, (1)
excursions of the resonance frequencies of the ring resonator 2 2

owing to reciprocal effec_t;, e.g., th_erm_al expansion. Th§ herew is the frequency of the lighB,(w) is the spectrum
main reason that these difficulties arise is due to the use qf; sourcel; Q is the frequency shift imposed on the light by
highly coherent light sources with spectra much narroweg, frequency shifteFS; T*(w) is the transmission spec-
than the_ resonance of thg ring resondtor. . trum of the ring resonator in the clockwige ) and counter-

In this paper we describe a new method of measuring thg|,cyise () directions. In the case when the dispersion of
phase nonreciprocity in PRRIs, based on the use of widey,q refractive index in the material of the sensitive loop and

band light sources such as superradiant diodes, the spectigh gependence of the phase nonreciprocity on the frequency
width of _vvh_lch spans many resonances of the ring resonatop the light can be neglected, the expression for the output
The basic idea of the method is illustrated in Fig. 1, Wh'Chpower takes the form

shows one of the possible layouts of a PRRI with a wide-

band light source(a fiber-optic version Light from the b (AD) o Po

sourceS passes through a 50% couplérand a weak cou- ou =Tac . ;
pler C; and enters the ring resonatB; through which it 168 14 (F/m)?sif(A®/2)
travels in a clockwise direction, and then is coupled outwhereP,= [Py(w)dw is the total power of the sourcE, is
through couplelC,, is sent through a frequency shifteS,  the finesse of the ring resonatbr which is determined by
reflects off a rotating mirroRM, passes once again through the coupling coefficienk in the coupler<C; andC, and by

the frequency shifteFS, and returns to the resonator, but the valueS of the relative loss per pass through the resona-
now in a counterclockwise direction, is coupled out throughior:

couplerC4, and passes through coupléronto a photode-

tector PD. It is known that the transmission spectrum of a 7

high-Q optical resonator is a set of narrow lines of transpar- F= K+S; )

@
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C The fundamental limit of observation of phase nonreci-
| } — — procity is determined by the shot noise of the light source:
S

A 25 fiem 6
l Psn~257 Nor7FPy (6)

PD wheref is Planck’s constani g is the center wavelength of
the light sourcey is the averaging time, ang is the quan-
tum yield of the photodetector. In a Sagnac effect measure-
ment the limit of observation of a rotation is

W c [hcmhg ;
ST'INK T'r]FPO' ()

where A is the area enclosed by the ring resonator. For
FIG. 1. A=1n?, a finesse of the resonatér=100, a wavelength
No=1.5 um, a source poweP,=100 mW, and an averag-
ing time 7=1's, one get¥,~3x 108 rad/s. The limiting
sensitivity of the interferometer proposed here is higher than
for a Sagnac interferometer by a factorf¥f? and lower by
AD=Ap+ A e, (4)  the same factor than for a resonance ring interferometer for

whereA ¢ is the phase nonreciprocity in the resonator, anOpmnochromatm light. The latter circumstance is due to the

; . : : act that only a I fraction of the source power is utilized in
A ¢ IS the effective nonreciprocity due to the frequency . "
i . ) : 1~ 7 the proposed interferometer. Under conditions such that the
shift of the light upon reflection from the rotating mirror:

noise of the interferometer is significantly higher than the

short noise, the improvement in sensitivity in comparison

with nonresonance ring interferometers turns out to be the
same as in resonance interferometers for monochromatic
light, i.e., approximately a factor d¥.

ks

RM FS
V—— ] e

e

andA® is the total effective phase nonreciprocity per round
trip:

nL
Aqbeﬁ:erTQ, (5)

wheren is the refractive index of the ring resonatarjs its

perimeter, and is the speed of light in vacuum. The main advantages of the proposed method over the

We note that the phase nonreciprocity in the resonatory,isiing schemes derive from the use of a broad-spectrum
A, and the effective nonreciprocity due to the freqUeNCysq rce and consist in the following. First, the proposed
shift on reflection from the rotating mirro ¢err, appear in - mathod does away with the noise due to parasitic interfer-
the expressior(2) for the output power in absolutely the once of the backscattered light in the sensitive loop, which is
same way. Because of this, modulation and compensation @e majn factor degrading the characteristics of ring interfer-

the phase nonreciprocity can be achieved by means of a lighfeters for coherent light. Second, as can be seen from for-
frequency shiftef=S placed between the resonator and they, 15 (2), the proposed interferometer is practically insensi-

rotating mirror, so that the parasitic nonreciprocity in the o o excursions of the resonance frequencies of the

frequency shifter will not affect the operation of the interfer- (.qonator due to reciprocal effects, e.g., thermal expansion of

ometer. Using for the compensating element a constaniye resonator, unlike schemes with a monochromatic source,
frequency-shifting device controlled by a sinusoidal voltage,,are the resonance frequency must be strictly tied to the

e.g., a Bragg acoustooptic cell, one can create a compensatgdy ency of the source. This increases the stability of the

PRRI with frequency output. interferometer and makes it unnecessary to tune the resonator
exactly to the center frequency of the source. In addition, the
n proposed method affords the possibility of achieving modu-
T ((D)PO((D) lation and compensation using a device located outside the
(Q)) ring resonator, which permits lowering the modulation noise,
and also to create compensated interferometric schemes with
frequency output. It may be hoped that the proposed method
will find application in optical gyroscopy, where it can be
used to create fiber-optic and integrated optic resonance gy-
roscopes with significantly improved characteristics, and also
in basic physical research on nonreciprocal optical elements.

T(w) p
0

LW. W. Chow, V. E. Sanderst al, Rev. Mod. Phys57, 61 (1985.
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Improvement of the conducting parameters of YBa  ,Cu30, films grown on sapphire
through the use of a strontium titanate buffer layer

G. A. Ovsyannikov, A. D. Mashtakov, P. B. Mozhaev, F. V. Komissinskil, Z. G. lvanov,
and P. Larsen

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Moscow, Russia
Chalmers Technical University, ®Ghorg, Sweden
(Submitted March 6, 1998

Pis’'ma Zh. Tekh. Fiz24, 30—35(September 12, 1998

High-T. superconducting films of YB&£u;O, on sapphire with an additional buffer layer of
strontium titanate(actually, on heterostructures (100)SrEi®01)YBa,Cu;O,/
(100Ce0,/(1102)Al,03) are obtained by laser deposition, and their superconducting
characteristics are investigated. It is shown that that buffering the sapphire by a strontium titanate
film can raise the critical temperature of the Y.BarO, films by two degrees and give a

severalfold increase in the critical current density. 1898 American Institute of Physics.
[S1063-785(108)00509-9

Strontium titanate SrTiQ(STO) is one of the best sub- an STO film can raise the critical temperature of YBCO
strate materials for growing epitaxial high-superconduct- films by two degrees and can increase the critical current
ing (HTSO) films. It has a cubic crystal lattice of the perov- density severalfold.
skite type with a lattice parametar=0.3904 nm that is only The YBCO, Ce@, and STO films were deposited using
slightly (<2.5%) different from the lattice constargsandb & KIF excimer laseoutput wavelength 248 nmwith an

of the basal plane of the HTSC YBau,0, (YBCO). The energy at the target of up to 3 J/&nTThe pressure in the
coefficient of linear thermal expansioxn of STO (94chamber was maintained constant in the interval 0.03-1

T mbar, depending on the material being deposited. The sub-
x107°K™") is also clo§e to that Of_ YE?CO ) (12 strate lay at a distance of 50 mm from the target on a heated
x10°°K™1). The shortcomings of STO — its high dielec- susceptor, the temperature of which was held constant during
tric constant and high microwave losses — limit its use inthe deposition to a precision of 1°C in the range 750—
microwave technique. For such purposes sapphire and silBo0 °C. To improve the thermal contact with the heater the
con are more suitable substrate materials, and they are cosubstrate was fastened to the susceptor with silver paste. At
siderably cheaper as well. When these materials are usetfie end of the deposition the chamber was filled with oxygen
however, it is necessary to emp|0y guard 5ub|ayers to pré'.O a pressure of 800 mbar and the substrate was cooled to
vent the diffusion of atoms of the substrate into the growing®©0m temperature at a rate of 15°C/min. The thickness of
HTSC film. One of the most often used materials for a guardn€ deposited films was 20-60 nm for the buffer layers and

sublayer in the deposition of YBCO films on sapphire sub—lzo_200 nm for the YBCO film. i . .
. . . . . The structure of the grown films was investigated by
strates is cerium oxide CeQwhich has a cubic crystal

latt ¢ the fluori ith latt x-ray diffractometry ¢/26 scan. The superconducting pa-
attice (of the fluorite type with a lattice parametem \aters of the YBCO filméhe critical temperatur®, and

=0.541nm, differing by less than 1% from a translationhe superconducting transition widthiT.) were determined
along the[110] direction of YBCO. It has been showsee, from measurements of the magnetic susceptibility of the
e.g., Refs. 1-jthat by using a (102)AlL0; (r plang sub-  fiims and of the temperature dependence of the resistance
strate with a thin30—50 nm epitaxial sublayer of CefQone  and critical current of bridges 4—gm wide, obtained by
can grow epitaxial films 0f001)YBCO with good structural  ion-beam etching of the YBCO films through a photoresist
and electrophysical parameters at temperatures of 700mask.

770°C. However, increasing the deposition temperature Figure 1a shows the diffractograms obtained id/a¢
above 800°C to permit the growth of the highest-qualitySC&n of a Ce@STO byffer layer Wlth a thickness of 430 nm
films on STO substrates causes the properties of the YBC 0+400) on anr-oriented sapphire substrate. The GeQ

. . . . had the(001) orientation; no other orientations were ob-

film to be degraded on account of the chemical interaction

between the HTSC film and the Ce@uard sublaye?.To served at the accuracy of the measurements. The upper STO
g yer. layer, however, grows in a mixed orientation @10 and

prevent this interaction it has been propdset use an ad- (111). Although the growth of STO films with a predominant
ditional buffer layer of STO. In the present study we have(po1) orientation on a CegAl,O, heterostructure was re-
obtained YBCO films on sapphire with an additional buffer ported in Ref. 7, the authors of that paper did not manage to
layer of STO and have investigated their superconductingliminate the growth of extraneo$10 and(111) orienta-
characteristics. We have found that buffering the sapphire btions of STO. It may be that the disruption of epitaxial
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growth of STO on Ce@Al,O3 is caused by the chemical

interaction of STO with Ce@(Ref. 5. In several studié<

purpose a thif30 nm layer of YBCO.
Figure 1b shows the diffractograms obtained id/a6

scan of a STO/YBCO/CefAl,O; heterostructure with a
thick upper layer of STO. In addition to the (©0peaks of
Ce0, one observes a pronounced system ofnip@eaks of
STO, the(002) peak of which is merged with th®06) peak
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FIG. 1. X-ray diffractograms obtained in &/20 scan of the
following heterostructuresa — STO-400/Ce@® 30/Al,05; b —
STO-200/YBCO-50/Ce®30/Al,0;; ¢ — YBCO-150/STO-60/
YBCO-20/CeQ-30/Al,05 (the number after the name of the com-
pound is the layer thickness in pm

flection is from the STO, since the thickness of the STO film

is substantially greater. A three-layer buffer of this type with
additional buffer layers have been used to ensure growth ¢& 50 nm thickness of the STO layer was used for the depo-
the (001) orientation of STO. Here we have used for this sition of YBCO films 100—200 nm thick on sapphire. An
x-ray diffractogram of the entire heterostructure with an up-
per layer of YBCO film is shown in Fig. 1c. The lattice
constants and half-widths of the most interesting reflections
for all the layers of the heterostructure are given in Table I.
The critical temperatureb, of the superconducting tran-
sition of nine of the ten YBCO films deposited on an STO
of YBCO. The main contribution to the intensity of that re- buffer layer lay in the interval 89—-90 K, while, as a rule, the
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FIG. 2. Temperature dependence of the magnetic suscepti-
bility of a YBCO film on an STO/YBCO/Ce@Al,O4
heterostructure and of the resistance and critical current of
a bridge 7um wide made from the same film.
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TABLE |. Crystallographic parameters of the films, determined from the buffer on sapphirejc was equal to 198/cm? at T=77 K.
x-ray diffractograms obtained in &26 scan. .
Y 9 Thus we have shown experimentally that the use of a

Film Film Index of Lattice Half-width of complex buffer with an upper layer of strontium titanate
material  thickness, nm reflection parameter, nm reflection, deg makes it possible to grow epitaxial films of the HTSC YBCO
CeO, 30 (002 0.504 0.37 of higher quality than can be grown on a single buffer layer
YBCO* 50 (005 1.171 0.47 of cerium oxide. The proposed method can be used in the
STO! 200 (002 0.391 0.23 growth of HTSC films of YBCO for passive microwave elec-
YBCO 150 (009 1173 0.28 tronics (filters, resonators, switches, étcBy varying the

*The parameters of the YBCO and STO buffer layers were determined in %thknersses and depos!uon conditions of the buffer Iayer§ _

separate experiment. in particular, by depleting the STO of oxygen to lower its
dielectric constafit— one can regulate the parameters of
microwave devices on sapphire.

critical temperature for films deposited on Ce@®ave not The authors thank Yu. V. Bov, D. Winkler, and |. M.

exceeded 88 K Figure 2 shows the dependence of theKotelyanski for a helpful discussion.

magnetic susceptibility of YBCO films 120 nm thick and the This study was supported in part by the government pro-

superconducting parameteresistance and critical curregnt gram of the Russian Federation “Topical HBLS in

of a bridge 7um wide made from the same film by ion-beam Condensed-Matter Physics,” subdivision “Superconductiv-

etching through a photoresist mask. It is seen that the criticaty,” by the Russian Fund for Fundamental Research, and by
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It is shown that accidental impurities and structural defécagion vacanciesformed in the
(CdG;)"™ sublattice during synthesis enhance the relaxation properties of the systefi-pgar
and suppress the ferroelectric phase transition.1998 American Institute of Physics.
[S1063-785(18)00609-7

The relaxor behavior of ferroelectric materials hasthe optical absorptio340—700 nmand dielectric response
stimulated enormous interest both from the standpoint of eluef the system in the radio frequency rari@&0 Hz—2 MHz2.
cidating the microscopic mechanism of the extraordinary di- The crystals were grown by spontaneous
electric relaxation and ascertaining the interrelationship beerystallization®'®** The solvent used was cadmium borate,
tween the orderedferroelectri¢ and disorderedrelaxon in an excess amount so as to compensate for the loss of Cd
states of the systelf* and also in connection with diverse during synthesis. Analysis of the synthesis conditions
applications of ferroelectric materials in electronics andshowed that when starting materials with the same degree of
modern device engineering, where their electrical propertiepurity are used, the crystals were colorless in those cases
and domain structure are utilizéd® when the synthesis was carried out at 1270 °C with a subse-

A characteristic feature of all relaxor systems is a certairguent slow cooling to 850 °C, but when the synthesis condi-
degree of disorder of the crystal structure. Relaxor behaviotions were changetthe temperature of the melt was lowered
of solid solutions of the RiMg45Nb,,3) O3, PS¢ /,Tay ) O3, and/or the rate of cooling was increagdbe crystals had
and (Pb,La(Zr,Ti)Oz with the perovskite structurg¢phase yellow or orange coloration to varying intensity.
formula AMQ;, Oﬁ—PmSm) is due to the nonuniform distri- X-ray powder diffractometry confirmed that the synthe-
bution of the different species of cations in the M sites and issized crystals have the pyrochlore structure, and no other
enhanced in the presence of cation vacancies in the fhases were observéHig. 1). The lattice parameter of the
sites’™ The relaxor behavior of GiNb,O,, which has the crystals at room temperature was determined by the method
pyrochlore structurégeneral formula AM,0gZ, OE-FdSm), of approximation(the reflections1022, 1060, 1062, 1200,
is ascribed to disorder in the orientation of the chains 0f1240,1066,1244) and with the use of an internal Si standard
dipoles @7)-Cd—-Q7) along axes of th¢111],,, type ow-  (the 1244 reflection for CeNb,O; and 444 for Si. The val-
ing to the dynamic displacements of the’Cdons relative to  ues of the lattice parameter obtained by the two methods
the central positions in the (C@{'~ sublattice’® The na- (a=10.372£0.002) agree with each other. For all the crys-
ture of the structural disorder in this material suggests dals this parameter has the characteristic value for pure
strong influence of accidental impurities and vacancies in th€d,Nb,O, (Ref. 9. The phase transition temperatures in the
A sites on the behavior of the dielectric relaxation. This iscolorless and colored crystals are also practically the
also indicated by a number of experimental facts that haveame®!2-24On the other hand, it is known that upon substi-
not yet received the requisite attention and have therefortution of more than 0.5 mol.% of the cations in the A or M
escaped study. For example, the maximum dielectric consites of this pyrochlore, the lattice constant increasesTand
stant ¢/, in this compound, according to different always decreas€sThe absence of such changes in the syn-
investigator$~!ranges from 1500 to 20 000. Another pecu- thesized crystals allows us to regard them as nominally pure,
liarity is that crystals grown in different runs have different with an impurity content of less than 0.5 mol.%.
coloration(colorless, yellow, orangeapparently on account According to the optical characteristics, the crystals are
of uncontrolled impurities and lattice defects arising in thedivided into three group$Fig. 2). In the colorless crystals
synthesi %1214 At the same time, the existence of a rela- the absorption edge is observed near 350 nm. In the colored
tion between these characteristics of the material could praosrystals the absorption edge is shifted to longer wavelengths,
vide information about the role played by disruptions of theand a wide absorption band appears in the region 380—450
(CdGs)"™ and (NbQ)"~ sublattices in the relaxor behavior nm. The more intense the coloration of the yellow crystals,
of the system and about the transformation of the relaxor anthe more intense is this band. In the orange crystals this band
ferroelectric states. To shed some light on these questions we more intense and widéB50—520 nm After annealing in
have in the present study performed an x-ray structurahn oxygen atmosphere at 800 °C for 20 h, the spectral com-
analysis of crystals of different colors and an investigation ofposition of the wide band in the yellow crystals became more

1063-7850/98/24(9)/4/$15.00 679 © 1998 American Institute of Physics
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FIG. 1. Line diagram of CsNb,O; crystals of different colors at
room temperatur€DRON-2 diffractometer, Cii,, radiation: 1 —
colorless,2 — light yellow, 3 — yellow, 4 — orange,5 — dark
orange.

like that typically seen in the orange crystals, while the speceof the latter. The cadmium ions can also be replaced by
trum of the orange crystals changed less noticeably. Apparsubstituent ions with variable valence, 3Fe (0.67 A),
ently annealing leads to both an ordering of the impurityF€™ (0.80 A) (the orange crystalg* Nb** (0.67 A), Nb**
distribution and to a change in the valence of the impurity(0.95 A),*2 or V3" (0.67 A), V2" (0.72 A) (the yellow crys-
ions. The similarity of the behavior of the optical absorptiontals) as accidental impurities. In the presence df Hons
spectra suggests that the same mechanism gives rise to thech a substitution not only preserves the stability of the
wide bands and, accordingly, to the accidental impurities andtructure but increases the disorder of the structure in respect
defects in the crystals of different colors. This refers first ofto the composition of the cations and the dynamic displace-
all to those impurities and defects which are due to the feaments and gives rise to vacancies in the A sites because of
tures of the material being synthesized and of the synthesthe smaller total ionic radius® It is not ruled out that there
technology. In CeNb,O; one has the interesting limiting are also defects in the form of Cd and O vacancies in an
case in which the ®I" cation(0.66 A) has the maximum and amount not affecting the stoichiometry of the crystats.

the A2™ cation (0.99 A the minimum admissible radius for
formation of the pyrochlore structufé® Since borates are character in all the investigated crystéiég. 3a: the anoma-
used in the synthesis, the boron ion"B0.2 A), owing to
their very small size, can occupy the A sites simultaneouslyions, and the peak &t,,,,= 190K (at a frequency of 1 kHz
with the cadmium ions, causing a noncentral displacementorresponds to the relaxation maximdrfhin the colored

Absorption D, arb. units

1.0

The dielectric response of the system is of the same

700

lies atT,=205K andT.=196 K correspond to phase transi-

FIG. 2. Optical absorption spectra of crystals of different
colors at room temperaturéstandard Hitachi spectro-
photometer. 1 — colorless2 — light yellow, 3 — yellow,

4 — orange.



Tech. Phys. Lett. 24 (9), September 1998 Kolpakova et al. 681

T T T T

4000 |- a

3000 |- -1

3
w
2000 - 2 -
1000 |- -
1 1 1 | 400
150 200 250 300
% 200 |
v J L] T

0,12 b E "

0 | N WURE VIS SN TN NN NN SUSENS NEN W S

oosl 3 i 2500 3000 ¢ 3500
'2 L 1 0.5 Q25kHz 4

750 kHz 2, OO
S 004 1 x 200 L M 10 3 K .
© 1 250
0.00 - - i h
" g 1 1 0 1
150 200 250 300
L 1 1 )
0,12 |- - - -
= 200 - 4

008 |- . w _

2 B -
“oosl . 0 ]
st '

0,00 |- 4 €

[ 1 - 1
150 200 250 300
L L3 L} | 4

0,12 - -

008 |- 1 1 FIG. 3. Temperature dependencesdfand tard at a frequency of 1
'g kHz (a,p and Cole—Cole diagrams dt=180 K near the relaxation
& maximumT ,,,< T, (c) for crystals of different colors. Natural slabs of

0.04 | ] the (111),,, type with deposited Au electrodes were investigated with

an HP-4284A capacitive bridg&,.=2 V/cm. The rate of cooling and

0.00 b 4 heating was 0.5 K/minlL — Colorless2 — yellow, 3 — dark orange.

3 2 ] i
150 200 250 300
TIK]

crystals, however, the value ef(T) is greater than in the (e.g., B*, Fé*, Nb*", Nb*", V2*) and structural defects

colorless crystalsespecially neaff ,,,), and the maximum (cation vacanciesformed in the (Cd@)"~ sublattice during

at Tmax is Narrower; the maximum in the temperature depensynihesis increase the degree of disorder of the structure in

dence of tad in the colored crystals is shifted to higher i 5 hiattice and enhance the relaxor properties of the sys-

fg%?e,;?g;fé{eg'ilfefrfgcs;eslﬁexﬁgnkﬁicfgg eHs 19’ ;‘ ?nt(:ht:e "%m. A direct confirmation of such an interrelationship would
come from analysis of the chemical composition and struc-

orange crystals are dominant even n&ar and they sup- f1h | h h ¢ Wiical el )
press the contribution of the ferroelectric phase transiion tUre Of the crystals by the method of analytical electron mi-

MHz—10 kH2 (Fig. 3. This shows that accidental impurities CT0SCOPY(TEM) (see, e.g., Ref. 16 The evolution of the
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Spectral aspect of the onset of subharmonic Shapiro steps in a chain of Josephson
junctions connected in parallel
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A chain of parallel-connected Josephson elements described by a resistive model is considered as
a model for high-temperature Josephson junctions. The calculated spectra of the Josephson
generation can account for the experimentally observed subharmonic Sapiro steps on the
current—voltage characteristic and for their aperiodic dependence on the external magnetic

field. © 1998 American Institute of Physid$$1063-78518)00709-5

INTRODUCTION current,R, is the resistance in the normal states V/V_,
Josephson junctions formed at the grain boundaries pindi =1/1c, where, in turn] is the dc bias current, andis
e dc component of the voltage. For such a spectrum of the

tween two high-temperature single-crystal superconductin h X h fthe i
films with different directions of the crystallographic axes 0S€p sorlg]en_eratldl(t.) the spectrum of the inverse quan-
[V(t)]* will contain only the dc component and the

ordinarily have nonhysteretic current—voltage characteristic8Y i -
similar to the typical characteristic of microbridge Josephsorjundamental harmonick(=1). This is the reason why there
junctions. Therefore, weak links of this kind are ordinarily '€ only harmonic Sapiro steps, for which the frequenayf
described using the so-called resistive model of a Josephsdf€ Josephson generation is an integer multipldimes
junction? In the resistive model, applying an external mono-the frequency of the external signal, wheme=1,2,3. ..
chromatic rf signal to a Josephson junction will give rise (Ref. 1.
only to harmonic Shapiro steps on the current—voltage char- At the same time, the experimentally measured current—
acteristic, by virtue of the specific character of the spectrunyoltage characteristics of Josephson junctions based on high-
of Josephson generation in the autonomous regime: temperature superconductors also exhibit large subharmonic
_ _ ) K| steps =1/2,1/3...). There are two approaches taken to
VisVidVe=2vl(i+v) ™, (1) explain these results. In one approach the presence of the
wherev, is the normalized value of the amplitudg of the  subharmonic steps is attributed to a nonsinusoidal character
kth harmonic of the voltag¥(t) across the Josephson junc- of the dependence of the superconducting component of the
tion, V=I.R, is the characteristic voltagé, is the critical  current on the Josephson phase(Ref. 2, whereupon the

1.0 1=o0 | 10
0.5 \/\/ 0.5]
0.0] =] 00 v
S o} 0.5¢ /\\_/\\/\_\
0.0 - 0.0pf—— DL
n=1
0.5 ‘/\/— 0.5¢ /N\\‘\\/'
0.0 : 0.0 .
n=372
0.5 0.5¢
0.0 0.5 1099 0. 1.0
Ige (arb. units)
o b c

FIG. 1. Height of the Shapiro steps versus the amplitude of the microwave signal at a frequeric$Q ., where the characteristic Josephson frequency
Q=27 dy)I R, . a: Numerical simulation for a two-junction chain witee6 and®.=®4/2; b: experimental results for a YBCO biepitaxial Josephson
junction; c: a biepitaxial Josephson junction. The shaded region to the left of the step is rotated in the crystallographieplayel5° relative to the
adjacent regions; this leads to the formation of the Josephson junction.

1063-7850/98/24(9)/4/$15.00 683 © 1998 American Institute of Physics
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J oscillate in-phase, and the spectrum of these oscillations cor-
15 responds to expressidf). Specifying the external magnetic
: flux @, through the loop of the cell gives rise to a phase

difference between the oscillations of the Josephson junc-
tions, which for®.=®,/2 equal to; this means that the
first harmonics of these oscillations will be 180° out of phase
51 (in antiphasg while the second harmonics will be in-phase.
Therefore, because of the interaction between the Josephson
) 1 L ] elements, the spectrum of Josephson oscillations in the cell
0.0 0.5 1.0 1.5 will differ appreciably from spectrunil), for which the am-
oo, plitudes of the harmonics fall off monotonically with in-
creasing numbek of the harmonic, in that the amplitude of
FLG. 2. Spectrum of Josephson generation in a two-junction chain forthe second harmonic is significantly larger and the amplitude
=0.8 andd =D /2. . .. . .
of the first harmonic is smallFig. 2). In this case the fre-
quency spectrum fdiv(t)]~* will contain, in addition to the
expression(1) for the spectral components of the Josephsorfirst harmonic, a second harmonic component, which will
generation breaks down. In the other approach it is proposegive rise to subharmonic Shapiro steps on the current—
to model the Josephson junction by a chain of parallelvoltage characteristic, which correspond to half-integer ratios
connected Josephson elements, each of which obeys the m&- the velocities of the external signal and the Josephson
sistive mode’~’ generation (=1/2,3/2 .. .).

In the present study we investigate the spectrum of The external microwave signal in this model will be ei-
Josephson generation for a chain of parallel-connected Jeker in the form a microwave current added to the dc bias
sephson elements which obey the resistive model and to exurrent of the chain or in the form of an rf component of the
plain the causes for the appearance of subharmonic Shapirgagnetic flux, added to the static external fidp. In the
steps and the dependence of their amplitude on the strengffitter case a circular microwave current arises in the chain,
of the external magnetic field and on the amplitude of thecorresponding to the flow of rf currents through the parallel-

0

external rf signal. connected Josephson elements, which oscillate in antiphase.
Therefore, the subharmonic step in this case will have a sub-
TWO-JUNCTION CHAIN stantially lower height, and the period of its height as a func-

Even the simplest model in the form of a two-junction tion of the external magnetic flux will be halvegig. 3). In
chain of inductively coupled Josephson junctions predicts th@Ur experiment, as in the majority of the published experi-
appearance of subharmonic Shapiro steps for a specified efiental research, the biepitaxial Josephson junction can be
ternal field. The calculated dependence of the heights of theegarded as a lumped element in comparison with the wave-
Shapiro steps on the amplitude of the microwave signal at &£ngth of the rf signal. Therefore, in the subsequent calcula-
value of the dimensionless inductive parameter(2x/ tions the external microwave signal was always specified in
@)1 .L=6, whered, is the magnetic flux quantum amdis  the form of a microwave current added to the bias current.
the inductancéFig. 19, in this case corresponds rather well Unlike the curves shown in Fig. 3 for the heights of the
to the experimental data, which are shown in Fig. 1b for aShapiro steps versus the external magnetic field, the experi-
YBCO biepitaxial Josephson junction formed on a MgO sub-mentally measured curves have a complicated and aperiodic
strate on which there is a stépig. 10. dependence on the magnetic fiefd.Therefore, to explain

In the absence of a magnetic field the chain under conthe experimental data we considered a more complex model,
sideration is equivalent to a single Josephson junction with & the form of a chain of three inductively coupled Josephson
critical current of 2., since the two Josephson elementselements.
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o I~ a b
5 03F A1 03t
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FIG. 3. Height of the Shapiro steps for a two-junction chain wi#0.8 and a fixed microwave current amplituge=0.5 . at a frequencf)=0.7().. a: The
microwave current is added to the dc bias current of the chain; b: an alternating component causing a circular microwave current is added to the magnetic flux.
The solid curves correspond o= 1/2, the dashed curves to=1.
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FIG. 4. Ratio of the amplitudes of the first two spectral lines of Josephson generation versus the magnktithitoxgh the outer loop of the three-junction
chain at)=0.35}, for |,=1,=3 (a), |;=2.5 andl,= 3.5 (b). The solid curve pertains to the first Josephson elemignthe dashed curve to the elemdat
and the dotted line to the elemedy.

THREE-JUNCTION CHAIN CONCLUSION

~ In considering a three-junction chain as a model for a |y symmary, a chain of parallel-connected and induc-
high-temperature Josephson junction, to approximate the aﬁi/ely coupled Josephson elements each obeying an ex-

fcual §|tuat|on the bias current was speC|f|eq by means of tw?remely simple resistive model can serve as an adequate
identical current sources connected to side Josephson elr%—Odel for a Josephson iunction formed at a arain boundar
ments of the chaird; andJ,. A numerical simulation re- P J 9 y

vealed a strong dependence of the dynamics of the chain (}?Tetween two single-crystal films of highe superconduc-tors.

the external magnetic field. Figure 4 shows the ratio of the/V® have shown that the onset of subharmonic Shapiro steps
amplitudes of the first two harmonids, /A, of the Joseph- in the presence of a magnetic field is due to a fundamental
son oscillations for each Josephson element as a function éhange in the spectrum of Josephson generation of the chain
the magnetic flux through the external loop of the chain, andn comparison with that of an isolated Josephson element in
Fig. 5 shows the analogous dependence of the heights of thke framework of the resistive model.

first harmonic and subharmonic Shapiro steps at a fixed bias The results obtained in this study also suggest that the
current and a fixed inductance of the external Idepl;  complex aperiodic magnetic-field dependence of the height
+1,=6 for various ratios of the armis andl of the induc-  f the Shapiro steps indicates that several superconducting
tive coupling of the elements of the chain. In the case of g5 yith comparable inductance values exist inside a high-
symrréet;lcghalnhlgilz) these dcurves f?re pﬁr'Od'ﬁ W'thha temperature Josephson junction. In those cases when a qua-
period of 2bo, which corresponds to a fiik, through eac siperiodic dependence can be discerned, the Josephson junc-

of the two internal loops of the chain. In the case of an’. . inl havi h ind
asymmetric chainlg#1,) these functions are not periodic. tion contains one main loop having a much larger inductance

In the presence of strong asymmetry, when, dg<l,, a  than the other loops present.

quasiperiodA ® = @, aries. Then the total loop of the chain ~ This study was supported in part by the Government
basically coincides with one of the internal loops, and theProgram “Topical Areas of Condensed-Matter Physics”
three-junction chain thus degenerates into a two-junctiortProject No. 9805 and the “Integratsiya” Academic—

chain. Science CentefProject No. 46}
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FIG. 5. Height of the Shapiro steps versus the magnetic flux through the outer loop of a three-junction chain at a fixed microwave signal amplitude
1,=0.9 at a frequency)=0.7Q, for I,=1,=3 (a), I,=2.5 andl,=3.5 (b), andl;=0.9 andl,=5.1(c). The solid curve corresponds to the first harmonic
Shapiro steprf=1), and the dotted line corresponds to the subharmonic stefi{2).
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Photodynamic effects in laser Doppler anemometry
Yu. N. Dubnishchev and V. A. Pavlov
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The first observations of photodynamic effects in laser Doppler anemometry are reported,
consisting in the fact that the result of a measurement of the Doppler shift of the frequency of light
scattered by a particle depends on the action of the probe light beams on the patrticle.

© 1998 American Institute of Physids$1063-785(08)00809-X

Measurement of particle velocities by the Doppler fre-video cameral? through a microscop&8 and is processed
guency shift in the scattered light is widely used in scientificon a personal computd.
research and industrial technology. The measurement tech- The beam of an argon laser operating at the fundamental
nigue and its various modifications have come to be calleanode passes through the quarter-wave (#adad is directed
laser Doppler anemometfy.DA).! One of the chief advan- by objective 3 into a Bragg acoustooptic traveling-wave
tages of this method is that it presumably does not disturb thenodulator4. Formed at the output of the modulator are the
medium under study during the measurement process. Howdiffracted beams of the zeroth and minus first order, the dif-
ever, the photodynamic effect of the probe laser beams oference between their frequencies being equal to the modu-
the kinetics of the scattering particles has not been considation frequency(80 MHz). The diffracted beams are di-
ered before now. Poynting’s familiar words about the lightrected by objectivess, 6, and 7 into the cell, where a
pressure: “Very little experience with attempts to measureconvective flow of smoke particles is created. The laser
the light pressure is needed in order to recognize that it ibeams in the cell are directed counter to each other and in-
extremely small — so small that it can be excluded fromterfere to form an interference field whose grating veétor
consideration in earthly matters{Ref. 2, have been ac- (the “sensitivity vector’) is given by the difference of the
cepted with too little skepticism in a number of measurementvave vectorsk, andk, of the interfering beams:
technologies, even after the invention of the laser, although
research on the dynamical effects of laser radiation on o
atom$ and macroparticlésand research on laser thermo- K=k;—k,, K=2k=—
nuclear fusiof have a long and interesting history.

In this paper we report for the first time the observation
of a photodynamic effect in laser Doppler anemometry. Thevherek=27x/N and A=2\/2. The probe field is localized in
experimental layout is shown in Fig. 1. The apparatus for thehe crossing region of the waists of the interfering beams. An
measurements is based on a laser anemometer with an adamage of the probe field in light scattered on smoke particles
tive selection of the velocity vectdand contains a laser  is formed on the light-sensitive surface of the photodetector
and, located along the beam path, a quarter-wave [@ate 14 by objective5, mirrors11 and12, objectivel3, and field
matching objective8, acoustooptic traveling-wave modulator diaphragml5. The photoelectric signal is sent to the elec-
4, objectives5, 6, and 7, mirrors 8 and9, cell with optical  tronic processing unité.
windows 10, diaphragmed mirrol, mirror 12, objective As we know! the photoelectric signal contains a com-
13, and photodetectol4, which is equipped with a field ponent whose frequency is a linear function of the difference
diaphragm15 and is connected to a signal processing unitof the Doppler frequency shifts in the light scattered by a
16. An image of the probe field in the cell is recorded by aparticle from the incident laser beams:

1415 13

FIG. 1. Diagram of the experimental layout:— laser,
2 — gquarter-wave phase platg,— objective,4 — acous-
tooptic modulator,5,6,7 — objectives, 8,9 — mirrors,
10 — cell, 11 — mirror with diaphragms.12 — mirror,
13 — objective, 14 — photodetector,15 — field dia-
phragm,16 — electronics,17 — video cameral8 — mi-
croscope,19 — personal computer.
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FIG. 4. Dopper signal from a particle moving under the influence of the
photodynamic effect in the probe field. 1din2 ms,v~0.3 mm/s.
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FIG. 2. Average value of the Doppler frequency shift for different ratios of

the powers, andP, of the probe laser beams. the absence of convective flows in the cell.

The results show that in the measurement of small par-
ticle velocities(of the order of cm/s and lowgthe photody-
2 namic effect of the laser beams on the scattering particle
A should be taken into account. The influence of the probe field
can be manifested in light pressure or photophoresis, which
Here (), is the difference of the angular frequencies of theis a consequence of the nonuniform heating of the particle
diffracted beams at the output of the modulaftre carrier  surface and the adjacent medium by a laser beam. It follows
frequency, andv is the velocity vector of the scattering par- that one encounters situations in laser anemometry, espe-
ticle, v is the modulus of the projection of the velocity vector cially in the measurement of small velocities, in which the
of the particle onto the grating vectér of the probe field. disturbance of the medium under investigation by the probe
The electronic unit measures the frequenéy=v/A  beam cannot be neglected, and the assumption that the mea-
=2v/\, which is proportional to the velocity component to surements are of a “nondisturbing” character breaks down.
be measured, with a known coefficient of proportionality In addition to taking the photodynamic effects into ac-
2/\, where for argon laser radiatioo= 0.515um. count directly, one must keep in mind when making velocity
Figure 2 shows the values of the measured frequency aheasurements that different optical configurations of the
the particles for different ratios of the power of the lasermeasuring schemes in laser anemometry have different sen-
beams forming the probe field: 1:1, 2:1, and 1:2. For a 1:5sitivities to photodynamic effects. For example, in a differ-
ratio the average frequendy, corresponding to the velocity ential scheme of LDA with equal powers of the probe beams,
of convection of the smoke particles is 18 kHa ( the measurement of the velocity component collinear with
=4.64mm/s). In the case when the power of the beam withhe grating vector of the probe field is subject to the least
wave vector coinciding with the direction of the velocitys  influence of the photodynamic effects on account of the
equal to twice the power of the beam in the opposite direceounteracting influences of the incident beams, while the in-
tion, the average value &f, increases to a value of 22.5 kHz fluence of the photodynamic effect on the measurement of
(v=>5.79mm/s). This means that the particles are acceletthe orthogonal component will be the greatest. This follows
ated on account of the photodynamic effect. In the situatiorfrom the formula for the Doppler frequency shift in the dif-
where the power of the light beam whose wave vector coinferential schemeé:
cides with the particle velocity is one-half the power of the
oppositely directed beam, the average value of the frequency
fp falls to 12.5 kHz ¢ =3.22 mm/s). Consequently, the re- The same can be said of the inverse-differential scheime,
sultant effect of the light beams in this case is to slow thewhich the Doppler frequency shift is given by the expression
particle. wp=V- (kg —Ks»), where the sensitivity vector is defined as
Figure 3 shows the tracks of particles in the probe fieldthe difference of the wave vectoks; andks, of the scat-
as recorded by the video camera. The inclined “point” tered beams when they are oriented symmetrically about the
tracks correspond to the convective motion of the particleswave vector of the incident beam, provided that the scatter-
The horizontal tracks reflect the motion of the particles undeing indicatrix has axial symmetry.
the influence of the probe laser beams at a beam power ratio The highest sensitivity to photodynamic effects is pos-
of two. sessed by schemes with a reference beafor, which
An example of the Doppler signal from a scattering par-the Doppler frequency shift is given by the expressiog
ticle moving under the influence of laser radiation is shown=v- (k;—ks), wherek; is the wave vector of the beam inci-
in Fig. 4. The signal was obtained from a smoke particle indent on the particle arki, is the wave vector of the scattered

0=0p+Vv-K=Qy+

wp=V-(k;—ky).

FIG. 3. Photograph of the tracks of particles in the
probe field. The radius of the waist is 20n; the power
of the laser beams forming the probe field is 20 mW.
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Low-temperature photoluminescence of heavy-ion-implanted InGaP solid solutions

D. Bhattachar-yya, D. A. Vinokurov, G. M. Gusinskil, V. A. Elyukhin, O. V. Kovalenkov,
R. N. Kyutt, J. H. Marsh, V. O. Naidenov, and E. L. Portnot

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
Glasgow University, Glasgow G128QQ, Scotland, UK

(Submitted March 3, 1998

Pis’'ma Zh. Tekh. Fiz24, 59—-62(September 12, 1998

The photoluminescence spectra of samples of the solid solutifrb)Ga0.5)P before and after
implantation of high-energy nitrogen ions to doses of*4@x 10*2 cm™2 shows that the
photoluminescence of the implantéahd annealedsamples may be the result of the formation
of essentially one-dimensional semiconductor structures along the individual ion tracks.

© 1998 American Institute of Physid$1063-785(108)00909-4

There is great interest at present in research on the cra0!'-5x 102cm~2, which corresponds to an average dis-
ation of nanostructures with a large ratio of length to diam-tance of 300-50 A between the centers of the amorphized
eter. In this letter we present results that confirm the basigegions formed by the tracks of individual ions. The PL spec-
underlying idea of a possible method of creating such structra were measured & K under pumping by an argon laser.
tures — the formation of amorphized tracks along the path$n addition, an x-ray structural analysis of the heterostruc-
of individual heavy ions in an I0.5Ga0.5P solid solution
and the subsequent recrystallization of these tracks, accom-

panied by decompositiol? Epitaxial films of the solid solu- 1, arb. units

tion In(0.5Ga0.5P grown on GaA& 00 substrates by met- 31500 -

alorganic vapor-phase epitaxjMOVPE) were chosen for

implantation for the following reasons. Among the ternary 27000

solid solutions of the IlI-V type with a direct gap structure, 22500

the solid solution I(0.5Ga0.5P has the greatest difference

in the lattice constana of the constituent compoundsa ( 18000

=5.87 A for InP anda=5.45 A for GaP. Such a difference 13500

in the lattice constants makes for a wide zone of immiscibil- ’
9000 —

ity in these solid solutions, which for the solid solution
In(0.5Ga0.5P occurs in the temperature interval 820—900 4500 _
K.12 The crystallization of such a solution at lower tempera-
tures under conditions close to thermodynamic equilibrium
should lead to the formation of a two-phase solid solution in
which one of the phases is enriched in indium phosphide and
the other in gallium phosphide. Crystallization under practi-

I, arb. units

cally thermodynamic equilibrium conditions can be achieved 7000

by a prolonged thermal annealing of a single-phase amor- 6000 |

phized solid solution, which should lead to a recrystallization b
process involving the formation of a two-phase single- 5000

crystalline solid solution. However, in the recrystallization of 4000

a completely amorphized solid solution found in the zone of

immiscibility, the size of the regions of different composition 3000

will have a large spread of values. Therefore, to limit the 2000_L

spread in values of the dimensions of these regions, the ep-

itaxial films of the solid solution 1(0.5Ga0.5P were irra- 1000 J

diated by high-energy ions in doses ruling out continuous 0

amorphization. The irradiation by accelerated ions was car- o o e e e Do .
ried out at the cyclotron of the loffe Physicotechnical Insti- $RggEEeRNekzsREE

tute in St. Petersburg, Russia. In the experiments nitrogen 2,4

ions (+3) were used for irradiation. An ion energy of 3 ) ) )
G. 1. Photoluminescence spectra of the solid solutid.HiGa0.5P at

MeV was chosen to, ensure their pengtrapon_ oa depth mUCEK before implantation and annealif@ and after implantation by nitrogen
greater than the thickness of the epitaxial films, which WaSons in a dose of 51012cm2 with a subsequent annealrf@ h at a

0.5um. The irradiation doses were varied in the intervaltemperature of 410 °Qh).

1063-7850/98/24(9)/2/$15.00 690 © 1998 American Institute of Physics
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tures was carried out prior to the implantation and annealin@f the tracks formed by nitrogen ions. The rather large width
and again after these procedures. A comparison of the x-ragf the distribution can be attributed to the difference in the
diffraction curves before and after implantation and annealdimensions of the latent tracks of the ions. Indeed, the
ing confirms that only an insignificant fraction of the volume mechanism of formation of a latent track of a heavy ion in
of the epitaxial films was subjected to amorphization. Onecrystal structures has never been studied. It has been estab-
can thus assume that on average the transverse crodshed that the so-called “Coulomb explosion” occurs along
sectional diameter of the tracks of the nitrogen ions in thehe path of a heavy ion, leading to displacements of the lat-
In(0.5Ga0.5)P solid solution is considerably less than 50 A tice ions and the creation of a region of disorder, amorphiza-
. In addition, the same x-ray spectral investigations showedion, recrystallization, and other effects. All these processes
that annealing substantially decreased the variation of thdepend on the type of ion and its energy and on the type of
composition over the thickness of the films in the as-grownstructure® Most of the processes are of a nonlinear character.
heterostructures, a finding which is of great interest in itslt has been showhthat there exists a disproportionately large
own right. decrease in the transverse dimensions of the tracks upon
The main relationships discerned in the behavior of theswitching from uranium iongan ellipse 21.&18nm) to
PL are the following(see Fig. X In all the samples irradi- dysprosium ions (124.5nm). The transverse dimensions
ated to the indicated doses there arose a spectral distributiarf the tracks of nitrogen ions are apparently subject to large
with a maximum at 705 nm and a full width at half maxi- fluctuations in view of their small sizes. In addition, there
mum (FWHM) of the order of 150 nm, on which was super- may be fluctuations of the ionization density along the length
posed the peak of the unirradiated materi&éB3.5 nnj, of a track. To elucidate these matters we plan to repeat the
which was significantly diminished in intensity but main- experiments with the heavier argon ions.
tained its position. The PL spectrum should depend on both  This study was carried out as part of Project 2-024/4 of
the composition and the dimensions of the recrystallized rethe Russian Ministry of Science and Technology program
gions. The observed maximum of the spectral distribution in‘Physics of Solid-State Nanostructures.”
the implanted and annealed samples corresponds to a com-
position of the bulk solid solution [0.7)Ga(0.3)P. However, V. 0. Naidenov, G. M. Gusinsky, V. A. Elukhin, E. L. Portnoy, and J. H.
the dimensions and geometry of the recrystallized regions doMarsh, Abstracts of the 10th International Conference on Surface Modi-
not permit one to state that the luminescence of the solid,fication of Metals by lon Beam&atlinburg, Tennessed997.
solution I0.7)Ga0.3P has been observed. In accordance \é}fmﬁlﬁg'gﬁié‘égormoy' E. A Avrutin, and J. H. Marsh, J. Cryst
with the results of Ref. 2, one of the two solid solutions 2y Toulemonde, C Dufour, and E. Paumier, Phys. Rev4@ 14 362
found in equilibrium at the annealing temperature should be (1992.
In(0.9G&0.1)P. Thus the PL spectrum in the implanted and 4J. Vetter, N. Scholz, and N. Angert, Nucl. Instrum. Methods Phys. Res. B
annealed samples may be the result of the formation of es- o1 129(1994.
sentially one-dimensional semiconductor objects at the site®ranslated by Steve Torstveit
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Measurement of the thermal and electronic parameters of semiconductors by the
“mirage-effect” method with pulsed excitation and splitting of the probe beam

A. N. Petrovskil, K. V. Lapshin, and V. V. Zuev

Moscow Engineering Physics Institute
(Submitted February 13, 1998
Pis’'ma Zh. Tekh. Fiz24, 63—67(September 12, 1998

A technique is described which affords a qualitative improvement in the accuracy of determining
the thermal and electronic parameters of semiconductor sample499® American
Institute of Physicg.S1063-785(18)01009-X

In this paper we propose a novel technique employingliodes5 shielded from stray radiation by silicon filteés
the “mirage-effect” method with a splitting of a probe beam The signals from the photodiodes are fed to an S9-16
which can yield a qualitative improvement in the accuracy ofdual-trace programmable digital oscilloscopewhich per-
determining the thermal and electronic parameters in thénits their visual comparison, and are then processed using a
scanning of sample surfacéacluding the number of hidden program for the pulsed photodeflection spectrosd®BDS
flaws, the quality of surface treatment, the presence of miof the signals from the two probe beams, taken simulta-
crocracks, impurity levels, etc.we demonstrate the advan- nheously during a single exciting pul$g,9,10.
tages of this technique and present experimental results on From the shapes of the PPDS signals taken over a single
the thermal diffusivity and velocity of propagation of the pulse of exciting laser radiation we calculate the values of
maximum of the refractive-index gradient for a thermal wavethe thermal diffusivityD, and the thermal wave velocity in
in test samples. the samples. o

The possibility of measuring the thermal and electronic ~ EXPressingD, in terms of the time differencat of the
parameters of semiconductors by the “mirage-effect”pOS't'O”S of the thermal maxima gf the PPDS signals from
method with pulsed excitation, which is particularly promis- the o probe beams, the scanning dephof the probe
ing because of its local, nondestructive, and contactless chap€am more distant from the surface, and the distake

acter — has been demonstrated in a number of papers froRfWeen the probe beams in the sample, we have in the sim-
Russia and abroad? plest approximatioh

The factors which determine the accuracy of the method
are the nonuniformity of the illumination of the sample by
the exciting radiation from pulse to pulse and the accuracy of

measurement of the location of the point of entry of thedepends on the uncertainties in determining At, andx,

probe beam into the sample. which we shall call6(Ax S(At and 8(x re-
The experimental arrangement proposed in this papelne iively. (Ao S(ADwo. (2o

(see Fig. 1 can successfully solve both of these problems,

significantly improving the accuracy and response time ofngependent of the nonuniformity of the illumination of the
the method. o sample by the exciting radiation makes it possible to improve
A probe beaml from a He—Ne laser is shined on the tnhe accuracy of its determination from 20@the conven-
face of a beam splitte?, which splits it into two beams. The {jgnal “mirage” effect) to 2%.
two newly formed probe beams scan the san®lehich is The main parameter influencing the accuracy of mea-
located in a telescopic syste#n at depths<; andx,. surement of the scanning dept is the diameter of the
The sample is mounted inside the telescopic system OBrope beam inside the samplii should be considerably
an adjusting stage with a micron drive along the vertical andmaller than the scanning depth, since otherwise the nonuni-
horizontal axegthe drive has a precision of 3m). The  formity of the deflection of the different parts of the probe
two-coordinate drive on the adjusting stage permits varyindheam over depth must be taken into accauint the experi-
both the depth of the points of entry of the probe beams intgnent reported here the focal length of the telescope lenses
the sample and also the distance between the probe beamsi@as 3 cm, the sample thickness was around 2 mm, and the
the sample 4x) by moving closer or farther from the waist diameter of the probe beam at the entrance of the optical
(of course, the horizontal displacement should not be largesystem was around 2 mm.
since that would make the diameter of the probe beam in the The laser radiation at the entrance and exit of the sample
sample comparable to the scanning depth, and the prolsuld be observed visually through a night-vision device; the
beam could no longer be regarded as unifprm diameter of the probe beams at the entrance to and exit from
The deflection of the probe beams after their passagthe sample was 70m, and inside the sample the distribu-
through the telescopic system is registered by two phototion of the laser beam maintained its Gaussian profiiée

D;=AX-X5(1—AX/2x,)/3At. (N}

It is seen from Eq(1) that the error in determinin®;

The fact that the parametat in the proposed scheme is

1063-7850/98/24(9)/2/$15.00 692 © 1998 American Institute of Physics
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physical limitation on the waist of the probe beam wasrecombination is negligiblé,and with minority-carrier life-

20um (Ref. 5. The scanning deptk, was chosen as large times of 170us (p type) and 0.7us (n type).

as possible and equalled 4@, and it was thus signifi- The thermal diffusivity of the investigated samples was

cantly larger than the diameter of the probe beam inside th&.0 cn/s for then-type silicon sampldthe tabulated value

sample. The errof(x,) o, Was~ 6% (as in the conventional is 1.0 cnf/s; Ref. § for all of the series, and 0.9—1.4 éfs

schemg for the p-type silicon sample(the tabulated value is
In the proposed scheme the distatoebetween the two 1.2 cnf/s; Ref. @ for all of the series.

scanning probe beams is not affected by vertical movement We also made a study of the propagation velo#fyof

of the sample. The erra¥(Ax),, Was~2%, whereas in the the maxima of the gradients of the refractive index of ther-

conventional scheme the error is determined by the scanningal waves in the samples, the theoretical justification for

depthx;, by the precision of the drives of the adjustable which is given in Ref. 7. Because the measurements are of a

stage, and by the nonuniformity of the illumination of the relative nature, the erra®(V,)wo, was around 4%, consider-

surface of the sample by the exciting laser radiation:ably smaller than the error in the conventional method

8(X1) one~10%. S(VY) one=30%. The propagation velocity of the maximum
Thus the error in the determination Bf, for one mea- of the refractive-index gradient for a thermal wave was 53

surement by the method utilizing a split probe beam iscm/s in thep-type silicon sample withr=170 us and 98

8(Dy)wmo~10%, which is significantly lower than the error cm/s in then-type silicon sample withr=0.7 us.

in D; determined by the conventional schem&D;)qne

~40%. In addition, the possibility of measuring the param- *V. V. Zuev, M. M. Mekhtiev, and D. O. Mukhiret al, MIFI Preprint No.

eters of the samples with a single exciting pulse makes this 031-90 [in Russiarl, Moscow Engineering Physics Institute, Moscow
(1990, 24 pp.

method SUbStantial_ly faster. ) 2A. N. Petrovsky, A. O. Salnick, V. V. Zueet al, Solid State Commun.
The aforementioned advantages of the technique of us-s1, 223(1992.
ing a double probe beam make it particularly convenient for°K. V. Lapshin, A. N. Petrovskj and V. V. Zuev, Pis'ma Zh. Tekh. Fiz.

scanning the thermal and electronic parameters of a samplgig(\l/)f:p(slrﬁza /ETEChb;?gféﬁ';ial(jg(\})'\? gszf]bis’ma 2h. Tekh. Fir

over the surfaceincluding for purposes of determi_ning the  5021), 60 (1994 [Tech. Phys. Lett20(11), 880 (1994)].
quality of surface treatment, the presence of microcracks?L. D. Landau and E. M. LifshitzThe Classical Theory of Fieldgdth Eng.
impurity levels, etc).. ed., Pergamon Press, Oxfofd975 [cited Russian original, Nauka,

: : ot i+ Moscow (1988, 512 pp].
Let us mention ano.ther pOSSIbIe appllcatlon of the Spllt 5M. P. Shaskol'ski (Ed.), Acoustic Crystal$in Russian, Nauka, Moscow
probe-beam method, viz., a parallel arrangement of the ex- (1982, 632 pp.
citing beam and the split probe beams. Such a scheme M. M. Mekhtiev, V. V. Zuev, and A. N. Petrovski MIFI Preprint No.
convenient for detecting hidden flaws in a sample. 014-96 [in Russian, Moscow Engineering Physics Institute, Moscow
In this study we investigated polished silicon samples (1299 40 PP-

with a surface finish of 1—2m, so that the rate of surface Translated by Steve Torstveit
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Conversion of Hermite—Gaussian and Laguerre—Gaussian beams in an astigmatic
optical system. 1. Experiment

A. N. Alekseev, K. N. Alekseev, O. S. Borodavka, A. V. Volyar, and Yu. A. Fridman

Simferopol State University
(Submitted January 26, 1998
Pis’'ma Zh. Tekh. Fiz24, 68—73(September 12, 1998

The workings of a mode converter providing energy-effective conversion of an Hermite—Gaussian
beam to a Laguerre—Gaussian beam and vice versa are analyzed experimentally. The

converter is an astigmatic Fourier transformer consisting of a system of two cylindrical lenses
with perpendicular principal planes lying between two spherical lenses. It is shown that

this device is less sensitive to the mating of the astigmatic elementsl998 American Institute

of Physics[S1063-785(18)01109-4

The capacity of Laguerre—Gaussian beams to transpottaguerre—Gaussian beams. However, the majority of the ho-
angular momentum of an electromagnetic wave has fountbgrams used in practice for such purposes have a low dif-
wide application in devices for trapping, transportirfgand  fraction efficiency.

“torquing” particles® with dimensions of 1—2@m. Ordi- Relatively recently Beijersbergen et'8lproposed and
narily the electromagnetic angular momentum is associatedeveloped an original means of converting Hermite—
with both the polarizatichand orbital properties of the elec- Gaussian beams to Laguerre—Gaussian beams and vice
tromagnetic wave. It is assumed that these orbital charactewersa. The conversion of beams between different symmetry
istics of the wave are due to a topological chatgehich  groups is done by means of two astigmatic cylindrical lenses
characterizes a special state of the electromagnetic field: amith coincident(paralle) principal planes. The conversion of
optical vorteX or a wave with a purely screw dislocation.  the beams occurs on account of the difference of the Gouy

Laser light sources can generate two types of paraxighhases acquired by the beams in the space between the cy-
coherent beams: Hermite—Gaussian @Hjzand azimuthally  lindrical lenses. The distance be lenses is chosen such that
symmetric Laguerre—Gaussian (|0 beams. Linearly po- the phase difference at the exit from the lens at the time
larized LGy beams are carriers of purely screw dislocationswhen the wave fronts overlap will b&/2 or =. A phase
(optical vorticeg and, hence, also transport angular momen-difference of#/2 corresponds to conversion of a l;eam
tum. Linearly polarized HG, beams have a degenerate edgeto an HG,,, beam and vice versa. The conversion involves
dislocation of the wave front and do not transport angulaithe transformation of a positive topological charde-() to
momentunt. For in-resonator selection of these beams one negative chargel € 1) and vice versa. Such conversions
must use special diaphragms and absorbers, measures white possible only when the astigmatic lenses are precisely
are not always convenient in experimental pracliféie use  phase matched.
of holographic filters for forming optical vortices with the In the present paper we analyze experimentally a less
required magnitude and sign of the topological chafyes demanding method of conversion of beams of different sym-
opened up broad possibilities for the practical use ofmetry groups, based on Fourier transformations in a system

.

LV ane 3
FIG. 1. Diagram of the experimental apparatus:- He—Ne laser2,6 — beam splitters3 — phase transparendg composite half-wave(2) phase plate

4 — phase converterl(; andL, are spherical lensek, andL 5 are cylindrical lenses5 — Fourier filter(two lensed. and a diaphragr®), 7,8 — mirrors,
9 — screen.
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FIG. 2. Photographs of the beam shape— an Hermite—Gaussian beam with a degenerate edge dislogd&ier a deformed Gaussian beam with a
degenerate edge dislocatioB — two aberrations of the coma type, a purely screw dislocafibr— a Laguerre—Gaussian beam with a purely screw
dislocation.

of spherical and cylindrical lenses. The essence of the@hotograph of the beam is its interferogram, which charac-
method is to use two cylindrical lenses with plane principalterizes the type of dislocation of the wave front. It is seen
planes lying between two spherical lenses. A diagram of th¢hat the Hermite—Gaussian beam with a degenerate edge dis-
experimental layout is shown in Fig. 1. Radiation from alocation(Fig. 28 becomes, after passing through the spheri-
He—Ne laser in the form of a fundamental Gaussian beam atal lensL; and the two cylindrical lensek, and L5, a
wavelengthh =0.6328um and with a powelP=1mW is  highly deformed astigmatic Gaussian beam with a degener-
used to excite a Mach—Zehnder interferometer. A mode conate edge dislocation(Fig. 2b. However, after passing
verter is mounted in the object arm of the interferometer. Athrough the second spherical lelhg the beam starts to col-
the entrance of the mode converter is a fundamental Gauskpse into a composite of two aberrations of the coma type.
ian beam that has been converted to a Laguerre—Gaussidhen the deformed beam is characterized by an almost
beam LG, by a phase transparency. The phase transparengurely screw dislocatior{Fig. 29. The Fourier filter sup-
used is a composite half-wave\/@) plate, which permits presses the higher harmonics, resulting in a symmetric
introducing a phase difference af between the wave fronts Laguerre—Gaussian beam with a purely screw dislocation
on only half of the transverse cross section of the beam. Théig. 2d.

total loss in the transparency amounts to 15-20%. The laser The losses in the lens converter and Fourier filter amount
beam is transformed further by the phase converter, whicko 8—10%, so that the total energy loss came to 25—30%.
consists of two cylindrical lensed ¢,L3) placed between It was found that changing the orientation of the symme-
two spherical lensesL(,L,). The symmetry planes of the try axis of the phase transparency at the entrance to the con-
cylindrical lenses are perpendicular to each otffeg. 1).  verter from +45°. To —45° corresponds to reversing the
This geometry of the converter substantially alters its work-sign of the topological charge of the beam.

ing principle from that of the analogous device investigated

in Ref. 10. When the symmetry axis of the phase transpar-

ency is oriented at an angle of 45° and, if the relations amongK. T. Gahagan and G. A. Swartzlander Jr., Opt. L. 827 (1996.

the lengths between all four lenses are approximately satis—gh;e'R'\é'\'/ EL'eft'yg”ggg'( 1Ng'9§' Heckenberg, and H. Rubinsztein-Dunlop,
fied, an Hermite—Gaussian beam is efficiently converted to @y g simpson, K. Dholakia, L. Allen, and M. J. Padgett, Opt. L2#,52
Laguerre—Gaussian beam. To cut off the higher-order har- (1997.

monics a Fourier filter is used, consisting of two Centered;‘R- A. Beth, Phys. Rev50, 115 (1936.

lenses and a diaphragn. Figure 2 shiows photographs of e 141 EIKE S Hlius O8C Sonnen 1470008,
shape of the beam in the process of its sequential conversion_ ajien, M. w. Beijerstergen, R. J. C. Spreeuw, and J. P. Woerdman,
in the individual units of the converter. Shown next to each Opt. Rev.45, 45 (1992.
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Features of the microwave breakdown of a high- T, superconducting film at defects
N. A. Buznikov and A. A. Pukhov
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Russian Academy of Sciences, Moscow
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Pis’'ma Zh. Tekh. Fiz24, 74—80(September 12, 1998

The influence of nonsuperconducting defects on the power density for microwave breakdown of
a high-T superconducting film is investigated theoretically. It is found that the scenario of

the destruction of superconductivity depends substantially on the shape of the defect and on the
ratio of the absorption coefficients of the defect and film. It is shown that the breakdown

power density at a defect may be higher than or equal to the threshold power density for
microwave breakdown of a homogeneous film. 1®98 American Institute of Physics.
[S1063-785(108)01209-9

The microwave breakdown of high: superconducting oT
(HTSO) films has been observed in a number of studiés. ks%: —«kP, T=T, i)
The thermal mechanism of breakdown involves a sharp in-
crease in the absorption coefficiemtof the film when the at the bOUndary of the film and substrate and on the back side
critical temperaturd, is exceeded.It has been showrthat ~ Of the substrate, respectively. Heegis the thermal conduc-
the presence of normdhonsuperconductir)gdefects in a t|V|ty of the substrate, anda is the normal to the film, di-
HTSC film has a substantial effect on the breakdown powefected into the substrate. The problety, (2) can be solved
densityP, of the film. In this case the destruction of super- by separation of variablés®in the limiting cases of a linear
conductivity may be due to the onset of a local temperaturélefect and a circular defect.
domain at the defect. In this paper we investigate the influ-  Let us first consider a linear defect of half widiy, .
ence of the shape of the defect and its absorption coefficiedeglecting for simplicity the temperature dependencéof
on the scenario of the destruction of superconductivity andve obtain for the half widttD of the domain
on the value of the power density at which microwave break- % %
down occurs. > N Zexp(—20DIDg)—2(y—1) X, N2

Consider a HTSC film of thickned3; on an insulating k=0 k=0
substrate of thicknesB > Df_, the b_ack side of yvh_ich is X sinh(\yDy/Ds)exp —\D/Dg)= (P~ P,)/2P.
held at a temperatur&,. Incident microwave radiation of
power densityP is partially absorbed in the film, which has ()
a normal defect of arbitrary shape. The microwave absorpHere\, = 7(2k+1)/2, y= x4/, is the ratio of the absorp-
tion coefficient of the defecti=«y, does not depend on tion coefficient of the defect to that of the film in the normal
the temperaturel, while that of the remaining film state, andP,=2ky(T.—To)/x,Ds is the threshold power
=k, has a temperature dependence that can be viitten density for breakdown of a homogeneous filrior P< P,
k1= knn(T—T¢), where k,=4(cD;Zo) '/[2(6DiZo) *  breakdown is fundamentally impossiffieand for P> P,
+1]? is the absorption coefficient andthe conductivity of  preakdown develops if a normal phase region of sufficiently
the film in the normal stateZ,=377() is the wave imped- |arge size arises in the filtht® Figure 1 shows the curves of
ance of the vacuum, angl(x) is the Heaviside step function. D(P) for various values oD in the casesy<1 (dashed

The absorption of microwave radiation by the defectcurveg andy>1 (solid curves.
causes its temperature to increase. The diffusion of heat For y>1 a temperature domain localized at the defect
causes heating of the rest of the film and the substrate, andagises when the incident power dendityexceeds a threshold
region of the film adjacent to the defect can undergo a tranvalue P,, which is determined from the conditiob(P,)
sition to the normal state and become a source of additionakD . For a sufficiently largeD,, the half width of the
microwave absorption. As a result, a steady-state tempergomain increases @&is increasedcurvesl and2 in Fig. 1),
ture distribution arises in the film and substrate, correspondand microwave breakdown occurs Rt P,, when the do-
ing to a temperature domain localized at the defddere the  main occupies the entire filmD(— ). At smaller values of
temperature distribution in the substrate is described by thp, the domain vanishes if the breakdown power density has
three-dimensional steady-state heat conduction equation a valueP.>/P, (curve3in Fig. 1). In this case the transition

of the film to the normal state occurs through the propagation

V- (k;VT)=0 (1) along the film of a normal-phase region arising at the
defect®'® For y<1 a domain does not arise in the film
with the boundary conditiofis (curves4—6 in Fig. 1), and breakdown occurs at a power
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FIG. 2. Circular defect. Curves of the domain radRissersus the micro-
FIG. 1. Linear defect. Curves of the half widh versus the microwave wave power densit. The solid curves are fop=>5, the dashed curves for
power densityP. The solid curves are foyy=5, the dashed curves for =05 14— Ry/Ds=0.25;2,5— Ry/D=0.1; 3,6 — Ry/Ds=0.05.
y=0.8.1,4— D4/D¢=0.5; 25— D4/Ds=0.1; 3,6 — D4/Ds=0.02.

breakdown of a homogeneous film. For a defect of small

density P, determined from the conditioD(Pc)=Dg. In a4iysR <D the breakdown power densiBy, is described
this case Pis always higher thaP,, the threshold power approximately by the relations

density for breakdown of a homogeneous film. For a defect

with a small half widthD4<Dg, the power densityP, is Pc/Py=(ml4)(yRq/Dy) 1, <1,
described approximately by the relations
— _ -1
Pe/P,=(m/4)[y|In(D4/Dy|Dg/DI L,  y<1, Pe/Pp=(ml4)(y=1Ry/D9) ™% y>1. 6)
P./P,=(m/8)[(y—1)[IN{(y—1)Dy/Dg}|Dg/Dg] 2, Thus the scenario of microwave breakdown of a HTSC

film with a normal defect depends on both the shape of the

y>1. (4) defect and the ratigy of the absorption coefficients of the
defect and film. Fory>1 breakdown is preceded by an in-
termediate stage of formation of a temperature domain local-
ized at the defect, while fop<<1 breakdown occurs without
the formation of a domain. The breakdown power denBity

* depends substantially on the shape of the defect; for a linear
(R/Ds)kZ M 1 (MR/DGKo(NR/Dg) + (Rg/Dg) (y— 1) defectP, may be higher than or equal to the threshold power

° densityP, for breakdown of a homogeneous film, while for

Let us now consider a circular defect of radRg. From
Egs. (1) and (2) we get the following equation for the do-
main radiusR:

* a circular defecP, is always higher thaf,. For defects of
XkZO M (MR /Do) Ko(ARIDg) =P /4P, (5)  small sizeD4<Dg or Ry<Dy, the value ofP can be sub-
a stantially greater thaf, (cf. Egs.(4) and(6)).
wherel,(x) and Ky(x) are modified Bessel functions. We In conclusion we note that the absorption model used

note that a dependence analogous to(Bgwas obtained in  here is applicable in the high-frequency limit, when the qua-
Ref. 7. Figure 2 shows the curvesR(P) for various values sisteady flow of microwave current around the defect can be
of Dy in the casesy<1 (dashed curvgsand y>1 (solid neglected. This condition is met if the characteristic time
curves. ,uoafRﬁ for expulsion of current from the defect is large
It is seen from Fig. 2 that foy<<1 the functionR(P) is = compared to the inverse frequency of the microwave radia-
qualitatively similar to the functiol (P) for a linear defect, tion f~%: fuqo;R3>1 (hereoy= 0B, /B is the conductiv-
and microwave breakdown occurs without the formation of aty of the film in the regime of viscous flow of the magnetic
temperature domain in the filfcurves4—6 in Fig. 2). For  flux, B., is the upper critical field, and® is the surface
y>1 a domain forms in the film, and its radius increasesmicrowave field. For typical parameters of Y-Ba—Cu-0O
monotonically with increasing all the way up to the thresh- films, o=2Xx10°S/m and B,=50T, for the breakdown
old power densityP (curvesl-3in Fig. 2). We note that in  fields observed in experimenB=0.01T (Refs. 1-4, and
the case of a circular defect the breakdown power defkity for Ry=1 um (Ref. 5, we find that the model used is appli-
is always greater thaR,, the threshold power density for cable forf>10° Hz.
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The efficiency of an explosive accelerator is analyzed. The efficiency of the stream of particles
in penetrating into a target to ultralarge depths is determined19@8 American Institute
of Physics[S1063-785(18)01309-3

In analyzing the results of experiments on superdeepvhereL andc,, are the length of the target and the average
penetratiort;® an important question is the amount of matterconcentration of inserted material, respectively. However,
inserted into the target and its distribution in the target mafor determining the integral parameters of the process it is
terial. There are notable differences in the dataon the entirely acceptable to use a uniform concentration distribu-
amount of inserted matter for different materigd®@metimes tion (c,,(h)=c,=const), in which case Eq3) gives a
by several orders of magnitudeAttempts to shed light on valueH=L/2.
this question by indirect methods of evaluating the amount of It follows from Ref. 4 and 6—8 that the sole source of
inserted matter, e.g., based on estimates of the density of tlemergy for the UPD is the kinetic energy of the stream of
channel zones in transverse cross sections of the target mparticles formed by the explosive accelerdtbif we denote
terial, have not met with much succeés® Here the esti- by U, andm, the average velocity of the particle stream and
mates also disagree, ranging from hundfedsmicropar-  the mass of an individual particle, respectively, the energy of
ticles per square milimeter to thousafdand tens of each particle of the stream will bepzmp(U,§/2), from
thousandSper square millimeter. This circumstance necessiwhich we can determine the number of particles of the
tates carrying out a general analysis of the efficacy of arstream whose energy must be expended on the penetration of
explosive accelearatof for determining the mean amount of one particle to ultralarge depths:
matter(or its concentrationinserted into a target under con- e H/U.\2
ditions of superdeep penetrati¢8DP. N,=—= & _C) (4)

From the results obtained in previous modeling of the & My \Ua
procesg‘s one can calculate the work required for the SDPor, for a spherical particle of densityp and radius*p,
of a single particle as the total energy expended on overcom- ) ) )
ing the total resistance of the target in the transient and | _ pmrpH &) :§£ﬂ<&)
steady-state parts of the particle motfoiE It follows from € 4 S\Up 4p,rp\Up) -
Ref. 4 and 6-8 that the energy expended by a nondeformable Pp3 o
particle in the transient part of the motion can be neglected in ) . ) o
comparison with that expended in the steady-state part of the 1he inverse quantity =1/N, is the efficiency of the
motion. In that case, ifix is a small distance traversed by the Stréam. Acco_rglng to the available experimental and compu-
particle in the targetl, is the velocity of the steady-state tational dﬂé one thSGUCwGOO m/s, Ua~1500m/s, H
motion of the particlé;®® andp is the density of the target, —-/2~10"m, r,=10""m, p/p,~0.5-8, andN,=10".
the work expended on overcoming the segmetcan be Consgcaluently, fo_r the efficiency of the stream we get a value
calculated from the formula e=<10“ (or, equivalently, 0.01% as was assumed in Ref. 6

and 8.
2
dA= ES dx (1) Knowing the efficiency of the stream under conditions of
pp =0t SDP, one can easily calculate the average mass content of

where$S, is the midsectional area of the particle. Since thePOWder in a target which is actually achievable in an experi-

velocity of the steady-state motion at a constant pressure f§€nt. If M is the mass of a powder charge, then the total

constanf 2 a particle penetrating to a depkh will expend =~ Mass of the inserted powder ms=eM, , and the average
an energy mass content in the target for a spherical particle is

LY U c :ﬂzsﬂ:f&r_p<%)2&
e=JodA=JO pTSde=p7SpH. (2 m"“M; "My 3 p HlU. M7’
whereM is the mass of the target. Under standard experi-
mental conditions™ one hasVl, ~0.1 kg andM+~0.25 kg,
and soc,,<0.3x10 * (0.003%. Considering the various
| losses involved in achieving SDP in real experiments, one
H= i c(h)dh, 3) would expect this value to be lower still, so that forma

2CmJo can be regarded as an estimate of the maximum average

®)

6

The average penetration dephh can be established
from the variation of the mass concentration of inserted ma
terial with depth in the target,(h):
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A model kinetic equation is constructed which describes the behavior of moldpolgatomio
gases in which the vibrational degrees of freedom are “frozen” and the rotational degrees

of freedom are treated quasiclassically. An analytical solution is obtained for the Smoluchowski
problem of the temperature jump and weak evaporation above a planar surface in a half
space. Numerical calculations are carried out. 1898 American Institute of Physics.
[S1063-785(08)01409-9

The Smoluchowski problem has attracted steady atten- In the case when the internal degrees of freedom are
tion for a long time now. This problem is of interest becausequasiclassical, the model kinetic equations for polyatomic
of its theoretical importance and numerous practical applicagases can be written in the forfdl) with an equilibrium
tions. For a simple gas this problem has been treated bgistribution function
analytical methods and by approximate and numerical 3 1
methods for the total Boltzmann equation. o —n (m ‘31‘32‘13)2&(%_ m (v—u, )2

The cited papers have dealt with the case of a mon- *4 " (24kT,)3 2kT, *
atomic gas. At the same time, the majority of gases are poly- ) ) )
atomic (moleculay. It is therefore indisputably of interest to B Jiw1+ Jrwy+ w3
investigate the case of molecular gases. Kinetic processes in 2KkT,
molecular gases are more complicated than in a monatomic HereJ;, J,, andJ; are the principal moments of inertia

(smple)_gas. For this reason, model c_oII|S|on mteg_rals play of the molecule, and = (w1, w,,®s) is the angular velocity
a more important role. An important circumstance is that for.

. ! vector of its rotation. The quantities, , u, , and T, are
many molecular gases there exists a W'de. range of eMPeIdetermined as the corresponding moments of the distribution
tures(from tens to thousands of kelvinim which, on the one function f (r,v, w):
hand, the vibrational degrees of freedom or “frozen,” i.e., T
do not contribute to the thermodynamic and kinetic proper- n, :f fdivd3ew, u,= 1 f vid3ydie,

1

ties of the gas, and, on the other hand, the rotational degrees * _E
of freedom can be treated quasiclassically.is this study

. _ m 2 1 2 2 2
that we consider here. T =3k g(V— U, )+ E(leﬁ Jow5+J3w3)
Model collision integrals for this case have been consid- *
ered in Refs. 6-8. A model collision integral for a diatomic x fd3vd3w.

gas was considered in Ref. 9, and the problem of the tem-

perature jump was addressed. In the present paper we con- Below we will be mte_rested "?_the case when the _gradl
: o ! ents of the thermodynamic quantities are small. We will also
sider a generalization of the approach proposed in Ref. 9 to : . .
: . assume that the velocity of the gas is small in a reference
the case of polyatomic gases, i.e., gases whose moleculges ; . S .
. rame tied to the interface. Then the distribution function can
contain three or more atoms.

A model kinetic equation of the Bhatnagar—Gross—be written in the linearized form="fo(1+¢). Here

Krook (BGK) type for the steady-state case has the familiar n (M3313,35)" B mo? B Ji0i+ 05+ J305
form O (2mkTy)B 2k T, 2k T, ’
V- Vi=p(feq ). )

T, is the surface temperature, is the density of the satu-
Herev is the velocity of the moleculed(r,v) is the distri-  rated vapor of the surface material at the surface temperature,
bution function, andv is the collision frequency of the mol- and|¢|<1.

ecules. The functioffi, is the equilibrium distribution func- In this case linearizing the model collision integral(in
tion with averaged characteristics: leads to the following kinetic equation:
m \2 m on [ mu? lef-i-szg-l-ngg
= — - — Ugg)? V- +rvp=|— —

Feq neq<27-rkTeq) ex‘{ 2K Toq ¥ led" | V-Vt ve= 1| ok, 2KT,
wherem is the mass of a molecule ardis Boltzmann’'s m
constant. T UV ()

The quantitiesngy, Teq, andueq are calculated as mo- S
ments of the distribution functioh. Here
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5n=n*—n0=f fopd®vdio, w
X

1 * !
+h(x,n)= NE J,meﬂ Koot Y(x, 2 )"

(7)

Here the matrix function Kg(p,u')=K(u')

! f f (,DVdgvdsa) OT=T,—T
* n 0 ’ * S
+2uu’L(u’) is the kernel of Eq(i),

gz—@ngszffO@ m;2+%(J1wi+sz§ K(u)= k() L(w)= 1 w(pw)
s s 5K M= e k2(w)+sie” “ Mo o ||
T 2y 43 d3e. 1
Jaw3) |d°vd w K(M):?’(,U«Z_E)-

We introduce a Cartesian coordinate system with its ori- Using expansiori6), we can put the boundary conditions
gin on the interface between the gas and condensed pha@@ and(5) in the form’

and itsx axis perpendicular to the surface and directed into

the gas. We suppose that in the gas far from the surface there 0

: : , h(Ou)=1| .||, ~>0, tS)
is a temperature gradient perpendicular to the surface. 0

Evaporation and condensation processes can occur at the sur-

face, and there can be a mean-mass velocity of the gas in the N0G#)=hag(X,u)+0(1), x—=, u<0, C)

direction toward or away from the the surface. THea T,
+Ax for x—o. Here A=(dT/dX),—.; the quantityAT

=T.— T, is called the temperature jump. We denote the ve-

locity of the gas from the surface &k
The kinetic equation2) can be written as follows in
dimensionless variables:

J 4 2_ 2
gxa_zi—’—()o(x!g’w): ?f e7§ —e k(ng;graw,)

X@(X,g',w')w’2d3§’d3w'.

3

Here
k(€wi€' ") =1+28¢"+ %(§2+ V2=3) (&2 +v'?=3)

is the kernel of the equation.

We shall assume that the molecules are reflected fro
the wall in a purely diffuse manner, i.ef(0,£,w)="fg, if
£,>0. For the functionp we then get

¢(0.£,0)=0,

Far from the wall the distribution function should go
over to the Chapman—Enskog distribution, i.e.,

¢(0.£,0)=@a5(X,§,0) +O(1),

where

if £>0. (4)

if x—o, £<0, (5)

@as:8n+2U§x+8t(§2+w2_3)

+K(x—&)(E2+w’—4), K=A/T,.

We expand the functiog in the two orthogonal direc-
tions,e;=1 ande,= &2+ w?—3:

1

2:

e=h1(X,£)+ ¥+ w*=3)hy(x,&), v (6)
We introduce the column vectdr=[h;h,]'. Then on
the basis of Eq(3) we obtain a system of equations which

can be written in vector form asve have seu=§,):

where
ent2Upu—K(X—uw)

hao(X, )= 1
) (oK w)

We will skip over the solution of the probleifY)—(9),
which is known from Refs. 1 and 9, and give the formulas
for calculating the temperature jump and concentration jump
in dimensional form:

&= 5TIK+ ’yUZU,

whered, and 8y are the coefficients of the temperature jump
and concentration jump, arld is the dimensional evapora-
tion velocity.

Numerical calculations show that=1.87224. We note
that for a diatomic gas this quantity has a value of 2.05647
Ref. 9, and for a simple gas, 2.204®Ref. 1). Thus the

mperature jump decreases monotonically as the number of

atoms in a molecule increas@s a constant Prandtl number

The proposed method of analytical solution can be ap-
plied to a wide class of boundary-value problems for poly-
atomic gases.

This study was supported by a grant from the Russian
Fund for Fundamental ResearcfiProject Code 97-01-
00333.
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Conducting properties and structure of nonstoichiometric orthorhombic phase
of YBa,Cu;0,_, obtained by high-temperature vacuum annealing

I. Khidirov, V. T. Em, N. N. Mukhtarova, and A. S. Rakhimov

Institute of Nuclear Physics, Academy of Sciences of the Republic of Uzbekistan, Tashkent
(Submitted March 6, 1997
Pis’'ma Zh. Tekh. Fiz24, 90-95(September 12, 1998

Neutron and x-ray diffraction studies are carried out which show when the orthorhombic phase
of YBa,CuO,_ (X~0.02) is heat treated at temperatures of 430—550 K under tunnel
high-vacuum pumping, a partial emission of oxygen from th&)@ositions(with coordinates
0;0;0.1578 and Q4) positions(with coordinates 0;1/2)0occurs with no change in the

symmetry or in the unit cell parameters. The temperature dependence of the electrical resistivity
in the temperature interval 77—-300 K shows a semiconducting charactet99® American

Institute of Physicg.S1063-785(18)01509-3

The compound YBZu;0O;_, has a low value of the tivity after vacuum annealing at temperatures of 480-550 K
enthalpy of the oxidation reaction, a fact which indicates thatvith a half-hour hold had been observed previotigtpm
the bonding of some of the oxygen in the crystal lattice isthe temperature dependence of the magnetic susceptipility
weak! This suggests that the oxygen can be extracted from The character of the distribution of oxygen in thélp-
the YBaCu;0; lattice without a change in the orthorhombic O(5) positions of the unit cell of the annealed samples was
symmetry not only by chemical means in a medium ¢fdt  determined by a neutron-diffraction analysis, which can give
low temperatures, as was done in Ref. 2, but also by continuta more accurate determination of the oxygen concentration
ous high-vacuum pumping at comparatively low temperain the lattice than a chemical analysis ¢&hAn attempt to
tures (430-550 K. In this paper we present results from a determine the oxygen content from the ratio of the intensities
study of the conducting properties and structure of a Aigh- of certain reflections, as was proposed in Refs. 5 and 6, did
superconducting ceramic after such heat treatment. not meet with success here, since the results of the analysis
The samples chosen for the study were polycrystallineglepended on the choice of reflection. This ambiguity can be
YBa,Cu;O; g prepared by ceramic technology. The transi-accounted for by the fact that the methods proposed in Refs.
tion temperaturel, was determined from the temperature
dependence of the rati®(T)/R(300K); the resistance was
measured by the four-contact method. X-ray diffraction mea- R/R(.‘wmo
surements were made on powder samples on a DRON-3M

x-ray diffractometer (CK, radiation, and the neutron dif- [
fraction measurements were made on a DN-500 neutron dif- 9]
fractometer mounted on the thermal port of the reactor at the
Institute of Nuclear Physics of the Academy of Sciences of 8
the Republic of Uzbekistan in Tashkent<1.085A).

The initial sample had an orthorhombic unit cell 71
with the parametersa=3.8312), b=3.8845), and
c=11.673(5) A; the temperature of the transition to the 6
superconducting state was= 87 K (Fig. 1). After the tem- i
perature dependend®(T) was measured, the sample was 5
loaded into a vacuum furnace and annealed at a temperature i
of 520 K for 24 h. The vacuum inside the furnace was main- 4
tained at a level of X102 Pa or better by continuous [
pumping. 3

After annealing the sample retained its orthorhombic
structure without any noticeable changes in the lattice pa- 2
rameters. However, the temperature dependence of the resis- 4
tivity in the interval 77-300 K acquired a semiconducting 4
character(Fig. 1).> Measurement of the magnetic suscepti- !
bility showed that the loss of superconducting properties oc- f

curred throughout the entire volume of the sample, and not + . '30 ‘0 TI'K

only in a surface layer. Analogous results were obtained after o 0 150 190 2 300 1,

vacuum annealing for 24 h at temperatures of 430, 470, 53@;c. 1. R(T)/R(300 K): 1 — initial ceramic YBaCwO, ; 2 — after
and 550 K. It should be noted that the loss of superconducannealing in vacuum at 520 K for 24 h.

1063-7850/98/24(9)/2/$15.00 704 © 1998 American Institute of Physics
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I, arb. units the Q1) positions(with coordinates 0;0;0.1578&nd Q4)
] I | | i positions, with a complete lack of oxygen in théSDposi-
35l tions. This result can apparently be attributed to the lowered

binding energy of the @) and 4) atoms, as is attested to
by the high values of the thermal factors determined for
s l " I I I l ” HI "lll”" l "I I m” I‘"“Iu"" single crystals in Ref. 9. It should be noted that a substantial

i decrease of the occupation of thé€1Dpositions has been
observed previously in the tetragonal phase after quenching

from 1027 K& but here, because of the high temperature,

5L there also occurs a disordering of the oxygen atoms over the
O(4) and 5) positions.

Thus in the low-temperature vacuum annealing of
20| i YBa,Cu;0,_, a portion of the oxygen is removed from the
lattice, but because of the relatively low annealing tempera-
ture the kinetic processes of restructuring are sluggish, and
the orthorhombic phase with nearly the original values of the
i lattice parameters is “frozen in.” This agrees with the data
of Ref. 2, according to which the restructuring of the ortho-
rhombic phase is sluggish at temperatures below 600 K.

15

10 L It can be supposed that that the observed change in the
character of the conduction after vacuum annealing is related
A= Iop ~Teac to the density of defects in the oxygen positiond D since
it is the character of the occupation of these positions that
10 20 30 40 50 26° distinguishes orthorhombic phases which are close in com-

FIG. 2. Neutron diffraction curves of a YB@u,Og 5; Sample obtained by pOSItlor_1 buF obtained by dlffe_rent methods: h|gh-temperature
vacuum annealing at="520 K. The points are experimentally observed, the &NN€aling in vacuum; at high temperature in an oxygen
solid curve is calculatedy is the differenceithe observed minus the calcu- medium?® and at low temperatures in a hydrogen medfum.
lated. Consequently, the electron-transport properties of the super-
conducting ceramic depend importantly on the degree of oc-
cupation of the @) as well as @) oxygen positions.

5 and 6 are reliable only in the case when all the oxygen In summary, taking the compound YR2,0,_, as an
- . 1 —X
positions except @) and Q5) are occupied. We therefore example, we have shown that by continuous high-vacuum

used the Rietveld methddo determine the oxygen concen- pumping at temperatures of 430~550 K one can extract oxy-

'Ejratlon _by a mm;mﬁauon of the uncertalr;Jt_y fa_clztors In .]E.h%gen from the lattice of the superconducting ceramic without
et_err_nlnatl(icn ho the structure upon ar Itlrlarrlly Specitie altering the symmetry and lattice parameters, but the result-
variations of the oxygen concentration in all the posmons.ingl compound YBgCu:Og 67 677 has a semiconducting

The smallest values of the uncertainty factors were obtaineg, o ter of the temperature dependence of the resistivity in
under the assumption that the oxygen content after annealln[ge temperature interval 77—300 K

had decreased to=0.33-0.23, values which correspond to
compositions YBaCu;05 67-6.77 (S€€ Fig. 2 and Table).l
What occurs here is not a transition of oxygen from thg)O
positions (with coordinates 0;1/2)0to the Q5) position
(1/2;0;0, as is observed at relatively high temperatures in an

oxygen mediunf,but a decrease in the amount of oxygen in 'P. K. Gallagher, Adv. Ceram. Mate2, 632 (1987.
2Yu. M. Baikov, S. K. Filatov, V. V. Semiret al, Pis'ma Zh. Tekh. Fiz.
16(3), 76 (1990 [Sov. Tech. Phys. Lettl6(2), 116 (1990].

31. Khidirov, A. S. Rakhimov, and V. T. @, IYaF RUz. Preprint No.
3-9-527[in Russian, Institute of Nuclear Physics, Republic of Uzbeki-
stan, Tashkent1991), 7 pp.

4A. G. Merzhanov, Yu. N. Barinov, |. P. Borovinskaga al, Pis'ma Zh.

This study was financed by the Foundation for Support
of Basic Research of the Academy of Sciences of the Repub-
lic of Uzbekistan.

TABLE |I. Structural characteristics of YB&u;Og ;77 Obtained by low-
temperature vacuum annealing.

2 2
Atom  x Y z Az BA? ABA* n*  An Tekh. Fiz.15(11), 1 (1989 [Sov. Tech. Phys. LettL5(6), 413 1989.
5 B .
v 12 12 1/2 0.0000 1.01 0.22 1.00 0.00 \/195 Arkhipov and V. E. N#sh, Sverkhprovodimost|KIAE) 2, 71
Ba 12 12 01864 00006 061 018 200 000 1989

8. S. Latergaus, V. T.’EL and M. Yu. Tashmetoet al., IlYaF AN RUz.

Cut 0 0 0 0.0000 -~ 0.91 021 1.00 000 Preprint No.P—3-383in Russiar, Institute of Nuclear Physics, Republic
Cu2 0 0 0.3560 0.0005 0.73 012 200 000 o\ -poiic Tachke 1989, 16 pp
01 0 0 01574 00008 053 012 187 004 7y \ Rietveld, J. Appl. Crystallogr, 65 (1969.
02 Y2 0 03737 00008 0.60 012 204 004 sy A somenkov, V. P. Glazkov, A. S. lvanat al, JETP Lett46, 542
03 0 1/2 0.3825 0.0010 0.68 012 206 005 (1gg9
04 0 12 0 0.0000 1.72 0.50 0.80 0.03 9y N.Molchanov, L. A. Muradyan, and V. |. Simonov, JETP Let9, 257
05 12 0 0 0.0000 0.00 0.00 0.00 0.00 (1989.

Rp=1.80%, Ry,=2.25%, Rg,=4.84%,R;=3.67% 101.E. Grabd and V. I. Putlyaev, Zh. Vses. Khim. O-va4, 473(1989.

*n is the number of atoms in the positions, @®ds the thermal factor. Translated by Steve Torstveit
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Mechanism for the dependence of the photoemission threshold of a photocathode
on its irradiance

Kh. N. Vezirov

Photoelectronics Research Institute, Baku, Azerbaijan
(Submitted April 15, 1997; resubmitted January 20, 1998
Pis'ma Zh. Tekh. Fiz24, 1-6 (September 26, 1998

Secondary electron emission is shown to occur at the boundary of the working region of a
photocathode when current flows through this region, causing a deviation from the known classical
laws of photoemission. It is established that the sensitivity and photoemission threshold of

the photocathode depend on the strength of the photocurrent flowing through it.

© 1998 American Institute of PhysidsS1063-785(18)01609-7

In studies of M-9 image convertérswith silver—  not the radiatiorb), the luminescenc@ from the center of
oxygen—cesium photocathodes it was observed that for sontbe luminescence screen was also accompanied by an image
samples, the sensitivity and long-wavelength photoemissionf the boundary of the photocathode working region in the
threshold of the photocathode regions adjacent to the baffform of a luminous ring8 at the edge of the screen. The
depend on the strength of the total current flowing througtprightness of this rin@ depended on the strength of the total

the photocathode. current through the photocathode, i.e., on the irradiance of
In order to clarify the mechanism responsible for thisthe center of the photocathode. _
effect, M-9 image converters were fabricatéeig. 1) for Assuming that the emission from the luminescence

which the diameters of the working regions of the photocathScreen only occurs under electron bombardment and that in
ode and the luminescence screen were 3.5 and 5cm respdB€ image converter each point on the surface of the lumi-
tively (for normal M-9 image converters these dimensiongh€scence screen corresponds to a single point on the surface
are 5cm. The investigations were carried out as follows. A of the photocathode, We'con(':lude that when the ceqtral parts
saturation voltage was created between the photocatlhodeOf the ph_otocatho_de are irradiated, electrons are eml_tted from
and the screer® of the image converter and the spectral € Sections3 adjacent to the baffle and on reaching the
sensitivity characteristics of the photocathode secliadja- _perlpheral sections of the screen, they cause it to luminesce
cent to the bafflet (i.e., the section directly adjacent to the in the form of a ring8.

boundary of the working region of the photocathpdeere It was established in earlier investigatidribat when a

recorded by systematically measuring the photocurrents gerp_hotoca;thoqi IS fg_brlcattetd ?K C%m]ff?m'&nal techn_olpgy, |tt.has
erated as a result of exposure to monochromatic radi&tion agap at points adjacent fo the batie. Microscopic investiga-

at wavelengths between 0.4 and i modulated, for tions showed that the width of this gap is of order a micron

example, at a frequency of 1000 Hz. The diameter of the(between O.Z_and ,Elm)_. This leads to the establishment of

light bea’m did not exceed 0.1 mm and the radiation was su an enhanced mterme_dlate resistaRdgetween the baffle anpl
lied f VDR-2 : h tor. Th f th Rhe photocathode. Direct measurements revealed that this re-

plied from an monochromator. -1he POWer of € q;qince is of order 5M. In consequence, almost all the

h istic of th . t oh hod X/oltage formed in the photocathode film as a result of pho-
characteristic of the same section of photocathode was Megse ission of electrons into vacuum, between the illumi-

sured again. Several more measurements were then magg..q nsint on the photocathode and the baffle, is incident at
with increasingly powerful radiation fluxes, i.e., higher e 535 in the photocathode film since the resistance of this
photocurrents. _ o film is considerably lowefof order kilohms. Thus, regard-

It can be seen from Fig. 2 that the sensitivity and 10ng-jess of whether photoemission occurs as a result of irradia-
wavelength photoemission threshold of a single p@8iin jon of some point on the photocathode, the flow of current
the photocathode depend on the power of the radiation fluyyrough the photocathode film leads to the formation of an

incident at this point. At first glance, this clearly contradicts gjectric field in the gaps, whose strengghis given by
the classical photoemission laws, according to which the ra-

tio of the change in the photocurrent to the change in the U
radiant flux incident on the photocathode is a constant known E= L @
as the sensitivityS=dJ/d®.

It was also observed that in those image convertergvhereU is the potential difference between the edges.,
where a working(high) voltage was created between the on different sidesof the gap(i.e., between the baffle and the
photocathode and the ano@leminescence scregnand the edge of the photocathogeCalculations show that if the total
central parts of the photocathode were irradiated and not theurrent through the photocathode isA, the voltageU is
edge(i.e., the radiatior® is incident on the photocathode and approximately 5V. Equatiofil) gives a strengtlic of order

1063-7850/98/24(9)/3/$15.00 706 © 1998 American Institute of Physics
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5x 10* V/cm. It is knowr? that field emission from the pho- also increase. This is why the brightness of the luminescence
tocathode can easily occur at these strengths. Thus, there!i§d 8 at the edge of the screen also increases as a function of
no doubt that when current flows through the photocathodethe illumination of the center of the photocathode.
field emission occurs from the edge of the baffle and after It should also be borne in mind that the widthof the
entering the strong electric field in the gap and undergoin@ap in the photocathode film is comparable with the wave-
acceleration, the emitted electrons bombard the boundary d¢ngth of the recorded radiatidine., the wavelength of the
the working region of the photocatho@eThis inevitably — radiation5) incident on the boundary of the photocathode
leads to secondary electron emission and regardless of tieorking region(i.e., near the gap It can thus be reliably
coefficient of secondary electron emissiomhich may be stated that diffraction must take place and some of the radia-
greater or less than)1some of these secondary electronstion flux 5 incident from the substrate at the edge of the
escape into vacuum. photocathode working region, after being diffracted, will
Some of the field-emission electrons may also be inciréach the photocathode regid® situated in the gap at the
dent on section® of the photocathode surface adjacent toedge of the baffle, thereby also causing photoemission from
the gap and bordering on vacuum, i.e., near p8iffthis also  these section$0. Under the influence of the electric field the
gives rise to secondary electron emission from these section¥ork function of the photocathode sectid@ decreases by
9 of the photocathode surfadéor precisely these reasons, Aee, which is knowfi to be given by
when the central sections of the photoca_lthode were irradiated Aep=3.79x 10 4\E. @
and not sectior3 electrons were also emitted from sectign
and these electrons bombarded the edge of the luminescené a result of the reduction in the work function of the sec-
screen, causing it to luminesce in the form of a jingis  tion 10, the long-wavelength photoemission threshold of this
knowrf"® that for photocathodes the coefficient of secondarysection shifts toward longer wavelengths and this shift will
electron emission for low primary electron energies increase8e proportional taAeg. By substituting the value of ob-
with increasing energyand thereforeU, which is propor- tained above (% 10" V/cm) into Eq.(2), we determine the
tional to the current]). Thus, as the photocurrent strength predicted decrease in the work functidee~0.08 eV. With
(and therefore the current in the gdpcrease as a result of this decrease in the work function the long-wavelength pho-
increasing illumination(radiation powey, the potential dif- toemission threshold should be shifted from 146 (Fig. 2)

ferenceU and the secondary electron emission current willto 1.7um. In practice the threshold was shifted to 166
(Fig. 2), which agrees fairly well with the theory and con-

firms the accuracy of the proposed hypothesis. If we take
SA, into account Egs(1) and (2) and also the fact thalt) is

A proportional to the photocurrent strengfimore accurately
'—:'v- the total current] passing through the photocathoded the
intermediate resistand®, it becomes clear thakee=3.79
107"} x 10~ *JKJIR/L, whereK is a numerical coefficient of order
1.
1,¢3.<3 To conclude, it can be assumed that photoelectron emis-
- 192773 sion from regions of the photocathode adjacent to the baffle
1071 @’1("’2(“"3) is also accompanied by secondary electron emission from
these sections and by photoelectron emission from those sec-
tions of the photocathode situated near the gap at the edge of
’0-3 _ the baffle.

11 12 43 14 15 A um

FIG. 2. Spectral sensitivity characteristics of the same p8irdn the IM. M. Butslov, B. M. Stepanov, and S. D. Fanchenknage Converters
photocathode adjacent to the baffle as a function of the radiation pgwer and Their Application in Scientific Researigh Russian, Nauka, Moscow
used for the measurements. (1978, 432 pp.
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Generation of superradiance pulses by high-current subnanosecond electron bunches
moving in a periodic slow-wave structure
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S. A. Shunailov, M. R. U'maskulov, and V. P. Tarakanov

Institute of Applied Physics, Russian Academy of Sciences, Nitbwjorod Strathclyde University,
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(Submitted March 23, 1998
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The generation of ultrashort microwave pulses was observed experimentally in the superradiance
of high-current electron bunches propagating through a periodic slow-wave structure. The
process included particle bunching within the bunch followed by coherent emission from the entire
volume of the bunch. ©1998 American Institute of Physids$$1063-785(08)01709-]

An analysis of the multifrequency dynamics of corrugated and regular exit waveguide. The amplitudes of
backward-wave oscillators made in Ref. 1 showed that as thihe secondary pulses decreased appreciably as the depth of
injection current increases, steady-state oscillation is reeorrugation decreased smoothly at this boundary. However,
placed by self-modulation. It was observed that the ampliadditional reflections were useful to determine the group ve-
tude of the first pulse formed under these conditions in thdocity of the radiation over the interval between pulses,
initial stage of the transition process is substantigfly a  which was 0.3 s and agreed with the results of the numerical
factor of two or threg greater than the amplitude of the simulation of the superradiance process made using the
steady-state oscillation. It was shown in Ref. 2 that this puls&ARAT code. Figure 2a shows the geometry of the system
is superradiafdt’ since its formation is partly attributable to and the pattern of longitudinal electron bunching observed as
electron bunching and partly to the relative influence of dif-the bunch passes through the slow-wave system. The enve-
ferent parts of the electron pulse caused by slippage of thimpe of the time dependence of the radiation po(feg. 2b
wave relative to the particles. As a result, in a certain rangaccurately reproduces the oscilloscope trace of the micro-
of parameters the peak power of this pulse increases as theave signal.
square of the current, which is indicative of coherent emis-  Figure 1b gives the peak power as a function of the
sion in the initial part of the current pulse. Thus, if the lengthguiding magnetic field. The figure clearly shows a region of
of the beam current pulse is limited to a level sufficient forcyclotron absorption near 3.5 T and two regions of emission
the formation of a superradiant pulse, the generation of highwith weak(1.5—3T) and strong>4 T) magnetic fields. It is
power ultrashort microwave signals may be predicted. Th&nown from previous studies of long-pulse relativistic
present paper reports an experimental investigation of thbackward-wave tubes that these sources have two regions of
generation of subnanosecond pulses on the basis of thefficient generation separated by a cyclotron absorption band
mechanism. which appears when the cyclotron resonance condition is sat-

A RADAN-303 nanosecond accelerator with a subnano-sfied for the fundamental harmonic of the wave propagating
second pulse-shortening device was used to inject short, 0.5a a periodic slow-wave systeM** The first experimental
0.9ns, high-current, 1—-2 kA, electron pulses with a particlanvestigations of the generation of superradiant pulses on the
energy of 220—250 keVRefs. 8 and ® These pulses were basis of this mechanism were carried out using a relatively
generated in a magnetically insulated coaxial explosiveweak focusing magnetic field of 2T generated by a pulsed
emission diode. A specially designed diode assembly ensolenoid'* which was lower than the value corresponding to
sured that the accelerating gap could be varied smoothly ithe cyclotron absorption band. Figure 1b shows that for
order to vary the injection current. The signals were recordedtrong (exceeding the resonance valuaagnetic fields the
using a 7 GHz Tektronix-7250 digitizing oscilloscope. The peak radiation power is between four and five times higher
high-current electron bunches were focused using a statihian that obtained in previous experiments. The increase in
magnetic field of up to 10 T generated by a superconductingower is mainly attributable to the improved quality of the
solenoid. This field could sustain a pulse-periodic regimehollow electron beam formed by the exploding cathode and
corresponding to an injector timing frequency of 25 Hz. to a reduction in the wall thickness to 0.4 mm. In addition,

A typical oscilloscope trace of a microwave signal is focusing of the electrons by the strong magnetic field allows
shown in Fig. 1a, consisting of several pulses. The first pulséhe gap between the slow-wave system and the bunch to be
is the superradiant pulse and the subsequent pulses are preduced, which increases the coupling impedance and the
duced by reflection of this pulse at the boundary between theorresponding gain.

1063-7850/98/24(9)/3/$15.00 709 © 1998 American Institute of Physics
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d cutoff frequencies. According to these measurements, the
central radiation frequency corresponded to the calculated
R, cm frequency of 39 GHz and the relative spectral band was 5%.
The radiation was polarized in the TTmode which,
12 8 4 o 4 & 12 after emission into free space, has only the radial component

of the electric field. When the receiving horn was rotated
FIG. 1. a — Oscilloscope trace of microwave signal— peak power  through 90°, the amplitude of the detector signal was re-
versus induction of guiding magnetic field — peak superradiance power 0o gt |east threefold. The angular distribution of the ra-
versus injection currenfl) and transmitted currer®), and d — angular L. .
distribution of radiation. diation measured by moving the horn along one of the coor-

dinates is shown in Fig. 1d and has a minimum at the center

characteristic of the Ty} mode. Note that the field distribu-

The peak power was investigated as a function of thdion in Fig. 1d is asymmetric. This asymmetry can be attrib-
bunch current by varying the length of the anode—cathodated to the orientation of the germanium detector relative to
accelerating gap. When this gap was varied between 3 arntie electric field gradient. The field distribution changes to
11 mm, the bunch current varied between 1.3 and 2.1 kAmirror-symmetric when the detector is rotated through 180°.
However, this was accompanied by a change in the diod&he absolute radiation power obtained by integrating the de-
impedance and the average particle energy varied in theector readings over the angular distribution gives an esti-
range 200—250 keV. Another complicating factor in the ex-mate of 4-5 MW. The high peak power of the radiation was
periments was the misalignment-0.5 mm) of the coil of also confirmed by the emission from a panel of neon lamps
the superconducting transporting solenoid and the electrodyositioned 30 cm from the exit horn. In this case, the emis-
namic slow-wave system, which resulted in appreciable cursion pattern accurately corresponded to the,TMode.
rent losses as the bunch passed through the drift channel. Another important factor confirming the high radiation
Figure 1c gives the peak superradiance power as a fungower was the rf breakdown of air at atmospheric pressure

tion of the injection current and the transmitted current. Bothwhich was observed when the radiation was focused by a
dependences show satisfactory agreement with the quadraparabolic mirror or inside a tapering conical waveguide.
dependence of the power on the current obtained from thoreover, a comparison with the results of previous obser-
theoretical analysis. The frequency measurements were magations of rf breakdowns from nanosecond and subnanosec-
by observing the signal from a hot-carrier detector after theond microwave and video pulses indicates that the real peak
radiation had passed through waveguide filters with differenpower was considerably higher than the level obtained from



Tech. Phys. Lett. 24 (9), September 1998 Ginzburg et al. 711
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Phase synchronization of switching processes in a stochastic bistable system
with an aperiodic external influence

A. N. Sil'chenko, T. Kapitanik, and V. S. Anishchenko

N. G. ChernyshevskBtate University, Saratov
(Submitted March 20, 1998
Pis’'ma Zh. Tekh. Fiz24, 14—-21(September 26, 1998

The synchronization of switching in a stochastic bistable system perturbed by a chaotic signal is
analyzed. The effect is described in terms of the classical theory of phase synchronization.
© 1998 American Institute of PhysidsS1063-785(08)01809-9

It is known that when self-oscillatory systems interact,when the influence is aperiodic. The concept of aperiodic
mutual and forced synchronization of the oscillations takestochastic resonance was introduced in Refs. 19 and 20 and it
placel Recent studies have shown that these effects are alsgas also shown that the response of a bistable system to a
observed in chaotic self-oscillatory systémfsand in sys- slowly varying aperiodic influence may be optimized by
tems with noise-controlled time scaf$. In addition, the noise. Noise optimization of the process of information
concept of the instantaneous phase of chaotic oscillationansfer between two unidirectionally coupled nonlinear os-
was rigorously introduced for a Rsler system and the mu- cillators generating chaotic series of pulses was demon-
tual chaotic synchronization effect was described in terms oftrated in Ref. 21.
the classical theory of phase synchronizafldf.The sto- The aim of the present study is to describe aperiodic
chastic bistable system examined here is a model describir?OChaStiC resonance in terms of phase synchronization
the motion of a Brownian particle in a two-well potential and theory. The input signal is taken as the signal generated by a
belongs to a class of nonlinear systems which do not posse&§§tain dynamic system under conditions of dynamic chaos,
natural deterministic frequencies. Their dynamics depend/Nose amplitude is comparable with the height of the poten-
strongly on the noise intensity and the characteristic timdi@l barrier. In the absence of noise, the amplitude of the
scale of these systems is the average time to escape from th nal is insufficient to cause switching in the bistable sys-
potential well(the Kramers timg!? tem.

Stochastic bistable systems perturbed by a weak periodich A;S already noted, dthe biis(';? m(t)der: ust_e d to analyze_ Stt%' ¢
signal have recently attracted close attention in connectioff 1aStC resonance and aperiodic stochastic resonance 1Is tha

with studies of the stochastic resonance eftdct! The re-  ©! an overdamped bistable system perturbed by white Gauss-
L . jian noise and an external signal described by the following
sponse of the system to a weak periodic influence is ampli- T . :
. : . . stochastic differential equation
fied substantially and reaches a maximum at an optimum
selected noise levebktochastic resonancdn the limit of a X= aX—x3+ \/ﬁé(t)ﬂty(t), 1)
small-amplitude periodic force, stochastic resonance is de-
scribed in terms of linear response thebty®When the am-  wherep is a certain constany,(t) is a chaotic signal(t) is
plitude of the periodic influence is comparable withut re-  Gaussian white noise, the parameledetermines the noise
mains smaller thanthe potential barrier in a stochastic intensity, and the parameter determines the depth of the
bistable system, switching synchronization occurs. symmetric potential wellgin our casex=5).

An analysis of the degree of predictability of the re- We shall first consider the case when the input signal is
sponse of a bistable system using different measures of cor§enerated by a Raler system:
plexity revealed that stochastic synchronization is caused by
self-organization of the systefnThe effect of mutual sto-
chastic synchronization of switching processes in a system of -
two coupled bistable oscillators perturbed by statistically in- <3~ (021 X3(x,~6.26)). )
dependent noise sources was analyzed for the first time i this case, we havg(t)=x;, ©=0.42, andr=0.01 (by
Refs. 6 and 18. In this case, the system has absolutely nigtroducing time normalization, we increase the base period
deterministic time scales and as the coupling increases, irof the chaotic oscillations compared with the characteristic
teraction is observed between statistical time scales of theslaxation time within the potential wellslt was shown in
subsystems defined as moments of the distribution functiorRef. 10 that for a Rssler system the instantaneous phase of
In Ref. 17 mutual and forced synchronization of switchingthe chaotic oscillations can be correctly introduced by sev-
processes in bistable stochastic systems was analyzed frommal methods. In our specific case, the instantaneous phase of
the point of view of classical phase synchronization theory.the influence and the instantaneous phase of the response of

The results of recent investigations have shown that stoa bistable system will be determined using the concept of an
chastic resonance also occurs in the more complicated cas@alytic signai>?® by means of a Hilbert transform, which

).(1:T(_X2_X3), ).(ZZT(X1+O.15(2),

1063-7850/98/24(9)/3/$15.00 712 © 1998 American Institute of Physics
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has been W|dely used in radiophysit& and signal process- bound, accomplishing 2 jumps (curvesl and3in Fig. 1a.
ing theory?® As we know, the Hilbert transform maps an Figure 1b gives the mean frequen@:<¢> and the mean
arbitrary signal s(t) into an analytic signaly(t)=s(t)  switching frequency determined neglecting intrawell motion,
+isy(t)=a(t)e'?(, wherea(t)=s(t)+si(t) and ¢(t)  plotted as a function of the noise intensity. It can be seen that
=arctang,(t)/s(t)), and the functionsy(t) is the Hilbert these two characteristics exhibit identical behavior and in
transform of the initial signas(t): some range of noise intensities coincide with the mean fre-

sy(t)=Lm [~ s(r)d(t—7) guency of the chaotic (_)scillations in a sser system.

We shall now consider the case when #eariable of a

(the integral is taken in the sense of the Cauchy principaj orenz system is taken as the input signal:
value.

In the classical case considered in Ref. 27, the stochastic . )
differential equation for the phase difference has the form X1=10y—X)7, y=(2&-y—-x2)7, z=(xy—8/3z)7.

. (4)
Ap=35—esinAd)+£(1). 3)

In this case, the phase differense diffuses in the potential In this case in Eq(l) we havey(t)=x, ©=0.245, andr
V(A¢p)=—-56A¢d—ecosA¢), fluctuating for a long time =0.005. It can be seen from Fig. 2a that, as in the previous
within the potential wells and undergoing occasionat 2 case, at some noise intensity phase synchronization of the
jumps?’ In our case, the phase of the influence is given byswitching is observed in the stochastic bistable system and
¢:<w>+p(¢), wherep(¢) is a small “phase noise” inthe the phase difference remains boundedrve 2), whereas
Rossler systergnand<w> is the mean frequency of the cha- outside the synchronization range the phase difference in-
otic oscillations. Despite the existing phase modulation ofcreases without boun@urvesl and3). Moreover, as can be
the input signal, phase synchronization of the switching isseen from Fig. 2b, the mean frequenf=(¢) and the
observed at some noise intensity, as in the case of a periodinean switching frequency of the bistable system demon-
influence. In this case, the phase difference fluctuates aroursirate identical behavior and in a certain range of noise in-
some fixed valugcurve 2 in Fig. 18. In the absence of tensities coincide with the mean switching frequency in the
synchronization the phase difference increases withoutorenz system. The investigations showed that if the chaotic
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Resonant conversion of plasmons in a rippled metal—insulator structure
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The propagation of long-range plasmons on a rippled metal film embedded in an insulator is
studied. It is shown that the ripple of the film leads to the appearance of additional dissipative
losses of these plasmons. It is established that these additional losses are caused by resonant
coupling between long-range and short-range plasmons produced by the ripple of the film.

© 1998 American Institute of PhysidsS1063-785(18)01909-7

More than fifteen years have elapsed since it was showaof the interference is responsible for a resonant increase in
in Ref. 1 that plasmons whose range substantially exceedhe amplitude of the reflected wave.
that of plasmons at a metal—insulator interface may existina In order to achieve a high reflection coefficient, the dis-
thin metal film embedded in an insulator. So far, howevergsipative losses of the long-range plasmons should be sub-
few experimental and theoretical studies have been devotestantially lower than the radiation losses caused by the ripple
to long-range plasmons, and the literature contains very fewf the metal film. It was shown in Ref. 6 that this condition
reports of experimental observations and investigations ofmay be satisfied with a suitable choice of film thickness,
this type of plasmoRi=® This is to a considerable extent at- ripple period, and depth. As an example, Fig. 1 shows the
tributable to the complexity of fabricating thin solid metal calculated and experimentally determined angular depen-
films (h<<10 nm) and also the need to ensure that the refracdence of the coefficient of reflection of a light be&atl the
tive indices of the media containing the metal film are thecalculations and experiments were made Xot 0.63um)
same. from the surface of a thin rippled copper filnlh€9 nm)

As we know, long-range plasmons are usually excitedwith ripple periodA=0.37um and depth 2=33nm. The
using a total-internal-reflection prism or a rippled metal film. metal film was positioned between media having refractive
It was noted in Ref. 6 that in this last case, the usual resonardices of 1.512 and 1.507.
decay of the amplitude of the light beam reflected from the  Our investigations showed that the problem of selecting
metal surface may be replaced by its resonant amplificatiosuitable parameters of the rippled structure for the existence
as a result of the so-called “total” external reflection of of long-range plasmons is complicated by the existence of
light.” This effect is the result of interference between theso-called short-range plasmons which have high dissipative
wave reflected by the structure and the wave emitted froniosses and high propagation constants. Figure 2 gives these
the structure as a result of its ripple. The constructive naturparameters for short- and long-range plasmons as a function

0.4+

FIG. 1. Angular dependence of the coefficient of reflection
of light from the rippled surface of a thin copper film of
thicknessh=9 nm, 20=33nm, andA=0.37um. The
calculated curve was obtained for (—27.0,5.0).

-15 -10 -5 0 5 10 15
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of the thickness of a copper film embedded in an insulatowave, andB is the coefficient of coupling between the inci-
with n=1.512. When the ripple of this structure has a suit-dent wave and a long-range plasmon excited by this wave.
able period, this may lead to compensation of the difference In the Rayleigh—Fourier approximation, the coefficient
between the propagation constants of the long- and shortf coupling between the plasmons has the form

range plasmons propagating in the same direction, i.e., they
become equal: o (NDANGT  sangni—eoNiNg |2

K= o
2 h;nhgn gote)N N —gpe
Mn:_nr%:szvy u) | Iss[ (0 1/)tst 0c1

4

. Lo where
wheren andn? are the effective refractive indices of the

long- and short-range plasmons, respectively.
This factor is responsible for the resonant transfer of 2g98,

energy between the plasmons. In this particular case, the hig=h- kNS 2 _ '

. . | Nl [(80+ 81)n|(s) 8081]

long- and short-range plasmons propagate in the same direc-

tion and as a result of the strong attenuation of the short-

range plasmon, energy is transferred from the Iong_-rang_e to N'0(5>: ‘/80_”2|(s): N'1<S): ‘/81_”?(3)

the short-range plasmon. If a long-range plasmon is excited

at a grating, its amplitude\,(x) varies along the grating

within the exciting beam as follows:

n;, ng are the propagation constants of the long- and short-
range plasmons normalized ke=27/\.

dA _ ~ Figure 3 givesk as a function of the thickness of the
Ox = 9T ragAi— kAT BA, (2)  metal film (20=33nm). The coupling coefficient not only
determines the length =7/(2|«|) for transfer of energy
dA o from the long-range to the short-range plasmon, but also the
Ox - asAsT KA (3)  attenuation factor of the long-range plasmon at the grating.

The attenuation factor of long-range plasmons in a rippled
whereck is the coefficient of coupling of two plasmons at the metal film is higher than the attenuatiam on a smooth film.
grating,a(s) is the attenuation factor of a long-rangghort-  This increase is attributed to the radiation losagg of the
rangé plasmon moving over a smooth metal film,qis the  long-range plasmons at the ripple and the additional dissipa-

radiative loss factor of the long-range plasméi, are the tive lossesag;s caused by the transfer of energy from long-
plasmon amplitudes, is the amplitude of the incident range to short-range plasmons:
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FIG. 3. Coupling coefficient between long- and short-range
plasmons at a rippled copper film as a function of film
thickness(curve 1) and resonant period of the ripple as a
function of film thicknesgcurve 2).
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a:a+arad+ i (5) by the short-range plasmon losses. Figure 5 gives the depen-
denceR(0O) for two thicknesses of copper film. In particular,
where Fig. 5 shows that the reflection peak disappears when the
~ (NB 2 2 | long-range plasmon losses are high. We should also mention
rad=RE[ —— (7) 2N;+2(ep—e1) the—at first glance—paradoxical observation deduced from
t formula (7): the additional dissipative losses for long-range
plasmons decrease as the loss factor for a short-range plas-
(81”|nr—80Nr1N'1) nin, mon at a smooth metal surface increases. However, if we
2 r
(B0t £2)Ni—Soes islNBCOt<kN2—Oh + &N}
NllNB a, cni’!
+ . kNG : (6) 1000 -
81N5+|80Nr1cot( T) i
800 1
~ |«?
agis= =", (7 i
as 600 -
whereNg ;= Veg1— nf, andn,=n,—\/A is the normalized -
projection of the wave vector of the exciting plasma of the 400
bulk wave.
Equation(7) was obtained from Eq$2) and(3) assum- T
ing that the excitation of a long-range plasmon on a rippled 206 -
metal film is a steady-state process. ] 2
Figure 4 gives the additional attenuation factor of a long-
range plasmon on a rippled copper filmth=9 nm, X 0 ! J ' ! ‘ ' ‘ !
=0.37um, 20=33nm) as a function of the thickness of the 0.00 0.01 0.02 0.03 0.04
metal film. The position of the resonant absorption peak of a b pm

long-range plasmon on the thickness schléfor a given FIG. 4. Dependence of the additional losseg;+ agis (curve 1) and ay,q

wavelength is determined by the period of the ripple, the (curve2) of a long-range plasmon at a rippled copper film versus thickness
amplitude is determined by the ripple depth, and the width2o=33 nm).
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proportional to the losses, the dependence af s on ay

given by formula(7) becomes understandable and almost
obvious.

To sum up, the energy loss mechanism in a long-range
plasmon at a rippled metal film identified in our analysis
imposes certain constraints on the choice of parameters of
the rippled structure which must be taken into account when
developing any devices using surface electromagnetic waves
in thin rippled metal films. We also note that studies of sinu-
soidal gratings are needed. Only these gratings can ensure
minimum additional losses, because otherwise coupling be-
tween long-range and short-range plasmons can occur at

higher-order spatial harmonics of the grating profile.
This work was supported by the Russian Fund for Fun-
damental Research, Grant No. 97-02-16857.
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Fiber-optic gyroscope with suppression of excess noise from the radiation source

I’E.,I. Alekseev, E. N. Bazarov, Yu. A. Barannikov, V. P. Gapontsev, V. P. Gubin,
I. E. Samartsev, and N. |. Starostin

Institute of Radio Engineering and Electronics, Russian Academy of Sciences (Fryazino Branch)
(Submitted March 5, 1998
Pis'ma Zh. Tekh. Fiz24, 30—35(September 26, 1998

A new optical system is proposed and investigated experimentally for a Sagnac fiber
interferometer in which the excess noise of the wide-band radiation source is suppressed. A
tenfold improvement in the sensitivity of a fiber-optic gyroscope with an erbium/ytterbium fiber
superfluorescent light source was achieved experimentally. It is shown that the identity of

the polarization characteristics of the interferometer channels plays an important role.

© 1998 American Institute of PhysidsS1063-785(08)02009-§

Recent progress achieved in low-coherence interferomrated in the circuit to fine-tune the polarization characteris-
etry, including fiber-optic gyroscopy, is to a considerabletics of the channels required for the elements of an isotropic
extent attributable to the successful development of supefiber. A controllable fiber attenuator CA3) is also included
fluorescent fiber sources using fibers doped with ions of rareto vary the optical power.
earth metals.A promising source for fiber-optic gyroscopes  Thus, in this system the fiber loop is used in the signal
is an erbium/ytterbium superfluorescent fiber sotimbich  and reference channels of the interferometer so that the dif-
has a high output power and highly stable parameters in thgzrence between the time delays of the signals may be made

1.55um range. fairly small and stable, which is required for efficient noise
It has been established that superfluorescent fibegyppression.
sourcesand other wide-band radiation sourgésve an en- The output signals from the photodetectors are fed to a

hanced level of intensity noigexcess noisewhich may be  gyptractor(14), and the first harmonic of the modulation fre-
between one and two orders of magnitude higher than thﬁuency generated by a master oscillator M5) at fre-

fundamental limit determined by the shot noise. The Properguency 42 kHz is detected by a phase detector( F8D,

ties of the excess noise are such that it can be compensated In 1o Er/yb superfluorescent fiber source is similar to that

various two-channel systems for photodetection of the imerdescribed in Ref. 2. The output power is 80mW and the

ferometer.5|gna4: This mvolves equalizing the delay times spectrum has a power-weighted mean width=7 nm with
of the radiation in the signal and reference channels Whosgn average wavelengtt,=1.54um

p;)?gztf;\]tm: ichairnactesznst:lcs isr:ltolrlfldr bnew 'td?ri‘t'calr'nm nReftS.dAL Figure 2 gives the coefficient of noise suppression
a € noise In a sagnac interierometer 1s compensate =yU/UC as a function of the optical powd? at the photo-

using an additional fiber delay line in the reference channel, :
. . . ) tetector. HerdJ andU . are the mean-square noise voltage at
In Ref. 6 we proposed a fiber-optic gyroscope in which both . . . .
) N he exit from the subtractor without and with compensation.
channels were based on a common fiber circuit and a bal: ' .
he measurements were made for several configurations of

anced detector using a specially directed 3 coupler. f tical svstem- curve for th lete circuit sh .
Here we propose and investigate experimentally a ne\qge optical system: curvetor the complete circuit shown in

optical system for a Sagnac fiber interferometer with com- ig. 1, cur;/ez |ndtr|;e a_bsince ]?f PC andh curve|3l\||n theh
pensation for the excess noise of the source. We also identif§°>€"¢€ 0 Pan ,Q In the re erence channet. ote that
the mechanisms limiting the degree of suppression of thé <1 IS Used for tuning to the maximum of the interference

excess noise in two-channel optical systems used in fibepdnal of the fiber-optic gyroscope. In this case, the plane of
interferometers. polarization of the input radiation is oriented parallel to one

The apparatuéFig. 1) consists of a “minimal” circuitof ~ ©f the axes of birefringence of the fiber loop, as can be as-
an all-fiber fiber-optic gyroscope with an additional channeiS€ssed from the remanent polarization of the radiation at the
to compensate for the noise of the superfluorescent fibedXit from the reference channel: this is 52% for optimum
source(1). The minimal circuit is formed by a polarizer, P tuning of PG and decreases to 29% in the worst case as a
(2), a directional coupler DE(3), a phase modulator Pi#),  result of depolarization in the fiber loop.

a fiber loop FL(5) (with a fiber length of 500 m and diameter Figure 2 also gives the calculated dependeKde)
13cm, and a signal photodetector PD(6), with a  =U/U¢ (curve4). The values olU. (allowing for summa-
polarization-insensitive optical circulator Q@) used as the tion of the uncorrelated noise in both channedsd U are
input coupler. The main elements of the reference channdl = (2UZ+2U3%+2U2+2U%)Y2 and U=(U2+U2)Y?

are a coupler DE(8) at one end of the fiber loop, a polarizer whereUy,, Uy, U,, Ug, andU,, are the mean-square volt-

P, (9), and a photodetector B@10). In addition, two polar- ages of the resistor thermal noise, the shot noise of the pho-
ization controllers PC(11) and PG (12) are also incorpo- todiode dark current, the electronics noise, and the shot and

1063-7850/98/24(9)/3/$15.00 719 © 1998 American Institute of Physics
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FIG. 1. Schematic diagram of apparatus.

excess radiation noise, respectively, whetg=4ksTRB,  tion characteristics, which is achieved by tuningad PG.
Ui=2eigR?B, UZ=p,B, UZ=2eqPRB, and U2 Investigations show that the main mechanism limiting the
=g°P?RA\{B/ANC. Herekg is the Boltzmann constanT,  degree of suppression of the excess noise is depolarization of
andR are the temperature and resistance of the photodetectgie radiation in the long fiber loop, which leads to the ap-
resistor,B is the measurement barglis the electron charge, pearance of an unpolarized component at the fiber exit whose
i4 is the dark current of the photodetectpg, is the spectral noise is not correlated with that of the polarized input com-
density of the electronics noisg,is the quantum sensitivity ponent. This can explain the weak suppression of the noise
of the photodiode, and is the velocity of light. The calcu- when the signal and reference channels of the interferometer
lations were made fof =300 K, R=1.4 K}, i4=30 nA, p.  are not completely identicgturves2 and3 in Fig. 2). Note

=3 nV/HZ"2 andq=0.75 A/W. that in the absence of an unpolarized componémt ex-

It can be seen from Fig. 2 that in this fiber-optic gyro- ample, when the elements of the fiber-optic gyroscope are
scope system, the excess noise of the source is suppressagde of a fiber which conserves the polarization in which
almost to the level of the radiation shot noigeirvesl and  one polarization mode is excitethe elements Pand PG
4). A necessary condition for this is that the signal and ref-are not needed for noise compensation.
erence channels of the interferometer have identical polariza- The sensitivity of this prototype fiber-optic gyroscope
with noise suppression was0.4 K/h (for B=100 Hz and
K P=140,W) which was ten times better than that without

! ) the noise suppression system. This value corresponds to a
16arb -unit random walk coefficiertof 7x10°* K/(h)2. A relatively

' ‘ ' ' ' ' ' ! wide band was selected to ensure that the white noise of the
radiation exceeded the short-term zero variations of the fiber-

144 4 7 optic gyroscope caused by other mechanigpwarization
pedestal
12 : To sum up, we have proposed and investigated experi-

mentally a new Sagnac fiber interferometer system where the
104 d excess noise of the radiation source is suppressed. It is
1 shown that the degree of noise suppression may be limited
by depolarization of the radiation if the polarization charac-
teristics of the signal and reference channels are nonidenti-
cal. A tenfold improvementalmost to the level of the radia-
6 . tion shot noisgin the sensitivity of a fiber-optic gyroscope
_e———e 2 with a 1.55um erbium/ytterbium fiber source was achieved
4 4 experimentally.
A 3 The authors are grateful to A. I. Sazonov, V. V. Fomin,
- V. M. Brylov, and B. G. Ignatov for assistance and useful
discussions.

This work was supported by the Russian Fund for Fun-
damental Research, Grant No. 96-02-18434.
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Influence of condensation of the emission spectrum on intracavity laser
spectral analysis

A. P. Savikin and V. B. Tsaregradskit

N. I. LobachevskiState University, NizhihiNovgorod
(Submitted March 31, 1998
Pis’'ma Zh. Tekh. Fiz24, 36—43(September 26, 1998

A model of condensation of the laser emission spectrum in the spectral ranges of the absorption
lines of the substance being studied was developed on the basis of a frequency-dependent
absorbing intracavity lens. This model can explain most spectral condensation effects. It was
shown that condensation of the emission spectrum is generally observed experimentally

as a deformation of the dip profile in the laser emission spectrum. An analysis is made of the
possibility of determining the concentration of an absorbing substance by measuring the
spectral position of the peak of the condensed line. 1998 American Institute of Physics.
[S1063-785(08)02109-7

INTRODUCTION This model of condensation based on a frequency-
dependent absorbing intracavity lens explains most of the

In the wide-band variant of intracavity laser spectros-spectral condensation effects observed in our experiments
copy information on the object being studied is obtained byand in those carried out by other researchers.
analyzing the shape and intensity of the absorption line pro- The dependence of the laser radiation spectrum on the
file (dips in the laser emission spectrum at the position of thecharacteristics of the absorbing medium near resonance lines
absorption lines In view of the high sensitivity of the emis- suggests that spectral condensation may be used in spectral
sion spectrum to frequency-dependent insertion losses arghalysis. In many cases, this may be slightly preferable to
the speed of the analysis, the intracavity method has beevarying the relative depth of the dips by an intracavity
widely used to study weakly absorbing media. While themethod. This particularly applies to high-intensity resonance
method was being developed, an increase in the output inines which completely quench the lasing.
tensity of the laser radiation was recorded experimentally in
spectral ranges co.rrespondln.g to the ab;orptlon lines of thngPERIMENT AND DISCUSSION OF RESULTS
gaseous medium in the cavity of the wide-band laskr.
some cases, the laser emission spectrum collapsed to form The experiments were carried out with a pulsed laser
narrow lines whose spectral position on either side of thaising ethanol solutions of organic dyes. Pumping was pro-
center of the absorption line was unpredictable. vided by second harmonic pulses from a YAG:Ndaser at

This effect, which has attracted the attention of manyan angle of a few degrees to the longitudinal axis of a two-
researchers, was subsequently called emission spectrum canirror cavity.
densation. The experiment showed that the intracavity field has no

It was shown in Ref. 2 that the lens-like property of the appreciable influence on the spectral position of the conden-
intracavity absorbing medium arises because the refractiveation line. The condensed line is located at the same dis-
index exhibits a spectral dependence as a result of the seleance from the center of the absorption line for both the
tive absorption and a geometrical dependence as a result ofitput radiation spectrum from the beam axis and from the
the radial concentration gradient edge of the bearfFig. 1.

Such properties are exhibited for example, by the gas In intracavity laser spectral analysis, the sensitivttye
discharge in the tube of an OKG-13 He—Ne laser with arelative depth of the dips in the lasing spectjudepends
capillary diameter of 1.8—2.0 mm and by alkali metal vaporstrongly on the degree of excess of the pumping over the
in the tube furnace of a graphite atomizer which we used irthreshold®
our experiments. In addition, as in Ref. 4, it was shown in our experiments

The condensation mechanism was explained in terms ahat if the width of the monochromator instrumental function
changes in the losses. An analysis of the stability of a twoexceeds the absorption line width, this reduces the sensitivity
mirror cavity configuration containing a selectively absorb-of the intracavity laser spectroscopy and leads to substantial
ing medium with a transversely nonuniform refractive intlex errors in the quantitative measurements.
showed that the increase in the spectral power of the output This is because if the resolution of the spectral apparatus
radiation is caused by a reduction in the total losgsa is inadequate, radiation from parts of the spectrum matched
result of diffraction for the cavity modes located in the spec- with the absorption lin&\ v,,cand from other section& v,
tral regions of the absorption lines compared with the losses incident on the photodetector. The lower the resolution of
of the empty cavity modes. the monochromator, the larger the ratio,,o/ A v,,sand the

1063-7850/98/24(9)/3/$15.00 722 © 1998 American Institute of Physics
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FIG. 1. Condensation of the emission spectrum of a dye laser in the N(o 2

absorption range ,=640.23 nm AA .= —0.057 nm): a — beam edge, b —
beam centeri — emission line2 — condensed line.

smaller is the relative depth of the dips in the lasing spectrum

for the same quantities of absorbing material.

Intracavity laser spectra obtained experimentally using
the method of crossed dispersions of a diffraction monochro

d

mator and a Fabry—Perot interferometer were used to es
mate the sublevel populations of th& Ne metastable state

in a gas discharge, which showed good agreement with th

data given in Ref. 5.
Table | gives various parameters for three closely space
spectral lines.

It can be seen that the distance of the condensed lin
peak from the center of the absorption line is proportional to

the transition intensityNf, so that the concentration of a

substance and the transition probability can be determined b%o

measuringA .

A DFS-8 spectrograph can measure wavelength t
within 5x 10~ 2nm, which gives an error of around 1% in
the measurements off.

It was shown in Ref. 6 that the spectral dependence of

the focal length of a selective gas lens is determined by th
refractive index of the medium near the absorption line with
the wavelength\

8l Npfmn Om’
wherea is the tube diametel,is its length,
a=47mc(127\3),

oY)

Om andg, are the statistical weights of the lower and upper
levels of a transition with the oscillator strength,,, and

TABLE 1.

X, nm 640.225 633.443 638.299
Transition 1S;— 2Py 1S,—2Pg 1S,—2P;

f 0.37 0.08 0.17
Nf, cm 3 6x 10 1.3x 101 1x 10
A\g, NM 0.03-0.07 0.014 0.01
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FIG. 2. Curves ofg,0,(F) for a cavity with plane mirrorsL=0.3 m,
I=0.04 m,l;=0.1m, and,=0.26 m. Focal length of intracavity lent:—
F<0;2— F=%; 3— F>0.

_ The principal planes of the system coincide with the cen-
er of the absorbing cell. The optical strength of the lens is
proportional to the transition intensitd,,f and decreases
vevith distance from the center of the absorption line. After
measuring the spectral position of the condensed line and
8hecking the estimated dependence of the configurational pa-
rameters on the optical strength of the intracavity lens, we
can find the transition parameters.

This method was used to estimate the concentration of
odium vapor in a graphite atomizer.
The cavity of a laser using an ethanol solution of
damine 6G was formed by plane wedge-shaped mirrors.

The unfilled cavity (,,==) is located at the stability

S

%oundary. The parametery and g, for a cavity with an

intracavity lens have the foffn

, |

ol L 2
e 91TTETOF

2F

21, +1
2F

To estimate the stability of the cavity, we take the fol-
lowing parameters: cavity length=0.3 m, length of graph-
ite rod in atomized =0.04 m, distance between ends of rod
and nontransmitting and exit mirrots=0.1m, [,=0.26 m,
respectively:

919,=(1—0.28F)(1—0.12F). 3)

The dependencg;g,(F) is plotted in Fig. 2. For all real
values ofF, a positive lens transfers the cavity to the stable
region, gradually F—<) approaching the boundany;g,
=1. In this case, the diffraction losses decrease. A negative
lens transfers the cavity to the regigng,>1 with high
diffraction losses. Thus, in an axisymmetric aligned cavity
condensation should only be observed from one wing of the
absorption line.

Investigations reported in Ref. 6 indicate that a thermal
lens induced by the pump radiation in a laser medium does

9=1- 2
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ful. Not only was the increase in the spectral power ex-
plained but various additional details in the condensation of
the emission spectrum were also identified. It was found that
this effect was characterized not only by an increase, but also
by a decrease in intensity additional to the absorption. As a
result of the corresponding dependence of the configurational
parameters of a cavity with a selective intracavity gas lens,
the spectral dependence of the selective diffraction losses is a
combination of extended sections of enhanced and reduced
intensity in the lasing spectrum near the wings of the absorp-
tion lines (Fig. 3.

Thus, condensation is generally observed as a deforma-
tion of the dip profile in the laser emission spectrum. The
FIG. 3. Condensation of the emission spectrum of a rhodamine laser nedncrease in the spectral power of the laser radiation in the
the absorption lines of atomic sodium. presence of condensation may differ and may be observed
over a fairly broad spectral range. In our experimehe

not have time to affect the condensation because of the tim%'smrt'on of the absorption line profile observed as a more

required for its formation. It was shown in Ref. 3 that when steeply sloping dip and a more gently sloping opposite side

the temperature varies over in the cross section of the tub%compared with the undistorted profileas observed down

furnace of a graphite atomizer, the absorbing vapor forms Ii;loo'%"" /cc::r(?r?centratlons of the absorbing substance, as far as
selective gas lens which is diverging on the long-wavelengt 9 :

wing and converging on the short-wavelength wing of the Thus, in quantitative analyses using intracavjty Ia§er
absorption line. As a result, condensation of the emissiosPectroscopy, the spectral dependence of the configurational

specrum il b cbserved most freguenthiat o~ . oI F e laser system st be esiated ac ot
At the distanceAA=0.12 nm from the center of the ab- P PP property

sorption line of the 3S,,,—32PY,, f=1.03 sodium transition the absorbing medium.
at A =588.995 nm, no amplification of the lasing intensity is
observed(Fig. 3). It can be seen from the dependence
1/F) in Eq. (2) that for F=10m we obtain
glgzg(G )h' hi q |( ) t | —1. Usi 919.2 1p. K. Runge, Opt. Communr, 195 (1977).
=0.90, W 'C. IS almos eguaj?ng_, : 'smg expression  2q g Morozov, A. P. Savikin, and V. B. Tsaregradskn Abstracts of
(1), we obtainNf=5x10"cm 3. Taking into account the Papers presented at the Conference on Nonlinear and Coherent Effects in
oscillator strength of the transition, we obtain the concentra-slntracavity Laser Spectroscopitirovograd, 198gin Russia, p. 24.
tion N==5x%10%3cm~2 which corresponded to the sodium O. S. Morozov, A. P. Savikin, and V. B. Tzaregradsky, Laser P5y899

concentration in the volume being analyZedlume of inner (1999.
. g y 9 4S. F. Luk'yanenko, M. M. Makogon, and L. N. Sinitsintracavity
cavity of tube furnace/=0.5cn¥, massm=10°g). Laser Spectroscopy: Principles and Applicatiofis Russiafl, Nauka,
Novosibirsk(1985, 121 pp. ;
5 ' . A
CONCLUSIONS Spectroscopy of Gas-Discharge Plasmaslited by S. E Frish [in

Russian, Nauka, Leningrad1970, 362 pp.
. . . . 6 , Hp .
Although these estimates are preliminary and require ad- \T/H A. t‘?“: - X‘- Is-d'\ga'l(she"é and ?-19;5 Sa‘g'ag“"o'ography-
ditional measurements, this approach to the phenomenon of "eoretical and Applied Topidin Russiar P 2E0

condensation from the viewpoint of the losses proved fruit-Translated by by R. M. Durham
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Gasdynamic phenomena accompanying the motion of shock waves and objects
in a low-temperature nonequilibrium plasma

A. P. Bedin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted March 30, 1998
Pis’'ma Zh. Tekh. Fiz24, 44—49(September 26, 1998

An analysis is made of gasdynamic anomalies observed during the motion of shock waves and
objects in a low-temperature nonequilibrium plasma. It is shown that these anomalies are
associated with behavior of sound propagating in a nonequilibrium plasmd.998 American
Institute of Physics.S1063-785(108)02209-3

It has now been established as a result of experimentalenoted by the subscrift) as a function of the shock wave

investigations that when a shock wave or a flying objectyelocity V in air unperturbed by a dischargalp/\Tp

enters a gas discharge zone, the following anomalous effectsv/,/T/v\[Tp=f(V). The solid curve corresponds to
occur: acceleration of shock wave®$and changes in their

structure>-81%!changes in the flow around objedta par- Vp=V(1+0.46 ™M1 [T/T, (1)
ticular, increased separation of the shock wave front from the ] —
objec),’? changes in the aerodynamic characteristics of obWhich averages the experimental data Yo/ VTe>1 (the
jects, especially the drag coefficight''* changes in the ab- caseVp/\Tp=1 corresponds to equilibrium flowsit can
lation and heat flux to the objett,and so on. These effects be seen that although the data given in Ref. 9 correctly re-
are observed when shock waves and objects propagate flect the tendency of the rati&/p/ \/T_p to increase for
weakly ionized nonequilibrium glow and rf discharge plas-M=V/a—1 (a is the velocity of sound in ajy they never-
mas in different gase&ir, Ar, CO,, and so opat pressures theless lie outside the general dependevigéyTp=1f(V).

of 1-100Torr, gas kinetic temperaturds=300—1400K, Thus, the averaged curve is plotted neglecting these data. It

electron temperaturesT,=1-6 eV, and n,=5x10'-  follows from Eq.(1) that the velocity of sound in the plasma
10%cm 3, is ap=1.46a\Tp/T. Estimates made using the change in the

Although these phenomena vary greatly, in each case théeparation of the shock wave front in the pladfgive
same factor is responsible for their occurrence, that is thap=1.4&\/T—P/T, and those made using the change in the
characteristic of sound propagation in nonequilibrium ex-drag coefficient’ give apzl.4a\/T_P/T. With this in mind,
cited media. The present study is based on this viewpoint. Eq. (1) may be rewritten as

A specific feature of the propagation of shock waves in a
weakly ionized nonequilibrium plasma is that the single- Mp=M(1+0.462" " M"1)/1.46. @

wave structure characterlstlg Qf normal gases changes 10 \Ris clear from Eqgs(1) and(2) that the propagation velocity
three—wave structure, comprising Ieadgr, precursor, and '&5f strong shock waves in the plasrecursoy is the same
sidual wave. Each element of this split shock wave has itgg iy air heated to the temperature of the plasma. However,
own amplitude and moves at its own velocity, wheréine Mach number in the plasma is 1.46 times lower than that
VL>Vp>Vg (the subscriptd., P, andRrefer to the leader, i, heated air. The propagation velocity of weak shock waves
the precursor, and the residual wave, respectvelhe in the plasma is higher and the Mach number is lower than
leader is formed as a result of a perturbation of the chargeghat in heated air. Assuming that the velocity of the residual
component of the plasma and has a small amplitude becauggye isVz=0.68V and takingap=1.46a, we can easily

of the low concentration of this component in a gas dis-establish thaM =M 5, i.e., the propagation velocity of the
charge so that it has no appreciable influence on the gasdyesidual wave is lower than that of the precursor but their
namic processes. The precursor is formed by a packet afiach numbers are the same.

high-frequency acoustic waves and the residual wave is  Similar phenomendacceleration of shock waves, their
formed by low-frequency acoustic waves. Their separatiorsplitting into three waves, and changes in the velocity of
arises from the difference in the velocities of the precursoksound are found in an Ar plasmdFig. 1, see also data
and the residual waveVz>Vg) and is also attributable to given in Refs. 2, 3, and)5 The data plotted in Fig. 1
the appreciable difference, and in some cases change in signdicate that the velocity of sound in an Ar plasma may be
of the damping factor of high-frequency sound in nonequi-ap~1.3a\Tp/T.

librium excited medigsee the review presented in Ref.)16 Since Vp>Vg holds and the damping factor of high-
The propagation velocities of the precursor and the residudtequency sound decreases appreciably and even changes
wave are related byr/Vp~0.68 (see Fig. L Also plotted sign in nonequilibrium excited media, the precursor, com-
is the normalized precursor velocitlits parameters are prising the high-frequency part of the shock wave, is sepa-
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rated from the residual wave by the distanagg=(Vp  the shock waves and the pressure behind the shock waves
—VR)t=0.5VRxt, which only increases with time. Thus, un- reflected by the walls is also substantially lower in plasma
der the conditions of a ballistic experiment, the precursor ighan in air!’ This implies that the local loads on an object
always outside the field of view of the objective when aflying into plasma should be substantially lower than those in
model is photographed, and the photographs only show theormal air. The aerodynamic characteristics of simple ob-
model and the residual waysee Ref. 15, for exampleThe jects and the forces acting on them in a plasma may be esti-
increase in the separation of the precursor from the residuahated approximately from results of their measurements in
wave has the result that from a certain time onward, theny gas using the conversion relations
precursor ceases to influence the residual wave and thus the
flow around the object. In a gas discharge the flow param- - =
eters behind the precursor and the residual wave can thus be Cx.vp=CxyPrel PR,
calculated using the numbéfz=Mp (see Eq.(2)) and the
parameters of unperturbeq flow, using the equation for a nor- Xp vYPZO-K:X,YPPVZPI,:eP/P(Qi 3)
mal shock. If the separation of the precursor from the re-
sidual wave is not too great, the perturbation of the flow field _
ahead of the residual wave must be taken into account t&herePg=2Pg/pV?, Py is the pressure at the critical point
calculate the flow parameters behind this wave. Table | give§f the objectX andY are the drag and the lift of the object,
the results of calculations of the ratio of the static pressuregnd the subscrif refers to the plasma. Such a conversion is
behind the precursor in a plasmaTt 350K and behind a possible because in any two media including a plasma we
shock wave propagating in air at the velocity haveCy v1/P51~Cx v2/Pg, (Ref. 17. In any conversion it
=500-1500m/s aT =293 K, which are compared with an should be borne in mind that for an object having the same
experiment carried out under the same conditions. The caflight velocities, the numbeM =Mzg=M,; in a plasma is
culations were made using the standard formulas for a nor-1.5 times lower than that in air heated to the plasma tem-
mal shock using Eq(2,) where the adiabatic exponent was perature. It should be noted that at subsonic flight velocities
taken to be 1.4 for air and 1.3 for plasma. (Mg<0.8) this conversion is unlikely to give good results

It can be seen from Table | that the calculated data agrebecause of a possible substantial variation of the base pres-
satisfactorily with the experiment. The static pressure behindure in the plasma. In addition to reducing the local and
strong shock waves in plasma is approximately half that irnintegrated loads, the lower Mach number in a plasma
air, according to the tabular data. The initial pressure behindompared with heated air should also lead to a lower initial

TABLE I.
V,m/s 500 500 1250 1500 1500
P,p /P, calculated 0.814 0.814 0.519 0.493 0.493

P,p /P, experimental 0.761Ref. 6 0.667(Ref. ) 0.426(Ref. 8 0.561(Ref. 8 0.463(Ref. §
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It is shown that a rapid current rise in a pulsed vacuum discharge is accompanied by enhanced
compression of the current filament by its self-induced magnetic field. As a result, a

constriction forms at a distande=1 mm from the cathode and the electron temperature increases

to 100—1C° eV at currents of order 1 kA. This behavior explains the observed increase in the

degree of ion charge and the appearance of x-rays as the current pulse length decreases. The
criterion for a rapid rise is the condition<L/V=10"'s, wherer is the characteristic

current amplification time an=1CP is the velocity of the cathode plasma. €998 American

Institute of Physicg.S1063-785(08)02309-X

1. Measurements have showhthat the charge state of A pE) i
the ions in the cathode plasma jet of a steady-state vacuum —— TV (p&V)==V-(PV)+—, 3
arc discharge only depends on the cathode material and var-
ies negligibly over a wide range of current
(I=50-1200A) and interelectrode gapgs=(1—-50cm). The VXB= 4_771-’ V.B=0. (4)
average ion velocity also varies little with current, remaining C
in the rangeV=(1-3)x 10° m/s (Refs. 4 and & These ob-
servations agree with the established iG¢hat amplification Herep, P, andV are the plasma mass density, pressure,
of the current merely leads to an increased number of cathend velocity is the current densityB is the magnetic field,
ode microspots of sizé,,=1 um, emitting plasma microjets £=3T./2m-+V?/2 is the energy densitys is the plasma con-
with currentl ,=1-5 A (Refs. 7 and B Since an isolated ductivity, andm is the ion mass. Bearing in mind that the
microjet is accelerated to the maximum velocity temperatures satisff>T;/Z, we shall neglect the ion
Vo~5(ZT, /m)¥?=10° cm/s and undergoes maximum heat- pressuré, assumingP=T,N., where N, is the electron
ing to T, =5-10eV at distances<30d,, from the cathode number density.
surface’® the entire cathode plasma jet formed at In what follows we will use the spherical coordinate sys-
r>10°d,, conserves the same veloci¥, and almost the tem (r,6,¢). As in Refs. 10 and 13, we shall assume that
same charge statéfrozen” ionization approximately corre- compression of the plasma jet by its own self-induced mag-
sponding to the maximum temperat(if, ) but the electron netic field is accompanied by the same compression of the
temperature drops td.=T,/3=1-3 eV (Ref. 10. How-  current channel and the rate of compression is much lower
ever, measurements in nonsteady vacuum discharges revedhan the propagation velocity of the jet toward the anode,
substantial increase in the average ion cha@fje(for i.e., V,<V,, and the cross section of the j&t=2mr?(1
=1 us this is doubletf) and electron temperatufén Ref.  —cosa) is an element of a spherical surface whefe,t) is
12 this was by two orders of magnitude fe=1 ns) as the the angle corresponding to the lateral boundary of the jet. In
current pulse length decreases. Thus, the aim of the presentder to convert to a one-dimensional approximation, we
study was to investigate the dynamics of a cathode plasmshall assume thate, V,, andj,=j are constant over the
jet during a rapid current rise using a magnetohydrodynamicross sectiors but we shall take into account the dependence
model developed in Refs. 10 and 13 for steady-state condbf the particle density(6) and the compression ratg,( )
tions. on the polar angled. For its profile we use the simplest

2. In single-fluid magnetohydrodynamics the initial monotonic dependence on the anglg=V_,6/«, where
system of equations for a nonsteady-state, current-carrying,=rdal/dt is the velocity of the jet boundary. Averaging
plasma has the form Egs.(1)—(3) over the cross section of the jet with allowance

for Eq. (4), we find®13

dp

P V. (pV)=0, V-j=0, (D) I IPVS)

at e =0 I=1/S, (5)
v 1 apV,) d(pV?S) P
pE-i-p(V-V)V——VP-l-EjXB, (2 e + St - (6)
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FIG. 1. Parameters of plasma jet fdr=5 A/ns (r
=10? ns) at various timesl, 2, 3, 4,5, 6— t=0, 35, 70,
90, 105, 110 nsa — electron temperatuxkeolid curve and
jet profile (dashed curve b — number of ions per unit

length.
0
o 0.1 0.2 a.3 0.4
x,cm
A(pE)  ApV,ES) d(pV,PS j? mately correspond to those of a single micrbjetwhich
ot + Sor Sor + e (7) were used as the initial conditipnit was assumed that the

current is amplified as a result of the formation of new mi-
Here p=mN./Z, P=NcTe, ando(T¢) are the plasma crospots emitting electrons and cathode material with a char-
density, pressure, and conductivity averaged over the Crosgeristic dimensionless ratio of mass fl@x, to electric cur-
section. o rent ZeG,/ml,~0.1 (Ref. 6. Since the total current is
~ Multiplying the 6 projection of Eq.(2) by 1—cosfand | (ty=n|_ (wheren(t) is the number of microspotsand the
mtegrqtmg overd between 0 andy, we ob_tam the equation 5ierial flux through the initial cross section VS,
of motion of the lateral boundary of the jet =nG,,, we findpo(t) = po(t)I (t)/1,, i.€., the plasma density
a(pV,) d(pV,V,S) p |2 at the bou_npiary increases simultaneously with the current.
+ = (8)  The remaining plasma parameters at the boundary
were assumed to be constand,=V,=4(5ZT,/3m)*?,
The functionf(a) in Eq. (8) depends weakly on the particle V,=0,T,=0.2T, , i.e., they were determined by the micro-
density distributiorp(8) over the cross section of the jet and jet temperaturé®*® The following calculations were made

f(a) oJt Sor r 2C2rS.

is subsequently taken d$a)= a?/6 (Ref. 10. for a Cu and Ti cathode wittz~2, T,~8eV, Vy=3
The system of equatior(6)—(8) was solved numerically % 10° cm/s, andNgy=po(0)/m~2x10°cm3 (Ref. 13.
by the particle-in-cell methotf: Since in this model the par- 4. Figures 1 and 2 give results of calculations of the

ticle fluxes in the cross section were taken into account byemperatureT, and number of ions per unit length=N;S
varying the cross section of the jet, the change in the cros@N;=N./Z). Also shown is the time evolution of the jet
sections of the cells was calculated at the same time as thgrofile y(x), wherex andy are the distances parallel and
fluxes following the order of the calculations in the particle- perpendicular to the jet. It can be seen that the compression
in-cell method* and heating of the jet are determined to a considerable extent
3. The amplification of the discharge current in the cath-by the timeAt needed by the plasma to fill the interelectrode
ode plasma jet was simulated as follows. We assumed thgfap and the characteristic current rise timewhich can be
the current increases linearly with time, iles 1,+it, where ~ estimated as\t=L/V, (for L=0.1-1 cmAt=10"ns) and
I =const. We also assumed that the microjets merge at the=1/I. In the first case(Fig. 1), we find 7=At and the
distancer ;= 300um, and the size of the initial cross section plasma can propagate to an appreciable extent over the entire
of the total jetSy=r3=10° um? (ay=/6) (Ref. 13 re- discharge gap, and compression and a rise in temperature are
mains constant during the current amplification process. Thisbserved along the entire cathode plasma jet whose velocity
assumption is acceptable for the time interval studied/,~V, remains almost constant. In the second c&sg. 2),
t<300ns since, according to Refs. 6 and 8, new cathodwe find 7<At and the heavy particle density can only
microspotsectons form predominantly beneath the existing increase near the cathode, whereas the cuftesnisported
plasma. Thus, an increase in the cross se@jpcan only be  predominantly by electrongs amplified along the entire jet.
expected at=10us (Ref. 2, which corresponds to the cath- Thus, the jet begins to undergo compression mainly ahead of
ode heating time. It was also assumed thal ;=100A at the front of the material flux where the ratio of the mass flux
t=0, since at lower currents the jet undergoes no significanivV, to the electric current becomes substantially lower
compression by its own self-induced magnetic field and thehan the initial values,,,/1,=0.1m/Ze. Figure 2 shows that
plasma parameters of the entire cathode plasma jet approxa-constriction begins to develop in the plasma jet, i.e., a local
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It was observed that the propagation of an internal acoustic wave near a surface is accompanied
by the excitation of a surface acoustic wave directed at an angle to the internal wave.
© 1998 American Institute of PhysidsS1063-785(08)02409-4

An internal (bulk) acoustic wave propagating along a points on the surface=0 is close to zero, but with a further
surface is not a natural wave of an elastic half-space since ihcrease in the distance from the source, the amplitude of the
does not satisfy the boundary conditions at the sutfaceelastic displacements, begins to increase almost exponen-
which are satisfied by a surface acoustic w§8AW), and tially. The components, andu, also appear and increase by
thus does not exist without a source of excitation. Strictlythe same amount, which indicates that a surface wave is
speaking, the term “internal acoustic wave at a surface”excited which propagates at the angle arctan(i,/u,) to
denotes that part of the angular spectrum of the bulk acoustithe direction of the wave. The dashed curve gives the mag-
waves excited by a source positioned near the surface of mitude of the displacement vectar of the points on the
piezoelectric crystal, which propagate at small angles to theurface as a function of the coordinate
surface and whose electric field makes a perceptible contri- This effect was checked experimentally by fabricating
bution to the surface electric potentfaHowever, a good an ST-cut quartz device in the form of a filter with waves
approximation is to represent an internal acoustic wave at excited along th& axis (Fig. 1b. The device was formed by
surface as a planar internal acoustic wave with the wava single input interdigital transducer with a central SAW
vector directed inside the crystal but with the group velocityfrequency of~80 MHz (1) and two output interdigital trans-
vector parallel to the surface of the crystathis representa- ducers, one the same as the input transd(®end the other
tion will be used in what follows. having a central SAW frequency of 145 MHz (3), turned

It is known that the acoustic wave impedance is proporthrough a certain angle and displaced from the axis connect-
tional to the propagation velocity of the acoustic wave. Thusjng the input and first output transducers. The periods of
the wave impedance of any internal wave propagating alonthese transducers differed approximately by a factor of 1.79
a surface is higher than the wave impedance of the surfade accordance with the ratio of the longitudinal wave velocity
wave. The surface region of an elastic medium may be conef the internal wave to the surface wave velocity. The dis-
sidered to be a set of four channels for the propagation ofance between the centers of transducers Nos. 1 and 2 was
elastic energy, consisting of three channels for bulk waved1 mm and the Cherenkov phase angle allowing for the an-
and one channel for the surface wave. From the principle oisotropy of the SAW velocity as calculated in Ref. 4 was
least action, in the presence of several channels for th€=56.2°. As a result of the deflection of the SAW energy
propagation of elastic energy with different wave impedanceflux through the angle\ = —9.4°, the digits in transducer
energy will be transferred from a channel with high imped-No. 3 were inclined to the perpendicular to the transducer
ance(high velocity to channels with lower impedance. The axis by the same angle, and the angle of inclination of the
phase condition for the excitation of a slow surface waveaxis of transducer No. 3 to th¢ axis was~46°.
when a fast wave propagates along a surf&gepsé=k,, When a signal at frequency 145 MHz was supplied to
wherekg is the wave number of the surface acoustic waveinput transducer No. 1, this effectively excited a longitudinal
and k, is the wave number of the internal acoustic wavewave propagating along the surface which was received by
propagating along the surface, is similar to the phase condthe first output transducer No. 2 with unmatched losses of
tion in the Vavilov—Cherenkov effect and the direction of ~40dB (Fig. 2), and a surface wave signal corresponding to
propagation of the surface wave relative to the wave at th@nsertion losses of 56 dB was recorded from the second out-
surface is determined by the “Cherenkov” anglé  puttransducer No. 3 at a frequency-efl45 MHz. We shall
=arccosfs/vp)- analyze how this signal level is made up. The filter consist-

This effect was analyzed theoretically by using theing of two interdigital transducers Nos. 1 and 2 had un-
method of finite differences to solve a model boundary-valuanatched losses of 40 dB when operated with a longitudinally
problem involving the excitation of an isotropic elastic polarized bulk acoustic wave propagating at the surface at
quarter-space by a longitudinal wave source located close tvequency~ 145 MHz (SSBAW-4L in Fig. 2). Assuming that
the surfacey=0 (Fig. 13. The calculations showed that for the diffraction losses of the internal wave at the surface for
small x, the amplitude of the elastic displacementsf the  the experimental conditions are around 3 (Ref. 2), the
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FIG. 1. Diagrams of theoretical modelirig) and experimental observation
(b) of SAW emission(ll) accompanying the propagation of a surface-
skimming internal acoustic waug).

insertion losses for transducer No. 1 are around 18dB. The

insertion losses for the second output transducer, No. 3, r
ceiving a synchronous SAW at frequeneyl45 MHz were

around 13 dB(the same as for transducers Nos. 1 and 2 at
80 MH2z). Thus, the transducers alone introduce losses of aq:-

S. G. Suchkov
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FIG. 2. Amplitude-frequency characteristic of filter formed by interdigital
transducers Nos. 1 and 2.

This level of emission has no significant influence on the
insertion losses of a longitudinal surface-skimming wave fil-
ter fabricated ofST-cut quartz, but for other cuts and crys-
tals, the level of SAW emission may increase appreciably.
As a result of reflection of SAWs from the side faces of the
crystal the pulsed response and thus the amplitude—
frequency characteristic of the filter are distorted apprecia-
bly. This can be seen clearly in Fig. 2 where the responses
from the longitudinal (SSBAW-L) and fast transverse
(SSBAWFT) waves at the surface have impaired symmetry
and shape compared with the SAW response. Thus, it is ad-
é/_isable to make the lateal faces of the crystal dispersive in
devices for surface-skimming bulk acoustic waves.

In conclusion, the author thanks V. |. Fedogdwstitute
f Radio Electronics of the Russian Academy of Sciepces
or assistance and useful discussions.
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further 10dB losses. The symmetry of the SAW radiation 2D. I. Mezhuev, A. M. Zaslavskjand S. G. Suchkov, Radiotekh. Elektron.
introduces 3 dB losses.

30, 1713(1985.

This leaves losses of around 12 dB which account for the®s. G. Suchkowet al, Radiotekh. Elektron30, 373 (1985.

. . 4
fraction of the energy of the internal wave lost as a result of T. I. Kazachkova and S. G. Suchkoviektron. Tekh. Ser. 1, No. 1, 114
emission of the surface wave over the entir800\n propa- 9

gation path. Translated by R. M. Durham
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Electron entrainment current in gases bombarded with beams of fast
highly-charged ions
A. B. Voitkiv and B. G. Krakov

Institute of Electronics, Uzbek Academy of Sciences, Tashkent
(Submitted January 30, 1997; resubmitted March 6, 1998
Pis’'ma Zh. Tekh. Fiz24, 62—65(September 26, 1998

It is shown that asymmetry in the ejection of electrons in an elementary collision event between
an atom and a fast highly-charged ion may lead to a macroscopic effect, the electron
entrainment current, when a gas target is bombarded by a beam of fast highly-charged ions. The
entrainment current is calculated for the bombardment of a helium target by a 25 MeV/u

Mo*®" beam. ©1998 American Institute of Physids$1063-785(08)02509-9

Recently considerable attention has been paid to studyejection of an electron from the parent atom and a collision
ing the ionization of atoms in collisions with fast highly- with some other atom. We shall subsequently assume that
charged iongsee Refs. 1-6 and the literature cited thexein the gas target is fairly dense so that the electron mean free
An interesting phenomenon observed in these studies is thgath and thus the time,(e) is determined by collisions with
appreciable asymmetry in the ejection of electrons when théarget atoms and not with the chamber waflsr the usual
atoms are ionized: most of these electrons have positive velensities of highly-charged ions in a beam the densities of
locity projections on the direction of motion of the fast product recoil ions are far lower than the density of neutral
highly-charged ion. For example, in an experinfentstudy ~ gas atoms, so that collisions between electrons and recoil
the single ionization of helium atoms by i ions (colli- ions can be neglectedAs usual(see, for example, Ref.)8
sion energy 3.6 MeV/uit was found that even in so-called we shall assume that on average the first electron—atom col-
soft collisions, around 90% of the electrons ejected from thdision caused the electron to be knocked out from the current,
helium atoms propagate in the range 0= /2, where the i.e., the timer(¢) is the lifetime of an electron of energy
angle of emissiond is measured from the direction of the in the current. We can then write:
velocity of the fast highly-charged ion. A theoretical 5

id7 . P PR ‘o d AN, d“oe
analysis'’ of the single ionization of helium in soft collisions —AN.=——% 4n — " AsAQ )
. .. . . dt e NiNgv dedQ € )
yields similar asymmetries for the ejection of electrons. Ex- Te(€) €
periments also show that similar asymmetry is observed fo%hereAN
e

double and higher degrees of ionization of atoms in coIIi—the current having energies betweeande + A and direc-
sions with fasthhlghrl1y-chharged ioriS. i the eiecti el tions of velocity withinA€). Assuming that the fast particle
Here we show that the asymmetry in the ejection of e €Cheam was injected into the target at tilke0 and neglecting

trons observed in a microscopic collision event may lead to %he delay(because of the high velocity of these partigiage
macroscopic effect, the electron entrainment current, when gy, i assuming lim lim AN./(AQAg)=d?N,/dQ de:
e e "

is the density of free electrons participating in

gas target is bombarded by a beam of fast highly-charged AQ—0 As—0
ions and we shall estimate the density of this current. We 5 )
shall assume that a gas having the atomic demsitig bom- d°Ne d

Oe
=n, — 2 (1—exp —t/ . @3
barded by a beam of fast particles having the densitgnd ded ~ MNav7e(8) g (1 exp—tre(s))) @

the velocityv (v>vy=2% 10 cm/s). We shall assume that
d?0./(de-dQ) is the double differential cross section for
the “formation” of a free electron of energy with a spe- _ N

cific direction of emission from the atom when an incident ~ Je= _|e|J dQJ devecoSd g (4)
highly-charged ion collides with a target atom. Then

The expression for the electron current density has the form

2

wheree is the electron charge anq is the electron velocity.
In the steady-state regimest 7), we find from Eqs(3) and
d? 4

Oe
Ane=ningw —~AecAQ 1)

dedQ) 2

. doe
je,:—|e|ninavfd(2 dsvecosﬁre(s)m. (5

is the number of electrons having energies in the narrows; . .o - (£)=1/(n
range betweems ande+ Ae and emerging within the small ©
solid angle elemem (), produced per unit target volume per
unit time in collisions with a bombarding particle beam. Let
us assume that,(¢) is the average time interval between the je=—Adlelnv, (6)

aOeale), Whereog (&) is the total cross
section for interaction between an electron of energgnd
an atom, we have

1063-7850/98/24(9)/2/$15.00 733 © 1998 American Institute of Physics
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where we havejf=2x (10"°-10"") Alcm?, which is quite suffi-
= de . A0 cient to observe this effect experimentally.
Ag=27 f f dd sin 9 cosd ° 7) In conclusion, the authors would like to thank Professors
0 Tede) Jo ded() A. S. Baltenkov and V. Kh. Ferleger for useful discussions.

The number of electrons produced by a beam of fast highly-
charged ions in a gas is proportional to the density of gas
atoms, and their lifetime in the current is inversely propor-
tional to this density. Thus, the final expressi@) for the
electron current density does not depend on the atomic den-

sity. Since the cross sections for ionization of atoms in co|-1(Fi.gl\éI$shammer, J. Ullrich, M. Unverzagt al, Phys. Rev. Lett73, 3371
lisions with fast highly-charged ions decrease fairly rapidly 2N, Stolterfoht, H. Platten, G. Schiwietzt al, Phys. Rev. A52, 3796

with the degree of ionizatiorithe cross sections decrease (1995,
particularly rapidly in the transition from single to double °R. Moshammer, M. Unverzagt, W. Schmitt, J. Ullrich, and H. Schmidt-
ionization; see Refs. 5 and,&or estimates we can assume 4?207\;'”95 Nucl. lnjtrbrlr._ r\rl]lechocLiJs Phys. Resl.lza z|12|5(1tgga_ ethod
. . . Moshammer, J. ricn, .unverza al, Nucl. Instrum. Methods

d?0e/dedQ=d?c{!V)/ded), where the right-hand side Phys. Res. BLO7, 62 (1996. :
contains the double differential cross section for single ion-5p. Jardin, A. Cassimi, J. P. Grandin, D. Hennecart, and J. P. Lemoigne,
ization of an atom. By way of example we shall estimate theeNucl- Instrum. Methods Phys. Res. 87, 41 (1996. '
density of the electron current formed by bombardment of a M- Unverzagt, R. Moshammer, W. Schmitt, R. E. Olson, P. Jardin,
gas cgnsisting of helium atoms by a mg (25 MeV/u) ion V. Mergel, J. Ullrich, and H. Schmidt-Riking, Phys. Rev. Letf76, 1043

| (1997.
beam (the reaction(25 MeV/yMo**" + He—Mo*®* + He* A. B. Voitkiv, J. Phys. B29, 5344(1996.
+e” is one of the very few involving fast highly-charged 8p. E Bates,Atomic and Molecular P;)cesse(at\cademic Press, New
: : B e York, 1962; Mir, Moscow, 1964, 777 pp.
IfOI’lS f(?l’l which tabu'_ar dfata grela\{allgble fo%th_l? dogbl,e dif 9N. Stolterfoht, D. Schneider, J. Tares al,, Europhys. Lett4, 899(1987).
erential cross section (?r single |0n|_zat on - 100 tain 10\ stolterfoht, D. Schneider, J. Tanit al, Preprint, Hahn-Meitner-
the complete cross sectioms. ,(g) for interaction between Institut (1995.
electrons and helium atoms we used known (ﬂm Refs. 8 1IN, F. Mott and H. S. W. Masseyhe Theory of Atomic Collsion8rd ed.

_ . . . . . (Clarendon Press, Oxford, 1965; Mir, Moscow, 1969, 765.pp.
and 11-13 on the cross sections for elastic and Ine'aStICHG. F. Drukarev, Collisions of Electrons with Atoms and Molecules

collisions. The numerical calculations yiefd,=2.1 and (Plenum Press, New York, 198FRuss. original, Nauka, Moscow, 1978,
. 256 pp).
He_
jor=—21e[nu. (8) 13\, B. Shan, D. S. Elliot, P. McCallion, and H. B. Gilbody, J. Phys2B
2751(1988.

For beam ion densities;=(1-100) cm® and ion velocity
v=7x10° cm/s, which corresponds to the energy 25 Me\V/u, Translated by R. M. Durham
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Possibility of increasing proton rejection by detecting primary cosmic radiation
electrons using an ionization-neutron calorimeter

G. I. Merzon, V. A. Ryabov, T. Saito, H. Sasaki, A. P. Chubenko, and A. L. Shchepetov

P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow Tokyo University,
Japan Kochi University, Japan

(Submitted August 25, 1997; resubmitted April 10, 1998

Pis'ma Zh. Tekh. Fiz24, 66—73(September 26, 1998

Measurements were made of the neutron yields from a lead absorber 60 cm thick in
electromagnetic cascades initiated by 200—600 MeV electrons. A comparison between the
neutron yields obtained for electrons and the results of similar measurements for protons and pions
suggests that the rejection factor of the proton background is increasétdtimes when an
ionization-neutron calorimeter is used to measure primary cosmic radiation electrons at energies
above 100 GeV. ©1998 American Institute of Physids$51063-785(108)02609-3

INTRODUCTION The operating principle of an INCA is as follows. For
each cascade generated by a primary particle, measurements
At present, one of the most important problems in theare made of the ionization signébnization separated in an
physics of cosmic rays and astrophysics involves measuringbsorber and the neutron signathe yield of evaporated
the energy spectrum of primary electrons at energies aboveeutrons as a result of nuclear spallajiddince the yield of
100 GeV. Interest in primary electrons is by no means accievaporated neutrons in nuclear cascades should substantially
dental. As a result of a rapid increase in the energy losseexceed the neutron yield in electromagnetic cascades, the
(~E§, where E,, is the primary electron energythrough ratio of the neutron signal to the ionization signal may serve
synchronous radiation in the magnetic field of our galaxy andas a factor for separating the electrons and protons. In order
inelastic scattering by relict photoriwverse Compton ef- to check out this supposition, we carried out a series of in-
fect), primary electronsE.>100 GeV) may reach the Earth vestigations using the IHEP U-70 and FIAN S-60 accelera-
from near &10kpc) galactic sources such as Vela,tors. The results of our measurements of the mean neutron
Geminga, and Loops |, II, I, and IV. In this case, the elec-yield {v,) and fluctuations for nuclear cascades induced by
tron spectrum in the rangé>1 TeV should undergo sub- pions E,=4 GeV) and protonsg,=70GeV) in the U-70
stantial changes, including the appearance of strong irreguccelerator are summarized in Ref. 8. In the present study,
larities, whose observation could reveal the age of thevhich is a continuation of Ref. 8, we investigate the neutron
sources and even elucidate the mechanisms for the genengeld in electromagnetic cascades initiated by electrons with
tion of high-energy cosmic particles in these sources. energiefE,=200—-600 MeV. This energy range to a consid-
Figure 1 shows the present state of the experimental inerable extent determines the neutron yield in electromagnetic
vestigations of the primary electron spectra. It can be seepascades, since it includes the main photon absorption pro-
that no experimental data are available on the spectrurpesses resulting in the formation of neutrofggant reso-
above 1TeV. Some measurements have been made in thance, deuteron photodisintegration, and formation of the
range 100—1000 GeV, but the results of different studies areesonancea (1232), D5(1520), and P,(1440)).
contradictory so that no definitive conclusion can be drawn
on the primary electron gpegtrum. ' EXPERIMENTAL SETUP
In many respects, this situation is a consequence of the
difficulties involved in distinguishing the electrons under For the experiments we used an INCA with an absorber
conditions where the primary proton background predomicontaining six rows of lead 10cm thick with an area of
nates. To illustrate this Fig. 1 shows the proton spectrum20X 20 cm, interspersed with polyethylene plates 6 cm thick.
and it can be seen that Bt~1 TeV the proton intensity is The neutron detectors were SNM-18 heliudté) counters
more than 18 times higher than the predicted electron inten-30cm long and 3cm in diameter. Polonium—beryllium
sity. sources were used to determine the efficieaayith which
Quite clearly, in order to achieve progress in studyingthe evaporated neutrons were detected. The mean efficiency
the primary electron spectrum at energies above 100 GeV, was(e)=7.4=0.4%.
more refined experimental technique is required, different  Triggering the INCA had the following effects) it ex-
from that used in Refs. 1-7 and capable of reliably distin-tracted the neutron signal from a single beam particle passing
guishing the electrons from the primary proton backgroundthrough the center of the INCA) & ensured that the neutron
In our view, this problem may be solved by using a new typesignals from two or more particles did not overlap, andt3
of detector known as an ionization-neutron calorimetereliminated background particle signals. A more detailed de-
(INCA), whose possibilities are studied here. scription of the apparatus is given in Ref. 8.

1063-7850/98/24(9)/3/$15.00 735 © 1998 American Institute of Physics
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RESULTS AND DISCUSSION

* (Ee dt
ve(E =f f vh(E)N(E,t) ——=dE, 1)
The mean neutron yieldv,) was measured at electron {n(Eo) 0 JEg (BN )M(E)

energies of 200, 300, 400, 500, and 600 MeV. The data ob-

tained after subtracting the background and making the negyhere N,(E.t) is the number ofy-quanta of energjE at
essary corrections to the neutron detection efficiency ar@eptht in an electromagnetic cascade from an electron of
given in Table I. It should be noted that the background |evebnergyEe, Es is the threshold energy for the photoproduc-
in our experiment was comparable with the effect being meason of neutrons at Pb)(E) is the absorption range of
sured. Thus, the values given in Table | may be slightlyy-quanta of energy, andv,(E) is the number of neutrons
exaggerated because of insufficient allowance for the backormed by absorption of a-quantum of energg.

ground. From analysis of formuldl) using data on the absorp-

In order to compare the values ¢f,,) in electromag- tion cross sections of-quanta® and the results of electro-
netic and nuclear cascades, Flg 2 giVGS the data for the eleﬁTagnetiC cascade theo}@/i‘-swe can draw the fo”owing con-
trons obtained here and also the results of our measuremenigisions: ) the values of(»8) obtained for the electrons
for pions and protonAlso plotted are the results of other agree to within 20% with the data predicted from the absorp-
eXperiment%lo and calculated da{éfor a calorimeter with tion cross section Oify_quanta];:'3 ||) the energy dependence
an infinitely thick lead absorber and for a Pb absorber OQVﬁXEe) in the rangeE,>600 MeV has the form
finite thickness60 cm) using the SHIELD prograrm.

It can be seen from Fig. 2 thaj} the results of oufw,)
measurements for pions and protons show good agreement
with the results of other experiments and the SHIELD calcu-
lations; b the energy dependence of the mean neutron yield!!) for Pb the contribution made by photoproduction pro-
(v")(E) in nuclear cascades has the forE®S, ) the value ~ cesses in the rangés>1 GeV to the coefficient ok, in
of 7, which is the ratio of the neutron yield) in electro- ~ formula(2) is no more than 10%. _
magnetic cascades to the yigld!") in nuclear cascades, is The agreement between the experimental and calculated
7=0.01 at energieE=0.6—1.0 GeV. values of the yieldgv§)(E,) from formula(1) confirms the

We used the following formula to determine the energy'eliability of using formula(2) to extrapolate to the range
dependence(»¢)(E) for electrons in the range above E.>600MeV. Figure 2 shows one such extrapolation. It can

(V) (E)=4X 1074 E, (MeV); )

600 MeV: be seen that althougly increases with increasing energy
(~E®%?, at 100 GeV we findy< 1/20.
Using this value ofy and the distribution of the"
TABLE I. fluctuation§ in nuclear cascades from protons and pions
measured in our experiments, we can estimate the probability
Ee, MeV 200 300 400 500 600 of p-imitation by a cascade proton initiated by an electron
(vy) 0.08£0.015 007001 0.13-002 02803 0.26:003 (rejection coefficient for a fixed primary particle energy.

For our INCA (¢=7.4%), these estimates give<8% for
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E,=4GeV andp=2% for E,=70GeV. Note that the This work was supported financially by the Russian
value of p decreases not only with increasing hadron energy-und for Fundamental Research, Grant No. 97-02-17867.
but also with decreasing, so that in the limits —100% p

decreases te- 103,
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. . . . - '2J, Nishimura and E. Mikimet al, Acta Phys. Hung29, Suppl. 1, 229
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. . . R. L. Golden, C. Grimani, B. L. Kimbelet al, Astrophys. J436 769
y-quanta(which imitate the electromagnetic cascades from (1994,

electron$ is a factor of(K‘j) lower than the proton intensity, ’A. Buffington et al, Astrophys. J199, 669 (1975.
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lon accelerator with space-time modulation of a relativistic electron beam
P. E. Belensov and A. K. Gevorkov

Sukhumi Physicotechnical Institute
(Submitted January 14, 1998
Pis'ma Zh. Tekh. Fiz24, 74—78(September 26, 1998

An analysis is made of a possible method of collective ion acceleration by combining spatial
modulation of the electron beam potential with temporal modulation of the current. A
conceptual design is proposed. ©98 American Institute of Physid$$1063-785(18)02709-9

Prospects for the development of collective methods of 4l gag _
acceleration are associated with the possibility of exciting Ezo:WRof(k’Ro’b) sin(kz), 2
space-charge electric fields in electron beams, which can be
used to accelerate the ions to high enerdies.

Although the high efficiency of ion acceleration in elec- _ ) )
tron beams has been confirmed experimentally in many reVherelo is the beam curren3=ve/c, c is the velocity of
search centersno realistic physical system has yet beenlight, Ro is the average electron beam radius in the rippled

designed in which charged particles could be accelerated Hyfa@gnetic fieldR=Ro[1+a,coskd], k=27/L, 8, is the
collective fields. modulation parameter of the beam bounddrys the radius

A possible method of collective ion acceleration in- of the conducting drift tube through which the beam passes,

volves combined spatial modulation of the electron beanfdf(K,Ro,b) is a function determining the structure of the
potential with temporal modulation of its curréhSpatial ~P&am space charge fielig. 1). High-current uniform or
modulation of the electron beam potential may be achievedfo!low electron beams are best used to obtain high-intensity
through spatial modulation of the density by passing thedccelerating fields. Although for the same currents and ratios
electron beam through a rippled magnetic field. The acceler®’ Ro the maX|m(L)Jm accelerating field on the axis of a hollow
ating electric field is created by an excess charge density ne3gam is only 70% of the field of a uniform beam, it is pref-
the maxima of the magnetic field. A combination of spatialerable to use a hollow electron beam since in this case elec-
modulation of the densitgwith the periodL of the magnetic tron fluxes with high limiting currents can be formed and
field) and temporal modulation of the beam currésith the ~ transported:

period T) gives rise to the slow traveling wave needed to

accelerate the ions, having the phase velocity

I 0 tube

=[ 1+

Lo unif
L Vel Ro—b 2In—
Vph:—L:—eQn (1) Ro
T+— 14—
Vgl w

>1. 3

For relativistic factorsy~1.5-2.0, the stable currents of a
whereQ=2mvy/L, w=2/T, andv, is the velocity of the hollow relativistic electron beam may reacks20KA.
beam electrons. Under certain conditions, particles propagat-
ing synchronously with the phase velocity of the wave may
be captured by it and accelerated. In order to accelerate the
trapped ions, the wave phase velocity must be increased,—~
which may be achieved by varying the period of spatial °¢:
modulation of the magnetic field while the temporal modu- ~¥
lation frequency of the beam current remains constant. The ‘%
electric field structure in an accelerator based on this method 0.4
can provide radial focusing of the ions as well as accelera-
tion.

An analysis of the ion motion in this type of system
shows that stable acceleration may be achieved in a range of
synchronous phases lying in the range @< /2. 4 R

The amplitude of the accelerating electric field in this 0 5 kX,
accelerator depends on the magnitude of the electron beags 1. structure of accelerating fields for uniforfzurve 1) and hollow
current (curve2) beams.

002

~r
n

W
>
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FIG. 2. Schematic diagram of acceleratbr:— pulse voltage generato?, — coaxial line,3 — electron gun4 — guiding magnetic field coils5 — ion
injector, 6 — ion analyzer,7 — measurement of diode voltag&— measurement of diode curre®,— resonator10 — measurement of current inside
resonator,11 — electrostatic detector, ari® — magnetic ripple coils.

The temporal modulation of the relativistic electron Principal calculated parameters of accelerator
beam at a given frequency is .b:.ised on interaction betweeBaam current 20 kA
the electrons and a narrow slit in the resonator at currentglectron energy 360keV (y=1.7)
close to the limiting valué? Pulse length of beam current 60ns
Beam modulation frequency 166 MHz
moc? (23— 1)%2 Injtial proton energy 41 keV
lo—1o un:L—, (4y  Final proton energy 3 MeV
e b Amplitude of accelerated proton current  =100A
2 InR—O Total acceleration length 0.8-1.0m
wherem, andc are the electron mass and charge. YFigure 2 shows the case where ions are injected from the edge. The case
when ions are injected from the end of the relativistic electron beam is not

Three quarter-wave shortened resonators with positive
electron feedback are used to obtain reliable 100% modul
tion of the beams. lya. B. Fanberg, Fiz. Plazm, 442 (1977 [Sov. J. Plasma Phy8, 246

The temporally modulated beam is fed into a magnetic2(1977)]-

ripple cavity with a variable pitch, into which ions are pre- ~A- A Plyutto, P. E. Belensov, E. D. Korop, G. P. Mkheidze, V. N.
PP Y P ’ P Ryzhkov, K. V. Suladze, and S. M. Temchin, JETP Léit.61 (1967);

Iimina_trily injected at a yelocity equal to t_he initial phas_e I. Rander, B. Ecker, and G. Yonas, Phys. Rev. L24. 283 (1970; S.
velocity of the accelerating wave. These ions, propagating Luce, L. Sahlin, and K. Grites, IEEE Trans. Nucl. ¢5-1Q 336(1973.

synchronously with the wave field, are accelerated and re’A. G. Lymar, N. A. Khikhnyak, and V. V. Belikov, Vopr. At. Nauk.
corded by an analyzer Tekh. Ser. Fiz. Vys. Berg. Atom. Yad. Vol. 3in Russjan, Khar'kov

. . . (1973, pp. 78-80; A. N. Lebedev and K. N. Pazin, Atnétg.41 244
The design of the accelerator model shown in Fig. 2 (197g; A. K. Gevorkov, and T. R. Soldatenkov, Preprint SFTfif

consists of an Arkad’ev—Marx pulse voltage generator which Russiad, Sukhumi Physicotechnical Institute, Sukhu(@980, p. 20.
charges a low-resistance water coaxial line with a pulse-'V. V. Krasnopol'ski and V. I. Kalinin, Zh. Tekh. Fiz56, 1160(1986
sharpening devicBwhose load is @ magnetron-type gun. A 5, 0% BVS IO BIVSL OO0 e, Led
modulator formed by a set of cavities is mounted coaxially 1922(1983. o ' ' LTS eV EER
with the magnetron gun and an ion inje¢tois mounted  ©G. I. Zverev, V. G. Surovtsev, and L. S. Volkov, Proceedings of the
behind the modulator. A drift tube with magnetic ripple is AII-Uniqn Conf_erence on Controlled Thermonuclear Fusiofol. 2,
located behind the injector and to this is attached a Thomson 1973 lin Russia, p. 153.

analyzer for double time-of-flight analysis. Translated by R. M. Durham
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Spectral multi-demultiplexer based on a three-dimensional holographic wedge-shaped
optical element

I. A. Novikov

D. I. Mendeleev All-Russian Research Institute of Metrology, State Science Center, St. Petersburg
(Submitted November 20, 1997
Pis’'ma Zh. Tekh. Fiz24, 79—-86(September 26, 1998

An analysis is made of the possibility of developing a new holographic multi-demultiplexer
using the principle of a series device constructed as a single three-dimensional optical wedge-
shaped element. €998 American Institute of PhysidsS1063-785(08)02809-2

The development of compact, optical spectral multiplex-  Developing the idea put forward in Ref. 7, we shall
ing devices with high resolution, low optical losses, and amake a detailed analysis of the properties of a multi-
large number of spectral channels in a bounded wavelengttiemultiplexer using a holographic optical wedge-shaped
range is currently of great interest. These devices can erelement with a Bragg transmission hologram.
hance the throughput of fiber-optic information transmission
and processing systems and can also improve the structure of
these systemsThe use of hologram optical elements b::lsedOPERATING PRINCIPLE OF MULTI-DEMULTIPLEXER
on highly selective three-dimensional diffraction gratigs )
is of considerable interest in spectral multiplexing devices. A new hologram multi-demultiplexer is proposed which

Several types of optical spectral multi-demultiplexersyses the principle of a series multi-demultipléxeron-
based on holographic and integrated-optics elements aructed in the form of a single three-dimensional holo-
known?‘S The requirements specified above can be SatiSﬁegraphic optica| Wedge-shaped eleméAtiransmission -type
by using three-dimensional holograms operating in thephase Bragg holographic grating with constant pedaghd
single-order Bragg diffraction regime. Hologram multi- plane isorefractive surfaces positioned at the aggléo the
demultiplexers can be constructed using a series of hologragurface of the element is recorded in the interior of this ele-
spectral filters. In this case, the effective Bragg conditon ment(see Fig. 1

Figure 1 shows an optical diagram of a demultiplexer

An=2dpnsinéy, (1) using this type of three-dimensional holographic optical
. o o wedge-shaped element. A collimated light beam is coupled
is satisfied for themth hologram when radiation at wave- into the three-dimensional hologram element via a contact
length\ , is incident on it. In Eq(1), dp, is the period of the  rjsm. The radiation is diffracted by the hologram in accor-
three-dimensional phase diffraction gratimgis the average gance with the Bragg conditiofll) by being successively
refractive index of the hologram medium, amt, is the  reflected from the boundaries of the element and the dif-
Bragg angle measured in the medifim. fracted beams are coupled out of the element. The angle of

Another  possible variant of a hologram multi- jnclination of the isorefractive surfaces of the wedge-shaped
demultiplexer consists of a single hologram element made Ugjement is selected so that the diffracted beams are coupled
of a set of several superimposed Bragg three-dimensiongjt of the element at the minimum angles to the normal to its
diffraction gratings’® The advantages of both types of holo- grface. The undiffracted beams are completely reflected at
gram multi-demultiplexers are their high spectral resolutionine poundaries of the element and propagate as shown in
which can reach fractions of angstroms, and the low opticafig 1. The condition for total internal reflection of these
losses attainable in the working chanfigh to 1-2dB. The  peams at the boundaries of the element is satisfied by suit-
main disadvantage of the series multi-demultipléserthat a1y selecting the refractive index of the medium, the wedge
it uses several hologram elements which incurs additionaéng|e% and the angle of incidence of the input beam. Thus,
optical losses. A disadvantage of the multi-demultiplexefine yndiffracted light(zeroth diffraction order propagates
with superimposed gratings is the large dynamic range Ofyside the element with almost zero reflection losses at the
variation of the refractive index of the recording medi(mp boundary.
to 10 2) needed to record a large number of holograms. In The wedge-shaped profile of the element has the result
addition, the relative orientation of the superimposed holotpat the angled,, between the direction of propagation of the
grams must be highly precise when fabricating this type ofight beam and the isophase surfaces of the grating changes
multi-demultiplexer. This disadvantage is particularly appar-ater each reflection from the upper boundary of the element.
ent when superimposed gratings are fabricated by integratefhs change in angle is proportional to the number of reflec-

technology where the problem of effectively matching thetions m and the wedge angle of the elemésgee Fig. 1
hologram optical element with the input and output optical

fibers also arises. Om=Bm— ¢1; PBm=PB1+(M—1)y. 2

1063-7850/98/24(9)/3/$15.00 740 © 1998 American Institute of Physics
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FIG. 1. Operating principle of a spectral multi-
demultiplexer using a hologram optical wedge-shaped
element.

As a result, after each reflection from the lower bound-whereK, is the standard absorption coefficient of the record-
ary of the element, the light is effectively diffracted for dif- ing medium,l,, is the distance covered by the light beam
ferent wavelengthg , in accordance with the Bragg condi- inside the wedge-shaped element for thi& channel
tion (1). It is easy to show that the wavelength difference for
neighboring diffracted beam®,,=\,,— \,_1 IS given by

A=Y\ 1CO By — @1+ (M—2)7). 3) erereh is the thick_ness of the Wedge-shaped element and

I,=h/cosB,. In particular, forB,~ B,= w/4 we have

| w=Im-1+2h/cosB,,, 8

The angles of refractiof}, of the rays emerging from the

element in air are given by Im=2y2h(2m—-1). )

B =arcsinnsin(8,—2¢;+(m—1)y)]. (4) The real values of the absorption coefficient are
The condition for total internal reflection of theth ray in- K,=(3.0-5.0% 10 3mm™?
side the element yields

for photopolymers and
nsi +(m—1) y)=1. 5
WA+ (m=1)7) ® K,=(1.5-4.5%x10 3mm 1

This allows us to determine the paramet@s and y for _
given n and maximum(giver) numberm. for porous glasses. For the case described above wetave

The real values of these parameters of the wedge-shapédgl mm and for photopolymerB,,= 10"%(2m—1), and for
element forn=1.55um, n=1.5, m=10, A,=5nm, and POrous glasseBp=(5-10)x 10%(2m-1).
@1=20° arey=0.105°, 8% = 13.55°, and3, =45°. _The average values &, and C,, are 0..5.—0.5_3dB. The
optical losses caused by coupling the radiation in and out of
the multi-demultiplexer depend on the type of optical fiber
supplied(single-mode or multimodeand the quality of the
focusing optics, and in practice are 1.0-2.5dB.

The optical losse®,, in the mth working channel of the The theoretic_al diffraction_ efficien_cy of the wedge-
multi-demultiplexer are attributable to the lossas as a shaped element is 100% but its practical values for phase

result of reflection of light at the surface of the element, thelirée-dimensional transmission holograms are 70-80%
lossesB,, as a result of absorption and scattering of radiation R€fS- 4-8. Thus, Eqs(6)—(9) can be used to estimate the
in the interior of the element, and the hologram diffractiontot@l optical losses in the spectral channels of the multi-
efficiency 7,,. Allowance should also be made for the opti- demultiplexer.
cal losseC, andC,, when radiation is coupled in and out of
the element, and the loss&g, and D,, when radiation is
coupled in and out via the optical fiber. DIFFRACTION EFFICIENCY, SPECTRAL AND ANGULAR

The total optical losseB,, in this multi-demultiplexer in ~ RESOLUTION OF MULTI-DEMULTIPLEXER
decibels are

OPTICAL LOSSES IN MULTI-DEMULTIPLEXER

The basic properties of phase three-dimensional holo-
Pm=An+Bny+Co+Cpt Do+ Dyt [log 7. (6)  gram optical elements are satisfactorily described using the
If the total-internal-reflection conditiofs) is satisfied, the Kogelnik coupled wave theof§ which gives the well-
value ofA,, is almost zero. The following estimates hold for known expression for the diffraction efficiency of a transmis-
the other terms in Eq(6): sion phase hologram:

Bm=110g 7| =Kylm, 7m=10 Kilm, (7) p=[1+ &1v?] Lsirt{(v?+ &2). (10)



742 Tech. Phys. Lett. 24 (9), September 1998

In the formula(10) the expressions for and ¢ allowing for
the wavelength mismatctd\ and the angle-of-incidence
mismatchéé have the form

E=[66cod Byn— ¢1)— N/2dn]wh/dc,,

v=mn1h/ (At ON)(C1C2) 2

(11
c,=cog Bt d0),

C(A+6N)

c
2 nh

sing;+coq B+ 56),

wheren, is the amplitude of the spatial modulation of the

refractive index of the medium.

I. A. Novikov

Here \; and \,, are the average wavelengths of the source
and the receiving channel of the multi-demultiplexér,is
the spectral half-width of thgh source, and\ , is the half-
width of the pass ban@.3) of themth spectral channel of the
multi-demultiplexer which correspond# within 17—-20%
to the half-width of the spectral line in the Gaussian
approximatior?. The crosstalk in a multi-demultiplexer de-
pends on the spectral characteristics of the wedge-shaped
element and the light sources used.

By analogy with the spectral factdil4), in order to
achieve a high degree of decoupling between the channels

For transmission holograms, the angular selectivity forand minimize the losses in the working channels of the
themth channel of the wedge-shaped element at the 0.5 levénulti-demultiplexer(which corresponds ;=\, the an-

(which corresponds t§=3) is given by

d
06m= d( cosBm+ Hsinﬁm sin @1) /hcos Bm— ¢1).
(12

Thus, the spectral selectivit§\ ,, of the mth channel of the
multi-demultiplexer is given by

1
6)\m=d)\m<cos,8m+ )\mﬁsincpl)/h sSiN(Bm— ¢1)-
(13
An analysis of expressiond2) and(13) shows that the an-

gular and spectral selectivity of a three-dimensional holo-

gular selectivitys6,, of the wedge-shaped element must ex-
ceed the angular divergendd, of the radiation incident on
the element. It was shown in Ref. 9 that the optical crosstalk
in a multi-demultiplexer can be estimated satisfactorily using
formula(14) subject to the conditiodd,=< 66,,/3. Thus, this
multi-demultiplexer requires a high-quality optical collima-
tor. This problem may be solved satisfactorily by using high-
quality microscope objectives, self-focusing lenses, or in
some cases spherical lenses.

CONCLUSIONS

The main advantage of the proposed multi-demultiplexer

gram with inclined isophase surfaces may be either 'OWers that it uses a single simple three-dimensional hologram

(for positive anglesp;) or higher(for negativee;) than that

of a symmetric hologram. A numerical simulation of the in-

sample for numerougup to ten or morgworking spectral
channels. This is consistent with current trends toward eco-

fluence of this factor on the angular and spectral selectivity,, nico| miniaturized optical information processing devices.

was made in Ref. 9 fop,;<0. Form=10 the values 0b6,,

and S\, for the real parameters of a multi-demultiplexer

differ negligibly (by no more than 3-5%

The spectral resolutiordA; of a multi-demultiplexer
with a wedge-shaped element of thicknéss1 mm is up to
2.3nm in the wavelength range=1.3—-1.5um and around
1 nm for a hologram thickneds=2 mm.

CROSSTALK IN A MULTI-DEMULTIPLEXER
The optical crosstallP,,, in a multi-demultiplexer char-

The author thanks A. L. Dmitriev for fruitful discussions
of problems treated in this work.

L. Solymar and D. J. Cookyolume Holography and Volume Gratings
(Academic Press, New York, 1981466 pp.

27T, Stone and N. George, Appl. O, 3797(1985.

SA. L. Dmitriev, I. A. Novikov, and T. N. Tarasova, Zh. Prikl. Spektrosk.
52, 409(1990. }

4A. L. Dmitriev, Kvantovaya fektron. (Moscow) 11, 1352(1984 [Sov. J.
Quantum Electron14, 914 (1984].

. . . 5 H .
acterizes the fraction of the optical energy transferred from J: M. Senior and S. D. Cusworth, IEE Proc.-J: Optoelectt86, 183

theith light source to the workingnth spectral channel. To

(1989.
SR. J. Collier, C. B. Burckhardt, and L. H. LinQptical Holography

describe the spectral transfer functions of the multi- (Academic Press, New York, 1971; Mir Moscow, 1973, 685 pp.
demultiplexer channels and power-normalized light sources'l. A. Novikov, in Advance Program and Abstracts of CLEO/QELS'95
in the Gaussian approximation, the crosstalk can be esti;Baltimore, 1995, p. 86.

mated using the formuta
Pim=5log 1+ (& /oA p)?]

+40loge(\;— A X[ 82+ (SN m)?]. (14)

8H. Kogelnik, Bell Syst. Tech. }8, 2909(1969.
9T. V. Basistova, Tekh. Sredstv Svyazi Ser. TPS No. 2(5388.

1°0. I. Gorbunov, A. L. Dmitriev, and V. |. Makkaveev, Tekh. Sredstv

Svyazi Ser. TPS No. 3, 3985.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 9 SEPTEMBER 1998

Indication of the presence or absence of convective motion in water by nuclear
magnetic resonance

B. G. Emets

Kharkov State University
(Submitted March 24, 1998
Pis’'ma Zh. Tekh. Fiz24, 87-90(September 26, 1998

Nuclear magnetic resonance was used to determine the characteristic parameters for the evolution
of an ensemble of gas bubbles in a liquid exposed to microwave irradiation. These parameters

can be used to determine whether convective motion takes place in the liquid. It is observed that a
liquid may be “strengthened” by low-intensity radio waves. 98 American Institute of
Physics[S1063-785(18)02909-7

When a liquid is exposed to electromagnetic waves, rathe Carr—Purcell methodWe used the working formula
diant energy is dissipated, causing it to undergo nonuniforntested in Ref. 5 for proton measurements in water, whereby
heating. Under certain conditions, mechanical equilibriumthis product is
may be established in a nonuniformly heated liquid. If the 4
temperature nonuniformity is _sufficiently large, the equilib- ﬁv=(T2_1—TI1—O.O5)/ §773D72?’2Hc2>()(v,a—)(v,w)2-
rium becomes unstable and is replaced by convective mo-
tion. In order to analyze the physical processes taking placfere b is the coefficient of self-diffusion of the water mol-
in a liquid exposed to low-intensity electromagnetic wavesecyles, which is 2810 °m?/s at the test temperature
we need to know precisely whether the liquid object is in(22°0), 7 is the time interval between the 90° and 180°
mechanical equilibrium or whether convection is present. lthy|ses in the Carr—Purcell method, which i 203 s in our
will be shown subsequently that this question can be angxperiment,y=2.68x10°rad-s *- T~ ! is the proton gyro-
swered by using nuclear magnetic resonafheR)." magnetic ratioH,=0.371 T is the field strength of the relax-

The absence or presence of hydrodynamic instability cagmeter magnety, ,=3x 10 8 is the volume magnetic sus-
be determined from the nature of the evolution of the gageptibility of air; and x, w=—7.2<10"7 is the bulk

microbubbles which are always present in a real liquid. If themagnetic susceptibility of water.

irradiated liquid is not removed from mechanical equilib- For the tests, 0.6ctof doubly distilled water was
rium, heat transfer is purely by conduction and as a result oplaced in a glass ampoule. Measurements of the unirradiated
the thermocapillary effect, bubbles drift slowly from a rela- sample at room temperature yielded the prodRet=(4.8
tively cold region to a hotter region of the liqufd.“Creep- +1.2)x10"m 2, The sample was then exposed to micro-
ing” of air bubbles into a “thermal lens” created by a low- wave irradiation for 30 min from the open end of the wave-
power helium—neon laser beam was observed in Ref. 4uide of a 51-1 generataB.2 cm wavelength As a result of
where the authors also observed an increase in the size of thieadiation with a power flux density of (1200.1) mW/cn?,
moving bubbles. Obviously, the total number of air bubblesy,q productRy increased to (721.4)x10°m2. After
may also increase since the laser beam heats the liquid in tr@(posure to a higher power flux density of (2.6
vicinity of the illuminated track, thereby lowering the solu- +0.1) mWicn?, the productﬁv decreased to (2:81.2)

bility of the gas in this section. x 10" m~2, which was less than the parameter for the unir-

The_ main effect obsgrvgd in the presence of CohveCtiV?adiated sample. It should be considered that in the first case,
motion is that layers of liquid undergo large-scale dlsplace;[he liquid was in mechanical equilibrium — the bubbles

ments and are transferred to the free surface together with tnﬁoved slowly in the field of the temperature gradient and
bubbles, as a result of which the bubbles can leave the liquidpqir size and number increased. In the second case. the

The present study was carried out assuming that on fyigher power flux density induced convective motion, which
posure to electromagnetic waves, the size and number of delps to remove air bubbles from the liquid.

bubbles in a liquid in mechanical equilibrium increase and |t has been shown in hydrodynamics that the appearance
the number of bubbles decreases as a result of convection.dt 5 convective heat flux component, which impairs the
was shown in Ref. 5 that the difference between the rates ghechanism of heat transfer purely by conduction, is ob-

transverse T, ") and longitudinal ;") nuclear magnetic served when the critical Rayleigh number reactRb
relaxation depends on the prodiRt, whereR is the aver- =gpBA®L3p/(5k) (Ref. 6. Hereg is the free-fall accelera-
age radius of the air bubbles contained in the waterarsl  tion, 8 is the coefficient of thermal expansidnjs the char-
the number of bubbles per unit volume. We particularly noteacteristic cavity lengthA® is the characteristic temperature
that everywhere in this study the symbTJ{1 denotes the difference,p is the density of the liquidy is the dynamic
rate of transverse nuclear magnetic relaxation measured hyscosity, andk is the thermal diffusivity. The Rayleigh

1063-7850/98/24(9)/2/$15.00 743 © 1998 American Institute of Physics
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number for water was determined experimentally in Ref. 7eelectromagnetic waves with the temperature kept almost
RI1=1700+51. Estimates show that for the geometric dimen-constant.
sions of our sample th? convective regime Is_eSt.ab“ShedA. Abragam, The Principles of Nuclear MagnetisitClarendon Press,
when the temperature difference at the boundaries is aroundoxford,1961, 560 pp.; IL, Moscow, 1963, 551 pp.
0.4°C. In fact, a temperature rise of 0.3 °C was detected by'V. G. Levich, Physicochemical Hydrodynami¢s Russiaf), Fizmatgiz,
. . . — Moscow (1959, 699 pp.
means of a thermocouple durmg microwave irradiation. 3V. G. Levich and V. S. Krylov, Annu. Rev. Fluid Mech, 293 (1969
To sum up, nuclear magnetic resonance can be used tér. G. Yarovaya, N. A. Makarovskiand N. A. Lupashko, Zh. Tekh. Fiz.
identify the time when convective motion is established in a 58 1375(1983 [Sov. P:yS- Iﬁch-_ Phy83, 817(1988]. .
liquid as a result of external influences. The identification of % Gsig?l%tg%ﬁ: is'ma Zh. Tekh. Fi2(13), 42 (1997 [Tech. Phys. Lett
this time can be used to solve many problems in hydrome-$g. z. Gershuni and E. M. ZhukhovitskiConvective Stability of Incom-
chanics. It is also possible to identify the power flux density pressible Fluids Israel Program for Scientific Translations, Jerusalem;
of the eIectromagnetic waves at which efficient removal of National Technical Information Service976; [Russian orig., Nauka,
. o . : " Moscow (1972, 392 pp].
air bubbles from the liquid begins. Since the real tensile7p. L. silveston, Forsch. Ing. We24(29), 59 (1958.
strength(cavitational strengthof a liquid depends on the °D. Messino, D. Sette, and F. Wanderlingh, J. Acoust. Soc. 26n1575
concentration of free air contained indiit is possible to (1963.

“strengthen” a liquid by removing the bubbles using Translated by R. M. Durham
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Modeling of the fracture of elasticoplastic materials capable of undergoing
a phase transition

E. A. Notkina, A. V. Chizhov, and A. A. Shmidt

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 10, 1998
Pis’'ma Zh. Tekh. Fiz24, 91-95(September 26, 1998

An investigation was made of the fracture of a layer of iron undergoing a polymoephic

phase transition caused by a detonation wave, using an elasticoplastic model of the deformation of
a continuous medium with spallation. The influence of the elastic precursor on the spallation

was identified. ©1998 American Institute of Physid$$1063-785018)03009-2

1. The problem of fracture of materials undergoing adeformations and the Mises plasticity condition are taken as
polymorphic phase transition under the action of shock andhe determining relations. The system is closed by an isother-
explosive loads arises in a range of applications. From thenal equation of state characterized by kinks on the curve
point of view of the theory of continuum mechanics, it is p=p(p), which correspond to a phase transition and are re-
interesting to develop a mathematical description of wavesponsible for splitting the compression and rarefaction
propagation in condensed media with phase transitions. Nuwaves. Effects such as smooth and multiple spallation ac-
merous results of experimental investigations have now beegompanying the evolution of fracture in these materials are
accumulated on this topic, but this is not sufficient to con-also associated with the presence of a phase transition.
struct a general model of the phenomenon needed to predi§mooth spallation is observed when two counterpropagating
the fracture pattern and optimize the explosive loads. A nularefaction shock waves interact, while multiple spallation is
merical simulation can be used to analyze the propagatioﬁttribUted to the multiwave structure of the rarefaction
characteristics of compression and rarefaction waves, esp@aves.

cially the possible localization of high tensile stresses in par-  1he significant nonlinearity of the equation of state and
ticular areas. In a previous studwe described a model to the presence of phase transitions impose more stringent con-
calculate the flow of iron undergoing an¢ phase transi- straints on the monotonicity of a finite-difference scheme.
tion, which only allows for the plastic deformation phase, 1 NUS: the system is discretized by using a TVD shock-
capturing scheme constructed for equations written in terms

and we reported results of calculations using a one ¢ Ri . ants. Th tial derivati
dimensional formulation which revealed three qualltatwelyot ;erc?anr] mvanar:hs.d fef_sga 'g | el:!va |}/es a[e _cron
different explosion regimes. Here we use a model which aiSructed using a method ot finite t>alerkin: elements. - 1wo
: . . fracture models were used: instantaneous spallation and a
lows for the elastic deformation phase and includes a spalla- . ; o -
) . . model with a global spallation criterion based on the kinetic
tion model. This allowed us to analyze the role of the elastic
) strength concept.
precursor in the fracture process. . . .
. . 3. The calculations were made for a one-dimensional
2. An explosion at the surface of a material causes th

. . L fron sample. Ana—e phase transition at 13 GPa was ana-
propagation of a detonation wave which, in the presence of

o yzed and the equations of state for #theande phases were
phase transition, may have a complex structure and consi Iken from Refs. 3 and 4, respectively. The simulation

of several compression and rarefaction waves, as iS COg,,veq that, depending on the initial parameters there are
firmed by experimental data. Specific rarefaction shock

waves may also be produced.
When the compression waves interact with the free

boundary, they form secondary rarefaction waves propagat- t . P =~§12(3a

ing inside the sample. Depending on the parameters of the 1.2F B, 1.500

explosion, either the secondary rarefaction waves near the 1.414

free surface or interaction between primary and secondary 1'0_ 1.329

rarefaction waves inside the material produce tensile stresses 0.8 1.243

in excess of the strength threshold and spallation fracture : 1.157

occurs. 0.8 1.071
A model of a barotropic elasticoplastic medium is used .

for a mathematical description of the process. It is assumed Gy s

that the medium is homogeneous and isotropic and the phase 0.2k 0.900

transition time is short. The system of equations includes the i #

equations of continuity and motion, and determining rela- 05 1.0 ‘x‘

tions for the deviator of the stress tensor. The equations are
written in Lagrangian coordinates. Hooke's law for elasticFiG. 1.
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FIG. 2.

three qualitatively different regimes of interaction between | he third regime is established when the initial pressure
the detonation wave and the sample. at the surface is lower than the phase transition pressure
The results of the calculations are plottedkas density ~ (Fig- 3- In this case, we observe wave propagation charac-

diagrams(all the quantities are normalized to their typical teristics and spallation patterns associated with the elastic
values. properties of the medium, since the elastic limij} is com-

The first regime (Fig. 1) is achieved for a large- p_arable with the amplitude of the de_tonation wave. The in-
amplitude detonation wavep>50 GPa. In this case, mul- cident shock wave and t_he rarefaction waves have a Fwo-
tiple rough spallation is observed near the right-hand bound@ve structure. The elastic precursor propagates at a higher
ary in a strong smooth rarefaction wave and smoothvelocity and this is followed by the plastic wave. The inci-
spallation occurs inside the sample as a result of the interad€nt shock wave is attenuated by the elastic precursor of the
tion of rarefaction shocks. rarefaction wave. A comparison between the results of these

In the second cas@ig. 2), the amplitude of the detona- calcqlations arld the results_of a simulation neglecting the
tion wave is such that a phase transition takes place at tHglastic properties of the mediutfig. 4) can reveal the role
fronts of the compression shock wave and the rarefactio®f th_e elastic precursor in the evolution of spallation at low
wave. Smooth spallation occurs as a result of interaction bd€nsile strengti, (results are presented for,=0.53 GPa
tween the incident and reflected rarefaction shocks inside th@"d @o=—0.3 GPa. In the first case, spallation occurs not
material. only in the reflected rarefaction wave but also as a result of

interaction between the incident rarefaction wave and the
wave formed by interaction between the elastic precursor of
the compression shock and the free surface. This explains the
1026 substantial difference between the thicknesses of the spalla-
1020 tion layers in the calculations using the plastic and elastico-
1015 plastic models.
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FIG. 3. Translated by R. M. Durham
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