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The motion of the starting gasdynamic discontinuities and of the detached flow arising upon the
shock actuation of a wedge-shaped nozzle is examined in the framework of the problem of

the decay of an arbitrary discontinuity at a jump in the cross-sectional area of the channel. The
results of the calculation are compared with experimental measurements of the spatial and
time dependence of the starting discontinuities upon the shock actuation of submerged jets over a
wide range of variation of the parameters governing the flow: at pressure ratios

100< p<1700 and sound velocities 0.21a<2.4 of the issuing and immersing gases, for

issuing gas species with 1.46y<1.67, and for various combinations of these parameters. The
possibility of using this model to determine the relaxation time to an undetached supersonic

flow in a wedge-shaped nozzle upon the shock actuation of slightly underexpanded and
overexpanded jet flows is analyzed. ®97 American Institute of Physics.
[S1063-78497)00106-2

To describe the processes accompanying the shock ac- Experimental studies of the actuation of submerged jets
tuation of hypersonic nozzles and highly underexpanded jetsif various gaseshave shown that the velocity of the detach-
a model of a suddenly actuated steady-state radial source harent cross section in the nozzle is largely determined by the
been developebl_There, as in numerical calculatidnsde-  velocity of the gasdynamic discontinuities preceding it. This
scribing the shock actuation of submerged jets, the establisigxperimental fact, along with the results of Ref. 6, suggests
ment of a supersonic flow in the nozzle is linked to the ar-that a solution might be found using a slightly different state-
rival, at a specified cross section, of a stagnation waveinent of the problem than in the conventional approach.
which is a surface normal to the streamlines. In actuality the ~ We will determine the velocities of the starting wave and
relaxation time of a flow in a nozzle upon actuation of contact surface from the solution of the problem of the decay
slightly underexpanded and overexpanded jets is determingtf @ discontinuity in a channel with an abrupt change in
by the dynamics of the detached flow inside the nozzle, on&"0Ss-sectional area. Here the Mach numygrof the shock
of the elements of the shock-wave structure of which is arfv@ve behind the jump in cross-sectional area is given by the

oblique shock separating the supersonic flow in the nozzl&elation
and the detached jet flow.

2_ _
Studies of the shadow patterns and interferograms of the . _ 2yMi— (-1

flow occurring upon the actuation of wedge-shaped nozzles (v1+1)g
and a comparison of these with the patterns of steady de- 2y
tached flow in such nozzlésas shown that the jet flow vy—=1 9 »-1 v—1
) o ’ x| 1— = 2y (M;—1/M,) , 1)
behind the detachment point is a planar flow moving nearly yi+1 3

parallel to the plane of symmetry of the nozzle at a certain
distance downstream from the detachment point. Based WPhere p=P,/P, and a=a,/a, are the ratios of the pres-

this fact, let us consider a simplified gasdynamic structure of ;o< and sound velocities of the gases on different sides of

the flow arising upon the shock actuation of a wedge-shapeg,o discontinuity, andy and y, are the adiabatic exponents
nozzle. Suppose that in a certain cross section of the nozzlg hese gases.

there is detached flow, as a result of which the flux of the |, reference to the shock actuation of a supersonic

issuing gas upon going through the oblique shock is rotategozzle these parameters are determined by the initial condi-
through an angle equal to the half angle of the nozzle. Thefions of the issuing flow. Since in the regimes under study
a region of one-dimensional flow forms behind the detachthe critical values of the flow parameters are always reached
ment point. The reflection of the oblique wave from the gt the nozzle throat, here the paramegds a single-valued
plane of symmetry of the nozzle disrupts the one-function of the relative change in cross-sectional area of the
dimensional character of the flow in the central region. Wechannel. For example, for the subsonic part of the nogite

will neglect the influence of this part of the flow on the determined by the ratio of the cross-sectional areas of the
overall flow pattern. The supersonic flow ahead of the obshock tube channel and the nozzle throat. The velocities of
lique shock will be assumed radial. Three-dimensional flowthe shock wave and contact surface at the nozzle throat,
occurs in the region behind the starting shock wave and invhich are at the same time the input parameters for the su-
the neighborhood of the front of the issuing gas. personic part of the nozzle, are, respectively
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Vi=M;aq, 2 Here we have introduced the notatier tan(a)/tan(a— 6)
andw=WI/U,. Dividing the right- and left-hand sides of Eq.

2a 3) (5) by w, we require an extremum of the resulting ratio

— 1 _
Vo= =7 (Ma=1My).

T/W_l gl
1-w  w’

We will use solution(1)—(3) to calculate the velocities (6)

of the starting wave and contact surface in the supersonic

part of the nozzle after determining the parameajeas a Since the flow is assumed steady on both sides of the
function of the ratio of the cross-sectional areas at the throadiscontinuity, the differentiation of the left-hand side is done

and at the cross section where the boundary of the steadynly with respect to the variable. Then an extremum db)

flow region is located at that point in time. For regimes inwill be reached when the following condition is met:

which a gas is issuing into a rarefied spdgacuum this B 5 12

boundary is a surface of weak discontinuity of the gasdy- W=7 (7 77 @)
namic parameters, in the crossing of which the velocity vec- ~ With the given choice of sign in front of the term in
tor of the flow does not change direction. In the actuation ofparentheses, conditiof?) gives a maximum of the ratio
submerged jets a system of intense secondary shock waves /.

arises, causing detachment of the flow. The nozzle cross sec- The physical meaning of this last condition, which we

tion that passes through the point of detachment of the flowiake as a postulate, becomes clear when this ratio is ex-
which we will call the detachment cross SeCtion, will be aS'pressed in dimensional quantities' The quantiﬁ@anduz
sumed coincident with the boundary of the steady flow rezppearing in the numerator of this ratio monotonically in-
gion. The values calculated for the starting gasdynamic discrease and decrease, respectively, as the wave veMtity
continuities in this case correspond to flow into a straighigecreases. Their produgsU, has an extremum correspond-
channel with a cross-sectional area equal to the area of theg to the flow with the maximum specific flow rate of the
detachment cross section. The three-dimensional character g4s pehind the detachment cross section.

the flow in the region between the starting wave and the By supstituting(7) into (5) we can express the velocity

contact surface leads to a decrease in the velocities of thegg of the detachment cross section in terms of the density
discontinuities. To take this into account the values obtainet;ia,[io Do

for V, andV, must be corrected in accordance with their

position in the nozzle. The velocity of the starting wave at a 1
given point in time is determined by the Chisnell relation W:ﬁ'
from the known ratio of the areas of the detachment cross P21
section to the cross-sectional area at the location of the start- Herew takes on the value 1 when the shock wave de-
ing wave at that time, and the velocity of the contact surfaceyenerates into an acoustic disturbance and asymptotically ap-

is determined from relatio(). proaches the value 0.5 with increasipg,. The strongest

Analysis of the interferograms of the flow show that the dependence afl on El occurs for values op,; close to 1.
maximum intensity of the oblique shock occurs near the deyyg note that relatiori8) is independent of the character of

tachment point. This suggests that the motion of the oblique,e fiow and can be obtained by considering the motion of a
shock is determined by the flow near that point and Carhon-oblique shock.

therefore be treated as motion of a plane oblique wave inthe | s clear that the motion of the detachment cross section

gnlform steady supersonic flow of an |deall gas. The Chang%ill be determined by the choice of the functiqr_wzl(t,x).
in the normal components of the velocities on passag

. - : We will assume that the intensity of the oblique shock is a
through the oblique shock is given by the relation function of its position in the nozzle only. Then rotation of
U;sin(a)—Wsin(a—60) — the flow through a specified angteis possible at values of

(U,—W)sin(a— 6) ~ P2, 4 the Mach number of the oncoming flow greater than a certain
minimum valueM ,,. The density ratig,, corresponding to
this case in expressiofd) occurs at the minimum value of
7, which is attained at the maximum value of the angle

®

where« is the angle between the velocity vectdy of the
oncoming flow and the plane of the oblique sho6ks the
angle of rotation of the flon\V is the velocity of the oblique
shock wave in the direction of the velocity vectds of the am=tan (tan #)+ 1/cog h)). 9
flow behind the discontinuity, ang,, is the ratio of the
densities to the right and to the left of the discontinuity.

Taking the velocity of the flow behind it as the scale for
the velocity of the detachment cross section, we divide th
numerator and denominator of the left-hand sidg4)fby
U,sin(a—6) and, with allowance for the equality of the tan-
gential components of the velocities,U cos()
=U,cos(x—6), we obtain

The maximum value of the density ratio depends on the
species of gas and is equal pg,,,= (y+1)/(y—1). Since
éor an angle of rotation of the flowy=15° and a value
v=1.16 the range of variation of the density ratio is
2.7 p ,1<13.5, which corresponds to a change in velocity
of the detachment cross section over the range
0.609<w<0.519. We note that the given velocity estimate
agrees satisfactorily with the measurements of the initial ve-
locity of the detachment poiritThe ratio of the densities on
the two sides of the shock is

W
=poa1- 5
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—  (y+D[Msin(e)]? .
P T Msin(a) |2+ 2 (10)

whereM is the Mach number of the flow ahead of the de- sot
tachment cross section. L

In the general case the Mach number depends on the 40}
difference between the velocities of the supersonic flow and
detachment cross section. However, the weak dependence ¢

W 0N p,, in relation(8) gives some freedom in the choice of

the latter. For simplicity in finding the solution we set the

numberM in expression10) equal to the Mach number of

the steady flow in the nozzle. 3
Thus the solution of the problem of actuation of a nozzle

is constructed as follows. The initial conditions of the issuing  gg

flow are used to calculate the velocities of the starting wave

and contact surface at the nozzle throat, and these velocitie: 42

determine the position of these corresponding discontinuities N , \

in the first time step. At later times Eg®), (7), (9), and(10) 0 700 200 J00 400

are used to give the values of the angtesand # and the t, pm

velocity w of the oblique shock for a known position of the

latter in the nozzle prior to the time when the angle of rota-F'G- 1-

tion 6 of the flow equals a specified value, i.e., the half angle

of the nozzle. Here the densipy,, varies from 1 top, With  petween the calculated actuation time of the nozzle and the
increasingM. With allowance for the character of the func- time measured in the experiments for these regimes does not
tion (8) at small values ofp,; and the assumptions made exceed 5%. The calculated values of the angle of inclination
concerning this quantity in relatiofi0), one can expect that « of the shock to the geometric generator of the nozzle also
w will be determined only to within a large error in the initial agree with the experimental measurements.

time period. However, the the size of the corresponding part  |ncreasing the initial pressure differentialunder other-

of the nozzle is of the order of the height of the throat, whichyise equal conditions leads to a decrease in the intensity of
amounts to only an insignificant fraction of its total length. A ihe secondary shock wave and to its degeneration into an
calculation shows that this does not have an appreciable ingcoustic disturbance in the case of flow into vacuum. In the
fluence on the determination of the actuation time of theatter case an undetached flow is realized in the nozzle. It is
nozzle. The subsequent motion of the detachment cross segpar that for outflow regimes with a sufficiently large ratio
tion is governed by the solution of equatio(®, (7), and  of the initial pressures the angle of rotation of the flow will
(10) at a constant angle of rotation of the flow. The velocitiespe |ess than the half angle of the nozzle. One of the main
of the starting shock wave and contact surface are calculatgshrameters of the problem which determine the dynamics of
from the known position of the detachment cross section ifpe starting process is the numbkt, in relation (1). It

the nozzle. The trajectories of the starting discontinuities inyoyld seem advisable to relate the value of the flow rotation
the nozzle are constructed by numerical integration ovepngle g with the value of this parameter at the nozzle throat.

time, and the time of its actuation is determined. For example, for flow into a rarefied space, mgends to-

Figure 1 shows the caICL_JIated trajectorifas of the Sta_rting/vard infinity while the Mach number tends toward its limit-
wave (1) and detachment poini@) together with the experi- ing valueM,, the flow rotation angle tends toward zero.
mental data points corresponding to the actuation of two m

nozzles with different degrees of expansion, with an angIéA‘S p and, accordinglyM, decrease, the angle takes on

0=15°. The horizontal lines on the graphs indicate the exitvalues close to the nozzle half anglg. One can approxi-

section of the nozzle. Figure 1a shows a comparison of thgwate the dependence in the following way, for example:

calculated and experimental data for the flow of a jet of  6/6,=1—M,;/M,. (11

argon (filled points, p =114, a=2.38) and a jet of carbon The points in Fig. 2 show the experimentally obtained
dioxide (open pointsp =100, a=2.39) from a nozzle with trajectories of the starting discontinuities corresponding to

a relative expansion of 10 into a space filled with a gas of theghe flow of tetrafluoromethane into the same gas at
same species. Figure 1b shows a comparison of the results gf: 1717. a=1.53. and also the results of a calculation

the calculation and experiment for the formation of a jet of (¢ rves1 and?2) carried out for different angles of rotation of
tetrafluoromethane flowing out of a nozzle with a relativeg fioy, It is seen that the trajectory of the detachment cross
expansion of 31 into a space filled with the same @#8d e tion calculated for the valug=11° obtained fron{11) is
points, p=157, a=1.49) and with a gas of a different spe- in better agreement with experiment than the trajectory con-
cies, viz., hydroger(open points,p=184, a=0.21). The structed ford=15°.

calculated data points pertain to a valge 15° and are in Using relation(11), we calculated the trajectories of the
good agreement with the experimental data. The differencstarting gasdynamic discontinuities in the shock actuation of
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FIG. 2.

a wedge-shaped nozzle with a half angle 15° for flow

regimes with various gases, with 146<1.67, issuing into

a space immersed either in the same gas or in hydrogen. The
ratio of the initial pressures and sound velocities at theriG. 3.

nozzle entrance were varied in the rangesﬁ@ 1700 and

0.21<a<2.4, respectively. In the entire range of variation shocks along the entire length of the nozzle, as is reflected in
of the governing parameters of the flow the disagreemente fact that the lines remain parallel. For a regime with
between the calculated actuation time of the nozzle and thg,psonic detached flovp—: 20 a_:1_62(filled points in the

experimental value was never more than 10%. _ upper part of Fig. Bthe parallelism of the lines breaks down

In the proposed approach to the problem of the actuation; approximately 1754s. A comparison with experiment
of a nozzle it is assumed that the three-dimensional flow ipows that for such regimes the calculated velocity of the
the region between the starting wave and the contact surfaGgtachment point is greater than the value realized in experi-
does not affect the parameters of the flow behind the detachyent starting from the time when the contact surface
ment point. This condition will be violated at subsonic ve- gmerges from the nozzle. This tendency is preserved both for
locities of the issuing gas behind the detachment cross seg: ngzle transitioning to a channel of constant cross section
tion or of the entrained flow of the immersing gas behind theyq for a nozzle opening into an unbounded space. Results of
shock wave. The presence of subsonic flow velocities behing similar nature were obtained for a nozzle with a half angle
the detachment point indicates that the boundary of the dosf 5o
main of applicability of the given model is being reached in e influence of the entrained subsonic flow on the mo-
the region of small ratios of initial pressures. Experimentsijon of the detachment cross section is also manifested most
have shown that the greatest influence on the actuation of tr’gqrongw at a change in shape of the channel. Experiments
region of three-dimensional flow is observed upon an abrupgpow that when the starting discontinuities emerge from the
change in the shape of the channel, e.g., at the emergence gf;|e into an unbounded space, the velocity of the detach-
the starting discontinuities from the nozzle. The points iNment cross section can increase or decrease, depending on

Fig. 3 show the experimentapositions of the points of in-  the parameters of the flow behind the starting shock wave.
tersection of the oblique shock waves along the plane o&jmiiar effects have been noted previoudly.

symmetry of a wedge-shaped nozzle transitioning into a
qhannel of constant cross sectipn, at guccgssive POINts iNs F.chekmarev and N. V. Stankus, Zh. Tekh. Bi4.1576(1984 [Sov.
time (the numbers on the graph give the timeun). Marked Phys. Tech. Phy9, 920(1984].

K 2 ;
off along the geometric generator of the nozéhalf angle 36- EE- Britan, Tfl-('nslt- Milf(h'dMﬁU'kNo' 43F'e pla- ﬁﬁ_gﬁ?' o 1
6=30°) are the coordinates of the detachment point of the - izgﬂgg;?fggé 2v. Akad. Nauk SSSR Mekh. zhidk. Gaz., No. 1,
flow, as obtained from a calculation according to relations4g m. pobrynin, V. G. Maslennikov, and V. A. Sakharov, zh. Tekh. Fiz.
(5), (7), (9), and (10). The dashed lines join points on the 558, 2390(1988 [Sov. Phys. Tech. Phy83, 1459(1988].
axis and on the generator of the nozzle which correspond toY: . Maslennikov and V. A. Sakharov, Zh. Tekh. F&5(8), 190(1999

. . [Tech. Phys40, 854(1995].
the same points in ime from the start of the outflow. For theeB. M. Dobrynin, V. G. Maslennikov, and V. A. Sakharov, Zh. Tekh. Fiz.

outflow of nitrogen at valuep=170, a=3.12 (unfilled 57, 118(1987 [Sov. Phys. Tech. Phy82, 69 (1987)].

point9 the flow behind the detachment cross section is Su-7T- V. Bazheqova an_d L. G. Gvozdevalonstationary Interactions of
personic. In that case one observes equality of the velocities>°ck Wavebin Russiatl Nauka, Moscow1977, p. 274.

of the detachment point and the crossing point of the obliqué&ranslated by Steve Torstveit
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Cylindrical MHD induction device in the “ideal pressure source” regime
Yu. A. Polovko, E. P. Romanova, and E. A Tropp
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The causes for the onset of a specific operating regime of MHD induction devices which arises
after a loss of stability of the uniform flow are investigated. A modification of the original
method of studying singularly perturbed dynamical systems in the neighborhood of a bifurcation
point is used to construct the asymptotic behavior of the characteristic pressure for various
limiting cases. ©1997 American Institute of Physid$S1063-784207)00206-7

INTRODUCTION formula, is entirely suitable for practical estimates.
In this paper we examine a mathematical model which

Even in the first experimeritgonfirming the predictéd takes into account the friction between the fluid jets and
loss of stability of the flow in MHD induction devices a which was used in Ref. 5 for studying the secondary flows in
characteristic property of the secondary flows that arise waMHD devices. Here the derivation is of a sufficiently rigor-
noted: after the loss of stability an MHD induction device ous character, and it results in two different asymptotic for-
will operate as an ideal pressure source over a wide range ofiulas.
flow rates. The external characteristics of the deJite
curve of the head developed by the device versus the floWMATHEMATICAL MODEL
rate of the electrically conducting fluid flowing through it To describe the flows in MHD induction devices, the
has an extended “plateau’p=p.=const, which corre- following system of nonlinear differential equations
sponds to a stepped profile of the velocity of the secondary 5 5 ) _
flows. This same phenomenon was later detected in a num- *d P(@)/de"=[1=ie(1=V(¢))Ib(e)+i,
ber of other experiments on cylindrical and planar MHD de-  ,d2y(¢)/de?= —=~1j?Reb(¢)
vices in the constant supply current and constant grid voltage

modes. This effect has also been noted in calculations using +V2(¢)signv(¢)) +p @
one-dimensional jet models both for pumps and for MHDwas used in Ref. 5, with the periodic boundary conditions
generators and chokés? b(0)=b(27), b'(0)=b'(2m), v(0)=v(2m), V'(0)

At least three different ways of constructing the horizon-=v’(27), whereb is the relative value of the complex am-
tal part of the branched external characteristic have been prgsiitude  of the magnetic  induction B(¢,t)=b(¢)
posed(Fig. 1): through the minimum of the characteristic of x exp((ax— wt)), v is the relative value of the flow veloc-
the electrodynamic approximatidfsegment), through the jty, p is the relative value of the pressure developed by the
point of zero flow raté (segmen®), and in accordance with device,x=1/a’R?, &= poow s,/ a?s, is the magnetic Rey-
the three-velocity flow model, whehB=BC, as is shownin  nolds numberj is the dimensionless supply currentis the
Fig. 18 However, none of these ways has been rigorouslyeduced hydrodynamic viscosity,is the
justified, and it remains a relevant problem to explain the
causes of this phenomenon and to develop a method of esti- -
matinga priori the value of the characteristic pressure for an P
MHD device with specified parameters.

The solution of this problem has both theoretical and
applied significance, since, on the one hand, the phenomenon
in question can be observed in a wide class of MHD flows 6F
with a definite geometry of the channel, and, on the other 2
hand, MHD devices of this type are used in the cooling loops N3 B
of fast-neutron reactors, and it is important to know what AN 1
kinds of flow regimes can arise in these devices, which must .
be highly reliable.

In Ref. 9 an attempt was first made to obtain an
asymptotic formula for estimating the characteristic pressure
at high supply currents. The result was based on the solution
of a nonlinear eigenvalue problem arising in the construction
of the internal boundary layer of the secondary flows. The et
use of additional, insufficiently well justified hypotheses A6, 1. Previously proposed methods of constructing the segment of the
to the structure of the boundary layer has led to an expreSsernal characteristip=p, of the secondary flows in an MHD device,
sion which, although strictly speaking is not an asymptoticcorresponding to its operation as an ideal pressure sgptrep modg.
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pole pitch,L is the length of the devicej, is the width of
the hydraulic gapg,, is the width of the magnetic gap be- P2
tween the central and outer magnetic circuitsis the con-
ductivity of the working mediumR is the radius of the de-
vice, andi is the imaginary unit.

In contrast to earlier systems*® which used the so-
called one-dimensional jet model of the flow, systé¢i
takes into account the friction between the individual fluid v/
jets, and the balance equation for the pressures goes over
from a finite-difference to a differential equation, and the
order of the system increases from fourth to sixth.

We will investigate the behavior of systefh) for wide
channels, i.e., for small values ofand ». Here we consider
two different paths to the limit at the poini(»)=(0,0). In
the first case the value of is assumed negligible, and the FIG. 2. Diagram for determining the characteristic values of the pressure
terms of systerm(1) containing this quantity as a factor are p}, in the pump {=1) and generatori &2) modes. The shaded areas are
dropped, and then the asymptotic behavior of the pressuriual.

p. asv—0 is found. In the second case, one first neglects the
friction between jets £=0) and then investigates the prop-
erties of the system at smail zontal segment on the corresponding external characteristics.

We use the notation Ré¢)=x;, Imb(¢)=x, and The bifurcation valuepy, itself is determined in the pump

transform the initial system of equations and boundary conti=1) and generatori 2) modes from a system of three

<49

ditions to the form nonlinear equations for the varlablps Vi, and %:
%XEI,_:X].—’_‘SXZ_SXZV: fl(X11X2:va:8:j )1 j\llIZF(V piC’S J)dV
xXy=Xo—eX1+ eXV+1="1f5(X1,X2,V,P,8,]), &
VV":_S— l X1+V|V|+p:f3(xllx2!vlp18!j)l _ |V|V2 jzln(VS (1_V) +1) i V:VZ_
=3 + 22 +pv =0,
X (0)=x;(2m), Xi’(O):Xi,(ZﬂT), i=1...2, v=Vv)
v(0)=v(2m), V'(0)=V'(2m). ?) N € ) B
F(Vk.Pe.&.j) =Pe— ml()le+VL|VL|=p'c
CASE OF INFINITELY WIDE CHANNELS _
_ o . —-P(v)=0; k=1,2. (4
To a first approximation ag— 0 after the terms contain- ) . o )
ing » are neglected anki, andx, are expressed in terms of Systt_am(4) is an analytical criterion for the existence of
v, problem(2) is rewritten as a cell (Fig. 3b on the phase plane (V,y of system(3),
2 bounded by the separatrices joining the saddle points. Con-
j“(1-v) . ditions (4) admit a simple geometric interpretation. They re-
+V[v|=p=P(V)=F(v,p,z,j), Pe 9 P y

w'=p 2(1 v)2+1 flect the equality of the areas of the shaded figuFég. 2)
, , bounded by the segmept=p,. and by the external charac-

v(0)=v(2m), V/(0)=V'(2m). ®) teristic of the uniform flow.
Here P(v) denotes the external characteristic of the MHD At large values off one can obtain the asymptotic be-
device, which corresponds to uniform flow. Syst€B) be-  haviorp. of the solution of equatiofd). We shall seelp’. in
longs to the class of second-order autonomous dynamicahe form of a series:
systems which were analyzed in detail in Ref. 10. For
pL<p' <p2, i=1,2 (Fig. 2), it has three equilibrium posi- Pe=Chi™ In"j+chj” In'j InS(n j)+ ..., r=<m.
tions: Vi, Vy, and %, one of which () is of the “center”  Here 4/3< m < 2 andn < 0 for m=2 andn = 0 for
type while the other two are saddle points. At a certain valug,— 413, since it is only in this case that the equation
p. € (pl,pz) a bifurcation arises in systef8) — a separa- F(v.p.e, j) = O for j— can have three real rootd, v
trix appears, joining the two saddle points of résg. 3. A j=1 2:k=0,1,2. Then the last two equations of systét
was shown in Ref. 10, in the neighborhood of the poits give in the leading approximation
for small v the solution of equatio3) (the velocity profile , , ,
will have a form which is close to stepped, specifically, there Vi =(—1)'(|pc])+O(j?/pc),
will be a sharp jump between the values and \,. The i i i3
position of this jump, i.e., the extent of Each st\ép, is very V2=1=pe/j*+O((pe)*/j). ®)
sensitive to the deviation ofp from p.. For We note that the casea=2, n=0 andm=4/3,n=0
|p‘—p'c|~exp(—1/v) the ratio of the lengths of the steps must in general be considered separately. Such an analysis
and, hence, the value of the flow rate, change by an amoushows that these cases are not realized. When these limits of
of the order of unity!? It is this effect that leads to a hori- integration are substituted into the first equation of system
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FIG. 3. The formation of a cell on the phase plane of syst@nfor p=p, (pump mod& a: p<p., b: p=p¢, C: p>p.; j°=40,e=4.

(4) and only the terms of the highest orderjiare kept, with (1,2 p=p.,

allowance for thea priori estimates fom in (5), one obtains i=1,2j,k)= 2.1 p<

the following equation for determining the leading terms in ’ P=Pe-

the asymptotic expression f@r: The specific value of the constafjt(0< 6, < \;/\) is

determined by the relation between the parametemnd
|p—p. as they go to zer® In particular, forv—0 with
p=p. one hasd;=\;/\y, where\; and\, are the absolute

$ 2 ~i
jimlpel 2.2
Tszi—g p|*+0(j?) =0,

which gives values of the eigenvalues of equati@) linearized about the
. : ints v and \, i.e.
. . 413 In(In 1 PoInts Y P
p,=(—1)*1 ! In273] 1+—( .J)+O — 1
€ 3In; In j i2(1—e2(1—v,)?)
A :_\/2|V |+ 2 2 m 2; m:J,k
i=1,2. (6) SN ™ (ef(1-vp)<+1)

Figure 4 shows the dependence mlfp’ on j for the
case under consideration, illustrating the approach of the n
merical solution of syster¥) to the asymptotic behavidb).

The asymptotic solutions of problems of the ty(® at 1 (on
small values of the singular perturbation parametén the q'(pL) = Z_J v(p)de=
neighborhood of the bifurcation poim, are constructed in mJo
Ref. 10. For systeni3) they have the form

Then the expression for the dimensionless flow rate at
Yhe pointspy, to a first approximation for— 0 have the form

vil)\i2+vi2)\i1
NiEN,

Using the technique of Ref. 10, one can also estimate the

v 0=p= 210 value of the der_iv:_:ttived p'/dq on the “plateau” of the ex-
J 1+6;° ternal characteristic of the device:
vie:=y L., .
Vi 1+_0J-<(P<277’ exp — A
J dp' R A'S v
where dq - e - — |0\ ——— /. (7)
where
1.1f N
] 1,2 0<s=1 Atz
- 7.0 1 1 H )\|l+ )\|2 ’
<
~N09F -
4 andR' is some constant.
08r The above estimate explains completely how MHD in-
07 . . o 1 duction devices can come to operate as ideal pressure
0 10 20 Jo 40 i i i
! sources. Indeed, according to E@), in the neighborhood

of the pointp=p. the slope of the external characteristic is

FIG. 4. Approach of the numerical solution of systéto the asymptotic ~ @n exponentially small quantity over a wide range of flow
expression5); e=4. ratesq.
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ABSENCE OF INTERACTION BETWEEN JETS

Let us now take the limiv— 0 first. Then in the leading
approximation we have the following problem:

#X]= X1+ EXp— £Xo| | *Xq & — p|*°sign(j?x1 /£ — p)
=f1(X1,X2,V,p,8,]),

xX5 =Xz~ X1+ eXq|j?Xy /e —p|%sign(j®x, /e —p) + 1
=f5(X1,X2,V,p,8,]),

xi(0)=x(2m), X (0)=x (2m), (8)

Here the “bifurcation scenario” unfolds not on a plane but

i=1,2.

in a four-dimensional phase space. Nevertheless, the system

of equations(8) in the appropriate intervals gb also has
three points of rest(y, ,x5,), k=0,1,2;i=1,2, two of which
are hyperbolic k=1,2), and forp=p; are joined by a het-
eroclinic trajectory. As before, we will seek an asymptotic
expression fop,. in the form (5) with the same restrictions
on the values om andn. Although in the general case we
can no longer write a nonlinear system analogougtpwe
can nevertheless obtain the asymptotic behaviopofor
largej. The structure of the system is such thatjfes the
heteroclinic trajectory which we seek lies, to leading order
on the surface (X;,X5,p,e,j)=0. One can show this by

making a nonlinear change of variables and transforminqOr

from the variablex; to ®=f,(x;,X,,p,e,j). After such a
substitution the first equation of systef@) in the leading
approximation ag—« takes the form® =0 everywhere
except in a small neighborhod@ith radius of the order of
1/j) of the straight linex,=0. Then the heteroclinic trajec-
tory for j—oo is described approximately by the second-
order system

%Xy =Xy~ £X1(Xp) + £X1(Xp)|] 2X1(X2)/ &

—p|®%sign(j®x; /e —p) +1=F(x,p,&.,j),  (9)
where
X1=€Xy
22+ \[53A—p—Px—1,  Xp=—plj?,
—[i%2/2+ DA+ p+ 2, +1],  Xo>—plj?

for the pump mode and

X1=— X[ | 2Xol2+ \ [ A X514+ p+ j2xo+ 1]

for a generator. This system turns out to belong to the sam

class as systenB), according to the classification scheme
investigated in Ref. 10. For this system the existence cond

tion of a cell on the phase plane — the system of equations,

analogous td4), for determiningp, — has the form
[ 0 bl e ndre=0; Fobo =0,
X21

k=1,2; i=1,2. (10)

Strictly speaking, since one of the roots in the leading,

approximation falls in a small neighborhood of zero
(x5,=—1/e2p), one must put/j, wherec is some constant,
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as the upper limit of integration if10) instead ofk,,. This is
because after it has fallen into the neighborhoodkof 0
(within a radius of the order of jly the motion along the
heteroclinic trajectory will no longer be described by system
(9). However, this refinement does not affect the final result,
viz., the value ofp;, in the leading approximation.

For the analysis it is convenient to rewrite syst€l@) in
terms of the velocity, using the following relations which are
valid in this case:

Xl:(p+_\/ZIVI)s; ‘o p+V|V_|2_
J (v=1)j
After a change of variables we will have
f “p (0 - p) e T - 2) - plav—o.
v'l J (1_\/)

(11)

Then, as in the foregoing case of infinitely wide chan-
nels, we substitutés) into (11) and equate to zero the terms
of the highest order in. For j—o we obtain for the pump
and generator modes, after some manipulations,

J

o| |
Vin'j
Thus we have obtained two asymptotic formulas suitable
estimating the characteristic value of the pressure pro-
duced by an MHD device after the loss of stability of the
uniform flow at high supply currents: formul®), which is
valid for wide channels, and formuld?2), which is suitable

for the case of low reduced viscosity. It should be empha-
sized that the foregoing analysis has revealed the main cause
of the horizontal “plateau” on the branched external char-
acteristic of MHD devices: the smallness sfand v. The
structure of the initial syster(2) is such that the only addi-
tional requirement for the possible onset of the “ideal pres-
sure source” regime is that the parametemust be greater
than 1. If this condition is met, then for sufficiently small
» and v one will observe all the above effects related to the
formation of secondary flows.

i2

j j2

=(-1' (12)
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Electron kinetics in a discharge plasma produced by a focused microwave beam
in free space

A. A. Kuzovnikov, V. M. Shibkov, and L. V. Shibkova

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted August 14, 1995; resubmitted September 30,)1996
Zh. Tekh. Fiz.67, 10-14(June 199y

A study is made of the electron kinetics in a discharge plasma produced by a high-power beam
of electromagnetic radiation in the centimeter-wave region under conditions approaching

free space, when the dimensions of the chamber are much greater than the wavelength of the
microwave radiation. Two regimes of discharge production are investigated: the regime

of short microsecond pulses at a repetition rate of 200 Hz, and a single millisecond pulse regime.
It is shown that at threshold values of the microwave energy flux density the electron

density in the initial stages of discharge formation reaches the critical value, and that the average
energy of the electrons is of the order of 1.5-3 eV. 1897 American Institute of Physics.
[S1063-78427)00306-1

The end of the 1940s saw the advent of cw microwavespreading under the influence of the buoyancy force and to
generators in the kilowatt range, which made it possible tdend stability to the plasma pinch, the gas was swirled in the
produce long-lasting microwave discharges at atmosphericavity.
pressure and ushered in intensive research in a new area of Progress in microwave electronics has made it possible
plasma physics—the physics of microwave discharges. Imo create a new form of discharge — an electrodeless micro-
Ref. 1 the formation and propagation of a discharge in avave discharge in a focused beam of electromagnetic energy
waveguide in air were investigated in the cw mode of thein free spacé&-?! The strong spatial nonuniformity of the
microwave generator. If by some means or other a dischargenergy release near electrodes is one of the main causes of
was excited at some place in the waveguide, the plasmoidischarge instability> Going to electrodeless systems can
would move toward the generator, counter to the microwavémprove the stability and increase the energy deposition in a
radiation. Approximately 75% of the power of the incident gas discharge. A non-self-sustained microwave discharge in
wave was absorbed by the plasma. Such a discharge can fsee space has a relatively high spatial uniformity of the en-
sustained at a microwave power several orders of magnitudergy deposition and affords the possibility of independently
lower than is required for breakdown of atmospheric air, andegulating the plasma parameters over relatively wide limits.
the velocity of the discharge increases monotonically withThe absence of contact with solids also makes the use of
increasing power. In ReR a physical interpretation of this non-self-maintained microwave discharges extremely prom-
phenomenon was given, based on the concepts of discharggng for obtaining highly pure substances in plasma chem-
propagation in the slow-burning regime. Microwave energyistry.
could be supplied to a plasma in another way as Wwall. In a gas acted on by a high-power focused beam of elec-
dielectric tube of a material transparent in the microwavetromagnetic radiation in the microwave range, a breakdown
range, e.g., quartz, was inserted in a rectangular waveguidd the gas occurs in the focal region of the discharge cham-
(TEy; mode perpendicular to its wide wall. A discharge ber when the electric field exceeds a threshold value. After
would be ignited in the tube in the region where it crossedhe breakdown, the plasma formed at the focus of the beam
the waveguide. The plasma was sustained through the disddegins to absorb intensely the energy delivered to the dis-
pation of energy from the traveling electromagnetic wave incharge in such a way that the electrons acquiring energy
it. The heat released was carried away by a gas blowfrom the microwave field give it up in collisions with neutral
through the tube or through thermal conduction to the cooledjas molecules. The energy released in the gas is distributed
walls of the tube. over all the degrees of freedofvibrational, rotational, trans-

However, a specific feature of the microwave regionlational, electronic excitation of molecules, dissociation,
makes it possible to do experiments in free space, with netc), and, in turn, depending on the conditigméhich can be
contact of the discharge with the walls of the chamber andaontrolled, gives rise to disequilibrium in the plasma and to
electrodes. In Ref4 a discharge was produced in a cavity in various gasdynamic perturbations. Refinement of the theoret-
which a standing electromagnetic wave of theyJlfhode ical models used to describe the spatial and temporal evolu-
was excited. The structure of the field here is such that théon of a discharge in wave fields requires reliable informa-
electric field on the axis is directed along the axis and variesion about the parameters of the charged and neutral
sinusoidally, while along the radius the field falls off with components of unsteady, nonequilibrium plasmas over a
distance from the axis. The discharge was ignited on the axiwide range of external conditions. To obtain such informa-
in the region of maximum field. The plasma was drawn outtion, it is necessary to carry out comprehensive measure-
along the electric field vector, and at high powers had thements of the main parameters of an electrodeless microwave
form of a pinch. In order to prevent the discharge fromdischarge by contactless methods, if possible. The use of
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optical diagnostics can yeild data on the parameters of i ¢
freely localized microwave discharge in air with high spatial
and time resolution and best meets the above requirement: - 140

For measurements of the electron density and tempere
ture in this study we have used a modificatibrf the “c 8
method proposed in Ref. 23, whergipand T, in a noniso-  °
thermal nitrogen plasma are determined simultaneously fron 91 —
a measurement of the absolute intensities of the emission i &
the bands of the second positive and first negative systems « 4|~
nitrogen under conditions such that the excitation of these
bands occurs by direct electron impact and the states at B
populated through radiative transitions. To find the absolute

: : . 0 1 R | 1 v 10108

values of the populations of the investigated levels a photo 0~ 120° 0’
electric method is used to determine the radiance of the emi: P, torr
sion in comparison with that of a standard continuum source.

The object of study, a microwave discharge in a focusedIG. 1. Pressure dependence of the electron defijtsgnd temperature2
beam of electromagnetic waves, was produced on two tegf(perimen_t,S galculatior) in the plasma of a freely localized microwave

" . . discharge in nitrogeny=7 GH2).

benches under conditions approaching free space, the dimen-
sion R of the chamber being much larger than the wave-

length\ of the microwave radiation. The sources of micro- coupled into the chamber through a radio-transparent poly-
wave energy used were a pulsed magnetron on the first bengliyjene windev 1 m in diameter on the side of the chamber
and centimeter-wave klystrons on the second bench. Thl%lcing the antenna array. A traveling wave mode of the ra-
magnetron oscillator of the first bench had the following gjation in the chamber is provided by shielding the metallic
characteristics: wavelength,=2.4 cm, power delivered in  parts of its inner surface by a radio-absorbing device. The
the microwave tractV<600 kW, and duration of the micro- kjystron oscillators have the following characteristics: vari-
wave pulse at half amplitude,=5-200us. The oscillator  apjlity of the duration of the microwave pulses in the range
could operate either in the single-pulse mode or in &-800 us, capability of operating either in a single-pulse
frequent-pulse mode with a reciprocal duty factor of 1000. mode or in a repeated-pulse mode at a repetition rate of
On the first bench the microwave energy entered the 5-10 Hz; angle of convergence of the beam 50°; radius of

discharge chamber along a waveguide tract. To avoid eleghe focal region of the order of wavelengthe frequency of
trical breakdown of the waveguide the latter was filled withthe microwave radiation=7 GH2); energy flux density in

sulfur hexafluoride to pressures of up to 6 atm. The entirghe focal regionS<10® W/cn?.
tract was sealed. The microwave energy was coupled into the  Measurements of the electron density and temperature in
chamber through a cone junction. The rectangular waveguidge plasma of the “traveling” microwave dischargen the
tract was terminated by a transition to a circular cross secsecond benchv=7 GHz) were made in “especially pure”
tion. From this element of the waveguide tract a wave ofgrade nitrogen. The discharge chamber was pumped down to
type TE;; was directed into the cone transition. The funnel ofpressures of less than 19 torr, after which nitrogen was
the cone was terminated by a polystyrene lens 0.6 m in diadmitted to the required pressure. Figure 1 shows the mea-
ameter and having a focal length of 0.8 m. The discharggured electron density and temperature as functions of the
was produced in a cylindrical barochamber, the vacuum sysaitrogen pressure at the threshold values of the microwave
tem providing a wide range of pressures, from 1@ 760  power delivered to the discharge chamber. It is seen that
torr, for doing the experiments of interest. The focusing lensunder the conditions of the experiment in “especially pure”
doubled as a vacuum seal between the chamber and waveitrogen the electron density reaches the critical valye
guide tract. The inner diameter of the vacuum chamberwas 1  Our results are consistent with the data of a numerical
m, and its length was 3 m. The microwave discharge wasgalculatiort* in which the evolution of the initial stage of the
obtained in a traveling wave mode. Matching was achievedlischarge was described using the model of Ref. 12, in
by mounting a wall of microwave absorbers at the end of thevhich the field of an axisymmetric wave beam
discharge chamber opposite the lens. E(r,z,t)exdi(wt—k32] is described by a parabolic equation
The technical parameters and functional capabilities ofvhich takes into account refraction by small angles, trans-
the multiprofile experimental apparatus of the second benchierse diffusion, and absorption, and the electron density
are described in detail in Ref. 24. The apparatus is a 36R.(r,z,t) is described by an extremely simple balance equa-
channel transmitting device operating with a symmetric horrtion with a specified amplitude dependence of the ionization
antenna array and providing in-phase summation of the rafrequency;(|E|)=|E|? and a specified effective loss fre-
diation in the volume of the experimental chamber in thequencyr,=const. In the calculatiodSthe radial coordinate
centimeter wavelength range. The main element of each and longitudinal coordinate were taken in units of the
channel is a 100 kW klystron amplifier. Phasing of the radia-characteristic transverse scake and longitudinal scale
tion of the individual horns of the antenna array occurslg=ka? of the focal region of the unperturbed beam, the
within the volume of a horizontally situated cylindrical angle of convergence of which wadd=(ka) ?;
chambe 1 m in diameter ad 3 m long. The radiation is ng.=m(w?+ v2)/4me? is the critical density, and, is the

1

|
N
=y
e

1.2
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FIG. 2. Time dependence of the electron density in the plasma of a travelinc t, us
microwave discharge in nitrogem=7 GHz,p=0.3(1), 1 (2), 2(3), 3(4), ’
7 torr (5).

FIG. 3. Time dependence of the electron density in the plasma of a traveling
microwave discharge in nitrogem=7 GHz,p=0.3(1), 1 (2), 2 (3), 3(4),

.. 7 torr (5).

frequency of collisions between electrons and gas molecules.

The initial and boundary conditions were specified in such a
way that in the pre-breakdown state<(0) the density was 4 pe explained as follows. In the initial moments of the

low, ne(r,z,t)=no=const, and the beam was Gaussian andpicrowave pulse the lower vibrational levels of the nitrogen
focused to a specified distaneg from the boundary=0.  5re il weakly populated, and superelastic collisions play
Under the conditions of our experimerf) (=0.3), estimates oy 5 small role; the electron energy goes mainly to excita-
according to the data of Ref. 11 give a raliga/Nec=1, N ion of these levels, and, therefore remains low. As time
good agreement with our results. goes on, as the microwave pulse is lengthened, it is in prin-
When the pressure is increased fgom 0.3 t;) 7 E%” th&iple possible for the population of the lower vibrational lev-
electron density increases from2x 10" to ~10' cm™2, els to become rather large and for superelastic collisions to
and the electron temperatuig decreases from-2 10 ~1  hegin to play a noticeable role; this can lead to growth of the
eV. Since this range of pressures corresponds to the minsieciron temperature, as the results of a mathematical mod-
mum of the breakdown curve, as the pressure is increased thgng show?s The decrease in the electron density toward the
field in the plasma remains practically constant whilegng of the microwave pulse can be attributed to effects of

Eei/n decreases, and this leads to a drop in the averaggaating of the ga¥ Over a time of the order of hundred of
energy of the electrons, as is shown by the experi@ne  icroseconds the gas can heat up, and the nitrogen mol-

2in Fig. 1) and by a calculation in the nonstationary kinetic o jes begin to escape from the region occupied by the

7,25
modet " (curve3). plasma. In this way the region in which the microwave dis-

It was not possible to elucidate how the electron density.parge exists becomes depleted of neutral molecules, with
and temperature vary over the course of the microwavena result that the electron density decreases.

power pulse in some chosen single plasmoid produced on the Figure 4 gives the experimental dependence of the elec-

second bench, since _th_e plasmoid, after being formed at the,, density and temperature in the plasma of a “traveling”
focus, does not remain in place but moves toward the focus-

ing antenna, leaving the field of view of the spectral appara-

tus. The optical system that we use projects a one-to-on~

image (with unit magnification of the plasmoid onto the

input slit of the monochromator. Therefore, only the radia-

tion from regions of the plasmoid with an area equal to the ﬂ

input slit will strike the photocathode of the photomultiplier. “¢
: . L 5 - -2

As the plasmoids move in the direction counter to the energ '« {’

propagation in the focused microwave beam, they arrive suc TQ

1
. . . . . .. 21= .
cessively at a given place in the discharge region, so that it i ‘7,, K.,_ﬁ
possible to find out how the electron density and temperatur: ®
2 1
N p— e —

behave at different times during the microwave pulse at the A e i e e

same place in the discharge region, but in different plas: F N
moids. The results of the measurements for different nitroge!

pressurep=0.1-10 torr are given in Figs. 2nf) and 3 0 | | I W N Y B N 1
(To). It is seen from these figures that the electron density 7 2 4 & 0

decreases toward the end of the pulse, while the electro..

temperature increases, and bm‘hand Te Change faster in FIG. 4. Electron densityfdashed curvgsand electron temperatur@olid

time at higher pressures than at lower pressures. curves versus the gas pressure in the plasma of an electrodeless microwave
The growth of the electron temperature during the pulseiischarge in nitrogeiil) and air(2); A=2.4 cm.
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s . °M. N. Andreeva, |. G. Persiantsev, V. D. Pis'mettiey al, Fiz. Plazmyg,
ues of the electron density in the plasma of a freely localized 1383(1977 [Sov. J. Plasma Phy8, 770(1977)]
discharge produced by a focu.sed microwave beam is of theM. G. Berdichevski and V. V. Marusin, Zh. Prikl. Spektrosk.8, 1055
order of n,.. The values obtained for the average electron (1973.
energyes=1.5—-3 eV are in good agreement with the averageé“G. I. Batskikh and Yu. I. KhvorostyatioRadiotekh. Elektron37, 311
energy corresponding to the electron energy distributionzs(1992- . _ .
functions calculated in Ref. 25 from the time-dependent A F. Alegandrov, A A. Kuzovnikov, V: M. Shibkov, and A. S.‘Zarln,
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Existence regions of regimes with anomalously high rates of plasma generation in grid
plasma switch elements

N. I. Alekseev, V. B. Kaplan, A. M. Martsinovskii, and I. |. Stolyarov
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Results are presented from a systematic investigation of the conditions under which anomalously
high rates of plasma generation are observed in the anode region of a low-voltage Knudsen

arc in grid plasma switch elements. The phenomenon develops over a wide range of currents and
switched voltages under conditions for which the plasma density in the cathode—grid region

is noticeably higher than the density in the anode region. and its onset is characterized by a
pronounced pressure threshold-eRx 10”2 Torr. The results are analyzed from the

standpoint of the possible mechanisms for anomalous plasma generation — collisional
nonresonance diffusion of electrons in velocity space, leading to enrichment of the distribution
function in fast particles, and the collapse of Langmuir waves in the gap at the high

energies of the beam produced when the wires of the grid are bridged by the quenching pulse
and and the current is blocked. €997 American Institute of Physics.

[S1063-78497)00406-9

INTRODUCTION us — a time of the order of the time required for a bound
electron in an excited cesium atom to diffuse over the spec-
Plasma switch elements with total grid control of the trum in stepwise ionization.

current(PSE$ are gas-filledcesium or cesium—bariuntri- It has been found that at currents=1 Alcn? and pres-
odes operating in the low-voltage Knudsen arc regiglec-  suresP.=1.2x 10 2 Torr the current—voltagél—V) char-
trode separationvl mm, Cs vapor pressurBcs~(0.5—  acteristic exhibits a region in which an increase in the am-

2x10°2 Torr)."? In these PSEs a negative voltage pulseplitude of the grid pulse above the valteVy necessary for
Vé with a steep rise{ 0.1 us) and an amplitude of tens of quenching can bring an end to the quenchmg starting at a
volts is applied to the grid, causing quenching of the disertain level|V§|>|V{|. Here the recovery of the current
charge and mterruptlon of the current at plasma densities accurs over a very short time, of the order of the blocking
up to 16°-10" cm™2 and currents of up te-10 A/cn?. An  time itself (0.1 xs), and, as is shown by probe measure-
anomalous non-quenching effe@N) arises, consisting in ments, is accompanied by an extraordinarily large and rapid
the fact that in certain discharge regimes an increase igrowth of the plasma density in the anode regidrom
|Vg |, which ordinarily promotes quenching, begins to act in10'* to 10*-10" cm™2 in ~0.5 s), which is natural to
the opposite wayhence the nanje regard as the cause of the restoration of the passage of
As we know! when a negative pulse with a steep rise iscurrent®* Here, as— V, increases, the ionization increases
applied to the grid of a PSE, at the front of the pulse amot gradually but abruptly, upon a very small increase in the
expansion of the electrode sheaths around the wires of theulse, which is indicative of a threshold character of the
grid occurs, its electrical transparency decreases, and, aactuation of the mechanism responsible for it. In Ref. 4 a
cordingly, the anode currehtwhich is passed decreases by mechanism was proposed which provides the necessary or-
an amountAl (which we call the initial blockingfrom its  der of magnitude of the ionization rate: enrichment of the
initial value |4 (Fig. 1b. When the anode current decreases.electron energy distribution functiotEEDP in fast elec-
the switched voltagde, (which is ordinarily much larger trons owing to the nonresonance diffusion in energy space of
than the voltage dro]sig across the switch in the conducting plasma electrons on Langmuir plasmons. This effect should
state (Fig. 1a is redistributed between the device and thebe observed when the power expended by the beam on ex-
anode loadR,: E,=V,+IR,. The excess voltage falls citation of oscillations and the energy density in these oscil-
across the plane of the grid and produces an electron bealations are rather large=20 W), as is ordinarily the case for
with a currentl .c=19— Al (curve2 in Fig. 1b and an en- AN. The rapid blocking of the current in the presence of
ergy of the order of,, which causes rapid growth of the even a small parasitic inductance in the anode circuit leads to
plasma density in the anode—grid region owing to heating of large overshoot of the anode voltage, comparable to or
the plasma electrons by plasma oscillations excited by theven greater thaB,, which imparts additional energy to the
beam>* If at a specified value of the pulse amplitude thebeam.
initial blocking of the current is so large that the rate of The goal of the present study was to investigate in detail
generation of ions in the anode region is insufficient to rethe existence region of the AN effect as a function of the
store the passage of current in the cells of the grid, the cumparametergpressure, current, position of the working point
rent is interrupted and the discharge is quenched; otherwisedn the |-V characteristic, the switched voltage, Jeénd the
recovers. The characteristic recovery time of the current is influence of the external conditions of the discharge on the
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FIG. 1. a: Time dependence of the anode volt-
age(1-3) when a voltage puls¥/; (1'-3') is
applied to the grid in the state corresponding to
point 1 of the I-V characteristic in Fig. 2a;
[Vgl=15.1 (1), 193 (2, 24 V (3,
Pcs=2.87X10°2 Torr. b: The corresponding
change in the currer(curve 4 is for |V, |=30
V). c¢: The kinetics of the current at poi@ton
the I-V characteristid\ in Fig. 2a;|V,|=15.1
(1), 22(2), 29(3), 35(4), 41 (5), 52 V (6).

character of the transition to AN, which has not been donesurfaces were the ends of molybdenum cylinders 1 cm in
before (in the first papers attention was concentrated soleldiameter, the(indirectly heateyl cathode was coated with a
on measuring the plasma parameters during AN and on eXayer of platinum (2 wm) to increase the emission. A grid
plaining the observed rates of ion generatidn addition to o molybdenum foil 20xm thick and having square cells
the need for studying the phenomenology of this effect ory gy 100 wm, with bridges 30um wide, was placed a dis-

pure_ly .practical grognd(;AN essentially determines the UP~ tance of 1.5 mm from the cathode and 1 mm from the anode.
per limit on the working pressures of a PSEuch research is

L The measurement scheme was the conventional one for
of physical interest as well.

The point is that in addition to diffusion in energy space PSE studie$.An anod.e voltage in the form of a square pulse
on plasmons, there is also another possible way of generatirfg?0~3004s long, with a frequency of-100 Hz and an
fast electrons in a plasma at high energy densities of th@mplitude of up to 100 V, was applied to the anode through
plasma oscillations — modulational instability and collapsean adjustablé0-200(2) low-inductance ¢0.05 xH) load
of Langmuir waves;’ which give rise to fast particles. approximately 1 us before the positive voltage pulse
However, as previous measureméttsave shown, the pro- (|Vg|~5—20 V, T(Vg)~10 ns) that ignites the discharge.
cedure of recording the probe characteristics and using themfter ignition of the discharge and relaxation to a steady
to calculate the EEDF directly at the point of blocking andstate (100-200 us) a negative quenching voltage pulse
recovery of the anode current in the AN effect is insuffi- (0=|V4|<60 V, 7(V4)~20 us) was applied to the grid.
ciently reliable. It is therefore important tq know how the,The grid pulses were applied through a pulse transformer.
AN. depends on the ex‘eT”a' pargmgters in order 1o obtain For the measurements of the anode and grid currents,
indirect information that might decide in favor of one mecha-.

inductance-free shuntdéenths of an ohmwere connected

nism or another.
between the ground and cathode and between the ground and
MEASUREMENT PROCEDURES the grid transformer. The measured quantitiesrrents and
voltages were recorded by a boxcar integratd ns reso-

The experiments were done on an apparatus analogo&&ion) or taken off an oscilloscope screen.

to that used previously in a study of PSEShe working
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EXPERIMENTAL RESULTS (AI/1)™™

————————— X o - - -
a) Influence of the initial conducting state of the discharge LA

(i.e., dependence on the position of the working point \
on the -V characteristic) x
0.8 \
x

We investigated this dependence first because th
plasma parameters vary in a most essential way along tF
|-V characteristi®® and this, as it turns out, substantially 7-97
alters the character of the transition to AN.

At the lower point of the vertical segment of the I-V =~ |-—-=-===f-___
characteristi¢curveA in Fig. 23 the AN effect is ordinarily
absent; it begins at a certain critical level of the currgy
ing somewhat below poirit on the 1-V characteristic in Fig.
23). In this case as the amplitude of the grid pulse increase:
quenching occurs in a certain intervi¥g| <|V|<|V|
(curves2 and2’ in Fig. 1a and 1) while for [Vd|>[V | we
have “ordinary” non-quenching at insufficient pulse ampli-
tudes (curves 1 and 1'). As the amplitude increases to
IVgl>] however, the current, after initially being . \ . X
blocked, begins to recover rapidlgurves3 and3’ in Fig. 1a 1 2 3 4 Ve,V
and 1. At still higher |V | quenching reappeatsurve4 in
Fig. 1b.

Such behavior can be explained on the basis of the cor
cepts developed in Ref. 3. Our grid pulse generator had a ris
time of ~0.1 us independent of the amplitudg, . There-
fore, as|V, | increased, the rate of decrease of the electrica
transparency of the grid increased, and, along with it, so dic
the rate of decrease of the currehtdt, the inductive over-
shoot of the anode voltade,d1/dt (whereL , is the parasitic
inductance of the anode circyithe power of the electron
beam, and the energy density of the excited oscillations. |
this increase turns out to be sufficient to “turn on” the
mechanism of fast ion generation, then the AN effect begins
even if there had been complete blocking of the current an
quenching of the discharge at lower amplitudes.

As the anode current increases along the 1-V charactel 0 zb 40 b‘b
istic (point 2 in Fig. 28 the quenching vanishes, and AN is Vgl, V
manifested on increasing-V, | as a sharp decrease in the
recovery time of the current in the case of incomplete initialFic. 2. a: Anomalous non-quenching regions on the 1-V characteristic of a
blocking Al/1,<1 (it decreases from 0.5-1 to 0.1-0.05 discharge Pc=2.87x10"2 Torr): A is the |-V characteristi¢(V,) (the
uS; curvesl— 6 in Flg 10. Here after the onset of AN the current is shown to the left of the left-hand vertical axiB shows the

dependence of the local minimum of the initial blocking curvas/()™"
growth in the relative initial blockingAl/I 0(|V |) slows, (Fig. 2b (scale to the right on the left-hand axisn the point of location
and then Al/l, falls to a certain minimum value along the I-V characteristi€ is the pulse amplitudgvd| corresponding to
(Al/1g)™n after which, over an appreciable interval of the transition to the quenching regim®); D is that for transition to
|Vg | values,Al/l, slowly increasegcurve?2 in Fig. 2b). anomalous non-quenching; the values ofvgl and|V_a|_ere given on the

This character of the dependence &f/1, on |V7| is right-hand axisE,=15 V. b: The dependence of the initial blocking of the
maintained as the working point moves further along the 1—- VCL;)”em (1/1) on V] for points 1-6 on the |-V characteristié: (Fig.
characteristic to higher anode currents and voltdges/es3
and 4 in Fig. 2b); there is a decline in the initial blocking
level at whichAl/l, begins to drop and also iM\(/1o)™.  and non-quenching regions along the |-V characteristic are

1.07
0.4 1

Anomalons
non-quenching

0.5

1.0

0.5

At a certain voltageV, the dependence ofA(/Io)™ on illustrated in diagramC—D in Fig. 2a(the |V, | values here
V,, shown by curveB in Fig. 2a, reaches a minimum are plotted against the scale on the right- hand)aX|s
(Al/15)™" and then again increases. Thus there exists a region on the -V characteristic, or-

As V, increases further, the interval ®f; in which the  dinarily immediately after the inflection point, in which the
initial blocking varies slowly becomes narrower and degen-processes leading to anomalous non-quenching develop the
erates into an inflection poir(turves4 and5 in Fig. 2b. most rapidly and in which their effect on the passage of
Here at IargelV | complete blocking of the current can current is maximum and corresponds to the minimum initial
again be attamed and quenching is restored. At still largeblocking (Al/1,)™" (or to the maximum residual current
V, the AN effect vanishes altogethécurve 6). Quenching  (1,.s/10)™). As we know? this segment corresponds ap-
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proximately to the maximum plasma density (close to the  c) Influence of the current and pressure
limiting degree of ionizationin the cathode—grid region and
to essentially the minimum value of the density in the
grid—anode region, i.e., it corresponds to regimes with
maximum difference; —n,, Tg;— T (WhereT, is the elec-
tron temperatupeand with a maximum magnitude of the
negative(retarding for the electrons of the cathode region
jump in potential at the plane of the grid.

The most convenient parameters for investigation of
these influences are agaih/1,)™ and (A1/15)™", which
Are “integral” characteristics of the intensity of the pro-
cesses leading to AN. The typical dependence of
(I1,es/1°)™*0n the anode voltage along the 1-V characteristic
is given in Fig. 4 for various cathode emission currejfitat
a constant cesium pressure. We see that the influence of the
current turns out to be rather complicated.

In the region of large currentsurves3-6 in Fig. 4a and
3-5 in Fig. 4b an increase in the emission promotes AN,
b) Influence of the value of the switched voltage and it begins sooner on the vertical segment of the 1-V char-

It has been assumed previodslthat an appreciable acteristic, and the maximum on the curve of
value of the switched voltageE(=20-30 \) is the main  (lres/l0)"(Va) increases. The point at which the maximum
factor giving rise to AN, since efficient generation of ions 0CCUrs is shifted toward the inflection point of the |-V char-
requires a high enough energy of the electron beam injecte@cteristic. The decrease of the residual current with increas-
into the anode region. Studies have shown that although ANg Va becomes steeper, so that the interval of anode volt-
actually arises more easily at lar§g, it can appear at any ages over which the conditions change from the most
value of the switched voltage — all the way down to 3—4 V. favorable for the onset of AN to the complete disappearance
In that case the beam energy is due almost entirely to thef the effect can amount to only 0.2-0.3 V. This is appar-
inductive overshoot of the anode voltag@®", whereva®"  ently due to the abrupt growth in the plasma densityn the
can be quite small, as low as 15—20 V. anode region, which can occur upon an increase in the anode

As E, increases, the relative role of the inductive over-voltage V, in a developed dischardeln fact, asn, in-
shoot decreases, and the conditions for transition to AN becreases, the conditions for excitation of oscillations worsen
come less stringent. AN sets in at lower amplituféy, and ~ on account of the increase in the rate of Coulamlectron—
the level of the minimum initial blocking decreas@sg. 33.  ion) collisional damping (according to Ref. 9, for
For E,=20-30 V anomalous non-quenching can begin afPcs=1.5x<10 2 Torr, which corresponds to a gas density
such small values of V; that the inductive overshoot im- Nce=2x 10" cm~® and an electron temperatufe=0.5 eV,
mediately prior to the onset of AN is not observed; it is lessthe contributions from scattering on ions and atoms become
thanE, and is masked by the growth of the anode voltageequal atn~3x 10" cm3).
due to the redistribution of the voltage between the discharge At higher anode voltages quenching of the discharge can
gap and the load. The beam energy in this case comes mainpgcur at a sufficiently large initial blocking of the current,
from the anode voltage source. but this requires larger amplitud®g , since the plasma den-

In accordance with the arguments presented above, thaty in this case approaches't@m 3 (Ref. 8.
influence of the inductance of the anode circuit on AN at  In the region of smaller emission currentgc€1
large and smalE, is also different: this influence decreasesA/cm?) one observes the opposite picture — the residual
noticeably as€, increasegFig. 3b. current increases with decreasiffg the maximum shifting
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FIG. 5. Dependence of the critical overshﬁ@?” on the point of location

along the 1-V characteristic for different curren;=2.6x10 2 Torr;
E,=15.5V;j¢ (Alcm?): 1 — 0.36,2 — 0.75,3 — 1.07.

b The shift of the maximum of the residual current to
5 larger V, with decreasing cathode emission can be ex-

K ey

plained: at smallef¢ the transition to regimes with a com-
pletely ionized plasma in the cathode region occurs at ever

higher anode voltagésindeed, if one reconstructs the de-
pendence of the residual current on the poWaf, released

4

in the discharge in the conducting state, then all the maxima

turn out to correspond to approximately the same power:
~2—4 Wicnf. However, the cause of the increase in the

A

FIG. 4. Dependence ofl ./1,)™* on the point of location along the 1-V

characteri

sion currentsE,=15 V. a: P,=2.90x10 2 Torr; j¢ (A/lcm?): 1 — 1.6,
2—1.3,3—0.954—0.8,5—0.52,6 — 0.3. b:Pc=2.55X 1072 Torr,

j¢ (Aler?)

in the opposite direction, toward larg¥y, . Here, as we see
from Fig. 4, in the region of the inflection point of the 1-V
characteristic at smaji<2.5 Alcn? the AN is completely

1
\ 3 2 N
* % ¥ i residual current at smajl remains unclear. Nevertheless,

2.00 4.00 6.00 300 this character of the dependence has been observed at all the

Voo V pressures investigated, while the dependence on the other
parameters characterizing the AN, e)£’" (Fig. 5, have a

stidon the voltage across the devider different cathode emis-

:1—1622—1.053—10,4—0.7,5—041.

different character in the regions of large and small currents.
Unlike the situation with the current, the lower boundary

of the existence region of AN in terms of the cesium vapor

pressure is very sharp. Figure 6a shows the typical behavior

of (Al/15)™" along the |-V characteristic at various pres-
sures near this boundary. Since the range of variation of

Pcis rather large, the small change in the cathode emission
with changing pressure was compensated by a small change
in the cathode temperature, and the 1-V characteristics for

absent. Since the earlier papers devoted most of their atteadl the regimes agree to an accuracy of 1-2%. It is seen that
tion to this region as being of the greatest practical interesh decrease of only 5-7% iR leads to a transition from
for PSEs, it was erroneously concluded that AN vanishes awell-developed ANcurve4) to the complete absence of AN.

small currents even in the case of larigg..

a 1 b
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The boundary of the transition is affected only weakly by a

FIG. 6. a: Plots of Al/l)™" versusV,
along the |-V characteristic for different
pressures P, (j€=0.9  Alcnd):
Pcox 10 2 Torr: 1 — 2.44,2 — 2.55,3 —
2.90,4 — 3.19,5 — 3.48. b: Plots of
(Al/15)™" versusPc for j$=0.9 (1) and
1.45 Alent (2).
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change in the cathode emission curréfig. 6b). These electrons can cause direct delay-free ionization of Cs
atoms at the boundary of the electrode sheath of the grid
wires. On the other hand, the fast ions can reach the sheath

DISCUSSION OF THE RESULTS AND CONCLUSION after a time of the order of 100 ns if they are formed at a

The studies done here have outlined the existence regidfiStance of tenths of a millimeter from it. If there are many
of the AN regimes — regimes with an anomalously high ratefaSt particles, then they should immediately cause unblock-

of generation of ions in the anode region after an initial"9 Of the current and a subsequent growth in the density —
blocking of the current in the PSE. It has turned out that thigVhich is now only an accompaniment of the AN effect. If

region is significantly wider than had been assumed preVi;here are not enough fast particles to “instantly” unblock the

ously, so that AN can occur in practically all regimes aboveCUent, they can still slow the growth of the electrode

a threshold pressure (2—2.5)x 102 Torr, where this value S"€aths and promote recovery of the current.

apparently depends only weakly on the geometry of the dis- If the restoration of the transparency of the cells of the
charge gap and control grid. Here AN extends to the regiofgrid is in fact due to a short-wavelength modulational insta-
of small cathode emission currents and sni&ll a region  Piity of the OTS| type’ then it is easy to explain the thresh-

which had been considered free of this effect. It has als§'d character of the onset of AN as a function of the ampli-
turned out that the most characteristic regime for AN is nofude of the negative pulse. The necessary energy 1aaf
one in which it sets in after total initial blocking of the cur- (€ €lectrons for the onset of OTSI, for a diffuse beam with

rent (as has been predominantly investigated in earlier studl-’b/”_T>(n/nb)ll3 IS est!mgted %?Ve/TeB,ngJT/Je)Z/S (R?f-

ies) but one in which AN arises upon a certain threshold of10); jT=nvr /4, wherej, is the “through” current density

the initial blocking of the currentwhich can be much less and for a narrow beam &/ /Te=j1/je (Ref. 1. In either

than complete blockingand leads to a sharp increase in thecase for typical conditions in PSEs in regimes with AN

current recovery time and to the cessation of further growt Te~0.5 eV, j~1 Alen?, jt~5 A/cnr), the beam energy

in the initial blocking with increasind;va. comes out to be not too large — of the order of 10-15 eV, in
Unfortunately, the results obtained do not give any defi-complete agreement with the minimum anode voltage over-

nite indications as to the cause of the onset of anomaloushoot at which AN arises at small,. We note that the

generation and AN, and the actual mechanism can be elucfguments presented above do not in any way imply a pres-

dated only after an investigation of AN at the level of the Sure threshold for the onset of AN. An increase in the density

plasma parameters. However, some arguments can be ¢ neutral atoms has the direct effect only of decreasing the
fered on the basis of the data obtained. collisional damping length of the waves and the amplitude of

First of all, the regimes in which AN arises upon incom- the driven oscillations, i.e., it has an effect in the opposite
plete initial blocking(Fig. 1b show that the processes lead- direction. This suggests that the cause is nontrivial and may
ing to recovery of the current can begin very rapidly after thebe due to effects of a most unforseen nature, e.g., related to
start of the blocking — after less than 100-50 ns. Thisthe conditions of absorption and reflection of the waves on
brings an end to the growth of the electrode sheaths arourie anode Langmuir sheath.
the wires of the grid and to the growth of the initial blocking ~ This study was supported by the Russian Fund for Fun-
of the current, in spite of the increase of the negative voltagélamental ReseardiGrant No. 95-02-05133}a
across the grid.

At threshold pulse am_plitudesk/g_zvg), when the pro- _ _
cesses causing AN are still not too intense, the unblocking 0fOf course, in the case of complgte quckmg of the current the beam always
the current can begin with a delay, though earlier than for receives all the energy s.tored in the |nd.uctanga1u”ng the passage of .

~ ’ current, but the transfer time decreases in the case of a more rapid drop in
IVg<|Vgl (curves2—4 in Fig. 1. But upon a further in-  current.
crease in|V§| by only a few volts the unblocking of the AThe shift of the initial part of the\I/1y(—Vg) curves, which corresponds
current, which aso takes 100 n. begins immediately lter o S5l T oo, = ke el o 9o e P,
its pIOCkmg(CurveSS and6in F!g. 10. The fact that, the time and th}(/an to growth of thegdensity in the aLodg re;ime Part Il of Rgf. Bp
until the start of the unblocking of the current is so shortsj; should be noted that the main growth in density occurs in the period
casts doubt on the attribution of the recovery of the current towhen the current has already recovetédio that the generation of ions
the growth in the density in stepwise ionization of the gas by °ccurs mainly on account of the energy stored in the bound electrons.
hot plasma electrons. As we have said, stepwise ionization is——
a fun.da.menta"y sluggish process, so that.the growth in th.elv B. Kaplan, A. N. Makarov, A. M. Martsinovskiet al., Zh. Tekh. Fiz
densny is delayed by several ten_ths of a m|crosecond both in 4%’ 274 (1977‘) [éo\;_ Phys. Tech. P.hy§2, 159(1977]. T T
experiment(Part Il of Ref. § and in a calculatioriRef. 9.¥  2v.'’8_ Kaplan, A. M. Martsinovski V. F. Mustafaewet al, Zh. Tekh. Fiz.
The “overheating” of the electrons at a large energy density 49, 527(1979 [Sov. Phys. Tech. Phy&4, 303 (1979].
of the Langmuir wavegenrichment of the EEDF in fast par- 3E: Gé gak;g;, ?§7A' Kgs“”’TA' f':"'P'\:']a”S:_’“’t‘éSg%a'l"g';isyma zh. Tekh.
t@cles) does not eliminate the delay of the stepwise generaﬂF'.Zé.(B)éksht’( A 2 [ngvdaneocv,'v_ é.s'Kai)lah alq(,:iz_gg'lazmy& 547
tion. (1999 [Sov. J. Plasma Phy8, ***** (1991)].

A different picture should appear if the recovery of the °A. A. Artsimovich and R. Z. Sagdee®lasma Physics for Physicisin
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Self-organization of a light-sustained discharge
A. A. Tel'nikhin

Altai State University, 656099 Barnaul, Russia
(Submitted January 30, 1996
Zh. Tekh. Fiz.67, 22—-26(June 199Y

A theoretical model is proposed to describe a light-sustained discharge sustained by the radiation
from a neodymium laser. The model is based on the Navier-Stokes equations. A solution of
these equations is found in the form of a quasisimple wave, and it is shown that the evolution of
the system exhibits bifurcation, where the point of bifurcation determines the energy

deposition into the discharge. A study is made of the transition of the system to the stable state
with complicated space-time and functional structures and a high level of organization

(the degree of ordering is estimated from the change in the information eptibfithin this

model calculations are made of the macroscopic parameters of the discharge, the level

of fluctuations and the required power, and they agree with experimental dath99® American
Institute of Physicg.S1063-78497)00506-0

A glow discharge in the Earth’s atmosphere sustained bys neglected, the plasma is assumed to be optically transpar-
the radiation from a neodymium laser is the object of intensent, and it is assumed that the discharge channel has cylin-
research, and is used for practical purposes in techndi®gy. drical symmetry with a characteristic transverse dimension
A discharge of this type was first obtained by Bunkinal®>  (radiug r,. It is also assumed that the principal mechanism
Subsequent investigations showed that the discharge hasfar the loss of energy is the intrinsic emission of the plasma
threshold in the radiation intensity: (w,=10 MW/cn?).  (this is true if the beam radius ig>0.1 cm).™?

The power needed for sustaining the discharge.is 1 MW

and does not depend on the radius of the light beam. As therINCIPAL EQUATIONS OF THE MODEL

power is increased, the discharge front moves along the light - . .
channel with a velocity of tens of meters per second. The In describing the properties of the discharge we shall

discharge plasma is optically transparéhe absorption co- Stiﬁgr\?g;otcr;te ?:;\Q\?rt_hsetoﬁceeisi?gaflitggsa{g(rjttT1ee ?:rr:]sZyr;_eld
efficient is~10"2 cm™1), and its parameter@emperature y - e p ' P

and densityare on the average constant in time and uniformture fieldT:

within the light channel. The average electr@on) density pi+V-(pv)=0,
is n=2x10Y cm 3, the average temperature Ts~1 eV,

and the pressure is equalized in space because of the sub-
sonic mode of propagation. The velocity of the discharge  pT(s,+v-Vs)=xAT+F, F=uw—®, )
front depends on the intensity of the external source, and
above a certain threshold increases severalfold according
the formulav,~w?2 Effects are seen in the region of the " . .
threshold that are associated with fluctuations in the velocitfIon of the plasma, and is the Laplacian opergtor.

of the front while the profile of the front changes very little. . Let us cop5|der the non-stgady-statg .solutlon of Ets.

In Refs. 4 and 5 probe, acoustic, and optical methods werl the Boussmesq approximation, retaining up to terms of
used to study the properties of the discharge associated wiﬁwecond order in the small parameters

its nonequilibrium nature. The measurements revealed the e=v/c, e=rg/N, (2
nature of the macroscopic fluctuations of the plasma paramy o e c is the speed of sound in the medium ands the
eters, and it was also observed that the discharge is a SOUCE . - cteristic length of a disturbance.

of intense acoustic waves with a frequency of the order of 10 We take thez axis along the direction of motion of the

kHz. The first theoretical model for the discharge was pro'discharge and go over to a system of coordinates moving

pos? by Yu. P. RaizérIn that paper, as in subsequent iy e velocityv, of the discharge front. The solution of
ones, an analogy was made between the burning of a Bickg s (1) with the obvious symmetry of the problem can be
ford fuse and the motion of the discharge. This model, Wh'cn/vritten in the form

is described by a one-dimensional nonlinear heat conduction

equation, predicts the correct dependence of the velocity of p=potp'(r,t), T=To+T'(r,t), v=e=v(r,t),

the front on the radiation intensity. ()
The model constructed in this investigation, which re-wherep’ andT’ are the perturbed values of those variables,

flects the behavior of the discharge, begins from the equaand the standard equation of state of the systegT,) is

tions of hydrodynamics that take into account highly non-given by the nonlinear equation

hydrodynamic mechanisms for energy transport: heat

conduction and radiation. The divergence of the light beam Fp. T)=p(p, TIW=®(p,T)=0lr=1, p=py (4)

Vit (v-V)v=—p~1Vp,

heres is the entropy per unit mass of the plasmais the
thermal conductivity® is the power of the intrinsic emis-
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Substituting Eqs(3) into the two last equationgl) and vi=L(o)v (13

using Eq.(4), we find with the accuracy of the problem admits of a solution of the form

+ov,)=—p,, 5
ploctvv) ==p, ® v=u(r)exp ot). (14)
poToSi=(xA+FI)T, 6) Substituting Eq.(14) into (13) and using the explicit
F'=(FIdT)|1=1. p=p.- (7)  form of the operatot. we obtain in the linearized coordinate
TTowro system

Equation (6) implies that the change of entropy is a ) )
second-order quantity. The equation of continuity is conve- D(E i(ri) n 19 n
niently written in another form, which expresses the density ror\ o] 12 ae? " 922

de
pe:turbatlon in terms of the variation of the pressure and This equation, plus the boundary conditions, defines an
entropy

eigenvalue problem For example, for the case of axial sym-
p’=((9p/(9p)sp’+((9p/<95)ps. metry with the boundary conditiom(r=ry)=0, we find
from Eq. (15) the following eigenvalues and eigenfunctions
of the problem:

u+(v—o)u=0. (15

Using this relation and Ed6), as well as the relation

(‘9_") a_P) ﬂ) _ i_i)T o=v—(K+k2D, K, ry=2.40;
apsaspaps C, Cp '
- . u=Jg(k, r)expikz), (16
wherec, andc, are the specific heats, the equation of con- ]
tinuity can be written in the following way whereJo(k_r) are the Bessel functions. .
L The solution of the linearized problef@3) is thus
y—
Pt+vpz+czpovz=p—c(%A+F')P'- (8) v(r,t)=au(r)exp ot), (17)
0~p

whereu and o are defined by Eq.16) anda is a constant.

Here c?=(dpld is the adiabatic speed of sound and . .
(9plap)s P It is easy to see that the nature of the solution depends to

¥=Cp/C, . Equations(s), (6), and(8) constitute a complete £ large extent on the eigenvalues of the parametdor

system of equations up to and including nonlinear secon ) 2 ) -
order terms, with the linear dissipative terms considerec?qu'val.ently’ on the paramt_e@t). I .VZkCD an instability
arises in the system; the critical point

equivalent in order of magnitude to the squares of the non-
linear terms. The solution of these equations will be sought o,=0, ».=k?D, k2=(k?+k?), (18

in the form of quasisimple wavéssettin . .
q P = 9 corresponds to marginal stability, and as follows form Egs.

p(r,t)=*pgC+(r,t). (9  (7) and(11), determines the threshold condition for the ex-

Substituting Eq(9) into Egs.(5), (6), and(8), we obtain istence of a discharge. It is important to note that Ed6)

the starting equation for a quasisimple wave travelling in onéd(18) imply that the unstable mode is entirely determined
by the system of parameters and is characterized by the spa-

direction : ) .
tial length of perturbation of the steady-state solution. It
y+1 _ might be expected that far> o this perturbation will de-
it | Cot 3 U)UZ_(DA+ Vv, (109 termined the main properties of the system.
—1)x -1F’
p- Y= O~ DF 1)
2POCp 2POCp

EVOLUTION OF THE NONLINEAR SYSTEM
Herecy is the velocity of sound in the unperturbed medium,

D is the heat diffusion constant, andis the characteristic We turn now to an analysis of the dynamics of the sys-

frequency of energy deposition into the discharge. tem described by the nonlinear equatid®). Henceforth we
shall limit the discussion to bifurcation solution near the

critical point o.. Then, taking account of the explicit form
of the nonlinearity and the results of analyses of the linear

If we go over to a coordinate system moving with the problem, we will seek the solution of the problem as a series
velocity ¢, relative to the medium, then E(LO) takes on a in the small parameter

STABLILITY OF THE LINEARIZED SYSTEM

simpler form o(r,)=a(t)(sek?+ g2e?k24 |
vi=L(o)v+h(v;o), (12 -
where t(t—t—z/cy) is the “slow” time, L=DA+v is a +c.c) 21 bndo(Kinl), (19
“

linear operator acting in the space of definition of the func-
tion v(r,t) and#(v;o), which allows for the nonlinear na- where, according to Eq$16) and(17), a(t) is an unknown
ture of Eq.(10) ando reflects the dependence of the solutionfunction andb;=1, andJy[(k, ,)ro]=1.

on the parameters of the problem,D). Substituting the solution in the forifl9) into Eq. (12),
Since the system of equatiori$2) is autonomous, the averaging over the high-frequency oscillations, and using the
linear auxiliary problem orthogonality of the Bessel functions
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ro 1 ) velocity of sound in aifahead of the discharge froftUsing
fo Jo(knr) Jo(kpr)rdr =7 6npdi(Kpro), Egs. (24) and (25) and the relationspy/p..=T../To, and
Co/C=(To/T.)*? we obtain the ratio of the emitted energy
we find the solution that determines the functaft;R), to the flux in the incident wave
art ve(R—1)— ua’=0. (20) Iy (row)2 (TW)”Z N -
—_—| — | — s L= — C .
Here we have used the notation l; Co To 1T g Potato
v (y+ 1)2J§(kLr0) Sincerg<cq/w andT,<T,, we obtainl,, /I;<I. Let us
RZV—- K="1p (21) study the application of the mathematical structure of the
Cc

model in a specific physical situation. We begin from the

The evolution equationf20) with the parameters2l)  definition (18) for the calculation of the threshold power of
have a well-known solution and describes the supercriticajhe |aser radiationPC=7-rr§WC. Using conditions(2) and
bifurcation of the systemhFor R>1 this equation admits of gnd expressions(4), (11), (16), we obtain from (18)

the following two solutions P.=(2.4mxTo/uB. Here we note that the power required
a(R)=+ (v /) (R-1). 22) for sustaining the discharge does not depend on the radius of

the light beam, and for typical valuesT{=1.6x10" K,
These solutions are asymptotically stable and come in if,=2.5x10"2 W/cm-K, ry=0.2 cm, u=10"2 cm !, and
a characteristic time, 7=1/2v(R—1). The mathematical B=0.5 (Refs. 1 and D, is equal to=1 MW. Similarly it
reflection of the qualitative change in the behavior of themay be shown that the velocity profile described by the func-
system caused by bifurcation at the poitit=1 is the sin-  tion Jy(k, r) and the discharge velocity itself, E5), near
gularity, making the solution nonanalytic near the critical the threshold P=P,) are of the order of 10 m/s, the level of
point. the fluctuations in the plasma js/po~vo/co~10"2, and
Now, going back to the laboratory coordinate systemthe intensity(26) of the sound wave i, ~ 1-10 W/nf. We

and taking into account Egél6) and(22), we can write the  also note the dependence of these quantities on the degree of
equation for the traveling wave in the form supercriticalityR=(P/P,)

(t>r,m7=12v (R—-1))
vo~VR—1, p'lpo~VR—1, I,~(R-1).
vi=a(R)Jo(K, o)expl — i wt+ik(z—2y)), 23) 0 pipo r
) ] ) ) It is easy to see that these results agree with experimen-
wherew=Kkcy is the vibrational frequency amgd=vot isthe o) qata.
coordinate of the front. o
Let us turn now to the conditions at the discharge front,Self-organization effects

allowing for the interaction of the incident wavp;(,v;), the Let us go now to Eq(20), which describes the evolution
reflected wave ff; ,v,), and the transmitted waved{ ,vy;).  of the system. This equation has a singularity at the critical
In the boundary conditiop’=0 at the discharge front we pointR,=1, associated with a qualitative change and transi-
must in the approximation neglect the emitted wavee  tion of the system from one state to another. To describe
shall see that the intensity of the acoustic emission ig.low correctly the dynamics at the bifurcation point we must take
Then we have the conditiop/ =p; ; for the velocity we into account the fluctuation forces. Let us assume that the
shall have, Correspondinglw,r: —vj, SO that the total ve- system has a Langenvin source with a power
locity behind the front iw)=2v;, and before the frontitis Qs(t—t')=(F(t)F(t")), wheres(t—t’) is the Dirac delta

v =2(po/p-)vi (we have taken into account the law of fynction. Then the evolution equation assumes the form
conservation of masg..,) is the gas density ahead of the

discharge front From these conditions we find the final ex- a=v(R—1)a— ua’+F(t), (27)
pression that describes the space-time structure of the field WhereF(t) is a random force.
the discharge plasma We note that Eq(27) has the form of a paradigmatic

v(r,t)=2a4(R)Jo(k r)cosk(z—zo)exp —iwt). (24)  €quation describing a nonequilibrium phase transitiode
. ] o introduce the distribution functiofi(a,t) in the space of the
The measured velocity of the discharge front is given by«cqordinate” a(R). The Fokker-Planck equation describing
the expression o= y1/2([v|®)), where the angle brackets the change with time of the functidi{a,t), and correspond-
denote averaging over the time and over the cross section @gy, Eq. (27), have the form
the plasma channel. Now substituting E&4) and using the 5
conditions(18), (12), and(22), we obtain an expression for of ot

= _ _ 2_ 4 .
the velocity of the front 7a - Qo t 7al(ve(R=Da"—pua")f];

2.6

6
vo= \/EaS(R)Jl(klro)zmkiD\/R—l. (25) J f(a)da=1. (28)

Let us turn now to another aspect of the problem — the  The steady-state solution of this equation is
intensity of the acoustic emission. The energy flux in the -~ 2 o
incident wave id ;= (1/2)poCo|vi|? and the total intensity of f(a)=N explaa”~pa%), (29)

the emitted sound i, = 71 3p..|v,|2/87C.. , wherec., is the a=v,(R-1)/12Q, B=ul4Q. (30)
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There are two most probable values for the distribution

(29), called the order parameter,
ag=*(al2p)'?, (31)

which merge foR=1 and coincide with expressid@2). By
definition the quantity

Iz—f daf(a)ln f(a), (32

In the other limit (y>x.) the corresponding expansion
for the Weber function has the form of
U(p,x)=exp( x*/4)xP*2. Using this approximate repre-
sentation in Egs(36) and(37), we obtain

N=(2m)(2Bla)?  (a*)=(3/2)(al2B)?, (40)
(a%)y=al2p. (41)

Equation (41) is the same as the square of the order
parameter, Eq(31). Substituting Eq940) and (41) in the

is called the information entropy, and the effectiveness of thesecond of Eqs(35), and using the definitioi30), we find

system is defined by the formula

d 2
- @
where
(a”)=jm f(a)a"da (39

is thenth moment of the distribution functiof(a).
Using Eq.(29) and calculatind andW from the formu-
las (32) and(33), we obtain

I=—1In N—a(a?)+ B(a%,
w=(a%),—(a%)5. (35)

A simple application of the standard integral

f X" exp(ax?®— Bx*)dx
0

1 n+1
= E(Zﬂ)_(nﬂ)mr(T) D_ (n+ 120 X)X X?14),

where y=a/\2B, T' is the gamma function anB is the
parabolic cylinder function, to the integrgif(a)da=1

gives the following normalization constant
N=2(2p)"* 712 exp( = x*14)[D _ 1A x)]~*. (36)

In a similar way, formula34) allows us readily to cal-
culate the second and fourth moments

(@%)=(2B)" YD 3 x)/D_11x),

(a®=3(4B) D _gn/D_yj. (37

that the efficiency of the system increases with the threshold
asW « (R—1)2. The information entropy was calculated us-
ing the recipe of thé&-theoremt®i.e., the relative degree of
ordering, will be estimated from the value of the entropy for
a given value of the mean effectiveness of the energy state of
the open system. In other words, we require that the follow-
ing inequality hold

<a2>c,r:<az>r- (42)

Applying Egs.(39) and (41) to the conditiong16), we
find the relation &/+/28=\2-0.676. Using the value found
for the quantity @/\28), in formulas (38)—(41) it is not
difficult to infer from the definition(35) that the increase in
the entropy isAl=(1—1.)=—2.33. This implies that the
information entropy decreases as the system makes the tran-
sition into a more orderefless symmetric state, i.e., self-
organization occurs in the system.

In conclusion, let us assess the behavior of the system at
the critical point, assuming that fluctuatiodsv(t) in the
laser radiation serve as the source of random forces. The
term uw(dw/w), of the next order of smallness, appears in
the third of the basic equatioii$). By making a transforma-
tion similar to that used in the derivation of EQL0), we
obtain

Q=(Co/A1(K,T0))?(uW/ poCyTo) 2K, (43

wheret, is the characteristic correlation time of the fluctua-
tions, andK = \(6w?)/w? is their relative level.

Substituting Eqs(21) and(43) into (39), we estimate the
fluctuations in the velocity of the front at the critical point
R=1

(82)=0.676/12(co/(y+1)J1) (Wl poc,To) VK2t D.
(44

For a given noise leveld3) we determine from the con-

We shall study the properties of the system at the bifurdition (a?)/{(a?).>1 the region of stability of the system

cation point R=1) and in the region of stabilityR>1)

using the relation between the parabolic cylinder function

and the Weber functior _,_1(x) =U(p,x). At the point

of instability (R;=1,x.=0), we have used the properties of

the Weber function

J7

U(p.0= Szprm

p 3\t

r §+Z

to find from Eqgs.(36) and (37)
N.=1.1038Y4 (a*.=0.518"1, (39

(a?),=0.676Q8 2, (39
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R—15>0.676 y+1)(Co/k, D)(uw/poC,To) VK2t /12D,
(49)
For typical parameter values of the discharge and
K~107°, t.~10° s, formulas(44) and (45) give the fol-
lowing estimatesy/(a®).~ 1 m/s,R—1>10"3.

CONCLUSIONS

The formation of a light-sustained discharge has been
studied within the framework of the hydrodynamic equations
and the Boussinesq approximation. It has been shown that a
hydrodynamic instability is probable in the system, with the

A. A. Tel'nikhin 609



Rayleigh number played by the ratie=»(w)/k?D, where  conclusion that the phenomenon of self-organization plays
v(w) is the characteristic frequency of energy depositionan important role in a discharge of this type.
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discharge. FOIR>1 the irreversible processes in the non- Y- !- Bukats, A. A. Kobolov, and A. A. Tel'nikhin, Zh. Tekh. FiB5, 312
ilibri disch | - If . fth (1985 [Sov. Phys. Tech. Phy80, 182(1985].
equilibrium discharge plasma initiate self-organization of thé sy | ‘gykaty;, K. 1. Deines, and A. A. Telnikhin, Zh. Obshch. Akust,
discharge and the formation of coherent space-time struc-753(1991).
tures with axial symmetry, described by Bessel functions. °V. . Karpman Nonlinear Waves in Disperse Medim Russiar (Novosi-
Demonstrations of these internal processes are found inb'rs'f' 1968. ) - L )
. . . . . . I. Prigogine,From Being to Becoming: Time and Complexity in the Physi-
macroscopic effects: the directional motion of the discharge ca| sciencegFreeman, San Francisco, 198@uss. transl., Nauka, Mos-
and the magnitude and profile of the front velocity. In addi- cow, 1985].
tion’ the discharge takes on a functional structure — inducquL. D. Landau and E. M. LifshitzFluid Mechanics(Pergamon Press, Ox-
. . _ford, 1987 [Gidrodinamika, Nauka, Moscol986)].
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parison of the results obtained in the framework of this (Nauka: Moscow, 1990

model with experimentally determined data, brings us to theranslated by J. R. Anderson
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Non-self-sustained hollow-cathode glow discharge for large-aperture ion sources
A. V. Vizir, E. M. Oks, P. M. Shchanin, G. Yu. Yushkov

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, 634055 Tomsk,
Russia

(Submitted February 14, 1996

Zh. Tekh. Fiz.67, 27—-31(June 199y

A discharge system is proposed in which an auxiliary gas discharge is used to inject electrons
into the cathode cavity of a hollow-cathode glow discharge. A study is made of the

region of stable existence of a non-self-sustaining hollow-cathode discharge. It is shown that the
injection of electrons permits a reduction 4010 2 Pa in the minimum pressure at which

a discharge can exist. It is shown experimentally that this discharge can be used to generate wide-
aperture ion beams. @997 American Institute of Physid$$1063-78407)00606-5

INTRODUCTION ter with a cold cathode is used for auxiliary injection of
particles.
Stable parameters, a high current density, and simplicity
of design make a glow discharge attractive for application irEXPERIMENTAL APPARATUS
p:asmg sohurces ?f chargetd pariflés:]t' |T1[<nowrr°’ttr|1at f_orﬁ _ The di_sch_arge syster_n used in thes_e experimer_ﬂs, which
glow discharge to operate in the hign-current Iow-vollag€g g4y in Fig. 1, consists of two main units: a discharge
mode it is necessary to maintain a pressure of about 1 Pa

he disch H intain the dielectri p for the main discharge and a plasma electron emitter.
the discharge gap. However, to maintain the dielectric™ = g aig discharge is ignited between a cylindrical hol-

strength of the accelerating gap and to ensure transport of tl]gw cathodel (length 40 cm and diameter 22 grand an
accelerated beam over large distances the pressure in theaﬁ‘?odez located within. in the form of a metal rod with
regions must be lower than 18 Pa’ In sources of narrowly 41— g mm. The anode could be drawn vertically into the

focused or tubulaf beams based on a glow discharge, thisj,gjator3 so as to change the operating length of the anode
problem has been solved by making a pressure drop in thg,q consequently vary the ar& of its working surface
narrow emission channel that separates the region of chargegwyeen 3 and 45 chnThe plasma ions from the main dis-
particle acceleration from the region of plasma generation. charge were sampled through a rectangular emission window

Because of the large area of the emission surface, thg 2 5 cm wide and 30 cm long, which was covered with a
residual gas pressure in the discharge region and the accglne stainless steel grid with a mesh size of 1 mm, placed on
erating region will be nearly the same in plasma-emitter systne side surface of the hollow cathotido stabilize the dis-
tems for making wide-aperture ion beafma. reduction of charge.
the pressure in the discharge gap results in a fast increase in - sypplementary electrons injected into the cathode cavity
the discharge voltage, and the discharge is converted to gf the main discharge were withdrawn from the plasma of
high-voltage low-current form or is interrupted if the voltage the auxiliary discharge which was ignited between the hol-
supply is inadequate. low cathode5 (length and diameter 12.5 gnand the elec-

In order to create conditions for electron oscillation, thetrode 1, which acted as the anode of the auxiliary discharge.
pressure must be reduced, as it is in Penning dischatges The auxiliary discharge was initiated by a discharge over the
magnetron dischargés,and also in a hollow-cathode surface of the ceramic ring, which started at the instant that
discharge. However, in the first case the presence of a maga voltage was applied between the electrodes of the auxiliary
netic field in the discharge gap degrades the uniformity ofdischarge. An aperture 5 mm in diameter was provided in the
the plasma parameters, and in the second case, even thouginter of the end of the hollow cathode and was situated
the minimum pressure at which a low-voltage discharge cagoaxially with an aperture 7 mm in diameter in electrdde
burn is somewhat lower than in an ordinary glow dischargeThis size of aperture in the electrodesnd5 helped main-
it is still above 10! Pa? tain the pressure drop necessary for stable ignition and burn-

In addition, it is clear that the low-voltage form of a ing of the auxiliary discharge, and also provided effective
glow discharge, when the ratio of the electron component o€lectron emission from the plasma of the auxiliary discharge
the current from the cathode to the ion component is smalland the passage of the electron flux into the cathode cavity of
external injection of a small fraction of the electrons wouldthe main discharge with minimum lossébe current of the
be able to provide a stable glow discharge at lower pressurethjected electrons was 0.8—0.9 times the current of the aux-
For this purpose a thermionic cathode could be used, but théary dischargé. The electrons emitted by the plasma of the
high temperature of the emitter and its rapid poisoning in theauxiliary discharge were accelerated in the cathode fall of the
active gaseous media limit the scope of its application. main discharge and consequently had an energy equal to the

In this paper we present the results of investigations orenergy of the electrons emitted from the walls of the hollow
the conditions of a stable hollow-cathode glow discharge ircathode of the main discharge as a resulygirocesses. To
the range of low pressures, in which a plasma electron emiteduce the penetration of the potential into the cathode cavity
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\ FIG. 2. Discharge ignition voltage as a function of the pressire: with-

out auxiliary discharge2 — auxiliary discharge current 50 mA.

FIG. 1. Diagram of the discharge systein— Hollow cathode of the main
discharge2 — anode of the main discharg®;6 — ceramic insulatorst —

emission window5 — hollow-cathode auxiliary discharg&— accelerat- . . . L
ing electrode8 — collector:9 — gas inlet. mined value. As one can see in Fig. 2, the ignition voltage

increases rapidly when the pressure is reduced, and the dis-
charge cannot start at pressure$.1 Pa without electron

of the auxiliary discharge, the aperture in the end electrod#jection. If electrons are injected, the ignition curve of the
was covered with a tungsten grid with a mesh size of 0.2main discharge is displaced to lower pressu@sve 2 in
mm. It was possible to inject electrons simultaneously fromFig. 2). For example, at an electron current of 50 mA the
both ends of the cathode cavity of the main discharge bynain discharge is ignited stably at pressures %018 > Pa.
providing two identical auxiliary discharge cells. The auxiliary discharge is ignited stably at a working gas
The electrical supply of the main discharge came from dlow >3x 1072 Pam?s. A voltage of 1-2 kV is sufficient
2 kV voltage rectifier, isolated by an amount equal to theto ignite the auxiliary discharge over the entire pressure
accelerating voltage, which provided a discharge current upange.
to 1 A. The current of the main discharge was measured in A change of the anode surface agahas a large influ-
the cathode circuit. The auxiliary discharge with a current ugence on the voltagel 4 of the main dischargéFig. 3). It can
to 0.3 A was supplied fim a 3 kV voltage rectifier. The be seen from this figure that there exists an optimum anode
Vo|tage to accelerate the ions, upto5 kV, was apphed bearea for which the discharge voltage is minimum. All subse-
tween the cathod& and the accelerating electrodewhich ~ quent measurements were made with the optimum ratio be-
was held at a negative potential relative to the colle@or tween the anode and cathode are&/S;, equal to
The negative potential is required to keep theelectrons  4.4X107°.
formed by the accelerated ion beam from entering the accel- The voltage of the main discharge, which was measured
erating gap from the collector. The ion current density dis4n the range from 200—-800 V, depends on the pressure, the
tribution from the beam was measured by a Faraday cugischarge current, and the discharge non-self-sustainment
placed above the collector. coefficient,(Fig. 4), defined as the ratib, /| of the auxiliary
The pressure in the discharge system was regulated bjischarge current to the main discharge current. The pressure
varying the flow of the working gas admitted into the hollow at which the main discharge burns, as a function of the dis-
cathode of the auxiliary discharge. The gas pressure in theharge non-self-sustainment coefficient, is shown in Fig. 5.
cathode region of the main discharge and in the acceleratinghis figure shows that an auxiliary discharge with a current
gap varied between$10 ! and 5x10 2 Pa. Because of No higher than 1/3 of the main discharge current makes it
the pressure drop incurred in the passage of the gas through
the apertures in electrodésnd5 the pressure in the cathode

region of the auxiliary discharge was higher than 1 Pa. The U. v

working gases were N He, Ar, and Q. ‘Z—gg-

EXPERIMENTAL RESULTS swot 1
When the electrons emitted by the plasma of the auxil-

iary discharge were not injected into the cathddéhe pres- 300t

sure dependence of the ignition voltage of the main dis- Z

charge(curvel in Fig. 2) follows the left-hand branch of the

. e . 1 ('l A ]
Pasghen curv® The sharp falloff of the _|gn|t|0n voltage is 3000 10 20 30 %0 S, om?
obtained at a gas pressure of 2 Pa, which corresponds to an
interelectrode distance of 20 cm, as determined from the Pasg. 3. pischarge voltage as a function of the anode atead.5 A;
shen curve, which was close to the experimentally detert,=0.1 A; p, Pa:1 — 2.5x1072, 2 — 3x 1072
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I./I iary discharge cellsp=2.2x10"2 Pa;|=1 A, the curent(the sum of the
current$ of the auxiliary discharge is 0.2 A.
FIG. 4. Discharge voltage as a function of the discharge non-self-

sustainment coefficienp=2x10"2 Pa;l, A: 1 — 0.5,2 — 0.2.
intersecting the anode, can be found, according to Ref. 9, by

) the relationL=4V/S,, whereV is the volume of the cath-
possible to red_uce.the pressure by a factor of 5-10 and alggye cavity. Under experimental conditionsvas 4x 10° cm.
reduce the main discharge voltagg to 200 V. An increase in the electron mean free path is equivalent to an

The current density distribution of the ion beam ex-jncrease in the electrode gap and causes the discharge igni-
tracted from the plasma of the main discharge was very uUnigon cyrve to be displaced towards lower pressures. The pres-
form over the length of the emission windol¥ig. 6) and g re at which the discharge can be ignited, which is deter-
was essentially the same whether the electrons were injectgfiyeq by the minimum of the Paschen curyed&40 Pa

from only one end of the cathode cavity or both. -cm), should be 102 Pa, which is close to the experimen-
tally observed valuetcurve?2 in Fig. 2).
DISCUSSION OF EXPERIMENTAL RESULTS Since the electrons injected into the cathode cavity are

accelerated in the same cathode fall as thelectrons, the

The effect of electron injecti the displ t of o . .
e effect of electron injection on the displacement o characteristics and properties of a discharge with injected

the ignition curve towards lower pressures is in our view due .
g P electrons should not be very different from the correspond-

both to the entry into the cathode cavity of fast free electron?ng characteristics of a hoilow-cathode self-sustained dis-

that can ionize the gas and to their oscillation in the CathOd%harge. As was the case in Ref. 9, the discharge voltage

region. The effect of the oscillation is greatly enhanced byincreases both with increased anode @gabecause of the

the creatpn by the mpcted electrons of a primary plasmadeparture of the high-energy electrons at the anitie
whose existence localizes the electrode voltage drop across N .

i h right-hand branch of the curves in Fig),3and with de-
the narrow cathode sheath. Since the absorption of fast non-

12 .

colliding electrons by the cathode surface is improbable, creqsed ares, less tharsy(2me/M) becausg of the for
. . .mation of an anode sheattie left-hand branch in the curves
and is impossible for electrons that have lost some of the||rta Fig. 3
energy in collisions, the electrons that have been accelerate When the pressure is so low that the primary electrons

Lgfrggiﬁat?rgfﬁ tizeztar]ch\gcljlla osshc;I;Le Jgti}htiecat;]:d:rtcg':”:r}: 'strike the anode before losing all their energy, the condition
9 ' (ney dep .?or sustaining the discharge without injected electrons has

anode. The mean range of the electrons in the cathode caw%e fornio

which is determined by the probability of their trajectory

no;L=1/y, 1)

wheren is the gas concentration in the cathode cawityis
the cross section for ionization of the gas by electron impact,
averaged over the electron enerfyis the mean range of the
electrons accelerated in the cathode sheathyaisdthe ion-
electron secondary emission coefficient.

The condition(1) implies that at a low pressure the sec-
ondary emission coefficieng will increase in proportion to
the decrease in pressure. For a self-sustaining discharge the
increase iny can occur only by way of kinetic ion-electron
emission. For this to happen requires a sharp increase in the
. : . . cathode fall and consequently a sharp increase in the dis-

0 01 02 I 03 04 charge voltage. Since the electron component is not more

I/ than 10% of the cathode current in a glow discharge, supple-

FIG. 5. Operating pressure as a function of the discharge non—self—mentary injection OT electrons into the cathode cavity with a
sustainment coefficientU ;=420 V; 1, A: ® — 0.5,0 — 0.25; curves —  current that comprises, for example, the same 10% of the

theory fory = 0.05. discharge current, is equivalent to doubling the coefficient
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vy without any increase in the discharge voltage, and a furthetherefore the probability of an ionization event is about the

increase in the number of electrons injected into the cathodsame at any point in the plasma-filled cathode cavity. The

cavity can even reduce the discharge voltélgig. 4). With high degree of uniformity of the plasma is responsible for the

electron injection, the condition for sustaining the dischargeuniform distribution of the ion emission current density. The

becomes distribution is not distorted even if the electrons are injected
noiL=(y+ (/i) @) from only one end of the cavity.

wherel . /1. is the ratio of the electron current emitted by the CONCLUSIONS

auxiliary discharge to the ion current to the cathode of the |p summary, the injection into the cathode cavity of elec-
main discharge. trons that are accelerated in the cathode fall permits a reduc-
Since le~I, under experimental conditions and tion to 5x 1073 Pa in the pressure at which stable ignition
lie=1/(1+7y)~I, and sincey<1, the dependence of the and stable burning are possible in a low-voltage hollow-
pressure at which a discharge can exist on the discharge nopathode glow discharge, while the conditions for multiple

self-sustainment coefficiet} /I can be written as oscillations of the high-energy electrons lead to efficient ion-
KT ization of the gas at low pressure and a high degree of uni-
p= H()/Ha/' )7L 3 formity of the plasma discharge. Therefore a non-self-

I

sustained hollow-cathode glow discharge can be regarded as
wherek is the Boltzmann constant aridis the temperature a promising means for generating wide-aperture ion beams.
of the gas in the cathode cavity.

For a self-sustaining dischargé,&0) expression(3) 1B. Wolf, Handbook of lon SourceCRC Press, New York, 1995
becomes 2A. S. Metel’, First All-Union Conference on Plasma Emission Electronics

[in Russian Ulan-Ude(199Y), pp. 77-81. i
Po= kT/O'i Ly. (4) SB. I l\gl_gzl;alev,Hollow—Cathode Dischargdsn Russian (Energiya, Mos-
cow, .
The value ofp, can be determined from Fig. 5 as the 41. G. BrownThe Physics and Technology of lon Sour@&ley and Sons,
; ; i i i New York, 1989.
point vv_here_ the cur;es_ mtr(]ersgct_the_ vertlfcal axis. Despite th%M‘ A. Zavyalov, Yu. E. Krandel, A. A. Novikov et al, Plasma Pro-
e_lpproxn_natlons made In the derivation o eXpreSqB’)m we cesses in Technological Electron Beafirs Russian (Energoatomizdat,
find satisfactory agreement between the dependence of thevioscow, 1989.
operating pressure of a non-self-sustained discharge on th¥Charged Particle Sources with a Plasma Emitfer Russiaf edited by

ratio .Ia“ (the .”ne afnd.the eXperimemal daghe point. 72 ,\'FI ?2522::’(,tlaarlékea,lc)Enkégzg;bsie\;\?i‘Ielygzid Sons, New York, 1988

The increase irp, with increased discharge current can be |ryss. transl., Mir, Moscow, 1991

accounted for by an increase in the gas temperature. 8E. M. Oks and A. A. Chagin, Zh. Tekh. F&8, 1191(1988 [Sov. Phys.
The high degree of uniformity of the ion emission cur- Tech. Phys33, 697(198§).

rent density(Fig. 6) is caused by the properties of a low- ﬁls('l';'geg]’l' Zh. Tekh. Fiz54, 241 (1984 [Sov. Phys. Tech. Phy29,

pressure hollow-cathode discharge. The high degree of unisyy p. Razer, The Physics of a Gas Dischardin Russiai (Nauka,

formity of the plasma parameters is due to the fact that the Moscow, 1992

primary ionizing electrons travel a distance many times V. N. Glazunov and A. S. Metel', Fiz. Plazm§, 1099 (1982 [Sov. J.

longer than the average dimensions of the cathode cavity™'2S™a Phys8 625(1982].

because of multiple reflections from the cathode sheath, anttanslated by J. R. Anderson

614 Tech. Phys. 42 (6), June 1997 Vizir' et al. 614



Anisotropy of quasistatic magnetization-reversal processes in (210)-oriented iron-garnet
films

E. N. Ilicheva, A. V. Klushina, N. B. Shirokova, N. N. Ustanov, and A. G. Shishkov"

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted November 28, 1995
Zh. Tekh. Fiz.67, 32—35(June 199y

An experimental study is made of the effect of an in-plane fi¢jdof various orientations on

the domain structure and shape of the hysteresis loops of epitaxial iron garnet films with

the (210 orientation. The characteristic of the magnetization reversal prdseselds somewhat

lower than the anisotropy fields taken to be the critical fields ,;, H,p, andH 3, for

which the magnetization reversal processes is interrupted at distinct stages. A method is proposed
for constructing the phase diagram of the magnetic states of films, using measurements of

the critical fieldsH, for different amplitudes of the magnetization reversal field. Two

directions in the plane of the film are determined with an accuracy of a fraction of a

degree from the hysteresis loops, where in the correspondingHigttie transition from a single-
domain state to a multidomain state occurs as a second-order phase transition. The

characteristic changes in the shape of the hysteresis loop are consistent with the features in the
reorganization of the domain structure of &0 film. The preferential orientations of

the stripe domain structure of the samples are determined relative to the crystal axes as determined
by x-ray methods. ©1997 American Institute of Physids$$1063-7847)00706-X]

INTRODUCTION (thezx plane. The principal parameters of some of the films
studied were determined in previous investigatforend are

The induced anisotropy aR10)-oriented epitaxial iron listed in Table I.

garnet films contains a large orthorhombic comporiest,
that these films can also be used as the working media for
magnetic-bubble memory devices with a faster responsgxpPERIMENTAL METHOD

3
speed” o .
The complex anisotropy permits the coexistence of do-. To measure the parameters of the quasistatic magnetiza-

main structures as magnetic bubbles and stripe domains fiP" reversal and study the domain structure of (820
(210 films. Control can be exercised by a bias field and films we used the magnetooptial method described in Ref. 4.

an in-plane fieldH, independently. These possibilities are The magnetic film was placed in a special holder, which
important for developing memory based on vertical BIochCOUId rotate the film by an arbitrary angle about the normal
lines and for other devices. to the sample surface. The magnetic fiélg(¢) acting in

The effect that a field, along the direction of orienta- € Plane of the sample was produced by an electromagnet
tion of the domain walls in planar films exerts on the prop-2nd reached 3 kOe. The bias fi¢id, parallel to the normal
erties of the domain walls and on the quasistatic magnetizd? did not exceed 100 Oe. _
tion has been studied in Refs. 4 and 5. The magnetization reversal sigma}(H,,H,) was mea-

In this paper we study the effect of the orientation of thesured in dc current with amplitude modulation of the illumi-

field H,, on the domain walls and the magnetization reversa[lating beam from an LG-79 laser and a U2-8 tuned ampli-
of (210 films by a low frequency field, . fier. Hysteresis loops were observed in the oscilloscope

screen during the magnetization reversal of the sample by
means of an ac fielth, with an amplitude in excess of the
saturation field of the sampléi,..
In the work reported here we studied iron-garnet thin-  The measurement method was the following. The first
film samples of compositioriBiLu);(FeGasO,, deposited  direction of the fieldH, (i. e., $=0) was along thex axis.
by liquid- phase epitaxy on nonmagnetic {G&0,, sub-  When the fieldH, was increased the hysteresis loops were
strates with th€210 orientation. observed to change on the oscilloscope screen. Readings
In zero magnetic field the films had a stripe domainwere made of the critical fieldd , at which the characteristic
structure through the film, oriented along tleaxis. From  shape changes occurred in the hysteresis loops. The measure-
x-ray analysis data this is thil20] crystallographic axis. ments were made for all the orientations of the fielg; that
The direction in the plane of the film perpendicular to theis, near thex axis the anglep was varied from 0 to 2 in

EXPERIMENTAL SAMPLES

domain walls(the y axis) is an axis of the typ€001], while  ~5° steps. Near thg axis the steps were changed to 0.5°.
the normaln to the plane of the film is essentially along the For each angles the changes in the domain structure were
[210] direction. observed during the magnetization reversal and the visual

The easy axis deviates from the nornmaby an angle observations were compared with the measured amplitudes
0o~30° and lies in a crystallographic plane of tye01) of the magnetization reversal signal and with the changes in
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the
the

TABLE I.

Sample  h, um Pg, um 0, deg/cm Aala 6o, deg X2z Xzx Mg, G
1 18.7 26.2 10400 2103 30 0.116 0.066 5.4
2 13.0 295 11900 0.630°2 30 0.161 0.090 438

#Note. h — film thickness,P, — equilibrium period,dr — Faraday rotation of the plane of polarization of
light, Aa/a — film-substrate lattice misfit), — angle of inclination of hte easy axis from the sample normal,
Xzz @nd x,, — susceptibility of the domain wall motiotM — spontaneous magnetization.

shape of the hysteresis loop. kb 7/2 and 7/2+10°
dependence of the component of the vectoMg was

measured as a function of the fiett), .

HYSTERESIS LOOPS AND PHASE DIAGRAMS OF (210)
FILMS

The hysteresis loops,(H,,H,) for one of the samples,

measured in a field with an amplitudel,,=44.5 Oe
(Hzs=24 Og with variation of the fieldH, for ¢=0, are
shown in Fig. 1. The fieldH , causes a shift of the hysteresis reversal of thg210 film at definite stages.
loop along the fielH,. In fieldsH,=H, (Fig. 1b a tran-
sition occurs in the parts of the magnetization reversal cyclegngle ¢) we can use the fieldsl,s, Hyi, Hpp, and Hps,

FIG.

616

1. Hysteresis loop$d,, Oe: a — 0, b — 56, ¢ — 87, d —£23.

Tech. Phys. 42 (6), June 1997

in the corresponding polarity of the field,. ForH,=H,
(Fig. 19 the magnetization reversal signal decreases by half,
while in a fieldH p3 it vanishes(Fig. 10).

The critical fieldsH,, Hp,, andHy; are indicated on
the magnetic state phase diagram for ¢2&0) film in Ref. 5
constructed for the same sample from observations of the
domain structurgFig. 2). In fieldsH,>H,, the transition to
the saturated state of the film for a single polarity becomes
complete, and in field$i,>H 3 nucleus formation cannot
occur. Therefore a dc field, interrupts the magnetization

To construct the phase diagrartfer an arbitrary fixed

measured from the hysteresis loops for various amplitudes of
the magnetization reversal fieltH,,. The observations
showed that in low fields the phase diagrams of these
samples remain as straight lines over a wide range.of

When the angleb is changed the shape of the hysteresis
loop is preserved, but the critical field$,;, H,,, andH 3
are changed. The slope of the phase cué/ekas a specific
value for each anglé. To characterize the slope we can use
the magnitude of the fieltti ;s that corresponds to the satu-
ration field of the sample foH,=0; then ta®’ =H,s/H .

The dependence dfi,; on the angles is shown in Fig. 3.
Near thex axis the value oH s and consequently the slope
of the phase diagram are essentially unchanged.

There are two directions in the plane of the film,
¢=90° and 260°, where the fieltl, does not cause the
hysteresis loop to shift along the field,, while with in-
creasingH, the amplitude of the magnetization reversal sig-

60}
. H,,=44.5 Oe

~40L  H,=4450e

1 : 1 1 I 1 1 | t 1
~150 -~100 -50 0 50 1700

Hy, Oe

1
150

FIG. 2. Phase diagram of the magnetic states(@fld) film for ¢ = 0.1 —
demagnetized state of the fil,and 2’ — saturation field3 and 3’ —
nucleation field.
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tion of domain walls that are nearly parallel to tReaxis
with an invariant period®, up tom,~0.4. Then the irrevers-
: ible motion of magnetic dislocations results in an abrupt in-
: :ﬁ crease in the period. The saturated state is obtained by col-
I | lapse of the free ends of the stripe domains or of the
: : magnetic bubbles in the field ..
] | The nature of the quasistatic magnetization, the orienta-
} : tion of the stripe domain walls, and the elongation of the
] ] magnetic bubbles along thedirection are maintained when
w { R Agi a the in-plane fieldH ,(#) acts in the neighborhood of the
| .
| I
[ |
| |
] {
[ |
! !

T

400

[
S
T

° 4 axis (A = *=40°).
o & For +40°<¢<+140° and +220°<¢ <+ 320° a
= 8, change is observed with increasing dc fielg in the orien-
°% au - tation of the stripe domain structure to the direction of the
° bisector of the angle between tkeand the—y axes, which
0 0 12'0 780 740 00 beg is close to th_e crystallographj¢21] axis: The reorganization
¢, deg of the domain structure from the equilibrium state caused by
the fieldH, for ¢ = 90° is illustrated in Fig. 4. The new
FIG. 3. Angular dependence of the critical in-plane fieltis. A — col- strl_Jcture_ Qradua"y deveI_OpS passing through S_everal _Stages
lapse fieldH yco, B — H s, O — elliptical instability field H .. of instability of the domain wall form. In weak fields sinu-
soidal distortions of the domain wall profile occur, and then
the symmetry of the distortions is broken up and the domain
nal steadily decreases to zero. The proposed method for megzis are built up and become elongated in one preferred
suring has allowed us to measure these angles to an accuragyection at the apices of the zig-zags. The peifaydof the
of a fraction of a degree. new stripe structure corresponds to the period of the sinu-
In Fig. 3 we show the angular dependence of the colsgigg| distortions in the shape of the domain walls, which in

lapse fieldH pq and the elliptical _instability fieldH e, mea- depends only weakly on the external paramettrs
sured on the basis of the domain structurettyr= 0. The  yrientation and magnitude of the field,). For the films
behavior of all the critical fields peo;, Hpe, andHys, asa i died hereP,~Py/1.7.

function of the angles is the same . The angular depen-  pomain structures with two orientations of the stripes at
dences of the critical fields are consistent with the observed, angle of 45° have been observed by Dikshtt al® in

changes in the domain structure and the means of its nucl?llo) films (65~ 10°
ation.

) with an in-plane field and with steady
reduction of the temperature.

When the magnetic fieltt, is directed along the direc-
tions »=90° and 260° the domain structure is oriented
The principal types of domain structure {210 fiims  along the[121] direction and vanishes wheM, is rotated
created by magnetic fieldd, andH, have been studied in nearly into the plane of the film. For these two directions,
Ref. 5. The following domain structures have been observedvhen the fieldH,, is removed, an amorphous lattice of mag-
regular stripe domain structure through the thickness of th@etic bubbles of both polarities is formed out of the saturated
film, a hexagonal lattice of inclined magnetic bubbles, and state H,=0), which indicates a second-order phase transi-

mixed domain structure. tion. The magnitude of this field , (for sample 2H, = 980

The equilibrium structure for the samples studied here i$€) can be considered as equal to the magnetic anisotropy
the regular stripe domain structure, oriented alongxtagis.  field H,. The corresponding anisotropy constakt: 330
The remaining domain structures are also stable, but the prerg/cn?, is in good agreement with the uniaxial anisotropy
vious history is an important factor in nucleating them, andconstantk,=312 erg/cm obtained for this sample in Ref. 1.
special conditions are necessdiye., a combination of dc For their data, the orthorhombic and cubic anisotropy con-
fields H, and H, with periodically repeated pulses of the stants are, respectivelyk,= 3340 erg/ci and k.= 1555
field H, of a certain amplitude erg/cnt.

When the driving fields are oriented in tke plane the In a fieldH, oriented close to thg direction the quasi-
sample is magnetized mainly through the translational mostatic magnetization occurs not only by motion of the domain

DOMAIN STRUCTURE IN (210) FILMS

FIG. 4. Restructuring of the domain struc-
ture in fieldsH, = 0, andH, = 0 (a) 210
(b), and 532(c) Oe.
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walls, but also by the rotation of the magnetization, evidencehanges in the hysteresis loop indicate that the orthorhombic
for which is the decrease in the domain structure contrast ansymmetry is anisotropic in epitaxial iron garnet films with
in the z component oM, obtained from measurements of the (210 orientation.
the Faraday rotation. We have observed two preferred directions of orienta-
By observing the domain structure during magnetizatiortion of the stripe domain structure, which nearly coincide
reversal in a magnetic film by an ac fieldl, in a dc field with the[120] and[121] crystallographic orientations.
H, oriented at an angle of 40° to tixeaxis one can see that For the two orientations the field ,=H, (for ¢ = 90
the new domain structure forms in the interior of the oldand 260°) and in zero field, the domain structure is nucle-
stripe domain structure and coexists with the latter in someated in a second-order phase transition.
interval of angles A $=10°). For other orientations of the These results may be important for explaining the ex-
field H, one of the two preferred directions of orientation of perimental data on the alternating-sign slope of the domain
the stripe domains was followed: either along thaxis or at  walls in a fieldH, = H, in (210 films.”
an angle of—45° to it. The authors wish to thank A. M. Balbash¢MEI) for
The principle mechanism for the formation of nuclei of providing the films with th€210 orientation and N. N. Stu-
reverse magnetization in these films in the absence of “shalpina (Faculty of Solid State Physics, Moscow State Univer-
ing” is the ingrowth of elongated domains, as a rule, fromsity) for the x-ray examination of the samples.
the edge of the sample. In addition, for each angléhere
exists a range of values of dc fielts, andH, where mag- Y
netic bubbles of a certain polarity are formed from the Deceased
single-domain state. The process starts with the formation of———
elongated domains in locations of local nonuniformity of 15 w1 Baibashov, F. V. Lisovskj and E. G. Mansvetova, Preprint No. 25
M. With increasing magnetization reversal fi¢ig) nuclei (500, IRE, Academy of Sciences of the USSR, Mosc¢#988.
in the form of magnetic bubbles are formed near the ends ofV. A: Bokov, V. V. Volkov, N. L. Petrichenkget al, Fiz. Tverd. Tela
the domains and propagat fronally i the region of uiform L3730 13, 10688 (S, Py, sl et 2017 1665)
magnetization of the film, forming chains oriented along the 19.1), 45 (1999.
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Size dependence of the properties of boron nitride crystals
G. P. Bogatyreva, E. R. Zusmanov, N. V. Kotova, V. M. Maevskil, and A. B. Roitsin

Institute of Semiconductor Physics, Ukrainian Academy of Sciences, 252650 Kiev, Ukraine
(Submitted January 10, 1996
Zh. Tekh. Fiz.67, 36—40(June 199Y

The physical properties of powder samples of high-strength cubic boron nitride are studied for
particle sizes from 2 to 20@m. The studies include the impurifglementgl composition

of the bulk and the surface composition, the magnetic, electrophysical, microwave-spectroscopic
characteristics, as well as the adsorption-structural characteristics, the density and the
physical-chemical properties of the material. It is shown that the physical properties depend to a
large degree on the particle size of the powder. The nature of the observed effects is discussed.
© 1997 American Institute of Physids$1063-78427)00806-4

1. Many studies have been made of the properties oind Fé" impurity ions in corundum depends on the corun-
disperse ultrahard materials that are finding widespread usgum sample siz&.
in machine construction. Among these materials is cubic bo- These size effects show that the surface influences the
ron nitride (CBN). It suffices to say that CBN is the most properties of the material and this influence must necessarily
thermally resistant material, and is generally used where didbe taken into account in investigations of these properties.
mond cannot be usdfbr large loads and high temperatures On the other hand, with powder samples one can study the

In addition, powder samples for various reasons arestructure and properties of the surface itself. The present in-
widely used for studying the physical properties of singlevestigation is focused on the properties of powder samples of
crystals, in particular for studying their defect structbifdt high-strength CBN and how they depend on the particle size.
is usually assumed that grinding up the crystals has no gre&Ve studied the elemental impurity content, including the sur-
effect on their bulk properties. For example, the bulk centerdace composition, the adsorption-structural, the physical-
(defectg contained in single crystals do not change in strucchemical, the magnetic, electrophysical, and microwave
ture or symmetry. This is a necessary condition for the use ofesonance properties.
powders for studying the bulk properties of crystals. 2. The samples were type KR grinding powder and KM

Moreover, it has been demonstrated that in a number oficropowder with various particle size§Table ). The
cases the properties of the ground samples are quite differesamples were prepared at the Institute of Ultrahard Materials,
from those of coarser samples. For example, it has beedkrainian National Academy of Sciences, from the hexago-
showr? that when alkali halide crystals with manganese im-nal modification of boron nitride at high pressures and tem-
purities are ground up, the axial centers based on th&"Mn peratures. Manganese was added as a process stimulator. The
ion turn into cubic centers: the vacancy that compensates thimpurity content of the samples was determined by the
excess charge of the Mh ion is separated from the latter. method of spark mass spectroscopy. The results of this in-
Another effect has been observed when diamond samples avestigation are given in Tabll . The surface composition
ground up*® the intensity of the EPR spectrum changes inwas determined by Auger electron spectroscopy. The
intensity but not in its parameters. It has also beeradsorption-structural characteristics were investigated by the
observefi® that the intensity of the EPR spectrum of the BET (Brunauer, Emmet, and Tellemethod using the iso-
dangling bonds on a silicon surface depends on the grain sizberms obtained by low-temperature adsorption of nitrogen
of the diamond powder used to polish it. Finally, we noteon the Akusorb devic&’
investigations in which the width of the EPR line of3Cr Table 1l lists the specific surface ar8ggt the total pore

TABLE I. Impurity composition and surface composition of CBN powder.

Sample name, Impurity concentration, % Surface composition, at. %
Sample Particle sizegm Si Fe Mg Al Ca Ti B N C O

KP 200/160(batch 2 0.09 0.02 0.8 001 0.05 0.01 205 168 429 1938

a

b KP 100/80 0.10 0.02 056 0.01 004 0.01 276 195 416 11.2
c KM 20/14 0.07 0.01 023 001 005 0.01 379 257 309 55
d KM 7/5 0.09 0.01 026 001 005 001 315 255 363 6.8
e KM 5/3 0.03 0.01 023 001 0.05 0.01 473 295 171 6.1
f KM 3/2 0.02 0.04 0.112 001 0.04 0.01 47.0 309 15.8 6.3
g KP 200/160(batch2 0.09 0.02 08 0.01 005 0.01 205 168 429 1938
h* “g,” ground - - - - - - - - - -

*Per cent content of various particle sizelss200um — 24%, d~100um — 24%, d~60 um — 48%,
d~20 um — 4%.
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TABLE II. Absorption-structural, physical-chemical, Magnetic, and electrophysical characteristics of CBN

powder.

P, SBET’ VS! AGS' 7AGs$p, X p,r tanﬁ,
Sample glcth m?g 10 °mllg  mJ/moleg mJ/molerd 10 ®mfkg 10°Q 10°*
a 3.52 0.014 47.21 —2.96 197.33 8.2 6.6 1066
b 3.51 0.018 49.23 -3.13 173.89 3.3 2.2 1307
[« 3.50 0.167 62.99 —0.65 3.89 0.9 3.6 443
d 3.49 1.127 645.1 —6.42 5.7 2.5 2.8 224
e 3.53 1.431 435.6 —9.64 9.64 25 3.3 341
f 3.54 1.816 728.6 —4.7 4.7 1.9 2.6 363
g 3.52 0.014 47.21 —2.96 197.33 8.2 6.6 1066
h — — — — — — — —

volumeVg, and the density of the material. This table also shown in Fig. A (samplea), and that for the micropowder
gives the results of measurements of the physical-chemicatample is shown in Fig. B (samplec) (the notation for
magnetic, and electrophysical parameters: the free energy designating the samples is given in TableTlhe parameters
saturation by water vapo Gg, the specific energy of satu- of the linesL, and L, for the polishing powder and the
ration by water vapoA Gg ,, the characteristic hydrophylic micropowder samples are given in Table Ill. The shape of
degree, the specific magnetic susceptibijtythe resistivity line L, is close to Lorentzian, and as the particle size de-
p’, and the electrical loss tangent, tan crease it is easily approximated by the sum of two Lorentz-

3. In addition to the methods enumerated above, electrorans with different widths. In Fig. 2 we show the dependence
paramagnetic resonance was used as a structurally sensitivé the parameters of the line; on the sample dimension
method by which one can study on the microscopic level theal; the parameted was taken to be the arithmetical mean of
defect structure in the bulk and on the surfatén particu-  the extreme particle siz&or example in the case of KR
lar, by observing the changes in the EPR spectra for varioug00/160,d=180 um). Finally, in Fig. 3 we show the line
external influences on the samgtemperature, gases, radia- L3, whose parameters are listed in Table IV.
tion, etc) one can draw conclusions about the model of sur- 4. In discussing the results we note first of all that pre-
face defects and about the changes that occur in their strugiously the EPR method has been used to study both hex-
ture as a result of this influence. Similar studies were madagonal BN(Ref. 12? and cubic BN(Refs. 13—18 The EPR
on, for example, silicon for the purpose of determining thespectra presented in Refs. 13—19 or their main parameters
nature of the defeaiwith a g factor equal to 2.0095called (g factor, AH) on the whole are similar to ours for the
a “dangling bond.” For a number of reasdnst is easier to  andL, lines(Table Il). The sometimes large differencésr
identify bulk defects than surface defects. i

The measurements were carried out on an-1386
three-centimeter EPR spectrometer at room temperature. Tl A
whole EPR spectrum is in general a superposition of thre: Ly
types of lines. LineL, with a g factor of about 2 and a Ly
width? AH=35-130 Oe; lind.,, a narrow line AH = 5-7
Oe) with g~2; and lineL 3, which was observed in a broad
range of resonance magnetic fiel@iom 0 to 6000 Ogand
has aAH of several thousand oersteds. Some ofltheand !
L lines have a multicomponent structure. The widths of the "

. : == b. unit
L, andL, lines in the EPR spectruithundreds of oerstefls dn ’ ar. units

are small compared to the region occupied by Ilthelines

(thousands of oerstegdsand the peak intensities of thg u 200 Oe
andL, lines are an order of magnitude higher than that of —
line L;. Therefore the spectra corresponding to these line 8

are given separately below with different scales along the Ly
axes.

The EPR spectra of the polishing-powder sample and th
micropowder sample are qualitatively different, whereas the
shape of the spectrum for the powders within each type fo
various particle size are similar and differ only by their
widths and intensities. For example, the spectra from the
polishing powder contains the linés andL,, with L, hav-
ing a poorly defined structure. For the micropowder sample,
the line L, is not observed, and link; is structureless. A g, 1. Typical shape of the; andL, lines of the EPR spectrum of cubic
typical shape of the spectrum for the polishing powder isboron nitride.
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TABLE Ill. Parameters of thé.; andL, lines of the EPR spectra.

Sample AH;,0e AH,,0e 1,(S;), arb. units I,, arb. units o]} 0
a 108+15 5.6£0.5 0.330.79 0.66 2.0026:0.0015  2.00360.0005
b 114+5 5.6£0.5 0.360.74 0.39 2.0046:0.0015  2.00320.0005
c 45+5 - 0.720.92 - 2.0061+0.0008 -
d 41+5 - 1.0000.95 - 2.0062+0.0008 -
e 40+5 - 0.91(0.68 - 2.0062-0.0008 -
f 42+5 - 0.580.449 - 2.0057-0.0008 -
g 116+15 5.6-0.5 0.311.00 0.61 2.0046:0.0015  2.002%0.0005
h 41+5 6.5£0.5 0.380.72 0.68 2.00520.0015 2.00380.0005

Note.The valued ; andl, correspond to the peak intensities of the lines, and the valu8s iof parentheses
to the integrated intensities.

example, the differences itH for the L, line are as much tion with different impuritie$, whose nature depends on the
as a factor of three are evidently related to the difference in means of preparing the samples and their subsequent inter-
the powder size, for which data are frequently not given. Theaction with various external agents.
L lines we have observed have no analog in the literature in ~ We have observed thie; line in BN for the first time.
the spectra of any modification of BN. Similar lines, however, have been observed previously in
The most characteristic defects in hexagonal BN are thetudies of synthetic diamorfd?® They were attributed to
so-called one- and three-boron centers, in which an unpairef@rromagnetic inclusions added to the starting mixture as an
electron enters into a hyperfine interaction with either one oaid to crystallization in synthesizing the diamond. Consider-
three boron nuclei'B, 1!B). The nature of only the three- ing the external similarity of the spectra shown in Fig. 3 to
boron center has been establidhe- a positively charged the spectra published in Refs. 22 and 23, and the means of
nitrogen vacancy that has trapped an electtbe analog of preparing the BN and diamond samples and the analysis of
an F center in alkali halide crystalsBy analogy with this their elemental compositioflrable ), we can conclude that
model, a four-boron model has been proposed for cubic BNhe L ; lines we have observed are connected with metal in-
(Ref. 15: a positively charged nitrogen vacancy located inclusions.
the tetrahedral surroundings of four boron atoms, which has One can see from Figs. 1-3 and Tables Il and 1V, that
trapped an electron. This center, as it is assumed, is respotiie EPR spectra from samples of various sizes are generally
sible for the lines analogous to our narrow ling Although  quite different from one another. For example, the intensity
its hyperfine structure is not splitinlike the centers in hex- of the L, line has a maximum neat~6 um, whereas its
agonal BN, the model is convincing in that in cubic BN the width remains nearly constant for small valuesdoand in-
nitrogen atom also carries a negative chafgk.might be  creases rapidly with increasirg Also quite different are the
that the model could be established finally by means oEPR spectra of ferromagnetic inclusions from samples of
electron-nuclear double-resonance experim&nis. model  different sizegFig. 3). Here we can distinguish three groups
for the center responsible for the wide lifilne analog of of lines: from samples, b, andg; from sampleg, d, e, and
L,) is not yet known. It is only assumed that it may be h; and from samplef. Within each group, which is deter-
related to complex defectgroups ofF centers in combina- mined by the particle size, the spectra are qualitatively simi-
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lar. However, the parameters of the line depend only on it. The curve ifl ; was measured in Ref. 6 and confirmed

slightly on the sample size. The fact that lihg is scarcely in Ref. 8. The maxima of the curves of and |5 are dis-

seen at all for small particles is probably related to the facplaced in the vertical direction for clarity. It can be seen that

that they are “buried” in thelL, lines, whose intensities the curves of; andl ; are similar in form. Their extrema fall

increase sharply with decreasing particle size. It can thus bat the same sizd~6 wm, which indicates the generality of

concluded that thé, lines are associated with paramagneticthe phenomenon. In general terms this can be interpreted in

centers located mainly in the bulk, whereas theandL;  the following way. As the particle size decreases, the total

lines are associated with centers located near the surface. surface area increases and the EPR signal also increases.
The EPR data correlate with data from other methods.

For example, the large loss tangents indicate a high defect

concentration in the crystals. In the EPR spectra this corresag g \v. parameters of the. 5 line of the EPR spectra.

sponds to broad lines and low intensities. It should be noted

that the maximum intensity of thie; line corresponds to the Sample Ho, Oe et AH, Oe Notes

minimum in tand. The large specific surface area of BN for _ _ 2700

small values ofl is a favorable factor for the increase in the 650 10.4 3400

number of free bonds, which causes an increase in the num- 500 13.5 1759 has structure

ber of unpaired electrons and as a consequence an increaselin 600 11.2 1500 o

the intensity of theL, line, which is observed with decreas- € 630 107 1800 _

. . - 2120 3.18 60 Still a four-

ing d. An increase in the number _and volume of the pores 4000 1685 6500 component line

also brings about the same effect in the EPR spectra. nearH = 2430 Oe
In addition to the parameters of ling, Fig. 2 also con- g - - 2650

tains a plot ofl3, which shows how the intensities of the h 1500 4.49 2600

EPR.l!neS of the dangllng-bond p_aramagnenc cente_rs O_HNote H, is the magnetic field for zero intensity of the derivative of hte
the silicon S_urf"_ice depend on the diamond powder grain SIZ&hsorption line; the valuesH, indicated by the asterisk correspond to the
used for polishing the Si surface so as to create these cent@afssition of the lower extremum.
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However, for particle size few um) corresponding to the

Phys. Usp32, 891 (1989]; Radio-Frequency Spectroscopy of Solid Sur-

surface regior* the paramagnetic centers disappear becausefaces[in Russiai (Naukova Dumka, Kiev, 1992
; ; ; . R2A. V. Kabyshev, V. M. Ketskalo, Yu. P. Surct al. Porosh. Metall. No.
of the increase in the area of contact of the particles, which : '

leads to a decrease in the open surface, and the partial dam

8, 27(1992.
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YThe distance between the maximum slopes.
2For references of other work on this modification of BN see Ref. 12.
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Characteristic electron thermalization time in dielectric media
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An approximate solution is obtained for the thermalization transport equation for electrons with
an energy below the atom ionization potential. The results are used to estimate the
thermalization time and the time of removal of the ionization electron from its atom in the
gaseous and liquid states of inert gases. 1897 American Institute of Physics.
[S1063-78497)00906-9

INTRODUCTION TRANSPORT EQUATIONS FOR THERMALIZATION OF HOT
ELECTRONS
Primary ionization electrons ejected from atoms by fast . o
particles move far from their ion of origin, so that their effect ~ FOr electrons with an energy lower than the ionization

on the ion is very weak. Therefore local charge neutrality igotential of the atom, their wavelength is greater than atomic

disrupted for a certain time in the immediate vicinity of these¢men3|ons, and therefore scattering from atoms is nearly

ions in the dielectric, and this disruption plays a role in the'SOtrOp'C’ and the energy loss comes about by the recoil of

f . £ th il K The time duri hich th atoms in elastic collisions, the excitation of molecules in
ormation of the particle track. The time during which t € inelastic collisions, and the generation of low-energy collec-

local charge neutrality is disrupted depends on the thermaligye excitations of the material, in particular, phonons. To
zation time of the primary electrons. Therefore it is of inter- gescribe the behavior of the electrons that are being slowed,
est to estimate the thermalization time and discuss the variye introduce the electron distribution function over the po-
ous mechanisms for the thermalization of hot electrons wittsition and momentumi(r,p,t). If electron trapping in traps
energies lower than the ionization potential of the atomin the material is neglected, then the transport equation
(1=10 eV), but higher than the thermal energyT = 0.025 obeyed by the electron distribution function obeys will have
eV). Numerical calculations of the thermalization time of the forn?
fast electrons in gases have been carried out in Refs. 1-3;
simplifying assumptions made in these calculations were catd/dt+v-d/dp+F-d/dr}f(r,p,t)
ried out by the method of moments in Ref. 4 and it was
shown that for the hard-sphere model the discrepancy is ZJ d*p’{w(p,p’) S{E—E'+ SE(p,p")1f(r,p’,1)
25%, but in other cases it is less.

An exact theory of thermalization of electrons requires —w(p,p)[E—E’+SE(p,p)If(r,p,1)}, D
knowledge of the egact cross sections for vgrious interactioné?vhereE: 02/2m; E’—p’?/2m:, v=p/m: m is the electron
of the electrons with matter over the entire energy rang ass.w(p.p')SLE—E'+ 6E(p.p'] is the probability of a

covered by the investigation. However, these cross SeCtiOn[?ansition of an electron from a state with momentprto a

are quite difficult to calculate, and in many cases they hav%tate with momentunp’ in an interval of momentundlp’

not been calcuated. Experimental measurements of the CrOS&r unit time:SE(p,p’) is the energy transferred to the atom
sections also cannot give a complete picture of their energy, 5 collision, andF is the force acting on the electron from
and angular dependences over the entire range of energy @#fe ionized atom.
interest. In this situation exact results of theory must either  In the initial stage the kinetic energy of an electron is
be supplemented with exact data on the cross sections, targe compared to the potential energy, and so the action of
interpolations must be made over the available data on ththis force can be neglected. The role of this force later de-
cross sections. pends on which falls off faster — the kinetic energy of the
On the other hand, the thermalization time of particularéléctron because of its stopping, or the potential energy of
interest is clearly some averaged characteristic of the matd® electron because it gets farther away from the ionized
rial, and to calculate it does not require knowledge of all the?tom. Therefore in the first approximation the foféean be

details of the behavior of the cross section. From this poinprOpped' Usmg the solution OT the first apprOX|mat|on,. we
. . . . ; shall later estimate the correction due to the Coulomb inter-
of view, the item of particular interest is the development of

_ _ N action of the electron with the ion.

approximate methods of analyzing the situation, where one |, ihe range of electron energy considered, the energy
does_ not need to know the detz_mled behavior of th? CrOSpyss in one collision is relatively small; i.e., we can assume
sections, but only some general integrated characteristics @fat S5E(p,p’)<E. We can therefore transform the transport
the material, for which the calculations or measurements arequation(1) to a Fokker—Planck equation, which describes
not so difficult. diffusion in energy space, by transforming from the function

624 Tech. Phys. 42 (6), June 1997 1063-7842/97/060624-04$10.00 © 1997 American Institute of Physics 624



f(r,p,t) to a function that describes the energy distribution ~ N(r,T,t)=qr %2 exd —r2/4T]8{t—TodT'D(T’) 1.

of the electrons (11
From this result it follows that in this approximation the
n(r,E,T):(1/4w)f dQpf(r,p,t). (2)  spatial distribution of the thermalizing electrons is Gaussian
_ _ with a width determined by the ageof the electrons, while
From Eq.(1) we obtain an equation fan(r,E,t) the timet and energyE are mutually related by
[d/dt—D(E)V2]n(r,E,t) T(E)
t=f dT'D(T")" L. (12
0
= | d®p’'SE(p,p’") S(E—E"){w(p,p’)n(r,E’ t
J P oE(p.p") & Hw(p.piin( ) This kind of relation between the stopping time and the
—w(p,p)n(r,E,t)}. 3) parng:leyfanergy is a c.haractensyc feature of the .con_tlnuo.us
) ) slowing” approximation used in the above derivation, in
Here (pp’=pp’ coso) which fluctuations in the electron energy loss in a single
collision are neglected. The mean distance the electron
D(E)=(vz/3)f d*p’w(p,p’)S(E—E')(1—cos6). moves away from its atom is given by the expression
(4) (ry=(r3¥?=(6T(E))", (13

We emphasize that the dependence of the diffusion core_ it is a function of the particle energy, or, invoking Eq.
efficient on the electron energy is a functional, since in the(lz), a function of the time. The advantage of this approxi-
thermalization the electron energy varies by three orders o ation must be considered the possibility of using Eg)
magnitude. Since for low energies the cross section for thgpg (13) derived above for estimating and comparing the
interaction of an electron with the atoms and molecules ighermalization time and the distance traveled by an electron
essentially isotropic, we can neglect the cosine under thgom jts atom for various materials that differ from one an-
integral sign in Eq(4). Then the diffusion coefficient can be other by various energy dissipation mechanisms. The spe-
expressed in terms of the electron mean free fd@ by the  cific properties of the stopping medium comes in only in the
relation determination of the diffusion coefficiem(E) and the age

D(E)={v/3no(E)}=vl(E)/3, (5 T(E).

wheren is the number of atoms per unit volume of the ma-
terial ando(E) is the total cross section for scattering of an THERMALIZATION TIME IN INERT GASES
electron with an energi by a single atom.

. . In the electron energy range we are considering, inelastic
We now introduce the energy loss function gy rang 9

collisions with inert gas atoms play a small role because of
3 , , , the large excitation energy of these atoms. Therefore in mon-
g(E)=f d”p'w(p.,p’) SE(p,p") S(E-E') ©) atomic gases the main mechanism for electron energy loss
dinvolves elastic collisions, with energy transfer to the recoil
of the atom. For estimates, we shall assume that the cross
section for elastic collisions depends only weakly on the en-
E ergy and angle, and then in the light of this discussion it is
T=T(E)= fEOdE’D(E’)/g(E’). () easy to obtain ¥l is the mass of the atom

From Eq.(7) we can also find the inverse dependence 9(E)=(2EmM/M)(w/l); E=E, exp{—6Tm/MI?}.
E(T), by which it is easy to transform any function Bfinto (14)
a function of the variabld. We go over to a description of The thermalization timéy,.is called the electron time
the electron distribution by means of the function of slowing to a final energ¥ equal to the thermal energy.
It follows from Eg. (14) that the thermalization time in an

and a new variable with the dimensions of length square
analogous to the “age” in the theory of neutron slowing

— u
N(r.T.H)=E(T) ™ g(EM)n(r.E(T).1), ®) inert gas depends on the initial electron energy
for which, using Eq(3), we obtain the equation E0=(1/2)mv§ through
[1/D(T)](dN(r, T,t)/dt)={V2—d/dT}N(r,T,t). (9 tnerni= (IM/mu g){[ Eq/E+]Y?—1}. (15)

If at the origin of the coordinate system there is a source  The mean distance the primary ionization electron trav-
of particles, which emits at timé=0 a certain number of els from its atom in an inert gas, according to @) is

particles with a given energy, thgn th_is can be taken as a (ry=1[(M/m)In(Eo/E) ]2 (16)
source density added to E(), which gives instead of Eq.
(9) the equation The assumption made regarding the weak energy depen-

dence of the scattering cross section is valid only for the light
inert gas atoms, helium and neon, to which relatidri and
(16) are applicable. For heavier inert gas ataws Kr, Xe),

This equation is solved exactly by means of Fourier anda sharp minimum exists in the scattering cross section at
Laplace transforms, and its solution is the functidn>0) electron energies of about 0.4 €the Ramsauer-Townsend

{D(T) Yd/dt+d/dT—V2IN(r,T,t)=qd8(r) 8(T) &(t).
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effect, so that in the integration in Eq7) one cannot ne- which, when Eq(12) is substituted intq13), gives the ther-
glect the energy dependence of the scattering cross sectiomalization time in the form
The existence of a sharp minimum in the cross section means _
that when an electron reaches an energy of about 0.4 eV it tinermy= (MV/€) (vo—v7) (19
will nearly cease to slow down. This greatly increases theand for the mean separation of the electron from its atom we
thermalization time of the electron. It should be pointed outhave
that expression€l5) and(16) were derived for the particular _ _ 1/2
case of a cross section that depends only weakly on the angle (N =1L(Eo~Er)(2/) ™% 20
and the energy, and therefore is inapplicable to the case of a The loss into excitation of vibrational and rotational de-
cross section that varies rapidly with the energy. For a crudgrees of freedom is found to be more important, and this
estimate of the electron thermalization time in heavy inertmechanism governs the stopping process as long as the elec-
gases we can use the following reasoning. After a ithan  tron energy is sufficient to excite these discrete energy levels.
electron with an energf undergoes «dt/no(E)) colli- If the energy is lower, then the thermalization proceeds via
sions, losing in this time an energy of about elastic collisions. The condition that the Coulomb field has
) little effect in the region of energy loss by excitation of vi-

dE=—dE(p,p")(v/no(E))dt brational and rotational levels is satisfied: at lower energies

=—2(m/M)E[2E/m]*’no(E)dt. (177  the situation is the same as for the loss to elastic collision.

Integrating this expression from the initial energy to the

thermal energ\E+ it is easy to obtain the following expres-

Let us now consider the thermalization of electrons in
liquid dielectrics through excitation of acoustic phonons. The

energy lost in one event has the form
In the particular case of a cross section that does not

vary with the energy, the result coincides with E45). SE(p.p")=clp—p’|.
Equation(18) shows that the main contribution to the inte- wherec is the speed of sound.
gral comes from energies near to the lower limit. In other  Substituting this expression into Eq&) and (6) gives
words, the thermalization time is accumulated mainly to-relations for the energy loss function
wards the end of the process, and the existence of a mini- B 2
mum in the energy dependence of the scattering cross section 9(E)=(4/3)mu=(c/l) (D)
can greatly change the result. and for the age variable

The important stage in determining the distance the elec- o 2
tron travels away from its atom is not the final stage in the T=(wo=v)(I%/4c). (22
thermalization, but the initial stage, where the electron can  Using Egs.(21) and(22), one can readily derive an ex-
move comparatively long distances in a short time. Thereforg@ression for the thermalization time through energy loss to
a minimum in the energy dependence of the cross section ithe formation of acoustic phonons
the final stage of thermalization does not contribute much to

. . " therm= (31/4C)In(vg /v T). 23
the distance from the atom. We can thus infer that for esti- "™ ( JIn(vo/v7) 23
mating the distance the electron moves away from the atom The mean separation of the electron from its atom is then
the approximation of an energy- independent cross sectionis .y_r g/p 12

- . o = C)(vg—v . 24
applicable over a wider range than it is to the electron ther- (=10 J(vo~vr)] 24
malization time.

o= (M/2N)( 1/2m) V2 f CUEE-YUo(E).  (18)
Er

THE EFFECT OF THE COULOMB FIELD

Let us now estimate the correction associated with the

EXCITATION OF VIBRATIONAL AND ROTATIONAL inclusion of the effect of the Coulomb field. If one takes into
DEGREES OF FREEDOM IN DIATOMIC GASES account the Coulomb field, then the kinetic energy of the

particle is supplemented by the negative potential energy

In diatomic gases energy can be lost to excitation ofu(r)=—(e%r). We shall consider the correction obtained

vibrational and rotational degrees of freedom of the moleculén the region whergU| is small relative toE. We assume
in addition to energy loss to elastic collisions. In the collisionthat we know the exact energy dependence of the electron
with a molecule of this gas the potential energy lost by theseparation with allowance for the Coulomb field
electron is discrete, and the interaction cross section is the’=E+U, (r(E’)). For |U|<E we can write
same in order of magnitude as the cross section for elastic
scattering. If we assume as before that the cross section de- (r(E+U)=(r(E)+{U)(d(r(E))/dE),
pends only weakly on the energy and angle, and denote byhere(r(E)) and d(r(E))/dE) are taken foru=0, i.e.,
¢ the mean energy loss per collision, we can write instead ofithout the Coulomb field, as in Eq13). Then from Egs.
Eq. (6) (13) and(7) we have

g(E)=&(v/l), (d(r(E))/dE)=[3/2T(E)]Y4D(E)/g(E)}.
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We can now write for the average separation of the elechisms in different materials will dictate that the separation of
tron from the atom with allowance for the Coulomb field  the electron from its atom will also be quite different in those
_ > 2 materials.
(r(E+U)=(r(B){1~-eXr(E)) [d<R(E)>/dE]}'25 The assumption that the energy dependence of the inter-
action cross section is weak imposes limits the accuracy of
The condition for the applicability of this relation is that he results. The error in this approximation can be assessed
the s_econd ter.m on thg right-hand side be small compared 8 using approximate formulas similar to Eq$7) and (18)
the first term, i.e., the inequality as the thermalization time. The loss to excitation of vibra-
h=eX(r(E)) 2[d(r(E))/dE]<1. (26)  tional and rotational degrees of freedom of diatomic mol-

] ] ecules can be written as in E({.8)
According to Eq.(25 the Coulomb attraction of the

electron to the ion decreases the distance between the ion and
the electron, as one would expect from elementary consider-
ations. It is helpful to note that Eq25) _refers _to the case For the loss to excitation of phonons in a liquid the ther-
where there are no other charged particles situated between . ~ .~ "~ . . . .

the ion and the electron. The presence of other charge@"’Illzatlon time can be obtained as in Egg) in the form
changes the situation qualitatively, since this then becomes a Eo

many-particle problem. Nevertheless, E2f) can be used to tinerm= (3/4nC) JE dE/[Ea(B)]. (31)
estimate the error incurred by neglecting the Coulomb field. T

For a monatomic inert gas the relative error according to Eq.  From a comparison with experimental data for the elec-
(14) is tron thermalization time in liquid and solid Ar, Kr, and Xe

one can conclude that the estimates obtained here are in sat-

thern= (V)22 | dEIE25(E) . 30
Er

h=(e%/2Eql)(m/M)*qIn(Eo/E7)] %2 (27)  isfactory agreement with published experimental déta.

For electron thermalization in a diatomic gas The authors wish to thank the Russian Fund for Funda-
201x £1f2 _ap mental Research for financial support.

h=(e/l) 79 2Ey) ~°"- (28

Finally, for electron thermalization in a liquid through

. . . . 1
scattering by acoustic phonons the relative error incurred by,A- Mozumber, J. Chem. Phy$2, 1657(1980.
. . the Coulomb field is A. Mozumber, J. Chem. Phy32, 6289(1980.
ignoring 3A. Mozumber, J. Chem. Phy34, 6911 (1981).

4 L
h= (62/4I )(c/3) 1/2(2/m)1’4E55’4. (29) ﬁ.glg.zﬁmenm, M. Waldman, and E. A. Mason, J. Chem. Phy3, 943
SE. M. Lifshitz and L. P. PitaevskiPhysical Kinetic§in Russian (Nauka,

DISCUSSION OF THE RESULTS Moscow, 1979.

6A. I. Akhiezer and S. V. PeletminskiMethods of Statistical Physi¢:
It has been shown that the electron thermalization time Russiai (Nauka, Moscow, 1977

depends strongly on the electron energy loss mechanism, ang- Sawada, Phys. Rev. B5, 3434(1982.
. e . S. Kubota, Phys. Rev. B0, 3486(1978.

accordingly depends on the initial electron energy differently

in different materials. Different energy dissipation mecha-Translated by J. R. Anderson
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Use of a generalized method of eigenmodes in the theory of lasers
V. Yu. Petrun’kin and B. V. L'vov
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An analysis is made of the application a generalized method of eigenmodes, which is used in
steady-state diffraction problems to the theory of lasers. In the study of open laser cavities

the use of this method makes it possible to avoid difficulties associated with the exponential growth
of the field at infinity. The generalized method developed previously for solving steady-state
diffraction problems is extended to the case of non-steady-state narrow-band processes to construct
in the ordinary way the equations describing the operation of the laser. The only difference

is that the field is expanded in the eigenfunctions that are orthogonal in the region occupied by the
active medium. This eliminates the difficulties associated with the behavior of the mode

field at infinity. In addition, in a number of cases the generalized eigenfunc(ionges
correspond considerably better to the field distribution in the operating laseflL.993

American Institute of Physic§S1063-78427)01006-4

In the theory of lasers the fields are expanded in thewith the same boundary conditions as before. Here the eigen-
eigenmodes. The application of this method to lasers with values ares,, (a parameter of the mediymandk= w/c is
open cavities encounters certain difficulties including the facgiven by the frequency of the external forces. As shown in
that the field of the eigenmodes of an open system increadeef. 2, the functionsl,, are orthogonal in the volume;:
exponentially at infinity. In the present work it is shown that
this difficulty can be overcome by using the generalized
method of eigenmodésThe direct use of this method is
difficult because it has been developed for the solution off
dy- state diffraction problems, while the theory of lasers entem - —
:izr%ulated in the form of differential equat It The solution of the initial probleril)—(3) is given by an

quations. [tis nec- expansion in these functions

essary to go from the steady-state problem to the non-steady-
state problem. The essence of the generalized method can be
elucidated with the example of the scalar wave equation. We
consider two regions, andv,. The regionv, is external
enclosed by a sphere whose radius tends to infinity, and tH@side ofv,, where
regionuv, is inside the sphere filled with a medium with a 1 1 J uDido
permittivity . In regionv the field satisfies the equation — Bl S0

" e—g, k2 ful(ugl))zdv '

J uPuMdy =0, )
v1

u=§ b,u (6)
n

@)

N

w
VA +kZeu®=f, kz:?' D The theory of lasers is formulated as a set of nonlinear
differential equations. To apply the generalized method to
and in regiorw, the equation laser problems one must extend this theory to the non-
steady-state case. Equationd) and (2) are Fourier-
VAu@+k2u®=0. (20 transformed wave equations
The boundary conditions e 92y 1 9%u®
VAP - 5 —7=f(t); VUP()— 5 —F
aud  ou@ cc ot c? ot
@W_y@y. =0- — -
(u u )lSl 01 ( (?N &N )S Or (3) :0' (8)
1
. . . where
are satisfied on the interfasg, whereN is the normal to the
surface. 1 (= ot
The radiation conditions are satisfied sn The eigen- u(t,r)= Zﬁxu(w,r)e do;
functions in which the required fields are expanded are found
from a solution of the following homogeneous auxiliary 1 (= ot

V2Rt +KPequi =0 within vy, The boundary conditions are the same as before. It then

follows that the solution of Eq$8) can be obtained from the

V2P +k2u?=0 within v, (4 solutions of(1) and(2) by the inverse Fourier transformation
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1 (o ] lated limitationg, and using Eq(10), to write down the so-
u(t,r)=>, ﬂf bn(@)Uy(w,1)e'“'do. (100 |ution. For a constant amplitude, whet®,/dt=0, we ob-
™ o tain the previous formul?).
In laser problem®b,(w) has an extremely narrow spec- All of this mathematical development for the scalar

trum near the lasing frequenay,, and u,(w,r) depends wave equation also can be carried over to the system of
only weakly on the frequency. Then, taking the slowly vary-Maxwell's equationg. As before we consider two regions.

ing factor out of the integral sign, we can write Regionv, is bounded by the surfacg and filled with a
dielectric with a permittivitye. The second region, region
u(t,r)%E Un(wo,f)ifm by(w)e“dw v, is filled with free space. It is required to find the electro-

o) 21 ) - magnetic field created by a specified soujcdnside the

regions the field satisfies the system of Maxwell's equations
:% Un(wo,T)bn(t), (12)

4
VXHO - ikeEV ==},

and b, (t) is obtained from the inverse Fourier transforma-

tion of expressior(7) VXED+ikHY=0 within v,;
1 1 .
- - = VXxH®—ikE®@ =0,
bn(®) e—¢&p(w) szvlun(w,r)f(w,r)dv, 4

VXE®@+ikH?=0 within v,. 16
whereu,, is assumed to be normalized v2 (16

At the interface the tangential components of the fields
f (up)?dv=1. must be continuous
v

(EP-EP)|s,=0, (HP-HP)| =0. (17)
Let us examine the behavior of the factor ! !
1/(k*(e=e,(w))) as a function of the frequency. In Ref. 2 it The radiation conditions must hold at infinity. If there
was shown that a®— 0 this expression tends to a constantexists any surface, then on that surface null or impedance
value, while for w—o it falls off as 1k® For conditions must be satisfied. The eigenfunctieasand h,,
e—ep(w,)=0 the expression has a singularity. The fre-are obtained from the homogeneous system of equations

quencyw, for open systems is c_:omplex and the rpot of therhf)—iksn (H_p. Vxeﬁf)ﬂkhfﬁ)zo within v,
equation is unique. Let us multiply the left- and right-hand (18)
sides of Eq(12) by w— w,
_ Vxh@-ikd?=0, Vxe?+ikh?=0 within v,. (19
J— w—w
(0= wp)bp(w)= ?(nw) FJ Up(w,r)f(w,r)do The boundary conditions on the interface are the same as
A 1 (13  Previously. The parameter, is an eigenvalue of the prob-
lem. The solution of the system of Eq4.8) and (19) must
and carry out the inverse Fourier transformation. We assumgive a set of eigenvalues and eigenfunctions. As shown in

that f(t) is a narrow-band function with a spectrum nearRef. 2, the function®, andh, are orthogonal in the volume
o, While the rest of the factors depend only weakly on they

frequency and can be taken out of the integral sign. In this

way we obtain f (e,-e,)dv=0, f (hy-hp)dv=0, if e #en,. (20
_ v U1
dbn — . Wwo— wp
gr ~lenbn=i e —en(@g) pfylun(woﬁ)f(t'r)dv- The solution of the problem gives the equality
(14

We assume further that(t) can be represented as a

complex signal f(t)=F(t)e'“ and correspondingly - &, @)
b,(t)=B,(t)e'“ct whereF(t) andB,(t) are slowly varying " ———
amplitudes. Substituting these definitions into Etg), we __.___,.\_,74_}
obtain an equation for the complex amplitude g J/
a . 671(1) /
dB, . — l
d—tn-l—l(a)o—wn)Bn 7LZ
~
_j_@omen 1f F(t,r)d 15 y %@
—'mp UlUn(wo,r) (t,r)dv. (15

Equations(14) and (15) permit us to find the expansion
coefficients for the non-steady-state problésith the stipu- FIG. 1.

629 Tech. Phys. 42 (6), June 1997 V. Yu. Petrun’kin and B. V. L'vov 629



- Rig
L~

lE (w)‘
z £,@

FIG. 2. FIG. 3.

one, and the right one is the impedance mirror, providing a
4 1 Jy.(i-e)dv reflection coefficient”. The problem is a planar one, i.e., the
_m Y1 (22) field does not depend on The eigenfunctions for this sys-
" ikc e—gq [, () °dv tem can be found by using the results published in Ref. 3,
If all this reasoning and the calculations we have donewhi(.:h. considered a planar .Wavegui('je with a complex per-
for the scalar wave equation are repeated we will obtainmmlvny' .The calculations will be carried out for the follow-
analogous results, which in the present case will have thierllg_ca\”ty _parar_neters.a—o._l C_T’ I=5 cm, 2;=1,
form |—O.2_,sl is variable, anc\o=10"* cm. _
In Figures 2 and 3 we show the results of a calculation
_S gt for the most illustrative case:;—e,=1, where the field
E(t.,r)= o & (wo,r)Bn(t)e', concentration in the active medium is determined only by the
amplification of the medium. To be specific, we calculated
the case ofTE waves. The case ofM waves can be ana-
lyzed in a similar way. In Fig. 2 we show the dependence of
the field strength on the longitudinalcoordinate. It can be
X(wg,r)dv. (22)  seen that the average field strength increases in the direction
Here the functiore, is normalized:f, (e,)2dv=1. of the exit mirror_, and the oscillations due to interference
Using Eq.(22) we can in the Jsual way formulate a between the incident and reflected waves decrease away

system of equations describing the operation of the Iasegom the Iov_vjtransm|SS|_on mirror. The OSC'”a“Of_‘ perpd _has
The only difference is that the expansion is in functions or- een magnified for clarity. Figure 3 shows the field distribu-

thogonal in the region occupied by the active medium. iption in the transverse directiofthe x coordinate¢. One can

order that Eq.(22) describe the operation of a laser it is See that d_esp?te the absence .Of a discc.)ntinuity.in the permit-
necessary to exprest,r) in the usual way in terms of the tivity the field is concentrated in the active medidbecause

parameters of the active medium and the field in the cavitythe €igenvalue is complexs,=1+iep). In our example,
The application of the generalized method to the theorys”=0.5X10"°. From the figure it is evident that in some

of lasers is in some sense more natural, since the effect of tHf@ses the eigenfunctions of the generalized method corre-

active medium on the field distribution of the mode is takenSPoNd much better to the field distribution in an operating

into account in the linear approximation. In some cases théser than is the case for the conventional method. In our

effect of the gain on the containment of the field in the activeexample, the frequencyw, entering into Eq.(22) is

medium may be decisive. It is also more natural to analyzey,=2m(3x 104+i0.5x 10°) s 1.

unstable cavities taking into account the amplifying medium

in them. The application of this method for solving various *W. Lamb,Quantum Optics and Quantum Radiophysics. Theory of Optical

laser problems will be published later. For the present We2kﬁsﬁrs\%ﬁg?@ﬂ,t?é’iﬂg&ﬁ;g"ﬂfgfx ;gga'A. N. SivoGeneralized

will only use an example that shows the large effect of the method of Eigenmodes in the Theory of Diffractigvauka, Moscow,

active medium, and present the form of the main eigenfunc- 1977.

tions of the generalized method for the problem illustrated in°N- S- Karany and J. J. Burloptical WaveguidesAcademic Press, New

Fig. 1. The cavity is a planar waveguide clamped between Yo' 1972

two parallel mirrors. The left mirror is the low-transmission Translated by J. R. Anderson

EZ% Pnén,

B, wo—w, 4w

dt

+i(wp— wy)By= (I(t,r)el

8_8n(w0) k_C vy
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This paper reports an investigation of the pass band of a A) = 1_3ﬂ)\§/b|_ SO, ®)
noncollinear acoustooptical filter based on Tefith spec- _ ) )
tral drift compensation, implemented in a prototype of awhereb is the dispersion constant.
video frequency spectrometer. The tunable acoustooptical [N the first approximation it can be assumed that the
filter is a new kind of solid-state device with electrically angular aperture of the filter is inversely proportional to its
controlled spectral characteristics, and has the importar¥@velength resolution
property that it can filter light bear_ns with a W|c_ie angglar A@~n2(AN/N). (4
aperture* In uniaxial crystals the wide-aperture interaction
geometry is obtained if the plane of the acoustooptical inter- ~ For this acoustooptical interaction geometry the radia-
action passes through the optical axis and the wave vector &iPon wavelength\ at which the diffraction intensity is a
the ultrasound makes an angte# 0 with the perpendicular maximum, the frequency, and the angle of incidend® of
to the optical axi€ This geometry is obtained when the tan- the radiation on the ultrasonic grating are relateé by
ents to the wave vector surfaces of the incident and dif- _ . 2 2 U
fgracted light on the wave vector diagram are paralfib. A =(v/)[n; sin ©—(no—nf’ cos' ©)"7], ®
1a). This indicates that for a given ultrasound frequency andvhere n;=ngyna[n2 co(O+a)+n3 sirf(®+a)] Y% and n,
light wavelength the condition of Bragg synchronism is au-andn, are the refractive indices for the ordinary and extraor-
tomatically satisfied in some range of angles of incidence oflinary raysyp is the velocity of slow ultrasonic shear waves
the optical beam on the ultrasound, i.e., Bragg diffractionin the (110) plane, which is given by
becomes insensitive to the angle of incidence of the light. 12

/ p} , (6)

The parallelness of the tangents to the wave vector sur-
faces also means that the group velocity vector of the inci-
Q/vherep and c;; are the density and elastic constants of
OFEa !
e0,.

dent and diffracted light are collinear, and consequently tw
In actual fact, because of the dispersion of the refractive

beams with orthogonal polarizations are not separated bef
the exit from the crystal.

The diagram of the wide-aperture tunable aCOUStOOptiC%dex as a function ok andf, there is some deviation from
filter based on a paratelluride single crystal is shown in Figinverse proportionality. The,tuning curve on a logarithmic

.1b' The enter|pg optical radl_atlon passes through the pOIars’cale for the entire spectral range of transparency of,TeO
izer 1 and impinges on the single crystalperpendicular to

. and for «=10° is shown in Fig. 2.
its entrance face.

When the electrical ilati fed 10 the bi | We can use Eq(5) to calculate the frequency depen-
. en the electrical osciliations are 1ed 10 In€ PIezoCieCyq e of the angle of incidence on the acoustooptical wave
tric transduceB ultrasonic traveling wave4 are excited and

) front (the Bragg angle In the calculations we used
then ab_sorbed in th_e _absortﬁarThe analyze6 suppresses No=2.26,n,=2.41,p=7.1x 10 m/s fora = 9.5°, 10°, and
the undiffracted radiation.

Th | S h istic of th bl 10.5°. These curves are shown in Fig(cBirves1-3). The

e spectral transmission characteristic of the tunabl@, .oym of the function corresponds to the position on the
aco_ustooptlcal f||ter. at a single acoustic frequency is dei/ector diagram for which the tangents to the wave surfaces
scribed by the relatiofis of the optical beams, passed through the ends of the vectors
(1) ki andky, are parallel and satisfy the conditief/9® =0.

Thus, with a small deviation of the ray from the angle of

whereL is the length of the acoustooptical interactidi,is  Incidence, the length of the vectér (Fig. 18, and conse-
the transmission of the filter at the wavelength equal to quently the ultrasound frequency for which the condition of
Bragg synchronism is satisfied, are not changed. The dots on

To=T, SIP(m2M,P,L%2\ o) 2, (2)  the curves in Fig. 3 show the experimentally measured fre-
quency dependence of the Bragg angle. As one can see, ex-
T, is the total transmission of the polarizer and the analyzerpression(5) describes the experimental results with good ac-
P, is the power density of the acoustic oscillations, &hgl  curacy.

| [C11—Ca2
2

cofa+ Cyy SirPa

T(N)=Tg sirP[L(Ag—N)/N3],

is the acoustooptical quality factor of the crystal. In this investigation we have studied experimentally the
The total wavelength pass band at the 0.5 level is giveipass band of a tunable acoustooptical filter in a model of a
by?3 video frequency spectrometer. The design of the experimen-
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FIG. 1. a — Wave vector diagram for the incident and diffracted light for a given frequenfyhe sound and wavelengthof the light, when the Bragg
synchronization condition is satisfied in some interval of divergence of the optical, leamdiagram of the tunable acoustooptical filter based on,TeO

tal apparatus is shown in Fig. 4. The source of a continuous The experimental samples of the tunable acoustooptical
spectrum in the visible and near infrared was a small incanfilter were prepared from TeQsingle crystals in which the
descent lampl. The radiation was collimated by a small plane of the acoustooptical interaction was th&0) plane,
objective2, and with objective3 produced the required an- as shown in Fig. 1b. The wave vector of the ultrasound in the
gular aperture. The polarization of the incident radiation wasrystal made an angle with the (110) plane, with the angle
set by the plane of transmission of the polarizeThe inci-  « for various sample set at 9.5° or 10° with an accuracy of
dent light beam propagated in the filter as an extraordinary=5’. The linear dimensions of the optical and acoustic
ray. The electrical control signal was fed from the generatowaveguide were 10 mm in thd 10 direction and 14 mm in
7 to the piezoelectric transducer of the filterwith a fre- the perpendicular direction. The length of the optical and
guency that could be monitored by a frequency m8tekn acoustic waveguide was selected with allowance for the drift
analyzer6, crossed with the polarizer was placed at the exitof the acoustic energy by an angle of 56° relative to the wave
from the filter. A light pipe9 brought the diffracted radiation vector of the ultrasound, and was 25 mm. The input optical
to a monochromatotO and the radiation was recorded with face made an angle of 23.5° with t@01) plane. A piezo-
a photodetectot 1, a tuned amplified 2, and an oscilloscope electric transducer made of-cut lithium niobate was cold-
13 welded to the acoustic waveguide by indium compression in
To measure the pass band of the filter a light fipgas  vacuum The dimension of the transducer was 4 mm along
moved along the cross section of the beam in the measuréae direction of propagate of the light and 8 mm in thé0]
ment plane. The diameter of the diffraction spot was 25 mndirection.
and the diameter of the light pipe was 3 mm. By moving the  The electrical impedance of the output circuit of the rf
light pipe over the cross section of the diffraction spot wegenerator was matched to the impedance of the transducer by
could measure the pass band for various angles of incidena®ctioning. The frequency band was 60 M@9—120 MH2
of the radiation within the angular aperture. and 80 MHz(90-170 MH32. With an electrical control sig-
nal of =0.7 W the diffraction efficiency was measured at a

200+ i
e N 7.2 3
100 - 26+
N 8 N
T 60 S 22}
E L ~ =
< "
= 40l 0.1
IN
30"‘ 11*:—-
92/_:;"—
0 70:0;
ol v v 115 120 130 740
0% 06081 14 2 3 & f, MHz
A, pm

FIG. 2. Dependence of the wavelengtlof light on the frequency of the

sound(on a logarithmic plotfor TeG, at « = 10°.
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FIG. 3. Frequency dependence of the Bragg angle.fer3D 0.63um. «
=3D 9.5° (1), 10° ( 2), and 10.8 (3). The points show the experimental

data.

Zubrinov et al. 632



281

F \Q\ o
=
2
L]

11 30 o
g -
f - 5 i
< -
7 72 N szt }
f | st : 2
13 ok $
L i | 1 1 1 1 i
FIG. 4. Model of spectrometer for studying the profile of the pass band of 0.4 0.6 0.8 1.0 12
the tunable acoustooptical filter. A, ym

FIG. 5. Calculated broadening of the pass band of the tunable acoustooptical
o filter for an angular aperture of 1q1) and 8°(2) for conditions such that
radiation wavelength of 633 nm, and was found to be 80%ne ultrasonic wave in the interaction region is a plane wave. The points

and 90%. The total pass band of the filter was determinedhdicate the experimentally determined dependence of the pass band for a
from the frequency width of Bragg synchronism. Because ofilter with an angular aperture of 10°.
the angular aperture of the liglt® and the divergence
A« of the ultrasound the pass band becomes wider. _ _ _ S

The frequency width of Bragg synchronism is mainly latter tactic re_sults in a decrea_se in the a}coustooptlc_al figure
governed by the length of the acoustooptical interaction. T@f merit of this optical-acoustic waveguide cut, which re-
calculate it one must take into account that the interactiofluces the efficiency of the filter. .
length differs from the actual dimensions of the piezoelectric ~ 1he dispersion of the refractive index of paratelluride

transducer by an amouhtl—cosA/cos@—®)], wherel is ~ Causes a certain mutual transverse displacement of the im-
the dimension of the transducer in the plane of interaction29€s in different wavelength intervals. In the operation of the
A is the drift angle equal to filter in a wide spectral region this may cause a “creep” of

the beam outside the sensing area of the photodetector.

A—tan L It is possible to compensate for this displacement by
=@ el tiltin% the exit face by an angle relative to the entrance
face:

and from Eq.(6)
A=tan Y[ csy— (Cy1—C10)/2]SiN «
X c0S al[(C11— C1p)/2]coLa+ Cyy SiPal. (7)

In the calculation of widening of the pass band of the
tunable acoustooptical filter with increasing angular aperture, 0.3
we assume that the ultrasonic beam is a plane wave in the
interaction plane. For the calculation we use the method de-
scribed in Ref. 4. Figure 5 shows the calculated widening of 0.1
the pass band of the acoustooptical filter for an angular ap- .
erture of 10°(curvel) and 8°(curve2). The points indicate
the experimentally measured pass band for the acoustoopti-
cal filter with an angular aperture of 10°, measured from the 01
half-width of the diffraction efficiency. A comparison of the -0.2
experimental results and the calculated cutvehows that
the broadening of the pass band due to the angular aperture is -0.3
substantial.

The quantitative discrepancy obviously comes about be-
cause the acoustic wave is not really a plane wave, and the T T WY S
large acoustic anisotropy in the plane of interaction results in 0.4 0.6 0.8 1.0
an increase in the spatial divergence of the ultrasound. To A, pm
narrow the pass band of the filter for a given angular aperture

F|G. 6. Calculated wavelength dependence of the variation of the antular

it is necessary both to increase the acoustooptical InteraCtlocoordinateAgb for a tunable acoustooptical filter with drift compensation in

length and increase the_ angle between_the wave vector of thes range 0.4—1m (1) and the analogous filter without drift compensation
sound and the perpendicular to the optical axis. However the). The points indicate the experimental data.

4¢, deg

1 1 1
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Upon leaving the crystal the diffracted beam is refractedof filter. As is evident from a comparison of the data, the
by an angle to the normal to the exit face of the filter. Theexperimental results are in good agreement with the calcula-
condition that the angley be invariant in the wavelength tions.
interval A ;=\, is

sin y=ng sSin Y,=ng Sin CONCLUSIONS

X[ @—0O—a+tan (n’tan® + a))]=const, Wide-aperture tunable acoustooptical filters based on
®) TeO, combine such important parameters as a high diffrac-
tion efficiency with a comparatively low power of the con-
where z7=ng(\)/ne(A). trolling electrical signals, a fairly high wavelength resolu-
Assuming that the angl® +a does not depend oN  tjon, and simplicity of design, and they provide high
and differentiating both sides of E(B) with respect to\, we reliability in operation and low cost.
find =05+ 4y, whered is the angle of inclination of the The relatively low chromatism of these tunable acous-

exit face for the standard case where it is orthogonal to thggoptical filters permit their use in spectrometers in the vis-

According to Ref. 5, compared to monochromators based on quartz, these filters
2n, tan @ + &) pd p/dx have several hundred times higher luminosity, which in-

C) creases the sensitivity of the spectrometer and reduces the
variance in the measurements.
Equation(9) shows that in the case of normal dispersion,  The authors express their gratitude to E. V. Pestryakov
as occurs for Te@ dng/d\ <0, d7/d\>0, andy4>0. In  for his interest in this work and for helpful discussions.
Fig. 6 we display the calculated wavelength dependence of
the change in the angular coordinate for the tunable acous-
tooptical filter with compensation for the spectral drift in the *V- M. Epikhin, F. L. Vizen, N. V. Nikitin, and Yu. K. Kalinnikov, Zh.
interval 0.4—1um (4(0.4 um) = ¢(1 um)) (curvel) and Jeé%';:r‘?; g‘:)?_sélnzgg [8%%"('1';23]’)3_' Tech. Phy&7, 1482(1982],
the standard filter similar to the tunable acoustooptical filter,3| n. magdich, Izv. Akad. Nauk SSSR Ser. Fitd, 1683(1980.
where the exit face is perpendicular to the diffracted wave at*V. B. Voloshinovet al. Zh. Prikl. Spektrosk52, 284 (1990.
the Wavelength 0_5Lm (CUI‘VGZ). 5V. M. Epikhin and Yu. K. Kalinnikov, Zh. Tekh. Fi59(2), 160 (1989
The points on the graph show the experimentally mea- (50 PMys: Tech. Phy84, 227(1989)
sured spectral drift of the diffraction angle for the two kinds Translated by J. R. Anderson

_ 1
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The thermodynamics of energy-storing photoprocesess
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District, Russia
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A solution is found for the most general formulation of the problem of the thermodynamic
limitations on the rate of increase of the free energy of a closed photochemical system interacting
with a heat bath and a radiation field. A reaction of the fakint A,— Az+A, is used to

compare the thermodynamically maximum energy yield of the process of storing radiant energy
with the “kinetic” limit of the same quantity. ©1997 American Institute of Physics.
[S1063-78497)01206-3

INTRODUCTION general formulation, assuming that the states of the “field”
and “material” components are not stationdty.
Thermodynamics imposes definite limits on the effi-  We shall denote byE and S the internal energy and

ciency of converting radiant energy into “chemical” energy: entropy of the material component of the system, which ex-
one can showsee, e.g., Ref.)lthat the net flux of free changes energy with the radiation field and the surrounding
energy of a material through the surface of a reacting volmedium and in which the photo-endoenergetic chemical re-
ume, involving the introduction of the initial reagents in the action takes place. The energy and the entropy of the radia-
volume and the removal of the products of an endoenergetion field in the interior of the system will be denoted by
photochemical reactiofsee Fig. ], i.e., the gain(per unit E, andS,, respectively. We also introduce the fluxes'
time) of free chemical energy can never exceed the differands” of energy and entropy of the radiation incident on the
encell,— T, wherell, andX, are the net fluxes of en- surface of the system, and correspondind§}" ands,*"" for
ergy and entropy, respectively, of the radiation obtained bythe radiation leaving the same surface. Finailglenotes the
the “reactor” through its surface is the temperature at heat flux that the system exchanges with the surrounding
which the reaction occurs, and whidby hypothesisis  medium(at a temperatur&) by direct heat conduction. The
equal to or only slightly different from the temperature of the balance equation for the total energy and entropy of the sys-

surrounding medium. tem is then written in the form
A mature photosynthesizing leéending the photosyn-
thesis products to the other members of the planta clas- —(E+ Er):Hin_Hout_q’
sical (and the most importahexample of a “device” that dt b
utilizes the process. Photosynthesis, however, offers an ex-
: i i “ali d in out 9 dist
ample of another sort. If the entire plant is placed in a “cli- a(54r S)=3"-3 M f+ TR

mate” chamber that is supplied with enough reserve required
for its lifetime, then we have a systetulosed, which as  whereS,=S+S,, and as usual};S,/dt denotes the rate of
before will function, obviously, as a device for converting generation(*“production”) of entropy in the system.

light energy into chemical energy. The difference of such a  Eliminating the fluxq from the equations, we obtain
converter(the “accumulator” type from the previously de- d4F dE d q

scribed type(which may be called a “generatoy);’ is the —=I,-T3,— r+-|-_Sf+-|-i_St_ )
non-steady-state nature of its operation: under illumination ~ dt dt dt dt

the sta’Fe of the §ystem changes in time and is accompaniq_qiereF(zE_TS) is the free energyof the material pajtof

by the increase in the free energy. the Systemﬂr(zl—[irn_l—[?ut) and Er(zzirn_znr)ut) are the
The question of thermodynamic limitations on the “Stor- net energy and entropy fluxes into the system through its

age” of radiant energy by this kind of system was first stud-gface. In accordance with the second law of thermodynam-

ied in Ref. 2 and independently in a more recentics the Jast term on the right-hand side of E2). is intrin-

publication? Both investigators solved the problem under thesically nonnegative, and consequently the following inequal-

assumption of a steady-state radiation field in the volume Ofty must necessarily hold
the converter, and they found that the limitiftpe thermo-

dynamically attainablerate of increasadF/dt of the free ar _
energy of the latter is determined by the same combinations  dt
that limit the power of a photchemical reactor

d
Hr_TEr_a(Er_TSr):Nm’ ©)

which also expresses in the most general form the limitations
imposed by thermodynamics on the energy of an arbitrary
dF/dt) eysae<TLr— T2, =Np,. (1)  photo-endoenergetic proceds.
fadiation field 2. All the quantities entering into expressi@d) for the
limiting power N,,, are functions of the state of the radiation
In this paper | undertake to solve this problem in a morefield in the interior and on the surface of the converter, i.e.,
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and have introduced the temperatirgof the light beam of

hy frequencyv, which is defined b¥
1 4L,
3 T, oK,

14 14

Finally, instead of the combination of quantities in the
second parentheses under the integral sign in (Bg.we
substitute its value from the radiant energy transport equa-

2 tion

4

+w- VK =—a K +¢,, 6

T qV at 14 14 14 14 ( )
FIG. 1. Diagram of a photochemical converter of radiant energy into freewhereav ands.,, are the abSOI’p'[IQH and transmission coeffi-
chemical energyl — reactor, whose state does not change with time andcients, respectively, for the mediutn.

which is in contact with the surrounding mediujat a temperatur@) and The expression for the limiting powe\,,, then takes the
exchanges energy with the radiation field;— initial reagents3 — prod- following form

ucts of the photochemical reactioh— heat flux.
N fdfdfdal—T K aF
= — - =
m T v w TV (av 14 SV) dt

they are determined by the spectral brightnéssof the ra- (7)
diation, which must be known for all frequenciesand di-
rectionsw of propagation of the light ray at all pointsand
for every instant of timet. Assuming thatK (w,r,t) is
known we find that

Formula(7) is the final goal of all of these calculations
and of the work as a whole. This inequality solves the prob-
lem (of the thermodynamic limitation on the storage of radi-
ant energy in its most general formulation, at least as ap-

plied to converters of the photochemical type. It should be
Npm= _f d"f dVJ dQ,n-e(K,—TL,) noted that the solutiofi7) contains, as one might expect, the
result(1) of Refs. 2 and 3 as a special case corresponding to
_f de dvf 40 i(ﬁKV _Tﬁl—v> @ the conditiof 9K ,/gt=0. It should be noted that the exten-
“q,\ at ot )’ sion of the resulfl) to the general case in fact reduces to a

change in the form of writing expressidf) for N, (com-
pare relationgl) and(7)) and we find the interesting circum-
stance(generally not obvious priori) emerging from the
light of frequencyw in the medium, and_, =L (K,) is the properties of th_e solutlor!: the thermodynamically maximum
! - value ofdF/dt is determined, as can be seen from relation
spectral brightness of the radiation. . . N .
. . (7) by only the “coordinates” of the field components of the
In the first term in the sum4) we use the Gauss- system(i. e., the value¥ ,(w,r) at a given instant of time
OstrogradsKitheorem to change the integration over the sur- y Cn v 9

face to an integration over the volume of the converter. Comf’lnd does not depend at all on the “velocitiesi.e., the

bining the two volume integrals and recalling that for aquantities that would characterize explicitly a possible non-
constant vectomw (independent of), the following is true: th:a;%;)state of the subsystem; compare (&g.and also(1)
div(K,—TL,)o=w-V(K,—TL,), It should also be mentioned that the initial relati(8)
and consequently the inequality) follow from the laws of
thermodynamics in their “global” formulation. Both laws

Heredo is an element of surface aréaith an outer normal
n), d7 is an element of volume of the convertex , is an
element of solid angle in the directian, q, is the speed of

and we obtain as a result

are valid, as is known, even in the local form. In particular,
Nm:—f de de dﬂw{w'V(KV—TLy) the second law states that not ordyS,/dt, but also the
volume density of this quantity is intrinsically nonnegative.
1 /0K, L, With respect to our problem, this means that if we introduce
a( a ot ) the volume densityf of the quantityF and thereby replace
dF/dt by the integral
or
T 1K, = [arg
Nm——def va' de<1—T—V)<w-VK,,+$ ek dt dt
) then from the inequalities of the sums on the two sides of
Here we have used the relations relation (7) we correctly infer that the inequality applies to
the individual terms. As a result we arrive at the following
VL = L, oL, dL, K, “local” formulation of the thermodynamic limitations on the
YooK, YT gt 9K, ot energetics of the photchemical process
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df T whereA’ stands for the singlet-excited state of the reagent

agf dvf de( 1- T_) (a,K,—¢,). (8 A, and the symbols above the arrows indicate the rate con-
Y stants of the corresponding reactions.

It is to be noted that the coefficients, ande, in these We shall assume that the reactions are not accompanied

formulas generally are made up of the sump=a,0+a, by any appreciable changes in the volume of the solution, so
ande,=e,0te,, Wherea,o and e,4 refer to the “true”  that the change in the free enerigys the same as the change

absorption and emission and, ande;, come from thepos-  in the thermodynamic potenti&, and consequently
sible) scattering of the radiatioiwithout change in fre-

; ] e . df : .
guency. By virtue of the so-called “reciprocity theorem EZZ i+ i nk (12)
f dQ (@K, ~&,)=0, Here u; is the chemical potential; is the concentration of

the ith component of the reactiopy; andnj refer to the
collection of particlesA? , and the dot above the variables

denotes, as usual, differentiation with respect to the time. We
f de de(ava_Sv):f dVJ dQ (oK, —€,0) transform the right-hand side of El2) using the relations
that follow from Eqgs.(11a—(11b),

and hence one of the integrals in expresgi®nis

and therefore determines thH@stantaneoysnet radiation _ _ _ _ _ _ _
power absorbed per unit volume of the reaction mixfire. N,=—nN3, N3=N4, Nz=-—(Ny+n7). (13

Relation(8) can now be rewritten in the forth .
We obtain as a result

df j f T
—=<¢,— | dv| dQ,—(a,K,—¢,), df . .
dt v T, (@ &) G =MsAGHNT AL, (14)
or equivalently h
where
df/dt T
. :ﬂgl_-lfr:ﬂm, 9 AG= g+ pg— p1— p2

is the increase in the isobaric potential in fe@doenergetjc
reactionA;+A,— A3+ A,, and the notatiom uw= u} — uq

1 aK,—e, __, has been introduced.
== dv deTTV , (10
r r

where we have used the notation

We assume that the reactighlb) proceeds spontane-

i ) ously, and consequently
and the quantityn has the meaning of a “local” energy

yield (the efficiency of the process ang,, is consequently ns=0, (15
its (the yield’s thermodynamic limit’ —

It should be pointed out that the inequali®) is entirely while. the_ change_&G of the thermodynamic potential in this
general and must hold for any arbitrary photoendoenergetit€action is negative
process. In order to elucidateven though only partialiythe -~ * _
physical content of so general a relation, it would be helpful AG=pst pa—pi — ppe=AG—Ap=0. (16
to “test” it with a specific example of a photochemical re- If we take into account relationd5) and (16), we see
action used for this purpose to obtain the upper limitzof  that equation14) means that
without recourse to the thermodynanientropy properties o
of the radiation, but based only on kinetic arguments. The df/dt<(nz+n7)Au
results of one of the possible attempts in this direction isor as follows from Eq(13)
included in the following Appendix for the interested reader. '

df/dt< —n;Apu. (17
In accordance with Eqg11) we then find
APPENDIX

, , n,= (k! +kk)n¥ —k!n;+kynsng, 18
We assume that the following processes are taking place - (ke kar) N ~ ke 1+ koN3Ns (18)

in the reaction voluméat constant pressue and tempera- from which we obtain the upper limit on the first of the

tureT): factors on the right-hand side of relati¢h?)
Ko e —n;<k/n;—kin} . (19
Ay +hv=A% A, (119 R
Kt Confining the analysis to the case of a weak solution, we

) can now estimate the differencew of the chemical poten-

% d tials of theA; molecules in the singlet-excited state and the
ALt A= Agt Ay, (11b) ground state. In this approximation
kp
Ag+A— A+ Ay, (110 Ap=Ap%(p,T)+KT In(ni/ny),
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where Au? is the standard value ofu, andk is Boltz- 1 4mAv(a,K,—€,0)

mann’s constant. T, o L
Whenn;<0 ( (i. e., when the products of the reaction .
(11b accumulate, which is assumgdit follows from the ~ OF SINCE drAv(a,oK,~e,0)=¢r,
kinetic equation(18) that T,=T,. (24)

Therefore the value ofp,, determined by formulg9)

coincides exactly with the kinetic Iimi%}m for the energy
yield from the equality(23).

n¥/n<k!/k!
and hence

Ap<Ap’+KT In(k!/k}). (20)

Dstrictly speaking, the assumption that the radiation field is stationary in the

The Subsequent calculations are Considerably simplifiedV°|ume of the energy storage system does not enter explicitly in these
investigations, but, as will be seen later (see footnote R the result

if the rad_iation field is assumed to be iSOtro_pi(_: at any point of gptained in Refs. 2 and 3 corresponds to the case which is almost surely
the medium(we thereby assume that the is initiated by the realized when the material absorbing the light is not consumed during the
diffusion of light) and if it is also assumed that the absorp- reaction, but acts as a photosensitizer, as, for instance, in photosynthesis.

tion spectrum of the molecul&; consists of a single narrow
line near some frequenay. With these assumptions the fol-
lowing relation hold® (Refs. 7 and 9
kt
kl

1+n,

ex (A x°—hv)/KT]. (22)

Here Au® has the same meaning as in form@20), and
n, is the number of quanta of the field oscillators

n,=q’K,/2hv?,

whereh is Planck’s constant; we recall thg} is the velocity
of light and K, is the spectral brightness of the radiation.
Using Eq.(21), we obtain from relatior{20)

1
1+

)| (22

Au<hp

KT
1-—1In
nv

From inequalitieg17), (19), and(22), we obtain the final
result for the “kinetic” limit 7,, of the energy yield of the
photochemical reaction under study

_dfidt _
g Py

< (23
where we have used the standard notatignfor the net
radiation power absorbed per unit volume of the medium

@r:hV(kInl_krln’f)

and have taken
hv/k In(1+n, %) determines the temperatufe of the radia-
tion of frequencyn.*

Let us now compare the resyl23) with the thermody-
namic limit 7, of the quantityz (formula (9)), which, we

recall, we obtained from the most general arguments without

However, in the general case the state of the radiation field, in the medium
varies, along with a change in the optical properties during the photo-
chemical reaction. Of course, the field may vary with time because of
changes in the flux of radiant energy to be converted.

PExpression (1) for the thermodynamic limit of the “useful” power
dF/dt of an “accumulator’type of converter, derived in Ref. 2 and 3 is
implied by Eq.(3) if we setdE, /dt=dS /dt=0; i.e., itis true, as already
noted, for a stationary radiation field in the volume of the energy-storing
system.

9The quantitf, is derived by exactly the same means<as that is, by the
equalitydS,= —L,n- wdodrvd( dt, wheredS, is the entropy of the ra-
diation whose energy includes a frequency intervab(+dv), and which
in a timedt is transported through an arda along the normal and within
an element of solid anglé(}, in the direction of the unit vecto® (Ref.

4).

YFor the steady-state radiation field E@) for the transport of radiant

energy givesy, K ,—e,= — w- VK, and, correspondingly E¢7) becomes

Nm:*deJdede

from which, after going over to a surface integral, Ed. follows.

9The term “net” means in this context that we are accounting for radiant
energy that upon absorption goes into any other forms but not into radiant
energy agair(as through luminescence

9In the integral fdQ(T/T,)(a,K,—¢,) the replacementsa,— a,q,
e,— &, are not permissible in the general cd® more information on
the effects due to light scattering see, e.g., Rgf. 7

"Dividing both sides of inequalitf7) by the quantity®,=[dre,, we
obtain, clearly, the upper limit similar to the estim&® for the efficiency
»=®, 'dF/dt of the system as a whole.

®The condition of thermalization as a necessary condition for the validity of
Eqg. (21) (the derivative the “universal relation between the absorption
spectrum and the fluorescence specjrimtondensed medi@nd, in par-
ticular, in solutiong is almost certainly satisfiet?

w-VK,,

LT
T,

into account that the combinatiom————
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Phonon focusing in CdSe, ZnS, and ZnO crystals
V. V. Zubritskit

B. I. Stepanov Institute of Physics, Belarus Academy of Sciences, 220072 Minsk, Belarus
(Submitted January 25, 1996
Zh. Tekh. Fiz.67, 59—-64(June 199Y

The energy focusing patterns of acoustic phonons in hexagonal CdSe, ZnS, and ZnO crystals at
room temperature are calculated with allowance for the piezoelectric coupling. Estimates

are presented, and it is shown that the piezoelectric stiffening and the values of the elastic and
dielectric constants of the crystals, which characterize the processes by which the samples

were grown, have a nonmonotonic influence on the focusing. Piezoelectric splitting of the phonon
fluxes is observed, and it is found that the slow transverse acd@stis) modes are

infinitely concentrated. The possibility of modifying the focusing anisotropy of STA phonons in
hexagonal [I-VI compounds by doping them with lithium is predicted. Experiments on
acoustoelectronic generation in CdSe are analyzed, and it is concluded that the variety of high-
frequency current oscillation spectra can be controlled by an isolated part of the focusing
patterns of different modes. @997 American Institute of Physids$$1063-784£97)01306-§

INTRODUCTION METHOD AND OBJECTS OF INVESTIGATION

Phonon focusing has been observed in various crystal- 1he solution of the equation of propagation of the dis-

line media and continues to be a subject of intense Studﬁlacement in an anisotropic piezoelectric medirrought

Most of the research has been performed at temperatures Io'\r/]vto the form

enough for superconducting detectors to function. The ad- (CE NNt €nijNaN; NN /&5 min; — pu 28 ) ul =0,

vent of new methods® has expanded the possibilities of . .

investigating this effect at higher temperatures and of eluciwherecﬁm » €njj,» and sisj are the components of the piezo-
dating its role in various physical phenoméT‘F‘aand in the electric modulus tensor and the dielectric tensor, respec-
operation of specific acoustoelectronic devices: for exampldively, p is the density of the crystal, the are the compo-
monochromatic generation spectra have been obtained in &¢nts of the unit vectors corresponding to the directions of

investigation of cadmium selenide acoustooptic cells orPfoPagation of the elastic waveis its velocity, andl is the
slabs with the direction lying in the normal angular region in polarization vectqr of the medium, was used to fm.d th(_a de-
which the concentration of shear waves ocdurs pendence of the inverse phase velocities on the direction of

All this calls for a detailed study of the phenomenon propagation. Meridian cross sections containing zhaxis

: : . for the refraction surfaces of the LA, FTA, and STA phonons
However, the literature does not contain adequate mformawere analyzed using the generating relalfdi between the
tion on the focusing of nonequilibrium phonons for some

; ) I ! ""“slowness surfaces and the fluxes of energy concentration.
classes of materials, such as wide-gap piezoelectric semicofine concentration factoi, for the cross sections were cal-

ductors. For example, the collinear axes and the correspon@ulated on the basis of the method in Refs. 12 and 13. Both
ing concentration factors for 11-VI compounds were deter-infinite (A.— % whenG— 0, whereG is the curvature of the
mined in Ref. 8 without taking the piezoelectric effect into slowness surfageand noninfinite A.>1) concentratiot
account. In Ref. 9 the influence of the piezoelectric effect onwere taken into account in the analysis. The criterion of
the collinear directions and widths of the peak regions in thdransverse isotropy was used to check the correctness of the
cross sections of the group velocities of the FTA modes ircalculations.

CdS and ZnO crystals was demonstrated. The limited infor- ~ Since the focusing can be sensitive to modification of the
mation available clearly makes it difficult to interpret experi- Parameters of the crystdls; those material constants for
mental results on the corresponding nonequilibrium proper?Vhich complete sets have been measured on the same type of

ties of crystals and, consequently, to perform a purposefLh]igh-resistivity samples were selected from the set of refer-
.ence data. Specifically, the CdSe samples were grown from

rch for new rating regimes for - lectroni . .
search for new operating regimes for acousto-optoelectro ﬁ1e gas phase and compensated by copper impurity atoms

devices. (~10 ppm, annealed at 700 °C for an hour and brought to

Therefore, in the pres_ent_ work we have calculated th oom temperature by sudden cooling to increase its resistiv-
focusing patterns of longitudinal acousticA), fast trans- ity to 10°—10°Q-.cm and to prevent the formation of

verse acousti¢FTA), and slow transverse acoust8TA)  precipitated® The data for ZnS correspond to crystals of
phonons for hexagonal CdSe, ZnS, and ZnO crystals in theooos wurtzitic modification with a dark resistivity of
presence of the piezoelectric effect at room temperature and 10'2 (). cm and a MgS content equal to 10.3 mat%@he
have analyzed their role in experiments on acoustoelectronignO crystals were annealed in air at 800 °C in aQ®;,
generation in CdSe slabs. melt for up to 5 days to increase the dark resistivity to
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TABLE |. Material parameters of the crystals used in the calculations. ~ TABLE Il. Directions and concentration factors for longitudinal and trans-
verse fast and slow acoustic phonons in the meridian plane of hexagonal

Crystal CdSe ZnS ZnO References CdSe, ZnS, and ZnO at room temperature.
Elastic moduli, Refs. 15-17 LA ETA STA
10'° N/m?:
ch, 7.41 12.94 20.70 Crystal @, deg A, O, ded A 0;, ded A,
c5, 4,52 6.82 11.77 7
& 303 534 10.61 cdse 00 178 40;7 6.85x 1 eo.g 0.62
o 8.36 14.24 20.95 138'8 1.23 31%2 5.35¢ 107 232'7* 1
et 1.317 2.72 4.48 Aot P 7 09
Piezoelectric Refs. 15-17 : %1000 1.10 ngig 1.09
moduli, C/nf: 270'0 . »eg '7 :
es -0.138 —-0.118 -0.37 : :
es ~0.160 -0238 —0.62 gg'i 5.35¢10° ;ig'g 0.62
€33 0.347 0.265 0.96 1303 6.85¢ 107 :
Relative dielectric 220'7 ’
tants: . 15— .
constants Refs. 15-17 21s 00 1.80  40% 411x10° 556  0.70
£, 9.33 8.25 8.33
o 10.20 8.59 8.81 180.0 319.6 304.4
33 90.0 1.38 499  8.01X10? 76.9 111
270.0 310.1 283.1
90.0 1.13 10341 1.11
270.0 256.9
10°— 10 Q-cml’ The errors for the determination of the 130.F 8.0I1x1® 1244 0.70
elastic, piezoelectric, and dielectric constafitable |) of 229.9 ¢ 235.6
CdSe, ZnS, and ZnO are equal to 0.2-4%, 0.3-4%, and ;gg'i 411x1
A0 i .
1-4%, respectively. Zno 00 166 365  6.49x 10 00  1.00
180.0 3235 180.0
68.5 1.12 388 1.21x10°
RESULTS AND DISCUSSION 2015 321.7
. . . . 1115  1.12 90.0 1.01
Let us examine the influence of the piezoelectric effect 248 5 270.0
on the focusing of the LA mode in CdSe, where this influ- 1417  1.21x10°
ence is less pronounced, in reference to the availabléYata 218.3
for comparison. The 0.1-1.9% difference between the elastic 143-; 6.49<10°
216.

moduli of the CdSe used in the present work from the values
taken in Ref. 8 leads to an approximately 2.3% decrease ifrhe directions corresponding to mathematically infinite concentration are
A.. Piezoelectric coupling decreasfs by an additional  marked by an asterisk.
3.5%, but it has a reverse influence along thaxis, i.e.,
A, increases by 11.5%. As a result, as is seen from Table II,
in CdSe the increase in the energy flux of the LA phonons In ZnO, modification of the elastic and piezoelectric
along thez axis (AA,) in comparison with the isotropic case constants has a more pronounced influence on the focusing
amounts to 78%, which is 2.15 times smaller than the valuef the LA mode. When the piezoelectric effect is disre-
of AA, in Ref. 8. In the orthogonal direction the analogousgarded, the concentration anisotropy in zinc oxide is similar
value is~1.4 times smaller than the value in Ref. 8. to that obtained for CdSe and Zn(&ig. 1). The 0.7-5.5%
These variations oA A, which are caused by modifica- variation of the elastic moduli leads to 6.8% and 7.9% de-
tion of the elastic properties of the samples and the inclusiocreases in the focusing intensity along and perpendicular to
of the piezoelectric coupling in the treatment, can serve as atie z axis, respectively. The presence of piezoelectric cou-
estimate of the errors introduced into the analyzed intensitiepling causes the following changes: the intensity of concen-
of the phonon beams and point out the overestimated valudgation along thez axis increases by 45%, while defocusing
of A, that were obtained in Ref. 8 without consideration ofis observed in the orthogonal directioA (<1). In addition,
the piezoelectric effect. This is confirmed by the identicalthe direction of concentration along the twofold axis in the
agreement of the results of the analytical calculations and thabsence of piezoelectric coupling now splits into t(i#g.
numerical results when the parameters in Ref. 8 are enit). In other words, focusing cones for the LA mode appear in
ployed as the starting data. A similar situation is observed fothe bulk in ZnO.
the other crystals; therefore, the data from the numerical cal- In the samples investigated the most intense focusing is
culations are analyzed below. exhibited by the fast transverse phonons. In crystal cuts con-
The intensities of the focused LA phonon beams in ZnSaining thec axis there are eight directions corresponding to
as a function of the values of the constants are modifiednathematically infinite concentration. This means that the
differently. The 1.1-5.1% change in the elastic moduli aloneenergy of the FTA modes propagates within CdSe, ZnS, and
leads to a 2.0% decrease A but a 2.8% increase iA,. ZnO predominantly along the generators of four cones at the
The piezoelectric interaction enhances this tendency by 3.1%ngles®f™ to the ¢ axis (Table 1l). The angular interval
and 5.5%, respectively, and the resultant intensities are clodeetween the generators of the inner and outer cones for CdSe
to those obtained for CdS&abile II). and ZnS amounts to 8.5 and 9.5°, respectively, and the di-
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FIG. 1. Angular distribution of the concentration
factor for longitudinal acoustic phonons {nk0}

CdSe (1) and ZnO (2) (the dashed curve corre-
sponds to the absence of the piezoelectric effect

0 L/ 80 120 160 200

8, deg (rel. to z axis)

0.4

rections of maximum focusing are practically the same intions of the STA phonons in CdSe and ZnS do not coincide
these crystals. with one another.

A different situation is observed in ZnO. Here the gen-  The literature known to us does not contain any reports
erators of the inner and outer cones practically coincide, i.efrom other investigators regarding the possibility of the infi-
the angular interval between them equals {Bable I). The  pite concentration of STA phonons in hexagonal semicon-
focusing directions are “pressed” about 4 and 11° closer 10y, ctors. The occurrence of such focusing has been noted
thec axis than in CdSe and ZnS. As Is seen from Fig. 2, thet)nly for CdS(Ref. 18 in connection with the problem of the

role of the piezoelectric effect reduces in this case to a Sp“ti'ncomplete electrical breakdown of crystals. A common fea-

ting and angular displacement of the distribution to a large . . . .
9 g P 9 ture here is the appreciable difference between the numerical

increase in intensity, and to the appearance of a new focusing,.”. . )
beam in the direction orthogonal to theaxis. infinite concentration amplitudes for the STA modes and the

The analysis performed for the STA mode shows that if 1A Phonons, which is caused mainly by features of the

CdSe and 100% wurtzite there are eight directions satisfyin§eSPective acoustical surfaces: the focusing-producing por-
the condition of mathematically infinite concentration. Thetions of the refraction surface for the fast transverse phonons

corresponding focusing cones in both CdSe and ZnS “emare far more extensive than the analogous regions for the
brace” the focusing cone of the FTA phonofiBable lI). STA modes. Although the question of the underestimated
However, in contrast to the FTA mode, the focusing direc-numerical intensities is a subject for a separate treatment, the

1000F
100%
< [ FIG. 2. Anisotropy of the concentration factor of
| ZnO for fast transverse phonons withoidashed
curve and with consideration of the piezoelectric
10F coupling in a plane containing theaxis.
1 __- ~
: L L -
0 40 80 120 160 200

8, deg (rel. to z axis)
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data obtained confirm the occurrence of the focusing just When the devices have finite dimensions, the importance
cited in A'BY! compounds. of the latter, like the possibility of uniquely selecting the

Similar focusing was not discovered for the slow trans-crystallographic orientation of cuts, is clearly seen, if the
verse phonons in the zinc oxide crystals investigated. Theesults obtained are applied to experimental détam an
STA mode in ZnO is far less anisotropic than the LA modesinvestigation of the high-frequency current oscillations ac-
in the crystals investigated. It is seen from Fig. 3 that thecompanying the generation of ultrasound in plates of the 15
distribution of its concentration factor practically corre- and 49° CdSe cuts.
sponds to an isotropic medium. Since the structure of the near-contact region was not

As we know!® the STA modes are piezoelectrically pas- reported in Ref. 7, we shall assume that the plates used are
sive. However, simulation reveals a strong dependence of thigomogeneous across their entire thickn@g mm), and we
anisotropy of their energy flux on the variation of the elasticshall take into account the area of the electrodks10
properties of the samples considered above. As it turns oumn?), as well as the mean free path of the focused phonons
the STA mode in ZnO that has not been specially doped hag ), which is of the order of 2 mm in the bulk of semicon-
infinite focusing, while it is not exhibited by thermally ductors of different perfectiol’:?° Then, it is seen from the
treated crystals. Thus, the observéeig. 3) fundamental data in Table Il and the geometry of the experimiehat in
variation of the focusing anisotropy is caused by the variathe case of a detector of minimal diameter, besides the two
tion of the elastic properties due to the strong doping of thentense FTA phonon beams @ ™=40.7 and 49.2°, beams
samples. of LA and STA modes, the geometric lengths of whose paths

The property discovered should also be characteristic ofl. ~0.3 mm correspond tol oh, also participated in the
other wide-gap AB"' compounds and can be verified, for acoustoelectronic interaction in plates of the 49° cut. The
example, by comparing the focusing anisotropy of the STAnonlinearity of the frequency dependence and the switching
phonons in CdSe, CdS, or ZnS before and after thermal treagf the generation to a regime with a different oscillation
ment similar to that described above for ZnO. After dopingspectrum as the drift parameter increased were caused
with lithium, isotropy of the focusing of the energy of the mainly by the modulating influence of the beams along
STA modes should be observed in these crystals. @lf:TA:4O_7o and the fastefby a factor of 1.4 beam along
0*=0.

Similarly, in devices on plates of the 15° cut, where it
was assumed that focusing has no influence, the following
three groups of beams had the strongest influence on acous-

The absence of exact agreement between the phonon digelectronic - generation:®f™=310.9 and 319.3° (1),
tributions, which presumably follows from the fact that the ®*=0 (I1), and®F™=40.7 and 49.2{1ll). The maximum
materials investigated belong to a single class of crystalgpath length for the beams of group | was 1.6-1.9 times
and the observed “elasticity” of the phonon focusing can begreater than the values of-r for the equivalent beams of
utilized to obtain samples with assigned anisotropy of thegroup Ill. When the illumination was removed, the decrease
distribution of the phonon fluxes. For example, the focusingn the concentration of free charge carriers was sufficient for
of the STA modes can be suppressed by doping the crystadiminating the modulating contribution of the beams of
with lithium, and/or the angular gap between the inner andyroup I. This could promote the appearance of gaps in the
outer focusing cones of the FTA phonons can be regulatedspectra(see Figs. 4b and 4c in Ref),7as well as the exci-

APPLICATION TO ACOUSTOELECTRONIC GENERATION
EXPERIMENTS
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Splitting of an electromagnetic pulse on resonant reflection from a plasma film
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Zh. Tekh. Fiz.67, 65—68(June 199Y

It is found theoretically that the temporal profile of a quasimonochromatic electromagnetic pulse
is strongly distorted on reflection from a thion the wavelength scaldéilm of a plasma-

like (semiconductor, metalljcnedium under plasma-resonance conditions. It is shown that an
incident Gaussian pulse splits with tiflompletely or partially into two reflected pulses,

whose amplitudes can be controlled by varying the relationships among the parameters of the
incident pulse and the film. €997 American Institute of Physid§1063-784£97)01406-2

INTRODUCTION BL(&)=A (& 7)expli wgé),

Transverse magnet{@M) waves can interact effectively _ 210 2
with films of a plasma-like(semiconductor, metallicme- Ai(&l7)=Bo exp( = £7/277), &
dium that are thin on the wavelength scale. As was showivhere é=t— (x cosé-+y sin §)/c and wor> 27, is incident
for the first time in Ref. 1, thin plasma films are capable ofat an angle from a vacuum x<0) onto a homogeneous
strongly reflecting TM waves provided that the frequency ofplasma film (0<x<d) located on a perfecting conducting
the wave is close to the plasma frequency of the fislasma  substrate X=d). The film is assumed to be thin on the scale
resonanceand that collisions are sufficiently infrequent. The of the wavelength of the incident radiation
possibility of the strong absorption of TM waves by plasma
films was discovered in Ref. 2 also under plasma-resonance “’_Od<1 @)
conditions. The resonant shielding and resonant absorption ¢

of TM waves by thin plasma films has been studied fairlyand when collisions are neglected, it is characterized by the
thoroughly for monochromatic wavetee, for example, . . 9 2, 2 . y
dielectric constante =g (1— wp/0°), where w, is the

Refs. 3—5. Some features of the absorption of electromag- | ¢ f the f : dis the dielectri
netic pulses in plasma films were examined in Ref. 6. plasma frequency ot Ine Iree carriers andis the dielectric

This report describes a new resonance effect, viz., stron‘éOnStant of the latticé in the case of a gas plasreg=1).

distortion of the temporal profile of a quasimonochromatic The carrier frequency of the pulse described ) is .
electromagnetic pulse on reflection from a plasma film Io_assumed fo be close to the plasma frequency of the film
cated on a perfectly conducting substrate. It is caused by th(é)lasma resonange
strong dispersion of the phase of the reflection coefficient in
a narrow range of frequencies near the plasma frequency of
the film. It is shown that the incident Gaussian pulse splits
with time (completely or partially into two reflected pulses, Let us examine the reflected pulse at the paiaty=0
whose amplitudes can be controlled by varying the relationfthe results for other points differ only by displacement in
ship between the parameters of the incident pulse and théme: t—t+(x cosf—ysin#)/c]. The reflected pulse is
film. specified by the Fourier integral of the product of the spec-
The reshaping of an electromagnetic pulse undetrum of the incident pulse
plasma-resonance conditions can be utilized to reshape
pulses of submillimeter radiation on reflection from semicon- _ Bo 2 2
ductor films, as well as ultrashoffemtosecony optical F(w)_\/:exi{_i(w_w(’) T
2
pulses on reflection from metallic films. We note that the
controlled reshaping of femtosecond laser pulses has beé@id the reflection coefficienR(w) of a monochromatic
actively discussed in the literatufeee, for example, Refs. wave. When condition$2) and (3) are taken into account,
7-9. As will be shown below, the effect considered in the the latter can be described to good accuracy in the Fétm
present work differs significantly from the conceptually simi-

wn— W
loo= ol @
p

4

w—wp+lawp

lar method of transforming pulses under conditions of exci- R(w)= : , (5)
tation of surface wavésand has some advantages in respect 0= wp~lawy
to practical implementation. The preliminary results of this, nare
work were reported in Ref. 10.

wpd sir? 6 6
STATEMENT OF THE PROBLEM. BASIC FORMULAS * 2ce| cos 6 ©

Suppose that a Gaussian quasimonochromatic pulse & a small parameter characterizing the thickness of the
TM polarization with a magnetic field plasma film @<1).
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arg # (w)

T+ w/w,

FIG. 1. Dependence of the phase of the reflection coefficient on the fre-
quency fora=0.05(solid curve and qualitative form of the spectrum of the
incident pulse forw,= w, (dashed curve

The absolute value of the reflection coeffici€bitequals
unity [|R(w)|=1], and its phase L

-5
20w,(w—wp)
arg R(w)=arctan 7 (7)
(0= wp)"— a’oy

varies as a function of the frequency byr2n a narrow
range of frequencies with a width amounting to several
aw, in the vicinity of the plasma frequency of the film,
(Fig. 1.

Since we intend to perform a numerical analysis of the
temporal profilg A, (t/7)| of the reflected pulse

By(t)=A,(t/7)exp(i wot), (8) .
it would be convenient to go over to the dimensionless vari- -5 0 5 0

able n=(w— wg) 7 in the Fourier integral. For the complex t/e

amplitudeA, (t/7) we obtain

+ep+A+iy 772+_ td
[Dm J-wnptA—iy ex 2 )

© Clearly, asvy increases, i.e., as the width of the reso-

where A= (wo— wp) 7 is a parameter characterizing the de-nance region increases in comparison to the width of the
tuning from resonance, and the parameteraw,7 charac-  spectrum of the incident pulse, the delayed part of the re-
terizes the ratio between the width of the frequency range ofiected pulse grows, and the leading part shritfkg. 2).
the resonant phase change of the reflection coefficient The presence of a zero of the envelope is a characteristic
(~awp) and the width of the spectrum of the input pulse feature of the casd =0. Figure 4 presents the numerically
(~17). calculated dependence of the time when the envelope drops
to zerot, /7 on y (solid curvg. This dependence can be
explained using a vector diagraffiig. 5), in which the vec-
tors correspond to narrow portions of the spectrum of the

The results of the numerical calculations of the shape ofeflected pulse and revolve with time at an angular velocity
the reflected pulse on the basis of Ef) are presented in o — wy. Because of the symmetry of the diagram relative to
Figs. 2 and 3. In the case of exact agreement betwgeand  the 0—  line, the vertical components of the vectors cancel
wp, i.e., whenA=0, the reflected pulse splits into two parts, one another at each moment in time. The horizontal compo-
which are completely separated by a zero on the temporalents cancel out only at a certain time, which depends on the
profile (Fig. 2). Qualitatively, this splitting can be attributed value of y (compare Figs. 2, 4, and .5
to the fact that the central components of the spectrum of the WhenA #0 the vector diagram is asymmetric, and mu-
incident pulse, which fall on the steep portions of the func-tual cancellation of the vectors does not occur. Therefore, the
tion arR(w) (Fig. 1), experience a time deldy,while the  leading and delayed parts of the reflected pulse are connected
peripheral components of the spectrum, corresponding to thigy a juncture of finite magnitude, and whanis sufficiently
gently sloping portions of ar®(w), are reflected without a large, they mergéFig. 3).
delay. In the limit y>1 it is not difficult to obtain a simple

FIG. 2. Temporal profile of the reflecté{i, (t/7)|, solid lined and incident
[Ai(t/7), dashed linespulses forA=0. y: a — 0.1, b — 0.22¢ — 0.6.
A (tlT)=

RESULTS
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FIG. 3. Temporal profile of the re-
flected[| A, (t/7)|, solid lined and in-
cident[ A;(t/7), dashed linebpulses
for y=0.1.A:a—0.2, b —0.7.

analytical expression for the shape of the reflected pulse. lon the time axis. The straight line described by Etj)

Eq. (9) we go over to the variablg= 7/y. The large param- corresponds to the asymptote in Fig(the dashed line If
eter y then appears in the exponent of the exponential funcA # 0, Eq.(10) implies the presence of a juncture between
tion in the integrand, making it possible to employ thethe split parts of the pulse.

method of steepest descent. As a result, under the condition One characteristic feature of the temporal structure of
t/7<vy, which ensures that the steepest-descent contodhe reflected pulse envelope is the presence of a slowly de-
Im77=t/y7- remains far from the pole~7=—A/y—i on the caying trailing edge or “tail” on the delayed part of the

plane of the complex values df, we obtain pulse (Figs. 2 and 3 It can be shown by the methods of
' contour integration in the complex plane that this “tail”

(t/ 7+ y)2+ A% corresponds to the contribution of the pole of the integrand
A UDI~AMUD \ =758z (10 ;)=—A+iy, and that fort/7>1 andt/7> y it is described
. . , . by an exponential dependence of the form
Equation(10) describes a pulse which differs from the s
incident pulse by the presence of a small leading part. When ye—A t
A=0, it is separated from the main part of the pulse by a |A(t/7)|~2V2mBoy exp( 2 )ex;{ B 7;)' (12
zero of the envelope at the point

Physically, the presence of the exponential tail described

ti:_y (11) by Eg. (12) is caused by the emission of electromagnetic
T
a
2f A
Fl--vrannene -t < ................ 0
1 =
b
\J g
XN T -
%* j
._1..
c
S ._% ............................. 2
il "

FIG. 4. Dependence of the position of the zero on the temporal profile of thé=IG. 5. Vector diagrams for the reflected pulsetat0. a — y<1, b —
reflected pulse on the value gffor A=0. y~1,¢c—y>1.
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energy stored in the plasma layer as a consequence of the This work was supported by the Russian Fund for Fun-
resonant swelling of the componegy of the electric field®>  damental Research.
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Calculation of the interaction force between a relativistic electron beam and an Ohmic
plasma channel

E. K. Kolesnikov and A. S. Manuilov

V. I. Smirnov Scientific-Research Institute of Mathematics and Mechanics, 198904 St. Petersburg, Russia
(Submitted February 12, 1996
Zh. Tekh. Fiz.67, 69—76(June 199y

A formula for calculating the interaction force between a relativistic electron beam and a
preformed Ohmic plasma channel with an arbitrary offset of the channel axis from the beam axis
is obtained in the case of complete charge neutralization. It is shown that this force is

repulsive for radial profiles of the conductivity with a peak on the channel axis19@7

American Institute of Physic§S1063-784%7)01506-7

New areas of application of relativistic electron beamsthe beam and is the speed of light To calculate the inter-
(REBS9 call for further investigation of the dynamics of the action force between a beam and a preformed channel we
transport of REBs in gas-plasma medid’ A study of the  assume that the channel is offset from the beam axis by an
conditions for the stable transport of a beam along Ohmi@rbitrary distancé’,. Then, using the Biot—Savart—Laplace
plasma channels is of special interest among the problenmaw, we obtain the force which the plasma channel exerts on
associated with REB transport. In particular, several cases ione beam electron:
which plasma channels have a stabilizing influence on REB ec (=
propagation were considered in Refs. 9-12,14, and 16. Th’31=—J dr 27rJ,(r)
tracking force attracting a beam to a channel was calculated bJO
in Ref. 8 in the electrostatic approximation under conditions " o 235(|p=Yer))
of a low-conductivity Ohmic channel. In addition, channels xj dp pf d6 cos f————~, (A
in which the bulk of the plasma return current is located ' 0 pc
outside the beam have been considered in Refs. 10,11,1¢hereJ (r) is the radial profile of the plasma return current
and 16. When the REB is Iaterally offset, this situation |eadajensity ﬂowmg in the Channeho is the total beam current,
to weakening of the hose mod&3The results of a numeri- ande is the charge of the electron.
cal simulation of the beam—plasma interaction during the  After integration by parts with the use of Ohm’s law for
transport of REBs along Ohmic plasma channels with aIIow-Jp1 we have
ance for the production of conductivity as a result of impact
gnd avalanche ionization of the channel gas were presented FFE deflb(r)szda oS OE(W)or(T), (2
in Ref. 9. It was shown that electrostatic trackine., attrac- cly Jo 0
tion toward the Ohmic channebccurs in the head part of the h
beam, while repulsion of the REB away from the channel ig/nere
observed in the main part of the bedthe “body” of the r
REB). The latter effect is clearly caused by the increase in lo(r)=2m fo dppdu(p) 3
conductivity due to impact and avalanche ionization of the
channel gas and the corresponding increase in the destabiliis- the beam current through a tube of radiysE, is the z
ing plasma return current near the channel axis. However, gomponent of the collective electric field of the plasma-
is impossible to assess the magnitude of the interaction fordeeam system, and
zeet;/vgen a beam and an Ohmic channel from the results in W2=r24 Y2 —2rY,, cos . ()

In the present work we obtain a formula for calculating As was shown in Ref. 17, the axial electric fidlg de-
the beam—channel interaction force under conditions of compends weakly on; therefore, we tak&, out from under the
plete neutralization of the space charge of the REB for arbiintegrals over and 6. In addition, the force exerted by the
trary values of the offset of the channel axis from the beanthannel on a unit length of the beaRy, is related td~, in
axis. the obvious way:

Let us consider a paraxial monoenergetic axially sym- F
metric REB with an arbitrary radial profile of the current Fai= !
densityJ,(r) propagating in a gas-plasma medium along a
preformed Ohmic channgWith a radial conductivity profile where y is the relativistic factor of the beam particles and
ocn(r)] parallel to thez axis of a cylindrical coordinate sys- m is the electron mass.
tem (r,6,z). We shall henceforth confine ourselves to the  Then we have
case of a high-conductivity channel, in which the condition 21§ B .
of complete neutralization of_ the REB space _charg_e holds £ =— _£7m drTb(r)J d0 cosfa(¥), (6)
[4mon(0)R,/c>1, whereR, is the characteristic radius of mlaRg Jo 0

me’ (5
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wherel o= ymc®/e is the limiting Alfven current,

oer(0)E, 6r
== -RD (@)
(Ip/7Rp) 5
is the current neutralization coefficient on the channel axis, 4
och=0chloen(0), and 1 y(r) =Iy(r)/ly. o«
We use Eq(6) just derived to calculate the interaction gJ
force between a beam and an Ohmic channel in the linear :::
case wherY,/R,<1, the REB has a Bennett radial beam 2

current density profile, and the conductivity of the Ohmic
channel has a “step-like” form

0 0 L 1 i 1
oo T<R.h, =
o(r)= ch ch (8) g 1 2 J 4 5 ] 7 8ych

(Tp, r>RCh.

In this case we expand the dependencerain V in a FIG. 1. 7Dzependence of—‘(th-Fo) on the offset of the channel axi.,
. . . I§F0=10 [1/cm]) for various values ofy. : 1 — 05,2 — 1,3 — 2.
Taylor series to terms of first order in the small paramete
Y.n. Then we have

1 1 1 T

where 7= (R¢n/Ry), p=t/Ry, and¥Y¢,=Yen/Rp.

o(W)=0(r)—Y., COS 0(;—(:. (9) Figure 1 presents plots of the dependenceFgf on
Y .1, for various values ofy (=0.5, 1, 3 andé=75R,, (¢ is
Substituting Eq(9) into (6), we ultimately obtain the distance from the beam front to the specified transverse
2 Iy R2 section of the REB The beam parameters were taken as
gt=— __b_(fm_fm )2—0“2, (100  follows: R,=0.5 cm,l,=10 kA, andE=5 MeV (y=10).
TRy 1a Ry P (Ry+Rgp) In addition, the beam current obeys the growth law
where  f.=—0%E, /¥, f..=—a,E,/I*¥,  and
|;=|b/(an§). e " P lb(§)=lbtam(§£>, (12
;

Taking into account that E,~const and that
fm,fmp=>0, we find thatFg, is a tracking force(which at- where &, =30R, . .
tracts toward the channef o,> ¢, and a detracking force As esUma;ces_l show, under these conditions for
(which repels from the channeif Up<agh_ In the former ach(0)=6>§ 10! st the gurrent ne.utrahzatlon coeff|C|e_nt
case ¢,>0cJ;) the main return current flows outside the fm=0.5. It is seen from Fig. 1 that in the case of the high-
beam(at r>R,,); therefore, if the REB is offset from the conductivity Ohmic chanpel_under consu_jerat@n wh|gh
channel axis it will be repelled toward its original position, in C0MPlete charge neutralization occufsy, is a detracking
agreement with the results in Refs. 14 and 16. In the latte[orce at the conductivity peak in the center of the channel.
situation the bulk of the plasma return current flows within W& note that this result coincides qualitatively with the data
the beam itself and the Ohmic channel. When the center d‘{om the numerical simulations in _Ref. 9. As the results in
mass of the REB is laterally offset from the channel axis,R€fS: 10,11,14, and 16 and E@O) in the present commu-
displacement of the beam from the region of greatest conhication show,_an increase in conductivity frpm the center
ductivity occurs. It should be noted here that in the presenfoWard the periphery of the plasma channel is necessary to
work the choice of coordinate system and displacement ve@Pt@in & tracking force. o
tor Y., was such that a tracking force would be positive and 1 1US we have obtained a formula for finding the beam-—
a detracking force would be negative. In the opposite situahannel interaction force in a magnetic regime. We have
tion, in which the beam is displaced relative to a stationary®"oWn that ejection of the beam from the region occupied by
plasma channel, the tracking force becomes negative. the qhannel WI!| oceur in the case of radial profiles of the

We next obtain a formula for calculating the beam— Ohmic conductivity with a peak_ at the cen_ter of t_he channel
channel interaction forcE , in the nonlinear case, in which 2nd & decrease toward the periphery, as is confirmed by the
Y., = R, . For this purpose we assume that the beam and thgsults of the experimental work in Ref. 12.
channel have Bennett radial profiles with different character-
istic scalesR, andR.;,. Then after integrating over the azi- ,E- P- Lee, Phys. Fluids9, 60 (1976.
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Formation of localized silver centers on the surface of titanium dioxide films using a
scanning tunneling microscope

V. P. Poroshkov and V. S. Gurin

Scientific-Research Institute of Physicochemical Problems, Belarus State University, 220080 Minsk, Belarus
(Submitted July 20, 1995; resubmitted December 4, 1995
Zh. Tekh. Fiz.67, 72—-76(June 199y

A scanning tunneling microscog&TM) is used to create changes in the surface relief of
titanium dioxide films containing adsorbed silver ions. Structures meastrit@ nm, which
presumably consist of silver particles, form on the film surface as a result of the
application of short pulses with an amplitugel5 V to an STM probe operating in the tunneling-
current regime. ©1997 American Institute of Physid$1063-78407)01606-]

INTRODUCTION In the present work Ti@films with an adsorbed layer of
silver ions are proposed as systems for studying the possibil-

The control of processes leading to the formation of ul-y ot forming local structures using an STM. The electro-

tra_small surface relief elements on the surface of a sphd r€hemical properties of such films vary sharply as a result of
quires the development of special methods for treating su

) . ‘ Feduction of the Ag ions to metallic particles. Such an
faces. The employment of a scanning tunneling microscopg_stimulated reduction process is investigated as the re-

(STM) makes it possible not only to study the surfaces ofg it of the application of pulses of increased poter(tia20

solids down to the atomic level, but also to perform Iocalv) to the probe, which is located over a specific point on the

treatment of a surface and to thereby create inhomogeneities, tce | followed by scanning of the particular area to record
in the composition of the surface and structural changes coMpq resultant surface relief pattern

ering distances smaller than 10-100 nm using various

5 The preliminary creation of active sites or other inhomo-
materialst

. _— . geneities, whose electrochemical behavior differs from that

A TiO, film is an example of an electrochemically and ot the original surface, using an STM in such a manner per-
photoelectrochemically ~active ~ semiconductor  materialyjis the development of methods for the local selective ca-
v_vhose properties cgm be mocﬁﬂed by deposmr?g metal Palthodic deposition of various metals on the surfaces of semi-
ticles on its surfacé” In an ordinary electrochemical experi- ¢onqyctor electrodes and for the electrochemical formation

ment metal particles are deposited on the surface of a Semix ety films of specified configuration and dimensions.
conductor in direct contact with an electrolyte solution

containing metal ions. Under the conditions of an experiment

with an STM, the role of the counterelectrode can be per-

formed by the probe, but the presence of a liquid electrolyte-yxperIMENTAL

phase is undesirable from the standpoint of forming localized

structures. Nanometer-scale metal particles can be formed The surface relief was investigated and modified on a
from a fairly small number of metal ions, which can be con-computer-controlled system based on an STM fabricated in
tained in a thin adsorbed layer, without the use of an electhe “Delta” Scientific-Research InstitutéMoscow). The
trolyte containing metal ions. The fact that growth of the STM probe was made from a platinum wire. The surface
particles can then take place without appreciable mass transelief was recorded at a constant probe potential equal to 0.1
port through a solution promotes their localization at the sited/ in the tunneling-current regime~1 nA), and the surface

of primary modification of the film surface. was modified by the action of pulsésf negative polarity

90 nm

FIG. 1. STM image of the relief of an unmodi-
fied TiO, film (a) and a film modified by elec-
trodeposited silver particles (¥0atoms/cri)
(b). The height of the surface relief is expressed
by different shades of gray according to the
scale presented.

7000 nm
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FIG. 2. Voltammograms of unmodified Ti—TjCelectrodes(1) and elec-
trodes modified by silver particles in an amount equal t§ 26bms/crf (2).
The concentration of AgNQIn the electrolyte was 0.005 M. The potential
scale is given relative to a saturated silver chloride electrode.

The TiO, films were obtained by a hydrolytic method. A
film of metallic titanium or gold with a thickness of 100—200
nm was deposited on a polished wafer of single-crystal sili-
con. This film then served as a current-conducting substrate
for the TiO, film subsequently applied to its surface as a
result of the hydrolysis of a 0.001% solution of polybutylti-
tanate intert-butanol. The polybutyltitanate solution was ap-
plied to the horizontally oriented surface of the titanium- or
gold-coated silicon wafer and then slowlyver the course of
5-10 b dried in tert-butanol vapor. Next, the sample was
heated to 450-500 °C in vacuum for 10 min, during which a
polycrystalline film of TiQ of the anatase modification with
a thickness equal to 5—10 nm formed. The surface resistivity
of such samples amounted to 10-100
kQ/cm. The character of the voltammograms obtained in an
electrochemical experiment for Ti—TjOelectrodes fabri-
cated in this manner scarcely differed from those for ,TiO
films on a metallic titanium substrate, either in a background
electrolyte or during the selective cathodic deposition of sil-
ver in a solution of AgNQ.

An adsorbed layer of Afions was formed by immers-
ing samples with Ti@ films in an aqueous 1G—10 3 M
solution of AgNQ, for 100 s. The Ag ions adsorbed under

with amplitudes up to 50 V from an external generator. Thethe conditions form film structures containing 16-10°

pulse duration wass1l ms, which is less than the time con-

stant of the feedback circuit of the STM.

a

g/cnt silver? in which particles measuring 1-5 nm form
upon irradiation.

FIG. 3. STM images of the surface relief of a
TiO, film, modified in a 10° M aqueous solu-
tion of AgNGQ; for 60 s, beforga, g and after
(b, d pulsed treatment of the surface in an
STM. The pulse amplitude was 1B) and 15 V

652 Tech. Phys. 42 (6), June 1997

(d). The pulse duration was 10@s (b, d). The
arrows point to embossed structures formed af-
ter the pulsed treatment, which are attributable
to the silver particles. The height of the surface
relief is expressed by different shades of gray
according to the scale presented.
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FIG. 4. STM images of the surface relief of a
TiO, film, modified in a 10% M aqueous solu-
tion of AgNQ; for 60 s, beforga) and after(b)
pulsed treatment in an STM. The pulse ampli-
tude was 18 \Mb); the pulse duration was 1 ms
(b). (c) — STM image of the surface of a
sample similar tab) after the construction of a
sectional plane that eliminates the deviation of
the surface of the Ti@film from a horizontal
orientation relative to the working plane of the
microscope. The arrows point to embossed
structures formed after the pulsed treatment,
which are attributable to the silver particles. The
height of the surface relief is expressed by dif-
ferent shades of gray according to the scale pre-
sented.

EXPERIMENTAL RESULTS surface of the sample without appreciable inhomogeneities,

The STM image of the surface relief of a Ti—Tidim does not exhibit significant differences from the image of the

electrode not containing silver is presented in Fig. 1a. It iSurface of an unmodified Ti—TiOfilm electrode(compare

characterized by a relatively even surface with small inho{Nese figures with Fig. JaThus, the adsorbed ions are not

mogeneities associated with the polycrystallinity of the film,diSPlayed on the image at this STM resolution. After pulsed

When silver particles are electrodeposited outside the STNf€atment of the surface of a modified Hi@®Im in the STM
under galvanostatic conditions, the formation of inhomogeWith @ pulse amplitude of-15 V and a duration of 100
neities of the surface relief with horizontal dimensions of #S: aréas of inhomogeneity with horizontal dimensieti
10-50 nm and vertical dimensions of 10-20 nm is observe@M and vertical dimensions equal to 2-5 nm appear on the
on the surface of the TiQfilm (Fig. 1. These inhomoge- relief (Fig. 3d). Increases in the pulse amphtude and QUratlon
neities are appreciably greater than those of the original filmdo not lead to the formation of larger objects or an increase
and their dimensions correlate with the results of electronin their number(Figs. 4b and 4 while pulses with an am-
microscope investigations of similar sampté43 The elec-  Plitude less than 12 V do not cause any alteration of the
trochemical deposition of silver on the surface of such aelief (Fig. 3b.
modified Ti—TiO, electrode outside the STM takes place ~ The surface relief inhomogeneities formed after the
with a smaller overvoltage than on an unmodified electrodéulses can be attributed to reduction of the’Aigns and the
(Fig. 2. When the potential of the Ti—TiQelectrode equals formation of silver particles, as is confirmed by the forma-
~0.25 (relative to a saturated silver/silver chloride elec-tion of silver particles when a TiOfilm with adsorbed
trode, the deposition rate is at least 10 times higher on théAg™ ions is UV-irradiated outside the STH.The action of
electrode modified with particles than on the unmodifieda pulse can lead to the reduction of adsorbed Agns to
electrode. atoms followed by growth of the particles to dimensions cor-
A TiO, film with adsorbed AJ ions was employed to responding to those observed. This is possible for the high
create localized centers of inhomogeneity on the film surfacgnobility of highly disperse silvet*1°Larger particles do not
using an STM. No stable changes in the relief resulting fronform when the pulse amplitude and duration are increased,
the action of pulses with amplitudes up to 15—20 V on filmsprobably because the number of Agons adsorbed on the
not containing silver ions were noted, although higher potenarea where the probe acts is sni#ikir total concentration is
tials created considerable nonlocal changes over the entire 10” g/cn?).
area scanned. Figures 3a, 3c, and 4a present the STM images It should be noted that a semiconductor electrode for
of the surface of a Ti@ film modified by Ag" ions. The which the selective cathodic deposition of metals has been
relief pattern, which demonstrates the uniform tilting of theestablished was employed for local modification of the sur-
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Modeling of surfaces of constant force above a lattice of close-packed atoms in the
repulsive mode
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Surfaces of constant fordéorce contoursare calculated for the scanning of an AFM tip over a
lattice of close-packed atoms in the repulsive mode. It is shown that discontinuities are
observed on the force contours in the regions between the atoms of the surface lattice for
sufficiently small initial scanning heights of a tip with a single atom at its end. A cluster model of
the tip end, which ensures continuity of the scanning at arbitrary initial heights, is constructed.
The dependence of the AFM images on the orientation of the cluster on the tip end

relative to the crystallographic axes of the surface is investigated for both an unperturbed lattice
of close-packed atoms and a lattice containing point defects. The diagnostic possibilities of

the findings are discussed. ®997 American Institute of Physids$$1063-784%07)01706-4

INTRODUCTION causes the tip to dip into the surface being investigated dur-
ing the scanning. Such events had previously been detected

Atomic force microscopyAFM), which is based on the experimentally(see, for example, Ref. 13ut they were not

scanning of a tip along a line of constant force exerted on iinterpreted as a consequence of discontinuities on the force

by a solid surface, can be utilized to investigate the surfaceontours. In the present work it was established that continu-

relief of any substanck.® As we know, the maximum hori- ous scanning at fairly small initial heightge., fairly large

zontal resolution of AFM(which is of the order of several repulsive forcesis possible only when a tip with a definite

angstromgscan be achieved in the repulsive mo@eéhich is  atomic cluster at its end is used, and the minimum dimen-

sometimes called the contact modén which the tip is  sions of that cluster were found for a lattice of close-packed

brought close to the surface of the body under investigationatoms.

to within a distance not exceeding the distances between the

atoms. 'The |ntgract|on between Fhe tip and the surface is thef_n A MONATOMIC TIP: DISCONTINUITIES ON THE FORCE

determined mainly by the repulsive exchange forces betweefy\tours

the closest atoms on the tip end and the surface beneath the

tip [the contribution of the attractive van der Waals forces in ~ Let us consider the scanning of an AFM tip over the
the contact mode does not exceed 1(Ref. 6. surface of the close-packed lattice shown in Figthe dark

The scanning of an AFM tip gives a force contour, Circles are atoms in the surface layer of the sample, and the

which describes the shape of the surface under investigatiofight circles are the projections of atoms in the second layer
Such force contours have been obtained with atomic resolf the lattice onto the surface layeiThe interaction of the
tion in the repulsive mode for leucosappHireoron nitride’ ~ atoms in the sample and the tip is usually
molybdenum disulfatd,graphite’-1° and others. Interpreta- describe@®’~°111>1qsing the pairwise Lennard-Jones po-
tion of the results requires the performance of theoreticafential

calculations of force contour&see, for example, Refs. 11— a B
14). The results of such calculations, however, depend on the Vj; =2 E (1)
tip models used®'® This dependence is especially signifi- i)

cant for the repulsive mode. In fact, in the attractive modewherei labels the atoms in the sample gnkhbels the atoms
the distance between the tip and the surface under investiga: the tip.
tion is large in comparison with the interatomic distances; As was noted in the Introduction, when the scanning is
therefore, the tip can be modeled in the form of a continuougarried out in the repulsive mode, the contribution of the
paraboloid or coné™'®"Various models of tips both with a attractive forces is smafltherefore, the second term on the
single atom and with a definite atomic cluster at the end haveght-hand side of Eq(1) can be neglected.
been used to describe the scanning process in the repulsive The potential energyJ(x,y,z) of the interaction be-
model2131518.1%yith a large portion of the results pertaining tween the tip and the sample is obtained by summing the
to investigations of graphite surfaces. potentials(1) over the possible values afand | (or only
This paper discusses the calculation of force contoursveri in the case of a monatomic ji@nd depends on the
when a lattice of close-packed atoms is scanned by an AFMoordinates of the tip end, y, andz. It is convenient to use
tip. It is shown that discontinuities of the force contours ap-a coordinate system in which tlxg plane coincides with the
pear in the regions between the surface atoms for sufficientlgurface of the sample and tlzeaxis is directed toward the
small initial scanning heights of an AFM tip with one atom tip.
at its end. The appearance of these discontinuities on the If we neglect the displacement of the surface and tip
force contourgwhich were first discussed briefly in Ref.)20 atoms during the scannijiin any case, this is certainly valid
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FIG. 1. Crystal cell on the surface of a lattice of close-packed atoms with i \
projections of the atoms of the lower-lying layer. 0.4 04 061 0898
2N\ g0t
for a scanning forcé, < 10 ° N (Refs. 12 and 143, the
force contour can be found by solving the equation FIG. 2. Dependence of the normalized initial fofgg/(12aa™ % between
a monatomic tip located above a surface atom on the relative height of the
_ dU(X,y,2) _ 5 tip above the surfacé=d/a (1) and dependence of the normalized vertical
0z Y ( ) component of the forc&,/(12¢a" % on the relative distancé=z/a be-

tween a monatomic tip and the surface for tip positién¢B) above the
for z. surface(Fig. 1) (2, 3). Values5<0 correspond to positions of the tip below

To obtain results which do not depend on the choice ofhe surface layer.
the value of the semiempirical parameteiin Eq. (1), it is
convenient to go over to dimensionldsslative) expressions

for the forces and coordinates. The equilibrium distaace eqge of the exchange-coupling constants required. Un-

between the atoms in the crystal lattice is naturally used agyrtunately, it is presently known with very poor accuracy.
the unit of length, and the force which acts on a monatomiqyeyertheless, using the value~3x10* H/nmt and

(i.e., having one atom at its endip located at an initial g=0.6a~0.61 nm'? we obtain F=12a/d*¥~8x10"° N
heightd above a surface atom is employed as the unit Ofgr the force.
force. It is easy to see that in the case of a monatomic tip Eq.  \we note that positior in Fig. 1 corresponds to a point
(2) for finding the force contour takes the form on the close-packed surface under which there is no second-
a\13 E z—7 . layer atom. Let us now consider a position of the AFM tip
q] T < ERVEY ERVRY —— 7 above a second-layer atom of the sam(plesitionB in Fig.
d T L)y )T (22 2)7] 1). It is easily seen that Eq3) has a solution in the vicinity
where the values of the coordinates are indicated in relativef point B, although the tip drops below the surface layer of
units. atoms in the sample. This situation can be illustrated by com-
The solution of Eq(3) was sought by numerical meth- paring curvedl and3in Fig. 2. When curve3 was obtained,
ods, the summation being carried out over all the atoms oit was assumed that the shortest distance between a surface
the surface under investigation that are sufficiently close t@tom and an atom in the lower-lying layer is 8.9vhen
the tip to make some significant contribution to the result. ltrelaxation is taken into account. This distance corresponds to
was established that no solution of E(B) exists for a distance of 0.78 between the layers. As follows from a
d<0.61a at certain values ok andy, indicating the pres- comparison of curved and 3 in Fig. 2, each pointP on
ence of a discontinuity on the force contour. This can easilycurve 1 corresponds to a poir on curve3 with the same
be seen, if we compare the dependence of the repulsive fora@lue of the force. Thus, the force contour above position
between the tip and surface on the height above the surfad® is continuous for any value df, if the interaction of the
at three characteristic points: in a position directly above dip with the second-layer atoms of the sample is taken into
surface atom and in positions and B above the centers of account. Nevertheless, here the tip drops below the surface
interatomic trianglegFig. 1). Plots of this dependence are of the sample under investigation at some valued.ofhis
presented in Fig. Pcurves1-3, respectively. If we compare can also be interpreted as dipping of the tip into the surface
curvesl and?2 in Fig. 2, it becomes clear that a continuous of the sample. It can easily be seen that consideration of the
force contour exists only when the conditidn= 0.61a is  third layer of atoms in the sample and higher-lying layers of
satisfied. In fact, wherd<<0.61a, the value of the initial atoms in the tip does not significantly alter the picture just
force corresponding to cunvie(for example, the value of the describedin performing the calculations it was assumed for
force at pointP) exceeds the maximum force value corre- simplicity that the crystal structure of the tip material is the
sponding to curve2, so that Eq.(3) cannot be satisfied. same as that of the samjle
Therefore, the force contour has a discontinuity in the region A qualitative proof of the existence of discontinuities on
above pointA. the force contours when the initial scanning heights are suf-
To determine the absolute value of the force at which thdiciently small can be obtained by considering the scanning
surface corresponding to it becomes discontinuous, knowlef a monatomic tip over one surface atom, as was done in
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FIG. 3. Three-dimensional image of a force
contour.

Refs. 20 and 21. In fact, a simple calculation shows that ascription of the experimental results obtained from investiga-
small values ofd the surface atom ceases to support thetions of graphité? In addition, direct calculations confirm
monatomic tip during scanning before the neighboring surthat the corresponding force contours are not continuous, as
face atom begins to support it. in the case of a monatomic tiBec. 1.

An attempt to solve Eq.3) by numerical methods at the The models in which the macroscopic shape of the tip
discontinuities on the force contours leads to a divergen{paraboloid or coneand the structure of the crystal lattice
iteration process. Termination of such a process at any fixedre taken into account are more realistic. Two types of lat-
number of iteration cycles yields a highly unordered set oftices are usually considered, viz., the tetragonal diamond
peaks. To illustrate this, Fig. 3 presents a three-dimensionaitructuré*'823and the close-packed structdfé?*and an
image of the force contour obtained by solving E8). for ~ atomic cluster consisting of several atoms is found on the tip
d=0.5a. The portions of the force contour in the regions end. On the basis of general arguments regarding the inter-
above atoms of the surface under investigation and the shagztion of atom& it is difficult to expect that all the atoms
peaks in the regions between atoms, where the force contour the cluster would be located in a single plane perpendicu-
has a discontinuity, are clearly seen in Fig. 3. We note thalar to the axis of the tip. It would be more natural to assume
the initial scanning height selecteld= 0.5a exceeds the sum that one of the atoms in the cluster is lower than the others
of the radii assigned to the tip and surface atoms in the hardspecifically at the tip end while the other atoms are ar-
sphere model in Ref. 22. Therefore, the use of the potentialanged on the surface of the tip in a plane perpendicular to its
defined by Eq.(1) to describe the repulsive forces is per- axis. If the tip is a paraboloid of revolution, its surfa@ethe
fectly justified. coordinate system described in Se¢.can be assigned by

the equation
2. POLYATOMIC TIP MODELS

2.2
_Xi Ty

Along with the simplest tip moddbne atom at the end SR

some more complicated models have recently been discussed
in the literaturet!~16:182021.2%aing of interest for numerous . . .
. whereR is the radius of curvature of the tip.

reasons. For example, it has been found that the model of a . .

L . . -~ The coordinates of the cluster atoms on the tip end
monatomic tip does not permit a faithful description of sev- ) ) :

. . should satisfy Eq(4); however, due to the surface relaxation
eral features of the experimentally obtained force contour for ; . .
of the tip atoms and their repulsion from the surface under

raphite'>'522A model of a tip containing a cluster of sev- . P .
grapnite . odel o P 9 ero nvestigation, the mean distance between the atoms should
eral atoms at its end has also been used to describe the dgz-

formation of the surface and the tip during scannfri§?* e smaller than in the unperturbed lattice.
- . . To obtain the theoretical force contour for such a poly-
and to ensure the continuity of the scanning of a tip over the o . L
. . . .atomic tip, the following equation instead ¢8) must be
surface of a close-packed lattice, including a surface W'thsolve d forz:
point defect€%?! There is also considerable interest in such :
models in connection with the practice of using AFM data to
determine the real structure of the tip efid® g
The wide variety of problems to be solved is responsible
for the diversity of the tip models used. The simplest gener- z+7) -z
alization of a monatomic tip is a model consisting of a small = 2 2
number(2—4) of atoms arranged in a single plafe?® The o
use of such models, however, does not permit a faithful de- (5)

+d, 4

a13

[(x+x] =x)2+ (y+y] = Vi) ?+(z+2 —2)*]"’
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wherex; , y; , andz] are the coordinate@n relative unit3 of  (o=0). In this case,=0.11a, andAz=0.03%. Figure 4b
the cluster atoms at the tip end in a coordinate system Whos&)rresponds to the case@=30° (z,,=0.28,
origin is at the very end. . Az=0.022). As is seen from a comparison of Fig. 4a and
The calculations previously perfor.m?é?& showed that  4p, the results depend weakly on the orientation of the tip in
the smallest configuration which provides for scanning stathe regions directly above the atoms of the surface under
bility (i.e., the absence of discontinuities on the force contouyyestigation. This situation is perfectly natural, since in the
at any possible values of the initial heiglt) is a cluster of  yegions directly above the atoms the force contour can also
seven atoms. Six of them form a regular hexagon with a sidge fajthfully described using the model of a monatomic tip.
b=0-285: and the seventh is located at a distancean appreciable dependence on the orientation is observed
h=Db?/(2R) beneath its center. WheR=(5/3)a, we have  \hen a cluster tip scans an interatomic space. For example,
h=0.22a. It is clear that the force contour obtained by solv- as¢ is varied by 30° the relief depth varies by 1.7 fold.
ing Eq. (5 depends on the orientation of the cluster on the | et us now examine the force contour near several types
tip end relative to the crystallographic axes of the surface, f point defects in a close-packed lattice. As an example,
z=2(x,Y,9), (6) Fig. 5 presents th_e resglts of the calculations for a vacancy
, ) and two tip orientations: a —¢=0 (z,;,=0.07a,
where ¢ is the angle between the axes of the atomic hexaAz=0.043a) b — ¢=15° (z,,,,=0.22, Az=0.032). In this

gons of the cluster on the tip end and of those on the closesase 100, a comparison of the figures reveals considerable
packed surface. variation of the relief depth and even variation of the char-

The calculation procedure depends highly on how theycter of the force contour above a vacancy as the tip orien-
scanning is carried out. If the orientation of the cluster relayaiion is varied.

tive to the surface varies randomly during the scanning, av- Finally, Fig. 6 presents the results of calculations of
eraging must be performed, and the averaged force contoUce contours for a defect in the form of a divacancy for

3 (3 different tip orientationgthe angley is measured from the
Z(x,y)= ;f Z(x,y,¢)de (7)  axis of the divacancy in this caséigures 6a and 6b, respec-
0 tively, present three- and two-dimensional images of the
must be compared with experimental data. force contour forg=0 (z,;,=0.0%, Az=0.041a). Figure

If, on the other hand, the orientation of the cluster on thec presents a two-dimensional image of the force contour for
tip end remains strictly fixed during the scanning, all thep=15° (z,,;,=0.1%, Az=0.041). It is easy to see that as
calculations must be performed for that fixed orientation.the tip orientation is varied in this case, not only does the
The surfaceg6) for different ¢, of course, can differ mark- relief depth vary, but also the symmetry of the force contour
edly. about the axis of the divacancy is broken.

The averaged surfacd¥) were examined quite thor- We note that the averaged force conto(ifsare always
oughly in the preceding studié$?' Below we shall examine symmetric about all the symmetry axes of the object under
the dependence op of the force contour$6) obtained by investigatior?®?! Thus a comparison with experiment of the
solving Eq.(5) for scanning over both an unperturbed sur-calculated force contours for a fixed orientatifike those
face of close-packed atoms and a surface containing poirdbtained in this sectionand those obtained as a result of
defects in the form of vacancies and divacancies. averaging over different orientatici$! creates possibilities

for diagnosis of the atomic structure of the end of the AFM
tip and the conditions of its scanning of the surface under

3. FORCE CONTOURS ABOVE A CLOSE-PACKED LATTICE: investigation.

DEPENDENCE ON THE TIP ORIENTATION

This section presents the force conto(8sobtained by
numerical solution of Eq(5), which describes the scanning
of an AFM tip with a cluster of seven atoms, as discussed in  As was shown in Sec. 1 of this paper, the force contours
the preceding section, on its end. The two-dimensional imabove a lattice of close-packed atoms are, generally speak-
ages presented are the cross sections of the correspondimg, not continuous and have discontinuities in the regions
surfaces formed by ten horizontal planes constructed with Aetween the lattice atoms. This effect occurs only when the
spacingAz= (Za— Zmin)/10. A lighter tone corresponds to a initial scanning heights of a monatomic tip are sufficiently
higher position of the tip above the surface, and a darker tonsemall (d<0.6la, wherea is the value of the equilibrium
corresponds to a lower position. In all the cases consideredistance between the lattice atgmend corresponds to a
Zmax=0d=0.5a, so that white corresponds to the height inter-thrusting of the AFM tip into the surface in the region of a
val (Zmaxs Zmax—A2). The values of,,, andAz are indicated discontinuity. The existence of discontinuities of the force
separately for each concrete case. contours above the surface of a solid is not in itself surpris-

Figure 4 presents the results of the calculation ofing. They make possible such phenomena as, for example,
z(x,Y,¢) for an unperturbed surface of close-packed atomshe absorption of low-energy atoms by the surface.
with different orientations of the cluster on the tip end rela-  The conclusion that there are discontinuities on force
tive to the crystallographic axes of the surface. Figure 4aontours was drawn in the present work without allowance-
corresponds to the case of coinciding axes of the atomifor relaxation, i.e., the displacements of the surface and tip
hexagons of the cluster and the surface of the samplatoms during scanning. It can easily be seen, however, that

4. DISCUSSION OF RESULTS
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FIG. 4. Two-dimensional image of the

force contour obtained by scanning over
the surface of a lattice of close-packed at-
oms for various tip orientations.

taking the relaxation into account would not alter the conclu-description of the force interaction between the tip and
sion that discontinuities exist. In fact, the vertical relaxationsample atoms. Thus, taking it into account cannot eliminate
(i.e., the depression of surface atoms into the sample by thdiscontinuities on the force contour if they appear in the
tip located above thepcan be estimated in a first approxi- absence of vertical relaxation. Taking into account the hori-
mation at each fixed surface point and does not affect theontal relaxation can, clearly, lead only to an increase in the
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FIG. 5. Two-dimensional image of the
force contour obtained by scanning near a
surface vacancy in a lattice of close-
packed atoms for various tip orientations.

initial heights of the tip above the sample at which the dis-heights above the surface of a lattice of close-packed atoms.
continuities on the force contour appear. The corresponding cluster contains seven atom, six of which

In Sec. 3 of this paper we proposed a cluster model oform a regular hexagon, while the seventh is located at a
the tip end, which ensures continuous scanning at any initiadefinite distance beneath its center. The continuity of the
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FIG. 6. Image of the force contour ob-
tained by scanning near a surface diva-
cancy in a lattice of close-packed atoms
for various tip orientations.

scanning of such a tip is observed not only over a regulacrystal surfaces investigated can be less than perfectly sym-
lattice, but also over a lattice with point defects in the formmetric and depend on the orientation of the cluster on the tip
of vacancies and divacancies. However, the images of thend relative to the crystallographic axes of the lattice surface.

661 Tech. Phys. 42 (6), June 1997 Blagov et al. 661



The circumstances noted in principle permit diagnosis offyu. N. Moiseev, V. M. Mostepanenko, V. I. Panov, and I. Yu. Sokolov,
the structure of a tip on the basis of a set of experimental Pisma zh. Tekh. Fiz15(20), 5 (1989 [Sov. Tech. Phys. Lettl5, 789
AFM images of a single sample with a close-packed Iattice.7(1989]'

L . . . s T. R. Albrecht and C. F. Quate, J. Appl. Ph¥, 2599(1987.
If the tip dips into the surface during scanning with an initial s \arti 8. Drake, and P, R. Hansma, Appl. Phys. LBiL, 484 (1987).

heightd<0.61a, it can be concluded that a single atom is °T. R. Albrecht and C. F. Quate, J. Vac. Sci. Technol6,271 (1988.
found on the tip end, whose interaction makes a decisivé’Yu. N. Moiseev, V. I. Panov, and S. V. Savinov, Pisma Zh. Tekh. Fiz.
contribution to the force interaction with the surface. If the 1710\ 24 (1991 [Sov. Tech. Phys. Letl7, 360 (199D].

. . . . . u. N. Moiseev, V. M. Mostepanenko, V. |. Panov, and I. Yu. Sokolov,
scanning at any height is found to be continuous, the tip end Phys. Lett. A132, 354 (1983.

has a cluste.r structure, the minimum parameters of whiches ‘A c. Gould, K. Burke, and P. K. Hansma, Phys. Rev4® 5363
were determined in this work. In the latter case the AFM (1989.
images of the surface under investigation can be independeff- F- Abraham and I. P. Batra, Surf. S2D9, 1125 (1989.

- . . . . . 1*U. Landman, W. D. Luedtke, and A. Nitzan, Surf. S210 L177 (1989.
of the initial orlentgtlon qf the tip relative to the sur.face. This 1SE_F. Abraham, I. P. Batra, and S. Ciraci, Phys. Rev. 166t1314(1988.
means that the orientation of the cluster on the tip end relasc ogin 3 p. AimeZ. El. Kaakour, and T. Bouhacina, Surf. S8i7, 321

tive to the crystallographic axis of the surface varies ran- (1994.
domly during the scanning. If the AFM images of a surface'’M. Bordag, G. Klimchitskaya, and V. Mostepanenko, Surf. S&8 129
depend on the initial tip orientation, it means that the orien-,,(1999-

. . . . U. Landman, W. D. Luedtke, and M. W. Ribarsky, J. Vac. Sci. Technol.
tation remains constant during the scanning. Then the con-, ', 2829(1989

crete value of the orientatiop between the axes of the g v. Blagov, G. L. Klimchitskaya, V. M. Mostepanenk al, Pisma
atomic hexagons of the cluster on the tip end and the surfacztanh. Tekh. Fiz.19(8), 73 (1993 [Tech. Phys. Lett19, 254 (1993].
can be established from the nature of the AFM images of the |\E/| \t/ B'agokvv F(:’_- L ;;:mfhlltﬁkﬁgv SA-7§-1£';-gba§he‘t’{ F"fr’]‘d \( t{\"-
surface under investigation. 2103132?'11;33(]” is'ma Zh. Tekh. F21.(3), 73 (1999 [Tech. Phys. Lett
We thank G. KrausckUniversity of Konstang, O. Marti 21, Blagov, G. Klimchitskaya, A. Lobashov, and V. Mostepanenko, Pre-
(University of Ulm), and V. |. PanoMoscow State Univer- print No. FL-030495, Friedmann Laboratory Publishing, St. Petershurg
sity) for fruitful discussions of the results of this work and _ (1995. p. 29.
some useful comments 223, M. Israelachvili,Intermolecular and Surface ForceAcademic Press,
’ New York—London(1985.

BH, Tang, C. Joachim, and J. Devillers, Surf. 291, 439 (1993.
1G. Binning, C. F. Quate, and C. Gerber, Phys. Rev. 156930 (1986. 240, Marti, J. Colchero, and J. Mlynek, ianosources and Manipulations
2D. Sarid,Scanning Force Microscopy with Applications to Electric, Mag-  of Atoms under High Fields and Temperatures. NATO ASI Series. Series.

netic, and Atomic ForcesNew York (1991). E: Applied. ScienceVol. 235 (1993, pp. 253-270.
30. Marti and A. Amrein, STM and SFM in BiologySan Diego(1993. 251, Montelius and J. O. Togenfeldt, Appl. Phys. Leéi2, 2628(1993.
“R. Wiesendanger and H. J. Guenther¢elis), Scanning Tunneling Mi- 26|, M. Torrens, Interatomic Potentials Academic Press, New York—
croscopy: Theory of STM and Related Scanning Probe MetHBeidin London (1972.
(1993.
5C. F. Quate, Surf. ScR99/300 980 (1994. Translated by P. Shelnitz

662 Tech. Phys. 42 (6), June 1997 Blagov et al. 662



Influence of the instrumental functions of electrostatic and magnetic analyzers on the
processing of experimental data

V. A. Kurnaev and V. A. Urusov

Moscow State Engineering Physics Institute, 115409 Moscow, Russia
(Submitted January 29, 1996
Zh. Tekh. Fiz.67, 86—91(June 199y

Equations relating the output signal of a dispersion analyzer and the energy distribution function
of the charged particles entering it are obtained and solved on the basis of an analysis of

the motion of charged particles in such analyzers. The influence of corrections on the
reconstruction of the energy distribution in comparison with the standard procedure is
considered. ©1997 American Institute of PhysidsS1063-784£97)01806-0

INTRODUCTION EQUATIONS OF TRAJECTORIES

Many modern methods for investigating solids and plas-  To obtain the equations of the trajectories of the particles
mas are based on analysis of the energy spectra of chargétan analyzer we use the approach described in Ref. 5, ex-
particles. Electrostatic and magnetic analyzers are employegressing the particle velocity in terms of the radius vector
in such investigations. The fact that the output signal of arof the particleR and the coordinat& coinciding with its
analyzer conveys the shape of the energy spectrum of thgajectory
particles with distortions raises the problem of reconstructing dR drdS dR
the true spectrum of the particles from the output signal of p=—=——=—
the analyzer. dt dSdt dS

The problem of reconstructing the true distribution for wherev is the absolute velocity of the particle.
electrostatic analyzers was reduced in several papees for Then, taking into account the equation of motion of a
example, Ref. ]Lto solving the convolution integral equation nonrelativistic charged patrticle in an electrostatic field

v, ()

oo dv
|(W)=CfO A(W—E)f(E)dE, (1) maz—quU, (4)

where U is the electric field potential, and expressing the
wherel (W) is the output signal of the analyzdi(E) is the  kinetic energy in terms of the total enerdy, after some
energy distribution function of the particle&(W—E) is the  relatively simple transformations we obtain

instrumental function pf the analyzaf is the tuning energy dZR/ geU| dR d(qeU/Ey) qeu

of the analyzer, an€ is a constant. 2——| 1— - =—V|l—|. (5
When the energy distributiofor the momentum distri- ds’| Eo ds ds Eo

bution for a magnetic analyzeis reconstructed, the output Similarly, in the case of a relativistic charged particle in

signal of the analyzet(W) [or I(p)] is divided byW (or  a constant magnetic field, if we substitute E8) into the
p, respectively.? The problem of reconstructing the true en- equation of motion
ergy distribution was reduced in Ref. 3 on the basis of an

approximation of the experimental data for a concrete ana- d mv Qe
. : . — === (¥XH), (6)
lyzer to the solution of an integral equation of the form dt\ /1 —12/c2 c
o take into account that the kinetic energy of the particles does
I(W):Cj A(W/E)f(E)dE. (2) not vary in the magnetic fielddy/dS=0), and introduce the
0

vectorh=H/H, for the path equation we obtain

A general solution of this equation was obtained in inte- dz_R_ qeH d_R <h 7
gral form, and it was also shown that the approximate solu- dS* pc | dS ! 0
tion of Eq. (2) for a broad spectrum is obtained by dividing where p= mv/yI—2%c is the magnitude of the momen-

the output signal (W) of the analyzer byw. In Ref. 4 an
equation similar to Eq(2) was also used on the basis of an tum.
approximation of experimental data, and a solution was ob-
tained in t.he form of a series. However, the question of Wher|1’\lSTRUME,\lTAL FUNCTION OF AN ANALYZER AND
the equations of the former and Iatt_er types sh(_)uld be used L EATMENT OF MEASUREMENT DATA

treat the experimental data remained open in the general

case. The purpose of the present work is to attempt to recon- Let us consider the motion of charged particles in an
struct the true distribution from the analyzer output signal inelectrostatic analyzer. Let a particle enter the analyzer at a

the general case. point with the coordinates, &) (the system of coordinates
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coincides with the plane of the entrance electjontethe qu, qu, a,B)

direction assigned by the angles and 8 with an energy J .8, 71,61, 71,8, E' """ E | FERA)

E=Eg/e, wheree is an elementary charge. The distribution 71051

of the field in the analyzer is assigned by the potentialds the Jacobian of the transformation .

U;, wherei=1, ... n, on the electrodes relative to the en- ~ We assume that the energy distribution in the beam be-
trance electrode, which is at zero potential. Atttk or exit ~ ing analyzed does not depend on the distribution with respect
electrode of the analyzer the particle is at a point with thefo the cross section and the angles

coordinates §4,&4) (the coordinate system lies in the plane

of the exit electrode f(n.&.a.B.B)=T1(n.6a.B)TA(B). (1)
The coordinates+#,,&;) are found by solving the equa- Using such a function, we can represent expres&ion

tion of motion (3). Since the trajectory of the partic[&€g. in the form

(5)] remains unchanged as its energy and potential vary over o U U

the entire space by the factdr, the coordinates #;,¢;) |=|Of A(b, o 'q n)fz(E)dE, (12)

remain unchanged whe& and U;, wherei=1,...n, 0 E E

change simultaneously by the factor This condition holds
only if the energy and the potentials appear in the functions
of the coordinates#; ,&;) in the form of a ratio. Similarly, it qu, qU,
can be shown that the charge and the energy also appearMTv ce ?)
the form of a ratio.

To find the relation between the output signal of the :j J’ ¢ ( £imi b qu, Q_Un)
analyzer and the energy distribution function of the particles, So)s R
we use the method described in Ref. 6. If the particles at the )
entrance to the analyzer have a distribution function with ~ <J(@.8,71,81)sin @ d$,dS,.
respect to the coordinates of the cross section of the beam The function A(QU, /Eq, ... qU,/Ep) is the instru-

formed by the surface of the entrance diaphragm, the angleg,ental function of the analyzer, since it expresses the depen-
and the energy(7,¢,«,8,E), the number of particles which jence of the output signal of the analyzer on the electrode
have an energy in the range frdinto E+dE and emerge in otentials for a monoenergetic beam of particles. It should be
the direction assigned by the anglesand 8 into a solid-  teq that the instrumental function of the analyzer will be a
angle elemend() from an element $ of the entrance dia-  fynction of the ratios of the electrode potentials to the par-

here

phragm area per unit time equals ticle energy, even if the condition of a one-to-one correspon-
A3l =1,f(7,& a,B,E)dQdS,dE, (8) dence between the gngles a_nd,B at the_entrance_to_ the
analyzer and the exit coordinates,(,&¢;) is not satisfied,
where since the instrumental function is the integral over all the
e trajectories passing through the hole in the exit diaphragm,
— I and each trajectory in the analyzer is a function of the ratios
lo dQdS,dE . .
dEdSdQ of the electrode potentials to the particle energy, for ex-

ple, when the beam is focused on a point.
It is not difficult to show that convolution equatidf) is
incompatible with Eq(12) and is, thus, inapplicable to ana-

hole in the exit diaphragm per unit time, () must be lyzers operating in the spectrometer regime. In fact, if it is

integrated over all the trajectories passing through the hole iﬁ:?érl?e:n;h(itz;h?hglitgﬂr;:g;al function simultaneously satis-
the exit electrode. For this purpose we express the angles '

and g in terms of the coordinatesy ,&;) of the coordinate W—E=F(qU,/E, ... ,qU,/E) (13)
system of the exit diaphragm

is the number of particles passing through the hole in thé™
entrance diaphragm per unit time.
To find the number of particles passing through the

must be satisfied, i.e., the difference between the tuning en-

qu, qu, ergy of the analyzer and the energy of the particles must be a

“:“( 76N ELTE T E ) function of the ratios between the electrode potentials and
the energy. On the other hand, the tuning enéngyf an

_ qu, qu, electrostatic analyzer should not depend on the ené&rgy
B=B| 7.6,m.¢1, E ' E |’ © with which the particle enters the analyzer, in contradiction
o o . with condition (13).
and substituting these expressions i@p we integrate over In order that the instrumental function of the analyzer
the energy and the areas of the entrance and exit aperturegould have the formA(W/E), when the energy of the par-
. ticles changes by a factor &f, the electric fields must vary
qUq qU, . . .
=1, fl 3 & m, 61, —,...,—,E by the same factor over the entire trajectory of the particles.
0 Jgi§ E E This condition is strictly satisfied only if the similarity con-
X I, B, 71,£,)sin @ dS,dSdE, (10) dition for the electric_field_ holds in the entir_e space of the
analyzer. Therefore, in this case the potentials on the elec-
where trodes should be linearly related:
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f a
0.04 10
0.8 FIG. 1. Results of the reconstruction of an energy
003 distribution. a: solid curve — true distribution; dot-
06 ted curve — distribution obtained by dividing the
. output signal by the energy; dashed curve — distri-
0.02 > bution [from Eqg. (20) to within a correction associ-
: 04 ated with the second derivatileased on the known
output signal(dashed curve in Fig. 2kand the in-
0.01 a2 strumental functiorisolid curve in Fig. 1b(the full
width of the true energy distribution at half-
0 maximum is equal to the full width of the instru-
0 C Ll o+ o4t o4l mental function at half-maximum
0.96 1.00 1.04
A
U, U, 1
To=No T = 14 fkU)== 2 1IMO)U" 1=
U, U, : (kU) lo nzo (V) 2min!
where\,, ... \, are constants. _
2 n , xoti-=(Up /U—1)" Uy |2 .
Then the tuning energy and the potential on one of the —_—— = dxd(U,/U)
electrodes, in terms of which the current of the particles at xo—i-=  Ax-1K kU
the entrance to the analyzer is measured, will be related béfr
the expression
. 1 -
W=kUy, (15 f(kU)= 20 B, M(U)U" 2, (20)
0 n=

wherek=const is the analyzer constant. 5
In this case the relation between the current at the anawherel (W(U) is thenth derivative of the current at the ana-

lyzer exit and the energy distribution function of the particles|yzer exit with respect tdJ, and theB,, are constants.

is described by the equation We express the coefficienBs, in terms of the moments
qu, of the instrumental function. For this purpose, after expand-
|(U1)—|oJ A( £ M2 oA F(E)IE. (16)  ing I™M(U) into a Taylor series and substituting expression
(20) into Eq. (16), we obtain the equation
The solution of Eq(16) for the energy distribution func- fo 4o
tion of the particles can be found in an integral form using 1(U)) = E E kn+m 1| (nem(y Hutm, 21)
the Mellin transform
o 1 1 [(xotiel,_q oo where
f(kU)=—-— (kU) ~*dx, a7
IO 2i Xg—i-o° AX—l + 0
Cnmzf 2" Yz—k)™A(g/z)dz (22
where 0

+o0 o Since Eq.(21) holds for any functiori (U,), the coeffi-
lx—1= fo I(UpU1 “dUy, cient in front ofl "*™(U,) for n=0 andm=0 equals unity,
and the sum of the coefficients in front of the remaining

+e [qUq|(Uq\ X2 derivatives equals zero. Then
0 E E _
= 2 '“‘ ) (23
The expression obtained is not convenient for practical kCqo' Bn= C =0 i)

use; therefore, we find the solution of the equation in the
form of a series. For this purpose, we assume khidt) is
infinitely differentiable and can be expanded into a Taylor

series in the vicinity of the poirlfJ: _ Cyo

™()(U,~0)" Coo
1(Uy)= nZO Y (19 Therefore, the correction associated with the first deriva-
tive 1’(U,) can be eliminated by adjusting the analyzer con-

Substituting expressiofil9) into integral (18) and as-  stant. This allows us to assume, in contrast to the results
suming, for simplicity, that) >0 andU,>0, for Eq.(17) obtained in Ref. 3, that the first derivative of the current has
we obtain little influence on the shape of the energy distribution. Figure

The analyzer constant can be expressed so as to satisfy
the conditionB,;=0; in that case it equals

(24)

©
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20 : % FIG. 2. Dependence dfya/fomaxandA/Ag on
18- | Ag /Ay, Wheref o is _the helght of the recon-
- | structed spectrunfymais the height of the true
q'“ 15—_ \ distribution, A is the full width of the recon-
é L structed spectrum at half-maximumg width
Y of the true distribution, and ;s is the width of
14 | \ the instrumental function: solid curve — with
12+ \ consideration of the correction associated with
i ~o the second derivative; dashed curve — for spec-
1.0F =0 i S tra obtained by simple division by the energy.
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1 shows examples of the processing of the spectrum in a firgtind 8 with the momentunp, from the equations of motion
approximation and with the correction associated with theve obtain the coordinates of the particle at the exit dia-
second derivative of the current. The normal Gaussian distriphragm of the analyzer

bution was employed as a trial function for the true distribu-

tion function. Itpca)rlw be concluded on the basis of the results 7%~ m(n.¢.a.B,qH/p), 61—51(77,§,a,,8,qH/p)(,27)
obtained(Fig. 2) that the correction associated with the sec-

ond derivative makes a significant contribution to the distri-whereH is the magnetic field strength at an arbitrarily se-
bution function in the case in which the width of the true lected fixed point.

distribution function is of the order of the width of the in- The distribution function of the particles with respect to
strumental function. In this case the energy distribution obihe magnitude of the momentum, which does not depend on
tained with the correction is considerably closer to the trughe distribution with respect to the angles and the cross sec-
distribution than are the distributions obtained without it. Intion, and the number of particles passing through the hole in
addition, it is not difficult to show that the distribution func- the entrance diaphragm per unit time are related by an ex-

tion thus obtained satisfies the normalization condition. pression similar to the expression for electrostatic analyzers
Using the normalization condition fdi(E), it is not dif- +oo
ficult to show thatl(U,) tends to zero whetJ;—0 and |(H)=|ofO A(qH/p)fo(p)dp. (28)

U;— . Taking this into account, we find that
Y The momentum corresponding to tuning of the analyzer
J IM(U)HUT U, =0 (25) and the magnetic field strength are related by the expres-
0 ! ’ sion
wheren=1. p1=kH. (29)

_ Expression(25) makes it possible to compare the inten- g 5 distribution function whose value varies weakly
sities of two currents with quasimonoenergetic energy distrincross the width of the instrumental function, the approxi-
bution fgnctlons of' the particles haV|'ng a yvldth of j[h.e order mate solution of Eq(28) will have the form
of the width of the instrumental function without refining the
form of the distribution function. It is noteworthy that a I(H)

X ; . . fo(kH)~ —— (30)
simple comparison of the current maxima at the analyzer exit

ClgH’
gives an incorrect result: whereC=[; “A(g/z)dz is a constant and=p/H.
I1ma><

| 5 71.(U)/UdU
200 1 , (26)
o0 [ 1o,(U)/UdU * lomax CONCLUSIONS

wherel ;o andl,q are the particle currents at the entrance to  Let us briefly review the main results of this work.
the analyzer, ant; . andl, . are the maximum values of 1. It has been shown in this work that for all electrostatic
the particle currents;(U) andl,(U) at the analyzer exit. analyzers operating in the spectrometer mode, the energy
Let us now consider a magnetic analyzer of charged pardistribution function of the charged particles at the entrance
ticles operating in the spectrometer regime. Assuming thato the analyzer and the number of particles passing through
the magnetic field in the analyzer is created by magnetothe aperture in the exit electrode per unit time depend on the
optical elements and that the strengths of fields created bratio between the electrode potentials and the particle energy
these elements are linearly related, for a particle which haand are related by Eq12). It should be noted that the ex-
the coordinates+,£) at the entrance diaphragm of the ana-pressions(12) and (16) obtained above for describing the
lyzer and emerges in the direction assigned by the angles relationship between the current at the analyzer exit and the
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energy distribution function of the particles remain valid beam with an angular distribution that is quasi-isotropic
when the stray electrostatic fields caused by the actual geomithin the angular aperture of the analyzer to calibrate the
etry of the electrodes are taken into account. latter.

2. A detailed analysis shows that the convolution equa- 6. Preliminary retardation of the particles is often used to
tion (1) previously proposeldfor describing the relationship improve the resolving power of a dispersion analyzer. As a
between the particle current at the analyzer exit and the emrule, analyzers with preliminary retardation operate in two
ergy distribution function of the particles is not applicable toregimest in one regime the retarding potential remains con-
an analyzer operating in the spectrometer mode. stant, and the spectrum is scanned by varying the potential

3. Under the condition of a linear relationship betweenon the deflecting electrodes. One deficiency of this regime is
the potentials on the analyzer electrodes, the particle currethat it is unsuitable for treating the results of measurements
at the analyzer exit and the energy distribution function ofof broad spectra. In the other regime the potential difference
the particles are related by E@), in which the instrumental on the deflecting electrodes remains constant, and the scan-
function is a function of the ratio of the tuning energyto  ning is performed by varying the retarding potential. One
the particle energf. For a magnetic analyzer operating in deficiency of this regime is that the angular distribution func-
the spectrometer mode, the momentum distribution functionion of the particles varies after the retardation system, mak-
of the particles and the particle current at the analyzer exiing the ensuing treatment of the spectra difficult. The defi-
are related by an analogous equati@8) provided the fields ciencies just enumerated can be avoided by using an analyzer
created by the magnetooptical elements are linearly relatecoperating in a regime in which the retarding potential and the

4. Solution(20) in the form of a series in derivatives of potentials on the deflecting electrodes are linearly related by
the current at the analyzer exit, which was obtained for arkEq. (14). The use of a retarding potential permits improve-
arbitrary continuous energy distribution function of the par-ment of the resolving power of the analyzer. On the other
ticles, and recurrence relatiof®3) for the coefficients in the hand, the particle current at the analyzer exit and the energy
series permit the reconstruction of energy spectra with alistribution function are related by E@l6), and thus the
width of the order of the width of the instrumental function. treatment of the spectrum reduces, in a first approximation,

5. Since the distribution function of the beam with re- to division of the signal by the energy.
spect to the coordinates of the cross section formed by the
entrance diaphragm and the angles appears in expressioll’{. P Afanas’e\( and S.. Ya. YavoElectrostatic Analyzer for Charged
(12) for the instrumental function, the monoenergetic particle ZEa"'.c'e Beamdin Russiaf}, Nauka, Moscow1978. .

. L . . Sieghahned), Beta and Gamma-Ray Spectroscolmyerscience, New
beam used to calibrate an analyzer must have a distributionyoyk (1955 [Russ. transl., Fizmatgiz, Mosco@959, pp. 63—106
function with respect to the cross section and angles that iSG. I. zhabrev and S. K. Zhdanov, Pis'ma Zh. Tekh. F@, 2450(1979
close to the spectra which are to be measured by the anagINSO;- Le%h- F’hy\sl- 'ftia 1377(1929\]) A Urisouneractions of |
!yzer. F(_)r example, if the anglyzer is intended for investigat- and blagmﬁf;;”v’mh' 56|idug:?fi1\gﬁanuséiai} (lrggg,[;rf-r a2c2?gi-o o
ing particles reflected or emitted from a surface and the sursa a. sysoev and M. S. Chupakhimtroduction to Mass Spectrometin
face area “visible” to the analyzer is smaller than the Russian, Atomizdat, Moscow(1977.
emission area, and the angular distribution function of the®V: P- Afanas'ev and S. Ya. Yavor, Pisma Zh. Tekh. Flz.227 (1979
particles varies weakly within the angular aperture of the 0V Tech- Phys. Letl, 108 (1975],
analyzer, it is best to employ a broad monoenergetic particl@ranslated by P. Shelnitz
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An equation which relates the output signal of an electrostatic dispersion analyzer and the energy
distribution function of the charged particles entering it is derived with the fluctuations of

the potentials on the defecting electrodes taken into account. Solutions of this equation are
obtained. The influence of noise on the instrumental functions of analyzers is considered.

© 1997 American Institute of PhysidsS1063-78497)01906-3

INTRODUCTION If the measurement time of the particle current at the
analyzer exit is much greater than the characteristic period of

. l.t was show_n in the preceding paﬂ_)ethat the energy the fluctuations, then, using E¢l), we can represent the
distribution function of the charged particles at the entrance, .- value of the current at the analyzer exit in the form
to an electrostatic analyzer and the output signal of the ana-
lyzer are related by the expression teo L
I(U)= e(U,U) 1 (U)du

I(Ul,...,Un)=fo+wf(E)A(U1/E,...,Un/E)dE, (1)

+oo + q .

where A(U, /E, ... U,/E) is the instrumental function of :Iof,x ‘P(U’U)fo f(E)A(f)dEdU )
the analyzery,, ... ,U, are the potentials on the analyzer
electrodes; and(E) is the energy distribution function of Of
the charged particles. o

Relation(1) also holds when the stray fields arising from I(U):IOI f(E)B(U, E)dE, (4)
the actual geometry of the analyzer are taken into account. 0
However, the form of the instrumental function of a charged-

. . . ) where
particle analyzer is determined not only by its geometry, but
also by the fluctuations of the fields within the analyzer, i.e., too . .
by the noise. If fluctuations whose characteristic period is B(U*E):j_x ¢(U,U)A(qU/E)dU ®)
much greater than the time of flight of a particle in the ana-
lyzer are considered, it can be assumed that the tuning efs the instrumental function of the analyzer with consider-
ergy of the analyzer fluctuates. ation of the noise.

In this paper we shall consider the influence of noise on  Let us find an approximate solution of this equation.
the instrumental function of an electrostatic dispersion anaExpandingT(U) into a Taylor series about the poitt,

lyzer. assuming that (U)~1(U) in a first approximation, and tak-
ing into account the terms of the series containing derivatives

no higher than the second, frof8) we obtain the expression
INFLUENCE OF FLUCTUATIONS ON THE INSTRUMENTAL

FUNCTION OF AN ANALYZER WITH ONE DEFLECTING ~ 0'2 d2|
ELECTRODE I(U)QI(U)_?W. (6)

Let us assume for an electrostatic analyzer, in which
only one electrode is under a potential, that the volﬂ?igm
the analyzer electrode fluctuates about the mean potential
U with a distribution functione(U,U), which satisfies the
following conditions

A solution of the equation

- o U
|(U)=|0f0 f(E)A(%)dE @)

can be obtained in the form of a serfes:

" o(0,U)d0=1, o "
J_w f(ku)=2> Bnunflw, 8
+ o0 n=0 U
U=<U>=J_WU~¢(U,U)dU, where
y o ¥ 1 1 . i(n—i
UZ(U):f_w(U—U)2¢(U,U)dU. ) Bo:m' “:_C_z '(n( |);'
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FIG. 1. Curves for an electrostatic dispersion analyzer: a—

0ar The ratio between the standard deviation of the instrumen-
§ tal function AU (with allowance for the influence of the
ﬁ 0.6t fluctuations of the potentipland the standard deviatian
. of the noise and, b—the ratio of the height of the instru-
g mental functiorB . (with consideration of the influence of
« 0.4 b the potential fluctuationgo the height of the instrumental

function A, (without consideration of the noisas func-
02t tions of the ratio of the standard deviation of the instrumen-
tal function (without consideration of the nois®E to the
standard deviatiow of the fluctuations of the potentials on
oL, A L i L L the analyzer electrodes.

£fv/0

Ultimately, to within the terms with a second derivative, transmission of the analyzer will decrease as the energy of
for the “true distribution” as a function of the output signal the particles decreases. We use the term transmission to refer
(U) we obtain to a coefficient of an analyzer that is equal to the ratio of the
. 2 2 2 2 maximum output current of the analyzer to the current of a
i(U) udi/du / _ S U_Z , (9) monoenergetic beam at its entrance.

CidoU  2Cidlo |\~ CooCp U In the second case, since the noise distribution function

where theCpm=J¢“z" (z—k)™A(q/z)dz are constants.  ¢(U,U) is considerably narrower than the instrumental
It is expedient to select the analyzer constant such that ifunction A(qU/E), applying the theorem of the mean and

the range of energies where the influence of the noise igssuming thaa(qU/E)~A(qU/E), we obtain
negligibly small, the analyzer constant would be determined

from the expression
k= ClO/COO . (10)
Let us now consider the influence of the noise on thei'e" the width of the instrumental function will increase lin-
early with increasing energy, and the transmission of the

f(kU)~

qu
B(U, E)~A<F), (14)

form of the instrumental function of the analyzer. For an

arbitrary noise distribution functiorp(U,U), an approxi- analyzer will remain unchanged,

; . . . Let us trace how the form of the instrumental function of
mate analytical expression for the instrumental function o . .
the analyzer varies in the presence of noise as a function of

B(U,E) of the analyzer can be obtained in two limiting . s o .
A . . . the energy in the case of a noise distribution function of the
cases: in the range of energies where the width of the instru- 5 . ] )
(U,U)=¢(U—-U). For this purpose we treat the in-

mental function is determined mainly by the noise and in thdorm ¢

range of energies where the influence of the noise on thatrumental functiorB(U,E) as a distribution function with
instrumental function is weak. respect toU, which can be characterized by the mean)

. 2
In the former case, applying the theorem of the nigan and the varianc¢AU"),
theointegratl) iq Eqg.(5 and assuming thaf(qg/z)=0 for y JTZUB(U,E)dU
g =
z=<0, we obtain (U) [T*B(U,E)dE '

(15

B(U,E)=CoUe(U,U). 11
( ) 00! V‘P( ) ) (11 , ;m(U—<U>)ZB(U,E)dU
Assuming that) ¢(U,U) varies weakly across the width (AU%= [7*B(U.E)dU : (16)

of the instrumental functiod\(q U/E), we have

After some relatively simple mathematical manipula-
Oe(0,U)~ E¢<E,U). (12) t@ons, we find that the mean value of the potential is propor-
k™l k tional to the energy:

Substituting this expression intd 1), we ultimately ob- C,
tain (U>=€E. 17
E oc o0
B(UIE)%(COOIk)EQD(EiU)i (13)  Here C=["%A(gx)dx, and C;=["ZxA(gqx)dx, where
x=U/E.

i.e., the form of the instrumental function is determined  We calculate the variance of the instrumental function
mainly by the noise distribution function, and the value of by substituting expressiofi?) into Eq. (16) and performing
the instrumental function at the maximum depends on thehe integration:
energy of the particles. o 2422

For example, for a noise distribution function of the (AU%)=0°+b%E". (18)
form o(U—U) it follows from expression(13) that the Hereb?=(C,C—C?)/C?, whereC,=J*Zx?A(qx)dx.
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Figure 1 shows qualitatively the behavior of the width of

the instrumental function and its value at the maximum as &(U1. 2)—|of f
function of E. The expressionél3), (14), and(18) obtained

allow us to conclude that in the range of energies where += [U; U,
E<a/b the width of the instrumental function scarcely de- XJ Al = E'E
pends on the energy, and its value at the maximum increases

U11U21U1! 2)

)f(E)dEdUldUZ
0

linearly with the energy. Conversely, in the range of energies oo I L
where E>o/b the width of the instrumental function in- :f J_m ¢(U1,Uz,Uy,Up) 1 (Ug,Uz)dU dU,,
creases linearly with increasing energy, and the value at the

maximum remains constant. The quantigb? corresponds (24

to the variance of the instrumental function with respect to

U in the absence of potential fluctuations and can be dete®here ¢(U1,U5,U;,Up) is the normalized distribution

mined experimentally. function of the potential fluctuations, which satisfies the con-
It should be noted that a solution of E§) can be found  ditions

in general form for a noise distribution function of the form

under consideratiog(U— U). Applying the Fourier trans- f ¢(U;,0,,U;,U,)dU,dU,=1,
formation to Eq.(3), we obtain a solution in the form of a -
serie$

+ oo

+00v o o . o
f_ Uip(Uq,Uz,Uq,Uz)dUdU,=Uy,

e dsl(u)
f f(E)A (q?)dE > D. dijs):uuy (19)

0 s=0
+ o0

02¢(U1,U2,U1,U2)d01d02:U2,
where

—oo

+w ~ ~ ~ ~ ~
(U;—-U1)2¢(U;,U,,U;,Uz)dUdU,= 02,
(m—s)!

(20

— o0

"~ 2 " ” V 2
A series solution of E¢(19) was found in Ref. 1. In the (Uz=U3)%¢(Uy,Uz,Up,Uz)dU Uz =03,

present case it has the form

— o0

+ oo
+ o

B (U;—Uy)(U,—Uy)e(Uy,U,,Up,Uy)dU,dU,
f(kU)=>, B,U" !
n=0

J
f
ouf Tetwszr. B o.f et o |
-
M

—o0

(21)
=cor(U,,U0,). (25)
where
Assuming that the functionl (U;,U,) varies weakly
1 1 2 Cin-i) across the width of the noise distribution function, expanding
B "~ kCqp' B”:_C_no i=20 n—i)" (22) T(U,,U,) in a Taylor series about the point¢,U,), as-
suming thatl (U;,U,)=1(U;,U,) in a first approximation,
Ultimately, for the general solution we obtain and keeping the terms with derivatives no higher than the
second order, we obtain from E®4)

+ o + o0

n,ldm+n| (U)
fkU)=2 2 DuBU" '~ 5men (23 ~ 1 ,#
n=0m=0 1(Uyp,Up)~1(Uq,Uy)— Ul&Uz
where the analyzer constakis specified by expressiq(T). 2, 5
+ U, Uy))——+03—5].
ZCW(UlIUZ)aUlaUZ Uzaug (26)
INFLUENCE OF NOISE ON THE INSTRUMENTAL FUNCTION If the mean values of the potentials are linearly related, i.e.,

OF AN ANALYZER WITH TWO DEFLECTING

if U,=AU, and if we take into account that the expression
ELECTRODES

for the energy distribution function in terms af(U;,U,)
All the arguments advanced above referred to the case ifas the form

which a potential was supplied to one electrode. Let us now _

consider the case in which potentials are supplied to two HkUp=—3 8 U“’ld I"(Ug,AUy) 27

electrodes. The expression for the mean value of the current Vg &y Mt du’ ’

at the analyzer exit under the condition that the measurement

time is much greater than the characteristic period of thehe solution of Eq.(24) to terms with a second derivative

fluctuations has the form will be as follows:
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1 [1(U;,AUy)
f(kU]-)NE( C10U1

Uy CaoCoo— Clp d2I(U,AUy)

2 CoCiCao duf

_Us 20"2|(U11U2)
7102

.. 9°1(U,Uy)

+2001/(U1,U2)W

2192|(U1,U2)
UzTg |U2:>\Ul-

|

CONCLUSIONS

In conclusion, let us briefly describe the results obtained.

1. Equationg3) and(24) make it possible to describe the
relationship between the energy distribution function of the
charged particles and the output signal of an electrostatic
analyzer operating in the spectrometer mode with the influ-
ence of fluctuations of the potentials on its electrodes taken
into account.

2. The approximate solution8) and(28) of these equa-
tions for an arbitrary distribution function of the potential
fluctuations permit taking into account the corrections asso-
ciated with noise to the reconstructed energy distribution.

3. For analyzers with several electrodes under different
potentials, it is not enough to know the values of the output
signal at the points where the mean values of the potentials

It follows from expressiori28) that a more exact reconstruc- are linearly related. More exact reconstruction of the true
tion of the energy spectrum with the noise corrections undegnergy distribution requires knowledge of the values of the
the condition that the mean values of the potentials are ”noutput signal in the vicinity of these points and the disper-
early related requires knowledge of the values of the outpu§ion of the noise.

signal not only at points where the potentials are linearly 4. An examination of the behavior of the instrumental
related, but also in a certain vicinity of the latter in the gen-function as a function of various parameters in the case of an

eral case. If the additional conditions on the potential fluc-analyzer with one deflecting electrode shows that at energies
tuations

are satisfied, expressi¢a8) transforms into an expression in

o5=\%0%, cov(U;,Uy)=N0?

for which the width of the instrumental function of the ana-
lyzer is determined mainly by the potential fluctuations, the
transmission of the analyzer will fall off as the energy de-
creases.

total derivatives, and to reconstruct such a spectrum to V- A. Kurnaev and V. A. Urusov, Zh. Tekh. Fi&7, 86 (1997 [Tech.

within the corrections associated with a second derivative, it,

Phys.42, 663(1997)].
G. A. Korn and T. M. Korn,Mathematical Handbook for Scientists and

is sufficient to know _the Signf."l at the points where the mean gngineers McGraw-Hill, New York (1963 [Russ. transl., Nauka, Mos-
values of the potentials are linearly related.

two electrodes can easily be generalized to the case of an

analyzer withn electrodes.
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cow (1977].

We note that the results obtained for spectrometers with’V- V- Raznikov and M. O. Raznikovainalytical Mass Spectrometfin

Russian, Nauka, Moscow(1992.

Translated by P. Shelnitz
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Influence of heat treatment and exposure to laser radiation on a vanadium-silicon
composite

A. M. Chaplanov and A. N. Shibko

Institute of Electronics, Belarus Academy of Sciences, 220841 Minsk, Belarus
(Submitted December 20, 1995
Zh. Tekh. Fiz.67, 96—99(June 199y

The influence of exposure to weak laser radiation during heat treatment on a vanadium-silicon
composite is investigated. It is found that the changes in the phase composition of the

contact cause changes in its electrophysical parameters. Application of a combined treatment
permits the formation of a rectifying vanadium—silicon contact with definite prespecified
electrophysical parameters. €997 American Institute of PhysidsS1063-78497)02006-0

Refractory metals and their silicides have recently comewith oxygen that had been adsorbed by the film during its
to be actively employed in microelectronics because of theideposition or which diffused from the surrounding medium.
thermodynamic features, their promising electrophysicalAs follows from Table |, when the annealing temperature is
properties, and their stability at high temperatures. One of00 °C and the annealing time is 15 or 30 min,04 and
the ways to modify the electrophysical parameters of avO, are present on the surface of the vanadium fifg.
metal-semiconductor system is heat treatment, which alterkb).
the electronic states at the interface. When metal- The phase composition of the surface oxides does not
semiconductor systems are subjected to thermal annealing imdergo any changes as a result of thermal annealing of the
a vacuum, oxidation processes generally take place, makirgystem and simultaneous exposure to a laser photon beam
it difficult to use them in the fabrication of semiconductor with a power equal to 25 m\Wthe photon energhv=1.96
devicest One of the techniques which make it possible toeV) (Table ). However, the appearance of vanadium silicide
influence the oxidation of a surface layer is to irradiate itV3Si at an annealing temperature of 700 °C and annealing
during annealing by a photon beam of definite enérdy. time of 15 or 30 min(Fig. 19 must be noted. Under these

In the present work we investigated the phase transforannealing conditions silicon diffuses into the vanadium,
mations and changes in the electrophysical parameters of tlierming the silicide.

V-Si system during heat treatment and simultaneous expo- When the power of the laser radiation is increased to 55
sure to a laser photon beam with an eneingy=1.96 eV. mW, the phase composition of the surface of the system

A vanadium film of thickness- 100 nm was obtained by consists of VO3 and \,Os, and at an annealing temperature
thermal deposition on-type silicor{111) in a vacuum with a  of 700 °C it consists only of YO, (Fig. 1d, Table ). There
residual pressure equal tox30 # Pa (Fig. 13. The sub- are no vanadium oxides with a higher oxygen content, be-
strate temperature during deposition was 373 K. The silicortause the additional irradiation of the annealed system by a
plate was chemically treated according to the method dephoton beam with an energy of 1.96 eV and a definite flux
scribed in Ref. 4 before thermal deposition. The films ob-density suppresses the oxidation processes, and the dissolved
tained were polycrystalline and highly disperse, with a mearoxygen becomes “chemically” inactiveAnalyzing Table I,
grain diameter of 15-20 nm. we can conclude that the oxidegs®, and VO,, as well as

The samples obtained were placed in a vacuum systeme silicide \4Si, are not present on the surface of the system
and subjected to thermal treatment at a residual pressure wfhen the samples are irradiated at a power of 55 mW. The
1.5x 10 4 Pa and simultaneous exposure to laser radiatiophotons interact with the M—@ and 7 bonds. As a result,
with  A=0.63 um. The annealing temperature was the screening of the M—M bonds decreases, preventing the
T=500-700 °C, and the annealing times were-5, 15, formation of the high-resistivity and silicide phases on the
and 30 min. The power of the LGN-215 laser was varied angurface. Incident laser radiation with a higher power is
monitored by an IMO-2 calorimeter during the treatment,needed to suppress the oxidation processes, since thermal
and it was equal to 25 or 55 mW. annealing results in the occurrence of an interaction between

The samples treated were investigated by electron difexygen and the vanadium film surface, and a higher photon
fraction analysis on a JEM-120 electron microscope and bylux density is needed to neutralize the M—O bonds.
x-ray photoelectron spectroscof}PS). The Schottky bar- The XPS investigations performed showed that the
rier height was determined from the current—voltage characamount of oxygen in the subsurface layer decreases as a
teristics according to the method described in Ref. 5. Theesult of heat treatment of the V-Si systenTat 500 °C for
area of the vanadium—silicon contact was 0.072nm 7=30 min and simultaneous exposure to laser radiation with

During thermal annealing of the system without expo-A =0.63um and a power of 55 mW. The investigations were
sure to laser radiation, various oxide phases with a largperformed using the oxygenSlpeak(Fig. 2). Figure 3 pre-
oxygen content, viz., ¥O5 and V;0,, form on the surface, sents the variation of the oxygen concentration in the subsur-
depending on the annealing time and temperature. The vanéce layer for various treatment conditions. When a heated
dium oxides form as a result of the reaction of vanadiumV—Si composite is exposed to a laser beam, a photon is
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FIG. 1. Electron diffraction patterns of a
V-Si compositea — original sample; b
— after heat treatment &= 700 °C for
7=15 min; b — without exposure to la-
ser radiation; cd — with exposure to 25
and 55 mW laser radiation, respectively.

absorbed by the surface and oxygen atoms undergo a transite concentration of the various defects in the oxide film on

tion to one of seven states, which are characterized by weake metal-semiconductor interface occurs as a result of ther-

chemical activity. This causes the appearance of differentnal annealing. The structure of the SiCyer tends to a

oxides, depending on the power of the laser radiation withmore equilibrium state, and the number of electron traps de-

A=0.63 um striking the vanadium-silicon system during creases. When group 1Va metals react with Sithe forma-

the thermal annealing. The results obtained by electron mition and reduction of SiQ by these metals take plate.

croscopy and electron diffraction analysis correlate with theTherefore, vanadium diffuses into the Siyer and par-

results obtained by XPS. tially reduces it under the treatment conditions employed.
The current—voltage characteristic of the V—Si systenThis leads to a decrease in the thickness of the oxide. Con-

had an asymmetric form, and the breakdown voltage was 38equently, when the annealing temperature and time are in-

V. This is evidence that the native silicon oxide $i®  creased, the breakdown voltage in the V-Si system has a

present between the vanadium film deposited and the silicomower value. At the same time, the Schottky barrier height

as is confirmed by XPS. Figure 4 presents the currentincreasegTable Il). When the V—Si system is subjected to

voltage characteristics of the V—Si system as a function of

the treatment conditions. The results of the measurement of

the electrophysical parameters after heat treatment and after

the combined treatment are listed in Table Il. A decrease in

TABLE I. Variation of the phase composition of the V-Si system after heat
treatment and after the combined treatment.

T°C
500 600 700
7, min
5 15 30 5 15 30 5 15 30

Without exposure to laser radiation
V50,  V,0; V,0; V30, V.0, V,0, V,0; VO, VO,
V,05  V,05 V,05 V,05 V,05 V,05 V,05 V,05 V,0s
V,5Si
With exposure to 25 mW laser radiation
VsOy  VgOis V,0; V,0; V,0, V,0; V30, V,Si VO,
V,05 V,05 V,05 V,05 V,05 V,05 V,05 V,05 V,0s

V3Si
With exposure to 55 mW laser radiation 018
V203 V05 V03 V03 V03 V05 V05 V03 V03
VO3 V,05 V,05 V,05 V,05 V,05 FIG. 2. XPS spectrum of oxygen in a V-Si composite after thermal anneal-

ing and exposure to laser radiation with=0.63 xm.
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TABLE II. Changes in the electrophysical parameters of the V-Si system

60 - 1_. after thermal treatment.
P G Sl
0 —,’;//" \~><-——-x--—-><—'5’x T? T 91 ¢ U Uy n np &y &
40 ,f/ 3 Original 056 058 30 20 118 1.08 33 36
¥ Eeom g om0 500 5 057 059 25 20 115 104 34 37
= 3l 15 057 059 25 20 115 1.04 34 37
© 30 057 060 25 15 114 1.04 34 37
201+
600 5 058 060 30 15 110 104 35 37
15 058 060 15 15 109 1.04 36 37
10+ 30 058 061 15 10 1.08 1.03 36 38
i | | 1 1
5 0 520 25 700 5 059 061 20 15 108 1.04 36 37
R nm 15 059 061 20 15 108 1.04 36 37
$ ]

30 059 061 20 15 108 1.04 36 37

FIG. 3. Variation of the atomic percent oxygen in the subsurface layer of & Tables I-IVT(°C) is the treatment temperature(min) is the treatment

V-Si (:(o)ntact: 1 — original sample;2 — after heat treatn:ent ' fime, ¢ (eV) is the Schottky barrier height] (V) is the breakdown voltage,
T=600 °C for7=10 min;3 — after combined treatment &t=600 °C for n is the ideality factora is a parameter of the current—voltage character-
7=10 min and exposure to laser radiation with-0.63 um and a power i q subscript 1 indicates the values after treatment, and the subscript
equal to 55 mw. 2 indicates values after treatment and etching.

thermal annealing, the density of the surface states in th%\s presented in Ref. 8 and is given in the tables. The param-
silicon varies in the contact region of the metal-silicon junc-gtar 5 increases with increasing annealing temperature and
tion and influences the barrier height. The current—voltaggime due to depletion of the near-contact region of
characteristic of the contact was characterized using the idgqpyritied or a decrease in the negative charge in the surface
ality factor n, which was determined from experimental giates. The calculations performed show that the inequality
plots® (Table 1. It was shown that the ideality factor de- a<el/(kT) holds for n>1 so that the rectifying contact
creases as the annealing time and temperature increase. ThiSmed can be described within the diode thedry.
is attributed to the variation of the dielectric parameters of  aq 3 result of thermal annealing and simultaneous expo-
the oxide layer at the interface and the variation of the cong ;e of 4 V—Si system to a flux of laser photons with an
centration of electron traps during the heat treatment. Th”%nergyhv=1.96 eV, changes occur in its electrophysical
when the annealing temperature and time are increased, t%rameters. The barrier height aadincrease, while the
current-voltage characteristic of the V-Si contact tends tqyeakdown voltage and the ideality factor decrease. It fol-
the ideal form. o lows from a comparison of Tables Ill and Tables IV that the
Like the current-voltage characteristic of a contact, the,arier height of the contact is higher after exposure to a 55
parametera characterizes the variation of the current with [\ |aser beam than after exposure to a 25 mW beam. The
the applied voltage. Its value is determined from the formuiner parameters also differ. This is due primarily to the
influence of the photons withvy=1.96 eV on the chemical
reactions occurring in the V—Si system, which are stimulated
4 32 1 by the thermal annealing and the neutralization of oxyyen.
This is indicated by the decreases in the breakdown voltage
2~ and the ideality facton. In Tables -1V the parameters of
the V-Si system after removal of a surface layer of thickness
s ~10 nm are labeled with the subscript 2. These parameters

S TABLE lll. Changes in the electrophysical parameters of the V—Si system
~ after heat treatment and exposure to laser 25 mW laser radiation.

T T ¢1 () U, U, Ny Ny a; a

500 5 058 060 20 15 110 105 34 37
5 15 058 0.60 15 10 1.06 104 37 37
30 058 0.60 15 10 106 104 37 37

0.5 1.5 600 5 059 061 15 10 1.08 1.03 36 38
v, Vv 15 059 061 15 15 1.08 1.04 36 37
30 058 060 20 15 1.09 1.05 36 37
FIG. 4. Current—voltage characteristics of a V—Si contact after thermal
treatment aflf =600 °C for7=10 min and exposure to laser radiation with 700 5 058 060 25 15 110 105 35 37

A=0.63um: 1 — original contact? — after thermal treatmen8 and4 — 15 058 060 20 15 110 105 35 37
after thermal treatment and exposure to 25 and 55 mW laser radiation, 30 0.59 0.61 20 15 1.08 104 36 37
respectively.
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TABLE IV. Changes in the electrophysical parameters of the V-Si systenchange in the barrier height is the value of the parameter
after heat treatment and exposure to laser 55 mW laser radiation. ; ;

P mtroducec_i by VO,. It is noteworthy that no strong
“surges” in the values ofh anda are observed, i.e., a rec-
tifying contact forms as a result of thermal annealing and
500 5 05 063 15 5 104 102 37 38  qim|taneous exposure of the V—Si system to laser radiation

15 059 063 15 5 104 102 37 38 .o o f th
30 059 063 15 5 104 102 37 38 Withdilerentvalues orthe power.

T T Q1 ®2 U, U, ng ny a; a

. .62 2 1 1.1 1.02
600 5 0.58 06 5 0 0 0 35 38 1J. M. Poate, K. N. Tu, and J. W. May&eds), Thin Films — Interdiffusion

15 0.58 0.61 25 10 1.10 1.03 35 38 - . . .
and ReactionsWiley-Interscience, New York1978 [Russ. transl., Mir,
30 059 0.62 15 10 1.08 102 36 38 Moscow (1982].

2D. T. Alimov, V. K. Tyugd, and P. K. Khabibulaev, Dokl. Akad. Nauk
700 5 059 062 20 10 1.08 1.02 36 38 UzSSR(4), 23 (1985.

15 058 060 20 15 1.08  1.05 36 37 3D. T. Alimov, V. K. Tyugd, P. K. Khabibulaeet al., Zh. Fiz. Khim.61,

30 0.58 0.60 25 15 1.10 1.05 35 37 3065(1987.

4Handbook of Thin-Film Technology. I. Maissel and R. Glangeds),
McGraw-Hill, New York (1970 [Russ. transl., Sov. Radio, Moscow

(1977)].

5E. H. RoderickMeta-Semiconductor Contagt€larendon Press, Oxford
differ form the parameters measured immediately after the&"ﬁgc[igsar:;in;aRAad,LO isﬁi\ggz”N'\:grSC@&lztB;g]- 1477(1993
treatment. For example’ t_he barrier helght of the contact In-78: P: Murgrka,SiIicides.fof VLSI Applicagti.onsAca'demic Presé, New
creases. The electrophysical properties of the contact are al-york (1983 [Russ. transl., Mir, Moscow1986)].
tered, because in the first case the measurements were pét M. Strikha, Radiotekh. Elektrorll, 2092(1966.
formed on the \(Oy /VSi/SiOZ/Si system, and after the oxide ov. M_. Strikha, E. V.' Bgzanevg, and I. A. Rgdzievsk$chottky Barrier
|ayer was removed, theX\Siy/SiOZ/Si system was measured Semiconductor Devicdin Russian, Sov. Radio, Moscow1974).

directly, as is confirmed by XPS. Thus, the 0.01-0.02 eVfTranslated by P. Shelnitz
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Possibility of mechanically stimulated transmutation of carbon nuclei in ultradisperse
deuterium-containing media

A. G. Lipson, V. A. Kuznetsov, T. S. lvanova, E. I. Saunin, and S. I. Ushakov

Institute of Physical Chemistry, Russian Academy of Sciences, 117915 Moscow, Russia
(Submitted 10 January 1996
Zh. Tekh. Fiz.67, 100—107(June 199y

The variation of the concentration &fC in graphite subjected to vibratory milling in the
presence of heavior light) water is investigated using methods of radiocarfSespectral analysis.

It is discovered that the €D,0 system exhibits a statistically significant increase inghe
counting rate in comparison to thet@®,0 system milled under similar conditions. A quantitative
model of the transmutation of tH&C isotope into thé“C isotope involving an interaction

of multiphonon excitations with deuterons in the graphite crystal lattice in the presence of
background thermal neutrons is proposed. 1@97 American Institute of Physics.
[S1063-784197)02106-3

INTRODUCTION can result in the splitting off of a virtual neutron. This pro-
cess takes place onlyWg>E,, i.e., if the CME energy per
We previously~ showed that the absorption of elastic nucleon is greater than the binding energy of a neutron in the
energy in crystalline particles takes on a quantum characteiucleus. For its part, the virtual neutron emitted by the
when they achieve sufficiently small dimensions neutron-donor nucleus can be recaptured by a neutron-
(re<107°-10"* cm) during pulsed mechanical loading. acceptor nucleus located within the field of action of the
This means that the entire portion of elastic energy suppliethuclear forces. If there is no acceptor nucleus rigaterms
is absorbed not uniformly by each atom in a particle but isof nuclear distancg@she donor nucleus, the virtual neutron
concentrated in individual microregions of the particle in theremains in the donor nucleus, since the time of action of a
form of quanta of an electromagnetic fi¢ldfhis process CME is commensurate with a nuclear time~<10 22 s). It
becomes possible only when the interaction of a flux of elaswas postulated in Ref. 7 that the capture of virtual neutrons
tic energy with a highly disperse crystalline medium leads tdby acceptor nuclei can be a more intensive process, if there
the formation of “giant” fluctuations of the elastic energy are background thermal neutrons in the lattice. In this case a
density. The possibility of the appearance of such fluctuabackground neutron catalyzes the transfer of the virtual neu-
tions is associated in the general case with the presence oftn, i.e., it materializes the latter. Therefore, when there is a
broad size distribution of the particles being milled. Whenbackground of thermal neutrons, the distance between the
the mean diameter of an aggregate is of the order of severakutron donor and acceptor nuclei can be far greater than the
microns, the dispersed powder always contains a certainuclear distance and can be of the order of the lattice con-
fraction with particle diameters smaller than @uin.* There-  stant.
fore, it is clear that when an identical portion of elastic en-  Since the typical values of the energy of a CME in
ergy is supplied to all the particles being milled, in the small“hard” crystals lie in the range 5-10 MeV/nuclednthe
fraction of the powder with radii that are 1.5—2.0 orders offormation of a virtual neutron in deuterium-containing par-
magnitude smaller than the mean value, the concentrateitles will be facilitated by the small value of the binding
elastic energy density can be 5-6 orders above the meamnergy of a deuteror,,=2.22 Me\). Therefore, the occur-
value. In the case of so-called “hard” concentrating, inrence of nuclear transmutatiofalteration of the isotopic
which the elastic energy densiB/,,is commensurate with composition of the crystal latti¢en such systems is most
the energy density of the optical phonons in a cry&tatlh a  probable in the presence of a flux of elastic energy and a
Debye frequencyp), according to the model in Refs. 1 and background of thermal neutrons.
2, a virtual electromagnetic bunch in the form of a coherent  In the present work an experiment on the mechanical
multiphonon excitatiofCME) having a finite density that is milling of crystalline carbor(graphitg in the presence of an
commensurate with the nuclear density is created when elagddition of D,O was performed to test these hypotheses. The
tic energy is concentrated in a particlén the case of “soft”  data obtained on the alteration of the isotopic composition of
concentrating the final density of such an electromagnetigraphite, as will be shown below, confirm the possibility of
bunch is much smaller than the nuclear densithis situa- the mechanical transmutation of carbon under the action of
tion provides grounds for assuming that the case of thégiant” fluctuations of the elastic energy density, which lead
“hard” concentrating of elastic energy corresponds to theto the formation of CMEs in the graphite particles.
concentrating of the energy of a CME in one or more nucle-
ons of a hypothetical atomic nucleus located at the center
symmetry of the disperse particle. As was shown in Refs.
and 6, the coherent concentrating of such multiphonon exci- The choice of graphite as the carrier of neutron-acceptor
tations in a nucleus in the crystal lattice of a disperse particl&uclei was motivated by the fairly high “stiffness” of this
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diameters of the coherent x-ray scattering regi0@SRS.
These measurements were performed on a DRON-3 diffrac-
tometer(Cu K, radiation), on which the Debye powder dif-
fraction patterns of samples that had been ground to different
degrees were obtained.

To prevent the random activation of carbon by neutrons
from the time-fluctuating cosmic background, as well as to
raise the number of background neutrons in the graphite and
to increase the reproducibility of the results fiC, the
background of thermal neutrons in the working zone was
held constant and exceeded the mean value of the cosmic

background by approximately ninefold. For this purpose, a
/ 252Cf neutron source in a polyethylene protective sheith
a thickness of 2.5 cjrwith an intensity equal to 300 n/s in a
44 solid angle was placed at a distance of 90 cm from the
working drum of the vibratory mil(Fig. 1). The measure-
ments with a neutron detecfoshowed that the absolute in-

z 3 tensity of the background of thermal neutrons in the working
zone of the vibratory mill was,=5x10"2 n/s-cn? (as op-
posed to the typical value for the cosmic background of ther-
mal neutrons ,~6x10 3 n/s cn?).

FIG. 1. Diagram of the experimental setdp:— vibratory mill, 2— neutron . The radiocarbon analysis was performed uglrfgsmn-
source .3 — moderator4 — steel drums5 — beads. tillation spectrometer based on a spectrometric detector of
B radiation(a plastic scintillator, which was fastened to the
photomultiplier of a VAS-968 detection unit. The signal

substancé,which leads to the absorption of a considerabl fTom the detection unit was fed into a BUS2-47 speciromet-

portion of the elastic energy by its particles from the me_rlclamﬁlifiehr andlthen i_'|:]t° a (-:h.NO-i]024-90_bmulltichafnnhel
chanical energy supplied. In addition, carbon consists of tw ulse-height analyzer. To minimize the contribution of the
stable isotopes!?C and'3C, and has only one long-lived igh-energyj; radiation in the soft region of the spectrum, a
B-active nuclide!“C, and the variation of its concentration thin Tesla SPF35V045 detector with a thickness of 700

can be reliably traced using the methods of radiocarbot*™ and a dlamgter of 40. mm, which is partially transparent
analysis. to B particles with energies greater than 600 keV, was em-

The milling of graphite(C) together with DO (H,0) ployed. To reduce the background of cosmic rays, the detec-

was carried out in an M-35 vibratory mill with a power den- tion unit was placed within a lead protective shell with a

sity equal to 10 W/g in stainless steel drums using steeﬁhi(:km'lSS of 10 cm. The activity of the dispersed graphite
beads with a diameter of 6 mifFig. 1). To increase the was measured using Al substrates with a diameter of 50 mm,

intensity of the mechanical action, the drums were cooled b>9n Wg'Chﬁ [Z:(OI‘UOI’] of th? powder hawr;g a(;n:ﬁ]s equbal ©0.1
liquid nitrogen after every 3 min of milling. To prevent the g and a thickness equal to 3m was placed. The substrate

combustion of graphite, the drums were filled with argon toVas placed at a distance .Of 2 mm from the de.tector. The
atmospheric pressure. Ultrapure MMPG-8 reactor-grad etector was calibrated using standard metrological sources

graphite with an initial specific surfacg;,=6.3 nf/g was O_f HC, **Tc, and Tl (Flg. 2, curvj;zl 9”0' 3. T_he Ef.f"
used in the experiments. To increase the comminution rat& €NcY Of_ the_detector W'(fh reospectzo with c_on5|derat|on
some of the graphite was subjected to vacuum (¢10orr) of its callbration was 3.5 %73% for ATI).' To |mp{?ve the
annealing at 800 °C. The deuterium carrier used was hea\lgCCuraCy of the detection of thé radiation from™*C, the

water of 99.9% purity, which was added to the drum with ounting O_f this radionuclide was perfprmed only in qhannels
° purty 21 to 60(Fig. 2, curvel). At the same time, to determine any

graphite in an amount equal to 5 wt.%. The control experi-t f hiah lides in th les. th i
ments were performed using a similar system, in which races of high-energg nuclides in the samples, the counting

D,0 was replaced by }O (twice-distilled watey, as well as rate was continuously monitored in channels 61—-250 of the
by separately milling graphite without additions of water. analyzer. The measurements of fheount of graphite were

The C+D,0O and C+H,0 systems were milled for fixed alte_rnated With background measuremem_vsithout the
time intervals: 70 min in the first series of experime(aa-  VEighed portions of graphileThe values obtained were nor-

nealed graphiteand 160 min in the second series malized to the mean background levels measured on the re-
The kinetics of the comminution of the graphite particlesSpeaiVe work day with the corresponding graphite samples.

were monitored by determining the specific surf&cef the

powders from the low-temperature adsorption of nitrogenEXPERlMENTAL RESULTS
(by the BET method after different milling times. The di- The kinetics of the comminution of preliminarily an-
mensions of the crystallites and the magnitude of the microsnealed and unannealed graphite together witfOHand
trains corresponding to points on tBér) curve(whereris  D,O are presented in Fig. 3. As is seen from the figure,
the milling time were determined by evaluating the meanpreliminary annealing results in a sharp increase in the com-
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and3). The values ofS for unannealed samples milled with
water are equal to only 42 and 5%fg after 160 min of
milling (Fig. 3, curves4 and5).

Figures 4a—c present plots of the mean values of the
diameterD of the coherent scattering regions, the micros-
trains e, and the linewidthé as functions ofS. As is seen
from these figures, in the region of valugs 100 nt/g the
D(S), £(S), and#(S) curves display a clear-cut discontinu-
ity, which attests to a change in the character of the fracture
of the graphite particles. In fact, the discontinuity on the
6(S) curve, which is associated with considerable broaden-
ing of the reflections on the Debye powder diffraction pat-
terns, indicates that the graphite powder is strongly amor-
phized atS=100 nf/g. A sharp increase in the microstrains
e and a decrease in the diameleiof the coherent scattering
regions occur simultaneously. This supports the conclusion
that because of the amorphization of the graphite particles no
elastic energy is absorbed in them, and plastic flow takes
place, leading to the “vaporization” of graphite. As follows
from Fig. 4c, after a milling timer=70 min for graphite in
the presence of fD (H,O) the mean width of the reflections
taken from the[002], [004], and[110] crystallographic di-
rections(like D and¢), does not differ from the analogous

FIG. 2. Spectra of th@ radiation of nuclides measured using an SPF35U04Value for the original powder. At the same tintEig. 5),

plastic scintillator. The hatched portion of curtecorresponds to the re-
cordedg count for*C.

minution rate in comparison with the unannealed samples. |

when the milling time of the & H,O (D,0) systems is in-
creased above 70 min, there is a sharp increase in the line-
width, the linewidth of the samples milled far=160 min
peing almost three times greater than the valu® &r the

the case of dry milling the specific surface of a graphiteanalogous samples witk= 70 min. This indicates that after

sample reacheSg,=340 nf/g (Fig. 3, curvel). The intro-

duction of water into the system lowers the comminution rat

of the annealed sample, so that specific surfaces equal to
and 75 m/g are achieved after a time=70 min in
C+H,0 and C+ D,0O samples, respectivelfig. 3, curve

400

A

S

1 1
g 50 100 750 200
z, min

FIG. 3. Kinetics of the vibratory comminution of graphite— annealed
graphite without admixtures2 — annealed graphite+5:H,0, 3 — an-
nealed graphitet 5:D,0, 4 — unannealed graphite-5:H,0, 5 — unan-
nealed graphite-5:D,0.
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milling for 70 min, graphite still exhibits crystalline proper-

dies like the original(unmilled powder, while strong amor-
wization occurs wherr=160 min. Therefore, the fluctua-

tional quantum model of the fracture of particiés(the
formation of a CME in themis applicable in the present
case only to G-D,0O (H,0O) systems milled forr=70 min
and cannot be used for powders milled for 160 min. We note
that in the case of the amorphization of the graphite particles,
the concept of a limiting minimum diameter is meaningless;
therefore, wher8>100 nt/g (Fig. 3, curvel) graphite can

be ground to particle diameters as small as we wish. These
data also provide evidence that the region of applicability of
the fluctuational quantum model of the fracture of graphite
particles corresponds t&<100 nf/g when 7=70 min,
where they exist predominantly in the crystalline, rather than
the amorphous state.

The results of theB counting for different graphite
samples are presented in Table I. As we see, for the control
samples of the original and separately milled graphite, as
well as the G-H,O system after milling during the times
7¢=70 min andr,= 160 min, theB counting rate does not
exceed the background values within the measurement error
over the entire region of thg spectrum investigated. At the
same time, statistically significant upward deviations from
the background in the control measurements with the
C+H,O system were obtained for the analogous [@,0
samples in analyzer channels 21-60, which correspond to
the B spectrum of *C. In the high-energy channels
(61—250) the C+D,0O samples milled forr;=70 min do
not display values exceeding the background in the control

Lipson et al. 678



o
D,A ¢
7000 | a o1 b 0.08} c
E 2.08
n 0.06 -
B o 0.06 g
700 = _ 0.04f
= . 0.04 ®
. Ba
R 2021
0.02 o
B a
70 Lasprenl 1orevenl o saping ¥/ [/ NS YT AN 1] B W ETIT .
7 70 100 1000 7 70 700 1000 7 70 100 7060
S, m2/g S, m2/g S, m2/g

FIG. 4. Variation of the dimensions of the coherent scattering reg@nthe microstrair(b), and the linewidtHc) as a function of the specific surface of the
powders forr=70 min. The points correspond to the dimensions of the coherent scattering regierslied min as a function d, for unannealed graphite
milled together with HO or D,O.

experiments, while there is a small upward deviation of theafter short milling times £=70 min (see Table)l At the
B activity in comparison to the €H,0 system for the same time, wher=160 min, some increase in the count in
samples milled forr,=160 min. Thus, the € D,O systems analyzer channels 61-250 in comparison with the back-
milled for 70 and 160 min exhibit a statistically significant ground is observed for the £D,0 and C+H,O systems.
increase in theB counting rate in the energy range corre- Therefore, the theoretical possibility of “hard” radionu-
sponding to thé*C spectrum in comparison to thetG,0  clides passing from the steel into the ground product during
system milled under similar conditions. The upward deviaprolonged mechanical treatments has not been ruled out.
tions from the background in the control experiments equal 8However, their contribution to th@ spectrum of radiocarbon
for 71=70 min and 17 forr,= 160 min. The mean rate of the is small, sinceAN is small, although the detection efficiency
generation of“C with allowance for the calibration is ap- of “hard” B particles is more than two times greater than
proximately the same in both cases and amounts tthat of C g radiation. In addition, the intensity maximum
<N(l4c)>:2>< 10° C atoms/gs. The increase in theg of these radionuclides is shifted toward higher energies in
counting rate in the energy range corresponding to'fle  comparison to the spectrum HiC; therefore, they cannot be
spectrum for the milled € D,0O samples in comparison with the main cause of the increase in fecount in the energy
the analogous € H,O samples can have several causes. range corresponding to radiocarbon.

1. The detection of8 particles emitted by the tritium
found in D,O is eliminated by the fact that the detection

region of the!“C B particles lies at energieE>43 keV, o.12k
while the cutoff energy in thgg spectrum ofT E =18 )
keV.
2. The influence of the radioactivity of the “attrition o010 17
products” formed as a result of the wear of the steel beads
and the drum.
a) It can be assumed that carbincluding the“C con- o.081¢
centrated in it contained in the steel passes into the milled
product. The influence of this factor, however, is eliminated, £ sl

because the mass of the attrition products relative to the mass o3
of the disintegrated graphite does not exceed 0.1 wt.%.
When the carbon content in the steel used is taken into ac-  8.0%
count, the amount of“C passing into the milled product
does not exceed 16% of the amount of“C found in the a.02k- 4
original portion of graphite and cannot make a measurable
contribution to theB activity of the sample.

b) The influence of the “hard’;8 isotopes of the radium 0 1l T W W Y
and thorium series adsorbed by the st&d. 2, curves2 and 10 00 1000
3), which formed as a result of radioactive contamination of T, min
the environment. In this case “pwam_' deviations from th%IG. 5. Variation of the width of the x-ray lines as a function of the milling
background level should be observed in fepectra of the  time. 1 — Unannealed graphite without admixtures+8,0, 3 —
milled products aE>156 keV. This effect was not detected c+D,0.
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TABLE I. Parameters of th@ count of graphite samples milled under different conditions.

. NX107% counts/s ANX107? counts/s An(*C), Balg

Sample

No. Sample mg/g (21-60 (61-250  (21-60 (61-250 (21-60
1 Background  — 7.00+:0.14 14.66:0.31 - - -
2 C (original) 10 6.97-0.14 14.55-0.31
- 0.05+0.47 -
3 C (r=70 min) 340 6.95-0.14 14.66:0.31
4 C+H,0 95 7.00:0.14 14.52-0.31
(7=70 min)
0.58+0.21 0.06-0.46 1.63-0.44
5 C+D,0 72 7.58£0.15 14.52:0.31
(7=70 min)
6 C+H,0 42 7.05£0.15 15.2:0.33
(7=160 min
1.20+0.23 1.06:0.50 3.43-0.45
7 C+D,0 59 8.25-0.17 16.21+0.33
(7=160 min

*ere S, is the specific surface of the sampld;is the B8 counting rate of samples 1-7, respectively, in
channels 21-60 and 61-250N denotes the differences between the counting rates of samples 3 and 2, 5 and
4, and 7 and 6; andn(*'C) is the activity of the radiocarbon generated with consideration of the detector
efficiency.

3. The influence of chemical iso.tope effects. Let us as- N(14C):NSPdP13CPn: 1)
sume that for some reason preferential “burnup” of the prin-
cipal (“light” ) isotopes'”C and**C occurs in the @ D,0  WhereNg is the mean number of CMEs formed during mill-
system in comparison with the4H,O system. In this case ing per unit time for whichWg>E, (the binding energy of
a significant loss of mass from the original graphite chargdhe neutron in a deuter@nP is the probability of the inter-
(8—17% should be observed in order for the concentratingaction of a CME with a deuteron in the graphite lattice,
of 1C to occur. This, however, does not occur, since thePic is the probability of finding &°C atom near that deu-
mass loss of graphite does not exceed 0.3%. In addition, it iteron, andP,, is the probability of finding a background neu-
well known that the influence of isotope effects in solid- tron near a deuteron or the probability of the interaction of
phase systems increases sharply as the specific surface of gich a neutron with a CME.
samples increases. Therefore, the samples with a large spe- We must first prove that the CME energy per nucleon
cific surface should have had a larger concentration of radioWs) will be sufficient for splitting a deuteron, i.e., that
carbon, which was not observésee Table)l According to  (Wsg)>2.22 MeV. For this purpose we utilize the equation of
the experiment, the concentration iC in the C+D,0  state of a degenerate neutron dashich, as was shown in
samples depends only on the milling tirfiee dose of elastic Ref. 2, determines the maximum CME energy density
energy suppliedand does not depend @y,. 3 5,605

Thus, the ac_cumglatlon dfC in the graphite samples Wé:§(3772)2/5_3,§(a|_)2/5_ 2
when they are milled in the presence of@and the absence my
of such an effect in the €H,0 system cannot be attributed Herem, is the neutron mas$, is Planck’s constant is the

to the influence of radioactive contaminants, attrition prod-conversion factor for the transformation of elastic energy
ucts, or chemical isotope effects. Therefore, it should be aspig the energy of lattice optical phonons of frequenay
sumed that the increase in the concentration of radiocarbo&he Debye frequendy and L is a parameter having the
during the milling of the G- D,0 systemis a consequence of meaning of the limiting elastic energy which can be stored
nuclear transformatior{transmutatiop of the *°C isotope by the crystals:iL=B,/Vqp, where By is the equilibrium

into the 1C isotope when multiphonon excitations interact bulk modulusV, is the unit cell volume, ang is the density
with deuterons in the graphite crystal lattice in the presencgs  he crystal  (in  particular for  graphite

of background thermal neutrons. L=4.2x 10Perg/g cnP).
In the next section we consider the possible causes of the 1 estimateW,, using Eq.(2), we must determine the
. - l - - . . L
observed transmutation 6iC into **C and their relationship  \a1ue ofw. The value ofee, in turn, which is also the prob-

to the concentrating of elastic energy in the dispersed graphyyjjity of the excitation of phonon modes with the frequency

ite particles. wp in a particle, is given in the hard casé€ as
DISCUSSION OF THE RESULTS 1 mqc 12 L2
a=—5p 2 (imy) " BEL), )
T (hwp)

On the basis of the model presented, the mean number of
carbon transmutation e.vent§(l;—>14C) in a disperse graph- wherec is the speed of lightE, is the total energy supplied
ite particle per unit timéN(14C) is specified by the following to the crystalline particle, an@ is a coefficient which is
relation: equal to the fraction of the elastic energy that is absorbed by
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the particle during the mechanical treatment out of the totalominantly crystalline after a milling time=70 min should
energy suppliedH,), so that{Eq .9 = BE; (in a first approxi-  be less tharr.. Otherwise, the quantum model of the ab-
mation B can be regarded as the ratio of the energy stored isorption of elastic energy in graphite particles cannot be
the “elastic layer” of a particle of radius,, to the total used. Sincer.=(vc)¥%a-wp (Wherev, is the speed of
energy supplied to 9. sound in graphite, anct is the speed of lighf for
It is not difficult to see tha can be evaluated from the «=0.25 we have .=4.2x10"° cm, while the mean radius
x-ray structural data for the milledr&70 min) C+D,0  of the graphite particles foBy,=72 nf/g (r=70 min) is
(H,0) powders which retain their crystalline properti€sg. rmin=1.9X 106 cm. Hence it follows that the absorption of
5). In fact, by definition, in a particle of radius,;, we have elastic energy in graphite particles does, in fact, have a quan-
B=EVp/EVy,,, whereVy is the volume of the layer in tum character and the use of the quantum model is well-
which the elastic energy is stored a¥g,, is the volume of founded whenr=70 min. The substitution of the value of
a particle of radius ;. Assuming that the particle consists « into Eq. (2) gives an estimate of the CME energy in the
of n unit cells and has a radiusry (whererg is the lattice  graphite particles. Whernv=0.25, W5=9 MeV/nucleon,
constant in the simplest case, we have which significantly exceeds the deuteron binding energy
,8=47-r(nr0)2nAr/(4/3)7rr8n3, whereAr is the elementary (2.22 MeV). Therefore, it can be assumed with a great de-
distortion of a bondry, whenceB=Ar/ry=¢. Thus, in a gree of certainty that splitting of a deuteron does not occur
first approximations is equal to the predominant lattice mi- when it interacts with a CME in the case under consider-
crostraine appearing in the crystalline systems predomi-ation.
nantly when elastic strain energy is stored. For the graphite It was shown in Ref. 2 that the condition
milling time 7=70 min we havee=B=0.01(Fig. 4b. The  (Ega9=aWg5, whereWs=NgWjg, holds in the case of the
substitution of 3=0.01 andE;=10 W/g into Eq.(3) with  “hard” concentrating of elastic energy in a crystthe con-
consideration of the valuep=10" Hz leads to the value centrating of a CME in one or more nucleons in a nudieus
a=0.25. The value of the elastic energy conversion factoHere Wy is the total CME energy in a unit of mass of the
a can also be obtained from a treatment of the x-ray diffraccrystal per unit time, and\g is the number of such excita-
tion patterns of the graphite samples. As was previouslyions. Hence with consideration of the equality
shown in Refs. 1-3, the minimum particle radius that can béEg .9 = BE; we have
achieved when a flux of elastic energy is supplied to a dis- ,
persed crystalline medium is expressed as Ns=BE./aWs. ©)
Substituting the known values of, 8, E;, andWys into
Eq.(6), we obtainNg=2.4x 10'* CME/g-s. When Eq.(6) is
where u is the Poisson ratio, which specifies the smallesfaken into account, expressi¢b) takes on the form
;rrl:srr]%.mensmn of an asymmetric partidjearticularly, in N(C) = (BE,/ aWy) P4PiscPy . )
When u=0.25, wo= 10" Hz, anda<1, the theoretical To find N(*“C) we now need only to evaluak,, defect
minimum radius {pmi)n="58 A, which is very close to the piy., andP,. The probabilities?; and Pi are determined
radius of a crystallite (@ coherent scattering regipn trivially as the ratios of the atomic concentrations of deute-
D/2=56 A for the G+ D,O system milled for 70 mirFig.  rjum and*3C (when the concentrations by weight are known
43). In fact, since a coherent scattering region has the diamygp the atomic concentration of carbajgraphitd. Hence
eter of a crystalliteD, it is reasonable to assume that  p,=6x10"2, andPi=10 2. The value ofP, can be es-
should equal the mean minimum linear dimension of thet|mated approximate|y on the basis of the fo”owing argu-
particles that can be obtained by pulverizing an aggregatgents. Since the milled material is “spread” uniformly
having the radius determined from the low-temperature abthroughout the chambedrum) during vibratory milling, its
sorption of nitrogenby the BET methof(Fig. 3). Since in volume per gram will amount to 1/10 of the volume of the
real cases a<l in (4), setting ry,=rger and  chamber orv;=10 cn?, which corresponds to a surface
(rminth="rcsr=D/2, we obtain an expression far for the s =20 cn?. According to measurements with a neutron de-
BET coherent scattering region tector, a flux of thermal neutrong=5x 102 n/s intercepts
5) 1 cn? of surface of the chamber in the working zone. There-
fore, a flux approximately equal th,=i,S,=1n/g s per-
whencea=0.28, which is in satisfactory agreement with the vades 1 g ofgraphite under the conditions of our experiment.
analogous value obtained from expresdi8nfor the case of The number of neutrons interacting with a CME is deter-
the “hard” concentrating of elastic energyVe note that the mined by the number of CMEs and by the sojourn timef
determination ofa for r=160 min is meaningless, since a thermal neutron in a unit mass of graphite=£1 g) and
Egs.(3) and(4) are not applicable in this case. the flux of thermal neutrons entering a unit mass of graphite
Knowledge of the value ofr permits estimation of the (I,), i.e.,N,=iyS,7, ['/CME]. When the linear dimensions
critical radius of the graphite particlesd). When the radius of the sample Ry) are sufficiently large, i.e., when
of the particlesr <r., the absorption of elastic energy in Ry>Lp (the diffusion length of a neutron in graphiter,
them takes on a quantum characterhich permits the use of will be close in order of magnitude to the diffusion time
Egs.(2) and (3) to describe the effect observed. Therefore,rp of the thermal neutrons af,= 7 . In fact, since there are
the smallest radius of the graphite particles that are still pre=10'° particles of diameter-4x 10~ ® cm (Fig. 3, curve3),

rminZ,usz/aL, 4

a=rcsr/lgeT,
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Mossbauer effeétd with the resultant formation of excited
? carbon atoms (&:C*) and defects in the graphite structure.
We note again that the process described in Fig. 6 can be
effective only for graphite with a high degree of crystallinity,
Ph n 2 in which the absorption of the flux of elastic energy by its
particles has an essentially quantum coherent character.
When the crystalline structure is lost, CMEs cannot form
because of the lack of long-range order in the particles of the
. solid. Therefore, after long milling times7&£160 min,
L ng a c? c when strong amorphization of the carbon particles is ob-

served(Fig. 5, we should expect a sharp drop in the rate of
FIG. 6. Feynman diagrafof the proposed process leading to the formation the generation of'C, which, in turn, is limited by the drop in
of 4C from *°C. the rate of formation of the CMEs.

The increase discovered in the concentrationt'af in

the C+ D,0O system during mechanical treatment, regardless
the total linear dimension of the system exceed?® &M, of its true nature, can also take place in seismically active
while  for graphite Lp=60 cm! Therefore, sites in the Earth’s crust in the presence of deep groundwa-
=1p=1X10"2 s. Thus, the probability of finding a back- ter, in which variation of the isotopic composition of carbon
ground thermal neutron in the zone of action of a CME isis observed*™ We note that the error of the radiocarbon
P,=N,=10 2. method for determining the age of fossil and organic systems

Thus, substituting the value ®fs and of the probabili- ~ will then increase, since théC concentration at the time of

tiesPy, Pixc, andP, into expressior{7), we obtain the rate measurement is determined not only by decay, but also by
of generation of the“C isotope N(¥C)=~1.4x1(f  any alternative process leading to its accumulation.
1C atoms/gs. This value, which was calculated theoreti- 10 confirm the conclusions drawn, the performance of
cally on the basis of theories regarding the quantum charagimilar experiments at different values of the background of
ter of the absorption of elastic energy in graphite microparlhermal neutrons, as well as with the use of other elements
ticles coincides in order of magnitude with the With @ small neutron binding energy instead of deuterium, is

experimentally ~ observed  value (N(**C))=2x10° pIan\?Ved ;‘]or }(h_?_ leJ)tulge. ; forming th
14C atoms/gs. Thus, the change in the isotopic composition e thank T. P. Puryaeva for performing the x-ray struc-

of graphite(the generation of*C) during vibratory milling tral |nvestlgat|0ns. ,
in the presence of a deuterium-containing medium can be, This research was performed with support from the Rus-
described with a fair degree of accuracy using the model o ian Fund for Fundamental Resear@rants Nos. 94-02-
the quantum absorptidr® of a flux of elastic energy in dis- 4895 and 95-03-08014
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Influence of partitioning on the dynamic stability of the superconducting state and the
electrical losses in superconducting helicoids

A. N. Balev and S. L. Kruglov

Kurchatov Institute Russian Science Center, 123182 Moscow, Russia
(Submitted January 22, 1996
Zh. Tekh. Fiz.67, 108—112(June 199y

The influence of partitioning of the winding of a superconducting helicoid on the electrical losses
and dynamic stability of the superconducting state is investigated. A model of a helicoid in

the form of an infinite isotropic hollow cylinder with an azimuthal transport current is used in the
calculations. It is shown in the case of division of the helicoid into two sections that the
appearance of a shielding current profile in the inner section initially increases the losses and
lowers the dynamic stability. However, after the shielding current profile comes into

contact with the principal current profile, the situation reverses. Ultimately, when the transverse
section of the helicoid is completely filled by the current, the total electrical loss in the
partitioned helicoid is approximately one-half of that in the unpartitioned helicoid. The highest
permissible rate of current input that guarantees the absence of jumps in the magnetic

flux in the winding(in other words, the dynamic stability boundary of the superconducting) state
is three times higher in the partitioned helicoid than in the unpartitioned helicoid. Cases of

a number of partitions greater than two are also considered19€¥ American Institute of
Physics[S1063-784197)02206-X

INTRODUCTION 1. A ONE-SECTION (UNPARTITIONED) HELICOID

The purpose of partitioning superconducting magnetic L€t us consider the geometric model of a helicoid in the
systems is to optimize the winding with respect to losses iffor™m Of an infinite isotropic hollow cylinder with an azi-
the superconductor. The winding is divided into sectionéﬂuth"’II transport currer(Fig. 2).

with a decrease in the fraction of the superconductor in them, TIO V|§tyal;2(at ihe S'tgljalt'on we ‘Zh‘g” ;se thg exrt]rewﬁlly
as the magnetic field diminishes. simple critical-state model proposed by Bean, in which the

A superconducting helicoid with flat turhés a funda- critical current density does not depend on the magnetic

mentally new desian for superconductina windinas and is]‘ield. The calculation of the electrical loses and the determi-
y 9 P 9 9 nation of the dynamic stability limit require knowledge of

rege_lrded as :_m_alternat_ive to cpnventional winding_s in Iarg‘1?he distribution of the magnetic and electric fields in the
stationary facilities, particularly in the superconducting mag-;ss section of the helicoid. For this reason we must solve

netic systems of tokamal%gThe simplest helicoid is a set of e system of Maxwell’s equations in cylindrical coordinates
separate parallel composite superconductors, which are gaé,:ig_ 2)

vanically and mechanically connected to form a single unit
along a helical spirafFig. 1), for example, by soldering ac-
cording to the novel technology described in Ref. 3.

A superconducting helicoid has several advantages over 14

. . - . . (Er) .
ordinary superconducting windings: a far higher mechanical — =-B, E(é,)=0.
stiffness and natural optimization with respect to the current dr
density. The latter is due to the fact that at any point on dts solution is
cross section of a helicoid the current flows either with the B(r)=Bo+ projo(r1—T)
critical density or with zero density in accordance with the o HolelTa™ 1
“critical-state model.” This empirical model has been tested B
experimentally many times and forms the basis of the elec- E(r)= 5(55— r?),
trodynamics of superconductors.

The deficiencies of a helicoid as a bulk superconducting Bo

. . - . S1=——+ry. @

composite structure include its high level of electrical energy ol c
losses to magnetization and the low dynamic stability of the

superconducting statgvhich, for brevity, will be referred to the helicoid and the magnetic induction at the center of the

below as dynamic stabilijy The influence of partitioning of openingB, (By=kI), is written in the model representation
the winding on these characteristics requires thorough stud)(lsed as '

The shielding of magnetic fields from the outer sections by
the inner sections may increase the electrical losses and k:@
lower the limit of dynamic stability. A’

E:_Mol'c, B(r;)=By,

The coefficienk, which relates the transport currdnof
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m For convenience we introduce the dimensionless mag-
netic field

B
_5: 3 b= ——
Mo)cl

and the dimensionless electrical losses

Q
q=

- 2 4-
Mo)cl1

As a result,(4) can be rewritten in the dimensionless
form

T 4 b*
q=§b+?. (5)

]

FIG. 1. Superconducting helicoid with flat turns.

The maximum achievable magnetic field in the helicoid

whereA is the thickness of a flat turn of the helicoid. IS

In real helicoids it is, of course, smaller and is deter-
mined by their design.

The rate of the electrical losses per unit length of thetherefore, the maximum value ofis
helicoid in the model under consideration is

Bm=tolc(ra—rq);

ro—r

d S _ 2 1

—Q=27-rf ljCE(r)rdr. b r{ °

dt M

Using (1), we calculate the integral The criterion for the dynamic stability of composite su-

3 perconductors in the dynamic approximati@y /D ,—

d_sz. B E53_ S2r -+ M @ (D¢ and Dy, are the thermal and magnetic diffusion coeffi-
dt c-olg™ Tt gl cient with the exponential form of the current—voltage

The total losses as the field increases monotonicalIfg:;‘ric_terIStICS taken into account was first obtained in

from zero toB,, is

tid Bn/dQ\dB Je|djc
o= [[99) ge= [*[2Q) 9B 3 fE.—ﬁdthds ©)
ol dt o \dt] B, v o s
Substituting(2) into (3), we obtain where j, and h are the growth parameter of the electrical
2.4/ g3 g4 resistance of the superconductor with respect to the current
_ Tholc 1/ m m_] (4)  density and the coefficient of heat transfer from the super-

+
3:3,.3 4:4. 4
3 \wgigri  2mgicrs conductor surface.

Using the relationship between the broadening param-
eters of the current—voltage characteristics with respect to

the current density, and the temperaturg, (Ref. 5,

@1
— -
TBO’BU To— I
! E(r) °|dig|”
8(r) N\ dT
\
\ we obtain the expression for the dynamic stability lirttite
— *‘| Jr absence of jumps in the magnetic flux as the magnetic induc-
\ r tion varies from 0 toB,, at the rateB,)
r 8,
. ' 1 : ab 2b2+ 4° <1 7
ar 2P )= @
where is the dimensionless time:
3 4(r1+r2)hTOt
FIG. 2. Model representation of a helicoid by an infinite hollow cylinder. rzllj EIU«O
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a the shielding profile in the inner partitior® — the outer
partition (Fig. 3b).
It is easy to show that the principal and shielding profiles

8(r) first come into contact when the magnetic induction achieves
the value
L, 5
“ihh Bo=g ol o(r* 1),
%

wherer* is the boundary between the sections,

4, ,\ .
r r

t A x__2 1

A\ _ ' 2

Equating the magnetic fields of the principal and shield-
b ing profiles, we can obtain the dependence of the coordinates
of their contact point ; on the magnetic induction

B ri+r*
r0=—0.+ !
dpojc 2
) t, Omitting the cumbersome calculations, we write out the
Jr) I final expressions for the loss rates in regimes | and Il
. | .
e Q' miBo(4 o 2 3. 59 o2
1! 3 Gt 2 |3ditz(otdy -2,
r, oo, 2
0
’ :z ! d —(35+ B+ (4,
@/
L_J dQ" =j.B
—ﬁ = J; O(ng—ngrl—rér*—égr*

FIG. 3. Dynamics of the distribution of the magnetic fi¢&l and the cur-
rent (b) over a transverse section of a partitioned helicoid. Solid curves —
principal profile, dashed curves — shielding profile.

2 2 2 3
.3, ek
+3r1+3é§+ 3" )
With consideration of the cooling of the helicoid surface

we can rewritg(6) in the form
2. A PARTITIONED HELICOID

Let us examine the influence of partitioning on the elec- E$2w(r1+rz)hTO.

trical losses and the dynamic stability in the case of a two-

section helicoid with sections connected electrically in se-  Introducing the dimensionless radip$=r*/r;, we can

ries. represent the dependence of the total losses and the dynamic
The lack of a dependence of the critical current densitystability limit on the magnetic induction in the different re-

on the magnetic field under the condition of equality betweer@imes in the following form: regime [0<b=<2/3(p* —1)]

the transport currents in the sections dictates their equal b# b3
thicknesses. q=3 b3+ > tp 7) : (8
The fundamental difference between a partitioned and an
unpartitioned helicoid is the shielding of the magnetic field 4, 4 p*b?
from the outer sections by the inner sections, although the E<2b2+ §b3+ )il, 9
final distributions of the magnetic field and the current are
identical and do not depend on the partitioning. Figure 3regime I1[(2/3)(p* —1)sb=<(r,/r;—1)]
shows the dynamics of the variation of the distributions of
the magnetic field and the current from the beginning of PR 2_0 * 1_6 * _ 133
; ) ; q=q*+ p*+—=|(p* 1), (10
current input {=0) to the timet,, when the current fills the 81 3 3

entire transverse section of the partitions. Two temporal reg,

gimes can be distinguished during the increase in current: | —

up to the moment when the principal and shielding profiles . _Wfb
=2

1

here

in the inner section come into contadt, (in Fig. 33; Il —

from t, until complete filling of both partitions by the current . .
(t4 in Fig. 3a. Three regions in space can also be distin- x2 bs p b)dbg( *_1)
guished:1 — the principal profile in the inner partitior2, — 4” 16 2 8 3P '

E *3+i+lb *3+Eb3+§ *b2
3P T127 8" Toe” " 8F
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FIG. 4. Dependence of the electrical loss on the magnetic induciion .00l i by LTTrh e b
relative unitg for partitioned (solid line) and unpartitioneddashed ling 0.00 020 040 0650 080 100 120 140b
helicoids.
FIG. 5. Dependences of the maximum permissible rate of increase in the
magnetic field on the inductiofin relative unit$ for partitioned(solid line)
dbf1 5 5 1 . 11 3 and unpartitioneddashed ling helicoids.
— | —p* +—+—b * +—b3+— *b2
dr13” "1278°" "o ' 8”
2 b> p* Db direction was used in the calculations. Expressions for the
2P 16" 2 8 =1 1Y) electrical energy losses to magnetization and for the dynamic

o . stability limit of the superconducting state in unpartitioned
The dependence of the total loss on the magnetic inductiogny partitionedfor the case of two sectiongelicoid wind-
(in dimensionless forifor unpartitioned Eq. (5] and par- g have been obtained in Bean's critical-state model. It has
titioned [ES{S'(S) and(10)] helicoids is shown in Fig. 4the  hoan shown that the appearance of a shielding current profile
value of p* equal 1.625 for the Iaboratory—sc*ale helicoid i, the inner section initially leads to an increase in the elec-
investigated in Ref. 6 was used, and the rangp®ofor real o5 osses and lowering of the dynamic stability in the
helicoids is generally 1-41.8). It is seen that the total 10ss 5 itioned winding in comparison to the unpartitioned wind-
for the sectlongd hehCOId'IS at flrst hlg'her due to the. eXiSyng. However, after the principal and shielding current pro-
tence of the shielding profile, but in regime II the 10ss in thegyag come into contact, the situation reverses because of the
partitioned helicoid increases more slowly due to the weakefoyer mean electric field. Ultimately, when the transverse
mean electric field._When the helicoid is completely fillgq BY section of the helicoid winding is completely filed by the
the current, the ratio between the total loss in the partitioned, et the total electrical losses in the partitioned variant
and unpartitioned helicoids equals 0.49. _ are two times smaller and the dynamic stability limit is three
_ The dependence of the dynamic stability limit of a heli- {jye5 higher than in the unpartitioned winding. Cases of
coid on the magnetic induction for partitionglgs.(9) and  qre than two partitions have also been considered.
(11)] and unpartitionedEq. (7)] helicoids is presented in This work was performed with support from the
Fig. 5.
As in the case with the loss, in regime | the unpartitioned
helicoid exhibits better dynamic stability, but in regime 1l the

partitioned helicoid is considerably more stable. At the maxi- /4,
mum achievable field the ratio between the safe rates of a0y
variation of the magnetic fielthe transport currepfor the E
partitioned and unpartitioned helicoids equals 3. 0.60 |
The processes for a large number of partitions can be N
considered using the same arguments. Without presenting 60k
the very cumbersome calculations, in Fig. 6 we show as an -
example the dependence of the ratio of the total (bsfore -
complete filling of the cross section by the curdemt the 040
partitioned helicoid to the loss in an unpartitioned helicoid N
on the number of partitions. .20
3. MAIN RESULTS [/X7/;] MU N N T I R T W A A S W S O
0 2 4 fn

The geometric representation of a superconducting heli-

coid by an inﬁnit? isotropic hollow Cylinder_into Whi_Ch & F|G. 6. Dependence of the ratio between the total electrical losses in the
transport current is fed at a constant rate in an azimuthaartitioned and unpartitioned helicoids on the number of partitions.
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Sputtering of Al ,Ga,_,As semiconductor targets by Ar

N. A. Berg and I. P. Soshnikov

ions with energies of 2—14 keV

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 7, 1996
Zh. Tekh. Fiz67, 113-117(June 199Y

Investigations of the sputtering of &ba, _,As semiconductor solid solutions by Aions with
energies of 2—14 keV are performed. The dependence of the sputtering yield on the

energy and angle of incidence of the ions are determined and the character of the surface relief
formed during the sputtering is investigated. A comparison with theory shows that the

best agreement between theory and experiment is achieved when the Haff—Switkowski formula
is used together with Yudin’s stopping cross section. It is shown that the surface binding
energies obtained differ from the atomization energies by an amount approximately equal to the
amorphization energy. €997 American Institute of Physid$$1063-78427)02306-4

INTRODUCTION and had a gradient across its thickness no greater than

0 O 7
Perfecting the ion-sputtering methods used in analyticafix,dzgo'02 A’/".Lm' _After the_ pre_llmlnary_ testing, the
amples were irradiated by Arions in a regime chosen in

research and the industrial processing of semiconductot . X
cordance with the experimental program on a Balzers

structures and devices would be unfeasible without detaile CU-100 on-etching svstem or a specially constructed ion-
guantitative experimental data on the processes imitated b | iNg syst specially u !
puttering module consisting of an ion source of the duoplas-

ion bombardment. In addition, investigations of the sputter-m tron tvod” and mole holder. The ion ; f th
ing of 1lI-V materials by ion bombardment are of fundamen- atron typ€” and a sample holder. 1he lon sources ot the

tal interest, since the features and laws governing the spu Sputtering systems were designed for an accelerating voltage

tering of multicomponent semiconductors can be studied i rom 110 10 kV a';d an |on_(_:urrent denS|_ty of the order of
the case of these isovalent materials. ]~10—500 puA/cm?. In addition, the design of the stage

The published experimental data provide dissimilar pic-employed in the sputtering module made it possible to shift

tures of the laws governing the sputtering of differentthe target potential without disrupting the operating regime

[lI-V materials. The binary compounds GaAs and InP haveOf the ion beam and to vary the energy of the ions accord-
gly to E=15 keV.

been investigated relatively completely: the dependences Jf The sputtering yield’ was determined by measuring the

the sputtering yields on the angle of incidence, energy, anﬂﬂckness of the sputtered layer, i.e., from the helglf the

species of the iorts® and the character of the topographic . o

surface relief?*5 formed as a result of ion bombardment step which forms on the sample surface during ion bombard-
have been studied, and the changes in the surfac@ent when part of it is masked. A detailed description of the
compositioﬁ°‘13causéd by the preferential sputtering effectsmethoo.I for deter;:zining the sputtering yield was given in the
have been determined. At the same time, the sputtering &recedmg reports: . .

Al,Ga _,As solid solutions has been studied to only a small T_he topography of the _surfaces of the_ irradiated samples
extent. The data in Refs. 14—16, where the dependence of s investigated by scanning electron microscopy.
sputtering yield on the target composition was measured us-

ing Ar* and Xe' ions with an energfE=2 keV at an angle RESULTS AND DISCUSSION

of incidence ® =60°, are clearly insufficient for either a ] ] o ) ] .
meaningful analysis of the phenomenon studied or for prac- Puring the investigations of samples irradiated by Ar

tical use. ions with an energyE=5 keV in doses®~ 10'%—10"°

The purpose of the present work was to investigate théop/cn?, local relief features of the “cone in a crater” type
main laws governing the sputtering of &a, As solid so- (Fig. 1) with typical dimensions of the order of 0.1—4bm

. . _2
lutions upon irradiation by Af ions in the energy range and & density as high as 1em “ were observed on the
from 2 to 15 keV. target surface. The highest density of these features was ob-

served on the GaAs samples, and it decreased as the alumi-
num content increased. The formation of such a surface mor-
phology has been observed repeatedly on various
The target samples investigated were cut fromamorphized materiats®® and is usually attributed to the
plates having a layered solid-solution/substratepresence of random local inhomogeneities on the target
(Al,Ga,_,As/GaAg structure. The samples were subjectedsurface!®®
to preliminary testing using electron probe x-ray microanaly- It is generally known that the state of an irradiated sur-
sis and electron microscopy, during which it was determinedace can vary as a function of the target temperature during
that the thickness of the ABa _,As layer was no less than ion bombardment: aT <T, the surface layer amorphizes,
4 um and that the composition within each sample differedand atT> T the amorphization process is suppressed by the
across its area from the nominal composition by less than 1%nnealing of defects. The recrystallization temperature of

EXPERIMENTAL
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Y, rel. units

+

FIG. 1. Electron-microscope image of the surface of a GaAs sample. 3

gallium arsenide isT,=125 °C?# Taking into account the
principle of the correlation of the temperatures for the crys-
tallization and annealing of vacanciéSfor Il1-V materials, 1
we can expect that the recrystallization temperature of Al-
GaAs solid solutions is not less than 125 °C. N . o . LN,

Since the temperature of the samples in the control ex 0 10 20 30 ¢0 50 60 70 80 90
periments did not exceefi=75 °C, it should be expected 8, deg
that the surface layer is amorphized. The results of the tesws
to determine the state of the surfatkee absence of orienta- G, 2. Dependence of the sputtering yield on the angle of incidence of
tional effects in the ejection patterns of the “Wehner spdts” Ar* ions with an energf=5 keV. Experimental datat — GaAs,2 —
and the agreement between the sputtering yields of th&loCaeAs, 3 — AlggGayAs, 7 — Alg Gy AS, 8 — AlgeGay AS; cal-
samples with thg100) and (111) crystallographic orienta- ﬁ:‘d?gg”{ﬁe;fwllcos&5_f”1’°°§ ©,6— GaAs according to Yama-
tions of the surface support the assumption that the surface is v
amorphized under the experimental conditions chosen. Thus,
Sigmund’s model for the sputtering of amorphous bodi®&s  where t=1/cos0, g=f/cos® yax; and
is applicable for analyzing the experimental results. f=h/(1—1/cos0,,,,), reveals good agreement in the range

The results of the measurements of the angular depe®<@,,,,. However in the range of glancing angles
dence of the sputtering yieM,(®) are presented in Fig. 2. ®>0,,,, the experimental results differ from the results
Such curves are typical of the sputtering of amorphous tarpased on Yamamura’s model. This can be attributed either to
gets, i.e., without a fine structure and with a single maximumthe influence of surface microrelief or to the incorrectness of
in the range® = 65— 75°, confirming the conclusion that the using the model in this range.
surface of the targets is amorphized during ion bombard-  Figures 3 and 4 present the results of measurements of
ment. A comparison of the experimental data with thethe sputtering yield for the normal incidence of the"Aons
asymptotic dependenceé~1/ cod O reveals that the expo- as a function of the energy and the composition of the target.
nent depends on the target composition and varies froma comparison of the plots obtained of the dependence of the
h=2.2 forx=0 toh=1.25 forx=0.8. In addition, the varia- sputtering yield on the composition with the results in Refs.
tion of the composition of the target leads to displacement ofi4 and 16 shows that the plots obtained under different
the position of the maximum fron® ,,,=65° for x=0 t0  vacuum conditions have a similar character and that, more
0 =72° forx=0.8. Such variation of the plots of the angular specifically, variation of the aluminum content leads to varia-
dependence of the sputtering yield is apparently attributablgon of the sputtering yield only in the range<0.3. The
to a decrease in the reflection efficiency of the incident parsputtering yield of the targets with an aluminum content
ticles and an increase in the mean free path of the ions igreater than 0.3 depends weakly on the composition. Since

targets containing the light element. the experiments in Refs. 14 and 15 were carried out with a
A comparison of the experimental data with the resultsresidual pressure in the vicinity of the sample no greater than

of a calculation based on Yamamura’s fornfdla 108 Torr, which eliminates oxidation of the most active
component, aluminum, the agreement between the results of
Y~tfexgg(t—1)], (1) the present work and the literature data attests to the com-
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FIG. 3. Dependence of the sputtering yield on the energy 6ffar normal incidence. Data from the literatute:— from Ref. 6,3 — from Ref. 3 for GaAs;
experimental dat&2 — GaAs,5 — Al Ga ¢As, 7 — Al Gay ,AS, 9 — Al .Ga gAs, 11 — Aly (Ga As; calculation using Eq5) and Yudin’s model 4
— GaAs,6 — Al Ga As, 8 — Alg Gay,As, 10 — Al ,Gay gAS, 12 — Al §Gay AS.

plete absence or very weak occurrence of oxidation in th@imensionless parameter that depends on the mass ratio
range of vacuum conditions chosen. M; /M;,, and the angle of incidence of the ions, @@glis the
To describe the sputtering of multicomponent materialssurface concentration of the atoms of tyipe
Sigmund? obtained the formula We note that Eq(3) is similar to the Haff—Switkowski
formula for binary compound¥. The values of the surface
(2)  concentrations were determined from the solution of the sys-

Y=2) Ci(A)Fp(E,0.0), _
tem of equations

whereY is the total sputtering yieldZ; is the concentration
of target atoms of type, A; is a “material” constant for the
atoms of specieg, andFp(E,®,0) is the distribution func-
tion of the absorbed energy.

Performing a series of transformations in analogy to
Refs. 2, 22, and 24, we obtain the expression

Y=ax?’+bx+c,
Yar!Yga= C}-}\I/Céav
(Ya+ Yo/ Yas=(Cx+Cgl)/Chs,

CZ||X:0: 0, (Ci\llcf\s”x:l: 1.5,

- 1 '

! The ratio between the surface concentrations of the ele-
whereS, is the nuclear stopping cross sections of the atom&ents for GaAlg in this system of equations was taken from
of typei, Uy, is the reduced surface binding energy,is a the literature/~1°and the ratio for AlAs was calculated from
the Patterson—Shirn—Sigmund fornf#1&

(3 SGalx:1:0,

A/ Ca=CA/Cg(Ugg—Uga)(Sg/Sh), 5)
sl where theC/ (i=A,B) are the bulk concentrations of the
. atoms.
5t o The values of the energies for the monoelemental mate-
e ‘\\.\ rials (Ug)a and Ugy)g (Ref. 26 were taken as approximate
S~ s-_.,_____._~__. values forUg, andU g .
5 bg - ~o S~econo T The reduced surface binding energldg appearing in
IS T ~a— - R e b T Om e expression(4) were determined by curve fitting. The proper-
%3: A“—~A-___°.___ ties of the model approximations of the nuclear stopping
>: M
2r D1
a2 TABLE |. Regions of applicability of approximations of the stopping cross
1F oJ sections.
* 4
\ , , , L Model Reference Working range
0 0.2 0.4 0.6 0.8 1.0 LNS Ref. 24 E=0.1E¢
X Biersack Ref. 25 E~1 keV
Yudin Ref. 26 E=0.1-40 keV
FIG. 4. Dependence of the sputtering yield for"Aons at normal incidence  Matsunami Ref. 27 E=0.1-40 keV

on the target compositior, keV: 1 — 2.5,2 — 5,3 — 7.5,4 — 14.
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TABLE Il. Surface binding energied, obtained by curve fitting.

Binding energyU,, eV

Atomization Amorphization
Target energyp, eV energyU,,, eV LNS Biersack Yudin Matsunami
GaAs 3.28 0.5 2.75 3.2 2.8 2.75
Al Gay gAs 34 0.6 2.7 3.0 2.9 2.9
Al Gay As 35 0.7 2.7 3.0 2.8 2.8
Aly Gay As 3.6 0.8 2.7 2.9 2.8 2.8
Al GayAs 3.7 0.9 2.7 2.9 2.7 2.7
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BRIEF COMMUNICATIONS

Investigation of the axisymmetric buckling of round plates
M. A. Khusainov

Novgorod State University, 173003 Novgorod, Russia
(Submitted February 8, 1996
Zh. Tekh. Fiz67, 118—-120(June 199Y

The stress—strain behavior of a round plate during thermal cycling through the range for
martensitic phase transformations is investigated. It is shown that the plate loses stability and
recovers its original shape with a clap when a certain temper&tyteT < As, IS

reached. The results of measurements of the impact and reactive forces are presented. The
conditions for the occurrence of a clap are determined.1997 American Institute of Physics.
[S1063-78497)02406-9

The round plates in measurement devices usually act adepict the recovery of the shape of the membrane on heating.
sensitive elementSnembraneswhich respond to changes in Straight linesl and 1’ illustrate the strains caused by the
pressure and temperature. If the elements are not joinddadsP and P’, which create deflections of the membrane
along their perimeter to a rigid ring and receive only a trans-equal to Z and 2’ in the martensitic state. The beginning of
verse pressure as the temperature varies, they buckle. It wise heating in the first cycle is depicted by cun&sind
shown in Ref. 1 that a compressed zone forms when th&'. The repair of the strain accompanied by a clap at the
deflection of the plate is large and that this zone is the focutemperatured; and T is illustrated by linear segmeng
of the loss of stability by the plate. The buckling of bimetal and3'. Complete recovery of the preassigned shape is com-
plates varies in proportion to the temperature, while the depleted at the temperaturés,, andAg, .
flection of shape-memory alloys changes suddenly at a char- The data presented provide evidence that the repair of
acteristic temperature. A loss of stability of a plate accompathe strain with a clap takes place mainlyTa§ (the point of
nied by instantaneous bucklig clap was observed in the the loss of stability, which differs fromAg;, of the original
stage in which the shape-memory effect was realfz&tle =~ sample. The displacement @fs and A, toward increased
temperature corresponding to sudden axisymmetric bucklintgmperatures is related to the magnitude of the st(tia
with a clap coincided in some cases with the temperature dfieflection imparted to the martensitic phase. The degree of
completion of the reverse martensitic phase transformatiofonrecovery of the shapkf, when the clap occurs in the
(Afin)- When the thermal Cyc|es were repeated, a degree d:fTSt CyCle is inSigniﬁcant. Repetition of the thermal CyCleS,
spontaneous shape recovery in the heating stage and incoff- deflection in the martensitic state, heatingAyg, and
plete repair of the strain after repeated claps were noted. cooling toMg,, caused increases inf andAf,,, as well as

Further study of the features of the thermomechanicaflisplacement of the temperaturég and A, (linear seg-
behavior of round nickel titanium plates would be of interestments4 and4’). The original hysteresis loop is represented

in connection with the sudden repair of the strain imparted td1ere by curves. . _ .
the martensitic phase. It was noted in Ref. 2 that an impulse arises during the

The experiments were carried out on plates of varioudnstantaneous buckling of a round plate. However, no quan-
dimensions made from TiNi of equiatomic composition. To titative data were presented in that work. Here we present the
assign “shape memory” to the material, a plate of diameteresults of experimental investigations of the thermomechani-
D was depressed in a chuck to a deptm the martensitic @l behavior of plategdisks under the conditions of a speci-
state. The radius of the depressiBnwas selected so as to fied repairable strain at the temperatiiigfollowed by rigid
satisfy the conditiorf/h=2, whereh is the thickness of the festraining to generate reactive stresses.
platel The restrained plate in the chuck was annealed at 1° Obtain systematic results the dynamometer was set at
500 °C (20 min). an assigned value using a micrometer sckgig. 3). The

The investigative procedure was as follows: a plate wadmpact force was determined from the deflection of the arrow

strained in the martensitic state to a distan€¢ai@der a load
P applied in the transverse direction so as to provide for
axisymmetric buckling due to transition of the midplane of
the plate into a surface of revolutidRig. 1). Then the plate
was heated to the temperatukg,. In this stage significant
compressive reactive stresses appeared on the perimeter,
which led to a loss of stability and instantaneous shape re-
covery.

Figure 2 presents characteristic curves which graphically¥IG. 1. Axisymmetric buckling of a round plate.
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nium disks. HereA f! is the deflection before the loss of stability in the first
cycle, andAf%is the deflection in the tenth cycle. b
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on the scale of the instrument, and the reactive fé&tcand 74+ 1
the temperature were recorded on an LKB Y potentiom- prz o
eter. The experiments showed that the dynamometer set at a - 2 )
distancefird maintains an impact forcB;,, and ensures rigid
restraining of the plate, preventing free shape recovery. Asa 0}
result, reactive stresses are generated in the disk material. _
Their magnitude for an assigned rigidity of the system is 2 [ Frjmax
determined by the degree of preliminary deflectithe o ’
strain. The kinetics of the development of the reactive 6# J [
stresses in the regime leading to a clap and restricted strain
are shown in Fig. 4. It is seen that a jump in the stresses i P! /11
occurs at a temperature closeAg,. This event is accom- 2t m fFim p?
panied by a clap and impact against the opposing ktuy m
dynamometer As the heating is continued in the com- N ) / | ,
pressed state, the reactive foeg, whose level depends on 300 320 340 360 T,K
the assigned magnitude of the free deﬂecti&h appear in
the plate material. FIG. 4. Characteristic plots of the dependence of the impact Bfgeand

The sudden Shape recovery with impact at a certain tentbe reactive forcé, on the temperature for different values of the repairable
peratureT still requires study. However, several factors thatdeflegnon qf the round plate from the center of curvatuﬁé%(and a coun-
definitely initiate a clap can be cited. The martensitic lattice, o0 stifnes —cc. & —D=20 mm, Z=12 mm; {3 , mm: 1 —

( Yy a clap can : , 0.48,2 — 0.64,3 — 0.83; b —D=11 mm, Z=1.4 mm;f, mm: 1 —
is known to acquire instability near the temperatArewith 0.78,2 — 0.93,3 — 1.2.

the resultant appearance of chemical and mechanical restor-

ing forces. At the same time, reactive stresses, which act in

the transverse direction, are generated in the plate material :
. at the perimeter of the round plate and serves as the focus of
Under the influence of these forces, a compressed zone for

rT’Ehse loss of stability. It must also be taken into account that, if
the high-temperature pseudoelasticity is most pronounced
nearAy,, the loss of stability is possibly also attributable to
g this effect, since the conditiofA;,<T <Ay, always holds.
An analysis of the plots oP=f(f[%) showed(Fig. 5

that the clapping force, or the impact force of the disk,

gradually increases, reaching its maximum value at a certain

value of {9 and then decreasing sharply as the latter in-

creases. The distancﬁ{éj corresponding to the strongest clap

(the maximum impact forgds /9., = (0.65—0.75)2f, where

2f is the deflection of the plate in the martensitic state. It is
original position of the plate2 — position at the time of impact against the noteworthy that b‘?th the Impa_Ct fordé, and the reaCtlve
opposing bodyA during heating. Herd!“ is the repairable deflection of the fOrce P generated in the material after a clap are determined
plate from the center of curvature. by the geometric parameters of the digk, (, f, andR) and

FIG. 3. Position of a round platelisk) relative to the opposing body: —
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FIG. 5. Dependence of the impact for( 4) and the reactive forc€l, 3)
on the repairable deflection of the plate at the time of the &epl11 (1, 2)

and 20 mm(3, 4).

axisymmetric buckling of the plate with a clap, which is
associated, as must be assumed, with the action of the ori-
ented microstresses and partial repair of the strain. These
events gives rise to a stable reversible shape memory effect,
which makes possible the repeated alteration of the shape of
the disk as the deflection is reduced.

Samples which underwent thermal conditioning during
160-200 cycles exhibited spontaneous buckling upon cool-
ing and shape recovery with a clap in the heating stage.

CONCLUSIONS

1. The recovery of the shape of a plate preliminarily
strained in the martensitic state occurs with a clap as a con-
sequence of the loss of stability near the temperafiyre

2. A clap occurs when a definite relationship among the
geometric parameters of the round plai, f, f, andR) is
attained.

3. Thermal cycling through the range for martensitic
phase transformations promotes the formation of repeatable
reversible memory in the disk material.

4. The impact force of the disk increases as the fraction
of the repairable strain increases and reaches its maximum

depend on the composition and structural state of the alloyvalue whenfi., = (0.65-0.75)2f.

Careful observations of the variation of the shape of the

plates during thermal cycling showed that reversible Sha‘pQA. S. Vol'mir, Stability of Deformable Systerfia Russian, Nauka, Mos-
memory is created. It must be assumed that the active defleco (1987.

tion of a round plate in the martensitic state to a specified?M. A. Khusainov, V. N. Belyakov, and A. F. Pazgalov, faterials with

value of 2f promotes the appearance of oriented nuclei of Complicated Functional-Mechanical Properti¢s Russiad, Novgorod
. . 1994, Part 2, pp. 152—158.

the phase being formed and the appearance of microstressed 294 Part 2. pp

in the direction of the force. Subsequent heatind tacauses
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Nonuniformity of the transverse distribution of the resonant field excited by a beam of
electromagnetic waves at the critical surface of a radially nonuniform plasma
sphere

N. S. Bukhman

Michurinsk State Agricultural Academy, 393740 Michurinsk, Tambov Region, Russia
(Submitted March 11, 1996
Zh. Tekh. Fiz67, 121-122(June 199Y

Simple approximate formulas are obtained for the characteristic length of the transverse
amplitude—phase nonuniformity of the resonant field excited by a beam of electromagnetic fields
at the critical surface of a spherical plasma body. 1897 American Institute of Physics.
[S1063-78497)02506-3

This paper is devoted to the study of the transverse nordimensions be large in comparison with the wavelength
uniformity of the high-frequency resonant electric field ex- (koL>1, andkgr,>1, whereky=27/\), and, in addition,
cited at the critical surface of the body of a dense, nearljet the condition
collisionless plasma by an electromagnetic béamThis 13
guestion is of interest, in partiuclar, in the study of the heat- Kor 0> (KoL)™, @)

ing of a target by a light beam in laser fusion. Completewhich is more rigid than the traditional conditidqr,>1,
information on the transvergat the critical surfacenonuni-  hold. As was shown in Ref. 5, when conditicd) is violated,
formity of the resonant field can be obtained by performing ahe estimates presented in Ref. 5 lose their “minimum”
complete calculation of the transverse distribution of the(with respect to the parameters of the incident wakearac-
resonant fieldfor example, in accordance with the method ter, and the characteristic length for the transverse nonuni-
described in Ref. 4 Unfortunately, employment of the re- formity of the resonant field is equal t@, regardless of the
sults in Ref. 4 presumes the use of information on the refraceharacteristics of the beam.
tion of the beam in the plasma corona and is impossible Then, for the characteristic length("™ for the nonuni-
without the use of informatiofiwhich is not always avail- formity of the resonant field excited by the beam at the criti-
able regarding the radial distribution of the plasma densitycal surface of the plasma sphere, it is not difficult to obtain
far from the critical surface and the phase characteristics ofin analogy to Ref. §
the beam. Utilization of the results in Ref. 5, which are less -
demanding in regard to the original informatiganly the A(,es):ro)\o JI1,(p)Q(p/r)dS @
radius of curvature of the critical surface and the character- 2 [[1,(p)Q(plr,)pdS’
istic radial length for the nonuniformity of the plasma near
the critical surface are used, and no data on the incident wavihere
are employey y|_elds only |nformat|0|_1 on the sma_tllest_pos— r=ro(kol) Y3<r,, 3)
sible (for an arbitrary electromagnetic waveonuniformity
of the transverse distribution of the resonant field: the actuahnd 6(7-) is the repeatedly tabulaté®resonant absorption
distribution of the resonant field can be significantly morecoefficient of a plane electromagnetic wave at the flat critical
uniform, depending on the characteristics of the incidensurface of a one-dimensional nonuniform plasma layer,
wave. which is related to the Denisov functigb(7) (Refs. 1 and

The formulas presented in this communication permit3) by the expression
finding the mean length for the amplitude—phase nonunifor-  _
mity of the resonant field at the critical surface of a plasma  Q(7)=®3(7)/2. (4)
sphere with the use of a minimum amount of information on
the plasma spherghe radius of curvature of the critical sur-
face and the characteristic length for the nonuniformity of
the plasma near the critical surfa@nd the electromagnetic
beam(the vacuum distribution of the intensity of the beam
field near the center of the plasma sphere

Let us move on to a description of the results obtained
Let a paraxial beam of electromagnetic waves strike
plasma sphere with a densityr), the radius of curvature of
the critical surface being equal @ and the characteristic
length for '_[he nonuniformity of the pIa;ma near the critical |p(P):|Evac(P)';’|2, |¢(P)=|Eva&P)'fAﬁ|2,
surface being equal to (the plasma profile can differ from a
linear one far from the critical surfage_et all the geometric 1(p)=|Eyad p)|?= l,(p)+14(p), (5)

The integration in Eq(2) should be performed in the
Oxy plane, which passes through the center of the plasma
sphere perpendicularly to the vacuum axis of the béaith
consideration of the paraxial character of the beam, any of its
“midlines” can be selected as the axis of the bearfhe
function I (p) is the distribution of the vacuum intensity of
the wave beam in the aforementioned plane, la(g) is the
Yistribution of the vacuum intensity of the radially polarized
component of the beam field in that plane
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where p=XX+VYY, p2=x2+y?, p=plp, In the case ofv~r, or w>r,, where the vacuum radius
d=(—xx+yy)/p, E,adp) is the amplitude of the vacuum ©Of the beam at the center of the sphere is of the same order as
r, or greater tham, (even for a plane wayewe have

A=\ (koL ) 3> N. ®)

field of the beam in the ¥y plane, andk andy are the unit
vectors of the 8y rectangular Cartesian coordinate system.
It should be noted that the vacuum parameters of the | s not difficult to verify that in the case ofi~r,
beam field are used in Eq) and(5), because these param- qqiimateq7) and (8) coincide. Thus, they can be combined
eters specify the weight coefficients in the expansion of thqn the form
incident wave in vector multipolés.
Equalities (2)—(5) show that in the general case of a

nonaxisymmetric beam of arbitrary polarization the charac- As a result of the examination just performed, it can be
teristic lengthA **) for nonuniformity depends only on the concluded that sufficiently sharp vacuum focusing of the
pOIarization and the distribution of the vacuum intenSity 0fe|ectr0magnetic beam in the center of the p|asma sphere en-
the incident field in the plane passing through the center o§yres an increase in the uniformity of the angular distribution
the plasma sphere perpendicular to the beam axis. It is alsgr the resonant field at the critical surface, regardless of the
seen that only the vacuum field in the circle character of the reflection of the beam far from the critical
p=ri=ro(kol) P<rq is significant to the value of this surface of the plasma sphere. Since expresé@mives an
parameter, because the functi@{p/r,) is exponentially ‘“unbiased” estimate for the amplitude—phase nonuniformity
small atp>r,. We note that the radius of this circtg is  of the transverse distribution of the resonant field, it is a
small in comparison to the radius of curvature of the criticallower estimate of the characteristic length for the amplitude
surfacer . nonuniformity of the resonant field excited by the corre-
Let us analyze the relatiof2) obtained. We confine our- sponding electromagnetic beam. One advantage of this esti-
selves to an examination of the simplest case of an axisynmate is the absence of a dependence on the character of the
metric (with respect to the intensity elliptically polarized reflection of the electromagnetic beam far from the critical
beam, whose axis passes through the center of the plasmsarface.
sphere[ | (p)=1(p)]. In this case

(res roho Jol(P)Q(p/r1)pdp
2 [51(PQ(plry)p?dp’

The integrals in Eq(6) can be calculated exactly for
each concrete beam profil¢p), but we shall confine our-
selves to an approximate evaluation/df®® for various val-
ues ofw/r,, wherew is the vacuum radius of the beam at the
center of the plasma sphere.

Al ~max{mro/(kow), No(kol)¥3. ©
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(6)

For example, in the case @f<r,, where the vacuum

radius of the beam at the center of the sphere is small i

comparison ta 4, we have

A(re3~’ﬂ'r0/(k0W). (7)
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Expansion of an arbitrary function in products of spherical functions
I. P. Skal'skaya, N. I. Zlatina, and I. B. Suslova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 22, 1996
Zh. Tekh. Fiz67, 123-126(June 199Y

A formula for expanding an arbitrary function defined in the interval (0,1) into a series in
products of spherical Legendre functions of the first and second kinds is presented. Examples of
expansions of this type are given. €97 American Institute of Physics.

[S1063-784297)02606-9

It was shown in Ref. 1 that a function defined in the According to Eq.(32) in Ref. 1, the sun8y(x,y) converges
interval (0,1) can be expanded into a series in squares @&sN—x to the finite limit

Legendre polynomials: w0
1 [ii(y)dy im Sy(x,y)=2 2 (2n+1)Pr(x)Qu(X)PR(Y)
VI=x2 Jx J1-y? .
2—1 y<X’
—22 (2n+1)P (x)J FYP(YQuy)dy, (D) =) VTN ©
0, y>X.
wherePn(x) andQy(x) are spherical Legendre functions of |t ggmissibility of the limiting transition under the integral
the first and second kind. _ . sign in Eq.(4) is postulated, we obtain
Conditions which are sufficient for this expansion to be
correct were established, and several particular examples, lim F f I d
which are of interest for the theory of special functions were NITOO N0 = (y)Nu;nw Sn(xy)dy
considered. The purpose of the present work is to investigate
an expansion, which, in a certain sense, can be regarded as 1 xf(y)dy
symmetric with respect to Eql), viz., - V1-y2 Jo J1-y?
1 fo(y)dy or, according to definitiori3),
V1-x* JoJ1-y? 1 f(y)dy
J —22 (2n
Vi—x2 Jo1-y? =0

* 1
~2 3 (@n+ 1P (0Qy(0 JO fyP2Aydy. (@

1
+1)P(x)Qn(x f f(y)P2(y)dy.
Several results established in Ref. 1 are used during the in- JPn()Qn(x) 0 (y)P(y)dy
vestigation. To prove equality2) we assume thaf(x) @

e L(0,1), and we consider the sum o B
Thus, to complete the proof of the theorem it is sufficient to

N 1 ) substantiate the permissibility of the limiting transition cited.
FN(X):ZnZO (2n+1)Py(x)Qn(X) Of(y)Pn(y)dy, For this purpose we utilize the asymptotic formulas for
(3)  Sskherical functions obtained in Ref. 1:

0<x<1, N=0,1,2,.... _ . 2 :
P,(cos 6) N+ 1/2)sin 0 si(n+1/2) 0+ w/4]

Since|f(y)P2(y)| <| f(y)| for 0<y<1, the integral in Eq.

(3) converges absolutely, and expressi@ has meaning. O(1)
The sum under consideration can be written as T (n+ 1727 (sin §)7
1

FN(X)=fO f(y)Sn(x,y)dy, (@) Q,(cos 6) = VzmTq/Tz)sina cod (n+1/2) 9+ /4]

where 0o(1) 2
N * (n+1/2°Ysin 0)9’1°|n 1—cosf’ ®)
— 2
Sn(x,y)=2 HEO (2n+1)Pr(X)Qn(X)Pr(y), where 0< 6 < 7/2;n=0,1,2,. .. ; andO(1) does not depend
onn andé.
0<x<1. (5) We write the product
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4(n+1/2)P(cos 0)Q,(cos ) P2(cos ¢)=4(n+ 1/2)

cosAn+1/2)6 O(1) 1+sin2An+1/2) ¢ O(1)
2(n+12)sin 6 (n+12)7(sin )% " 1-cosd|| =(n+1/2)sin ¢ (n+1/2)"(sin ¢)°®
4 1o cos2n+1/2)6 2(n+1/2)¢p cosZn+1/2)¢  O(1)[1+sin An+1/2) ¢] 2
=4(n+172) 2m(n+1/2)%sind sing  2m(n+1/2%sindsing  w(n+1/2)*(sin 6)%sin qS N1 cosd
O(1)cos 2n+1/2)6 N 0O(1) | 2 _ 2cos Zn+1/2)6
2(n+ 1/275in 4(sin ) " (n+ 172 Xsin 6)7(sin )7 " 1—cosh|  m(n+ 1/2)sind sin &
O(D[1+sin 2An+1/2)¢] 2

N sinAn+1/2)(¢+ 0)+sin An+1/2)(p—6)

m(n+1/2)sin 6 sin ¢

O(1)cos2n+1/2)6 0(1)

(n+1/2)"(sin 6)¥°sin ¢

n
1—cosé

2 2cos 2n+1/2)6

(n+1/2)sin 6(sin ¢)9’5+
N sin2An+1/2)(¢p+ ) +sin An+1/2)(p— 6)

(n+1/2)%%(sin 6)7(sin ¢)9,5In

1-cosf m(n+1/2)sin 6sin ¢
O(1)

w(N+1/2)sinb sin ¢
+sin 2An+1/2) ¢]In 1

N sin An+1/2)(p+ 0)+sin An+1/2)(p—6)

5+ (sin 6)*5cos 2n+1/2) 6+

(n+1/2)(sin 6)7%(sin ¢)9/5[ (sin ¢)*11

2cos 2n+1/2)60
m(n+1/2)sin 6 sin ¢

12 |
(n+ 122" 1—cosd|
0(1)

w(n+1/2)sin 6 sin ¢

wherex=co0s6,0 < x<1,0<60 < /2, 0is fixed, and

2
1—-cosé

Thus,
4(n+1/2)P,(cos 6)Qn(cos 8) P2(cos ¢)

In

=0(1).

_ 2cos2n+ 1/2)6
w(n+1/2)sind sin ¢

N sinAn+1/2)(¢+ 0)+sin An+1/2)(p—6)

(n+1/2)75(sin 6)7(sin ¢’

(C)

m(n+1/2)sinf sin ¢

o(1)
T (n+ 1275sin 6)7(sin )7

wheren=0,1,2,... .;
not depend or¥, ¢, andn.

Let us consider sums of the formx£€ cos6, y=cos¢)

Sn(x,y)
N

=2 ZO (2n+1)P,(cos 6)Q,(cos 6)

X P2(cos ¢).
From (10) it follows that

0<0 < 7/2; 0< ¢ < 7/2; andO does

< % cog2n+1)6
N(XGY) = mwsin@sing =  2n+1
. EN‘, sin (2n+1)(p+ 6)
sin 6sin ¢ =0 2n+1
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2 N sin(2n+1)(¢—6)
* sing sin ¢ =6 2n+1

0(1) N 1

 (sin 6)%5(sin )75, (2n+ 1)7"

or

% cog2n+1)6
=0 2n+1

SNY)= eing sin o i

sin(2n+1)(¢+6)

>

+
7sing sin ¢ =0 2n+1

2 N sin(2n+1)(¢—6)

* sing sin ¢ nEO 2n+1
O(1)
* Gsin 6)5(sin ¢)"

where <0< 7/2,and 0< ¢ < /2.
From the previously obtained estimates

cog2n+1)6
h=0 2n+1

M z

=0(1)In =0(1),

1—co¥

N .

sin(2n+1)(¢+6)
nZo 2n+1 =0
for all 0<¢p=/2,

N sin(2n+1)($— 0)
n§=:O 2n+1

=0(1)
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for all 0<p=<m/2. (15
It follows from Eqgs.(12)—(15) that
0(1) 0(1)
Sn(xy)= MO(lH sinf sin ¢ = siné sin ¢
O(1) O(1)  0O(1)
* (sin 0)™(sin $)™ sin ¢ * (sin ¢)°°
= %%[H (sin ¢)¥%]= %m
0< p<m/2 (16)
or
0(1) 17

Sn(X,y)= 1=y Osy<1,

wherex is a fixed number, andOx<1.

If we assume thaf(y)(1—y) 9% e L(0,1), the se-
guence f(y)Sy(x,y), where N=0,1,2,..., will be ma-
jorized, and the limiting transition under the integral sign
will be permissible. The previously found conditidi{y)

e L(0,1) will then be satisfied. Thus, the following theorem
has been proved. Létx)(1—x) %% e L(0,1), then

1 xf(y)dy

Vi—-x2Jo\1-y?

—22 (2n+1)P,(x)Q

0<x<1

1
n(X) JO f(y)Pa(y)dy. (18

- 2_)0 (2n+1) 5F5(—n,n+1,1/2;1,2,3P () Qu(X),

0<x<1; (23
sF»(a,b,c;e,f,X) is a generalized hypergeometric function;

(4n+1)I'*(n+1/2)
L 2n=T)2n+2)(nn2 X Qan(X),

x2=1/2— 1/772

0<x<1; (29

, 4n+3
—In(1-x2) = P(x) Qo(X +1/7T2 D@ D)

X aFy(n+1,—n—1/2,1/2;1,3/2,1

XPoni1(X)Qonsa(x), 0<x<1, (25
arcsinx 22 P.(X)Qn(X), 0<x<1; (26)
\/1—2 - n(X Qn(X X ’

KO)=22 (~1)"Pr()Qn(x), 0<x<1; 27
” 2n2+2n—

E(X)=4HZO (—1)nm Pr(X)Qn(X),

0<x<1; (28

andK(x) andE(x) are complete elliptic integrals of the first

The following relations can serve as examples of the exparand second kinds.

sion of the type under consideration:

S Pa(X)Qu(x)
X= —220 m, 0<x<1, (19
x3=-2.3,
n=0
2n?+2n-3 5
><(2n—1)(2n—3)(2n.|_3)(2n_,_5) n(X)Qn(X),
0<x<1, (20)
xF(—m,1, 3/2,x?)
0<x<1l
B Noo2n+1 (— m—1/2)nP o1
2 nimraz (m+a), n0Q00. (2D
The following more general formula is also valid
XF(1/2—v, 1, 312x?)
- 2n+1 (— 1/)
- 2 Pn(X)Qn(x), (22)

ntv+1(1+v), "

where v>—1, 0<x<1; F(a,b,c,x) is a hypergeometric
function;
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A more general formula is also valid:

Jr T(1+v)

2v+1 2
2 T@2+ )" F(1/2,2+ v,3/24 v,x?)

2n+1 (—-w»),
n+v+1 (1+v),

=n§O (—1)" Pn(X)Qn(X),

r>-—1, 0<x<1. (29

The coefficients in these expansions are calculated using the
integral representatiofsee Eq.(22) in Ref. 1]

1 P,(t)dt

mlae-1\(t—2xZ+1)(1-t)

1
P2 (x)——

—1<x<1, n=0,1.2, .., (30)

as well as the known expansions of a function in Legendre
polynomials. Some of the formulas remain valid even at the
ends of the interval considered.

IN. N. Lebedev and I. P. Skal'skaya, Differ. Ura\28, 262 (1992.

Translated by P. Shelnitz
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INTRODUCTION Knowing the functionf(r) and the radial spatial distri-

. . . . bution functiong(r) of the electrons, we can obtain the
Consideration of the quantum yield of free carriers when ; )

: : : ) : . quantum yieldY(E) of free carriers. ClearlyY(F) can be
materials used in electronics are irradiated is of both theorerf- ; .
: o . ; . .._found by integrating the product ¢{r) andg(r)
ical and practical importance, particularly in connection with
the correct simulation of the electronic processes leading to Y(E)= °°f q 4
the formation of the radiation-induced charge in the gate in- (F)= o (rg(rydr. )

sulator of a field-effect transistor. The solution of this ] B o
problent2 calls for taking into account the geminate recom-  S€veral semiempirical approximations are used to calcu-

bination processes, which determine the final concentrationét€ 9(r). Our goal was to findy(r) and then to determine
of the thermalized nonequilibrium carriers in the insulator. Y(F) from first principles using the Monte Carlo method.

GEMINATE RECOMBINATION APPLICATION OF THE MONTE CARLO METHOD TO THE

After completion of the exchange of energy, a thermali-CALCULATION OF g(r)
zed electron and the corresponding ho_Ie are at a certaln dis- Sinceg(r) is the probability density of finding an elec-
tancero ;‘]rom_onel anogher. Two scene;]rlos are tze?] possibleyon near the “original” hole, it can be found numerically
One Offt em |rr]1vo vel_s Ljssomatm.rl\.gf-t e pair and the ap?cearéfter determining the distance at which electrons escape from
ance of two thermalized nonequilibrium carriers, viz., a fré€y, e nojes and achieve complete thermalization. It is under-

is generally called geminate or pair recombinafion. thanr,, and it would be meaningless to discuss geminate
The probability of each of these processes depends 0f..ombination.

the ratio between the thermalization lengthand the Cou-
lomb capture radius,,. The Coulomb capture radigsr the
Onsager radiysr, can be determined by assuming that the
Coulomb interaction energy of an electron and a hole will b
equal to the thermal energyT at that distance. Then we

Performing the Monte Carlo calculations requires
knowledge of the characteristics of the electron scattering
processes in the solid. The main processes for low-energy
€electrons include scattering on phonons. In these processes
the electrons interact with polar optical phonoiisO

obtain phonong and with nonpolar acoustic phonons. The intensity
e? of the electron—phonon interaction is characterized by the
rk:—477880k-|—: () scattering rate of the carriers. In the former case the scatter-

) ) o ing rate is determined from the following formdla
wheree is the charge of the electroa,is the permittivity of

1/2 2
free spaceg is the dielectric constant of the mediuinjs L E+} i(m_*) e
’ H LO™ - 2

Boltzmann’s constant, anfl is the temperature. 2 2)h°\2E] A4meg

If ro>ry, the electron-hole pair is free. th<<r,, dis- F o ) 112
sociation of the pair is possible with a certain probability 1+1F LO)
f(r), and geminate recombination is possible with a prob- X(i—3>ﬁw Ln E (5)
ability 1—f(r). According to Ref. 2, the probability of dis- €o Lo - _fho o\ P
sociation in the presence of an electric fi€lds L=

_ _ary where the plus sign refers to the emission, and the minus
f(r)=exp(ri/r)(1+ Bok), 'Bo_m @) sign refers to the absorptig@nnihilation) of a LO phonon

with an energyhw o; m* is the effective mass;, €, and
g, are the absolute, static, and optical dielectric constants;
) F{rk exp(—2BgFrir)—1 andn is the energy distribution function of the electrons

r = J—

3) .,
o

2BoFr/ry holo
n=| ex
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FIG. 1. Discrete energy distribution used to randomly select
015 the initial electron energy. It was obtained from the results of
the Monte Carlo simulation of the trajectories of electrons
with an initial energy of 10 keV injected into an insulator.
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In the case of scattering on acoustic phonons the scatter- 1. Selection of the initial parameters of the carrier: the
ing rate depends on the energy of the electrons on theoordinates<,, y,, andz,, the velocityr=(2E/m*)*2, and
Brillouin-zone edgesgz. WhenE<eg5, the rate of nonpo- the energyE. For convenience all the trajectories were simu-

lar acoustic scattering equals lated from a single center. The angle of the initial motion of

3m* 3202k T the electron was assumecj to be uniformly distributed in the
_%—1\@_ () range from O to Zr. The initial energy was randomly se-

V2mpC2h* lected from a distribution obtained from the results of a

Monte Carlo simulation of the trajectories of moderate-

WhenE>egz, energy electrons in Sion the basis of the data on scatter-
. 8mh2N%¢[ E |37 1 1 ing processes presented in Ref. 5. The number of electrons
= Mwgy | eg7 Nezt 551 (7) N having an energy below the ionization thresholek (8.9

) . . i eV) after completion of the last inelastic collision was deter-
whereC, is the deformation potential constaptjs the den-  mined. This number was used to determine the numbafr
sity, Cs is the velocity of soundN is the number density of  gjectrons having an energy in the range fréinto E+dE.
thg lattice atomsM is the mass of the_heawest atom in the Then the probabilityp of the escape of an electron from a
unit cell, ngz and wg are the occupation numbeirlss and fre- center with an energy in the range frdento E+dE equals
quencies of the acoustic phonons, afd3.5x10° ' cm® /N An energy-probability table served as a discrete distri-
for silicon dioxide, a material that often serves as the gat§ytion for randomly selecting the initial energy of the elec-
insulator in transistors. . tron formed from the “initial” atom(Fig. 1).

In our calculations we used the following values of the 2. Calculation of the probability densities of the
parameters: m*~mo, T=300 K, fiw 0=015 and glectron—phonon scattering processes and determination of
hw 0=0.06 eV for differentLO phonon modesg=3.8,  the time of flightAt before the next collision on the basis of
£,=2.25 C;=3.5 eV, p=2.65 glcni, C,=4.03x10° Egs. (5)—(7)

— 2 —3 —_ — 27 ) )
cm/s, N=7.95<10° cm ®,  M=45.8<10 kg, 3. Calculation of the coordinates of the elecfton
wpz=4.8x10% "1, £5,=5.5 eV, andng,=0.816.

The simulation scheme based on the general theory and
the Monte Carlo method consisted of the following steps. Xp=Xn_1+ Vy_1SiN ¥,_1COS @, 1AL,
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FIG. 3. Dependence of the quantum yield of free charge carriers on the
electric field strength according to the results of our calculations and the
experimental data in Ref. &, keV: O — 10 (our calculations B — 10

(Ref. 6), x rays; A — Co0-60(Ref. 6.
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FIG. 2. Dependence af(r) on the distance for
various values of the electric field strengtk,
V/cm: 1 — le+5,2 —5e+5,3 — le+6,4 —
5e+6.

42 46 50

whered is the angle between the direction of motion and the
Z axis, andy is the angle between theaxis and the projec-
tion of the direction of motion onto they plane.

The angled should henceforth be correcfed

F qF
U, =arccof cot J,,_ 1+ m
n— n—
><\/(Xn_xnfz)zdl'(yn_ynfl)z : 9)

4. Determination of the energy after the interaction: consid-
eration of the energy change due to the electric field

En=En-1+0aF(2=21-1), (10
and calculation of the energy after the interaction
E,=El+7w. (11)

5. Finding the scattering angles.
The polar scattering angle is given by the expression

F
E
n n
———(1-BR®)+BR, 12
whereR is a random number that is uniformly distributed in
the interval (0,1), and

CoS a,=

Ef+E,+2VELE,
Ef+E,—2VELE,

(13
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The azimuthal angle8 is uniformly distributed in the *v. A Gurtov, A. I. Nazarov, and I. V. Travkov, Fiz. Tekh. Poluprovodn.

interval (0,27) and is given by the expression 24, 969 (1990 [Sov. Phys. Semicon@4, 611 (1990].
2A. V. Vannikov, V. P. Matveev, V. L. Sichkar’, and A. P. TyuneRa-
B=27R, (14 diation Effects in Polymers. Electrical Properti¢m Russiai, Nauka,
. Moscow (1982.
whereR is a random number. 3H.-J. Fitting and J.-U. Frieman, Phys. Stat. Sol., 31982,
The new angles} and ¢ were calculated from formulas 4G, v. Gadiyak, S. P. Sinitsa, and I. V. Travkov, Mikroelektronika 448
which were presented in Ref. 3: (1988.
F . . F 5J. C. Ashley and V. E. Anderson, J. Electron Spectrosc. Relat. Phenom.
€0s ¥,=C0S &,coS ¥, + sin a,Cos B,Sin 4, , (15 24, 127 (1981).
. . 6J. M. Benedetto and H. E. Boesch, IEEE Trans. Nucl. 88:33 1318
sin a,Sin B, (1986.

¢n=pn-1Harcta (16) 71. V. Travkov and V. A. Shvigert, Autometry{in Russiaf, Novosibirsk,

1988, pp. 67-73.
The procedure described above was repeated from step *2;\1 O?tu?li) and W. Williamson, J. Appl. Phyg4, 1 (1993.
until the electron energy dropped to less than 0.06 eV. ThegD. G. Esaev and S. P. Sinitsa, Pis’'ma Zh. Tekh. BjZ1063(1986 [Sov.
functionsg(r) were found from the results of these calcula- Tech- Phys. Lett12 440(1986].
tions (Fig. 2), and the quantum vyields of the free carriers
were determined for various fieldEig. 3). Translated by P. Shelnitz

COS a,sin O},
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Spin polarization of helium 23S, atoms in a Na—He gas-discharge plasma with optically
oriented sodium atoms
S. P. Dmitriev and D. E. Denisov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 3, 1996
Zh. Tekh. Fiz.67, 131-133(June 199y

The polarization of helium ¥5, atoms is achieved by collisional processes involving optically
oriented sodium atoms in a Na—He gas-discharge plasma, and the conditions for observing
the signal of the magnetic resonance excited by f*® 2tate of the He atoms are investigated.
© 1997 American Institute of PhysidsS1063-784097)02806-1

Investigations of atomic collisions involving spin- eter of 50 mm with an internal glass-coated electrod€he
polarized particles under the conditions of an alkali-metaltf voltage on the electrode was100 V). The chamber con-
helium gas-discharge plasma are of interest both for théained metallic sodium and gaseotide at a pressure of 1
physics of the spin-dependent processes occurring in atomitorr. The chamber was placed in a glass thermostat that
collisions and for applied problems of quantum magnetom{rovided for heating to 150 °C, which enabled us to achieve
etry. The dependence of the probability of Penning ioniza@ Na vapor density corresponding to an atom number density
tion during the collisions of alkali metal atoms and meta-=10""cm™3. The thermostat together with the chamber was
stable helium atoms on the mutual orientation of the electrolaced in a multilayer magnetic shield, within which a field
spin magnetic moments of the partners was demonstratédo=20—50 mOe directed along the axis of the shield was
experimentally and investigated in Refs. 1 and 2. An influ-created using Helmholtz coils. The Na atoms were optically
ence of the spin orientation of the atoms under the condition§riented by circularly polarized light from a resonant sodium
of an alkali-metal/helium plasma on its electrical conductiv-12mp (the D, and D, spectral lines of the Na atomsvhich
ity was discovered. There is special interest in research oRfopagated parallel to the fieldo. To excite the magnetic

the transfer of spin orientation from optically oriented alkali- "€Senance in the systems of Zeemahrgublevels of #5g;,3
metal atoms to the products of an alkali-metal/heliumdround state of the Na atoms and thes2 metastable state

plasma, viz., helum 25, metastable atoms and free of the He atoms, an amplitude modulated rf magnetic field

electrons** The possibility of orienting the spin magnetic Elejmhmein ot (the rlfwor(:lulitif(?nlgrequeincwaa@E70
moments of helium S, atoms in the absence of direct op- ' %’ and the frequency of the rf field was=yaHo, where

tical ina b t heli light its elimination YA is the gyromagnetic ratioyNa:OJ Hz/Qe andyp=2.8
'ca’ pumping by resonant nefium fight permits elmination Hz/Oe, respectivelywas applied perpendicularly td,. The

of the large photoinduced frequency shifts of the magnetic agnetic resonancéior both the sodium 35y, atoms and

o m
resonance excited in the system of Zeeman sublevels of ﬂ}ﬁe helium 2S, atoms was detected in the variation of the

23S, state of the He atoms, which is important for solving . : . . . .

the quantum maanetometry problems. A novel tvpe of anl_ntensny of the circularly polarized light of the sodium pump
quantum mag metry p ) Vel typ qua lamp passing through the chamber. A silicon photodiode, a

tum device, viz., a helium magnetometer with optically ori-

d alkall I kali Vheli narrow-band amplifier, a synchronous detector, and an
ented alkall-metal atoms or an alkali-metal/helium magnetoy _ v recorder were employed for this purpose. To reduce

meter, was proposed in Refs. 5 and 6. HeliufS2atoms 0 noise in the optical system, a broad-band glass filter,
have been polarized by transferring spin orientation from opynich cut off the spectral lines lying far from the region of

tically oriented alkali-metal atoms, and devices have beeR,qs sodium doublet. was placed in front of the photodiode.
created under the conditions of Cs—He, Rb—He, and K-He g 3 result of the optical orientation of the Na atoms and

gas-discharge plasm&s® The high accuracy and weak ori- the collisions of these atoms with the heliuriS? meta-
entational dependence of the readings place them among tiesple atoms, the latter become spin-polarized. The most im-
most promising devices for measuring the geomagnetic fielortant mechanism for transferring orientation are spin-

and its variation. dependent Penning ionization of Na atorfiy and spin-
In the present work we polarized heliumi® atoms in exchange collision§2):

collisional processes involving optically oriented sodium at-
oms in a Na—He gas-discharge plasma and investigated the Na(3%Sy;)T+He(2%S)—Na"(2'S;) +He(1'S;) +e,
conditions for observing the signal due to the magnetic reso- @
nance excited in the®5, state of the He atoms. 2 3 2 3

The experimental procedure was as follows. Metastable N&(3°Syp) | + HE(2°S,) — Na(37Sy) + He(2°S)) 1. (2)
helium atoms were excited in the Na—He plasma of a radio-  In reaction(1) the spin polarization of the helium®g;
frequency(rf) pulsed discharge. The pulse repetition rate wasatoms appears because of the removal of the atoms for which
1-10 kHz, the pulse duration was 1-13, and the filling  Penning ionization is allowed by the total spin magnetic mo-
frequency was 45 MHz. The discharge was excited in a cyment conservation law from the ensemble 382 atoms®
lindrical glass chambedmith a length of 50 mm and a diam- A significant contribution to the polarization of the helium
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$. rel. units

\ 0 00 120 740§, °C

FIG. 2. Dependence of the amplitude of the signlg (1) and Sy, (2)
observed on optical orientation of the Na atoms in a Na—He gas-discharge
1 plasma €e,=2 kHz, 7,,=3 us) on the chamber temperature.

in the 1-10 kHz range and the pulse duratigy, in the
1-10 us range was investigated at=120 °C. Typical
curves are presented in Fig. 3. The highest amplitudes of
FIG. 1. Signals of the magnetic resonance excited in fify 3state of Na ~ Sre Were observed for a pulse duration equal to 3«s7and
atoms(1) and in the 3S, state of He atom&2): w/2m=25(1), 100 kHz(2). a pulse repetition rate equal to 2—3 kHz. No significant in-
fluence of the temperature and the parameters of the pulsed
discharge on the width db,, was observed under our con-

23S, atoms can be made by the collisions of these atomg.monS due to the large inhomogeneous broadening of the

with electrons polarized during spin exchange with opticaIIyS'gnals and a signal-to-noise ratio that is insufficient for ex-
: . act measurements.
oriented sodium atom&>

Dsoretaton of th heum 2, atoms by he magnetc  A0%8 vestgatons are neetd o eteine e
resonance excited in the system of Zeeman sublevels of then d the h pI ' P the chamb pth idth
metastable He atoms leads to variation of the equilibriumc arge, and e helium pressure in the chamber on the wi
polarization of the ensemble of spin-polarized plasma par9f She- In addition, a significant increase in the amplitude of

ticles, including sodium atoms, which can be detected in th(]aSHe sthould be expec]EeSd_vilge_lr_] the chfamber IS fl'”e??\’\;'tg he-
variation of the absorption of the circularly polarized pump ium 1o a pressure o ofsee, for example, Ref.)
light from the resonant Na lamp.

Figure 1 presents the signals of the magnetic resonance
excited in the 3S,,, state of the Na atomsS{,) and in the 5L
23S, state of the He atomsS(,.). The width of the signals is
governed mainly by the nonuniformity of the field, and |
amounts to=1 (Na) and=4 kHz (He). These values corre-
spond to the ratio betweety, and yne. The maximum

20 30 40 50 H,, mOe

value of S, determined as the amplitude of the first har- @ 4r

monic (with the frequencyQ) with a 50 K) load on the 5

photodiode, amounted te«1 mV when the signal-to-noise [ 1
ratio was=>50 (in a 1 Hzband. The amplitude ofS, was o

approximately 30 times greater than thatSpf..

The dependence of the amplitudes of the observed sig-
nals Sy, and S, on the temperature and the parameters of
the pulsed discharge was investigated in this wgtig. 2).

The optimal conditions for observingy, and S with the

<
/

chamber under consideration approximately coincide and fall 0 Z' 4 6 é 12)
in range 116-130 °C. The increase iy, and S with the Toun 1S
temperature is due to an increase in the concentration of . , ) , ) ,
optically oriented Na atoms. The decreasesjp and Sy at 0 2 4 6 8 10
temperatures above-120 °C is due to a decrease in the fouls kHz

intensity of the detecting light as a result of an increase in th?:IG 3 Depend fth itude of the helium sianal on th .
. . . FIG. 3. Dependence of the amplitude of the helium signal on the parameters
optlcal denSIty of the Na vapor in the chamber. The d(Epenof the pulsed dischargd: — dependence 08, on the rf pulse repetition

dence of the amplitpde of the helium signal on the paramzgie (rou=3 ), 2 — dependence 08y, on the pulse durationf(,=2
eters of the pulse dischargen the pulse repetition ratg,,  kHz). The chamber temperature was120 °C.
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However, in that case the influence of collisional mixing in *S. P. Dmitriev, R. A. Zhitnikov, and A. 1. Okunevich, Zhk&p. Teor. Fiz.

the excited states of the alkali-metal atoms leads to a need to70, 69 (1976 [Sov. Phys. JETR3, 35 (1976)].

filter the D, and D, lines in the pump Spectruﬁ‘IWhen K 2S. P. Dmitriev, R. A. Zhitnikov, and A. I. Okunevich, iAbstracts of the
o ; . ' . 20th Congress AMPERE, Tallin, 1978, p. 418.

Rb, and Cs are employed, this is easily accqmpllshed USiNg "\ “keiser. H. G. Robinson, and C. E. Jonson, Phys. LetBIAS

interference filters. However, thB, and D, lines of the (1975.

sodium doublet are close to one anothe(D,)=589.0 nm  “E.v. Blinov, R. A. Zhitnikov, and P. P. Kuleshov, Pis'ma zh. Tekh. Fiz.

and \(D,)=589.6 nnj, and they cannot be separated by 2, 305(1976 [Sov. Tech. Phys. Let2, 117(1976].

ordinary filters without a significant loss of intensity. The use E- V- Blinov, R. A. Zhitnikov, and P. P. Kuleshov, Zh. Tekh. F4&, 588

. . (1979 [Sov. Phys. Tech. Phyg&4, 336(1979].
of a tunable dye laser, which permits the performance OfGE. V. Blinov, R. A. Zhitnikov, and P. P. Kuleshov, USSR Inventor’s

eXperiments.With separate _high-iptens[M and D2_ lines, Certificate(Patent No. 578 630; Byull. Izobret. No. 401977).
seems promising for the optical orientation of sodium atoms.7g. v. Blinov, B. I. Ginzburg, R. A. Zhitnikov, and P. P. Kuleshov, Zh.

Thus, the spin polarization of helium®g, metastable Tekh. Fiz.54, 287 (1984 [Sov. Phys. Tech. Phyg9, 168 (1984)].
atoms has been achieved in a Na—He gas_discharge p|asrﬁ5 V. Bl.inov, B. I. Ginzburg, R. A. Zhitnikov, and P. P. Kuleshov, Zh.
with optical orientation of the sodium atoms in this work, gTe"h' Fiz.54, 2315(1984 [Sov. Phys. Tech. Phy29, 1362(1984).

. dM Elbel and F. Naumann, Z. Phy804, 501 (1967).
and the optimal temperature and parameters of the pulse
discharge for the signal amplitude have been determined. Translated by P. Shelnitz
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Experimental investigation of beam auto-oscillations in a section of a backward-wave
linear accelerator

V. V. Kozlyuk

Institute of Chemical Kinetics and Combustion, Russian Academy of Sciences, Siberian Branch,
630090 Novosibirsk, Russia

(Submitted October 11, 1995; resubmitted February 19, 1996

Zh. Tekh. Fiz.67, 134—-135(June 199y

[S1063-78497)02906-1

Auto-oscillations of the current of an accelerated beanderived from a treatment of this diagram under the following
were discovered experimentally relatively recently in the ac-assumptions: Jlthe same portion of rf power is absorbed in
celerating structure of a one-section backward-wave lineaeach cell of the section,)2here are no beam losses in the
acceleratof:? These auto-oscillations are undesirable for theacceleration process, and e output rf power is close to
operation of the accelerator, since they lower its efficiencyzero in the auto-oscillation regimté.Under these conditions
and adversely affect the output beam quality.

The physical mechanism of the beam auto-oscillations
beam in a section of the backward-wave linear accelerator 1% N7'S{LII ;) exp(—2ajl))’
was discussed in Ref. 1 and 2. It would be useful to focusvvhereAI =1—1%is the deviation of the current of the accel-

once again on this question. The longitudinal distribution Oferated beam relative to its design valde P is the output rf

the accelerating field in a section of a backward-wave linear : : .
ower corresponding to loading the accelerating structure

lerator h n exponentiall ing char r.Th . . . .
accele atq nas an expone tially decaying characte c pa\[/)wth the current%; AW is the energy gained by the particles
ticles are injected toward the flow of rf power from the side. . . o .
) . - in the sectiong is the electron chargey; is the damping of

where it leaves the accelerating structure. When the sectiopn . ) I

. . o ... the rf power in theth cell of the accelerating structure over
is loaded with an insignificant beam current, the d|str|but|onthe distancd . © N is the number of accelerating cells: and
of the field is similar to the calculated distribution, under._l 5 Nl’ 9 '

which synchronous acceleration of the particles is ensured. If The denominator in the fraction clearly has lower and
the section is overloaded by the injection curréhe auto- ! . clearly

o : . . upper bounds defined by the inequalities
oscillation regimg the rf power is converted almost entirely

into beam power in the first cells of the accelerating structure N N

along the course of the beam. The level of rf power remain- N7 1<N"1> ][] exp—2ql;)<1.

ing after this conversion is not sufficient for ensuring syn- 1=1j=itl

chronous acceleration of the next particles, and they escape Then, for a fixed value of, and1°AW/e>P it is seen

the acceleration “bucket”. After the synchronous particlesihat the requirements placed on the stability of the beam
leave the section, the original distribution of the accelerating,rrent increase significantly as the output energy of the ac-
field begins to be restored in it. When the field strength iSce|erator increases.
close to the calculated value, the next portion of particles Expressior(2) was tested experimentally using a section
will be caught in the accelerating “bucket”. This process uf the backward-wave linear proton accelerator that was de-
then continues periodically until the injection of particles is ye|oped and constructed in the Institute of Chemical Kinetics
stopped. The beam current is composed of a sequence of g Combustion of the Siberian Branch of the Russian Acad-
groups of particles, viz., accelerated and unaccelerated pagmy of Sciences. The section was fabricated on the basis of
ticles. In other words, the time intervals during which par-an accelerating structure of the counterpivot type. Its period
ticle acceleration occurs alternate with intervals duringjycreases from approximately 2 to 3 mm. The aperture of the
which the particles escape from the accelerating “bUCket”-accelerating channel is-3 mm. The working frequency
The period of this process’is equal to the sum of the time- equals 1818 MHz. The total length of the accelerating struc-
of-flight of the particles caught in the accelerating “bucket” {re is 1.25 m, in which the relative damping varies from the
and the time needed for the rf power to fill the acceleratingnjecﬂon end to the exit from 0.56 to 0.21h respectively.
structure after the synchronous particles have left it: Some of the design parameters of the section are presented in
Table I.

T=LANpn+IN). @) This section was investigated using a pulsed beam by
whereL is the length of the section, and,, andV, are, electron modeling. The design parameters of the electron
respectively, the mean values of the phase and group veloanodel are presented in Table 1. The strength of the focusing
ties along the length of the accelerating structure. magnetic field in the model was set at a levell times

A diagram describing the acceleration of particles in agreater than the design value in order to overcome the trans-
backward-wave linear accelerator was presented in Ref. 4/erse deflection of the electrons in the Earth’s magnetic field
An expression relating the conditions for the appearance odind to ensure good passage of the current through the aper-
auto-oscillations to the parameters of the accelerator can bere of the accelerating structure. The output current was

Al Pe/(1°AW)

@
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TABLE I.

Design parameters of the section
Parameter Proton Electron
name accelerator model
Injection energy 385 keV 210 eV o
Output energy 1.9 MeV 1035 eV ~
Accelerated current 64 mA 3BA b
Input rf power 180 kv 54 mV
Output rf power 30 kV 9 mvV |
Focusing field 85T 46 G {
Mean phase velocity 1.3810" m/s 1.38<10" m/s i
Mean group velocity 1.5410" m/s 1.54x10° m/s }
' L L
10 2.0 3.0
A.7F

measured using a secondary-electron muInﬁIlArstoppmg FIG. 2. Dependence of the accelerated beam current on the input rf power

potential of~1000 V was supplied to the guard ring of the for various values of the injection voltage;,; /U% O — 1.05,A — 1.1,

secondary-electron multiplier. 0 —1.15,+ — 1.2; P, andU° are the design values of the input rf power
When the injection currents are significantly higher thanand the injection voltage, respectively, aRg is the input rf power.

the design values, steady beam auto-oscillations appear i ceeds a certain critical limit, which is characteristic of each

the section(Fig. 1). The period of these auto-oscillations is of the accelerating structures investigated.

~160 ns. An estimate of the period based on E9.gives Thus, the following conclusions can be drawn from this
T~170 ns, which differs only slightly from the experimen- o

tally observed value. To determine the critical beam currents 1 The beam auto-oscillations in a section of a backward-

at which steady auto-oscillations appear in the section, Wgaye jinear accelerator can be characterized as a regular phe-

performed a series of measurements of these currents fofmenon for the backward-wave acceleration of charged
various values of the input rf power and the injection energy harticles at beam currents above the critical values.
The results of these measurements are presented in the form 5 1he simplified mathematical expressi¢®) agrees

of plots in Fig. 2. It is seen that for values of the rf power e with the available experimental material and can be
close to the design values the value of the critical current i§,saq to estimate the critical beam currents.

476 pA, which is greater than its design value by 3 The results obtained from investigating the auto-
34+ 15%. An estimate of the critical beam current based onycqijiations in a section witth W= 500 keV(Refs. 1 and P

. O_ - . .
Eq. (2) gives1/17=1.46, which agrees closely with the ex- 5 the results of the present work allow us to state that the
perimentally obtained values of the currents. It follows fromrequirements placed on the stability of the beam current in-

the material presented here and the results published in Refseqse as the output energy of a one-section backward-wave
1 and 2 that auto-oscillations appear when the beam currefjhear accelerator rises.

1v. V. Kozlyuk, Vopr. At. Nauki Tekh., Ser. Yad.-Fiz. Issle6/6), 67

(1989.
2V. V. Kozlyuk, Pis'ma zh. Tekh. Fiz17 (1), 75(1999) [Sov. Tech. Phys.
200 ns Lett. 17, 29 (1997)].
— 3G. A. Kirpichnikov and A. N. TarasovskiPreprint No. 26 of the Institute

of Chemical Kinetics and Combustion, Russian Academy of Sciences,
Siberian Branch, Novosibirsk.989.

4A. S. Bogomolov, Dokl. Akad. Nauk SSSR08 1328(1973 [Sov. Phys.
Dokl. 18, 152(1973].

5V. V. Kozlyuk, Candidate’s Dissertation, Moscoi#992. ]

6A. N. Borisenko, V. V. Kozlyuk, and V. V. Perov, Prib. Tekhkép. (2),
133(1988.

FIG. 1. Oscillogram of the auto-oscillations of the accelerated beam currenfTranslated by P. Shelnitz
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Modification of the polarization-holographic method for partial polarization of a field of
electromagnetic waves

Sh. D. Kakichashvili and B. N. Kilosanidze

Institute of Cybernetics, Georgian Academy of Sciences, 380028 Thilisi, Georgia
(Submitted February 14, 1996
Zh. Tekh. Fiz67, 136—139(June 199Y

[S1063-78417)03006-1

In Refs. 1 and 2 we considered some cases of the appleomponent that is coherent to it, and the resultant fields are
cation of the Jones method modified for the partial polarizacombined incoherently and additively. The total field in the

tion of light in holographic problem$? In the present paper plane of the hologram has the form
the polarization-holographic recording and reconstruction of

images using partially polarized radiation are analyzed theo-
retically. The state and degree of polarization of the undif-
fracted beam and the imaginary and real images formed by a
polarization hologram are also considered.

Let there be a partially elliptically polarized wave propa-

1
Es=Eax expi(wt+¢)[1+expid- Mobj](i )
&

gating along thez axis. The modified Jones vector of this : o . _ ie
wave can be represented in the form of the orthogonal ellip- ®Egy expi| ot+W 2 [1+expio-Mo] 1/
tical polarization basfs’
)
. 1
= +
Eop=Enax expi(wtte) ie The real part of expressia3) describes the intensity of the
. electric vectof
) m\[ 1€
®Egy expi wt+\If—E)(1), (1)

where ReEs)=p coswt+(q sin wt, (4)

E E

= 2= 2% (0<e<1),

e= AY_
Eax Es .
_ ) where the parameters of the summed ellipsand g are
the symbole  was introduced to denote incoherent SUMMa-yefinad in terms of components of the polarization ellipse of

thn of the ampllfcudei.the correspondlqg r.ules for working each of the bases andB according to the rulés
with @ are defined in Ref. 2 Exexp i@ is the complex

amplitude of a component of one basis, d&dexpiV is the

complex amplitude of a component of another basis, which

is orthogonal and incoherent to the first. p=ReEs) ®ReEs)g=pa® Pk,
The passage dfl) through an arbitraryanisotropic gy-

rotropic) object results in the formation of an object wave,

whose modified Jones vector is written in the form
q=Im(Ex)a®IM(Ex)g=0a® s,

1
EObj: EAX eXpi(wH— o+ 5)M0bj< )

ie

- is whence
@EByeXpi wt+\1’—5+5 Mobj(l), (2)
where
~ ~ pAZEEAX
my; My
Mop={ ~ - . « .

My My aexpi(e+d)+a* exp—i(eo+90)
is the complex Jones matrix of the objéetnd§ is the phase +(expiptexp-iep)
difference caused by the oblique propagation of the object X1 b exoi(ot 8)+b* e (ot o) |
wave. XP'F‘P ). XP—_I(QD )

In the polarization-holographic recording process, each tie(expio—exp—ie)

orthogonal component interferes independently with the
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pB_EEBY

VoLl = 1) A+ [06(2\111 5 sin ¥)al?
+ V[0 (1~ 12)12+[06(2\111 sin y)g]2,

N3=n3+s(l,+1)a+5(11+1,)g

2 2

~ . w ~ . T
cexpl(\lf——+5 —c* exp—|(‘lf——+5

w

. . A T
+ie expl(\If—E)—exp—l(‘If—E)

x| . ( T - T , _\/[8L(Il_|2)A]2+[{}G(2\/I1|2 sin y)al?
dexpi|V——-+5|+d" exp—i|¥V—5+5 _ _
2 2 — Vo= 1)+ [0a(23111; sin y)e]?,
an a
+ expi(‘l’—— +expi \If——” . (231415 sin y)a
2 2 Sin 20,= > >
V=123+ (2111, sin Y4
a expi(g+8)—a* exp—i(¢+90) Sinzﬁstinz(eA+z |
i +(expig—exp—iop) 2
a=5Enax b expi(e+8)—b* exp—i(e+94) | c0S W= (I1=12)a
+ie(expio+exp—ip) VU1=12)a+ (21,1, sin y)a
au
i COS ¥z=cCo0Ss 2{ On+ > (6)
qBZEEBY R R o
wheren,; andn, are the complex elliptic birefringence coef-
- ) T - ) T ficients of the mediumy, is the complex refractive index of
cexpi|V—5+4|-c* exp-i| ¥ —5+6 the medium in the original unirradiated statg, and g are
the angles specifying the orientation of the major axis of the
tie expi(\lf— ) v exp-i| w— f) polarization ellipse for thé andB components measured in
2 2 the counterclockwise direction relative to the axis,
X (I1+1,)a and (,+15)g are the first Stokes parameters,

(I1—1,)a and (,—1,)g are the second Stokes parameters,
(2111, siny)x and (2141, siny)g are the fourth Stokes pa-
—exp—i ( P Z” rameter for theA andB components, angi= = (7/2) with a
2 plus sign for right-hand rotation of the polarization ellipse
and a minus sign for left-hand rotation.
) The light-induced anisotropy and gyrotropy of the me-
dium can be described by Jones matritt©n the basis of
Here, to simplify the written forms of the expressions weEg. (6), the resultant Jones matrix of a polarization-sensitive
have introduced  the  notation a=my;+ismy,, medium is constructed from the Jones matrices correspond-
5=ﬁ121+isfnzz, C=ismyy+My,, andd=isMyMmy,. Pho- ing to two_structures of m_utually orthogonal anisotropy and
toanisotropy and photogyrotropy were first discovered ingyrot_ropy induced by two mcoher_ent, mutuglly o_rthog_onally
sensitive media under the action of linearly and circularlyPolarized components of the partially polarized inducing ra-

polarized light by Weigeftand by Zocher and Cop&The  diation. The following rules are used here:

law describing the relationship of the anisotropy and gyrot4: M=M Mg

ropy thus induced to the polarization characteristics of com- -

pletely polarized inducing light was derived in Refs. 1 and

10. Complex photoinduced elliptic birefringence coefficients”' M :IHl J-Hl M

appear in this law, and functions of the isotrop&),(aniso-

tropic (0,), and gyrotropic &) responses were introduced - M(0)=S(—=0)MS(0), @)
L/ G

to describe the vector photoresponse of a polarizationwhereS(#) andS(— 6) are the forward and reverse rotation

sensitive medium. matricest!

In the case of partial polarization the complex elliptic On the basis of Eqg6) and(7), for the resultant matrix
birefringence coefficient is represented as the result of thén the linear approximation we obtain
summation of the respective complex coefficients that are
induced separately by the two independent, mutually inco- Mir M
herent components of the inducing radiation. The corre- M2 My,
sponding law for a two-dimensional medium is written in the
form where

A aw N T
d expi(\lf—§+5 +d* exp—i(‘l’—§+5

+

. '\Ir W
expl E

n n

AiMg;j, MA:iﬂl Mai, MB:]I;[l Mg;;

M =M M g~ exp— 2i xdn, , 8)
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is2d . - A
M11’22: 1_ 7[3(|1+|2)A+S(|1+|2)BivL COos 29A
No

X (13— 1)a* v, cos Bg- (11— 1,)g],

ixd . -
M12’21:_ ZT[UL sin 20A'(Il_|2)A+UL sin 203

No
X (11— 12)pFiva(2y14]5 sin y)a
Fivg(2\1112 sin y)el,

»=2m/\, andd is the thickness of the recording medium. (M
We express the Stokes parameters appearing in expres-

sion(8) in terms of the parameteps , pg, da, andgg .t For
the matrix of the hologram we then obtain

M=My+M_;+M,,
where

(Mo)11
(Mo)21

(Mo)12

(Mo)2 | ©)

M o=~ exp— 2i »dng

ixd . . ) b2 IR
(Mo)11,27= 1_E[(SiUL)(EAX+8 Egy) +(s+v.)
0

22 2 i2d . . 2
X (e°EpxtEgy)]— ——{(sxv)[(Exx
2ng
+&2EZy)mymi;+ (e?Exx+ E§y) Moy,
—i 8(E,?Ax_ Eéy)(r}\ﬂﬁ]’i‘z— rAnicernlz)] +(sFuL)
X [(£?Exx+ Efy)MpoM3,+ (Exy+e2Ey)
X MM, + i &(EAx— Efy) (MpaM3;— mim,p) 1},
ixd L, A Ao
(M0)12,21:_E{Zl8[(ULiUG)EAx+(UL+UG)EBY]}
0
ixd .. 2 202 A Sk
— ——{(v.Fve)[(Eaxt e Egy) Mm3;
2ng
. 2 =2 N 22
+ie(Exx—Egy) (MM —mym3,) + (e “Exx
+EZy)MyaM3, ]+ (0, £ 06)[ (Eax
+ SZEEY) r’hflr:h;l_ i 8( Eix_ Eév)(ﬁ"fzﬁnn
— MMy + (e2Exx+ Efy) MMyl ). (10
(M—1)12>

i 2d o S ((M_Zp)gg
_i~— —— exp—2ixdn, expid (M_;)
—-1)22,

2ng (M_1)21
(M_1) 1127 (50 )[(Eax+e?Egy) My +ie(Ery
—EZy)My,l+ (57 v ) —ie(Eax—E&y)My
+(£2E3y+E3y) My,
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(M_1)1221= (v, Fog)[ —ie(Eax— Egy)Myy+ (e?Eix
+EZy )Mzl + (v *06) [ (Eax+&?Edy) My

+i8(Eix_ EZBY)rAnzﬂ (11)

i 2cd -
M ;1~— — exp—2ixdny exp—id
2ng

My (Myp
(Mi1)21 (Mip)a)’

11110~ (S+0 [ (EAx+ e2E5y)M} —ie(Eax
—EZy) Ml + (57 v, )[ie(Edx— E3y) M3,

+(&%Eax+ Eay) M3,

(M 1)1221= (v xve)lie(Eax—ESy)Mi + (e2Eay
+ES, )Ml + (v, Fog)[ (Eay+ e?ESy) My
—is(Efx— Eay)M3,l. (12)

Here the matrixM is responsible for the formation of the
undiffracted beam, ant_, and M, ; are responsible for
the formation of the imaginary and real images, respectively.
In (10—(12) we set

s+0,.#0, s—0,.=0, v, +0vg=0, v, —vg#0. (13

These conditions are equivalent ts=v, and
v.=—0g. In most photoanisotropic media, for example, in
mordant azo dyeSthey hold with a high accuracy and are
physically meaningful. Under these conditions

1 0\ . 4
. ~ |%dU|_
Mo~exp—2ixdny [ o 1 T [Po
0

+ MobjP(M:bj)T]} = (10)
where we have introduced the notation
Eayt+e’E3y  2icE3y
Po 2ieE2,  e2E3,+EZ, |
Eax+e’Egy —ie(Eax—Eay)
P= is(E/zxx_ Eév) 82E2Ax+ EZBY ’
. mi; mj;
* —3 A A
(Mon) = my M3
is the transposed conjugate matrix of the object,
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UL

e exp—2i xdny expi oM gpP, (11)
0
i dv o :
M, ~—— exp—2ixdng eXp—I5P(|V|Z§bj)T- (12)
No

When light is passed through the polarization hologram
of the original wave(1l), the wave passing through it is

molded into three waves, among which the wave passing

without diffraction is

beam does not contain any information on the phase of the
object, since products of elements of the object matrix and
the conjugates appear in the elementdvif. Accordingly,
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It follows from Eqgs. (14)—(16) that the undiffracted

the polarization of the beam which passed without diffrac-

tion is transformed. In the imaginary image the object wave
forms with complete restoration of the state and degree of
partial polarization to within a multiplier. Similarly, a pseu-
doscopic and polarization-transformed field of the object
forms in the real image. Thus, in the most general case of an
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anisotropic gyrotropic object, the real image forms with re-

verse rotation of the polarization ellipse and maintenance of
the orientation of its major axis.

Polarization-holographic recording in photosensitive me-

dia, whose response functions obey conditions different from

conditions(13), leads to different transformations of the re-
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stored object fields, which we plan to analyze in the future.
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In addition, the imaginary and real images take on the fol-
lowing forms

, i xdo, ) .
EL;=M_1Epp~— ﬁ—(l-i-s )exp—2ixdng
0

1
X[Eix eXpi(wH- o+ 5)M0bj(| )

ie

Ish. D. Kakichashvili,Polarization Holography{in Russiad, Leningrad
(1989.

2sh. D. Kakichashvili, Zh. Tekh. Fi®5 (7), 200 (1995 [Tech. Phys40,
743(1995].

3D. Gabor, Naturel61, 777 (1948.

4Yu. N. Denisyuk, Opt. Spektrost5, 522(1963 [Opt. SpectrosqUSSR
15, 279(1963)].

SR. C. Jones, J. Opt. Soc. A1, 488 (1941).

6H. Hurwitz Jr. and R. C. Jones, J. Opt. Soc. A3, 493(1941).

M. Born and E. Wolf,Principles of Optics 3rd ed., Pergamon Press,
Oxford (1966 [Russ. transl., Nauka, Mosco@970].

8F. Weigert, Verhandl. Deutsch. Phys. G&§, 479 (1919.

9H. Zocher and K. Coper, Z. Phys. Chefr82, 313(1928.

10sh. D. Kakichashvili, Opt. Spektrosl&2, 317 (1982 [Opt. Spectrosc.

(USSR 52, 191(1982].

11w, A. Shurcliff, Polarized Light: Production and Usélarvard University

T
wt+\I’—§+5

i
Mobj( . )] as

SEZ, expi

712 Tech. Phys. 42 (6), June 1997

Press, Cambridge, Masd.962 [Russ. transl., Mir, Moscow1965)].

Translated by P. Shelnitz

Sh. D. Kakichashvili and B. N. Kilosanidze 712



The magnetic field of Langmuir oscillations
N. S. Bukhman

Michurinsk Agricultural Academy, Michurinsk, Russia
(Submitted February 18, 1997
Zh. Tekh. Fiz67, 140-141(June 199Y

The small-scale quasistationary magnetic field appearing in a plasma exhibiting plasma
oscillations is considered. It is shown that this magnetic field is capable of leading to dissipation
of the electromagnetic waves propagating in the plasmal987 American Institute of
Physics[S1063-78497)03106-1

Let there be a high-frequency monochromatic electricparallel to one anothefi.e., when there is a single plane
field E(r)exp(wt) in a uniform, nearly collisionless plasma. plasma wave, as often happens in theory, but rarely in ex-
Now, let us considefwithin the elementary plasma thedyy perimeni.
the motion of an individual electron in this field. After solv- In the general case of directionally uncorrelated plasma
ing the equation of motion of the electron, finding its angularwaves(*‘Langmuir noise”), for the magnetic field appearing
momentum (averaged over the oscillations in the high- in the plasma we have the estim&#ieB, ., where
frequency field, and utilizing the known gyromagnetic ratio

for the orbital motion of an electrchwe can easily prove mned )
that the motion of plasma electrons in an rf electric field BLe:meSC E ®)
leads to the appearance in the plasma of a bulk stationary
magnetic moment HereE? is the characteristic value of the intensity of the field
3 of the plasma oscillations.
M= ———= Re{i[EXE*]}, (1) In principle, two plane waves propagating at an angle of
4mw’e the order of 90° relative to one another are sufficient for
wheren is the plasma density. estimate(5) to be valid. In practice this is the case of a “gas
In the case of a transverse electromagnetic wave(Eq. ©f plasmons.”
describes an inverse Faraday effett this paper we con- For the cyclotron frequency of electrons in the magnetic

sider the case in which a high-frequency electric field in afield B, we have
plasma is associated with the existence of plasma oscillations
in it. It is known® that plasma oscillations have an electro- ~ @c/@=(1/2)(n/ng)(We/mc?), (6)

static character and can be described using the scalar poten- ) o ) ) o
tial ® where ng, is the kinetic plasma densityVg is the kinetic

energy of the oscillations of an electron in an rf electric field,
E(r)=—grad®(r), ®=A expig). (20 andmc=0.5 MeV is the rest energy of an electron.

It is seen from Eq(6) that in the case oh=n, and
Weg<mc (when our treatment is well-foundgdthe mag-
netic field of the plasma oscillations has a weak influence on
the motion of the electrongustifying the performance of the
treatment in the first nonvanishing order with respect to the
effecy.
the divergence of the bulk magnetic moment being equal to I\Pevertheless, the effect under consideration can have a
zero (diwm=0) regardless of the form of the functions gignificant influence on the dissipation of electromagnetic
A(r) and ¢(r). Then, for the magnetic field excited in the \aves in a plasma, since the magnetic field induced by
plasma we haveafter solving the system of magnetostatic pjasma oscillations is small-scalewith a characteristic

With consideration of expressid®), Eq. (1) can be re-
written in the form

3

M= ne dA%x grad 3
= Im2adc [gra grad ¢], 3

equationd H=0, and length for nonuniformity of the order of the Debye length
ned and chaotidin the case of Langmuir chapd.ike Coulomb
B=47M= o [gradA’X grad ¢]. (4) scattering on heavy ions, scattering on a small-scale mag-

netic field should lead to the dissipation of electromagnetic
It is seen from Eq.4) that the magnetic field of the Wwaves in a plasma with an “effective collision frequency”
plasma oscillations is nonzero only where these oscillationgc (6).
exist (the bulk magnetic moment appearing in a plasma does Comparing the cyclotron frequend®) with the effec-
not create an “external” magnetic fieldit is seen, in addi- tive frequency of electron—ion collisiorisye have
tion, that the appearance of plasma oscillatiémselectron
plasma wavesin a plasma fails to lead to the appearance of  @c/vei=Wg/W,
a quasistationary magnetic field only if the gradients of the
amplitude and phase of the scalar potential of the rf field are  Wy[eV]=1.2(ZInA)/(Ao[m]T¥eV])}, (7)
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whereZ is the charge of the ions, Ais the Column loga- netic wave will be controlled by the “anomalous” collision
rithm, T is the electron temperature, ang is the vacuum frequencyw, (6).
length of an electromagnetic wave whose frequency equals

3 . ) i .
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Figure 1 should read as follows:
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FIG. 1.
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