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Results are presented from numerical simulations and experimental studies of a network system
consisting of elements with negative differential resistafmegyatrons It is shown that

systems of this type have valuable functional characteristics owing to a cooperative interaction of
the elements and can be used to create information systems for pattern analysis and
recognition. A variational principle is introduced which uses the macroscopic positions to
determine the direction of evolution of the state of the network under the influence of applied
signals. The possibility of integrating negatron networks into engineering systems may
eventually lead to the creation of new materials of the synergetic type for use in electronic
technology. ©1998 American Institute of Physids$S51063-78498)00105-4

INTRODUCTION 1. COMPUTATIONAL MODEL OF THE ADAPTIVE REACTION
OF A NEGATRON NETWORK TO REGULAR APPLIED

In recent years there has been significant progress iBIGNALS
creating parallel information processing systems. Besides the
rapid development of synergetic computer systéhere is The adaptation process was analyzed using a model con-
great interest in creating physical adaptive systems with enrsisting of a regular network of negatron eleme(fgy. 13
pirical learning of a conditioned resporsgjn which the ~ Wwith coordination numberz=4 (square network The
computational adaptation process is replaced by direct physgurrent—voltage(l-V) characteristic of a negatron element
cal adaptation. Computational systems have some valuabl@egatron in this model had two symmetric folds; the sym-
characteristics, primarily the protection of the transformationmetry point was the coordinate origifig. 1b. This repre-
event from fluctuations in the power supply, ambient tem-sentation of the 1=V characteristic corresponds to a simple
perature, and other factors, which ensures the operation@iecewise linear approximation of the real I-V characteristic
reliability of these systems. In practical development work,0f two antiparallel tunnel diodes. An active state of the net-
however, the a physical adaptation process has some inhereierk was generated by passing fixed curreigtshrough a
advantages that should not be overlooked: deep deparalleget of input and output electrodes. The value of the bias
ization of the signal action, address-free adaptive movemengurrentl, is indicated on the 1-V characteristic shown here.
and a large amount of freedom in construction, admitting alhe signal voltages which change the electrical state of the
random coupling of the active elements, which facilitates thenetwork,u,, andu.q, were applied between the correspond-
reliable fabrication of physical adaptive systems. ing nodesa, b, ¢, andd of the network. The format of the

It should, however, be noted that creating physical adaptwo-dimensional model of the network consisted ok 7
tive systems is quite difficult, owing to functional shortcom- nodes. In the following they were numbered in sequence by
ings in the available electronic components. Such importantow from 1 to 49 and 84 negatron elements were inserted
requirements for these elements as calibrability of a physicdtetween the nodes.
quantity with retention of its value in memofythe capacity The equivalent circuits of the negatron element biasing
for redistribution reactions in collective relationshipand  in the three characteristic segmeitsll (Fig. 10 consisted
cumulation-threshold reactions under the influence of apof a resistive element with resistangg in segment! and
plied signal§ must be imitated by circuit solutions. Little resistive element®; ; with a series source of voltage,
work has been done on creating mater{aiedia with adap-  having different polarities in segmeritandlIll. One can set

tive properties. R, equal toR, 3 in the calculations without loss of generality
Since the ultimate goal of this study is to evaluate theof the conclusions in this study.
feasibility of creating new electronic materidisiedia, we An external signal voltagé, ; could be applied be-

have devoted primary attention to studying the macroscopitween any pair of nodep and q. The sequence of signal
reactions of a network system resulting from cooperative involtages applied to the nodes and the values of the residual
teractions among the components of which it is made upnode potentialgcurrents in the armsafter removal of the
Circuit theory (i.e., microscopic analysis of currents and external sources are important for determining the final state
voltage$ was used in the computational model to reveal theof the system.

characteristics of the macroscopic reactions and then to gen- Thus, for the variables describing the state of the net-
eralize to systems with random connections of elements in work system we have chosen the potentials of 48 of the
network system. nodes relative to the 49th, grounded, node. In the starting
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a matrix of the circuit with signal voltage sourcés, ; be-

tween nodep andq by A. Before the signal source is turned
on, the state of the network is represented by the g@jnn
an arbitrary coordinate space; the voltage between npdes
and g before the signal source is turned onB§’). The
insertion of a signal source into an unperturbed network rep-
resents a displacement from the initial poiRy by an
amountA~1- by, whereby is a column vector which consists
of the right-hand sides of the system of equations used in the
node potential methddand which corresponds to a voltage
increaseAE, 4=Ep q—Ep 4

For each negatron the boundaries between rediamsl
Il and between region$ andlll separating the parts of the
I-V characteristic are the hyperplanes

Ui_Uj:UC, (1)
ui_uj:_UC! (2)

wherei andj are the numbers of the nodes between which
the given negatron lies andg is the critical voltageFig. 1b).

A gradual stepwise increase in the voltage between
nodesp andq from E) to E,, , leads to the attainment of a
critical voltage at which one or several, at once, of the nega-
trons undergo a transition from one segment of the I-V char-
acteristic to another. A set of simultaneously switching nega-
trons is found as follows. The crossing of the poitht by

one of the hyperplanes of the forfd) or (2) as it moves

from the pointP, along the vectoA . b, requires that an
internal source be switched dor off) at the corresponding
branch of the network system. This, in turn, requires a modi-
FIG. 1. A sketch of the regular negatron network used in the computationafication on the right hand side of the system of equations by
model(a) and an approximate -V characteristic of a negatron elerfgnt . . . .

adding a termb; which accounts for insertiofremova) of
the source. Inserting an internal voltage source that symbol-

state, the network is in an unperturbed state, i.e., the currentZes a transition of the negatron, for example, from segment

in the longitudinal arms are equal kg, there are no currents Fto segmentll of the 1-V characteristic represents a tran-

in the transverse arms, and there are no applied voltagdtion from the pointP; by an amountA™*-b,. However,
sources in the bias circuit for the negatrons. during movement from the poir; by an amounA™*-b,,

In developing a program for modeling the potential tran-hyperplanes of the forrfl) and(2) may also be encountered.
sitions from various states of the network, the following pro-At each regulafin sequence th&th) crossing of one of the
cedural difficulties are of importance: the system has alterhyperplanes, the motion must be corrected by adding a quan-
native final adaptive states which depend on the evolutionartity A~'-b, to the end of the instantaneous vector. Here
path, i.e., the sequence in which the internal voltage sourcasotion takes place from the poif of the last intersection
are turned onoff); the system has alternatives to the evolu-to the end of the sum vector. This sort of motion in coordi-
tionary paths, i.e., it displays a self-organization effect.nate space leads to the po®t at which the switching of the
These difficulties were overcome by using a computationahegatrons is complete. This point corresponds to the end of
method employing a stepwise gradual growtbduction in  the vector
the external signal voltages and in the internal source volt- N
ages which simulate the switching of the negatrons. In cases %1 E b
where alternative internal switchings occur, the conflict was K
resolved with the aid of a random number generator.

For calculating the potential and current state of the netwhich begins at the poinP,, whereN is the number of
work system after the signal voltages had acted, the methodegatrons which simultaneously switch on as the pBints
of node potentials was used. The states of the network werg€ached. After the set of negatrons which switches at the
represented by points in a 48-dimensional space, i.e., by vepoint P, the motion along the vectdk~*- b, continues, but
tors starting at the coordinate origin and ending at the givemlready from the poin@Q with the next critical point, etc.
point. This computational procedure makes it possible to ascer-

For a negatron network system we denote the conductivtain all the switchings of the negatrons and the sequences of
ity matrix of the electrical circuit byA and the conductivity ~sets of them when an external signal volt&gg, is applied.
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In modeling the procedure for removal of a signal volt- M
age, the circuit with a voltage sourés,, between nodep ®'= D |ly—Ial7(mn), 4
mn=1

andq is replaced by an equivalent circuit with an source of
currentl ,, between these nodes. The source current is graduis a minimum, where
ally reduced, stepwise, frorh,, to zero. The computational
procedure is completely analogous to the procedure for ap- _ ]
plying a signal voltage, with the sole difference that now the7(m.n)= (horizontally or vertically andm<n;
matrix A is used instead of the matri. 0, ifthey are not adjacent on=n.

The above computational model was used to study the The significance of this functional is that cutting off an
behavior of a negatron grid acted on by cyclical potentialsextremal current, such as a peak, means that it is redistrib-
Signal voltage sources were connected to arbitrarily chosegited under the fixed current boundary conditions with an
pairs of nodes and then turned off, leaving an “impression.”increase in the adjacent branches. In other words, during the
The sequence of turning them doff) was strictly main-  evolution, sharp current dips in the branches or arbitrary cur-
tained and was cyclical, i.e., the sequence of turning them ofent gradients are cutoff.
was repeated until evolutionary changes of the network state  The efficacy of these variational principles was tested in
were observed. When a fin@inchanging state of the net-  the model. Here we used the simplest versions of the signal
work was reached, the “demonstration” of voltages was ter-demonstrations and their sequences. During the modeling,
minated. there was a limit on the levels of the input signal voltages:

In the computational model, primary attention was de-these levels should not inhibit compromising adaptation dur-
voted to studying the possibility of introducing a variational ing successive applications of voltages to chosen pairs of
principle for the evolution of the state of the negatron net-nodes in the network, i.e., attainment of the limiting potential
work under the influence of applied signals. To do this, itstate of the network. Otherwise, a cyclical repetition of the
was necessary to introduce a functional that reflects the magotential situations may occur. Note, however, that even in
roscopic state of the network and follow its variations duringthis case these functionals can be used, but it is necessary to
the movement to the limiting adaptive state. Two of thecompare their values after identical demonstrations in their
many possible alternative formulations of the functionalcyclical sequence.
were Subjected to verification in the Computational model. Figure 2a shows a typica| examp|e of the Change in state

The first can be represented in the following way. of a negatron network after turning on and subsequent turn-
A network system of negatron elements which have an

N-type fold in their I-V characteristic and are subject to

1, ifthem-branch is adjacent to threth branch

constant current boundary conditions that ensure the electri a
cal multistability of the system evolves under the influence 7 “!/'fle /4 cyf'lﬁ'
of cyclical potential signals to a limiting state that is charac- , — 2 P FTE 4 *

terized by a minimum of the sum of the excess currents in
the branches,

M
K
D=3 (15— ol —min, ®) . e &
m=1
b
wherel ,, is the current in thenth branch after application of
the signal internode voltage in tlsth demonstration of the | Teyele Heyele |
cth cycle, 1o is the initial current in thenth branch before r /X\\ ']
the signal application corresponding to a completely turned- %o / \
off internal voltage source, anl is the total humber of 120k / ‘\
branches in the network. / ‘\
In introducing the functional, it was noted that the evo- < 100} / \
lutionary changes take place as a result of attaining extreme £ }( e \\ ’
currents in the nodes, and that attaining a peak current ir ~e: aor / ,/ N\ Xe——
some demonstration of signals, which causes turn on of at o ok ,‘ ’/ \\
internal sourcég,, reduces the absolute value of the current, ,/// \\.___qf._
while a current dip(turning off an internal sourgeaises it. 4ol 1/
Both of these acts cut off extremal currents and make the //
currents approach the initial bidg,. Recall thatl o in the 20 —,}’
vertical branches of the network is equal to the bias current . \ . )
I, while that in the horizontal branches is zero. 0 1 2 3 4 N

An alternative formulation of the functional is to state

that the sum of the absolute values of the differences in thE'®: 2: Changes in the potential state of a negatron network during sequen-
fal cyclic switching on(with switching off) of signal voltage source&)

currents in adjacent branches, both vertically and horizonzpg the changes in the macroscopic functioraland®’ as functions of
tally, the number of switching events).
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ing off of sources of signal voltages between the nodes destate of the network, a light emitting diodeED) screen was
noted by circles. The thick lines denote branctreegatrons  built, on which the brightness of the emission from each
in which the internal voltage sources were left on, symbol-LED was proportional to the voltage drop across the nega-
izing switching of the negatrons. The crosses denote negaron element located in the column, i.e., in the direction of
trons that have switched during the time the signal voltageflow of the bias current. The current in the columns was set
are applied but return to the “unperturbed” state after thewith the aid of current generators; here the operating point,
influence of the potential is removed. As can be seen fronas in the computer simulations, was an average between the
the figure, the network undergoes a change in state, but geak and dip currents.
demonstration of voltages in the second cycle no longer An all-purpose panel permits reassembly of the network
changes the state of the network, i.e., the final potential diswith changes in the coordination numbker The apparatus
tribution has been attained. contains five potentially independent sources of variable sig-
Figure 2b shows the change in thefunctional calcu- nal voltages in arbitrary sequence.
lated after each demonstration. It is clear that there is a rise  The results of the experimental observations made on
in the sum of the excess currents during the first and secongis physical network system are presented below.
potentials applied to the network nodes, and then a repeat of @) Band structure of the node potentiaM/hen a bias
these demonstrations reduces the sum of the excess currendgrrenf passes through a one-dimensional chain of negatron
Note that, prior to turning on the signal sourdéi®e starting  elements, there is a set ai 1) discrete values of the volt-
statg, it was equal to zero, i.e., the starting state is alsaage drops, whera is the number of negatrons in the chain.
“attractive” and a transition through a maximum df is  This kind of system is characterized by a degeneracy of the
required in order to shift to a new adaptive state. potential states because of the existence of alternative vari-
Experiments confirm that the functionals and®’ are  ants of the voltage distribution among the negatrons which
minimized during the evolution from an arbitrary starting create the same total voltage drop. Adding a second dimen-
situation. We discuss some of the most important consesjon to the possibilities for interelement coupling creates a

quences of this conclusion below. splitting in the levels with formation of specific bands of
allowed node potentials. Since calculating all the possible

2. CHARACTERISTIC EFFECTS INTRINSIC TO NEGATRON values of the node potentials is a difficult task, even for a

NETWORKS comparatively small network format, we set up an experi-

Gnent in which the residual values of the node potentials were

Further studies were carried out on a specially create ded after the sianal lied. A q ianal
negatron network system consisting of gallium arsenide tynocorded after the signal was applied. random signa

nel diodes. The network consisted of negatron elements witﬁno'ls;_3 geniratr:)r wars] us?ﬁ. idugll 9 potentials at
a symmetric fold in their -V characteristics, achieved by Igure = shows how the residualliowed potentials &

sequential parallel-antiparallel installation of pairs of tunnelthe third node(upper roy of the physical negatron network

diodes(Fig. 3), regularly mounted in a two-dimensional sys- a;(ihdlsttr:!b;teda Th?tﬁer? refe:ence iitaken;o be thi pmiﬂt.'al
tem with a coordination number=4. The network format O "€ tNird node ot the lowest row. AS can be seen from this

consisted of &6 nodes and there were 66 negatron ele_dlagram, the values of the node potentials are grouped in

: : . - gpecific bands of allowed potentiald,e’, which alternate
ments. For visual observation of the changes in the potent@vith “forbidden” bands Ae. Here the width of an “al-

lowed” potential band decreases as the system moves to the
limiting values of the residual potentialse., to the greatest
and least

The transitions between states are selective, which is a
valuable functional property of the system, and the entire set
of allowed values of the potentials forms a basis for a
discrete-analog memory.

b) Critical size of the potential switching regiohe
experiment shows that turning on a single negatron when all
the elements in the nearest surroundings are turned off
causes it to shut itself off. At higher signal voltages, when
adjacent negatrons are also switched on, i.e., a region with
changed internode voltages develops, it may be retained
when the signal voltage is turned off. There is a critical size
(extent in terms of regular network stepsf this region
which is capable of retaining a residual potential. In our case,
it consists of 3 switched-on negatrons in vertical branches
lying horizontally. A similar situation occurs when an at-
tempt is made to turn off a single negatron.

In general, there is a certain size of the region with a set
of adjacent switched-on negatrons up to which the system
FIG. 3. Overall view of the negatron network assembled from tunnel diodestends to self-turnoff the negatrons, and beyond which it tends
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switch-on depends on the “strength” of the adaptant left
remaining in the system, i.e., an element can be brought to a
sensitive state. This simple effect is essentially the manifes-
S ——exx tation of an attractor. In the more general case a potential
state created in a portion of the nodes with the aid of external
signals can be “fixed” in the system by means of a noise
generator, for example. The resulting adaptant with its
complementary properties ensures a reduction in the collec-
4r tive switching barriers, which may bring into effect a selec-
tive switching of the state of the network.

d) Domain formation and reference potential in poten-

} tial switchings.This effect shows up in the following experi-

i

Agp’

ment. If the potentials at several nod@s our experiments,

at 2—3 nodesare simultaneously switched while the distri-
o~ bution of the potentials between these nodes is kept un-
e ——— changed, then a mutual bonding of the potentials of the node
——————— fragment takes place. This mutual bonding means that when
A the potentials of only part of the nodes are changed, so are
the potentials of the remaining nodes of the fragment. In
doing the experiment we first confirmed that prior to the
operation leading to mutual bonding of the potentials, the
mutual potentials of the chosen fragment are not maintained

1T when part of its nodes are acted on.
Computational modeling showed that self-bondiidg-
main formation is caused by a reduction in the excess cur-
rents within the confines of a domain, while in the region
gL surrounding the domain the excess currents are large, caus-

FIG. 4. Typical structure of the residual potentials on one of the nodes o#ng a predisposition _tO SWI'FChI_n_g. .
the network after signals have been applied. Thus, conservation of individual regions of the network

system is possible, and this makes switching of fragments
possible. It is clear, however, that switching the potentials of
to self-growth, if a noise signal which activates switching is@ fragmentdomain requires a reference potential on another
acting on the system. Based on the variational principle fofragment that does not undergo switching when a signal volt-
the evolution of the negatron system introduced above, w@ge is applied, i.e., a fragment with high current barriers
can say that both limiting caséa fully turned on or turned against switching.
off row) ensure a zero sum of the excess currents in the 8) Protective Shlftlng of information unit3his effect is
branches. illustrated in Fig. 5, which shows a nominal image of the
C) Adaptive variation in the threshold for negatron potential states of the vertical branches of the netw(ﬁ(Hit
switch-on. This valuable property, which can be used for LED represents the switched-on state of a negaltrdhis
creating neural-net adaptive systems, is manifested as fostate(for example, Fig. Sgensures that there is some differ-
lows. If a negatron switch-on current signal flows betweerence in potentials between the upper and lower nodes of the
nodes of the network, then there is a certain value of thafetwork, which for the given potential distribution was equal
current at which a negatron, along with its surroundings, ig0 V. If the diodes marked by crosses in the picture are
turned on(Sec. 2b. If the voltage between nodes is then shorted out, then they turn off, but then a vertically adjacent
brought to zero or a current of the opposite direction is in-negatron switches ofFig. 5, thereby maintaining the con-
duced, then the negatron switches off. Then, however, a#olled internode voltage.
adaptive trace of the negatron’s having been in a switched-on
state may remain in the system, i.e., not all of the surround:
ings (adjgcent switched-or)( negatrorase switched off. This 3. ON THE POSSIBILITY OF CREATING MATERIALS WITH
i X ELECTRICAL MULTISTABILITY
adaptive trace lowers the threshold for turning on the nega-
tron. In other words, if in the general case an element The network principle, that is, random interelement cou-
fragmenj were brought into a certain potential state and therpling, ensures a greater degree of design and engineering
removed from that state, then a subsequent transition to thisieedom. In the limit, this may no longer be a structure made
state will be easier, since the barriers separating the twap of negatron elements, but a matefiaedium with sta-

states have now been lowered. tistically coupled elementée.g., grains with negatron prop-
In practice, the value of the threshold current for the firstertieg.
switching on of a given negatron in the network in our ex- In our studies, we have created a model of a material

periments was 6 mA, while a subsequent switch-on occurredonsisting of random combinations of pairs of parallel—
at a current of only 2.5 mA. The current for a repeatedantiparallel GaAs tunnel diodes. On creating quasiuniform
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current conditions at the opposite boundaries of the model 0 , . !
and inserting signal eIec_trode;_; m_arbltrary par_ts of the _net— 40 50 50 70 60 90
work, we observed multistability in the potential, adaptive A
lowering of the excitability threshold, and other properties c
noted above. We also noticed a cumulative effect resulting
from applying numerous current pulses. The parallel—
antiparallel tunnel diodes essentially model a semiconductor : —_
grain with a shallow surfacp—n tunnel junction. In fact, a Un
papef has been published on the possibility of creatne aoF ———-
tunnel junctions by a diffusion method. > e
We have also made an engineering study aimed at cre- S/ i
ating a ceramic material with electrical multistability. The b —
material consists of a grain ai-type silicon with a shallow -
surfacep—n junction which was formed by diffusion of ac- 201
ceptors(boron from a glassy binder of composition SiG6 oL

wt %), PbO(80 wt %), and BO; (15 wt %). The amount of ) . . . .
lass formina mixture was chosen subiect to the feasibility o IG. 6. Electrical properties of the silicon based ceramic matef@lA
9 g9 ] y ypical -V characteristic obtained by passing a current through two adja-
electrical contact of the silicon grains and was 10 wt % 0.5<ent electrodes on the surface of the tab{b}; current multistability in a
mm-thick tablets with a diameter of 8 mm, produced byparallel system with resistive current limitatioft) potential multistability
; _ H i i which develops as the current approaches a critical véhe continuous

compresspn ofi-type SIIICOI’.‘ pov.\/de(average gain qlameter lines denote stable and the dashed lines, relatively unstable potential. states
~5 um) with a glass forming filler and an organic binder,
were annealed at a temperature of 1200 °C for 5—-10 min. A
shallow p—n junction is necessary to prevent current flow
over the highly conducting*-layer at the surface. current between two neighboring contacts are shown in Fig.

A set of metallic contacts, 0.5 mm in diameter and with6a. It can be seen that the material has negatron properties.
a gap of~0.1 mm between them, was produced on one ofThe peak voltage on th&-fold of the |-V characteristic
the tablet surfaces in order to study the properties of th@rops as the gap between the electrodes is reduced. The |-V
ceramic. Typical |-V characteristics obtained by passing aharacteristic is symmetric, that is, it is nonpolar.
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The presumed mechanism for the appearance of a negaxperiments with powders of conducting partidlekectroco-
tive differential resistance is as follows. When there is ahesive media A diode version of an old device, the
point intergrain contact, each grain can be regarded as eoherer, was used to receive radio signals. As more detailed
p*-n—p* structure which may have transistor properties.studies showed, however, under the influence of current flow
Here the “base” potential is floating. When a certain voltagein an electrocohesive medium a well formed geometric sys-
is exceeded, breakdown may occur in the neighborhood dem of electrocohesion communications develops which is
the reverse biaseg—n junction; then the positive current capable of branching and evolutionary adaptive chafges.
feedback typical of transistors with a floating base potentiaFurthermore, the possibility has been demonstrated of teach-
may develop. Evidently, a mixed type of breakdowning a conditioned response in media of this tfpe.
(avalanche—thermptakes place in this system. At high cur- It is entirely possible that electrocohesive media are the
rents a thermistor effect may occur. There is some evidencprototype of future material§‘coherites”) in which an in-
of current filamentation in the ceramic. For example, concurformation signal participates in establishing a conditional
rent switching of the current may occur as it flows throughstructure, i.e., an internal ordering of the medium, that will
one common and two adjacent electrodes. provide an “trainable” reaction capability. We may expect
Electrical current multistability could be ensured by cre-the appearance of media with a rhythmic activity which
ating folds in the 1-V characteristic using resistive currentgreatly enriches the possibility of transferring signals to a
limitation. To do this, resistors were inserted between elecmedium, with their internal conversion into rhythmic modes.
trodes or a resistive layer was created by thick film technolThe hierarchical evolutionary dynamics of media of this
ogy. A typical |-V characteristic for this case is shown in type? along with the associated development of modalities,
Fig. 6b, in which one can see current multistability in 4 the formation of conservative regions of rhythmic action-
parallel-connected elements with resistive current limitationclei), frequency mixing of regions, and other properties in
A somewhat unexpected effect was the appearance dheir practical applicatiort may facilitate the establishment
potential multistability when a voltage was applied betweenof a new discipline of electronic materials science — syner-
two distant electrodes, between which lay a third electrode agetic materials with adaptive properties.
which the potential was recorded. This resulted in a unique  The authors thank V. M. Pasyut for help in studying the
voltage divider. When a voltage close to, but not more thanproperties of the ceramic material.
the peak was applied to the outer electrodes, it was possibl@H Haken. inmNeural and Svieraetic Computets. Haken. Ed.. Soringer
to vary the potential of the central electrode through an ex- go i Soea 51’0 ynerg putets. » 50 SPringer,
ternal current interaction. The remaining potentials differed2T, kohonen Self-Organization and Associative Memo8pringer, Berlin
in having a different measure of stability. In a number of (1984, 255 pp. 5 . N
cases, a spontaneous transition to a new potential state wa 1-993 Kal'nin, PeterburgskiiZhurnal Hektroniki, No. 1, pp. 36-55
noticed. But, perhaps, the most interesting thing was the apst ' gochkareva and 1. A. Mityureva, “Expert systems based on
pearance of an attractor effect, i.e., the spontaneous switch+hreshold-cumulation elementgin Russiad, lzv. SPbGHU, No. 471,
ing from relatively unstable states into a stable potential State5Ep.Nﬁll\;:tSk(#:r?c?v.Elements of Electrical Circuit Analysis. Linear Circuits
Wher.e the SyStem. spent a long tlmver.al. ml.nUteS One [iﬁ I'\;ussiaﬂ, Vysshaya Shkola, Mosco( 972, p. 3325/. .
possible explanation of this effect is the injection of hot car- EYu. L. Ivas’kov, Principles of Design of Multivalued Physical Systefiins
riers into the dielectric binder, and may turn out to be an Russiaf, Naukova Dumka, Kiey1971), p. 316.

adaptive wake of the current channel. This question, how-"E. Branly, “Variations de conductibilitsous diverses influencesee-
: ; triques,” Comptes Rendu&Gauthier, ParisV. CXI, No. 21 (1890.
ever, requires special study. 8M. Yu. Bychkov, M. Varshburger, and A. A. Kal'nin, Izv. SPbGH, No.
457 (1993.
CONCLUSION 9J. S. Nicolis,Dynamics of Hierarchical Systems: An Evolutionary Ap-
. . . . . proach Springer-Verlag, Berlin1986, 397 pp.; Mir, Moscow(1989,
While the properties of our model studies and material 4g¢ pp.
test samples are far from the performance expected for praé®D. A. Kabanov,Functional Devices with Distributed Parameters. Foun-
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Laser-induced transport of atoms from an illuminated region in a gas
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A new optical effect in the transport of atoms in dense gases, capillaries, and porous media is
predicted. The origin of this effect lies in superelastic collisions of excited atoms, which

give rise to thermal diffusion processes. Model estimates are made for the magnitude of the effects
in the absence of flows and in the presence of flows in capillary systems. It is shown that

under certain assumptions regarding superelastic collisions of atoms with the walls, the optical
effect changes the transmission of a capillary. 1@98 American Institute of Physics.
[S1063-784298)00205-7

INTRODUCTION tially nonuniform illumination the active component of the
mixture enters a highly nonequilibrium state, while the state

Several possibilities for stimulating atomic and molecu-of the buffer component hardly changes. This leads not only

lar transport processes in various media by laser radiatioto a substantial enhancement in the transport effect, but also

have been predicted and are currently being studied. Qb a change in its sign.

these, the most widely known are optically induced deftd The purpose of this paper is to provide a model descrip-

the controlled transport of molecular vapor through porougion of laser-stimulated transport and to estimate the change

glasseg:® Recently, the optical stimulation of atomic trans- in the local concentration in the irradiated region.

port through the interface between a condensed medium and

a gas has been reportéd@he origin of these processes lies in £ EMENTS OF THE THEORY

the principle of different interactions of excited and unex- ) o )

cited atoms with the surrounding medium. In this paper we L€t Us consider an unbounded irradiated gas mixture

examine a new variant of this principle for stimulating a "ith @ plane boundary between the light and shadow regions.

transport process by converting part of the energy of lasefVe sShall assume that the illumination intensity varies

radiation into the kinetic energy of atoms through superelasSM00thly along thex axis. In the illuminated region, colli-

tic collisions. Unlike the previously discussed mechanisms>'°NS o_f excited atoms W_'th bu_ffe_r gas molecules Ie_ad 0

this mechanism for optically stimulated transport is initiatedquenchlng of the electronic excitation and to conversion of

by spatially nonuniform radiation or by the spatially inhomo- part of the excitation energy _mto_ translational degr_ees of
geneity of a medium under uniform irradiation freedom. As a result, the distribution of the atoms with re-

Collisions of electronically excited atoms with mol- spect to velocity strays far from equilibrium. At the same

ecules are often accompanied by quenching of the excitatio me, if the concentratiom, of atoms is much smaller than

and significant conversion of internal energy into translanat of the buffer particles),, then the changes in the state

tional motion of the particles. Thus, in collisions of excited ?f the bufer medlgtm \g'" be tr;}egl:cgllllale..Under these ?O:A(/j"
alkali metal atoms with C®and N, molecules, up to 30% of lons, we can wnte down he following system o 0
the energy of electronic excitatiofon the order of 2 ey couplet_ll kinetic equations for_the distribution functions of the
goes into kinetic energy of the produts. atoms in the ground and excited statf,v) andf* (x,v):

The transport stimulation process considered here con- of .
sists of the following: thermal atoms that have been excited ¥ 5, = St+ St +[y+P)1f* —P(0f, @
electronically by the light become “hot” after superelastic
collisions with molecules of the buffer medium. The concen- af* * *
tration of the latter is assumed to be so higompared to the v ox = POOT=Ly+ POO 27 (0)]F7, )
resonant componenthat their temperature does not Ch‘amgeiwhere St is the collision integral for the unexcited atoms

Thus, an atomic subsystem is superheated within the IIILImI\_/vith the buffer particles an&t* controls the arrival of hot

nated region in a constant-temperature buffer medium. In the ; : . s X

. : nexcited atoms owing to superelastic collisions with cross

steady state, when the fluxes of atoms from the illuminated "X *

. D L : . sectiono™ (v) and rate

region and into it are equal, this is accompanied by a drop in

the concentration of atoms within the illuminated region. v*(v)=no* (v)v. 3
Laser-induced transport is, to a certain extent, analogous

to thermal diffusiorf, but does not reduce to it. Unlike ther-

mal diffusion, in which one and the same temperature can be

ascribed to both components of a gas mixture, during spa-

The general form oBt* is given by the integral

St*ZJW(v,U’)f*(X,v')dv', 4

1063-7842/98/43(5)/4/$15.00 484 © 1998 American Institute of Physics
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in which the kerneW(v,v") is defined in terms of the rela-

tive collision velocity, its differential cross section, and the [(X,v)= ————;
density of the buffer gas in the standard wé\in Eq. (2) we S(X)v* (v) + vy
have omitted the terms describing collisions of excited atoms(x, ) has the meaning of an effective mean free path for the

which are not accompanied by damping, since the cross segnperturbed atoms including optical excitation and super-
tions for these processes are much smaller than the quencéiastic collisions.

ing cross section. The action of the light is described in Eqs.

(1) and(2) in a balance approximatioi®?(x) represents the

rate of absorption of the light, proportional to its intensity at EQUILIBRIUM CONDITIONS FOR A NONUNIFORMLY

the pointx, while vy is the rate of spontaneous relaxation. It ILLUMINATED GAS MIXTURE

should be noted that for buffer gas densities beloy To analyze the equilibrium conditions which follow

~1Q19 cn?, typical values of the quenching collision cross from Egs.(8), we rewritefo(x,v) in the form

sections ofc* ~10~1° cn?, and velocities of the atoms 5

~10* cm/s, the collisional relaxation rate is much lower than ~ fo(X,0) =n(x)f(x,v), (10)

g:?je?poc:‘nignslofisr gﬁﬁ:gﬂc’: trif:l;elltrggls?:i]ofs typically on thewhere"f'(x,v) is the velocity distribution function normalized

. °C op ' . . to unit density andh(x) is the particle number density.

Since the characteristic scale length of the nonuniformity . ; " !

. . ) Denoting local averaging over the velocities with the

in the light field cannot be less than a few wavelengths, th? ion¥ | ” )

gradient terms in Eqg1) and(2) are small compared to the Tunctionf(x,v) by angle bracket¢.....), we obtain

v

€)

terms on the right. This makes it possible to neglect the an dD(X)
gradient terms and expre$$ in terms off in the first ap- j(x)= _D(X)a_x_n X —48(%)|, (12)
proximation. Equating the right hand side of Ef) to zero,
we find where
P(x) D 1 | da—l ! 12), (13
Prof———— (5) ()=3{vl) and o=7z v ) 12,13
y+PX)+v*(v) . . .
Let us consider the cage=0. Then the solution of Eq.
Substituting Eq(5) in Eg. (1), we obtain (13) determines the following relationship between the den-
of sities of atoms1, andng deep inside the illuminated region
v — =St+ St — v* (v)s(X) (6)  and in the shadow regions, respectively:
X '
= 8(x)
where N, D* = nODO ex JLOC de . (14)
s(x) = P(x) 7 HereD, =D(«) andDy=D(—=) are the diffusion coeffi-
v+ P(X) cients in the depth of the illuminated and unilluminated re-

ions. In connection with this result, it should be noted that it
escribes an effect that is caused, not only by the nonuniform
heating of the atoms, but also by the spatially honuniform
mean free path. If the explicit dependence of the mean free
path on position is written in the factored forhgx,y)
=1/N(x)o(v), as, for example, in a medium with a nonuni-
form density of scatterer$y(x), then Eq.(14) reduces to the
equations of thermal diffusion for a light impurity in a heavy
buffer gas’ It should be emphasized that, as opposed to ther-
mal diffusion, where the active component and the buffer
medium have the same temperature at every point, with
?ptically—induced transport the state of the buffer medium is
Ounchanged over all space. This difference causes a change in
the sign of the effect. Whereas in thermal diffusion the light

) ) ; impurity concentrates in places with an elevated temperature,
terr_n, ”th? dsolutcljon of Eq.(6) be_corlnesh anISOtI’OprC and | ptically-induced transport leads to a drop in the concentra-
optically-induced transport sets in. In the case of a smaly,, ¢ the active component in the illuminated region. As for
anisotropy, the flux of the active component of the mixture

. . din t £ th dientfaf Followi 'the magnitude of the effect, it can be much greater than in
1(x), Is expresse In terms ot the gradientigl FOIOWING e case of thermal diffusion because the resonant compo-
Ref. 7, we then obtain

nent can be “overheated” to high temperatures through su-
1 0 perelastic collisions. Thus, during collisions of excited
j(x)=— §j l(x,v)v—-dv, (8)  lithium atoms with CQ molecules, the former obtain an en-
ergy of 0.5 eV, which causes their concentration in the illu-
where minated region to change by roughly a factor of 4.

determines the degree of saturation in the atomic excitatiog
at the pointx providedv* (v)<y. With the same degree of
accuracy inSt*, we can seff* =s(x)f. Equating the right
hand side of Eq(6) to zero, we find an equation satisfied by
the distribution functiorf, for every value ofx. In this ap-
proximation, f, remains isotropic, but may deviate sharply
from equilibrium if the rate of relaxation associated with
collisions of excited atoms,* (v)s(x), is comparable to or
greater than the rate of relaxation owing to collisions of un-
excited atoms, which we shall denote by. In the latter
casef, ceases to depend arnin the depth of the illuminated
region and is completely determined by the characteristics
the collisions involving excited atoms.

In the next approximation with respect to the gradient
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OPTICALLY-INDUCED FLOW ALONG CAPILLARIES
n>=f f-(0,v)dv and n<=j f-(0,v)dv,

The above discussion of optically-induced transport pro- vy>0 vy<0
cesses allows us to predict yet another effect. Let us consider (18)

the effect of irradiation on the flow of a pure atomic gas indiffer substantially. Then, in Eq17) for the flux, written in

the Knudsen regime through a capillary or porous mediumthe formj=n-v.—n_v_, wherev- andv_ are the aver-

in which the atoms are excited by the light. Suppose that thege velocities of the particles entering and leaving the capil-
collisions of the excited atoms with the walls are superelastary, we setn.=n,/2 as the volume density of atoms and
tic, such as those considered above for atom-molecule collih_=n(0)/2 as thedensity of atoms moving diffusively from
sions. The fact that excited atoms are quenched in collisionge beginning of the capillary. The corresponding average
with a solid surface with a probability near unity has beenyelocities will bev- =v1, wherev is the average thermal
established quite reliabﬁﬁo and there is also some experi- Speed, and)<:v* , Wherev* is the average Speed of the
mental evidence that part of the electronic excitation energitoms heated in the capillary as a result of excitation quench-

of the atom is transferred to its translational degrees of freeing in collisions with the walls. Thus, instead of H4.7), we
dom during this process.We shall assume that the scatter- gptain

ing of atoms at the walls is diffuse and that the mean free )
pathl, which is of the same order of magnitude as the diam- 2] =Novt—N(0)v, . (19

eter of the capillary, is small compared to the length of the Solving Egs(16) and(19) jointly, we obtain the follow-

capillary. The motion of an atom under these conditions ismg expression for the flux through the capillary:
similar to its motion in a medium with randomly distributed

scatterers. Thus, the description of transport processes in this j=ngvtD,/2Lv, . (20)
case reduces to that given above for impurities in a gaseous
medium.

For the flux of atoms we use E@L1). D, is determined
by the velocity distribution of the atoms heated by collisions

Calculating the velocity distribution of the atoms along
the length of a capillary requires detailed knowledge of the
behavior of superelastic collisions of atoms with the walls
and cannot be done here. Nevertheless, we point out that
further into the capillary, until cooling processes stop thi:neat'm‘J a resonant gas in the capillary can, in p“r?c'p'e’ be
used to separate multicomponent gas mixtures using an or-

rise. In order not to complicate the analysis, without addi- . : . . . )
X . . " dinary atomic velocity selector when the capillary is excited
tional information on energy exchange processes during in: I ) : . -
. - . : AR . by radiation that is resonant with an electronic transition of
elastic collisions of excited atoms with solid dielectric sur-. " o
st one of the components. In addition, it is clear from Eq.

faces, we shall assume that the heating is stabilize 0) that the flux of gas in the capillary can also be changed
immediately at the entrance of the capillary. In this c&xge. owing to the effect of the light on the mean free path of

is independent ok and for conservation of the flux in the . ;
atoms in the capillary.

capillary, Eq.(11) yields Two possible mechanisms for this effect, which involve
an ) a difference in the angular distributions of scattered thermal,
D, - = ) =const (15 hot, and excited atoms at the walls, can be pointed out. The
first is simply related to the difference between the tempera-

Considering an efflux into free space, we obtain the fol-yyre of the incident beam and that of the surface. It is
lowing concentration distribution of the atoms in a capillary knownt® that as a beam of atoms incident on a surface with

of lengthL: temperatureT,, is heated, ordinary thermatiiffuse) scatter-

n(x)=j(L—x)/D, . (16) ing i; sgpplfanted by structural scattering, in which the angu-
lar distribution of the scattered beam forms a rather sharp

The current density is determined from the condition at |ope in a direction close to that for mirror reflection of the

the beginning of the capillary, where the flux incident beam. This change in scattering regime takes place
at beam temperatures of only a few times the surface tem-
j=f v, f (0, v)dv—f vyf<(0p)dv perature and can cause a substantial rise in the flux through
vx=0 the capillary of gas that has been “heated” by the optical
radiation.
- L <vaf<(0,v)dv- 17 The second mechanism through which the light acts on

the angular distribution of the scattering may be related to
Here the first term is determined by the flux in the capillarythe behavior of superelastic collisions. Recall that diffuse
and the second by the flux outside it. At the beginning of the(cosing scattering is usually related to sequential adsorption
capillary the velocity distribution of the atoms is highly an- and desorption events for particles at the surface, during
isotropic: cold atoms enter the capillary and hot ones leave itwhich any correlation between the initial and final velocities
Determining the distribution function at the boundary of ran-is lost. In superelastic collisions, where part of the electronic
domly scattering media is a complicated Milne probf¥m. excitation energy is released, the particle is not adsorbed, so
Here we give the boundary condition formally without solv- that a correlation of this type is possible. For example, if the
ing this problem, merely noting that, because of the strongnomentum imparted to a particle during a superelastic col-
anisotropy, the values of. andn_, defined by lision is predominantly normal to the watft then this causes
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a reduction in the mean free path along the capillary and ailane is transparent. We believe that this effect is directly
reduction in the flux in the capillary. The same sort of reduc-associated with the drop in the concentration of atoms in an
tion in the flux occurs when this momentum is in the oppo-illuminated region discussed above. In fact, if we assume
site direction to the velocity vector of the incident particle. that the energy barrier for volume diffusion of the alkali
Calculating the velocity distribution in a capillary re- atoms is lower than the energy of a photon absorbed by
quires knowledge of the character of atom-wall superelastithem, then the sequence of absorption and quenching of elec-
collisions. Collisions of excited atoms with dielectrics havetronic excitation causes the atoms to jump to neighboring
hardly been studied, as pointed out specially in thepositions, “heats” them a certain extent, and speeds up their
literature® We note that measurements of the parameters of golume diffusion. The escape of an atom from the film at the
flow through a laser illuminated capillary and a determina-vacuum interface causes a decrease in the concentration of
tion of the distribution of the concentration of atoms alongatoms in the film and an increase in their concentration in the
its length might be one of the simplest ways to study thevolume, as is observed experimentdliWe may, therefore,
efficiency and angular distribution of collisions of excited assume that attempts to find similar effects in solids and

atoms with solid surfaces. weakly concentrated liquids will be successful.
This work was supported by the Russian Fund for Fun-
CONCLUSION damental Research.

The processes discussed above are among many ex-
amples of the selective effect of laser radiation on the kinet-
. . . 1 ’ H
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The stable quasistationary mixing of ternary gas mixtures in a system of two chambers
connected by a capillary is described by a theoretical model which predicts the density distribution
of the mixture along the length of the diffusion channel. It is demonstrated that inversion of

the density gradient can occur due to a nonlinear concentration distribution of the heavy
component in a diffusion “gate” effect. The results obtained using this model are compared

with the experimental data. @998 American Institute of Physid$$1063-784£98)00305-5

1. The onset of convective instability during isothermal necting capillary of lengthL and cross-sectional area
binary diffusion in sealed structures was investigated theo= 2 (r is the radius of the capillayy
retically in Refs. 1 and 2, where it was shown that a condi-  Isothermal diffusion is accompanied by the appearance
tion of breakdown of the diffusion mechanism of mixing is a ©f @ pressure difference in the chambé&r® (the diffusion
large positive density gradient of the mixtugehere the den- baro-effect), but for the viscous regime considergd in the
sity above is greater than that belpWhis fact is confirmed ~Problem(the Knudsen number Kah/r<1, where\ is the
experimentally. However, in ternarthree-componeitgas mean free paththe quantityA P/P is of the order of KA and

mixtures** an anomalous convective instability is observed,IS neg[lglbly small. This allows us to take the pressE?reo_
be uniform throughout the system and constant in time.

which arises for negative density gradients of the mlXturel—mwever, the small pressure difference that arises gives rise

(the density in the upper part of the structure is less than in
the lower part. The reason for this anomalous behavior of

ternary mixtures is insufficiently understood, but a compari-

son of the experimental data on the anomalous convective 2z
instability*~” and on the diffusion “gate” effeétshows that *
these two effects are most strikingly manifested in the same
mixtures. On the basis of these facts it may be surmised that
during the organization of a diffusion “gate” a change in 1+2 I
sign of the density gradient can occur on some segment of
the channel, and this is the reason for the instability.

The aim of the present paper is to verify the above con- y
jecture and analyze the conditions for inversion of the den-
sity gradient. This is done on the basis of solution of the
problem of the quasistationary density distribution of a ter-
nary mixture under conditions of mixing of the gases in a L —> <_z_ﬂ
system of two chambers connected by a vertical channel. g

2. Consider a system of two chambers joined by a cap-
illary (Fig. 1). The upper chamber contains a binary mixture
of gases diffusing into a pure component located in the lower
chamber. For definiteness, it is convenient to choose the fol-
lowing numbering of the component$;2 — the light and
heavy gases in the upper chamiger respectively3 — the
gas in the lower chambétl). The density of the mixture in
the upper part of the apparatus is always less than the density
of the pure component in the lower part at any temperakure
and pressur®. We assume that the volumes of the chambers
V are equal and significantly exceed the volume of the con- FIG. 1.
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to a quasistationary diffusion regime in which the average C1C3 C41Cy
numerical velocity vanish&s® D (Ui Ug)+ 5= (u—uz)=—VCy,
13 12
®=CyU;+ CoUy+C3U3=0, (1)
. . . : C1Co C2C3
wherec; is the concentration of thigh componenty; is the D_(uz_ u;)+ D_(uz_ Uz)=—V,Cp, 2
12 23

z-axis projection of the velocity of theh component in the

laboratory coordinate system, averaged over the cross sec-

tion. where D;; is the binary diffusion coefficient of the binary
The diffusion velocities §;—u;) can be determined mixture,i,j=1,3, andc;=n;/(n;+n,+ng)=n;/n.

from the Stefan—Maxwell equations, which for a ternary Equations(1) and(2) define explicit expressions for the

mixture of ideal gases have the form component velocitiés

1 [ C1D23(D1,—D13)V,c,— D1 (Co+C3)Dipt C1D23]VZC1]

ul:_
Cy €1Dy3tCyD 3t C3D

U :i CD13(D12=D23)V,€1—Dod (€1 +C3) Dyt cD 45V ,Co
2Tc, C1Dp3t+CyD 3t €30, ’

()

i[ Did(cy+Cy)DostczD1,]V,c1+Dod (Cy+Cp)Dygt CleﬂVzcz]

U3:
C3 C1Dy3tcyDyatC3Dyy

In what follows we assume that the composition equal-  z=0, ¢;=c,=0, az=Cs, ,
ization time in the system of chamberss much longer than
the setup timer, of the concentration distribution along the
length of the capillary. Thus, for timds> 7, the mixture of
gases can be assumed to be quasistationary. In this case the z=L, C1=Cy, C2=Cy, c3=0 (6)
concentration distributions of the components set up quite
rapidly to the assigned values of the composition of the mix-
ture in the chambers and vary slowly as the concentrations in
the system equalize. For such conditions it can be assumed
that the flow rate of each component across an arbitrary cross
section of the capillary is independent of the coordirmate

written as follows:

Q;=n;(z)u;(z) wr?=const. (4)

Substituting expression@®) into Eq. (4) and employing
the assumption of smallness of the molar concentration of
the second component{<1) to simplify the resulting ex-
pression, we readily obtain the following expressions for

Qz{Dlz(Dls_Dza) “

C,={Ch+——=———""——C
2 27 Qq|D1gDyp—Dyy h

Ci(2):
1 Qi (Dy3—Dyp) Q>
X ex ——2——(L— )| — =
de, 1 Q ar? N DaDos Q1
—Diz—0>=——,
dz  mr2 n [D12(D13_D23)_C }_i Qz( _y. @
Diy(D;—Dyy  H r2 Dy3n ’
dc; dc,
—CyD13(Dos— DlZ)E - D12D235
1 Q, where
=5 7y [Pzt Ci(D23= D). 5
r
The solution of systent5) allowing for the boundar nDis
ystents) g y Q1= (Cll_cl“)'ﬂ'rza

conditions L
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nDiz D13(D12— D23
7<) G, —C X ——(cll—cln)

_ L D1,D23
Q=" 1 D, DD D1s(D;,— D ' ®
12(D13 23)_C [ XF{— 13(D12 za)(c —ey) _1]_1
(€1,—C1,)|D13(D12—D23) 4 D12Dos BT

It should be noted that the cag®,;<D,,,D3 corre- p=p1C1+ paCat paCs, (10)

sponds to a substantially nonlinear distribution of the con- d also i . di
centration of the heavy component along the capillary. Fig—an also its maximum gradient

ure 2 [a—O0.7He1)+0.3R122)-Ar(3), b—0.9Hd1) 1dp x z 1
+0.1R1Z2)—Ar(3)] plots the distributiorc;(z) for the mix- EE:Amzczl eXF[_"][ eXp x _Amsfi
ture Hd1)+R122)—Ar(3) (the numbering of the compo-
nents is indicated here in parenthéskes different amounts Amy=my—my, Amz=mz—my,
of freon-12 in the mixture ¢, <1). The nonlinearity of the
L . : . . D13(D12— D23
distributionc,(z) is due to the fact that in the mutual diffu- r=———-—, (11

sion of helium and argonct—0) a baro-effect arises with D12D2s

increase in the pressure in the lower chamber. The resultingherem; is the mass of a molecule of species

pressure gradient is the reason for the hydrodynamic flow of ~For the typical diffusion-gate system Hg+R12(2)—

the mixture into the upper chamber with velocity,  Ar(3) the density distribution of the mixture over the length
~D,3/L. The characteristic diffusion velocity of freon for of the capillary, calculated according to formulé® and

the case when the concentration distributig(z) is linearis  (10), is plotted in Fig. 3 and illustrates the possibility of
of the order ofc, Do3/L, which is much less than,. The inversion of the density gradient as the concentration distri-
resulting freon velocity is directed upwards. In the quasistabution c;(z) adjusts to the boundary conditions with
tionary situation the concentratian becomes exponentially <pi - Such a gradient inversion may be the reason for the
small in the lower part of the capillary and the flow-r&e convective instability; therefore it would be advisable to in-
[formula (8)] becomes much less than the valueVestigate the conditions for the appearance of nonmonotonic-
nmr2c, Das/L corresponding to the case whep(2) is lin- ity of p(2) asc,, varies forp;<py, . The largest value of the

ear. The effect of an abrupt decreaseQg in similar situa- ~ concentration of the second component in chambier the
tions is called a “diffusion gate” and takes place in mix- interval of interest to us corresponds to the conditjgn
tures with a significant diffusion baro-effect for the first and =pPu, 1€,

third components for a low valu_e of the diffusion cqefficient Ma=(1—Cp )M +Cy My,

D,3. For small values o, relations(7) and(8) permit one : !

to obtain simplified approximate expressions for the concen-

tration distributionsc;(z)

D13(D12—D2a) z
1~ _ _ _Z 1.60
c;=1-c,—cC3,Cy czlex;{ D ,Dys 1 Ol
z
C3=1—E. (9) 1.40
Expressiong9) allow one to find the density distribution
along the length of the capillary n. 120
£
=
w2 i b ] Lro0f
5 L\ 4 - L
'§ T Ar
E) 0.6‘0‘ . - . 0.30 =
[=]
= _ q 5 §
s 020+ /He L /He i 0.60
R o ., R RSN NN S N S B < |
0.04 012 0.04 0142 00+ 008 012 015
L,m L,m

FIG. 2. FIG. 3.
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whence it follows that 700k I a
m;—m; Am 5
cpre =2 @ 5 [\
2 1 2 £ 260k 2
The minimum vrallueczl:crz“lin in this interval can be é
found on the basis of Eq11) from the condition = i
@ CH
d_p| —0 M Amz DDy (13 0201 "~ v
dz'*t ™ "2 Am, Dyg(D1,—Dog)’ e E—— —L L.
_ _ _ _ 0.04 0.12 0.04 012
Thus, inversion of the density gradient and, conse- L,m,
guently, anomalou#for p,<p,,) unstable diffusion can take
place only in the concentration interval of the heavy compo- FIG. 4.
nent in the upper chamber
C?Iin<C2,<C?|ax- (14 in Fig. 3. The graphs show th&tp changes sign. Experi-

: . . ments carried out with this mixture indeed show that for
3. As an illustration, a comparison of the above results

_ e o
with experimental data obtained with a two-chamber seturg:zfo'lo5 the diffusion ms;[nailr?lhty tarI:ans place.

can be had for the case of two ternary gas mixtures; aple I lists values oz ™ andcz™ and experimental
CH,(1)+Ar(2-N,(3) and He&1)+R122)-Ar(3) for P data forc2I for various mixtures for which convective insta-
=0.101 MPa andr=298 K% In the first system the bi- bility was observed. In the calculation oﬁ:"‘ and ¢ for
nary diffusion coefficients of the components are comparablgne systems b+ CO,—air, N,+R12-R22, and
with each other. This system exhibits the stable regime ofzr+ R12—R22 the binary diffusion coefficients were deter-
isothermal diffusion over a wide pressure interval and formined within the framework of the rigorous kinetic
arbitrary values of the concentratian, (Ref. 11. This is  theory!?*%In all the other cases we used the experimental
because for similar values dDP;, and D,; the quantity values of the binary diffusion coefficients in formula3).
(cg‘lax—cz'“Kl (see formulag12) and(13)) and therefore in  Analysis of the concentrations so obtained shows that in all
the investigated concentration interval it is impossible to obthe experiments with anomalous unstable diffusign is
serve the instability. A quasistationary distribution of the found between:g“l'” and crznlax. This confirms the validity of
component concentrations and the density is shown in Fig. 4nhe theoretical model.

from which it can be seen that linear component concentra- 4 Thus, we have developed a theoretical model of stable
tion distributions for the system 0.55GH0.45Ar-N, lead  quasistationary mixing of three gases in a system of two

to a linear distribution of the density. chambers joined by a capillary that allows one to determine
For the second system the E:geﬁgnemg_;z andDy; aré  the density distribution along the length of the channel.
substantially different (38810 ° m“/s and 6.&10 We have shown that for the density of the mixture in the

m?/s, respectively This leads to the following boundary val- ypper chambep, less than the density in the lower chamber
ues of the concentration of the heavy component in the uppey, ' inversion of the density gradient takes place in the chan-
chamber (1): ¢5"=0.035, ¢;*=0.308. If we choosec;  nel due to nonlinearity of the concentration distribution of
from this interval, we obtain the density distributions shownthe heavy component, exhibiting the effect of a diffusion

TABLE I. Boundary values of the concentration of the heaviest component of the mixture for a series of
diffusion-unstable systems &t=298 K.

Component concentrations, mole fraction

Reaction Calculation Experiment
No. System cg]i" cp™ Co, Ref.
1 Het+Ar—N, 0.265 0.667 0.360.35 4
2 Het+R12 — Ar 0.035 0.308 0.080.12 5
3 CH,+R12—n-C4Hq 0.017 0.400 0.160.16 5
4 HetR12 —n-C4Hyg 0.044 0.462 0.080.12 5
5 N,+R12—n-C,H,, 0.155 0.323 0.16 5
6 H,+N,—CH, 0.212 0.538 0.25
7 Hy+Ar—N, 0.230 0.684 0.360.3%
8 H,+CO,— air 0.158 0.643 0.16 3
9 N,+R12—R22 0.387 0.629 0.300.50 3
10 Ar+R12 — R22 0.428 0.574 0.290.49 3
11 H,+R12—Ar 0.031 0.319 0.07 5

*Experimental data of the authors.
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The isotropic Boltzmann equation is solved using the Sonin moment system of equations. The
main task here is the construction of a matrix describing the particle interaction. Such a
matrix has been constructed analytically for various interaction cross sections in a number of
paperdM. Barnsley and G. Turchetti, Lett. Nuovo Cimer88, 347(1982; G. Turchetti

and M. Paolilli, Phys. Lett. 0, 123(1982; F. Schurer and G. Kgerl, Phys. Fluids A2, 609
(1990; A. Ya. Ender and I. A. Bder, Tech. Phys39, 997 (1994]. Calculations of matrix
elements arrived at by different methods for the hard-sphere model are compared. Some general
properties of the matrix are found that can be used as criteria of the validity of the
calculations. With the help of such criteria it is shown that the nonlinear matrix elements were
calculated incorrectly by Scher and Kgerl (op. cit). © 1998 American Institute of
Physics[S1063-784298)00405-X]

INTRODUCTION lems of transport theory. Later, works appeared in which the

In this paper we consider the moment method for solv—pOIynorniaI method was applied numericaf§ as well as

ing the nonlinear Boltzmann equation for problems of isotro-analytlca”)ﬁ to the isotropic Boltzmann equati¢that is, iso-

pic relaxation, based on expanding the distribution functiontroplc in the velocitiesto construct the distribution function

. . 14 o at high energies. In this method the isotropic distribution
in Sonin(Laguerre polynomials.™ The possibility of solv- o : .

: . . . function is expanded in a series of Soifiraguerrg polyno-

ing the nonlinear Boltzmann equation numerically by the ".

moment method up to large velocities was first demonstrateEFIaIS
in Refs. 1 and 2. To construct the distribution function at _ -
large velocities, it is necessary to include many moments, f(v,1)=M(v,To) 2, Co(t)S](v?T) (1)
i.e., to know the nonlinear matrix elements describing the n=o

particle interaction, at large values of the indices. The for-with weighting function

mula for the matrix elements in Ref. 2, derived for cross = =~ 3 oy =
sections isotropic in the velocities, contains six nested sums. M(v,To)=(1/mTo)™exp(—v*/To), To=2kTo/mp.

This limits the possibilities of increasing the number of terms )

of the expansiorN (in Ref. 2 the calculations were carried As a rule, the equilibrium temperature of the gas is cho-
out only to N=13). In our previous papérusing thea  sen forT,. The Boltzmann equation reduces to the following
representatiot we obtained formulas valid for any power- system of moment equations:

©

law potential and dropped the number of nested sums down o
to four. This enabled us to increase the number of terms to dc,/dt= E KI .CiCrn. 3)
N= 30 with the same error as obtained in Ref. 2 fbr 13. km=0

The authors of Ref. 3 proposed a simpler algorithm for the |+ should be noted that the method of expanding in Sonin

particular case of the hard-sphere model that raised the hopgy v nomials is applicable only if the distribution function
of increasing the number of terms significantly higher. Un-g,ii<fias Grad's criterion

fortunately, there is an error in their formulas for the nonlin-
ear matrix elements. The derivation of the matrix elements is f
a quite complicated problem, and errors are possible. In the
course of comparison and analysis of the matrix elements
calculated by various authofs*’ we developed some crite-
ria of validity of calculation of nonlinear matrix elements.

. 2 exp(v?/To)d3v <. (4)
In Ref. 9 it was shown that if the distribution function is
represented in the form of a sum over two Maxwellians with
temperatured; and T, (T;<T,) andT,/Ty>2, then this
criterion is not satisfied.
The matrix elementX} ;| are asymmetric relative to
transposition of the lower indices. In the case of interaction
In earlier classical works the method of expanding theof particles of one sort it is possible to transform to symmet-
distribution function in orthogonal polynomials was applied ric matrix eIement?(E]m=(K{2’m+ Km)/2. Such matrix ele-
to calculate the first several linear moments needed in probments are considered in Refs. 1 and 2. We will not write out

1. COMPARISON OF DIFFERENT CALCULATIONS OF THE
MATRIX ELEMENTS

1063-7842/98/43(5)/9/$15.00 493 © 1998 American Institute of Physics
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the complicated formula given in Ref. 2 f&ﬂym, which

consists of six nested sums. Its derivation is laid out in detaipn(t) -
in Ref. 1. It should be noted that this formula is valid only
for the model of power-law potentials under the assumptio
that the cross section does not depend on the scatteri

angle.

When calculating seriefl) on a computer, it is always

necessary to truncate at some firlite and the sum(3) be-

comes finite. The great achievement of the authors of Refs. &} ,,= naTy
and 2 is that they were the first who were able to systemati-

cally calculate the nonlinear matrix elements upNe- 13,

which made it possible to advance into the region of high <
velocities. However, the huge number of terms in the for-
mula in Ref. 2 has limited the possibility of increasing the

number of terms\.

In Ref. 4, using ther method, we constructed the matrix :
K} ,» for anisotropic cross sections as well and showed that iP" distance (V—1/
is possible to treat equations involving up to 25—-30 moments

with guaranteed accuracy.
The Boltzmann equation in the representation(a
=my/2kT) has the form®

Jd ® LM~ ~ ~ ~ o~
noa—(fZHgfo AT, T1,T)e(T1,1)e(T,,1)dT,dT,. (5)

Hereng is the particle number density, and the distribution

function in thev-representation is related tp(T,t) by the
following equation:

f(v,t)= f:M(v,Tm(T,t)dNT. (6)

The kernelA(T,T,,T,) is a transform of the collision
integral of two Maxwellians)™(T,,T,,v) in « space

T, Fp0)=n2 f:M@ﬁ)A("T‘,?l,n)d"f. @

The orthogonal system of Sonin polynomi&§, with

Maxwellian weight corresponds to a biorthogonal system of

functionss, andsg in « space
SrR(‘:’rr’:I'-*):(‘T—*)é(r)(:‘r_:l:*)/r!’ (8)
s =(1-T/T,)". 9)

Here 8()(T—T,) is the rth derivative of thes function.
Here

M(v,T,)S(vT,)= f:M(u,T)sg(T,”f*)dT (10)

f . s skdT=4; . (12)

The functiong(T) on the right-hand side of E¢5) can
be represented in the form

¢(T,t>=n20 Cn(t)sa(T,To), (12)

A. Ya. Ender and I. A. Ender

quo(rl',t)sﬂ(?,t)d:iE r(l—fﬁo)mp(?,t)d"f.
0 0
(13

ﬂ order to obtain syster(8), we multiply both sides of Eq.

(5 by s/'(T,Ty) and integrate ovel. We obtain for the
matrix Ky

dk+m

Tk+m k+m
(—1) ——
dTXdTY

TiTY
k!m!

(14

T1=To.

I d”nl—?ﬁo)nm,"fﬁz))
0

T,=T,
In the case of a power-law dependence of the potevtial
“) we have
go(9,2)=B,9"x(2)/4m, z=sir?o/2. (15)

Here o(g,2) is the differential scattering cross section,
=(k—4)/x, B,=const, andy(z) is the angular part of the
cross section. In this case the kerme]T,T,,T,) and the
matrix Ky ., have the form

o)

AT, T, ,Tz>=|=21 di(T1,T2)sr(T,Ty), (16)

3 4!
T(—wI(1+3/2)
|

x 2

d,

(—A)IT 29D (1 —q— )T (q+3/2+ ) ]

4= at(l=g) A v
17
W o AKTo\#4m(— 1) *nIT (u+5/2)
k,m— 0 Mo om
(1+52q-1 . " (q) 2!
q=1 o} qi:max(O,q—k) i/(m—i)!

n

(2l-2g—-1)!1(—1)'

" maxantkeq— TU+32)(n—1)!
™ (=D )
X > P (18

j=maxomy) j12)(my—j)1(j—my)!’
wherepu=y/2, A=T,—T,, my=k—n+i+I—q, my=k—n
+i—l+qg, mg=l—q+m—i.
Here we have made use of the following relations:
I'(a+k)

(a)y=a(at+l)...(atk-1)= T@

1
Jo= BV/477J x(2)29dz.
0

A similar derivation of formulag16)—(18) is given in
Ref. 4.

For isotropic cross sectiorand it was specifically this
case that was considered in Refs. 1 ang(2)=1 andJ,
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=B, /(q+1)/4w. For the hard-sphere modet=0.5, B; The most complicated formula for calculation, as was
= wdz whered is the particle diameter, and,=d?/(4(q  noted in Ref. 3, is the triple sun{mﬁ'mvn}, whose calculation
+1)). requires a special recursive procedure.

Formula(18), like the formulas from Ref. 2, is suitable Whereas the calculations of the linear elements are

for arbitrary values of the indicds m, n. In the particular  simple and have been carried out by many authors, the for-
case in which one of the lower indicés m vanishes, we mulas for the nonlinear elements are significantly more com-
obtain expressions for the linear elements. In this case thplicated. Note that in Ref. 3 there is no comparison with
number of summations is substantially decreased. Thus, iRefs. 2 and 7, nor does it give a detailed derivation of for-
formula (18) only one summation remains. mulas(19)—(21). Therefore we had to perform an additional
Unsystematic calculations of nonlinear matrix elementsstudy.
were also carried out in earlier works. Thus, Ref. 7 gives  Since our results, like the results of Refs. 2 and 7, are
formulas for the symmetrized matrix elemenT(Q,m in the  valid not only for the hard-sphere model, it is possible to
case of power-law potentials, but only fie<4. make a wider comparison. We compared our results with the
Reference 3 calculates nonlinear matrix elements up toesults of Ref. 2. The values of the linearized matrix ele-
N=64 for the hard-sphere model. The expressions for thenents given in the table in Ref. 2 fpr=0.25 and calculated

matrix elements in Ref. 3 have the form according to formuld18), completely coincide. Our formu-

n n n las, like the formulas from Ref. 2, in the particular case of
Kiem=Bim™ @em: (19 pseudo-Maxwellian molecules reduce to the well-known
0! simple form. In Ref. 4 we compared the errors involved in
al =— - calculating according to the formulas from Ref. 2 and from
‘ 22" (n+3/2) formula (18). We showed that for pseudo-Maxwellian mol-

1 ecules the error incurred in the first case fo=13 is in-

Al curred in the second case only fdr=30. In addition, in

8 m{Ak’mfl'n}Jr m(m 1)= E {A crnt [ M=2, order to compare the results, we programmed up the formula

from Ref. 2 and calculated the matrix elements for the hard-

(20 sphere model. It turns out that up k=5 the results coin-
2124 /{Ai—lm—ln} (A3 min) cide with the results of formul#18) out to 13 significant
ﬁk,mzr(n+3/2)\ km - (k—=1)m figures. For Iarg_eN we proposed a specia! method in _Ref. 4
for error determination based on calculating with a different
{Aﬁ_l,m_z,n} {Aa—z,m—Z,n} degree of accuracy and showed that going from six sums in
T k(m—1) + (k—1)(m—1) Ref. 2 to four in formula(lS) decreases Fhe error at Igrgle .
by several orders of magnitude. Thus it can be said that if
k+ 1/2{/\ - m+1/2 sufficient accuracy is provided in the calculations the formu-
k=1m.n m las from Ref. 2 and formul&l8) give the same result, i.e.,
they are equivalent. For the hard-sphere model we carried
X{Al Lol —(n+ 1){A° ) outa comparison foN=2 Wlth the results of Ref. 7. Most of _
the 12 symmetrized matrix elements calculated there coin-
K m=2. 21) cide with the values we calculated. The linear elemé§]§

differs in sign from the corresponding element in Refs. 2—4,
Here {A) mnf {A} mnts {A2 monts and{A? mn} are various which is clearly a typographical error. Among the various
combinations of the gamma functions. Note that the ||nea|nonllnear element? , differs (it has opposite signas does
elementsa] 5, BLo, and B, are calculated according to K3, (it is two times larger than in Ref.)4However, com-
separate formulas. These formulas, after some simple anf@aring with the results of Ref. 3 and calculating the problems

lytical transformations, coincide with the corresponding for-presented there using our formulas leads to qualitatively dif-
mulas obtained from formuléL8). ferent resultgsee Sec. ). In order to ensure that there are

no typographical errors in Ref. 3, upon coding up their for-
mulas we calculated the nonlinear matrix elements according
to formulas(19)—(21) for N up to 16 and repeated the cal-
culations of the relaxation processes with the initial data
K/m 0 1 2 3 4 5 from Ref. 3. Comparing the results of our calculations with
00000 — 13333 50000 — 14583 the graphical results presented in Ref. 3, we convinced our-
13333 53333 — 14583 — 02708 — 01100 — 00540 §elves that the formulas fét, , in Ref. 3 correspond to their
~1.03333  .01250 —.01667 —.00872 —.00513 —.00332  final results.
27917  .02708  .00039-—.00260 —.00235 —.00186 Table | displays the matrix elements calculated accord-
.03854  .01517  .00382  .00007-.00085 —.00096 ing to formula(18) for n=2 and G<k<7, 0=<m=<5. In our
-8322; -8822# -882;; -ggﬂ; -88825-00033001 calculations we chose as our unit of time the same quantity
00138 00216 00198 00134 00070 00026 35 Used in Ref. 3rg=(mm/16kTo)*¥nga, whereo is the
total cross section. Corresponding calculations according to
Note: The values oK}, for n=2 are taken from Ref. 4. formulas (19)—(21) showed that all the nonlinear elements

TABLE I.

.02188 —.00645

~No b~ WNEO
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TABLE II.
k=0 k=1 k=2 k=3 k=4

n m=4 m=3 m=2 m=1 m=0 K3, Ref. 3
1 —5.2083< 103 —1.0417x10°? .00000 1.041% 102 5.2083x 1072 —3.7109< 1072
2 —2.1875¢107? —2.7083x107? —1.666710°?2 2.7083< 1072 3.8542< 1072 1.7578< 102
3 —.12891 -.13281 —.12500 1.852% 1072 .36819 4.248610°2
4 .37240 .36979 .37500 41751 —1.5347 4.003%10°?
5 —.10579 —.10742 —.10417 —8.5940< 1072 40332 2.7468 102
6 —1.6602<10°? —1.7578<10°? —1.5625<10 2 —7.0639%<10°3 5.6869< 102 1.5015x 102
7 —5.2572¢10°3 —5.8268<10°3 —4.6875<10°3 —5.0573x10°* 1.6277 1072 6.1951x 1072
8 —2.0616<10°3 —2.3872<10°3 —1.7361x10°3 3.4867x 1074 5.8362x 102 1.0986x 102
9 —8.9333x 1074 —1.0764x107° —7.1023x1074 3.4141x 1074 2.3386<10°° —1.3046<1072
10 —4.0904< 10" * —5.1076<10"* —3.0731x10°* 2.2699% 1074 1.0001x 102 —2.0981x 1073
11 —1.9367x 104 —2.4962<10™4 —-1.377%104 1.3496x10°* 4.4605< 10™4 —2.0771x10°8
12 —9.3707x10°° —1.2422¢<10™* —6.3189<10°° 7.6367x 10°° 2.0475¢ 1074 —1.7281x10°3

Note: The values oKy, for k+m=4 are taken from Ref. 4 and ¢f3, from Ref. 3.

above-said we may conclude that the calculation of the non-
linear matrix elements in Ref. 3 is erroneous.

differ significantly both in magnitude and in sign.

It is of interest to display the values &, calculated
according to formula(18) and over a wider range of Nevertheless it would be desirable to have criteria that
k, m, n. This is done in Tables Il and Ill for&n=<12 for  would provide a direct check on the validity of one formula
k andm such thak+m=4 andk+m=5, respectively. The or another. In the following section we derive two relations
last column of Table Il for comparison gives the values ofthat the matrix elements} |, must satisfy.

K3, calculated in Ref. 3. For Maxwellian molecules the ma-

trix elementsK} ., are nonzero only ifn+k=n. The authors

of Refs. 2 and 4 draw attention to the fact that the matrix2. PROPERTIES OF THE MATRIX ELEMENTS

elements have a sharp peakrat k=n for other values ojx

as well, in particular for hard spheres, and fall off rapidly
with growth of[m+k—n|. One can convince oneself of this
by close inspection of Tables I, Il, and Ill. Comparing the

elementsK} , from Table Il, calculated according to formu-
las (18) and (19—(21), it is clear that the matrix elements about the same temperalufg, then only the zeroth—ogder
’ coefficientC, will be nonzero, anddCy/dt=0 sinceKj

calculated according to the formulas from Ref. 3 do not pos-zo. Say, however, that we expand this same distribution

sess this propert.y. This proved also .to be the case for C)'[h(?erction in Sonin polynomials about a different temperature
values of the indices. Note that despite the fact that all threq_ . .
. In « space the Maxwellian with temperatufe has the

derivations of the matrix glements in Refs. 2, 4, gnq ! W?r%ransformé(T—Tl). Then, using formuld13), we obtain for
reached by completely different paths, they coincide with . -

. : . the expansion coefficients,
each other, apart from some minor typographical errors in

We choose as our initial distribution function the Max-
wellian distribution with temperatur€;. The collision inte-
gral of such a distribution function is equal to zero. If, as is
customary, we expand this function in Sonin polynomials

Ref. 7, but not with the results of Ref. 3. On the basis of the C,=(1-T,/T,)". (22
TABLE Il1.
k=0 k=1 k=2 k=3 k=4 k=5
n m=5 m=4 m=3 m=2 m=1 m=0
1 —1.6276x10°2 —4.8828<10°3 —3.2552<10°3 3.2552x 102 4.8828<1073 1.6276x10°2
2 —6.4453<10°3 —1.1003< 102 —8.7240<10°3 3.9063x 1074 1.5169x 102 1.0612x 102
3 —20947x 1072 —2.5342¢1072 —2.3145¢107? —1.4355<1072 2.9806< 1072 5.3983< 1072
4 —.11637 —.11995 —.11816 —.11100 2.183%10°2 44336
5 .33722 .33457 .33590 .34119 .38352 —1.73240
6 —9.8572¢<107 2 —.10040 —9.9487x 102 —9.5825¢10 2 —7.6583<1072 47087
7 —1.6100<10°2 —1.7311x10°2 —1.6705<10°? —1.4284<10°2 —4.7772<10°8 6.9177x 1072
8 —5.3345¢10°8 —6.1076<10°° —5.7210<10°2 —4.1748<1078 6.8368<1074 2.0654< 1072
9 —2.1935¢10°3 —2.6741x10°3 —2.4338<10°3 —1.4725¢10°3 1.0513x 103 7.7225¢ 1073
10 —9.9702 1074 —1.2895¢107° —1.1433x10°° —5.5833<1074 7.6385<1074 3.2242¢107°
11 —4.7867x 10" 4 —6.5351x 1074 —5.6609<10™* —2.1641x 104 4.7938<10™* 1.4353x 1073
12 —2.3742<10°4 —3.4042<10°4 —2 .8892 10 * —8.2926x10°° 2.8405< 1074 6.6563x 1074

Note: The values oKg,,, for k+m=5 are taken from Ref. 4.
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In general, the collision integral can be written as k, m, n<N. (31
U n oo dcC, However, whenk+m>N, not all the matrix elements
J(F,f)= M(U'TZ)nZO S0/ T2) dt (23 entering into equality27) are used, i.e., the truncated matrix

k.m does not satisfy the above relations. As follows from

Obviously, re-expanding the Maxwellian about a differ- the preceding discussion, expanding the Maxwellian with
ent temperature cannot lead to a nonzero collision integratemperaturd’; about the temperatufg, leads to a deviation
i.e., the collision integral of the Maxwellian is invariant with from the equilibrium Maxwellian distribution. In our view, it

respect to choice of basis. is much more natural to truncate the matrix in such a way

From the identityJ(f,f)=0, using Eq.(23) and the that after this procedure properti€&7) remain in force, i.e.,
properties of completeness and orthogonality of the Sonifig sum overk andm such that
polynomials, we obtain

Jc k+m=N, n<N. (32
d_tn =0, n=0,... . (24 It is impossible to check whether relati¢27) is satisfied
if we substitute the expressions fil; ;, from Ref. 3 since
Hence, substituting expressiéd?2) into Eq. (3) we obtain Ref. 3 does not give any matrix elements having even one of
the lower indices equal to unityin this case the denomina-
Z KR m(l_TllTZ)k+m:0- (25  tors of the formulas for the nonlinear elements tend to infin-
k,m '

ity). In each of relationg27) starting with the second, one

encounters at least one such element. The authors of Ref. 3

rightly note that for the nonlinear and linearized problems

they considered when expanding the distribution function

” m m N about the equilibrium Maxwellian the matrix elements hav-

mE:l (1-T1/Ty) kzo Kk,m-k=0. (260 ing at least one index equal to unity are not needed. How-
ever, when expanding about a Maxwellian with temperature

This expression is a power series in{T,/T,). Since different from the equilibrium temperature or when consid-
the identity (26) is satisfied for all values of ,, it follows  ering a mixture of gases knowledge of all these elements is

Denotingk+m asm’ and transforming to new summa-
tion indices, we obtain

that necessary. The fact that formulb8) satisfies relatiorf27) is
m a sufficiently serious argument in favor of its validity. How-
E K .=0, n,m=0,...sx. (27) ever, since an arjglogous che(_:k of formula®—(21) is im-
k=0 possible, an additional check is necessary.

We will make use of the circumstance that for the hard-
sphere model an analytical formula is given in Ref. 10 for
?he collision integral of two Maxwellians with arbitrary tem-

Note that this property is valid for arbitrary scattering
cross section and imposes additional constraints on the m
trix elements. Let us write out in explicit form relatio(®7)

for m=0, 1, 2 peratures
Koo=0, n=0,... (29 I™T,,T2,0)=R:—R_,
2
Kot Kie=0, n=0,... 29 o (maa) b
n‘ n’ n Tl ara(a;—az)v
Kot K11+ K30=0, n=0,... . (30)

x (e "2 erf(var) — e~ erf(vay)),

For the matrix elements calculated according to formula

(18) (and consequently according to the formulas from Ref. @i, 3/2nga e az?

2) relations(27) are fulfilled with high accuracy, limited by R_= ) —e ( +erf(v Ja—z)

the accuracy of calculation of the matrix elements them- i a; m

selves. Thus, calculating according to formulag), for 1

k, m, n<12 the error does not exceed 8. Note that for % ( v+ _) ) '

largem andn errors accumulate in the calculation Kf , 20\ ay

and deviations from relatiof27) can be used as an estimate .

of the magnitude of this calculational error. (aj=m/(2kTy), j=1, 2. (33
As for Ref. 7, relationg27) are fulfilled there forem A more general formula is given in Ref. 11 for the col-

=0, 1, 2, and 4. Since it was demonstrated above that thgsjon integral, which accommodates two Maxwellians with
sign of the linear elemerk3, in Ref. 7 was given incor-  arpjtrary temperatures and mean velocities. In the particular
rectly, equality(27) for m=3 confirms the fact that the sign case of isotropic relaxation these formulas reduce to formula
of the elememK%1 was also given incorrectly. Properties (33),

(27) can also be useful in the deciding where to truncate in | et us consider the nonlinear case in which the distribu-
the numerical solution of systei8). Usually, one chooses tion function is a sum of two Maxwellians

some numbemMN and then sweeps through the region of

k, m, n values f(v)=M(v,T)+M(v,T,). (34)
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TABLE IV.
J™(33,35) IM(37) JM(37) J(37)

v exact (Ref. 3 N=15 (Ref. Y N=15 (Ref. 9 N=30
0.2 —1.755229x 1071 —1.752509% 1071 —1.755513% 1071 —1.755229% 1071
0.4 —1.2497906 10 * —1.254414%10°* —1.249780& 10 * —1.2497906<10°*
0.6 —6.574448% 102 —6.641802% 1072 —6.5736926¢10°2 —6.5744484 102
0.8 —1.843468% 102 —1.862852K 102 —1.843532(x 102 —1.8434685% 1072
1.0 7.716720% 1073 8.049087% 102 7.713803% 1072 7.716706&% 102
1.2 1.536048% 102 1.5683595% 102 1.536075% 1072 1.536048% 10?2
1.4 1.272911% 1072 1.263725(x 102 1.2730204 1072 1.272911% 1072
1.6 7.224013% 1073 6.828930& 1073 7.223958 103 7.2240154 103
1.8 2.747594% 1072 2.407322& 1073 2.747228% 1073 2.7475944 1073
2.0 2.5189258 104 1.5935936¢ 104 2.5187636 104 2.5189266 104
2.2 —7.0711916 104 —6.097200%k 10™4 —7.0701226¢10°4 —7.071191610™ 4
2.4 —8.376368K 1074 —6.933051% 104 —8.376144& 10 * —8.376368% 1074
2.6 —6.539193% 104 —5.5003966¢< 10 * —6.539448% 1074 —6.539193% 104
2.8 —4.220432& 10°* —3.726374% 1074 —4.220555% 1074 —4.220432& 10°*
3.0 —2.404382& 104 —2.266442% 104 —2.404342Xx 1074 —2.404382(x 10" *

Note: Comparison ofi™ (v,0.5,1.5) calculated according to different formulas.

Then the collision integral has the form o " in\ L e AN
= mE T Dn(T1, =2 (T)An_l(dl(TlaTZ)(_)
J(f,f)=3"(T1,T,,0)+I™(T5,T1,0)=I"(T1,T5,v). =0 To
(35 Tl
We expand the distribution functic84) in Sonin poly- +(—1)“'d.(T2,Tl)(T—2> ) (39)
nomials about the equilibrium temperaturg=(T,+ T,)/2. 0
Employing formula(13), we obtain for the expansion coef-

ficients Hered|(T,,T,) is given by formula(17). Let us avail our-
on selves of the obtained criteria to check the validity of formu-
S Tom T\ ™ x2n las (19)—(21). The degree of deviation from equilibrium is
2n T,+T, ' characterized in formula@7) and(38) by the single param-

C -0 n-o " 36 eter A. For small deviations from equilibriumA(<1) the
2n+1m e collision integral is determined chiefly by its linear terms and
Knowing the coefficientC,, we can construct the ex- hardly any difference is observed between the calculations in

pansion _of the_ collision integral in Sonin polynomials. From gefs. 3 and 4. IR& is chosen large enough, Grad’s criterion is
Eq. (23) invoking Egs.(3) and(36) for the case under con- yjpjated and serie€37) does not converge. In view of this,

sideration we obtain we chose an intermediate valuA=1/2, T,/T,=0.5,

o . - - T,/To=1.5) for comparison.

Jm(Tl’TZ’U):M(U*To)gO SLAv?To)Dy(T1T2), Table IV compares the exact values &F calculated

(37) from formulas(33) and (35 and the expansiof37). The
e m calculations of expansiof87) used the matrices from Refs. 3
~ = ~ ~ and 4. In the calculations using the formulas from Ref. 3 for
Dn(Tl’TZ):‘lmE:l kZO ng,Zm(z_ékvm)Az(Hm)' (38) N=15 the error is significant and in some cases exceeds
) . ) . 10%: for example, fow=1.8 it is 12.4%, and fovo =2 it

The properties of coefficien{86) together with equality  egches 35%. Using the matrix from Ref. 4, again for
(28) allow us in expressiof38) to carry out the sum oven  _15 the error does not exceed 0.01%. To show that when
sfcartmg from unlty_. Thus, matrix eIe_ments_ for which expres-ysing KE,m from Ref. 4 the error is associated only with
sions are absent in Ref. 3 do not figure in the expansion of,nyergence of the series for large deviations from equilib-
the functionJ™(T1,T2,v) in Sonin polynomials. rium, the calculation was checked fbk=30. The value in

If we substitute the correct values of the matrix elementshijs case coincides with the exact value to seven significant
KE’m in expressiong37) and(38), we obtain a function that figures.

should coincide witd™(T,,T,,v) as given by formulag33) The difference between the calculations according to
and(35). This gives one more criterion for the validity of the Refs. 3 and 4 is made especially clear in Table V, which
calculations. displays values of the momeni3,(T,,T,) calculated ac-

It would also be useful to compare the expressions focording to formula(38) using the formulas foKE’m from
the expansion coefficients of the collision integral in SoninRefs. 3 and 4 foN= 15, and calculated using the exact for-
polynomialsD, (38) with the exact formula obtained by in- mula (39). While the second, third, and fourth moments cal-
tegratingd™(T,,T,,v) with the corresponding Sonin poly- culated according to formulél8) coincide with the exact
nomial, moments to seven figures beyond the decimal point, the cal-
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TABLE V. L

b
<
r

' Dy(T1,T2)(38) Dy(T1,T2)(38) Dy(T1,T2)(39)
(Ref. 3 (Ref. 4 exact

2 —5.250007K10°! —5.333333% 10! —5.333333%10°*

3 1.849158x 10 * 1.428571410°* 1.4285714 1071 1.0
4 —2.636884%10° Y —1.833333%10°! —1.833333%10°‘ :
5 1.119243% 10 * 6.335677% 1072 6.335678X 102

6 —8.133594% 102 —5.357859% 102 —5.357858X 10 2 0.8
7 4.311854% 1072 2.1906036 102 2.190607% 102

8 —2.250309%10 *  —1.472003X 10> —1.471995410 ° 0.6
9 1.415282% 10?2 6.8945086¢ 103 6.8946644 103

10  —6.143961610°%  —3.904469410° % —3.90415210°°

11 4.104411610°3 2.0687224 103 2.069378x 102 0.4
12 —1.866339%10°°% —1.010770410°° —1.0093606¢10 3

0.2

Note: Comparison oD,(T;,T,) calculated according to different formulas.

culations according to formulad9)—(21) give an error al- -0.2 . . L , , ,
ready in the third moment of the order of 30%. g 7 2 J 4 5 3]

Thus, it can be asserted that the formulas for the non“nleG. 1. Solutions of the lineaidashed curvgsand nonlineaksolid curve$

ear matrix elements in Ref. 3 are in error. Boltzmann equation for initial condition@0). Matrix elements from Ref. 3
(N=16) were used in the nonlinear solutions, and matrix elements with
N=30 were used in the linear solutiors:4 — times 7/\2=0, 1, 2, 5.

3. DISCUSSION OF THE RESULTS OF CALCULATIONS OF
RELAXATION PROCESSES

Reference 3 investigated the question of the convergendereserved foN=64. As is well known, the exact solution of
of the Laguerre seried) in the instance of two problems of the nonlinear Boltzmann equation for a positive initial distri-
isotropic relaxation: the first with initial conditions corre- bution function cannot become negative.
sponding to the BKW mode The second thing that strikes the eye when looking at

Fig. 1 is the very small difference between the linear and

C(0)=(0.9"(1—n) (40 nonlinear processes in the tails. The fact that the linear solu-
and the second with initial conditions tion goes negative is no cause for wonder. The absence of a

C.(0)=0.85,,, N=2. 41) notiqeable correction to the I_inear solution after including the

: nonlinear elements is explained by the strong depression of

Expanding the initial BKW mode in Sonin polynomials, the values of the maximum nonlinear matrix eleme(sese
the authors of Ref. 3, Scher and Kigerl, demonstrated a Sec. ) which largely determine the nonlinear process.
connection between the number of terms in the exparsion
and the maximum velocity ., out to which the expansion
is valid. Thus, forN=8, 16, 32, and 64 v,y took the f/f‘.._
values 2.6, 3.6, 5.1, and 6.6, respectively. To fiRg, from 1.4
the known moment$40) they constructed a segment of the
series and compared it with the known analytical distribution
function. In the case of Maxwellian molecules such a com-
parison can be made for any time(r=t/7), where for
each 7 there exists a maximum value of the velocity,,,
such that fow <v 5, Series(1) converges and with approach
to equilibrium the convergence improves, i.@.ay iN-
creases.

A comparison of calculations of the first problem is
given in Figs. 1 and 2. Figure 1 plots the distribution func-
tion constructed according to the formulas from Ref. 3 for
N=16 at the same timesy2=0,1,2,5 as were used in Ref.

3. The results of linear calculations, i.e., those in which the
nonlinear terms were set to zero, are also shown. The first
thing that catches the eye is the abrupt fallout of the distri-

12

1.0

0.8

0.6

0.4

0.2

- 1 1 L \ [T Y 1
bution function into negative values in the vicinity of veloci- 0'20 1 2 3 4 5 é,,

ties near four forr=42 and 2/2. Reference 3 gives the
solution of the first problem foN=64. Comparison shows
that this solution essentially coincides with the solutiongytion, but using the matrix from Ref. 3= 16); 1-4 — same as in Fig.
shown in Fig. 1, i.e., the abrupt falloff into negative values is1; * — v ., for N=16, m — for N=30.

FIG. 2. Solutions of the nonlinear Boltzmann equation for initial conditions
(40), using the matrix from Ref. 4. The dashed curves plot the analogous
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L, /£,
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1E+1
1E+1
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FIG. 3. Solutions of the lineaidashed curvesand nonlineaKsolid curve$ FIG. 4. Same as in Fig. 3 except that matrix elements from RefN4 (
Boltzmann equation for initial conditiort@1). Matrix elements from Ref. 3 =16) were used in the nonlinear solutions, and in the linear solutions again
(N=16) were used in the nonlinear solutions, and matrix elements withmatrix elements witiN= 30.

N=30 were used in the linear solutiorls;4 — same as in Fig. 1.

sentially to coincide. Again, this is due to an incorrect cal-
Figure 2 depicts the same process with initial conditionscylation of the maximum nonlinear matrix elements. As can
(40), but calculated with the correct matr{28) for N=16  pe seen from Fig. 4, the tails of the linear and nonlinear
and 30. The dashed curves here are the solution calculatefktribution functions should actually have different curva-
with the matrix from Ref. 3 foN=16. On each solid curve tyre.
the corresponding maximum velocity,. is indicated, to the The small difference between the nonlinear and linear-
left of which serie1) converges. The convergence limit is jzed solutions noted in Ref. 3 is indeed the case in the region

clearly visible from the onset of perturbations in the curve. Inof not too large velocities, but in the tail region the differ-
contrast to F|g 1, whereas fdi=16 in the time interval 1 ence is Significanﬂy greater.
< 1/\/2<2 the maximum velocity n, approaches four, for
N=30 |t_ is already greater_than five, i.e., as in the case .OEONCLUSION
Maxwellian molecules, adding new moments makes the dis-
tribution function positive for increasingly larger velocities. In the present paper we have compared different ap-
It is clear from Fig. 2 that in the interval<dr/\2<2 the  proaches to calculating the interaction matrix in the moment
values of the maximum velocity,,,x are close to the values method of solving the isotropic Boltzmann equation. Be-
read off for zero time. Consequently, it can be asserted thatause the formulas they used for the nonlinear matrix ele-
for the same times foN=64 the value ofv ., Will be ments are incorrect, the authors of Ref. 3 arrived at invalid
around 6.5. conclusions about the course of the relaxation process and
The solid circles in Fig. 2 indicate where the calculationsgenerally about the possibilities of application of the moment
using the formulas from Ref. 3 begin to differ from the cal- method. We arrive at a different conclusion: the moment
culations using the correct matrit8). These velocities lie in  method can be used to construct the distribution function at
the interval 2.5v =<3, which is significantly less than 6.5. large velocities, but it is necessary to include a large number
Thus, in the regiony>3 a large systematic error arises in of terms.
Ref. 3, which cannot be corrected by simply adding more  Our analysis of calculations of the matm{}’m revealed
terms. some of its properties, which we then used as criteria of
The authors of Ref. 3, recognizing the paradoxicality ofvalidity of the calculations. The first of these properties is
their results and attempting to explain the appearance dajuite general and is valid for arbitrary interaction cross sec-
negative solutions regardless of the valuedNgfcame to the tions. It is based on conditions of invariance of the collision
invalid conclusion that it was due to poor convergence of theéntegral of the Maxwellian distribution function with respect
series and even inapplicability of the method of expansion ino choice of the basis functions. If we develop this idea fur-
Laguerre polynomials in the given case. ther, then it is possible to construct nonlinear matrix ele-
Figures 3 and 4 plot the distribution functions with ini- ments for the nonisotropic Boltzmann equation, which is es-
tial conditions(41), calculated using the formulas from Refs. pecially important for many physical-chemical processes and
3 and 4, respectively. The different character of relaxation ofn studies of transport processes in which the particles inter-
the tails is noteworthy; even their curvature changes. Hereact via the Coulomb interaction.
as in the previous problem, the linear and nonlinear curves This work was carried out with the partial support of the
calculated using the formulas from Ref. 3 are observed esRussian Fund for Fundamental Resedifoject No. 97-02-
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Results of experimental and numerical studies of a non-self-sustaining discharge in an
atmospheric-pressure electron-beam-controlled 28er medium are reported. The main focus

of the paper is a numerical analysis of the effect of an oxygen impurity on the nature of

the ionic—molecular processes determining the ionic composition of the discharge plasma and its
conductivity. © 1998 American Institute of PhysidsS1063-784£98)00505-4

STATEMENT OF THE PROBLEM mum permissible @ concentrations in the laser mixtures.
They showed that the effective rate of attachment of the elec-
Non-self-sustaining discharges maintained by a fast elearons to the oxygen molecules in the electron density range
tron beam are widely used to excite high-pressure lasegx 1012—5x 1013 cm™3 is 6.7 times greater than their rate of
media®? Electron-beam-controlled (“electroionization”) attachment to the COmolecules.
CO, lasers usually operate in GON,: He mixtures which The ionic composition and the effective electron recom-
are prepared using commercial-grade gases containing ele§mation and detachment rate constants which depend on it
tronegative impurities (& H,O). As a result of various are to a significant degree determined by ion conversion
plasma-chemical reactions in the gas mixture, many secongsrocesse$® A mass-spectrometric analysis of the composi-
ary species are formed which have a substantial effect on thgon of the plasma in C@laser mixtures showédhat small
operating characteristics of the active meditith. impurities play a large role in the formation of the ionic
A number of publicatior’s** have been dedicated to a component. In particular, the ionic composition is substan-
study of the effect of impurities and additives on the kineticstially determined by oxygen, water vapor, and nitrogen ox-
of plasma-chemical processes and the characteristics of jges.
CO,-laser discharge. In Ref. 5 it was shown that addition of  Most of the published works which discuss the various
H, and CO to the starting gas mixture can lead to stablespects of the effect of impurities on the characteristics of a
equilibrium of the chemical composition of the mixture in |aser discharge report unrelated results obtained under dis-
sealed systems. CO is commonly used in laser mixtures igimilar discharge conditions. The published results are insuf-
conjunction with efforts to activate GOregeneration reac- ficient for an understanding of the extent of the influence of
tions. Under such conditions, oxygen, which may be conimpurities on the characteristics and stability of the dis-
tained in the starting gases as an impurity and can decreag@arge, and on the gain of the active medfu@iven the
the stability of the plasma, “ignites® The addition of H  complicated makeup of the plasma and the large number of
and HO lowers the degree of dissociation of €@ the  reactions between its components considering the inadequate
discharge. The authors of Refs. 7 and 8 ascribe the main rolgmount of information on reaction rates, questions about

in this process to the OH radical which regenerates the. CO mechanisms by which the impurities affect the characteris-
Besides their effect on chemical processes, additives agics of the discharge remain unresolved.

on the vibrational kinetics, the charged particle balance, and The aim of the present paper is an experimental and

the stability and limiting energy characteristics of thenumerical study of the characteristics of a non-self-
discharge " The behavior of charged particles in the sustaining atmospheric-pressure discharge in 2:0Q: He
plasma, in particular their participation in numerous reacmixture with G, and HO impurities. The main focus of this
tions, has a decisive influence on its conductivity. In anwork is a numerical analysis of the effect of an oxygen im-
electron-beam-controlled GQaser the electron balance is purity on the nature of the ionic—molecular processes con-

determined mainly by ionization processes initiated by therolling the ionic composition of the plasma and its conduc-
electron beam, attachment of electrons to electrically negajvity.

tive molecules, electron recombination with positive ions
and electron detachment from negative iGhBor the work-
ing electric field intensitie€ and densitiedN in CO, lasers
(E/N~2x10"16 v/icm?) ionization by discharge electrons The experiments were carried out on the setup described
does not play a substantial role. The authors of Ref. 12 inin Refs. 14 and 15, which allows one to excite up to 10 liters
vestigated the influence of oxygen impurity on the energyof working gas mixture by means of an electric discharge.
characteristics of an electric discharge and found the maxifhe gas was ionized with the help of an electron accelerator

DESCRIPTION OF THE EXPERIMENT

1063-7842/98/43(5)/6/$15.00 502 © 1998 American Institute of Physics
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with a thermal-emission directly-heatéfilamentary cath-  resistance of the discharge with allowance for the actual ge-
ode. The beam was directed into the discharge gap, whichmetry of the discharge gap. Estimates give the conductivity
was 10 cm in height, through a foil partition 40n in thick-  ~0.05 S/m, the electron concentratiog~2x 102 cm3,
ness. The beam cross section wa100 cm, and the en- and the ionization rate;;~0.09 s'. The increase in the
ergy of the fast electrons at the entrance to the discharge gagxternal ionization rate in the model by a factor of two in
was 180 keV. Regulation of the heating of the cathode madeomparison with Ref. 15 is the result of increasing the num-
it possible to smoothly vary the beam current density from Sber of recombination processes taken into account in this
to 70 mA/cnt. Power to the main discharge was provided bymodel.
a double line former, which made it possible to send a pulse The experimentally monitored electrode voltagét),
with variable duration from 5 to 3g@s and deposit up to 250 the time delay between the start-up time of the electron gun
J of energy per liter to the discharge gap. A space dischargand the start of the voltage pulse, the external ionization rate
was created in the mixture of molecular gases in the ratio;, and the gas temperatufg are parameters of the model
CO,: N,: He = 1: 2: 3. During the course of the experi- and define the external conditions of the problem. The initial
ment we measured the voltage and current of the main diszonditions are assigned by the initial composition of the gas
charge, and also the electron beam current. The voltage wasixture CGQ : N, :He=1:2: 3 with addition of 0.005—
measured by a resistor—capacitor divider, and the current b§.25% Q and 0.005% HO, which are usually present in the
a Rogowski loop. gas used as the working medium of Clasers. The average
To determine the concentrations of the &hd HO im-  total current densityo(t) and the average electric field in-
purities in the working mixture, we used standard-producttensityE(t) used in the model to calculate the rate constants
line devices: a “Flyuorit” oxygen analyzer and a “B@l”  of the reactions in which the electrons participate were de-
Coulomb hygrometer. The relative measurement error for Otermined from measurements of the current pulse, the volt-
and HO concentrations in the range 10 to 1000 ppm did notage, and the overall dimensions of the discharge jgép

exceed 5%. =1,(t)/S; E(t)=U(t)/h, whereS is the cross-sectional area
of the discharge anld is the distance between the electrodes.
MATHEMATICAL MODEL OF THE DISCHARGE For the rate constants of the plasma-chemical reactions
) _ between the components of the plasma we used the data
The mathematical model of the plasma-chemical andyom Refs. 3, 13, and 18—31. The electron-impact ionization
charge kinetics of a non-self-sustaining discharge in goss sections of the GOHe, N,, O,, CO, H,, and NO
CO,: Ny He laser mixture was described in detail in Refs. molecules and the cross sections of dissociative attachment
15 and 16. In all, the model takes into accounB00 reac- 5 molecules of @ H,0, CO, NO, CQ, and NO as well as
tIOI’I+S for+67 pla+sma components; CO,, NZv+ He, 02’3H2+O’ the excitation cross sections of the metastable levels of the
co ’1N%' He’, OH, H", O, O, CO’+Oz ; N2(+A Euz’ nitrogen molecule MA32}) and N(a’''S,) were taken
Na(a'"%,), Na(v), N, NO, H, O, H07, G, NO, CO7, from Refs. 21-24 and 26. The direct ionization cross sec-
N, 0", Hy, HOy, NO,, O3, O5(*Ag), O3, N;O, NG, , C¥,  tions of the H, N, O, and C atoms and the stepped ionization
HsO", He , Ny, C,0;, CO;, CO;, Oy, H', OH",  yjith metastable levels of Nand He were calculated accord-
No(C3IT,), Np(B°ITg), NoO", H,, NO;, NO;, NH',  ingto Thomson's formuld® The model uses the dependence
N,H", COH", O;-H,O, Hy, N3, NO'-NO, H;O"  of the dissociative recombination rate constants of the ions
-H0, NO"-H,0, NG, -H,0, OH", CO;-H,O, HNO, 0} N}, C,0;, O}, H,0", H;0", N , and NO* on the
HO, , H;O" - OH. electron temperature given in Refs. 25 and 28. In all, 30
The quantity N(v), representing the total reservoir of processes are taken into account whose rates depend on the
vibrational energy of the nitrogen molecule, controls the ex+ield intensity in the discharge and the electron temperature.
tent to which vibrational processes interact with processes qf, line with Refs. 13 and 28, we assumed that the recombi-
electronic excitation of the nitrogen molecule and with pro-pation rates for the ionic clusters@" - H,0, Of -H,0, and
cesses of chemical and charge kinetica list of the com- H;O"-OH do not depend on the electron temperature and
ponents and reactions included in the model is created autgrayve values-10~® cn/s. Processes involving the electron
matically at the step in which the right-hand sides of thejeyels of the nitrogen molecule KA3S F), Ny(a''s)),
plasma-chemical balance equations are calculated. It is dgy,(c311,), and Nz(Bng) were represented by a set of re-
fined by the initial composition of the gas mixture aug- actions taken from Refs. 29 and 30. The cross section of the
mented by the new reaction products included in theprocess of excitation of the vibrational levels,(N) was
model:® lonization of neutral components of the dischargetaken from Ref. 26. For the process of relaxation of the vi-

plasma CQ, N;, He, O, H,0, CO, O, and N by the electron prational energy represented by the monomolecular reaction
beam is represented in the model by monomolecular reac-

tions of the type N,(v)—N, 2
+
CO,~CO; te. @ we assigned the rate constani(® s~ 1. Primary attention in
The external ionization frequenay serves as the con- the development of the model was devoted to a description
stant of these reactions and was chosen in such a way as o6 the processes of chemical and charge kinetics; a detailed
ensure that the calculated electron concentration corredescription of processes involving vibrational levels of the
sponded to that obtained from the experimentally measurenholecules goes beyond the scope of this work.
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FIG. 1. Experimental and calculated time dependence of the electric field
intensity and current density in the discharge. above comparison of the calculated and experimental time

dependence of the current it is possible to conclude that in
) ) ) general the model gives a satisfactory description of the ki-
The system of differential balance equations for thenetics of electron processes determining the conductivity of a
plasma components was solved by the Gear method. As egischarge plasma.
timates show, the method we used to mathematically model | our experiments the oxygen concentration in the start-
the processes of plasma-chemical and charge kinetics efiyg gas mixture was varied from 0.0024 to 0.25%. For con-
sures that the relative error in the balance of the chargegiant external ionization rate and increasing oxygen concen-
particle concentrations not exceed f0at any point in the  tration the resistance of the discharge grew on average by
calculation and that the elemental composition of the plasma. 4005, Under stationary conditions of a non-self-sustaining
agree with the stoichiometric coefficients of the initial gischarge the condition
chemical composition of the gas mixture with a relative error
of ~107? (Ref. 32. ViNo/Ne=KaNa+ Kk N* —kgN“ =y,

is fulfilled, whereNy is the neutral particle density of the
gas; N, is the density of electronegative molecules, apd
Figure 1 plots the experimentally observed time depenN*, andN~ are the densities of the electrons and positive
dence of the mean field intensitgurve 1) and current den- and negative ions, respectively;, k,, andky are the rate
sity (curve 2), and the calculated time dependence of theconstants of attachment, recombination, and detachment, re-
current densitycurve 3). The duration of the pump pulse at spectively; andy, is the effective electron loss rate in the
seven-tenths maximum was 255. For electron beam density discharge.
22 mA/cnt the mean field intensity in the discharge gap was |t is easy to show that the product of the electron beam
3.5 kV/cm, and the current density was 1.4 Afciihe elec-  currentl, and the discharge resistanRg is proportional to
tron beam current pulse has the shape of a trapezoid witthe effective electron loss rate in the discharbRy
duration at its base fis longer than the voltage pulse and the ~ 1;N,/n,= v; . Figure 2 plots the dependence of the experi-
main discharge current pulse. The duration of the leadingnentally determined value dfRy and the calculated value
and trailing edges of the pulse isus. The rate of ionization of the effective electron loss ratg on the relative oxygen
of the gas molecules by the electron beam grows linearlyolume concentration in the starting gas mixture. Compari-
with rise of the leading edge of the pulse and falls linearlyson of these two dependences demonstrates that the model
with falloff of the trailing edge. In the calculations the rate of correctly predicts changes in conditions in the discharge con-
ionization of the gas mixture by the electron beam remainsrolling the charge-kinetics processes as a function of the
constant during the duration of the discharge. This fact exoxygen concentration.
plains the differences between the experimental and calcu- Numerical analysis revealed the following characteristic
lated current pulses on the leading edge. Until the externgkatures of the development of a non-self-sustaining dis-
ionization rate reaches its maximum, the magnitude of theharge in a CQ: N, : He mixture with Q and H,0 impuri-
experimental current remains considerably less than that afes. After a timet<10™° s conversion of the ionic compo-
the calculated current. Small differences are also observed iition determined by the initial composition of the gas
the quasistationary segment of the discharge. This may bgixture takes place. At this early stage the TON; , and
due to the fact that lowering the voltage on this segmente* ions are replaced by the secondary ions &d GO,
leads to a decrease in the energy of the electron beam andrmed in the reactions
consequently, in the external ionization ratd=or constant
external ionization rate in the model the electron concentraHe® +N,— N2++ He, k=1.7x10°cm’/s (Ref. 3), (3)
tion grows, which leads for a small drop in the field intensity
in the discharge to growth of the current in comparison withN; +2N,—N, +N,, k=7.2x10 % cm®/s (Ref. 3),
the experimental value of the current. On the basis of the (4)

RESULTS AND DISCUSSION
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- a . k=1.0x10° cm®/s (Ref. 3), (11)
il 0
L 0 H,0+ H,0—H;O" +OH,
5,\ 10 » Hy0* k=1.0x10"° cm’/s (Ref. 3), (12
.os B &
5 9 _ H30+ + H20+ He—> H3OJr . H20+ He,
o
° +/— co; k=7.0x10"2 cmf/s (Ref. 13. (13)
8r +
N // / :ﬁ Changes in the ionichmposition cause the effective re-
7 A 1,/,/1 / i L L combination rate constamt==;n;k,; /Z;n; (n; andk,; are
-1 -0 -9 -8 -7 -6 -& the concentration and recombination rate constant of ions of
log (t,s) type i, respectively to vary from 1.% 1077 cm’/s att
12} b N, 0t =10 Ysto 1.5<10 %cm?/s att=5.x10"’ s, which corre-
< - 0 -H.0 sponds to the onset of the voltage pulse acting on the dis-
' 272 charge gap. As the voltage increases, the electron tempera-
‘_’: i A H,ﬂ*’H,O ture grows and the effective recombination rate constant
E 10: H30 *OH begins to decrease. At the maximum electron temperature
2 T., which in the given case is approximately equal to 0.7
o 9+ . .
| eV, it becomes approximately equal to<40 ‘cm®/s. An
8k important factor here is the fact that the recombination rate
[ constants of the ionic clusters;@*-H,0, O -H,0, and
1

vy A ‘817 _7' _p . H;O" - OH adopted in the model do not depend on the elec-
log (£,3) & § tron temperature and have valued0 ¢ cm®/s. As the oxy-
gen concentration in the initial gas mixture is increased, the

FIG. 3. Calculated time dependence of the concentrations of the main posfraction of complex jons g) H,0, H3O+-OH, and q

tive ions in the discharge. grows, and along with it the effective recombination rate
constant.
The negative ions are initially formed in three-body at-
CO; +2C0,—C,0; +CO,, tachment reactions
k=3.0x 10" 28 cf/s (Ref. 3). 5) Opte+Np—+0, +N,, k=1x10"% cnP/s(Ref. 3),
(14

Their concentration at the end of the first nanosecond
after initiation of the discharge exceeds the total concentra@2+e+0;— +0, +0,,
tion of the primary ions, which remains stationary at the, _ 30 .6
level 16 cm™ 2 during the duration of the discharg€ig. 3a k=2.5<10""" cm/s (Ref. 3), (15
and b. At a time 10-100 ns later, this concentration level isO,+ e+ H,0— + O, +H,0,
reached by the §0*-H,0, N,O*, O; , H,0", O, , O, e 6
-H,0, H;0" - OH, H;0*, and N ions, whose appearance is K=1.4X10"“" cm’/s (Ref. 3), (16)
due both directly to ionization by the electron beam of the O and processes of dissociative attachment
and HO molecules and to the chain of ionic—molecular re- _
actions CO,+e—CO+07, k=k(E/N), 17

He++C02—>O++CO+He, 0O,+e—0+07, Kk=Kk(E/N). (18
6) lonic—molecular processes
O, +2C0O,—CQO, +CO,,

k=1.2x10"° cm®/s (Ref. 3),

O"+N,+He—N,O0" +He,

k=5.4x10"2 crf/s (Ref. 3), ) k=9.0x10 *° cm®s (Ref. 3), (19)
O +0,+He—0; +He, O™ +2C0,—~CO; +CO,,

k=3.1x10"2 cf/s (Ref. 3), ®) k=8.0x10"?° cm®/s (Ref. 3), (20)

CO; +NO—NO, +CO,,
k=9.0x10 *? cm®/s (Ref. 3), (21)

n + then lead to conversion of the negative-ion composition with

Oz +H0+ He—0; - H,0+ He, predominance of the complex ions €QCQO; , and NG, .

k=9.X10"%° cm®/s (Ref. 13, (10) Figure 4 shows that the dynamics of variation of the concen-
. . tration of the O ions and the related ions GGand NG is

O; -H0+H;0—H30™ - OH+ Oy, driven by the strong dependence of the dissociative attach-

0, +H,0—0; -H,0+0,,
k=1.2x10"° cm?®/s (Ref. 3), 9)
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attachment processes. Calculation of this quantity in the
range of conditions necessary for efficient operation of an
electron-beam-controlled CQaser requires additional study
with the goal of attaining a detailed account of ionic—
molecular reactions involving small impurities and the cor-
responding nascent ionic clusters.

In conclusion, we would like to express our gratitude to
I. V. Arkanova for assistance with the processing of the ex-
perimental data.
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A combined method of excitation of a gaseous medium is used in an investigation of the energy
characteristics of a non-self-sustaining discharge as functions of the capacitance of the

capacitor bank, the number of pulses per burst, and the burst repetition rate for different time
intervals between the pulses in a burst and different flow velocities of the gas. It is shown

for infrared lasers that under optimal pumping conditions the average discharge power can reach
8.5 W/cn for a pulse power of 25 W/chn © 1998 American Institute of Physics.
[S1063-784298)00605-9

INTRODUCTION forts of Nikumbet al.” and Nagaiet al® has the hope been
raised of solving this problem.
The creation of a new generation of g@nd CO lasers In particular, Nikumbet al.’ report the creation of a 12-

capable of generating radiation with an average power dermodule CQ laser with a channel volumévolume of the
sity of 2—3 Wicnf for a quantum yield of 15-20% in active active medium of 40 liters and average radiation power
media occupying a volume of tens to hundreds of liters is arequal to 10 kW, where pumping of the medium was realized
extremely important problem, especially in that its potentialby a combined discharge. The laser of Nagfaal.® having a
solution is based on the existence of lasers in which the&hannel volume of 10 liters and pumped by a self-sustaining
medium is pumped by a non-self-sustaining discharge condischarge with intense pre-ionization of the medium,
trolled by an electron beah? However, new-generation la- achieved a still greater radiation power — 20 kW. Unfortu-
sers, beyond and above the advantages of electron-beamately, neithet® of these groups was able to avoid the ne-
controlled (“electroionization”) lasers, should possess cessity of using resistive stabilization of the discharge,
important additional qualities: a long service life and reliablewhich, as is well known, lowers the total efficiency of the
operation, the absence of radiation danger, and small dimemaser by not less than twofold.
sions. The main hope of solving this problem probably rests  In the present work, we have developed a new method
in replacing the electron beam by a short-duration selffor exciting a combined discharge, in which current-limiting
sustaining discharge creating a plasma with prescribeélements are absent in the circuits of the self-sustaining and
concentratiorf. The main part of the energy is injected into non-self-sustaining discharges. The main focus of this work
the gas by a non-self-sustaining discharge in a decayint a study of the effect on the limiting energy characteristics
plasma. As an analog of such lasers we may cite electrorsf the discharges of the medium parameters, the elements of
beam-controlled lasers excited by an electron-beam—initiatethe power-supply circuit, and their arrangement relative to
non-self-sustaining dischardeSuch lasers vyield little to the discharge zone.
other types of electron-beam-controlled lasers.

D|scharg§§ combining successwe,_c.learly'deflned stageEcxpERlMENTAL TECHNIQUE
of self-sustaining and non-self-sustaining discharge have
come to be called combined discharges. A number of meth- The basic scheme for combined discharge excitation is
ods have been proposed to excite thiéfhwhich differ  analogous to that presented in Ref. 9. The overall volume of
among themselves in the means employed to decouple ttibe discharge zone was &2x80 cm and the height of
self-sustaining and non-self-sustaining discharge circuitseach of the interelectrode gaps was 2.1 cm. The middle elec-
Testing of the possibility of realization of these methods hasrode was fashioned in the shape of a plate 1 cm in thickness,
been carried out, as a rule, under conditions of absence @nd the main electrodes had a large-radius cylindrical sur-
gas flow-through, in the single-pufser burst mode¥® and  face. The auxiliary discharge electrodes whose purpose it
has demonstrated the possibility of realization of space diswas to pre-ionize the medium and where this auxiliary dis-
charges with power densities greater than 10 W/@Ref. 3  charge had the form of a series of spikes, were located near
and even 100 W/ci(Ref. 6. In these studies it was as- the main electrodes at different locations in the gas channel.
sumed that if the gas were refreshed during one pulse of th€he total capacitance of the auxiliary-discharge capacitors
non-self-sustaining discharge, then such characteristics couttid not exceed 1.5 nF. The repetition rate and amplitude of
be realized in the continuous mode. However, attempts tthe high-voltage pulses igniting the self-sustained discharge
realize this goal went for a long time without success sincecould be regulated within the limits 0.1-20 kHz and 6-15
gas flow-through brings with it substantial changes in thekV, respectively. To study the pumping burst mode we de-
energetics of the discharge. Only recently, thanks to the efvised a scheme allowing us to vary the burst repetition rate,
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the number of pulses per burst, and the time between these LA a
pulses. Correspondingly, by varying these parameters we R
were able to obtain a quasicontinuous pulsing regime with
constant repetition rate. The capacitance of the capacitors of
the self-sustaining discharge was 2 nF. The power supply to ank
the non-self-sustaining discharge, which provided power lev-
els up to 7.5 kW, could maintain a constant voltage on the
electrodes of 1-2.5 kV. The capacitance of the capacitor 30
block of the non-self-sustaining discharge varied during the
course of the experiment from 1 to JiF.

The gas flow-rate through the discharge chamber could -
be varied within the limits 0—-50 m/s. The gas mixture for T S
most of the experiments had the composition,O0;:He
=2:14:44 Torr. b

The limiting energy characteristics of the space dis- -
charge were determined by recording and analyzing oscillo-
grams of the discharge current and electrode voltage. Char-
acteristic oscillograms of the current pulses of the self-
sustaining dischargé), ionizing the working medium, and
the non-self-sustaining dischardb), delivering the main
fraction of the energy to the gas at the stage of plasma decay,
are shown in Fig. 1. The duration of the self-sustaining dis-
charge current was 10 s, while that of the non-self-
sustaining discharge current varied from #@o 1.5< 104 s -
during the course of the experiment. Analysis of the ratio of S S
the energies delivered to the gas at the stage of the self- 0 100 200 500 400
sustaining W) and non-self-sustaining dischargaN)
shows that under typical conditions iti85%. It is also clear ~FIG. 1. Oscillograms of current pulses of a self-sustaini@gand a non-
that despite the constant amplitude of the current pulses of'sustainingb) discharge.
the self-sustaining discharge, the amplitude of the burst of

current pulses of a non-self-sustaining discharge at firsthe gas flow at a distance of 0.5-10 and 4—10 cm, respec-
grows and then drops off. If the growth of the amplitude istjvely, from the electrodes of the main discharge or below
associated with peculiarities of the implemented excitationthem. In the latter case there were slits in the electrodes to
scheme, then its decay, in our opinion, is due to a buildup ifransmit the auxiliary discharge radiation. The dependence of
the medium of electronegative components of the type O the electron concentration in the self-sustaining discharge on
NO,, N,O, and NO, increasing the rate of attachment prothe capacitance of the capacitors feeding the auxiliary dis-
cesses and lowering the discharge curfént. charge is given in Ref. 9 for different locations of the auxil-
The energy delivered to the active medium at the staggary discharge. Here it may be noted that the best stability of
of the non-self-sustaining discharge was determined byhe discharge and the corresponding maximum energy trans-
graphically integrating the product of the current and voltageers to the non-self-sustaining discharge were obtained when
o the auxiliary discharge was located upstream and as close as
W=J [(t)U(t)dt. possible to the main discharge. This was especially notice-
0 able in mixtures with CQ, since the emitted ultraviolet ra-
Herel(t) andU(t) are the current and voltage of the non- diation is strongly absorbed by GQnolecules. It is also
self-sustaining discharge. noteworthy that the best results were obtained when maxi-
mum illumination was directed on the cathode since photo-
emission of electrons from the cathode is of great importance
for ignition of a uniform discharge. At the same time, for
Throughout the course of the experiments we tracked thegnition of the auxiliary discharge under the main-discharge
limiting electrical power and energy delivered to the gas byelectrodes the nonuniform structure of the electrodes shows
the burst of pulses as functions of the capacitance of thap strongly in the nonuniformity of the main discharge. On
capacitor bank feeding the non-self-sustaining discharge, thine basis of these results, the pins of the auxiliary-discharge
burst repetition frequency, the number of pulses per bursglectrode were emplaced 5 mm in front of the main-
and the time interval between them, i.e., we found the optidischarge electrodes upstream relative to the gas flow. Since
mum values of these parameters under conditions of stablen intermediate plate served as the cathode in the self-
burning of the space discharge. sustaining discharge, a special effort was made to ensure
First we elucidated the optimal location of the auxiliary maximum illumination of this plate.
discharge pre-ionizing the medium. The system of electrodes One of the most important parameters influencing the
for its excitation was emplaced upstream or downstream irenergy delivered to the gas as well as the overall dimensions

¥
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of the laser is the capacitance of the capacitor bank feedinigtics of a space discharge. Toward this end, we considered a
the non-self-sustaining discharge. Its value was optimizedystem of equations taking into account discharging of the
for the electron-beam-initiated non-self-sustaining dischargeapacitor bank as a consequence of passage of the current of
excited in the single-pulse modéSince in our case excita- the non-self-sustaining discharge and decrease of the elec-
tion was realized by a burst of pulses under threshold conditron concentration due to processes of attachment and re-
tions from the point of view of contraction of the discharge, combination

it is logical to expect a deviation of our data from those

obtained in Ref. 11. d_U= — ie,uUne,
Results of choosing the optimal capacitance of the ca- dt Cd
pacitor bank for preserving the spatial nature of the discharge
are displayed in Fig. 2 in the form of curves of the energy d—te=(vt— vp)Ne— Bng, D

transfer to the discharge as a function of the capacitance. The

experiments were performed for a burst repetition rate of 10@vhereS is the area of the electrodes,is the capacitancey

Hz and gas flow velocity of 50 m/s, i.e., the gas was re-s the electron mobilityd is the interelectrode spacing;

freshed 25 times between pulses. This, given a large supplnd vp are the ionization and dissociative recombination

of gas, ensured fulfillment of the condition of absence of anyrates, respectively, and is the electron—ion recombination

effect of the preceding pulse. Therefore it may be assertedoefficient.

that contraction of a space discharge is due only to processes The values of the kinetic coefficientsate constanis

taking place during the burst. with the exception of3, were obtained by numerical solution
It can be seen that when the number of pulses per bursif the Boltzmann equation. The value gfwas taken from

is not more than two, curvé saturates in the range 468~ Ref. 12.

and the energy delivered to the gas by the burst does not Solving system of equationd), it is possible to obtain

depend on the capacitanCeof the capacitor bank. It may be the following expression for the residual voltage on the ca-

noted that to obtain this dependence the initial voltdgeon  pacitor:

the electrodes was kept fixed while the capacitaBceas eSu o dt - dt

varied. Curvess and 6 for the number of pulses per burst U,e=Up exr{ _ _< (K_l)j P _+f _H )

equal to three or more have a quite pronounced maximum at Cd o Y Y

C, equal to 2—4uF. In the latter case, simultaneous with where

increase of the capacitance beyongB (beyond the maxi-

mum) the initial voltage on the capacitor bank){) was

lowered to a level ensuring absence of contraction of the

discharge. In order to explain such behavior of the curves . I : ,

and to determine the optimum value®fwe analyzed decay U, is the initial voltage on the capacitor bank akidis the

of the plasma and its effect on the limiting energy character-r.“Jrnber of pulses per burst. The energy per unit volume de-
livered to the gas may be written as

B

vp— v

Y=|=+

Ng Vp— 7

exp((vp—v)t)—

C

. —o— w= 5= (Ug—URy, 3
120 _*__g 2Sd
—— ¢ whereU . is calculated from formul&2).

For the case of two pulses per burst, the dependence of
w on C was calculated according to formu(8) assuming
constantU, (Fig. 2, curvel). Reasonable agreement with
experiment is observe@urve 4).

It can be seen that at small the value ofw grows
linearly with C. At large C the growth ofw becomes insig-
nificant as a consequence of a decrease in the degree of dis-
charging of the capacitor, and tends toward its limiting

value
Uo\® (=
Winax= g eu . nedt.

Obviously, the optimum value of the capacitance will be

\ . N | the value at which growth ofv saturates.

& L} /] 12 As the number of pulses per burst is increased, the na-
O, pf ture of the dependence ®f on C is fundamentally altered.
B _ The growth ofw for small C gives way to a falloff at large
FIG. 2. Dependence of the specific energy transfer on the capacitance of tr@ The reason for this is the appearance of instabilities. As a
capacitor bank of a non-self-sustaining discharge. Time between pulsesina’ . pp_ ) .
burst 100s; 1,4 — 2 pulses:2,5 — 3 pulses:3,6 — 4 pulses per burst; result, to obtaln.a sparkless regime, as w_as already noted, it
1-3 — calculation,4—6 — experiment. was necessary in the course of the experiments to lower the

ant

70
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initial voltage of the non-self-sustaining discharge while in-

creasing the capacitance, which then led to a decrease of 23.0
To explain these results we assumed the following. As a

result of thermal expansion of the heated gas, its number

densityN decreases, which leads to an increase in the ratio

E/N in the interelectrode gap. If during the duration of the 5 6.0
burst 7,= Ky, the gas heats up so much tHaftN exceeds ;
some critical value E/N),, then as a consequence of the Qr
development of a thermal instability of the discharge a spark 70

channel is formed.

Indeed, in the case of small capacitances a decredse in
is compensated by a decreaseEiras a consequence of dis-
charging of the capacitor. With increase of the capacitance 8.0
the degree of discharging of the capacitor is decreased and
cannot compensate growth BfN due to thermal expansion
of the gas. As a result, for the capacitance greater ®an FIG. 3. Dependence of the specific power of a non-self-sustaining discharge
~3uF the value ofE/N at the end of the burst exceeds its versus the number of pulses per bu@tuF: 1 —11,2—4,3 — 2,4 —
starting value. It is precisely fa€>C,, that the falloff of the -
experimental curves/=w(C) is observed.

Thus, forC>C,,, using the condition

l"l'llIIIII'I'I[T""lllllllllllll

-~

2 J 4 & 6

U_res_(E/N) @ UO=(E/N)deOLW
de K T0+ g_
Cp
whereNy is the gas number density at the end of the burst. eSu o dt dt
Employing relationg2) and (4), it is possible to obtain xex;{—( (K_l)f _+f _) (10)
the following expressions fdd s and Uy: Cd o Y JoY

The values of E/N), were determined from an analysis of

Ures= (E/N)idNg, ®  the experimental data.
As was noted above, the authors associate the presence
Uo= (E/N).dN, ex eSM((K_l)erungJ dt _ of a critical value of E/N)y with the development of a
Cd o Y oY heating—ionization instability and offer the following justifi-

(6)  cation for their position. It is well knowt that the increment
. of the heating—ionization instability is proportional @
The value ofNg is given by ~E%/N~(E/N)2N. The quantityQt characterizes the de-
gree of development of the instability after the timdf we
(7)  calculate the productE/N)2N474 for two, three, and four
pulses per burst, then we find out that for all three cases the
given quantity is constar{to within ~59%). This proves that
dunder our conditions contraction of the discharge is due to
development of precisely the therm@leating—ionization

To
Nd: No_ITd,

whereT, andN, are the initial values of the temperature an
number density of the gas, respectively; is the tempera-
ture of the gas at the timey

instability.
W Thus, to determine the optimal capacitance of the ca-
Teg=Toté—, (8) pacitor bankw=w(C) must be calculated according to for-
Cp mula(3), observing the following conditions: for the number

of pulses per bursKk=2, and also forK=3—-4 and C
=<C,,, one used),=const and the value df,.found from
formula (2); for K=3—-4 andC>C, one usedJ, from for-

the population kinetics and thermal relaxation of the mainmUIa (10.) andUresfrom _form_ula(g). The_ calculated curves
1-3in Fig. 2, obtained in this way, are in reasonable agree-

vibrationally excited states of the GGand N, molecules. ment with the experimental curvds-6 in Fig. 2.
The necessary constants were taken from Ref. 13. For bursts . . . .
. During the course of this study we also investigated the
of two, three, and four pulses the valuestaire respectively o o
dependence of the limiting power of the non-self-sustaining

3‘%&?;}’@”%%41 As aresult, the expressiondJigtand discharge on the number of pulses per burst and the burst
0 repetition rate. We found that the chosen value of the capaci-
T, tance of the non-self-sustaining discharge capacitors has its

Ures= (E/N)dNg———, (99  own optimum number of pulses per bu(Big. 3. Thus, for
To+ gﬂ the number of pulses per burst less than three maximum
Cp power of the discharge is not achieved, and for more than

wherec,, is the specific heat of the gas a#ds the fraction
of the energy converted to heat as of the time
To determineé, we performed a numerical analysis of
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1 3 & FIG. 6. Dependence of the specific power of a non-self-sustaining discharge
K on the burst repetition rate for different gas-flow velocities and different

o ) number of pulses per burst,,=100us; 1-3 — 50, 4-6 — 40 m/s;1,4 —
FIG. 4. Dependence of the rati/p for a non-self-sustaining discharge 1 pulse;2,5— 2 pulses:3,6 — 3 pulses per burst.
on the number of pulses per bur€t, uF: 1 — 11,2 — 9,3 — 4,4 — 3,
5—1.
regime with a large time between the pulses is efficient, but
for large burst repetition rates it becomes necessary to de-
three its stability is lowered and it is correspondingly necescrease either the time between pulses in a b{#st. 5) or
sary to lower the initial voltage on the storage capacitance ofhe number of pulses per burgig. 6). At the lower flow
the non-self-sustaining discharge. At the same time, thgelocity it is necessary to lower the repetition rate or de-
small capacitance makes it possible to raise the initial voltcrease the duration of the burst.
age on the discharge and increase the energy transfer during This conclusion is in good agreement with the results of
the first pulses, but for a large number of pulses it is substarNikumb et al,” who, unfortunately, did not indicate the ap-
tially discharged and during subsequent pulses the rate @farent reasons for this behavior. In their experiments they
energy delivery to the gas is abruptly diminished. Values ohoted a stable maximum of the energy transfer to the non-
the initial field intensityE, /p of the non-self-sustaining dis- self-sustaining discharge at burst repetition rates 800 Hz
charge are plotted in Fig. 4 versus number of pulses per burgfoth in the pulsed and in the quasicontinuous modes al-
for different values of the capacitance of the capacitor bankthough the self-sustaining discharge burned stably at pulser
Figures 5 and 6 plot the dependence of the averagfequencies up to 15 kHz.
power of the non-self-sustaining discharBeon the burst We are inclined to associate this with processes of en-
repetition rate for different intervals between pulses in theergy release in the least stable part of the discharge—the
burst, gas flow velocities, and number of pulses per burst. Agathode layer, and correspondingly with the development of
can be clearly seen, as long as the influence of the preceding thermal instability in the near-cathode region. Conse-
pulse is insignificantP grows as the burst repetition rate is quently, the effective duration of the burst is limited by the
increased, and vice versa. It can be seen that for the sanggset time of the thermal instability at the cathode, but the
flow velocity at the lower burst repetition rate<(/00 H2 the  time between burstégreater than is necessary for a single
flush of the gapis dictated by the necessity of cooling the
gas in the poorly flushed near-electrode boundary layer. Our
/“\ calculations showed that for the conditions of our experiment
the length of the cathode fall is practically equal to the thick-
D\u\i ness of the Prandtl boundary layer.

At the same time, it appears that acoustic procésses
develop as well. At the onset of current flow through the
discharge gap a shock wave sets out in both directions rela-

x\; tive to the gas flow, becoming more intense in the region of
% the non-self-sustaining discharge.

4 Accordingly, the duration of the burst is limited by the
time for return of the shock wave to the dischange zone. In
addition, an interruption between bursts is necessary in order
that all the nonuniformities of the gas density that have been

TN NN Y created will be swept out with the flow.

0.80 1.00 During the course of our experiments we found the op-
kHz timal composition and pressure of the working mixture for
FIG. 5. Dependence of the specific power of a non-self-sustaining dischargca@)bt,alnlng the maXImL_Jm energy transfer to the aCtIV? medium
on the burst repetition rate for different gas-flow velocitie8— 50; 3,4 — uring stable operation of the las@writhout contraction of
40 m/s; 7y, ps:1,3— 100;2,4— 150. the space dischargeIn the gas mixture C@QN,:He
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one every 10Qus, 5.2 kW average power was dissipated insustaining discharge.
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Charge-state distribution of ions in a vacuum arc discharge plasma in a high magnetic
field
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It is shown that the fraction of multiply charged metal ions generated in a vacuum arc discharge
plasma grows substantially in a high magnetic field. This effect was observed for more

than 30 different cathode materials. A relation is established between growth of the mean charge
of the ions and increases in the burning voltage of the arc. It is demonstrated that the

burning voltage of the vacuum arc can be ultimately increased to 160 V19@8 American

Institute of Physicg.S1063-7848)00705-3

INTRODUCTION plasma. Here by high magnetic field we mean a field that

influences not only the electron component, but also the

The heightened interest that has been shown in recemnic component of the plasma. Obviously, a high magnetic
years in processes taking place in the cathode spot of feld is capable of increasing the fraction of multiply ionized
vacuum arc discharge and the adjacent relfidmas been atoms since by containing the ions it at least ensures that
occasioned not only by the development of vacuumthey will be found for a longer time in the intense ionization
switche$ but also with the use of vacuum arc discharges inregion. The influence of a high magnetic field on the ion
ion-plasma deposition devickand high-current metal ion charge-state distribution in a vacuum arc discharge plasma is
beam sourcesIn the last case the charge distribution of thethe object of research efforts, whose results are presented in
ions extracted from the plasma is of great significance, sincehis paper.
it determines the average energy of the ion beam. Multiple
ionization in a vacuum arc dlschargg plasma ensures an efs oo e TECHNIQUE
hanced mean ion charge state, which upon their extraction
leads to an increase in the ion beam energy at a given accel- A schematic of the discharge system is shown in Fig. 1.
erating voltage. Under ordinary vacuum arc burning condi-A vacuum arc discharge (0-14 kA, 0.25-1 ms between
tions with a discharge current of hundreds of amperes anthe cathodel and anodet is initiated by an auxiliary dis-
discharge pulse duration of tenths of milliseconds dependingharge on a ceramic surface when a short-duration§10
on the cathode material, ions are present in the plasma witpositive high-voltagd12 kV) pulse is fed to the trigger elec-
charge states from™1to 5 with a mean charge state from 1 trode relative to the cathodeThe cathode—anode separation
(carbon cathodeto 2.5 3.0 (heavy-metal cathode’ Be-  was varied from a few millimeters to 10 cm. In experiments
sides the cathode material, the ion charge-state distributioon stabilization of the arc and achieving a higher arc burning
depends to a significant degree on the duration of the areoltage in analogy with the discharge stabilization system in
pulse and the residual gas pressure. The fraction of multiplthe high-current proton source of the Institute of Nuclear
ionized particles can substantially decrease when the durdhysics of the Siberian Branch of the Russian Academy of
tion of the discharge pulse is increased on a time scale dbcience¥’ the interelectrode gap was overlapped with a sys-
tens and even hundreds of microsec8risthe pressure is tem of flat electrodes with central coaxial openings with di-
increased from 10° to 10 ° Torr (Ref. 9. ameters of 6 and 12 mm.

A plasma-forming medium arises in a vacuum arc dis- The magnetic field was created by a short solerjaid
charge, as is well knowtf, as a result of evaporation of the erage diameter of the coil 35 mm, length 30 imereating at
electrode material at the cathode spot and its ionization in ¢he center of the coil a pulsed magnetic field of 10 kG. The
relatively small region near the spot. It is precisely in thissolenoid was powered by a separate power supply or it was
region that all processes take place that define the parametarsnnected in series to the discharge gap. In the latter case,
of the vacuum arc discharge plasma. At the boundary of thiincreases in the magnetic field were accompanied by a cor-
region ionization essentially ceases and “freezing” of theresponding increase in the arc current.

plasma parameters, so to speak, takes pfagzyond this A study of the ion charge-state distribution was carried
region the plasma simply expands into the volume of theout at the experimental facilities of the Association for
discharge chambét. Heavy lon ResearctGSI, Darmstadt, Germamynd also at

Since creation of a high magnetic field in a local regionthe Lawrence Berkeley National LaborataqiyBNL, Berke-
does not present great difficulties, it is possible to investigatéey, USA) within the framework of joint research projects
the influence of such a field on the conditions of formation ofwith these laboratories. A vacuum arc discharge was trig-
the steady-state parameters of a vacuum arc discharggred in the electrode system of the high-current wide-

1063-7842/98/43(5)/4/$15.00 514 © 1998 American Institute of Physics
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FIG. 1. Schematic of the experimental setlip:-cathode 2—insulator,3—
trigger electrode4—anode,5—solenoid,6—qgrid, 7—electrodes of the arc
stabilization system.

aperture ion beam sources MEVVA-4Ref. 14 and
MEEVVA-5 (LBNL).'® Identical in their principle of opera-

Nikolaev et al. 515

the extracted ions were accelerated by a voltage of &D

kV with the help of a three-electrode multi-aperture extrac-
tion systemt® In order to preclude any effects of the duration

of the arc pulse, all measurements of the ion charge-state
distribution were made 1Q0s after initiation of the dis-
charge. During the measurements the residual gas pressure in
the discharge system and drift tube was kept at a level of
10" © Torr.

EXPERIMENTAL RESULTS

Results of measurements of the ion charge-state distribu-
tion in a high magnetic field by two independent methods
essentially coincided. This may also be taken as convincing
proof of the reliability of the measurements. Therefore, the
experimental results presented below are combined results
and were confirmed by measurements on both setups.

The ion charge-state distributions under ordinary dis-
charge conditions without a magnetic field are given on the
left side of Table | for a wide range of cathode materials.
Comparison with previously published dtanambiguously
reveals essentially complete coincidence of the measured re-
sults. Characteristic points of comparison can be, for ex-
ample, the 100%-fraction of singly charged ions in the car-

tion, these devices have only minor design differences. Meaon plasma or essentially the same fraction of doubly
surement of the ion charge-state distribution were realizegdharged ions in the case of a barium cathode. As a rule, the

with the help of a magnetic mass—charge separd@@i)*®
and a time-of-flight spectrometét BNL).!” In both cases

mean charge state of the ior, grows with increase of the
atomic mass. Note should also be made of the relatively

TABLE 1.

No magnetic field Magnetic field Parameters

Charge distribution, % B, lares

Cathode
material 1" 2+ 3* 4* 5* (Q) 1t 2t 3* 4% 5+ 6" (Q) kGs kA
C 96 4 1.0 29 58 13 1.8 3.20 3.20
Mg 51 49 1.5 5 95 1.9 3.75 0.22
Al 38 51 11 1.7 5 11 85 2.8 1.20 1.20
Se 23 66 11 1.9 16 53 59 2 25 3.75 0.22
Ti 11 76 12 1 2.0 1 6 15 58 20 3.9 10.0 1.30
\Y 11 72 15 2 2.1 13 31 48 8 2.5 3.75 0.22
Cr 14 70 15 1 2.0 4 9 20 53 12 2 3.7 6.20 0.80
Mn 48 52 1.5 26 47 25 2 2.0 3.75 0.22
Fe 28 68 6 1.8 6 20 34 38 2 3.7 2.20 2.20
Ni 43 50 7 1.6 1 9 19 32 27 12 35 3.40 3.44
Co 34 59 7 18 5 46 a7 2 25 6.00 0.40
Cu 28 53 18 1 1.9 10 22 32 32 4 3.0 4.60 0.60
Y 7 63 29 1 2.2 6 9 77 8 2.9 3.75 0.22
Nb 3 40 39 16 2 2.7 - 6 11 29 51 3 4.3 1.20 1.20
Mo 7 30 40 20 3 2.8 - 10 19 32 27 12 4.1 5.40 1.70
Ba 3 97 2.0 2 41 53 3 1 2.6 3.75 0.22
La 4 65 31 2.3 3 16 61 20 3.0 3.75 0.22
Gd 8 81 11 2.0 1 43 41 15 2.7 3.75 0.22
Er 8 62 30 2.2 2 12 70 16 3.0 3.75 0.22
Ag 13 61 25 1 1.9 7 23 37 30 3 3.0 5.40 0.70
Hf 7 26 48 18 1 2.8 1 5 11 39 41 3 4.2 4.60 0.60
Ta 1 17 39 39 4 3.3 1 5 13 40 41 2 4.2 3.75 0.22
W 1 17 35 35 12 34 1 5 16 39 32 7 4.2 3.75 0.22
Pt 12 70 18 2.1 1 16 34 46 3 3.3 10.0 1.2
Pb 40 60 1.6 1 75 24 2.2 3.75 0.22
Bi 89 11 1.1 7 27 57 9 2.7 4.60 0.60
U 20 40 32 8 2.3 1 20 32 28 16 3 35 4.6 0.60
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FIG. 2. Oscilograms of collector current of time-of-fight mass- Ba'™, PB*", U, etc) show up in the charge-state spectrum
spectrometer; a8=0.12 T, b—B=0. Delay of measurement time 108 of the ions in a vacuum arc discharge. The fraction of highly
relative to onset of current pulse of the arc discharge. charged components is also sharply increased. Thus, without
a magnetic field in a vacuum discharge plasma with a ura-
. ) nium cathode quadruply charged ions constitute 8% of the
large value ofQ (close to threpin the vacuum arc discharge total number of ions in the plasma. In a high magnetic field
plasma for cathodes of niqbium, molybdenum, hafnium, @Nhe fraction of U ions grows fourfold. This yields a 30 mA
talum, tungsten, an_d uranum. - - . current of quadruply charged uranium ions over a duration of
Creation of a high magnetic field In-a vacuum arc d's.'l ms (Fig. 4). This result is extraordinarily important for
charge plasmr_al Igad; to a s.upstar}nal change in the IoLrj]sing a vacuum arc discharge to create a high-current metal-
charge-state distribution, consisting in an abrupt drop in th?on injector for heavy-ion accelerators.
fraction of singly and doubly charged ions with a simulta- Increasing the arc current to approximately 1 kA did not
neous notigeable increase in'the multiply .Chf"“ged lonic COMaffect the ion charge-state distribution. However, at high arc
ponent. This observed 'exp.enmental fac't is illustrated by th%urrents increasing the current led to a substantial change in
c_urrent pulses shown in Fig. 2 (.)f the ion collector Of_thethis distribution. Figure 5 plots the fraction of doubly
time-of-flight mass-spectrometer in the case of an _alum'nun&harged aluminum ions as a function of arc current for serial
cathode. Similar dependences were observgd using & Mags,nection of the solenoid to the discharge circuit and with-
netic mgss—charge separator. AdQ|t|on§I evidence .Of an N5ut. It can be seen that the influence of the arc current on the
crease in the mean charge state in a high r_nagngt|c field ariation of the ion fraction of one or another charge state is
provided by measurements of the depth profile of implante Imost identical to the effect of a magnetic field, but without

titanium ions in silicon, where these ions were extracte magnetic field such an effect takes place at larger current
from a vacuum arc plasma and accelerated by the same ac-

celerating voltage55 kV, Fig. 3. It can be seen that in a
high magnetic field the position of the maximum of the im-
planted ion profile is shifted deeper into the silicon surface.
This unambiguously indicates an increase in the energy of
the ions, which for a constant accelerating voltage can be
achieved only by increasing the mean charge state of the
extracted ions.

The right side of Table lists the charge-state distributions
in a magnetic field. The ion fractions of given charge state
shown in the Table were calculated by dividing the ion cur-
rent of given charge state, measured with a Faraday cup, by
that charge statémultiplicity of ionization). This gives in-
formation about the actual fraction of ions of the given
charge state in the total flux, which is important, for ex-FIG. 4. Oscillograms of the total uranium ion current and its quadruply
ample, for industrial applications associated with ion implan-charged component after separatiorBat0.4 T, start-up level of oscillo-
tation. It is important to note that in the presence of a highgaaph 0.208 V, delay relative to start-up zero, scanning rate 0.2 ms/cm. a—

Lo . . . annel 2, b—channel 1; sensitivity of oscillograph per channelal,04
magnetic field noticeable fractions of previously unobservegyy/cm (b); current of quadruply charged uranium ions(@g 8 mA/cm (b);
components(C3*, Ti®", CP*, Ni®*, Ni®", Mo®", B&",  load 25(a), 500 (b).
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However, it is already evident that growth of the fraction of
a0 :_ multiply charged ions is due to an increase in the electron
" temperature in the plasma. Calculations performed in Refs.
70:— 20 and 21 show that to achieve the growth of the mean
- charge state observed in experiment it is sufficient to in-
60 - crease the electron temperature by-Z0%, or 1-2 eV.
o n Such an increase in the electron temperature is entirely
X sF .
+°F achievable.
S, E The authors assume their customary duty to thank lan G.
< 40;_ Brown, leader of the Plasma Applications Group of
o Lawrence Berkeley National Laboratory, and the group lead-
a0 E ers of the lon Injector Laboratory of the Association for
n Heavy lon Research, Bernhard H. Wolf and PeterdBps
20 E for making it possible to carry out measurements of the ion
” C 0 i charge-state distribution in a vacuum arc discharge plasma.
g 500 1000 1500 2000 2500 This work is being carried out with the support of the
Tyrcs A Russian Fund for Fundamental Reseaf@hant No. 96-02-
16669.

FIG. 5. Percent fraction of doubly charged aluminum ions as a function of
arc discharge current—without solenoid 2—with solenoid.

values. Simple estimates indicate that at such current values
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Choosing an adequate mathematical model in problems with high pulsed
energy deposition
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The problems of choosing the optimal mathematical model for a prescribed range of parameters
of a pulsed action are discussed. A preliminary analysis performed by similarity and
dimensional-analysis methods using interpolation equations of state of the matter shows that the
complete system of equations of gasdynamics can be simplified by dropping individual

terms which are not important in a given parameter range. The results of an analysis are presented
in the form of nomograms, which also make it possible to identify the class of fast and
energy-intensive gasdynamic processes more accurately than at an intuitive levi9980

American Institute of Physic§S1063-78428)00805-9

It is well known that a simple mathematical model of a D ap
process is more convenient to study than a complicated one. gt s’ (©)]
A simple model is easier to study, contains fewer parameters,
can sometimes be solved analytically, and so on. In the Je v
present paper we shall discuss puldetiaracteristic time gz—Pg - E*’Q(S't)' (4)
70<10 m9 and quite powerfulincreases in the specific in-
ternal energye by an amount one or more orders of magni-  P=f,(p,T), 5

tude greater than the heat of sublimati®h processes of

energy deposition in a material. Such processes occur when e=f(p.T), )
charged-particle or radiation beams impinge against a solid JT

wall, in powerful electric discharges in condensed media, W:_Ka_s’ (7)
and in explosions of different physical nature. Since such

problems are of practical importance, it is important to give  k=p-f,(p,T). (8)

model of such processes, for example, whether or not th eret is the time is th_e_ve_locity,p ande are, respectively,
spatial nonuniformity of the pressure should be taken intd"'€ Pressure and sp_emﬂc_mternal en_e_r‘gyjs the heat flux
account, whether or not heat conduction should be taken intgue to heat condu_ctlorQ is the specific energy release,
consideration, and how important transfer processes betwe d)_‘ are, respectively, the mass and standard t hermal con-
phases at interfaces are. These questions can be solved co ctivities, andfy, fs, andfy(p,T) are, .respectlvely, the
pletely when the characteristics of the thermophysical prop_gnctlonal dependences pf ¢, anda as given by the equa-
erties of real media are taken into account correctly. tion of state gnd model of heat conduction which are adopted
To investigate in the one-dimensional approximationfor the material. . .
processes in the class of interest we shall employ the systerln We choose as the mdepencjent scaling parameigys
of gasdynamic equations that, after the Euler coordir&te *0 P an_d X, . Then the scaling parameters for the re-
replaced by the Lagrangian variable maining variables are

some a priori recommendations on choosing a mathematic%i

. Se=peXer £a=Dylpe. ve=\ X
S= fop(f)dg x ~ Px * 1 * p* Px * p*;
1 32 X2
(p is the density can be written in the following form: te =X, \/p—*, Qx :_(p_*) y o Ky :p*p#.
P X\ Px T,
d(1/p) _ ‘9_" (1) The scaling parameters presented above describe the
at ds’ character of the gasdynamic behavior of the medium. These
scaling parameters should be compared with the parameters
Js of the problem at hand, which include, first and foremesgt,

Y @ the duration of the pulséor characteristic time of energy

1063-7842/98/43(5)/4/$15.00 518 © 1998 American Institute of Physics
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The following temporal parameter characterizing the
thermal conductivity can be constructed from the scaling pa-
rameters:

2
_ Ps px Xy
KTy

(10

T

This is essentially the ratio of the squared characteristic
length to the effective thermal diffusivity

Ay
a,=——,
* g, AT,
where A, =, /p, is the scale parameter for the thermal
conductivity A.
Comparingr; with t, , we obtain a heat conduction cri-
terion

12
FIG. 1. Suddenness criterion. KT:t_*: M Tepy ) (11)
TXpye

This criterion shows how gasdynamic relaxation and heat
deposition, Qy,=qy/p, — the characteristic intensity of en- propagation are related. It can also be expressed as
ergy deposition per unit massj{ is the same per unit vol- Vv
ume, and A, is the specific heat of sublimation of the ma- K-|—=(—T
terial from the initial statgits value is close to the heat of Cs
vaporization. So, dividing 7, by ty we obtain a suddenness
criterion

3

whereC, = \p, /p, is the characteristic sound velocity, the
rate at which pressure relaxes, and

Ku=r0= 22, CREVER L
e Xe Vs T Py Xy

The caséK <1 corresponds to quite rapid energy depo-is the scaling parameter for the propagation velocity of the
sition, when the absorption of energy and the gasdynamitemperature-equalizing heat wave.
unloading of the heated regiojf characteristic size,), The regimeK{<1 can be called purely gasdynamic. In
where the pressure at the end of the pulse reaches valuesthfs case the gasdynamic processes., passage of shock
the order ofp,.,=ype~vpQ (7 is the Gruneisen constant waves and pressure equalizaliemfold much more quickly
can be separated in time. As an example of an analyticghan heat propagation by means of heat conduction. In con-
analysis of the problem of instantaneous heat release we calkquence, the ter@w/ds in Eq. (4) can be neglected.
attention to Ref. 1. The regimeK{>1 corresponds to rapid heat transfer,

In the opposite cas&,,>1, there is enough time for when pressure and density equalization lag substantially be-
waves of unloading to traverse repeatedly the heated regidnind the temperature. A simple numerical analysis shows
during the time the perturbation acts on the medium andhat this case can occur only for radiant heat conduction.
energy absorption occurs practically at constant pressur@asdynamic relaxation of the medium in this case proceeds
with no formation of discontinuous flows of the shock-waveisothermally.
type. The most complicated regime requiring a complete

The caseKy~1 is more complicated. In this case the analysis arises whel+~ 1. In this case the gasdynamic and
energy deposition and gasdynamic relaxation processes cameat-conduction processes cannot be separated and the cor-
not be separated: It is necessary to solve the momentum coresponding equations must be solved simultaneously.
servation equatiofB), which, as a rule, it is impossible to do To estimateKt it is necessary to know the radiative
in an analytical form. Integrating the closed system of equacomponent of heat conduction. It can be taken into account
tions (1)—(8) numerically it is not difficult to estimate the by the following simple method. It is knowrthat radiant
suddenness criterion, for example, for prescribed characteheat conduction occurs when the size of the region of
istic process duratiot),, length scalec,, and volume energy energy deposition becomes much greater than the character-
depositionqg. Figure 1 displays the computational resultsistic photon mean free paty. The latter quantity in turn can
obtained for the surfac&y =1 for copper using a wide- be estimated using the formulas for hydrogen-like atdms.
range multiphase equation of stdtan instantaneous energy The main energy losses are observed in the continuous
deposition regime obtains in the region beneath the surfaceadiation spectrum. It is necessary to take account of the fact
far above the surface it can be assumed that the correspontiat electron bremsstrahlung in the Coulomb field of an ion
ing processes occur at a constdatong the coordinate) gives rise to photon absorption. The photon mean free path
pressure. as a result of this process’is
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FIG. 3. Regime criterion.

FIG. 2. Heat conduction criterion.

gasdynamic times. Above the surface the temperature in the
heated region can be assumed to be approximately constant.
Finally, an important parameter for the problems that we

"
h is th ) . is the i h q are studying is the characteristic time at which the material
whereT is the temperaturén K), Z is the ion charge, an starts to fly apart:

N. and N are, respectively, the electron and ion densities

(cm™3). A
Next, for estimates we neglect the less likely process of TP:Q_O'

free-bound electron capture with emission of a photon in the o . . ) ]

first-ionization region. Then at high temperaturezbove Dividing by this quantity the duration of the physical

50000 K and at the onset of multiple ionization the photon Process of interest we obtain the regime criterion

mean free path length is given by

1/2

l,=4.8x 1024W(cm), (12

(15

70 70Qo
Kp=—= . (16)
12 L A
l,=4.4%X 1022ﬁ(cm), (13 P ) o .
N“m(m+1) The regime criterion actually shows how complicated

— . S the equation of state must be when investigating any prob-

wrfrem is the average charge of a hydrogen-like iam, lem. ForKp<<1 the process occurs without formation of a

=1/kT is the reduced average degree of ionization, and fophase boundary at all. Such problems can be solved in the

low degrees of ionizatioh,>>1;. N thermoelasticity approximation; they do not require a com-
We now select the smallest of the quantitid?) and  pjicated thermodynamic model. An example of such a prob-

(13) as follows: lem that can be solved analytically is the action of a defo-
1 1 1 cused relativistic electron beam on an aluminum tatdeir
EZEJFE- Kp>1 the material passes very quickly into the gas

plasma phase. In most cases, when the details of the devel-

The radiative thermal conductivity is determined in

ma opment of this process at the initial stage are of no interest,
terms of the characteristic photon mean free patas phase transitions can be neglected and a simplified equation
16

of state can be used. The variant whKre~1 is one of the
gchtl oT3, most complicated cases. In this case the equation of state
must describe condensed and gaseous states as well as the

AR= (14

whereog, is the Stefan—Boltzmann constant; 1ge>x, we
can setng=0.

transitional region(see Ref. 3 for a more detailed discus-
sion). Interphase transfer will play a large role in these pro-

To estimate the effect of the thermal conductivity it is cesses. The surfadep=1, which separates processes ac-

sufficient to add\ = \g+ N\, where\, is the standardelec-
tronic) thermal conductivity. The corresponding result ob-
tained by solving the system of equatidi$—(8) is shown in
Fig. 2. The surface whet¢r=1 is distinguished. Below this

cording to the regime criterion, is displayed in Fig. 3.

In summary, our analysis has shown that the system of
gasdynamic equations for a specific range of initial param-
eters can be substantially simplified on the basis of prelimi-

surface heat conduction is not important over characteristioary estimates.
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Characteristics of a multielectrode corona discharge in the working media of periodic-
pulse XeCl * and KrCl * lasers
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Results are reported from an investigation of the electrical and optical characteristics of a
multielectrode negative-polarity corona discharge in HEKXECCIl, mixtures, which are used as

the working media in inert-gas chloride lasers operating in the periodic-pulse mode. The

corona discharge is studied in a needle—grid electrode system which is approximately as long as
the active medium in a laser. Such a corona discharge is of interest for use in electrical

modules for blowing the working media through X&Gind KrCl lasers, the working media of
which contain vapors of liquid hydrocarbons of the €Glpe. © 1998 American Institute

of Physics[S1063-78428)00905-2

INTRODUCTION the needle points and the grid was equal to 2 cm. The radius
of curvature of a needle point was equal to 0.5 mm, and the
diameter of the grid wires was equal to 0.3 mm. A negative

dc voltage U<12 kV, | ,q=<15 mA) was applied to the

Inert-gas chloride (RCI) electric-discharge lasers with
working mixtures containing the complex chlorine-

. . _4 . _
containing moleculés® BCl; and CC, have superior en needles through an external limiting resistance. The electri-

ergy and lifetime characteristics in some operating regime%al and optical characteristics of the CD were measured with

as compared to the case when hydrogen chloride molecul%ﬁe registering system described in Refs. 6 and 7. The optical

are used. The mechanical systems employed in this case f%rvestigations of the plasma radiation were performed with a

the transverse blow-through of the working mixtures are,

) . : L ull view of the entire interelectrode gap through the input
characterized by high energy consumption, vibration, and,. .
o " ; ; . . slit of the monochromator. Control experiments showed that
noise, in addition to introducing contaminants into the work-

ing mixture hot zones near the needle points make the main contribution

9 In peric;dic pulse XeCl lasers operating on a He/Xe! to the plasma radiation. Therefore it can be assumed, to
- e 100 -

HCI mixture with repetition frequencieb<70 Hz it is pos- within 5-10%, that the characteristics of the hot zones of a

sible to use electrical blowing, with an average transversg D are being investigated.
9, 9 In the present experiments a multielectrode CD was ob-

flpw velocity of the gas mlxtur§3 m/s- Far hot, corrosive, . ﬁerved in the form of bright hot zonesear the needle
high-pressure gas mixtures this method of change-out, which ". .
pointy, very small hot zones at the grid, and a dark or

utilizes a multielectrode corona dischar@@D) uniformly " ; : :
o X kly-I f the CD th
distributed along the length of the transverse discharge of \évea y-luminescing exterior region of the CD between the

periodic-pulse excimer laser, is free of some of the draw—needles and the grid.
backs of mechanical blowers.

The results of an investigation of some characteristics ofLECTRICAL CHARACTERISTICS
such a corona discharge in the working media of electric-  compared with similar CDs in binary mixturéeo ad-
discharge RCI lasers where HCI molecules are used as th&jitives consisting of chlorine-containing molecuylein the
chlorine carrier, are reported in Ref. 6. media investigated there is no intense glow discharge in the

The present paper reports the results of an investigatiopyterior region and the maximum discharge current at the
of the characteristics of a multielectrode CD in the mixtures,gncontracted stage is one to two orders of magnitude lower.
He/Kr(Xe)/CCl,. The discharge is ignited in a system of the cD current in this case is determined not by the magni-
needle—grid electrodes and is intended for use in the emitte{§de of the ballast resistance but rather by the density of
of miniature periodic-pulse RCllasers through which the = g|ecironegative molecules in the mixt§révhen the voltage
working medium is blown electrically. on the needles exceeds a definite, critical value, the CD con-
tracts. This is manifested as the formation of an anodic
streamer near one of the needles.

The average current-voltage characteristisb/Cs) of

The CD was ignited in a stainless steel high-pressur€Ds in mixtures of inert gases with CQinolecules are pre-
discharge chamber. The system of electrodes for the CD wasented in Fig. 1. The AIVCs obtained cannot be described by
placed on the dielectric flange of the discharge chamber anelations of the typd = a(U —U,)? (wherea is a constant
consisted of one row of needles and a nickel grid. The sysand U, is the discharge ignition voltagewhich are most
tem of electrodes was 12 cm long, and the distance betweeagpical for CDs® Two different stages of the CD, character-

EXPERIMENTAL PROCEDURE

1063-7842/98/43(5)/4/$15.00 522 © 1998 American Institute of Physics
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FIG. 1. Current—voltage characteristics of a negative corona discharge in N o
mixtures of inert gases with C€molecules.1—He/CC|,=220/0.13 kPa; <
2—He/He/CCL,=220/2, 8/0, 13 kPa3—He/Kr/CCl,=220/16/0, 13 kPa. e =
10
ized by their own threshold voltages and CD current growth |
rates, can be seen in the AIVCs of a CD in the mixture He/ 0 g 10 H
CCl,. These stages are distinguished by linear dependences U, kv

of the typel ,,iq=B(U—Uy). The values ofJ, andg for the
low- and high-current stages of a CD in the mixture HeLCCI EIG. 2. Form of the current pulséa)_ and dependence of the puls_e repeti-
. 1 1 2 tion frequency on the voltage applied to the needl@sfor a CD in the

are, respectivelyUs=5.5 kV, f7=50 pA/KV, and Uy mixture He/xe/CGl=220/2, 8/0, 13 kPa.

=8.75 kV, 82=1000uA/kV. Only a low-current stage was

observed in ternary mixtures, and in this case the AIVC was

more linear. observed only in the regiodU=6-8 kV, while at the
The differences of the AIVCs obtained here from thehigh-current stage of the CD the current was continuous.

typical AIVCs for CDs are due to nonlinearities of CDs in

inert gases.Thus, in the present media it is possible to ob-OPTICAL CHARACTERISTICS

tain a discharge whose properties fall between coronal and

glow discharges. In contrast to the AIVCs of CDs in the

mixtures He/KfXe), the AIVCs show virtually no hysteresis,

possibly because of quenching of the metastable af(mg 258 nm and CCF radicals & 278 nn is observed in the

by t?iehilglgiﬂ;cg?ﬁmg? tﬁglggzgare blown through theUV region of the spectrum. The most intense band is the CI
CD goes aw ~ 112 (Ref. 12, so that it will be higher in emission band. The continuum in the regiox 450—-850 nm

xenon-containing media with the minimum content of €CI due to the decomposition of Cfbr C,Cl, radicals, which

molecules. It is undesirable to increase the [LE€bntent
above 0.13 kPa because the operating efficiency of the exci
mer laser decreas@$.As the pressure of a ternary mixture
decreases to 100 kPa, the voltage range of where a stable C
exists decreases, while the CD current increases by a factc
of 1.5. The dependencés,;y=f(U) become quadratic.

Figure 2 shows the shape of the CD current pulse anc
the dependence of the pulse repetition frequency on the volt h
age applied to the needles. For a CD in ternary mixtures the !
current pulse duration at half height equals 0.3—@s5 The 200 f’”

CD current pulses were observed against a dc backgrounc ? r;(Le(b'sﬁp

As one can see from Fig. 2b, the current pulses of a CD in_y : | : 1 ; i
ternary mixtures appear only at the precontraction stage o020 00 400

the discharge and their repetition frequency, just as in media A nm

based on HCI moleculésieaches 30-40 kHz. For a CD in a gy, 3, plasma emission spectra of a CD in the mixtures He/C&land
binary mixture the current pulses reached A% and were He/xe/CC}, (b).

The plasma emission spectra of the hot zones of a CD in
binary and ternary mixtures are displayed in Fig. 3. For a CD
in the mixture He/CCJ, the formation of CJ molecules(\

»
a Cby

XeCL(B-X)

XeCL{C-4)
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FIG. 5. Relative intensity of Xeand Kr* emission lines versus the average
CD current.1—\ =467 nm Xe (6-7p); 2—A=823 nm Xe (&-6p);
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FIG. 4. Relative intensity of the emission bands of molecules versus th?ensity from Xe and Kr atoms in IR transitions in CDs in the

verage CD currentl — A=258 nm Cf , He/CCl,; 2—308 nm XeCl ; ; ;

?B—X?, He/Xe/Ccl; 3—\ =222 nm KrCIz(é—X), Hg/Kr/ccu. mlxture§ HE.:/ XEKr) (compg rablg n magnltude to those pre-
sented in Fig. bwas obtained in pure inert gases only with
average CD currents of 1 mA. The CD current was mainly
continuous. This shows that in CDs in ternary mixtures Xe

have been observ&d!* in a low-pressure dc discharge, is (6s) and Kr (5s) metastables are efficiently removed by

absent. According to the data of Ref. 13, predominantly theollisions. The quench rate constants for Xep) ey CCl,
radicals CCJ, CCl, and C§ and atoms Cl form in the  molecules lies in the range (73%.8)x 10 1° cm®/s, while
primary electron-induced decomposition reactions of LCCl for Xe (6s) metastables the quench rate equals<al@ 1°

molecules, while the radicals CCform as a result of sec- cmd/s (Ref. 11).

ondary reactions. The low intensity of the CCémission The plasma in the hot zone of a CD is strongly enriched

band (as compared with Gl radiation is due to the rapid with metastable inert-gas atoms. This is due to the specific

reactions leading to its annihilation in collisions with other form of the electron energy distribution function in the CD:
radicals or CJ molecules. The distribution is clipped at high energies. The ion density
Investigation of the panoramic spectra of a CD plasma irin the CD is much lower than the density of metastable at-

a ternary mixture(Fig. 3b in the rangexA\ 200-1000 nm oms and atoms excited into low-lying energy leviisor

showed that the main bands are the emission bar838 nm  this reason, the predominant reaction leading to the forma-

XeCl (B—X), N 222 nm KrCl B-X) and the weaker, wide tion of excimer molecules in the hot zones of the CD could

bands\ 330 nm XeCl C—A) andA 230 nm KrCI C-A). be the “harpoon” reaction

The most intense emission lines in the near-IR and visible

regions of the spectrum were observed on the transitions Kr R(np.ns)+CCl,—RCI(B,C) + CCls. @

(5s—6p, 5p) and Xe (&-7p, 6p). Emission lines from For xenon atoms the branching ratio for the reaction in

states lying above the first vibrational state of the moleculawhich Xe (6p,6s) is quenched by CGlmolecules and XeCl

ionsR, and excited ions of heavy inert gases were absent(B,C) is formed in a process with participation of Xep
This character of the intensity distribution in the emis-is much higher (0.6 0.7) than for Xe (6) (0.24. The for-

sion line spectrum could be due to populationpo$tates of  mation of an excimer molecule in a “harpoon” reaction also

Kr and Xe atoms in dissociative-recombination reacttdns indirectly confirms that the dependences of the emission in-

and as a result of excitation by electron imp#ct/ tensity in the XeCl B—X) band and Xe (6-6p) transition

Typical curves showing the average intensities of theines are of the same character.

radiation in molecular bands and in the lines of Kr and Xe  The increase in RCI emission intensity during opera-

atoms as a function of the average CD current are displayetion of a discharge apparatus operating on mixtures of inert

in Figs. 4 and 5. These curves are all linear. The excimegases and C¢lmolecules that is characteristic for a pulsed
molecules KrCl B) are formed most efficiently from the transverse discharge is not observed in a CD. This is due to
molecules and the molecules;Cire formed least efficiently. the fact that CGl molecules in the plasma of RClasers do

The emission intensity on the transitions Xes{@®p) and not participate directly in the formation of excimer mol-

Kr (5s—-5p) is more than two orders of magnitude higher ecules. The reaction leading to the decomposition of,CCI

than that from higher-lying statd&ig. 5). The emission in- occurs first:
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It is found that the region for the stable existence of éheegime of a radio-frequenciyf)

discharge is bounded not only on the moderate-pressure side, but also on the low-pressure side.
One feature of thex—+y transition in a low-pressure rf discharge is that the criterion for

breakdown of the electrode sheath is not satisfied. It is shown that at low pressuresijthe
transition of an rf argon discharge takes place abruptly and exhibits hysteresis. At

intermediate pressures tlae-y transition is continuous and lacks jumps; negative differential
conductivity appears, double layers form, and nonmonotonic behavior of the plasma

density is observed at the center of the discharge. The role of stoclmstisionless electron

heating in sustaining an rf discharge at intermediate gas pressures is discussEab8 ©

American Institute of Physic§S1063-784£98)01005-9

INTRODUCTION mum is observed in the central portion of the discharge with
an axial distribution of the plasma densitAt intermediate

Industrial plasma processes which employ radio-pressuresg~1 Torr) an rf discharge passes smoothly from

frequency(rf) capacitive gas discharges play a major role inthe « form to the y form without abrupt jumpé2®-1°In

the production of microcircuit§etching of semiconductor addition, when the distance between the electrodes is suffi-

substratesand in modifying the surfaces of materigkhe  ciently large(>1 cm), rf discharges in inert gases exhibit

deposition of oxide and diamond-like thin filis? Radio- negative differential conductivity and nonmonotonic be-

frequency discharges are also often used to pump gdsavior of the plasma density in the central portion of the

lasers>* Therefore, the experimental investigation of thedischargé’ (the conduction current in the electrode circuit

characteristics of rf discharges is of great importance. As wand the plasma density at the discharge center decrease with

know;*~®an rf discharge can burn in two different regimes: aincreasing rf voltage until complete conversion of the dis-

low-current (@) regime and a high-currenyf regime. Inthe  charge into they form occurs, low-frequency plasma noise

« regime electrons acquire energy for ionizing gas atoms irand oscillations appear in the quasineutral plasmand

the rf field in a quasineutral plasma, and the emission oplasma double layers forff:°

electrons from the electrode surfaces does not play a major The region for the stable existence of #heegime of an

role in sustaining the discharge. The conductivity of the elec+f discharge is bounded on the moderate-pressure gide (

trode sheaths is small, and the circuit between the plasma 10 Torp: for a fixed distance between the electrodes

and the electrodes is closed mainly by the bias current. In ththere is a pressurp,, which is such that ap=p, the rf

y regime electron avalanches develop in the electrodelischarge can burn only in the high-curreptregime® The

sheaths, ionization of the gas atoms by electron impact takegirves describing ther—y transition of rf discharges are

place mainly near the boundaries between the electrodgmilar to the ignition curve of a discharge in a constant

sheaths and the quasineutral plasma, and the emission electric field? 813

electrons from the electrode surfaces has a significant influ-

ence on the electron multiplication process and on sustainin

the dischargé-® The elecr'irode shZaths have considerablegXPERlMENTAL METHOD

conductivity in they regime, and their characteristics are The experiments were carried out at the argon pressures

similar to those of the cathode sheath of a dc glow dischargga=10 2—10 Torr, in the range of rf voltagdd <1000 V,

The experiments in Refs. 6, 11, and 14 and the numericand at the field frequencf=13.56 MHz. The distance be-

calculations in 8 show that an rf discharge passes abruptliween the flat parallel stainless steel electrodes with a diam-

from the a regime into they regime at moderate pressures eter of 1200 mm was varied in the range 6 —54 mm. An rf

and that the plasma density in the discharge volume and theoltage was supplied to one electrode, and the other elec-

amplitude of the rf current increase severalfold. At moderatérode was grounded. To eliminate the constant self-bias volt-

gas pressures the—y transition is accompanied by com- age between the electrodes, a choke coil with an inductance

plete reorganization of the spatial structure of an rf dischargef 4 mH was included. The measurements of the discharge

(while the plasma density reaches a maximum at the centaurrent were performed using a Rogowski loop located on

of the discharge in thexr regime, in they regime plasma- the bus grounding one of the electrod@sgrounded bus

density maxima are observed near the boundaries betwedie signal from the Rogowski loop was fed into an FK2-12

the electrode sheath and quasineutral plasma, and a mirphase-difference meter. The signal supplied to the other in-

1063-7842/98/43(5)/9/$15.00 526 © 1998 American Institute of Physics
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put of the FK2-12 meter was from a capacitive divider con- so0kF o

nected to the rf electrode, permitting measurement of the N

amplitude of the rf voltag&J ;s and the discharge curreht, At L AAMAAALALALL, 4ua At

as well as the phase angle between them N l a 2 .
The plasma parametefthe electron temperatuiie,, the - 100 E /‘ ..0.

plasma densityn;, and the constant component of the = s0F Y o*

plasma potentia,) were measured using single cylindrical - 3:‘ Z.-"

Nichrome probes with a length of 5 mm and a diameter of i %0 sees 000 ®’

0.18 mm. All three operating regimes of the prolé® col- 0 srvopl v peod el

lisionless, transitional, and collisional regimesan be ob- 0.01 0.1 7 10

served in the range of pressures investigated, i.e., depending p, Torr

on the pressure, ions can traverse the near-prot_ae IaY_er Withrg. 1. Extinguishing curve of an rf discharg® anda—y transition curve
out collisions(at low pressuresp<0.05 Torp, collide with  (2) for L=22 mm.
gas atoms a few timegt intermediate pressupesr collide

with neutral gas particles many timep>*1 Torr). There- . . .
gas p y pX ) changes in the rf discharge parameters were taken as criteria

fore, the plasma density; was calculated from the ion h ition f h ) h ) A
branch of the probe current and the measured electron terrf1c—’r the transition from theéx regime to t €y Tegime. t
argon pressurep>0.5 Torr thea—1y transition is continu-

peratureT, using the method described in Refs. 20—22. The ) . : .
plasma potentials, was determined from the zero value of ous and lacks jumps and is accompanied by a decrease in the

the second derivative of the probe current with respect to th%f conduction cu_rrent in the electrodg surqu&:os_@) and
voltage, as well as from the measured values of the prob y a d7ecrease in the plagma _densnty at the discharge
floating potential¢; and the electron temperatufle using center. It. was assumed in this pressure range that _the
the formulag,= ¢+ CT[B], whereC is a constant, which a—1 transition occurs at thg value of the rf voltage at which
depends on the kind of ga3.The electron temperaturg, I 1cos() andn; reach a maximum. Ap~0.05-0.5 Torr the
was calculated from the linear portions of the probe current-*~ Y transition is accompanied by restructuring of the rf dis-

voltage characteristic and the second derivative of the Curreﬁzpa_rge: tge utrlf;)rm ?IOW qf tth(?[ posmvet.coluznn n t%et
in the probe with respect to the constant voltage on the probr gime abruptly transforms into two negative glows and two

(which were plotted in semilogarithmic coordinate3he araday dark spaces of a glow discharge, which intersect at

values ofT, determined by these two methods differed by nothe center of the discharge gap. The appearance of a dark

more than 10—-20%. The second derivative of the current iﬁegion at the discharge center i_s well detect_ed visually. At
the probe with respect to the voltagélpr/dugr was mea- low pressures ther—y transition is accompanied by abrupt

sured by the second-harmonic technique, i.e., the probe Cug_ecrea§es in the plasmq denslt)anq the electron tempera-
rent was modulated by a low-frequency voltagbe fre- tureT, in the central portion of the discharge and an increase
quency wasf,~1—3 kHz), the signal being detected at in t.he phase_ ang!¢> between t.he rf current and the voltage,
2f,. A measuring system for determiniruﬁlpr/dugr simi-  Which permit reliable detection of the occurrence of the
lar to ours was described in Ref. 23. a—y transition. Thea—1y transition is also accompanied by

Let us ascertain the changes in the parameters of an ﬁichang.e in the V.'Slble glow of the dlschgrge: thg Wr"m.d_
discharge which must be taken as criteria for they tran- ish at intermediate pressujeglow acquires a violet tint,

sition at low and intermediate gas pressures. On the onﬁ(]hlch apparently indicates the appearance of fast electrons in

hand, the value o ; at which there is a jump in the deriva- e discharge.
tive dl;/dU is often taken as the voltage of thae-y tran-
sition of an rf dischargéX® In this case electron avalanches
develop in the electrode sheaths, and the plasma density in- Existence region of the: regime. Figure 1 presents the
creases rapidly as the rf voltage increases in the entire digxtinguishing curve of an rf discharge and the y transi-
charge gap. On the other hand, it was assumed in Ref. 5 thdbn curve. It is seen from the figure that at moderate pres-
at low pressures the—1y transition curve coincides with a sures p~10 Torp the a—1y transition curve tends toward
portion of the ignition curve for an rf discharge burning at the extinguishing curve of the rf discharge. As the pressure is
once in they regime after breakdown of the gas. We notelowered, the valu& ., of the rf voltage across the electrodes
that these two criteria for the—vy transition of an rf dis- at which thea—y transition is observed at first decreases and
charge at low gas pressures are not always consistent witikaches a minimurta minimum which is similar to the Pas-
one another. In addition, visual observations show that at lovehen curve for the ignition of a glow dischajgafter which

and intermediate gas pressures the structure of an rf disJ,, increases slightly and then goes out onto a plateau
charge becomes very similar to the structure of a dc glowvhich extends over the range of argon pressures
when the rf voltage applied to the electrodes is still clearlyp~0.5—1 Torr. Further lowering of the pressure leads to a
inadequate for breakdown of the electrode sheaths. It carapid decrease inU,,, and in the pressure range
also be concluded from the current—voltage characteristics gi<0.03 thea— vy transition curve coincides with the extin-

rf discharges in Ref. 16 that smaller rf voltages are needed tquishing curve of the rf discharge.

go from thea regime to they regime as the argon pressure Figure 2 shows plots of the dependence of the conduc-
is lowered. Therefore, in the present work the followingtion current in the electrode circulit;cos(p) on the rf volt-

EXPERIMENTAL RESULTS
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When the argon pressupe=0.1 Torr, the rf discharge passes
from the « regime to they regime atU s~ 85 V. The sheath
thickness is then equal th~0.6 cm. We assume that the rf
field is distributed uniformly within an electrode sheath and
that all of the applied rf voltage falls on one sheétie latter
assumption is valid for the cathodic phase of the sheath un-
der consideration Then it is easy to show thgi~0.018
under the present conditions, i.e., the breakdown critgfipn
does not hold for thex—vy transition of a low-pressure rf
discharggeven at clearly overestimated valueswdf. An rf
voltage U ;~850 V must be applied to satisfy the criterion

-

100

T Illllfl

I.pc8s (?),m/i

S

L e ! L 1 (1) whenpdg,=0.06 Torr cm. Therefore, breakdown of the
200 V‘*oo 600 sheath occurs at rf voltages significantly greater tha,
Urr s when a large ion flux, which causes intense ion—electron

FIG. 2. Dependence of the rf conduction current in the electrode circuit onemiSSion' impinges on the electrode and electron avalanches
the applied rf voltagelL=22 mm. p, Torr: 1—0.06, 2—0.1, 3—0.2,  develop in the sheath. Thus, the electrode sheath does not
4—0.5,5—1, 6—2. break down in they regime over a broad range of rf voltages
and thus continues to be one of the main sources of fast
electrons.
age. It is seen from the figure that at argon pressures At the pressurep~0.05-0.5 Torr the secondary elec-
p=<0.5 Torr thea— transition occurs abruptly and exhibits trons crossing an electrode sheath manage to collide elasti-
hysteresiguntil U, reaches a plateauAt higher pressures cally and inelastically once or several times with gas atoms
the a— y transition is smooth and lacks jumps, and negativeand, for this reason, gain less energy over the thickness of
differential conductivity is observed in the rf discharge. After the sheath than in the collisionless case. Therefore, when the
the transformation of the discharge into theform is com-  pressure is raised, the—y transition occurs at higher rf
pleted, the conduction current in the electrode circuit in-voltages on the sheattiy>U; and on the electrodes. Near
creases monotonically with increasing rf voltage. an electrode the electrons are accelerated in a strong rf field
Let us consider the processes taking place during thand acquire most of their energy in just that region. Electrons
transition of an rf discharge from tha regime to they  which have collided elastically and inelastically with gas at-
regime at different gas pressures. At low pressurps ( oms as they move through the sheath can be further acceler-
<0.05 Torp the secondary electrons emitted from the elec-ated in the relatively weak field near the sheath boundary and
trode surfaces under the action of bombardment by ions anf$rm a high-energy beam. Since the electron ionization path
metastable atoms traverse the electrode sheath with virtuallgngth A, exceeds the sheath thicknesg, in this pressure
no collisions, gaining energy in an amount upstig~eUg,  range, a considerable portion of the ionizing collisions will
over the entire thickness of the sheath( is the rf voltage take place not only near the sheath boundary, but also in the
on the sheath WhenU4=U, (U;=15.8 V is the ionization quasineutral plasma. According to its characteristics, the
potential of an argon atom upon electron impaatbeam of quasineutral plasma becomes analogous to two negative
fast electrons from the sheath, which ionize gas atoms alonglows and two Faraday dark spaces of a glow discharge,
their path, penetrates the plasma. The rf discharge passes intfnich intersect at the discharge center. The electric field in
the y regime, and, according to its characteristics, the regiothese parts of the discharge is known to be sifalonse-
of the quasineutral plasma becomes an analog of two negguently, during thex— v transition the rf voltage drop on the
tive glows of a glow discharge, which intersect at the dis-electrode sheaths increases, and the reverse transition
charge center. We note that the electrons gain energy in theccurs at small rf voltages, and hysteresis is, therefore, ob-
sheath and ionize gas atoms in the quasineutral plasma corgerved.
paratively far from the sheath boundary. If the gas pressure is At higher gas pressurep$0.5 Torp the two Faraday
sufficiently low (in Fig. 1, p<0.03 Tory, the rf discharge dark spaces do not intersect, and an equivalent positive col-
can burn only in they regime, since the voltage on the elec- umn is observed in the central region at the beginning of the
trode sheathly, exceeds the ionization potential of the gas a—vy transition. An increase in the rf voltage leads to an
atomsU; over the entire existence region of the discharge. Inncrease in the length of the Faraday dark spaces, the region
this pressure range thg regime of the rf discharge is visu- occupied by the positive column narrows, and at higher rf
ally very similar to thea regime and can thus easily lead to voltages the two Faraday dark spaces intersect at the dis-

a mistaken impression. charge center. While the—1 transition took place abruptly
Let us verify whether the familiar breakdown criterfdn  with manifestations of hysteresis at low pressures, here the rf
for an electrode sheath discharge passes into the regime continuously, and the

_ _ hysteresis vanishes. Negative differential conductivity is ob-
pu=v{expadg) —1}=1 @ served in the discharge, nonmonotonic behavioryof the
holds for thea—1vy transition of a low-pressure rf discharge plasma density appears in the central portion of the discharge
(a and vy are the first and second Townsend coefficientsgap, plasma double layers form, and low-frequency oscilla-
respectively, and, is the thickness of the electrode shéath tions and noise appe&t-'° At p>1 Torr, thea—vy transi-
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tion is similar in its characteristics to the ignition of a dc a

glow discharge: each electrode sheath is in the prebreakdown 90 e .

state, and thex—y transition curve is similar to the Paschen ‘{'233,‘8 wﬁ..RXQAA-AM 22

curve®813 85 - 2
When thea—1y transition is considered, it must be taken 3

across the electrode shedthis strongest near the electrode i
and very weak on the sheath-plasma boundaherefore a 78 |
correct analogy cannot always be drawn betweendthey 70 L L ! !
transition of an rf discharge and the ignition of a glow dis- g 200 400 600
charge in a uniform constant electric field. In the collision-
less case such a distribution of the rf field in the sheath does
not play any special role in the— vy transition. However, the
situation changes in the highly collisional case. Secondary 8
electrons knocked out of the electrode surface are accelerated
from the electrode to the sheath boundary and gain most of 5
their energy in the region of the strong rf fieldear the
electrode surfage After a certain distancd* <dg, the elec-
trons enter a region of a relatively weak rf field and cease to
be accelerated, since they gain less energy from the rf field 2
than they lose in collisions with gas atoms. If the electrons
do not manage to acquire energy sufficient for ionizing gas oL 1 1 ] ! 1
atoms along their path from the electrodedb, the a—y g 200 400 600
transition does not occur at that value of the applied rf volt- Upps ¥V
age. A flux of electrongit can contain electrons with ener-
gies of the order of 10 e\ which move from the electrode
. . - o7 o2 aJ A4 w§
sheath into the plasma and excite gas atoms along their path,
is observed. Therefore, at intermediate and moderate presic. 3. a — Dependence of the phase angle between the rf current and the
sures the fluorescence can be brighter indhregime on the  voltage on the applied rf voltage; Torr: 1 — 0.06,2—0.2,30.5,4 — 1,
of the electrode sheath boundaries than in other regions Gf— 2. b — Dependence of the electrode sheath thickness on the rf voltage;
the dischargéthis was also noted in Refs. 6 and)1tfthe rf forr:1—006,2—01,3—02,4—1,5—2/L=22 mm.
voltage is raised to a value at which the secondary electrons
enter the region of the weak rf field with an energy sufficient
for ionizing gas atoms, the—v transition is observed. At tween the values of the phase angl¢hat we measured and
moderate gas pressures the electrode sheath thickness dee results in Refs. 9, 24, and 25 are apparently attributable
creases abruptly tal,<d* and becomes comparable in to the difference in the location of the Rogowski loops. We
value to the normal sheath thickness of a dc glow dischiirgemeasured the rf current using a Rogowski loop located on a
2. Phase angle between the rf current and the voltage. grounded bus, while in Refs. 9, 24, and 25 the Rogowski
Figure 3a shows plots of the dependence of the phase andi@op was located on the bus which conducts electricity from
between the rf current and the voltage on the amplitude ofhe rf generator to the potential electrode. If the Rogowski
the rf voltage. As is seen from the figure, at low pressures th&oops (or a similar measuring device with a grounded hous-
phase anglep increases with increasing rf voltage, in- ing) are placed on the bus which conducts the rf voltage to
creases abruptly during the-y transition, andp reaches a the potential electrode, the value I§f measured in this way
maximum and then slowly decreases as the rf voltage is independs on the location of the measuring device relative to
creased further. At intermediate pressures and low values dfie electrode and does not describe the real value of the
Uy, the phase angle at first decreases, passes through adischarge currenk,. This is because part of the rf current
minimum, and then increases as the rf voltage is increase@scapes from the bus and the electrode into the grounded
during thea—y transition the phase angle increases more housing of the measuring device, and the rf current partially
rapidly then in thea regime, reaches a maximum, and de-escapes from the potential electrode into the grounded parts
creases monotonically in the regime. of the experimental apparatilousings of devices, metal
Unlike the authors of Refs. 9, 24, and 25, we did notparts of the vacuum system, gtc¢herefore the value of the
observe a situation in which=0, i.e., in which the active rf measured rf current;=(U,) depends on the distance
current in the electrode circuit is equal in value to the ampli-from the measuring device to the rf electrode. The readings
tude of the rf current and the discharge transforms from drom a Rogowski loop located on a grounded bus do not
capacitive to an inductive discharge under any conditionslepend on the distance to the grounded electrode. Therefore,
over the entire range of pressures, interelectrode distancesjich a location for the measuring device permits more accu-
and rf voltages investigated. This refers not only to argonrate determination not only of the value of the discharge
but also to the other gases that we investigdtedirogen, current, but also of the phase angle between the rf current
oxygen, nitrogen, air, GE SF;, etc). The disparities be- and the voltage. We note that our measured values afe

5,
D
into account that the rf field is distributed nonuniformly . 60 _f‘g{"
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FIG. 4. Axial profiles of the plasma density for argon pressures equal to 0.1

Torr (a) and 1 Torr(b) and various applied rf voltages. dJ, V: 1—25,

2—65 (a regime, 3—65 (y regime, 4—100,5—200; b—U,;, V: 1—100, o7 02 a3 A4 w§ nuf

2—225,3—275,4—325,5—350.
FIG. 5. Axial profiles of the constant plasma potential for argon pressures
equal to 0.1 Torr@) and 1 Torr(b) and various applied rf voltages. a —

. . . . Uy, Vi 1—25, 2—65 (a regime, 3—65 (y regime, 4—100, 5—200;

in satisfactory agreement with the experimental and theoret,—y ,, v: 1100, 2238, 3—263, 4—325, 5350, 6—365.

ical values ofp in Refs. 12,14, and 26-29.

3. Axial structure of an rf discharge. Figures 4—6
show axial profiles of the plasma density, the constant at the discharge center, and their “anode” parts are located
component of the plasma potentigy;, and the electron tem- near the sheath/quasineutral-plasma boundaries. After the
peratureT,, respectively, at various rf voltages for argon discharge has passed completely into theregime, the
pressures equal to 0.1 and 1 Torr. double layers disappear, and the density and constant poten-

At low pressures the axial profiles of and ¢, have a  tial of the plasma increase monotonically with increasing rf
“bell-shaped” form with a maximum at the center of the voltage throughout the entire discharge gap.
discharge gap in the discharge regime. As the rf voltage is In the o regime at a low pressure the axial profile of the
increased, the plasma density and the constant plasma poteziectron temperature has maximum values in the central part
tial increase throughout the entire discharge. However, at af the discharge; as the rf voltage is increaseddecreases
certain value of the rf voltage the regime transforms throughout the entire discharge. After passage intojthe-
abruptly into they regime, and sharp decreasesijrand¢,  gime, the axial profile of the electron temperature is altered:
are observed in the discharge volume. As the rf voltage ishe values ofl, are highest near the electrode sheath bound-
increased further, the plasma density and the constant plasmasies and have a maximum in the central portion of the dis-
potential monotonically increase over the entire dischargeharge. As the rf voltage is increased further, the electron
gap. At intermediate pressurasand ¢, have maxima at the temperature decreases monotonically throughout the entire
discharge center and monotonically decrease as the eledischarge. At intermediate pressuk&sg. 5b the axial dis-
trodes are approached in tlheregime of the rf discharge. tribution of the electron temperature has maxima near the
The transition from thex to the y regime is accompanied by electrode sheath boundaries and a minimum in the central
continuous increases im; and ¢, in the electrode sheaths portion of the discharge not only in theregime, but also in
and near the sheath/quasineutral-plasma boundaries, while tine & regime. Such profiles of the electron temperature were
the central portion of the discharge and ¢, decrease with also obtained experimentally in Ref. 30 and were theoreti-
increasing rf voltage. Two plasma double layers form in thecally predicted in Ref. 31. Sommerer and KusHhattribute
discharge volume. Their “cathode” parts come into contactthem to stochasti¢collisionles$ electron heating, which oc-
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a tron heating and a minimum at the discharge center. At that
B moment the flux of fast electrons capable of ionizing gas
I atoms is still not sufficiently large to ensure a high ionization
| rate; therefore, the decrease in the electron temperature dur-
2k ing passage of the discharge into theregime leads to a

decrease in the plasma density in the discharge volume. As
the rf voltage is increased further, the flux of fast electrons

increases, the ionization rate of the gas atoms by fast elec-
trons increases, and the plasma density in the entire dis-
charge volume rises. The rf voltage drop on the electrode

.

sheaths increases, and the voltage drop on the quasineutral
10 75 20
plasma decreases; therefore, the electron temperature also
decreases.
b Let us now consider the case of intermediate pressures.

As we know?® the frequency of electron—atom collisions
for argon depends strongly on the electron temperatiipe

A ~T¥2 Therefore, at intermediate argon pressures and the
. /[ characteristic electron temperatureg~2 eV a fairly large
e ./’ /-o\ part of the rf voltage falls on the quasineutral plasma ind¢he
4 o, b PR \ discharge regime. During the—+ transition beams of fast
£A§§§ £§§gx §§§g/ electrons emerge from the electrode sheaths, and the region

of the quasineutral plasma transforms into two negative

- ot glows and two Faraday dark spaces of a glow discharge. As

S S S S a result, the rf field in the discharge volume decreases. This
70 75 a0 leads to a decrease in the electron temperature and, conse-

z,mm quently, in an appreciable decrease in the plasma density in

the central portion of the discharge. The plasma density at
the discharge center decreases with increasing rf voltage un-
o1 oZ af A4 wf til the diffusion fluxes of charged particles moving from the
FIG. 6. Axial profiles of the electron temperature for argon pressures equalectrode sheath boundari@ggions with increased ioniza-
tlo Oz-é Tzorrég) and 1 Torr(b) and various applied rf voltages. &7, V:  tion) into the central region compensate the decreasing ion-
oo 2_200("2133'2'2’94_3;5%5‘?_?598’.“9' 4—200,5—-400; b=y, Vi jzation of the argon atoms by the plasma electrons. When the
rf voltage is increased further, the nonmonotonic behavior of
the plasma density in the central portion of the discharge gap
vanishes, and the rf discharge burns in a full-fledgete-
curs upon collisions of electrons with the oscillating elec-gime.
trode sheath boundarié$32-34 4. Stochastic heating of electronsThere is still no
The behavior of the electron temperature and the plasmananimous opinion regarding the conditions under which the
density during thexr— vy transition at low argon pressures can stochastic heating of electrons must be taken into account. It
be explained in the following manner. In theregime at low  was stated in Ref. 35 that the ddtkerma) electron velocity
rf voltages electrons are accelerated both in the rf field in th&/,, considerably exceeds the velocity of an oscillating sheath
central region and upon collisions with the oscillating sheattboundaryVg,; therefore, only “cold” electrons with ener-
boundary, as is evidenced by the axial profileg pf Asthe gies £<0.1 eV can acquire a considerable fraction of the
rf voltage is increased, the plasma density increases, and, asergy during a collision with a sheath boundary, while the
a result, the rf voltage drop on the electrode sheath increasdsulk of the electrons scarcely acquire energy during colli-
and the voltage drop on the quasineutral plasma decreasesons with a sheath boundary. At the same time, the opposite
Therefore, the electron temperature decreases with increasase, in whichV¢y>V,., was also treated in Ref. 33 with
ing rf voltage in thea regime. When the rf voltage drop on consideration of a two-temperature Maxwellian distribution.
the electrode sheath reaches a certain critical value, a flux of Let us estimate the velocity of an oscillating sheath
fast electrons begins to enter the plasma from the sheathoundaryV, on the basis of the conclusion from Ref. 6 that
When high-energy electrons appear in the quasineutrahe electrode sheath thickness is approximately equal to the
plasma, the equivalent of the positive column in thege-  amplitude of the oscillations of electrons in an rf electric
gime transforms into the negative glow of thgegime. The field equal in strength to the rf field on the sheath boundary
field in the negative glow is appreciably weaker than in theE,. For the sheath velocity we can writd/y(t)
positive column, electrons in the quasineutral plasma are ac= e E,cost)/mv, wheree andm are the charge and mass of
celerated in a weaker rf field, and the electron temperature ian electron. We us&/g, o to denote the maximum sheath
the central portion of the discharge decreases. Therefore, th®undary velocity corresponding to the amplitude K.
axial distribution ofT, in the y regime has a maximum on Then for the electrode sheath thickness we have
the electrode sheath boundari{esving to collisionless elec- dshzeEb/mvwzVs,hyolw.G The electrode sheath thickness
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varies as a function of the gas pressure and the applied viherew3=(4mwe?ny/m)(2dg /L), andn, is the plasma den-
voltage: at low pressuredg,~1 cm, and at intermediate sity on the sheath boundary.
pressuresdg~1—3 mm (Fig. 3b. Taking dgy=3 mm, Since the oscillating of an electron cloud as a single unit
f=13.56 MHz, and an argon pressype=1 Torr, for the in an rf field was considered in Ref. 37, it is clear that
sheath boundary velocity we obtaify, ~3% 10" cm/s. The Vo=V, Then the estimates based on form¢®& give
thermal velocity of electrons with a temperatdig=2 eV is V¢, ~5.4x 10" cm/s. From Ref. 38 we can easily obtain the
Vie~9.4x 10" cm/s. Thus, it follows from this estimate that expression for the sheath boundary velocity
the electron thermal velocity is several times greater than the

. . . . do 26)\i
sheath boundary velocity, especially at intermediate pres- Ush(t):w_(_
sures and small rf voltages. This means that at intermediate Up\ 7M

pressures stochasticollisionless electron heating should where dy=J,/ewn,, Jo is the amplitude of the rf current

not play a decisive role in sustaining an rf discharge. HOW‘density,ubz(eTe/M)l’Z, M is the mass of an ion, is the
ever, it is seen from Fig. 6b that the electron temperatyre 0an free path of the ions, and

near the electrode sheath boundaries decreases with increas-

ing rf voltage(both in thea regime and after passage of the . 4o
rf discharge into they regime. Apparently, this effect can be E"=
reasonably attributed specifically to the mechanism of colli- ) .
sionless electron heating. If, for example, secondary electron The maximum value of the sheath boundary ve_IOC|ty ob-
emission from the electrode surfaces played a significant roli2ined from (4) is equal t0Vgpg=2X 10° cm/s. Finally,

in the behavior ofT, near a sheath boundary, the electronRé@zer and Shriele obtained the expression for the motion

should have increased with increasing rf voltage, since th@f @n electrode sheath boundary in the cathodic phase
number of fast electrons passing from the electrode sheaths

1/2
) E* sinwt, (4)

T(sin wt— wt coswt). (5)

into the plasma would have increased. Since the sheafti(t)= 51| & coswt+sin wt+exp(—§ “’H'g ]
thickness decreases with increasing rf voltégig. 3b), the 1+
velocity of the electrode sheath boundary should decrease, ®)

and, therefore, the electrons should acquire less energy ighereé=(1+ y)4menyu. /w andu, is the mobility of the
collisions with an oscillating sheath boundary. We also segons.
this in Fig. 6b. Therefore, the estimates presented above for Differentiating (6) with respect to time, we obtaiMg, o
the velocity of an electrode sheath boundary are apparentt2. 7x 10® cm/s. Therefore, using the same set of experi-
underestimated. mentally measured values &f ¢, Jy, no, and T, on the
Let us examine several analytical models of other invessheath boundary, we can obtain completely different esti-
tigators, from which the sheath boundary velocity can bemates of the ratio between the thermal velocity of the elec-
evaluated. Godyak and Sternb&rgbtained the time depen- trons and the velocity of the electrode sheath boundary from
dence of the position of a sheath boundary the existing discharge models. Therefore, additional investi-
gations of both the experimental and theoretical types are

_ 3, 2 p°\ needed to ascertain the role of stocha&tmllisionles$ elec-
MO)=A=p=gp™t| ptp™t g |sinO) tron heating at intermediate gas pressures.
5. Conditions for the existence of plasma double lay-
pS 5p3 ; . : ! .
+ 2 sin’(@)— ———cog ) ers in an rf discharge. As is seen fr_om Fig. 5b, gt interme-
12 12 diate pressures the—y transition is accompanied by the
3 2 formation of two stationary double layers in the quasineutral
+E cos"()+% cog20) plasma, so that maxima are observed near the electrode
sheath boundaries on the axial profile of the constant com-
p® p® ponent of the plasma potential, while a minimum is observed
—E®Sln()—a®$lng(®), (2)  in the central portion of the discharge. This is apparently

caused by the simultaneous decreases in the plasma density

_ _ _ and the electron temperature at the discharge center during
where A=d(O)/p, Ai=dw/hp, p=a/hp, & the a—y transition(Figs. 4b and 6b The conductance of the
plasma decreases, and in order to conduct the increasing rf
current, plasma double layers appear in the quasineutral
plasma. It is seen from Figs. 4 and 6 that during they
transition the plasma regions with the highest values of the
electron temperature and the plasma density are concentrated
near the electrode sheath boundaries, and minima are ob-
served in the central portion of the discharge on the axial
profiles of T, andn; . Therefore, both diffusive and thermal-
2 Vz] ~1/2 diffusive fluxes of charged particles, as well as a flux of fast

=eE,/mvw, ®=wt, d(t) is the coordinate of the sheath
boundary )\ is the Debye radius for the values df andn;
corresponding to the sheath boundary, &pdis the ohmic
part of the rf field near the sheath boundary.
Differentiating (2) with respect to time, we obtain the
maximum value of the sheath boundary velodity, 7~3.6
x 10" cm/s. Budyanskt’ obtained the expression for the
maximum velocity of the electron cloud in an rf discharge

eUrf (,US
Vo_me{ (E_l

+— (3)  electrons moving from the electrode sheath boundaries to the

w? discharge center, exist during tlhe-vy transition and in the
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v regime proper. Since the axial profile of the constantAt intermediate argon pressures the vy transition is con-
plasma potential during the—y transition has maxima near tinuous and lacks abrupt jumps, but nonmonotonic behavior
the electrode sheath boundaries and a minimum at the disf the plasma density appears in the central portion of the
charge center, fluxes of positive ions from the sheath bounddischarge, plasma double layers form, and negative differen-
aries to the discharge center will be observed. The existenagal conductivity is observed in the discharge.
of stationary double layers in an rf discharge requires that the
excess of incoming positive ions be removed from the cen-
tral region. Since the radial diffusion of charged patrticles is
hardly of great significance under our conditiais Fig. 5
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The influence of the escape of fast plasma electrons on the electron distribution fuiEBn

in a low-voltage cesium Knudsen arc is discussed. It is shown that even with a large
Knudsen parametdg/h~5—10 (whereh is the gap and, is the mean free path of electrons
with energy of the order of the anode baryiére electron flux from the plasma to the

anode is virtually identical to that calculated with a Maxwellian EDF. 1€@98 American Institute
of Physics[S1063-7848)01105-3

The question of the magnitude of the thermal plasmabarrier ¢, exceedinge, by the amount of the arc voltage
electron current to the anode is important for calculations ofFig. 18, is assumed to be infinitely high. The parameter
a cesium thermionic converter operating in the Knudserratio |.,<I, characteristic for a nonstationary transient pro-
regimé (when the mean free path of electrons with energiesess in the anode region of a plasma switching element with
of the order of the positive anode drep (Fig. 18 is several ~ a negative grid pulse applied to the drigill not be studied
times greater than the gap widl) and plasma switching here, since to calculate the EDF at enerdiese, the inter-
elements Calculations of both types of devices have as- action of electrons with nonresonant Langmuir plasmons is
sumed that this current can be determined by the standagybstantial, which makes it much more difficult to obtain a
expression (1/4)vreexp(—¢,/T) (n and T are the electron solution but does not change the qualitative results.
density and temperaturewritten as if the EDF were Max- Some approximations made in the solution process are
wellian, despite the constant depletion of the electron distriSimilar to calculatingkie; in the caseh>l¢>le, (Ref. 8;
bution function(EDF) as a result of the escape of fast par- specifically, .CO||ISIOI.’]S. Wlt.h plasma e_lectrons are described
ticles to the anode. The basis for this simplification is that for?Y @ Planckian collision integral, which contains, however,
energy slightly less than the barrigs the EDF should not WO Vvelocity components — longitudinal and transvefse
differ much from the Maxwellian function because suchshall call the velocity component along the discharge axis

electrons undergo repeated reflections from the cathode ang'ditudinal and the velocity component in the plane of the
anode barrierthe effect of fast-particle depletion of the electrodes transversélhe Planckian integral can be used for

EDF on the thermal-electron current to the electrode is Ordig)lectrons with energy of the order g, much greater thaf

: . : - the factor “much greater” equals, it is true, 455
narily described by the so-called reflection coefficikpy;, ( o
determined from the relationj = (1/4)nv1exp(e,/T) The effect of the electric field in the gap on the electrons

X (1—k.o) (Ref. 4). However, it is quite difficult to give moving with such longitudinal velocities is neglected, since

Lo . . the voltage drop across the Knudsen gap is no more than
guantitative estimates because there is no concrete small pa- o :

. : ) several tenths of a volt, which is an order of magnitude lower
rameter in the problem: As will become evident from the

. . . than the anode barrier. In these approximations the kinetic
analysis below, the ratio of the gap widthto the mean free PP

pathl, of a near-barrier electrofin the present problem this equation has the form

ratio equals 0.2—0)5as such a parameter should be so smalbxdf/Ix—(v3/2)V - (ve(VE+(MUT/T))) + (v/lel) =0, (1)
that the calculation has virtually no relation to a real Knud-
sen arc. In the present work the calculation is performed for
the conditions of a stationary conducting state of a Knudsen

diode with a quite high plasma density=10" cm™3

and
gas pressur®.<~10 2 Torr (which for fixedn and typical A N
T~0.3—-0.5 eV corresponds to cesium atom dendity,
~3x% 10" cm™3). Such conditions are also realized in a sta- Fs A
N
g x

a

tionary state of the cathode and anode regions of a switching
element® Then barrier isp,=1.5—2 eV and Coulomb col-
lisions predominate for electrons with energy- ¢,: The
characteristic electron mean free path= (p§/47Tq4nA FIG. 1. a: Variation of the potential in the Knudsen gap from the catlode

: : - the anodéA; b: variation of the functionsf=f,,—f: A andA’ —in a
equals 1.5-3 mm, which is several times shorter than thrgéal gap ax—0 (in the anode planefrom A atx—0 andK’ atx—2h —

mean free pathle, for electron—atom collisions I{, iy an equivalent formulation of the problem at2h. The velocity range
=1/oeN,, Where 0e,=3.5<10"1* cm 3). The cathode contributing to the current at the anode is hatched.

%
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where v, is the frequency of Coulomb collisions of fast 8f(x=2h)=6f(x=0), ®)
above-barrier electrons with thermal plasma electrons, the

coordinatex is measured from the anode, and the coordinat@tx:o

of the cathode, from which the electrons are reflected specu-
larly, is x=h.

of=fy=exp —v/vi-u?). 4

Expanding the divergence operator and taking account We shall assume, as we have already stated, dfat

f th locity d d — (2g*nAIm%3), b- —>Q asvy,—uT. The.pointh is choseq co_mpletely _arbi—
'?ain e velocity dependencey(v) = (2q"nA/m7v7), we o trarily, and the effectiveness of the choice is determined by

how well §f is localized neav =v (especially since foo
V- (vo(VE+(mof/T))) ~v+ Coulomb collisions cannot be described by a Planckian
=va(Af+(0VH(M/T=3/v|?)).

UX>UO:

collision integra).

For v, <v,=vg electron—atom collisions can also be
included in this scheme. Replacimgby v, in the collision
integral @/le,)f, we can see that the functiofy(vy,v)
=fu(v)exp(xlgy is the solution of Eq(2), but it is not
suitable as a limiting solution of Eq2) for v ~v. Indeed,
if we write the analog of the conditiori3) f(x=2h)
=6f(x=0)+fy(v)(1—exp(=2hlsy)), then &f(x=2h)

— 8f(x=0)#0 increases with decreasing, which is in-
correct. In this case the problem requires a more accurate
analysis, which should, however, introduce only small

Then we rewrite Eq(1) in the form

v If1x— (vev212) (%F v 2
+ vyt dv (MIT=31v|?) + (51 v?)
+ (I ) (aflov )AL+ (MIT—=3/v|?)))
+(v/lex)f=0. 2)

The spatial boundary conditions are: 0 the EDFf
is symmetric as a function af, for |v,|<vo=(2¢,/m)¥?  changes in the qualitative result obtained below.
andf=0 forv,>v,; f is symmetric ak=h for anyv, (Fig. Switching fromg(u,) to its Fourier—Bessel transform
1b). Total reflection atx=h, the absence of an interaction 9¢=9(d. ,vx)=J09(v,)Jo(u;q,)u, du, , taking as the
between fast particles, and the weakness of the field make [@ngitudinal variable the enerdy, instead ofv, (the relative
possible, in addition, to study the change in the EDF only forefror arising wherk, is replaced by byE,= ¢, is smaller
particles with positive velocities at=0, to assume that the thanwherv, is replaced by ), and using instead d, and
velocity at x=h does not change, and to formulate thethe coordinatex the dimensionless variableg=E,T, and

boundary conditionf(v,)=f(—v,) for |v,|<vy, x=0 in
the formf(v,>0, x=2h)=f(v,>0, x=0).
We shall assume at first thh>1., and the last term in

Eq. (2) can be dropped. Then it is obvious that the Maxwell-

ian EDF fy,=exp(—(v2+0v?)lv3) is a trivial solution of Eq.

(2) and can be regarded as a boundary condition for the

desired solution for small, . The functionsf="f,—f like-
wise satisfies E((2).

Just as in Ref. 8, we shall assume tht drops off
rapidly to the right and left of the point,=v; the “emer-

gence cone'v, /v of particles to the anode, where the main

depletion of the EDF occurs, is small. In this case in &).
|v], vy can be replaced by,.

ForT/¢,~1/4 it is legitimate to replace by v,=vg for
v, lvr<1/222. However, the range of velocities covered

&£=x/h, we obtain forg(q,)
)

where o=@, /T, a?=2gohve(vo)/ve, y=(9>+X)l4e,
andE =(g¢—1)/ey.

Switching from the functiong, to F(§,7,9,)=4gq
X exp(—Né—u(n+sy)), Where A=—a%(y+E%4), p=
—E/2, andp=e,—1, we obtain forF the heat-conduction
equation in the standard formF/9é—ad*Fldn?>=0. As
one can see from E@3), the boundary condition fofF is

F(é=2)=exp(—2M)F(£=0). (6)

The variabley is used instead of, on the basis of the
form of the conditionF(e,—1)—0.
The function F(&) is determined by the well-known

90q!9€—a?(3%gy/ dei+ Edgql dex—9qy) =0,

by Eq.(2) can be approximately doubled by switching from Propagator for the equation of heat conduction on a

Sf to
g(v, v, =6f exp((2—3T/py)ulld),

whereu, =v, /vt.
The functiong satisfies the relation

(9?9l 9u®)+ (1lu, ) (agldu, )~ (3*F1gu?) + (1M, )
X (3f1au, ) (1+Xu?) + f(XI4)(4+Xu?),

whereX=uv2(m/T—3/|v|?)~2—3T/e,. In this equation the

first two terms on the right-hand side appear in the “trans-
verse” part in Eq.(2), while the last term can be added and

subtracted, With(uf neglected in comparison with 4.
The conditions onsf follow from the conditions forf
for v,<vyg

semi-infinite  axis  G(7,7')=(1/2a(7&)Y?)[exp(y
—7')4a%¢) —exp(—(n+7')%4a%£)] and the function by
the functionF(#,£=0)

{7+,

As follows from Eq.(4), for > ng=¢y— 1 the function
F(£=0,7) equalskF=Fy=§8- ¢y, Where

o=exp{—q’/(4—X)H[2(1-X/4)],

em=exp{—(u+1)(n+1)}. (8)

Substituting expression®) and (8) into Eq. (7) we ob-
tain for the regionp<<7q

F(£=0,7)=a(KF(£=0,7)+ 6Kapy),

G(n,7")F(n',6=0)d7y’. (7)

€)
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where T a
a=C exp(—a’q>/2so), 0.10F 0.2 N
C=(12a(2m) Y exd —a?/(2(E%+ Xle))], 0.08 -
. s
A~ A\
K290M=f exp(— (7' +1)(u+1))[exp(— (7 «F
70 \a B
— 7')2I8a%) —exp(— (n+ 7')%/8a%) 1d ', LT
o 0.041-
~ 70
KF= | "R = 0texn— (- n')8a0)
0 .
—exp(—(n+ 7")?/8a?)]d7’.
. . . ] ] ]
Writing tAheA solution (99 as a series F - 0.'02 0.05 a.10 0.2
=83 -0a" " H(K"K,) @y, switching tog,, taking the in- k/l,
verse Fourier—Bessel transform, and returning to the desired _ _
function 5f(s ) we obtain in the regiom< FIG. 3. Maximum of the functionsf versush/l, for uL=O' and €0
X/ 7o =¢,/T=4 (a) and the analogous dependence of the reflection coefficient
(b).

8f(,)=C exp(u(n+1))| exp(—u?/dy)Koey /¢y

that 6f(e,) changes at,=¢y smoothly and continuously,
, (100 just as the functiorf(u,) at u,=—ug. At u,=ug the func-

tion f undergoes a jump in the plare=0, sincef(u,=uq
where /,=1+a?n(4—X)/2sq (n>0), d,=(1+Xa’n(4 +0)=0, while f(uy=u—0)=f(uy,=—ug+0)#0 (Fig. 1b
—X)/8eo)/ ¢y - and determines the electron current escaping to the anode.

Knowing F(£=0,7) in the region[0,7,], F(é=2,e, We note that the maximum of the functiosf is shifted
>¢g,), which determines the current through the bargggr ~ somewhat to the left of the poirfy. As h/l, decreases, the
and hencesf can be reconstructed according to the generamaximum shifts rightward, the half-width of the curve de-
formula of the theory of heat conduction with propagakor  creases somewhat, but the degree of localization of the solu-
It is easy to show tha#f (e,> &) is determined by the same tion near the poink,=¢g, unfortunately, could be better,
expression(10). even forh/l~0.1.

The series solution constructed converges rapidly even Nevertheless, the solution presented above gives a quali-
for h/l,~0.01, which corresponds to an extremely weaklytative estimate of the reflection coefficient, equal to, as fol-
ionized plasmaactually, however, for such rare Coulomb lows from the definition given,
collisions, collisions with atoms must be taken into accaunt " - "

Then the small parameter &. kreﬂ=J duXuXJ 6f(ux,ul)uidullf duyuy

Figure 2 shows the changéf(é=0.e,=7n+1) with Uo 0 Uo

u, =0 for several values of the paramelét,. One can see

+ >, C"exp(—u?/dy)K"Kom /Zn
n=1

XJ fum(ug,u)u, du, .
0

The dependence d&.; on the parameten/l, is shown
in Fig. 3 together with the dependence of the maximum of
the function §f at the pointu, =0. One can see that the
curves correspond qualitatively to one another.

The main result is that even for a very large rdtidh
~10 the reflection coefficient remains small and does not
exceed 20%, which makes it possible, when calculating the
plasma parameters in the gap, to use a very simple expres-
sion for the escaping thermal electron current over a wide
range of values of the plasma parameters.

| am grateful to L. D. Tsendin, who pointed out the need
for an examination of this problem, for fruitful discussions.
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Parametric excitation of spin waves in uniaxial ferrites with large anisotropy is investigated
theoretically. First-order processes in a sphere with arbitrary orientation of an external static
magnetic field, in which case the pumping is oblique, are studied. The threshold field and

the parameters of the excited spin waves are calculated numerically for two ferrites — easy-axis
and easy-plane. €998 American Institute of Physids§1063-7848)01205-7

INTRODUCTION ments of the threshold fields of parametric excitation for
studying relaxation processes in these materials.

Parametric excitation of spin waves has been The present work is a first step in this direction. The
investigated in detail for the case of transverse pumping: threshold fields for parametric excitation of spin waves with
Energy transfer from uniform precession of magnetizatiornoblique pumping in ferrite single crystals with large uniaxial
(excited by an ac magnetic field perpendicular to the constardnisotropy with both an easy axis and an easy plane have
magnetizationM,) to pairs of spin waves was studied. been calculated. We have confined our investigation to first-
Somewhat later parametric excitation of spin waves withorder processeghe spin-wave frequency,= w/2, wherew
longitudinal pumping was investigatéd.In this case energy is the pump frequengyin a spherical sample, while the fer-
was transferred to pairs of spin waves directly by an ac magrite was treated as a nonconducting ferromagnet. In what
netic field parallel toM,. Parametric excitation of spin follows, some results of numerical calculations of the thresh-
waves with longitudinal pumping in an easy-plane ferromag-old field, specifically, the ratio of the threshold field to the
net was investigated in Refs. 4 and 5. The results obtainegpin-wave dissipation parameter as well as the parameters of
were confirmed experimentalfy® In the calculations in the excited spin waves are presented for this case.

Refs. 4 and 5 as well as in the experiments of Refs. 6—8 and

subsequent works the constant magnetizaby was ori-

ented in the same direction as the external static magnetic EQUATIONS FOR THE SPIN-WAVE AMPLITUDES

field Heo. However, this is realizedfor easy-plane sub-

stancesonly for the fieldHe lying in the easy plane dffor Consider a sphere consisting of uniaxial single-crystal
a sufficiently strong fieldwith He, directed along the hard ferromagnet placed in a static external magnetic fielg.

axis; in the latter case this direction is very critical. Thus if Let us choose the coordinates so that the equilibrium mag-
the ac fieldnh is parallel toH¢,, then the pumping is longi- netizationM is parallel to thez axis, while the anisotropy
tudinal only in the particular cases indicated, while in theaxis z’ lies in thezy plane (Fig. 1). We take into account
general case pumping is oblique, i.e., parametric excitatioonly the first anisotropy constaKt,, which can be both posi-

of spin waves is produced simultaneously by uniform precestive and negative. The effective anisotropy field can be rep-
sion and an ac magnetic field parallel M, In substances resented in the fori

with a large anisotropy it is difficult to realize purely longi- -
tudinal or purely transverse pumping in an experiment. Para- Har=—=N"M, @)
metric excitation of spin waves in a uniaxial anisotropic fer-whereM is the magnetization, and the nonzero components
romagnet without assumingly andHg, are parallel to one  of the anisotropy tensdx® are

another was investigated in Ref. 9. However, in this work

cases of purely longitudinal or purely transverse pumpings N&. = — 2Ha siro a_2Hm sin 6. cos 8
. . X 22— M 0> 23— M 0 0
were investigated and, moreover, the threshold field was not 0 0
minimized. oH
Parametric excitation of spin waves with oblique pump- N3,=— M_Al coL6,. 2
0

ing in an isotropic ferromagnet was studied in Ref. 10, and in
Refs. 11 and 12 the theory was extended to the case of wegkere H,,; =K, /M, and ¢, is the angle between the anisot-
cubic anisotropy. The interest being shown in magnetic maropy axis and the constant magnetizatighe z axis). The
terials with large anisotropy, specifically, hexagonal ferritesangle 6, can be determined from the transcendental
(see, for example, Ref. 13is making the problem of para- equatior*
metric excitation of spin waves in strongly anisotropic fer-
rites with arbitrary, oblique pumping topical. The solution of sin 260 :E sin( 0y — 6,) 3

. . 0 H 0/
this problem would make possible better use of measure- AL
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m+=M0; a, exp(ik-r),

m,=M0§k: a*, explik-r). (10)

In these expansions the terms witk-0 correspontito

k uniform magnetization oscillations, while the remaining
terms correspond to spin plane waves. The expressions with
are obtained in this case fét,, andH, are presented in Ref.

1. Let us write Eq(8) and the equation fom_ in the vari-
ablesa, anda*, and equate the terms multiplying eXp{(r)

on both sides of the equations. La&t,,<<ay<<1. Then from

Eq. (8) we obtain fork=0, neglecting small terms,

—iag=ag(wy+ &) —af na—yh-, (12)

A; where

. . wm
FIG. 1. Coordinate axes. wy= J’Heo Slr( aH_ 90), gaZE(NEZ_ 2Ng3)-
=M Ng —4myM
where 6, is the angle betweeH, and the anisotropy axis Na= gy N2 @m=a2TYNo,
(Fig. 1. _ .
Let us examine a sphere magnetized to saturation. The h-.=h sin 6, expi ¢,)cos wt. (12
condition for there to be no domain structure has the form oo is the amplitude of the external ac field afdand e,
Heo CO 01— ) =47M /3. (4) are its polar and azimuthal anglésig. 1). The solution of

) ] . ) ~ the system of equationid1) and the conjugate equation can
Following Ref. 1, first we write the equation of motion pe \yritten in the form

for the magnetization neglecting dissipation

M ap=a, expliot)+a, exp—iwt), (13
i =~ YMXHer, (5 where

whereM =M,+m is the magnetization including the con- At yh sin 0, [ Voa+ - )

stant and ac components, while the effective field 0 Pw, Wy~ Xp(i
Her=Hgg+ Hegt Hy+Hg+he (6) ) rl_waex o

consists of an external static magnetic field, the exchange Wyt o P=in) |,

field, the effective anisotropy field, the demagnetizing field, _

and the external ac field. We shall assume that the exchange __ vh sin 6 [ JVwa+w; :

interaction and the gyromagnetic ratjoare isotropic. The 4 = /Zwa wa+o expli ¢rn)

exchange field in the case at hand can be written in the form

01 e o — i )) (14)
Hex:,y%ovzma (7) Wa— A=1gm) |,
2_ 2 2 _
where 7 is the inhomogeneous exchange constant. Wa= 01~ M, @15 0y Ea,
The external ac fielth.=h coset is linearly polarized. hy w1+ @,
Changing to circular variables. =m,*imy, Hep =Heg tan = . (15

+iH g, We obtain from Eq(5) .

. In the expressions obtained the substitutionp— w,
—im, =ym,Hep— yMHers 8 +iyAH/2, whereAH, is the dissipation parameter of uni-
and a similar equation fam_ . We shall study small oscil- form precession, must be made near resonance,).

lations of the magnetization and assume that the length of the e now write Eq(8) for k#0, using the expressions for
vectorM is conserved. Then Hex andHy presented in Ref. 1, and retaining terms which

containag in powers of no higher than first,
m,m_

2M,

Let us expand the variables. in Fourier series +[Bk exp(2i @) — o+ Dolaky. (16)

M,=M,| 1—

_ ©) —iag= (At &+ Mh,+Dp)ay
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A similar (adjoiny equation is obtained faa* . In Eq.  where

(16) we introduced the following notation:
47M v _)\2( ow kKik; oy N2 >a+
o w w k— T T T o T A
A= ou=y—g o+ ket L sSirt6,,  B=—" sirfh,, 72 ke a3
W\ Kk, wm _
[OJV] k+kz k’:_kz wm +IU’E _ _ Na> *
DF‘?(?‘* —7 80| = 7 NS0 aj), 2 % am )%
k% k, k. k,
oy kik M . — Mkl Yh,—ag oy ———ay * @ . (29
[)2:_7 kzzao—ENé‘gao, K, =k ik, an ki YNz~ 80 Om ™ 5 0 M7 5

We shall now take account of the damping of the spin

where 6, and ¢, are the polar and azimuthal angles of thewaves by making the substitution

wave vectork.
The coefficient, andD,, reflect the coupling between w— o tiogy, (25
;Jhnlform prt(acdeSS|og 3_nd stpln w?;/hes. The); depe}f‘b‘: str_lc_)ggly O\VVherewrk is the relaxation rate of the spin waves.
€ magnitude and direction of the anisotropy i g 1€ It is not difficult to show that the amplitude of pairs of
equation(16) and its adjoint are coupled even in the linear

roximation. Let witch to the amplitud fthe norm Fpin waves with wave vectois and —k will grow for |Y,|
approximation. L€ ESS ch to the amplitudes of the no a>w,k. As the amplitudéh of the ac field increases, at some
oscillationsb, andb?, , performing a transformation similar

. . . . point the energy transferred by the ac field to a pair of spin
to the third Holstein—Primakoff transformation, waves specified by the parametisd, , ¢, will exceed the

a=Nb— mb*,  at =Nb* — ug by, (18)  damping described by _the relaxation p.arameth.k_
=2w,/y. The threshold fieldh, can be obtained by mini-
N [Act Eat o mizing the expression foh following from the condition
k 20 ' Y= w, taking account of expressiorn&9), (20), (23), and
) (24). The quantityhy,, can be expressed as
_ At Ea— o[ BeeXp(2i @) — 7] (19 AH
Kk 2w |Brexp(2igy) — 74l hthr:min[ wk|W"|], (26)
. W | VWK
0= (At £2)*— | Biexp(2i o) — 7. @0

In Eq. (20) wy is the frequency of the spin waves. The
equations which are obtained for the variabbgsand B*
from Eq.(16) and its adjoint are coupled only as a result of
the nonlinearity. Their solution can be sought in the form

1
by=bY expliwyt), b*,=b% exp—iwt), (21) + (At fam o)

a

. . N23
exp(i ¢y)sin 20, + 7 ao;

1
Wk:Z(Ak+ Eat wy)

[Brexp(2i oy) — 7a]°
|Bkexp(2i px) — 74|

wherebE and b(l*k are slowly varying functions of time. a

: N N
The equation fob, has the form X | exp(—i¢y)sin 26,+ 723 aogp
—ibR=[AE(yh,+D 1)~ N(uf Do+ wD3)
) coséy, ag )
+| il 2(yh,+ D¥) b2 —[N2D,+ 2D, +[ By exp(2i ¢x) — 7al on 2 exp(—iey)
—Miie(2yh,+ D1+ D) 0% expl(2i wyt). ag
22) X sin 20, — > exp(i ¢g)sin 26|, (27
The sfeC(_)nc[Oadng]*t) equation differs flrom !Eq(22) by sin 0 Vout @; .
the substitutiorb,=b~’} and complex conjugation. ag= ———expligy)
V8w, \| @Wa— W
2. THRESHOLD FIELD FOR FIRST-ORDER PROCESSES e PR ,/,h)),
watw
Let us examine the case~2w, . Following Eq.(1), we
neglect in Eq(20) and its adjoint all terms that vary rapidly _Sin 6y [ Vwat+ oy )
in time. Such terms merely lead to a small high-frequency Aoz~ 8w, | @atw expli ¢n)
modulation. The equations obtained can be written in the
form Voi— o
_ — e ¢h)). (28)
ibR=b% expi(w—w)t) Yy, a

ok L0 ) . We note that for the particular case of oblique pumping
—ibT=by exp(—i(w—w)t) YT, (23)  in an isotropic ferromagnet expressio(®6)—(28) are iden-



542 Tech. Phys. 43 (5), May 1998 A. V. Nazarov and A. G. Gurevich

ropy axis. In the calculation of these curves for given values
of Hgp and 8 the angled, was found numerically using Eq.
(3) and the value so obtained was then substituted into Eq.
(20). The calculation was performed fde=0. As k in-
creasespy increases. Thus the curveg(Hqg) for different
values of 6y in Figs. 2 and 3 represent the limits above
which spin wave excitation is possible by an ac magnetic
field at the doubled frequency. The value of the artglevas
taken to be zero because the frequeagyassumes its lowest
value (independent ofp,) for this value.

One can see in Fig. 2 that for easy-axis ferrites and a
high anisotropy field first-order processes leading to the
parametric excitation of spin waves can exi&r not very
high frequenciegsonly in a narrow range of angle&, (for
example, with a pump frequency of 36 GHz the range of
angles isf,,=84.5-90°). Forf,=90° the first-order para-

()

w, /27, Gz

&
oS
T

0 12, zlo metric spin wave excitation process is possible for any pump

Hep -, kOe frequencies in an external fielgy=2H 5, , but the value of
0y in this case is very critical.
FIG. 2. Spectrum of spin waves wik¥ 0 andé, =0 for an easy-axis ferrite For easy-plane ferritedig. 3 spin-wave excitation can

with 2H,,=11 kOe, 4rM,=4500 G. The numbers on the curves are the

values off, in degrees. occur for arbitrary values of the anglg, in a wide range of

static magnetic fields.

tical to the results obtained in Ref. 10, while in the case
when the ac and stgtu_: magnetic fields are oriented in thﬁ_ COMPUTATIONAL METHOD
same direction and lie in the easy plane they agree with the

results obtained in Ref. 5. The calculation consisted of minimizing expressias),
taking account of Eq427) and(28). The dissipation param-
3. EXISTENCE REGIONS OF FIRST-ORDER PROCESSES eterAHk appearing in Eq(26) undoubted'y depends d{]

To determine the values @b, Hyp, and 6y, for which 0k, and ey, which, generally speaking, must be taken into
parametric excitation of spin waves with frequenay, ~ @ccountin the minimization procedure. If this dependence is
= w/2 is possible it is necessary to take into consideratiortNknown, themAH, must be taken as constant in the mini-
expressior(20) for the spin-wave spectrum. As an example, Mization procedure. The quantitiés ¢, ande, are related
we shall study two ferrites of practical interest: Py the conditionwy(k, 6, ¢i) = w/2. For this reason, in the
BaFa, SG 010 and BaZn,Fe,0,5(Zn,Y). Figures 2 and 3 Minimization procedure it is sufficient to vary the parameters
show the curvess, versusHeo for these materials with dif- % and ¢ In the general case of high anisotropy and ob-

ferent anglesg,; between the external field and the anisot- lique pumping it is difficult to perform minimization analyti-
cally, but numerical methods can be used, equating the

threshold field for different values o[, ¢y).

The quantitiesw, Haq, and Mgy and alsoAH, were
taken as the constant parameteks(, in reality depends on
0y, but we neglected this dependencé was assumed that
¢r=290°, which is usually the case in parametric spin-wave
excitation experiments. The variable parameters wre
Heo, and the anglex betweenH., andh_ (Fig. 1), which
for ¢,=90° equals

a=0h—0H+00. (29)

The fieldH¢o ranged from 0 to 20 kOe, and the angles
6y and a ranged from 0 to 90°. The anglé#g and 6,, were
calculated for each value dily, using Egs.(3) and (29),
respectively. Next, the threshold field was found for each
pair of values @y, ¢,). The number of these pairs deter-
mined the computational accuracy. Neighboring valueg,of

L and ¢, were equal to 0.25°. The paiff, ¢,) for which the
0 10 a0 threshold field assumed its lowest value was found. For this
Heo » k0e pair a check was made to determine whether or not the value
FIG. 3. Same as Fig. 2 for an easy-plane ferrite witi,2=—8 koe, ~ Of K corresponding to it is real. As a result, the program
47M,=2000 G. The numbers on the curves are the value of degrees.  output for all values ofd,; and « the values ohy,/AH, as

8

S

w,(IZIf ’ GHz
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0 0
§ 10 12 1%
”507 kOe ”eﬂ 2 kOe

FIG. 5. Same as Fig, 4 for an easy-plane ferrite witd,2=—8 kOe,
FIG. 4. Threshold field and parameters of the excited spin waves versus thz?wMO:ZOOO G.0y %_ 02—4 3y_ps 4125 gg 6 — 90°.

static external magnetic fieldH,, for an easy-axis ferrite with
2H ;=11 kOe, 47M,=4500 G at pump frequency 36 GHa: 1-3 — 0O;
4-6—90° 6y 1,4— 86,2,5— 88,3,6 — 90°.
two values of the angler between the ac field and g —
a=0 and 90° — are shown. These values correspond to
well as the parameter§,, ¢, and/7kof the excited spin quasilongitudinal and quasitransverse pumping, but as under-
waves as a function of the intensity of the static external fieldscored above the pumpin@or arbitrary values oféy) is
Heo- oblique in both cases. We did not know the exact valueg of
for the ferrites studied. For this reason it was necessary to
give the values of/7k. To estimatek for the excited spin
waves the valuey=0.1 of the exchange constant for yttrium
Figures 4 and 5 show some results of calculations periron garnet(YIG) can be used. The error arising in so doing
formed by the above-described method for the two ferriteswill not be very large, since the Curie point and the average
mentioned in Sec. 3 and the pump frequenei27=36 distances between the Feions for these substances do not
GHz. Curves ofhy, /AHy, 7k, and 6, versus the static differ much.
external magnetic fieldH for different values off,, and It is evident from Fig. 4 that, as noted above, for the

5. COMPUTATIONAL RESULTS
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easy-axis ferrite parametric excitation of spin waves considferrite, in contrast to the easy-axis case, are essentially inde-
ered is possible only in a narrow interval of angts. For  pendent oH¢, and for large values df they lie in the range
a=0 (quasilongitudinal pumpingthe threshold field is vir- 90-112°. The main features of the dependences obtained for
tually independent oH, and 6. The ratiohy,/AH, is  a=0 can be qualitatively explained if the contribution of the
close to 1, in contrast to weakly anisotropic ferrites, for ex-uniform precession of the magnetization is neglected. Then
ample, YIG, where for longitudinal pumping at such fre- €xpressior(26) can be put into the form

guencies it is much greater than 1.d&=90° (quasitrans- AH,

verse pumping then the ratio$,,/AH, depend strongly on hy,=min - - -

Heo and the closer the fielty is to the hard directiord, |47 M gSint 6 exp(2i ¢y) +2H a1 Sir 6|
=90°, the more the they exceed 1. Fer=90° and 6, o

=90° the maximum threshold field is reached Ht, Xm- (30

=11.3 kOe andh, /AH, equals 9.9. We note that the am-
plitude of uniform precession assumes its minimum value in It follows from this formula that the field,,, can be-
such a field. come infinite only wher§,=0. This happens fof,=0: For
The curves of the wave numbers of the excited spirfll Heo in the caseH ;>0 and forH A, <0 in the caseHeo
waves versusi, have wide “humps” where the values kf = |2Has| - For this reason, in all other cases the threshold
reach quite large value@f the order of 16 cm™2, if the flgld assumes fln'lte values at the Ilmlts of the echgaﬂpn re-
estimate mentioned above is usedor the caser=0 these gion. It |s.also e"'def‘t from expressi¢80) th".ﬂ for uniaxial
humps lie in the regions dfl,, where§,=90°. The heights ferrites with large anisotropy the threshold field is lower than

of the humps decrease @5 deviates away from 90°. We for isotropic ferrites at such frequencies, sin@H ;| is

. . much great than #M . Moreover, formulg30) explains the
note that Iow_values ot ((/7k=10°) Ob‘a'ﬁ on both sides of increase inhy,, with decreasingdy for H,;,<<0, so that for
a hump, while for,=86° (near the limiting valued,

. ) ) o . the same values di oy the value off,, according to Eq(3),
=_84.5 ) they are obtained in the entire interval of adm's'decreases with9,,. The condition for a minimun{30) re-
sible values oH . _ _ _ quires that the angl®,=90°; it is also necessary that,

The polar angleg, of excited spin wavegFig. 4 equals  _q for H x>0 ande,=90° for H,y<0.
90° in a quite wide range of values &fy, for both quasi-
longitudinal and quasitransverse pumping and decreases %%NCLUSDNS
the limits of the intervals oH .y where first-order parametric
excitation is possible are approached. Without presenting the The parametric excitation of spin waves in a sphere con-
values obtained forp,, we note only that they depend sSisting of a uniaxial ferritéviewed as a ferromagnetith a
strongly onHg,. The sharp changes in the dependencedigh anisotropy field was studied theoretically for first-order
e(Heo) and 6 (Heo), as a rule, occur at the same values ofProcesses with arbitrary orientation of the static and ac mag-
Heo, and these changes themselves are of an inverse chardetic fields. relative to the ani_so.tropy axis. Th_e valugs of the
ter (as ¢, increasesg, decreases and vice veysa threshold field and characteristics of the excited spin waves

For the easy-plane ferrite we present the computationae"® found by numerical minimization. It is significant that
results only for the case of quasilongitudinal pumping ( very low threshold fields are possible for sufficiently high
~0). Turning to Fig. 5, we can see that for such a ferritev@lues ofH;. The results obtained can be used to find the

parametric excitation of spin waves is possible in a widedarm)'m:l parameters Of_ Spin waves for d|ffe_rent V?'”?K*Of
6, and ¢, from experiments on parametric excitation of

range of values of the external fi , where(Fig. 2) spin ! . ) . .
9 et (Fig. 2) sp spin waves in strongly anisotropic materials.

waves with w=w/2 exist (we do not study the region of A similar calculation can also be performed for an ellip-

magnetic fields where domain structure exisiss 6, de- . o )
creases, i.e., ad, (and thereford, also approaches the soid, specifically, films, as well as for second-order paramet-
e 9Re0 0 PP . ric spin wave excitation processes in strongly uniaxial fer-
hard axis, the highest value ¢l increases, and in the rites
procesdy,, also increase. Al increases, the values bf,, We thank V. A. Bokov, S. S. Starobints, and O. A.
vary evenly, until they start to grow rapidly at some value cpyileva for helpful remarks made in a discussion of this
Heo=H¢, when the values of the wave vecterbecome ok
very small; the rate of growth offiy,, increases a%,, de-
creases. At this value ¢, the angles,, which were close 11, Suhl, Phys. Chem. Solids 209 (1657
f . . . ouni, YS. em. Soli .
to 90° in the entire range of high values lkf start to de- 2E. Schlonann, J. J. Green, and U. Milano, J. Appl. PI8%,.386S(1960.
crease rapidly. This behavior bfy,,, k, and 6 as functions  3g. schlenann and R. I. Joseph, J. Appl. Phgg, 1006(1963).
of He is also qualitatively characteristic of purely longitu- :" Badyl'and E. Schimann, J. Appl. Phys33, 1377(1962.
; a6 ; ; dati E. Schlonann, R. I. Joseph, and I. Bady, J. Appl. Ph34. 672 (1963.
dinal pumplng‘f. The question of wr_nch. oscillations or 63, J. Green and B. J. Healy, J. Appl. P34, 1285(1963.
waves are excited, when the calculation in the plane wave's, pixon, J. Appl. Phys34, 3441 (1963.
approximation givek=0, has been discussed in detail for 38. Dixon, A. Bauber, and R. O. Savage, J. Appl. PI36.873 (1965.
purely longitudinal pumpingsee, for example, Ref. 14n o gt:{‘enl'o':'lziog‘ﬁg%age'dLe”'”grad 10, 2177(1968 [Sov. Phys.
ferrites with weak anisotropy. In our case this question re1oy,, . yakovlev, Fiz. Tverd. TelaLeningrad 10, 2431 (1968 [Sov.

quires a special analysis. The quantitigsfor an easy-plane  Phys. Solid Statd0, 1911(1968].



Tech. Phys. 43 (5), May 1998 A. V. Nazarov and A. G. Gurevich 545

1yu. M. Yakovlev and Yu. N. Burdin, Fiz. Tverd. Telheningrad 16,466  *A. G. Gurevich and G. A. MelkovMagnetic Oscillations and Waves

(1974 [Sov. Phys. Solid Stat&6, 299 (1974)]. [in Russian, Nauka, Moscow, 1994, 462 pp.
12C, E. Patton, Phys. Status Solidi®, 211 (1979.

13H. J. Kwon, J. Y. Shin, and J. H. Oh, J. Appl. Phys, 6109(1994). Translated by M. E. Alferieff



TECHNICAL PHYSICS VOLUME 43, NUMBER 5 MAY 1998

Photoelectric properties of ITO/ p*—p~-InP solar cells in linearly polarized light
V. M. Botnaryuk, L. V. Gorchak, S. D. Raevskil, and D. A. Sherban

State University, Kishinev, Moldova
V. Yu. Rud’

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
Yu. V. Rud’

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 27, 1996; resubmitted November 28, )1997
Zh. Tekh. Fiz68, 72—-76(May 1998

Indium phosphide heterostructures and transparent conducting films of wide-gap oxides have
previously been used in the development of highly efficient solar cells, making it possible to bring
their efficiencies up to 18%dM. M. Koltun, Optics and Metrology of Solar Cel[sn

Russian, Nauka, Moscow(1989; V. M. Botnaryuk, L. S. Gagara, L. V. Gorchak et al.,
Geliotekhnika23, 37 (1990; V. Botnariuc, L. Gagara, E. Negru et al., Solar Energy in Romania
2(1), 53 (1993]. In the present paper results are reported from the first studies of the
photoelectric properties, in linearly polarized light, of solar cells consisting of a heterojunction
between single crystal indium phosphide and a mixed indium and tin oxidgfil

film, E4=3.6 eV[G. Check and A. Genis, Solid State Tech#d(1), 102(1980]). © 1998

American Institute of Physic§S1063-784208)01305-]

1. The design features of the solar cells used for theseegion being studied. The structures were mounted on an
polarization studies are shown in Fig. 1. Physical and engiSTF-1 Fedorov stand, which made it possible to vary the
neering studies have shown that the maximum efficiency caangle of incidence® of the radiation in the plane of the
be realized reproducibly if an additional epitaxial layer of detector and the azimuthal angiebetween the electric vec-
indium phosphide is deposited on single crystal slabs of intor E of the light wave and the plane of incidence of the light
dium phosphidep®—p~-InP structures were grown at tem- With an accuracy of better than 30
peratures of 720—750 °C in an In—REH, chloride gas 2. Measurements of the dark current—voltage character-
transport system of100) oriented slabs of InP with free hole istics (Fig. 2, curvel) showed that these solar cells, with
concentrationg*=2x 10 cm™2 at T=300 K and misori- areas of 1-2 ck) had a reproducible rectification of 3:0
entations of the order of 3—4° relative to tHiL0] direction. 10* at bias voltage$)=0.5 V. The forward branch of these
The InP was uniformly doped with zinc during the epitaxy characteristics in the regidsi>0.5 V is approximated by the
process to yield layers with hole concentratiqns= 10— formula
#01738?;(3 and Hall mobilities u,=90—120 cnf/(V-9) at U=U of+ Rred »

Single-layer ITO brightening coatindsvith a geometric \c/iviz‘zrrir?tcgglﬁa:r (2:'64"23_0'45 V antRes=400-50002 for the
film thickness of roughly 500 Awere deposited on the free, The reverse current al=1 V for these solar cells is

mirror surface of an epitaxigl-InP layer(Fig. 1) using pul- usually less than 10 A at T=300 K. The polarities of the
verized alcohol SQ|UIIOnS of the chIond_es of indium rectification and photovoltage correspond to the energy dia-
(InCl3:3H,0) and tin (SnC}:5H,0). The coatings were de- oo of ITOp-InP. The current photosensitivity reached a
posited on InP  substrates heated to temperatures,yimum ofS = 0.14 A/W atT=2300 K with illumination of
Ts=400-500 °C in an oxygen atmosphere for 40-60 s. Theye plar cells from the ITO side and turned out to be a
ITO films with the highest transparency in the visible and aiechnically reproducible parameter. A typical spectral plot of
transmissionT =95% were obtained at;=450 °C with S0-  the relative quantum efficiency, calculated as the ratio of
lutions having components in the proportion I8@NCl,  the short-circuit photocurrerit to the number of incident
=9:1.Then the ITO films had a free electron concentrationphotons, for one of the solar cells irradiated by unpolarized
n=10"" cm * and a Hall mobility u,=30 cnf/(V-s). The Jight along the normal to the plane of the ITO film is shown
films had a uniform dark-lilac color and high adhesion to thein Fig. 2 (curve2). It is clear that the “window effect” for
InP surface. the intensity of unpolarized light characteristic of real
The polarization studies of the photosensitivity wereheterojunctions’ exists here in the interval between the
conducted with an SPM-2 prism monochromator and polarwidths of the band gaps of the contact materials. The long-
izing filters that had nearly 100% polarization in the spectralwavelength edge of; is exponential and is characterized by

1063-7842/98/43(5)/4/$15.00 546 © 1998 American Institute of Physics
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FIG. 1. The design of the ITO/InP heterojunction structures and the scheme o1 G54V
for illuminating them. .}az s
0
a steep slops=120 eV !, which is typical of direct-gap . 5 . 33 .
materials, of which InP is one. The energy of the long- fiw,ev

Wave_length edge and the Sﬂarp step In_ th_e spectrumm‘f FIG. 2. Steady-state current—voltage characteriglic and the spectral
the different solar cells @t w=1.335 eV indicates that these yariation in the relative photoconversion quantum efficie(@yof an ITO/

features are ascribable to interband absorption of the radiasP structureT=300 K, illumination by unpolarized ligh®) =0.
tion by a narrow-gap component of the ITO/InP heterojunc-
tion. The full width at half maximum{FWHM) of the spec-
tral profile of % is as high as 1.9 eV, which characterizesbeen shown before that, in accordance with the Fresnel for-
these solar cells as wide-gap photoelectric converters in theulas for the transmission amplitude coefficients for a light
spectral region of greatest interest for solar cells. The reprowave at the boundary of two medi@ir—semiconductoy
ducible peaks at 1.7 and 2.7 eV and minimum at 2.2 eV ironly for E parallel to the plane of incidence does the photo-
the region of maximum photosensitivity of the solar cellscurrent have this behavior for sufficiently high surface qual-
when illuminated by unpolarized light can apparently be at-ity, and the peak inP is associated with the elimination of
tributed to interference of natural light in the ITO brighten- reflection losses!~*At the same time, the photocurréitis
ing coating. In fact, the thicknest=480 A of the interfer- observed to fall off monotonically with increasify, which
ence film estimated from the spectral position of these peakis also consistent with the Fresnel formulas, according to
and the known refractive index of ITs consistent with its ~ which an increase i® for E perpendicular to the plane of
geometric thickness®~1°However, the ratio of the values of incidence is accompanied by increased reflection. In cases of
7 at the peaks and at the minimum is rather low1(15), degraded surface quality, both andiP fell monotonically
which makes it impossible to interpret unambiguously thewith rising ® .1°-28In this case, the test object contains an
appearance of interference in the spectralurves in natural ITO brightening coating, which may also be the cause of
light. these features of*(®), which indicate reduced reflection
3. We now examine the data from our polarization pho-losses forE parallel to the plane of incidence of the ITO
toelectric spectroscopy studies of the ITO/InP solar cells. film. Measurements of the polarization curvg¥®) and
The major assumption in these studies reduces to the followi*(®) over the entire photosensitive range of the solar cells
ing. When solar cells are illuminated by linearly polarized showed that the inequality’>i° holds in the range € ®
light along the normal to the ITO plangig. 2, angle of <90° studied here. For this reason, the polarization differ-
incidence® =0), the short-circuit photocurrent is indepen- ence of the photocurrentsi =iP—i® retains a positive sign
dent of the position of the electric field vector of the light over the range of anglé8 and photon energies studied here,
wave relative to the principal crystallographic axes of the InPbut its magnitude has a rather strong spectral variation for
throughout the entire photosensitive region. Thus, there is n@® = const(Fig. 3). Thus, for light with a photon energyw
natural photopleochroism in these structures because of the2.25 eV (Fig. 33, the value ofAi at similar angle® is
isotropic nature of photoactive absorptitnA change to ob- much larger than foriw=1.72 eV (Fig. 3b. In the latter
ligue incidence of the linearly polarized ligh®@E0) is ac- case, thei’(®) andi(®) curves tend to coincide, sA
companied by unequal photocurrents when the electric vec—0. Turning now to the spectral variation in the quantum
tor E of the light wave is oriented parallelif) and efficiency of photon conversioffrig. 2, curve?), it should be
perpendicularif) to the plane of incidence of the light, with noted that the low polarization differencki at ®~55°
iP>i%. As examples, Figs. 3a and 3b show typical plots of(where the light of both polarizations undergoes weak reflec-
the photocurrents as functions of the angle of incidenceion and the photoactive absorption is higiccompanies a
(curves1 and 2). Clearly, as the angle of incidend® is  photocurrent peak, which is indicative of transparency. At
increased, the photocurrents for both polarizations behavihe same time, we note that the high polarization difference
similarly: a rise, passage through a maximum, and a subseti atfo=2.25 eV(Fig. 3b, when the rise in the photocur-
guent drop at larg®. This is a new effect. In fact, it has rent predominates only for the polarization wihparallel to
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the plane of incidence, occurs at photon energies correspondies a minimum i, and vice-versa. The energy separation
ing to the minimum in the photocurrent near 2.2 eVM(Fig.  between the peaks, as in the case of unpolarized (gt

2, curve2). Thus, as the contribution from transparency of2), may be ascribed to interference of linearly polarized light
the ITO film decreases, thé(®) andi®(®) curves beginto in the ITO. Here it should be emphasized that the depth of

approach those expected from the Fresnel formtias. modulation of the photocurrent over the spectrum for ob-
Some typical examples of the variation in the coefficientliquely incident linearly polarized light is greater than for
of induced photopleochroisi, unpolarized light(Fig. 2).
ip_is Figure 4 also shows a typical spectral plot of the induced
P,= ( : ) -100%, photopleochroism coefficiemR;(% w) of an ITO/InP cell for
iP+is ®=const. This curve illustrates the pronounced oscillatory

are shown in Figs. 3a and (burves3 and4). Char_acter of the_ photopleochroi_sm. The energi_es of the
Throughout the photosensitive region the induced phoMaxima and minima correlate with those determined from
topleochroism of the solar cells is positive, and its signth® spectral plots ofy, but it is evident that the reliability
agrees with the Fresnel formulas. For a fixed photon energyVith which they are determined from tti& (% ») curves for
the coefficient of photopleochroism obefs~®©2. At the ®=const is certainly greater. This happens, first of all, be-
same time, it should be emphasized that the coefficient dfause as the transparency effect sets in, light of both polar-
induced photopleochroism, likai, has a marked depen- izations undergoes strong absorption, because of wifich
dence on the photon energy. This last point conflicts with=i° andP;—0. Both the minima in th&;(% ) curve at 1.8
earlier analysé2?° and experimental dafd—*3 This is also and 2.8 eV are related to this. The onset of the transparency
related to the fact that in Ref. 20 the transparency effect hagffect is controlled by the optical thickness of the ITO film.
been neglected, while this effect essentially did not occur inThe peaks in theé®;(%») curves occur wheni reaches a
the objects investigated in the previous studies. maximum during the scan over the spectrum. This situation
Some typical spectral variations in the short-circuit pho-evidently arises whei attains a maximum ani, a mini-
tocurrents for the orthogonal polarizations @t=const for ~mum. The latter accompanies transparency for ghgave
one of the solar cells are shown in Fig(atirvesl and2). As  and reflection of thes-wave and is most distinct under con-
with normal incidence of natural light on the frontal plane of ditions of pseudo-Brewster reflection® This effect is com-
the solar cell(Fig. 2, curve?2), with oblique incidence of pletely controlled by the state of the air—film boundary and is
linearly polarized light in both polarizations the spectraldetermined solely by the refractive index of the ITO. This
variation in the photocurrent has a wide-gap character. Thé&tter point is confirmed by the fact that the refractive index
difference Ai>0 over the entire photosensitive spectral determine@ from the values of the induced photopleochro-
range, but its magnitude depends on the photon energy. Thism coefficient at the peak&8% for 1.3 eV and 25% for 2.3
is because the photocurrembsandi® oscillate over the spec- eV, Fig. 4, curve3), is n=1.8—-2.0, which agrees with the
trum in opposite phase. In fact, a maximumithaccompa- known value for ITO?
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Vapor flows from a single channéube and from a set of tubes are simulated in the free
molecular motion approximation. The integrated characterigtios fractions of transmitted,
sticking, and reflected particleand the angular distributions of the flux and flux density

of the vapor are obtained. Calculations of the flux of atoms scattered as a result of single collisions
in an atomic beam are performed. 98 American Institute of Physics.
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INTRODUCTION of particles(in the bath. The analogous distribution fov
=0 andT=T,,, whereT,, is the temperature of the walls,
. . . . was used for diffusely reflected particles. In a certain sense
atomic vapor laser isotope separati@VLIS) was consid- . . .
: such a reflection law is analogous to the familiar Lambert
ered in Refs. 1 and &see, for example, Refs. 3%6A more . : ) L
Pw in optics. In the general case it was assumed in simulat-

complete analysis cal_ls for cons!deranon of the properties .Olng reflection that a particle can be reflected diffusely with a
the vapor source which determine the density and velocity

distribution of the atoms in the ionization zo(€g. 1). Be- certam.probabnuy, can be reflected specularly W'th a certgln
: : . robability, and can stick to the wall with a certain probabil-
low we shall discuss in more detail a treatment of a vapop

source in the form of a set of narrow channélsually ity

wbes. Such sources have been treated several fifes. We note that consideration of the free molecular flow of

. : . atoms is confined to fairly low densitiéé<1/o1, whereo is
However, the problem of laser isotope separation has its OWR . elastic collision cross section of the atoms

special features, which call for an additional analysis. More- Passage of atoms through a chanrielthe case of dif-

over, the method proposed in Refs. 1 and 2 for calculatin o . i .
- . . se reflection in a tube, the fractidnof particles passing
the characteristics of a scattered atomic flux can be improve
rough the tube decreases, as expected, when the length-to-

significantly. diameter ratio/d of the tube is large. For long tubet/d
>100) k practically coincides with the asymptote=4d/3l,
FLOW FROM A SINGLE CHANNEL and over the entire range ofd, including short tubes, it is

. , _ approximated wel(to within no less than 3%by the simple
Effective modelThe free molecular propagation of at dependenci=(1+0.17/x+0.75) L, wherex=1/d.

oms along a channel is considered, i.e., only their collisions In the case of absorbing walls. the dependence of the
with the walls of the tube are taken into account. In the cod n S sorbing wafss, N
raction of reflected particles on the relative length of the

produced the scattering was assumed to be a mixture of dif- . : i . .
fuse and specular reflection. In addition, the possibility ofcr:]annelll/lAI Is of great |n(;9res¢\/yherefAIh|s tr;]e c_alegar, €.,
absorption of particles on the walls was taken into account.t e smallest transverse Jimension o the chanis - great
Specifically, the following situation was simulated. The interest. One important situation should be noted: if the walls
bottom of a channel of length which had the form of either
a cylindrical tube of diameted or a tube of rectangular cross
section(when a slit was simulated, one of the dimensions
was taken fairly largewas assumed to be an emitting sur-
face. The distribution of the particles emitted from the bot-
tom of the channel with respect to their velocitywas taken

in the form
fr(v)=Cuv, exp(—m(v—V)?/2T),

The problem of obstruction of the collector during

f dvfr(v)=1, —o<v,,v,<® 0<v,<x. 1)

Here thex axis is parallel to the tube axig) is the mass of
an atom,T is the temperature of the vapor in the bathis
the meafl flow vgloc_lty, .and: is a normalization constant. FIG. 1. Geometry of the problem of the formation of the vapor flux and ion
Wher_‘V.— O:Ithe d|5tr!bUt|_0r(1) corresponds FO the Maxwell-  eygraction in laser isotope separatidn— symmetry axis2 — ionization
ian distribution function in the volume serving as the sourcezone,3 — collector,4 — vapor source5 — diaphragm,6 — bath.

1063-7842/98/43(5)/5/$15.00 550 © 1998 American Institute of Physics
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absorb particles with a certain probabilip<1, then for a
Maxwellian distribution of the particles in the volume in
contact with the channdWwhereV=0), the fraction of re-
flected particlesR is not negligibly small compared with the
probability p even in the case of an infinitely long channel. It
amounts tdR=0.2p— 0.3p for both square channels and pla-
nar slits(Fig. 2). This is natural. For a random velocity dis-
tribution and long channels, the greatest contribution to re-
flection is made by the part of the surface near the entrance
to the channel; therefore, an increase in the channel length
has practically no influence on the probabilRyof the re-
flection of an atom, although it strongly lowers the probabil-
ity of its passage through the channel. At the same time, for
long tubes the reflection coefficieR drops sharply as the
directivity of the atomic flux increases, i.e., wh&h/m/2T
>1. This is also fully understandable. When the flux is di-
rected, a large portion of the atoms collide with the wall far
from the entrance to the channel. Hence the probability of
the escape of particles in the backward direction is small,
especially when the probability of diffuse scattering is low in
comparison to absorptiorp&l).

Angular distribution of the atomic flusthe distribution FIG. 3. Directivity of an atomic flux passing through a cylindrical tube: a —

. . flux density distributions of the atoms in a plane perpendicular to the tube
of the atoms escaping from the end of a tube is usually char, y pane berp

axis normalized to the maximum valyds — integrals of the flux density
acterized by the flux density distribution of the atoms with distributions;1-4 — diffusely reflecting walls in the absence of absorption
respect to the angle between the symmetry axis and the dier d/I=1, 3.3, 10, 335 — specularly reflecting walls fod/| =33. The
rection of their velocity. For practical utilization of the cal- atoms have a Maxwellian distribution before the entrance to the tube.
culation results it is more convenient to tabulate the distribu-

tion of the flux density of the atomg(p) in a plane

perpendicular to the symmetry axis as a function of the reywhen the relative tube lengtid is increased, the fraction of
duced distance to the tube axis=r/xo=tan®. Herer is  particles passing through it without collisions decreases pro-
the radius in the plane is the distance from the end of the portionally to the square of the reciprocal of the relative
tube to the planex,>d), and® is the angle between the length (d/I)2. At the same time, the total number of particles
tube axis and the direction to a selected point in the plane. Ipassing through the tube decreases only linearly, i.e., propor-
this case 2r-j(p) pdp gives the probability that an atom will - tionally to d/I. This is because the contribution of the par-
impinge on the ring £,p+dp). ticles scattered by the walls predominates. The large contri-

As we know, as the ratio of the length of the tube to itshution of the scattered particles causes the fraction of
diameter increases, the directivity of a certain fraction of theparticles forming the “pedestal” of the peak of the angular
atomic flux increasegFig. 3. However, there are several distribution to increase as the relative length of the tube is
effects to which proper attention is usually not directed.increased. Therefore, when~x, the probability J(p)
= [§27- j(u)uduthat atoms will impinge on the area within
a circle of radiusr=px, is practically identical even for
highly different values of/d (Fig. 3b.

This fact contradicts the data in Ref. 8, according to
which the flux at large angles relative to the axis is negligibly
small (curve 6 in Fig. 3a, whered/l =33). Figure 4 is most
instructive in this sense. The ang&,, within which an
appreciable fractiorr of the flux of atoms passing through
the tube is found, depends weakly on the relative lehgih
At the same time, the angle corresponding to half height of
the distribution(curve 4) depends significantly on the rela-
tive length of the tube. We note that our results differ
5 strongly from the data in Ref. @f. curvesl and5). Possibly
the data presented in Ref. 9 was for twice the angle corre-

b
S
T
O

R/p

[ | 1 1 [ U WA

1/al % sponding to half height of the distribution rather than for the

angle within which half of all the particles escaping from the
FIG. 2. Reflection of atoms from channels with absorbing wélplanar tube are foundas was stated in that paﬁ)arThis notion is

slit). vym/2T: 1 — 0,2 — 1,3 — 2,4 — 5,5 — 10 for p=0.1 (thick P . . _
curves andp= 0.3 (thin curves. A “blind” channel is considered, i.e., it is mdlreCtIy confirmed by the fact that cun& which was re

assumed that the exit cross section of the channel absorbs particles with tg@nstructed from th? data in R?f- 9, agrees fairly well with
same probability as its walls. the dependence which we obtain@iirve 4).
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In designing an ion-extraction system for laser isotope %~ -
separation it is important to take into account the fact that the 01
majority of the particles passing through long tubes are scat- . 1 ) 1 L 1

tered at large angles, since particles scattered at large angle 0 7 2 J 4
can obstruct a collector which is oriented parallel to the va- yem

por flux and receives the ions extracted from the plagfigy FIG. 5. Flux distribution of atoms passing through a set of parallel cylin-

1). drical tubes forming a rectangle of widthL and lengthL. Probability
We also note that in the case of the specular reflection ofensitiesf(z) andf(y) that an atom will impinge on a unit of surface of the

particles by the walls the beam of particles escaping from &lane perpendicular to the axes of the tubes at a distegre0 mm from

... the ends of the tubes — As afunction of the distance to the symmetry
tube has an even greater spread of transverse Velocm%%ane(along thez axis) in the cross section passing through half of the

(curve5in Fig. 39. This is because the particles entering theyjigth: 1, 2 — 1 and 20 rows of tubes, respective8:— distribution of the
tube at large angles relative to its axis are not cut off in theequilibrium emission of atoms from an infinitely narrow, infinitely shallow
case of specular reflection. slit. b — As afunction of the distance to the symmetry plajaong they
axis) in the cross section passing through half of the ler{gtla transverse
cross section 1, 3 — one row of tubes?2, 4 — 20 rows;5, 6 — charac-
teristics of the equilibrium emission of atoms from an infinitely narrow,
infinitely shallow, and infinitely long slit. Curve3, 4, and6 give the prob-

FLOW FROM A SET OF TUBES ability P(y) that an atom will impinge on a band of width-0y.

Flow characteristics in an elongated sourcehe distri-
bution of the total flux from a large set of tubes filling an
elongated rectangle of the dimensiohk XL is usually of
interest. To ensure the maximum flow rate of the substance, 23 L du
the tubes are arranged as close as possible to one another. ¢(z)= "% ,
The total flux is obtained by summing the fluxes at a given 7L J -2 [(u—2)2+x3]?

point from all the tubes. is produced by an infinitely narrow, infinitely shallow slit

We wrote programs, which permit the calculation of the(ALHO andl—0, curve3 in Fig. 53 (the explicit expres-

flux density distribution of atoms for any level of filling of .sion for this integral is not presented because of its cumber-
the rectangle by tubes. Here we confine ourselves to cons@—

. . ) ome nature
eration of only two vanantg)aone row of tubes, and)20 In the case of many rows of tubes the distribution in the
rows of tubes. In both variants the length of the system o{ ran

- . I sverse direction along theaxis is somewhat more ho-
tubes V\.'ad‘_ 1 and the he_|ght of the tubes 10 mm. ... mogeneous than the distribution from a single row of tubes
In the first variant we considered one row of 500 tubes with

a diameted—2 mm (AL =2 mm). In the second variant we (curvesl and2 in Fig. 5b. However, the fraction of atoms

. . ) - scattered at large angles in the transverse direction is signifi-
cqn§|dereq 200020 tubes with a d!ameted—O.S MM cant because of the effects mentioned above; therefore, the
within a width AL=15 mm. The coordinate system was po-

sitioned at the center of the rectangle formed by the tubestOtaI probabilityP(y) that an atom which has passed through

: . . a tube will impinge on a band of widtia practically coin-
thex axis, as before, being oriented to be parallel to the axes; T
of the tubes, they axis being parallel to the width of the Bides for one and many rows of tubesirves3 and4 in Fig.

. . . 5b). For comparison, we present the distributions
rectangle, and the axis being parallel to its length. ) P P

As expected, the distribution of the flux density from the _ 1 1 1 y
system of tubes with respect to theaxis has a nearly rect- 1Y)= 5~ 13 (232" P(y)=5
angular shapéFig. 5. On the other hand, almost the same 0 [1+(y/x0)"]
distribution, which is defined by the expression which correspond to a source in the form of an infinitely

y2+x3’
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narrow, infinitely shallow, and infinitely long slitAL—0, 0.2
| -0, andL—oo; curves5 and®6 in Fig. 5b.

Neglect of the atom—atom collisions in the beams from ®
different tubes imposes an additional constraint on the gasy 0.1
density at the end of the tub@¢é<1/cAL. This simplea >
priori criterion possibly needs refinement, which can be done

s o

later on, if we can treat the problem with adequate consider- L I '
ation of the atom—atom collisions. 0 .z'/: & 170

FIG. 6. Scattering of a flux due to single collisioftlependence of(x/a),
which characterizes the probability density that an atom will impinge on a
FLUXES IN THE WORKING ZONE unit of surface of a plane parallel to the vapor flux, on the distance to the
diaphragn. Distances to the symmetry axis, cth:— 2, 2 — 4, 3 —
Simulation of the flux distribution without collisionk theoretical dependence for a collinear particle flux.

Refs. 1 and 2 the distribution of the vapor density in the

working zone was determined on the basis of direct simula-

tion by calculating the time which test particles spend in a _ 2T 2

given cell in space. The method used in the present work is F(X)=0\ 17 DN (x/a). €

simpler and more exact. . . . . S
b Here x(u) is a function which assigns the flux distribution

In the free molecular flow regime, the analog of the op- ith t 10 th dinate Th imati
tical law of the conservation of the value of the intensityvi"0 Orleasja/ecl:i Gaejz(fgrlllga be apprgxlm;] lor(u) 0
along a beam in a transparent medium is known to hold: ** ( ' A7) can be used in the range

f(¢,0)=f(£+v7,0). Heref is the bulk distribution function ~~Y=3 10 an accuracy no poorer than 3%. .
of the particles with respect to the velocity vectorat an The_model Of. a c_olll_nea_r beam of atoms .W'th a semi-
arbitrary point in spacé, and is an arbitrary time interval. Maxwelll_an ve_zlocny dlstr|but_|0n makes it _p_ossmle to sense
Therefore, after assigning a velocity grid at an arbitrary poin he relationships be_tween d|ffer_ent quantities, bu_t they must
in space and constructing the corresponding beams until th tested by numerical calculations on the quantitative level.

intersect with surfaces, which either emit particles or bound fact,h on the On.ebrlla?’ under realhgor?(ljm%ns tan at.om.|fc_
volume, we can reconstruct the distribution function at an €am has appreciaple divergence, which leads 1o a signifi-

point in space. Then integrating the distribution functionCant increasg in the number of scattered atoms impinging on
over the velocities, we obtain the particle density at the re:[he geo.me,t’rlc. shad(_aw. On the qther hand, the "semi-
spective point. Maxwellla}n d!StI’IbutIOﬂ .(2) overestimates the number of
Consideration of single collisionsAs was shown in slow partlcle_s in comparison ).
Refs. 1 and 2, in the zone of multiple ionization of a vapor its Cal<_:u|at|ons of a scattered_ flu_x were performed for a
density should be small enough that the mean free path of thgource In _the form of a planar slit V.V'th a W'dth. of 2mm. The
atoms would significantly exceed the transverse dimension idth _Of dlaphragm wab =1 cm(Fig. 1), the distance from
of the zone. However, single collisions must be considered irﬁ e shit to the dmphrag_m was set equal to 2 cm, and the
order to take into account the vapor flux in the region of the luxes were reduced with respect 0 the two valaesl.5 .
geometric shadow, which is usually created by the dia-and 3.5cm. The de_pendences obtained are presented in the
phragm protecting the collector from direct impingement ofform of (3), from which thex(x/a) curves were calculated

the atomic flux(see Fig. L In the present work the collision (F|g. 6)']:';26 5|mulatt|9n rﬁsglts ?refpresegtﬁd only for the
act was also simulated as in Refs. 1 and 2; however, the-9!0n OF the geometric shadow for forward Tlow.
As expected, when the atomic beam is not collinear, the

initial vapor density and the velocity distribution functions of ) . )
the particles in the cell were calculated by the method deg,cattered flux is no longer characterized by the universal
function y(x/a): different values ofa have differenty. In

scribed above. - . : .
Scattered fluxAn expression for a uniform atomic flux a_ddmon, for a dlve_rgent flow the numper of part_|cle§ im-
of width D, which is infinite along they and z axes and pinging on the region of the geometric shadow is signifi-
' 2cantly greater than in the case of a collinear flux, i.e., there

scattered in single collisions, was obtained in Refs. 1 and ) ) .
It was assumed that the atoms move collinearly toxttaeis is, so to speak, an effective decrease in the distance from the
?ollector to the edge of the diaphragm

and that the distribution with respect to the absolute value o . .
We note one more important fact. The scattered flux is

the velocity is “semi-Maxwellian:” . S o
proportional to the square of the vapor density in the ioniza-

fx(v):2(m/7TT)1/2 exp( —mv?/2T), tion zone. This permits the determination of the mean vapor
density in the ionization zone on the basis of numerical
— 0 <vy,0,<%, 0<v,<x. (2)  simulation results and data from measurements of the scat-

The expression for the flux density of the scattered particlegered flux density.

as a function of the coordinate of a point lying at a height
above the diaphragm, which projects to a distaaaen the
vertical plane of the collectaiig. 1), can be written in the We regard the following as the most important results of
form the treatment performed.

CONCLUSIONS



554 Tech. Phys. 43 (5), May 1998 Golyatina et al.

1. A simple approximation, which describes the fraction S. A. Mayorov, A. N. Tkachev, and S. I. Yakovlenko, Laser Phys523
of particles passing through a tube as a function of the ratio, (1994.
of the length of the tube to its diameter, has been obtained. 13f19“33‘°rov A. N. Tkachev, and S. I. Yakovlenko, Mat. Mod6l(9),

2. It is shown that, although the distribution of the par- sy s Letokhov, V. I. Mishin, and A. A. Puretzky, Prog. Quantum Elec-
ticles escaping at an angle narrows somewhat as the ratio ofron. 5, 139(1977.
the length of the tube to its diameter increases, the value ofS. K. Borisov, V. A. Mishin, and M. A. Kuz'mina, Prikl. Fiz., No. 1, 65

(1995,
the angle within which an appreciable fraction of the par- 5 A N. Tkachev and S. I. Yakovlenko, Kvantovaya Elektréhloscow

ticles is found varies very weakly. _ _ 20, 1117(1993 [Quantum Electron23, 972 (1993].
3. It is shown that collisions in a divergent atomic flux ®A. N. Tkachev and S. I. Yakovlenko, Kvant. ElektrdiMoscow 23, 860

lead to more effective obstruction of the region of the geo-(199. ool arend . .
metric shadow than does a collinear flux. ,'\\'A OSFCOE{V?T;% '\ﬁfcsp";r Beams(Clarendon Press, Oxfortl956; IL,
Calculations which take into account multiple collisions 8yy_ v. zaitsev and A. A. Ovchinnikov, Zh. Tekh. Fi&0, 2017 (1980

are needed to more accurately reveal the reglon of apphca [Sov. Phys. Tech. PhyQS 1176(1980]
We thank V. A. Kuznetsov and A. Yu. Sapozhkov for Phys 3 740(1994’]
some helpful discussions. Translated by P. Shelnitz



TECHNICAL PHYSICS VOLUME 43, NUMBER 5 MAY 1998

Continuous frequency tuning of a picosecond neodymium-glass laser in the UV and
VUV

R. A. Ganeev and T. Usmanov

Akadempribor Scientific and Production Association, Academy of Sciences of Uzbekistan, 700143 Tashkent,
Uzbekistan
(Submitted October 24, 1996

Zh. Tekh. Fiz.68, 82—89(May 1999

The results of an investigation of continuous frequency tuning of a neodymium laser in the UV
and VUV ranges are reported. Generation of the sum frequency of second harmonic

radiation and the radiation from a parametric light generator in the UV re@88-366 nmis
achieved. The optimal conditions for tuning UV radiation in the range 113.5-117.0 nm in
third-harmonic generation processes in xenon and its mixtures with other gases are investigated.
A third-harmonic generation efficiency 6f5x 10 * and a tuning range-2600 cm ! are

obtained in the VUV range investigated. ®998 American Institute of Physics.
[S1063-784198)01505-F

INTRODUCTION VUV ranges remain important. From this standpoint it is
necessary to investigate in detail the factors that limit the
Sources of continuously tunabli a range of hundreds efficiency of conversion of radiation from a neodymium la-
of inverse centimeteysoherent UV and VUV radiation are ser, one of the most suitable and well-developed sources of
needed for different problems of spectroscopy of atoms anfligh-power picosecond radiation, into harmonics and para-
molecules, biology, controlled thermonuclear fusion, laseimetric waves and to analyze the questions of narrowing the
isotope separation, nonlinear spectroscopy of high-lyingspectral line of parametric waves and decreasing the diver-
states, laser chemistry, and others. Since the number of tugence of PLG radiation. In addition, the factors limiting the
able radiation sources based on direct laser generation is stiflixing of parametric waves and harmonics radiation must be
extremely small in these ranges, here methods of nonlineaanalyzed.
optical conversion of radiation from other, already quite The generation of VUV radiation which is tunable near
well-developed regions of the spectrum are used. Progress ji=118.2 nm(ninth harmonic of YAG laser radiatiorwas
producing tunable UV and VUV radiation on the basis of studied in Refs. 2, 6, and 7. However, the optimal conditions
nonresonant generation of harmonics and frequency mixingpr third-harmonic generatioiTHG) in the range investi-
requires high-power laser systems with wavelength near §ated have not been studied in detail. An important condition
nm as well as the use of crystal parametric light generatorgere is the existence of regions of anomalous dispersion,
(PLG9 and inert gases as the nonlinear media. where efficient generation of the harmonics of focused radia-
The high radiation intensities now achievatiiem con-  tion is possible, in the gases. Xenon was used as the nonlin-
tinuously tunable near-IR PLGs utilizing radiation from ear medium because the radiation of high-power pump
high-power wide-aperture neodymium-glass lasemsake  sources falls into the anomalous dispersion regions of xenon.
possible the efficient conversion of such radiation into theln Ref. 8 radiation generation in the range 117.6—119.2 nm
UV range. Coherent tunable UV radiation can be obtainedvas obtained and the conditions for THG in the mixture
either by summing the frequencies of PLG radiation and theXe:Ar were optimized.
second harmonic of neodymium-glass lasers or by doubling The fact that xenon has regions of anomalous dispersion
the frequency of the second harmonic of PLG radiafidn. at shorter wavelengths makes it possible to produce continu-
The utilization of the advantages of cascade generation afusly tunable VUV sources with a tuning range of several
harmonics in combination with the wide tuning range ofthousands of inverse centimeters. Optimization of the THG
PLGs has made it possible to produce by applying the firsprocess in xenon and its mixtures with different buffer gases
conversion scheme sources of high-power tunable UV radiain this range, taking into account different limiting effects,
tion. The methods developed thus far for producing optimakand the creation of conditions for effective frequency con-
beams in different channéihave led to even more efficient version taking into account the influence of a number of
conversion of nanosecond pulses into the UV range. experimental parameters on the phase matching of interact-
Parametric light generators differ advantageously froming waves(gas pressure and ratio, intensity and spectral char-
other sources of frequency-tunable radiatisemiconductor, acteristics of the pump radiatipare undoubtedly of interest
dye, and color-center lasegnsy their high output energy and both from the standpoint of understanding the peculiarities of
wide tuning range. Here the problems of the energy effithis nonlinear optical process and from the practical stand-
ciency of picosecond PLGs and increasing the output energgoint (coverage of another section of the VUV spectrum and
of PLGs for further efficient conversion into the UV and production of a wide-band picosecond source in this range

1063-7842/98/43(5)/7/$15.00 555 © 1998 American Institute of Physics
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FIG. 1. Diagram of the experiments— Neodymium-glass lase®,6,8,13,17,21— filters; 3,9,14,20— FD-24K photodiodes4,7,15,18— optical wedges;
5 — frequency-doubling crystall0— cylindrical lens;11,12 — parametric generatot6 — frequency-mixing crystall9 — focusing lens;22 — cell
containing gase24 — VMR-2; 23 — auxiliary tank for mixing the gase®5 — diffraction grating;26 — VUV radiation detector27 — V4-17 pulsed
voltmeter.

We report below the results of an investigation of para-  Preliminary experiments with a one-crystal PLG and a
metric generation, summation of the frequencies of PLG rafrequency-mixing crystal in both parallel and focused beams
diation and the second-harmonic radiation in the UV regionshowed that the efficiency of this channel of conversion of
optimization and development of sources of continuouslyiR waves into tunable UV radiation is lowy~5%), though
tunable coherent radiation in the range 338—-366 nm, anth this case the spectrum was covered from 332 to 375 nm.
investigation on this basis of frequency conversion in theThe low efficiency was due to the mismatch of the spatial-
range 113.5-117.0 nm in xenon and its mixtures with othegpectral characteristics of the interacting waves in the

gases. frequency-mixing crystal. The use of one-crystal PLGs re-

sulted in the generation of waves with a large spectral width
FREQUENCY TUNING OF NEODYMIUM LASER RADIATION and divergence and, correspondingly, a sharp decrease of the
IN THE UV REGION mixing efficiency in the UV region; it also limited the pos-

Picosecond radiation was generated in a mode-lockedibilities of further use of the generated radiation in subse-

neodymium phosphate glass laskr1.054 um). The gen- ~ duent frequency conversion processes. . .
erated pulse train was fed into a system for selecting a single Generation and amplification of parametric waves in the
pulse. The selected pulse passed through a system for spaff@fo-crystal scheme were accomplished in parallel beams.
filtering, image translation, and amplification. To compen-Frequency tuning was performed by synchronous rotation of
sate for the thermal birefringence during passage through thi€ crystalsl1and12 The axes of the crystals were oriented
20-mm in diameter terminal amplifiers, polarization rotatorsSO as to compensate for the aperture diaphragmatic effect.
were inserted between these amplifiers. This decreased tide distance between the crystals was chosen taking into
relative fraction of depolarized radiation from 20% to 2%. account the amplification of parametric waves satisfying op-
The output characteristics of the laser radiation were as foltimal mixing with second-harmonic radiation and was equal
lows: A =1054.8 nmAA=0.3 nm,7=7 ps, ancE=80 mJ. t0 70 cm. The tuning range was equal to 870-1220(Riy.
The laser operated in the periodic-pulse mode with a repeti2d. The divergence of the PLG radiation was equal to 3
tion rate of 0.2 Hz. The radiation at all stages of frequencymrad. The maximum efficiency was equal to 30% at 14
conversion was detected with calibrated FD-24K photo-GW/cn?. The saturation pump intensity was equal to 12
diodes. GW/en?.

This radiation was converted successively into a second The radiation tunable in the IR region was mixed with
harmonic and parametric waves in the IR range which wergecond-harmonic radiation in a KDP frequency-mixing crys-
then mixed with the second harmonic in KDP crystals, as dal 16 (20x20x20 mm), cut for type-ll phase matching.
result of which continuously tunable UV radiation was gen-Figure 3 shows the efficiency of conversion into tunable UV
erated. The arrangement of the experiments on conversion édiation as a function of the PLG radiation intensity and the
IR radiation into the UV and VUV ranges is displayed in intensity of the main radiation. The converted radiation, tun-
Fig. 1. able in the range 338—366 n(Rig. 2b), was filtered out of

The conversion of IR radiation in the second harmonicthe IR and visible radiation and detected with a photodiode
was accomplished in a typetboeinteraction KDP crystal  20.

(20X 20X 10 mm). The conversion efficiency reached satu- We note that the width of the spectrum of the picosecond
ration (~44%) atl~10 GWi/cn?. Further increases in the parametric radiation influences the process of efficient mix-
pump radiation intensity resulted in a small decrease in conihg with the second harmonic. The spectral width of syn-
version efficiency(the radiation converted into the second chronism during summation of the waves in the KDP
harmonic { =527.4 nm) was filtered out of the IR radiation frequency-mixing crystal6 equals 0.4 nm, while the spec-
and excited a superluminescence PLG, consisting of twdral width of the parametric waves was equal to 2 (.
nonlinear crystals cut for type-Il interactioe-p€). The lat-  4). The narrowing of the spectral width of the parametric
ter crystals consisted of KDP crystals (200X 40 mm gen- waves accompanying an increase in the separation between
erator crystal and 2020x 60 mm amplifier crystal the crystals in the PLG results at the same time in lower
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efficiency of conversion into tunable IR radiation. Thus, op-and into UV radiation was investigated. The radiation in
timization of the process of generation of tunable UV radia-front of the generator crystal was focused with a cylindrical
tion consisted of finding an optimal ratio of the spectrum|ens10 (f =800 mm) into the two-crystal PLG. The distance
width and intensity of the tunable IR radiation. Efficient mix- petween the PLG crystals as well as the position of the
ing here required, in addition to correspondence of th&requency-mixing crystal were chosen so as to obtain the
spectral-spatial characteristics of the second-harmonic ar@ptimal parameters of the picosecond UV radiation. This
PLG waves, satisfaction of the Manley—Rowe relation. In,, ceneq the divergence of the generated radiation, which
our case this relation, according to which there should be one o . . o .

) ) made it impossible to obtain later high intensities of focused
IR ‘photon for each ‘second-harmonic photoBig( :E,, UV radiation (which are necessary for subsequent conver-
~1:2), is notsatisfied because the efficiency of the conver- y q

sion of the main radiation into the PLG wave is too low on S'O" into the VUV region of th? spectrym
account of the large distance between the crystals. In addj- | "€ output energy of the picosecond UV pulses at wave-

tion, for the crystal lengths employed the effect of the group€NgthA =349 nm was equal to 4 mJ with a spectrum width

detuning of the pulses on the parametric conversion proof 0.45 nm and a divergence of 1 mrad. The conversion
cesses became large. efficiency can be further increased and the spectral and spa-

Conversion of focused radiation with wavelength tial characteristics of the tunable UV radiation can be im-
A=527.4 nm into parametric waves in the two-crystal PLGproved by using schemes with separate formation of beams

21 a - b
oo
B o | o 00 % o,
10 o % © %% 60
o
° o °
-] o
8F o o
X o—{—q 00
§ sk °9 - %0 FIG. 3. Efficiency of conversion into the
& sum wave versus the intensity of PL@
and the intensity of the main radiatigh).
°
o
4 0?0 - o
o
-]
2 [~ o ~ °
. o °
[+
1 1 1 1 1 1 I
250 500 750 & % 20

0
I, ,MW/cm? I,,6W/cm?



558 Tech. Phys. 43 (5), May 1998 R. A. Ganeev and T. Usmanov

1.0f A 10
//? "'.\\ ‘%
/i \ 2 52 /

I, arb. units
\\\

—

—
I, arb. units
3

00

(-]

/ :' . \ } o /
/] : B o o °
I % \\3 2° O °
/7 o
/ F
VA

3\
'\ \
. \7 \ Z i 1 //,ll°| 1 7
1 l 1 | 1 1 : e 115 76 117 78 119 120
1052 1054 056 A,mm
L 1 | 1
347 348 349 FIG. 5. Region of generation of VUV radiation in xengthe regions of
l,nm normal dispersion are hatched

FIG. 4. Spectral distribution of the pulses.— Pump pulse X=1054.8
nm); 2 — PLG in the degenerate regimg— UV radiation. ) o
Figure 5 shows the range of wavelengths of the radiation

that can be generated and the relative intensity of the radia-

of the mixed waves in different independent channels as wefion in that range. One can see that the energy of the gener-
as schemes with initial radiation for PL&&1° ated radiation decreases as its wavelength decreases. The en-
ergy is highest near a resonance line of xe(idv.0 nm. At
large wavelengths the frequency of the third harmonic of the
converted radiation lay in the region of normal dispersion
(117.0-117.6 nm As a result of the focusing-induced phase

Subsequent frequency conversion into the shortshift of the interacting waves, the amplitude of the harmonic
wavelength region of the spectrum was performed in gasegenerated in this range in front of the waist of the Gaussian
since they possess the highest transmittance in the regidream was completely compensated by the amplitude of the
studied. Tunable UV radiation was focusé€ig. 1) after  harmonic generated in the region behind the waist. For com-
filtering out IR and visible range radiation with a quartz lensparison, the results of Ref. 8 on the generation of radiation in
21 (f=80 mm into a cell which contained the gases andthe range 117.6—119.2 nm with comparable pump intensities
was attached to a VMR-2 vacuum monochromator. The thirdire also presented here. We note that the conversion effi-
harmonic of the pump radiation, tunable over the anomalousiency in this range was an order of magnitude higher, in
dispersion region of xenon, was generated in the cell. Thgood agreement with estimates of the oscillator strengths of
generated VUV radiation was detected with alB elec-  the transitions p°S—7s[11/2] (A=117.0 nm and 5°!S
tronic channel multiplier or a LPP-2 calibrated pyroelectric—5d[11/2] (A=119.2 nm (the oscillator strengths are
convertert! The signal from the detectors was fed into a0.0968 and 0.395, respectivily
V4-17 pulsed voltmeter. The wavelength of the pump radia-  The increase in the conversion efficiency with increasing
tion was registered with a STE spectrograph. wavelength in the range investigated occurs for two reasons.

The pump radiation parameters were as follows: tuningrirst, away from the Xe resonance ligEl7.0 nm the non-
range 338—366 nm, pulse energy up to 4 mJ, pulse duratidinear susceptibility of the medium decreases, which results
7 ps, and spectral width 0.45 nm. The UV radiation intensityin a decrease in the conversion efficiency. Second, the de-
at the focal point of the lensf&80 mn) was equal to crease in the generated radiation is due to a decrease in the
5x 10t W/cn?. The spatial distribution of the radiation was pump intensity(in Fig. 2b the hatched region on the left-
close to Gaussian. Xenon was used as the nonlinear mediutnand side is the spectral pumping range used in the experi-
since the tripled frequency of the pump radiation coverednen). The dependence of the efficiency of conversion into
several regions of anomalous dispers(big. 2b where syn- the third harmonic on the intensity of the UV radiation is
chronous generation of odd harmonics in focused beams iguadratic in the entire experimental tuning range. The influ-
possible. Ultraviolet radiation tunable in the range 340.5ence of the Kerr effect, self-focusing, and other limiting fac-
—-351 nm was used in the experiments. The experimentdbrs characteristic for the case of high §x 10'2 W/cn?)
procedure was as follows. The pump radiation, tunable withintensitie§? was very small in our case.
a step of 0.2 nm, was converted into the range 113.5-117.0 Conversion for the long- and short-wavelength regions
nm. The influence of the xenon pressure and the ratio of thef the spectrum of the pump pulse is optimized for different
pressures of the nonlinear gas and the normal-dispersiomalues of the xenon pressure. As the pressure of the nonlin-
buffer gas(argon and kryptonon the efficiency of conver- ear medium increases, the long-wavelength component of
sion of the pump radiation into the third harmofidd) were  the pump radiation is converted first, after which the central
investigated. The effect of the pump radiation intensity onpart and finally the short-wavelength component are con-
the THG efficiency for different wavelengths of the con- verted. The width of the spectrum of the generated VUV
verted radiation was also investigated. radiation was equal to 0.25 nm. Thus, the width of the radia-

GENERATION OF PICOSECOND VUV RADIATION (113.5<A
<117.0 nm)
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tion spectrum decreased by almost a factor of 2 in the prosary in order to obtain stable conversion into a harmonic.
cess of conversion into the third harmonisN=0.45, 0.25 Without careful mixing the likelihood that the ratio of the
nm). This is due to the dependence of the conversion effigas pressures would deviate from the optimal ratio in a mi-
ciency on the radiation intensity. The “wings” of the spec- crovolume near the focus, where conversion is especially
tral distribution of the pump radiation are converted with aefficient, increased. In the experiment the statistical variance
much lower efficiency than the center. Taking account als@f the intensity of the generated VUV radiation, other con-
of the fact that the optimal conditions of conversigghase ditions being equal, increased and the maximum possible
matching are created for the central part of the spectral dis<conversion efficiency for the given experimental conditions
tribution of the pump, it is possible to achieve substantialdecreasedsee also Refs. 13 and 1As an example, Fig. 7a
discrimination in conversion of different sections of the shows the functionp(R) (R is the ratio of the argon and
spectral contour of the converted radiation. xenon pressuresfor the case when the gases mixed in a
We investigated the effect of gas pressure on conversionatural manner in a cell and the mixture was prepared in an
efficiency for different wavelengths of the generated radia-auxiliary tank and then introduced into the gas cell. For the
tion in the experimental region of anomalous dispersion ofirst case it is difficult to determinR,; unequivocally, since
xenon (113.5-117.0 nmwith the pump radiation wave- the statistical variance of the results makes it possible to
length tuned from 340.5 to 351.0 nffig. 6). For longer measure this quantity to withiR,= 4, whereR,, is the com-
wavelengths the conversion maximum shifts in the directiorputed value of the optimal ratio of the partial argon and
of lower pressures. Thus, far=114.2 nm the optimal pres- xenon pressures. For the case when an auxiliary tank with
sure at which maximum conversion is observetis; =38  forced mixing was used, the experimentally obtained value
Torr, whereas foh =116.8 nm one haB,,=3 Torr. Thisis  equalled the computed value to withity = 0.5.
due to the fact that as the transitiop®'S—7s[11/2] (A Thus, for the case when the gas mixes naturally the po-
=117.0 nm is approached, the phase detuning per atom insition of the maximum and the behavior of the cum€R)
creases and the number of particles of the nonlinear mediumvere random. Maximum conversion is observed for
required to achieve optimal phase detuning, satisfying th&k=8-16. The THG efficiency in a gas mixture does not
condition b- Ak=—4 (whereb is the confocal parameter reach the value that is possible for the given experimental
and Ak is the phase detuning between the harmonic and¢onditions. As one can see from Fig. 7a, the mixture contin-
pump waveg is smaller. ues to remain nonuniform even after substantial time has
The conversion efficiency can be increased by increasingassed. It is obvious that for the microvolume bounded by
the particle density of the nonlinear mediusince 7~ N?, the waist zone, where the main conversion process occurs,
whereN is the number of particles in the interaction zhne the random deviation dR from the pressure ratio of Ar and
However, above a certain pressifég. 6) conversion effi-  Xe introduced into the cell was substantial, which will result
ciency decreases because of departure from the optimal ratio both a deviation ofp(R) from the expected dependence
between the pump and harmonic wave vectaetuning of and large pulse-to-pulse fluctuations in the magnitude of the
synchronism  To circumvent this difficulty a normal- generated radiatiofsee the variance for the case of forced
dispersion gas is added to the anomalous-dispersion nonli@nd natural mixing; each point corresponds to the average
ear medium. In this case one can choose the ratio of the gaslue over 10 shojs The obtained ratio R,,=10.5) was
pressures so as to obtain the optimdrk for the mixture. close to the optimal ratio of the Ar and Xe partial pressures
A great deal of attention was devoted to careful forcedfor A=118.2 nm with confocal parametbr=6 mm?1®
mixing of the components of the mixture. This was neces- Figure 7b shows the conversion into the third harmonic



560 Tech. Phys. 43 (5), May 1998 R. A. Ganeev and T. Usmanov

-]
00%,

FIG. 7. a — Conversion efficiency
versus R=Pp :Py.. [1=2x10"
w0t W/cn?, confocal parametes=6 mm;
[, O — mixture prepared in an auxiliary
L } tank; ®, A — gases mixed in the cell
o . (® and A — results obtained 10 and
o5k B ° 20 min, respectively, after the gases
s °, were introduced into the cell R,

° =10.5 — computed optimal pressure
L ratio forA=116.8 nmb — THG con-
version efficiency versuR for differ-
ent buffer gases® — mixture Kr:Xe,

O — mixture Ar:Xe; 1=2x10"
Wicn?, Py,=9 Torr,\=116.8 nm.

7, arb. units

we

1 1 Il 1 1 1 1 )

1 : |
4 8 R 12 6 % 8 7 R

versus the paramet& for different buffer gasesN=116.8  of 25 Torr andR=10 (I1=4x 10" W/cn?). The tuning
nm). Argon and krypton were used as the buffer gases. Othghnge was>2600 cn'?.
gases which are transparent in the experimental range of the
spectrum require high pressurésundreds and thousands
Torr) to optimize the THG process. This results in break-
down phenomena even for relatively low pump intensities, ~We have presented the results of an investigation of con-
so that these gases are undesirable. For both mixtures Ar—X#uous frequency tuning of neodymium laser radiation in the
and Kr—Xe the xenon pressure was equal to 9 Torr, i.e., thre€V and VUV regions.
times higher than the optimal pressure for the case of THG in  We investigated the parametric generation of light and
pure xenon. The THG efficiency for optimal values Rf summation of the second harmonic of the neodymium-glass
should be(since 7]~N2) a factor of 9 higher than the maxi- laser radiation and the radiation from a PLG in the UV re-
mum value ofz in the case of conversion in pure xenon gion. The operating regimes of one- and two-crystal PLGs
(7=3x%10%). Such an increase in was obtained only in Wwere compared for the cases of nonlinear parametric conver-
the mixture Ar—Xe. In the mixture Kr—Xe the efficiency sion and mixing in focused and parallel beams. Generation
increased only by a factor of 4. This discrepancy is evidentlyvas achieved in the range 338—-366 nm. The regimes and
due to the fact that the addition of krypton chandds-  optimal ratios of the spectrum width and intensity of the
creasepsthe susceptibility of the medium. The contribution tunable radiation pulses were determined from the standpoint
of argon to the total third-order nonlinear susceptibility in theof further conversion into the VUV range. The output energy
mixture is very small. The larger influence of krypton asOf the UV pulses near the degenerate regime of the PLG was
compared with argon on the third-order nonlinear susceptiequal to 4 mJ.
bility, which is responsible for THG, is evidently due to the =~ We investigated the conditions of optimal conversion of
fact that the closest energy level in krypton=116.5 nm continuously tunable radiation in the range 113.5-117.0 nm,
lies closer to the wavelength of the harmonic radiation tharfor which the dependences of the efficiency of conversion
in argon (.=106.6 nm. Incidently, this also explains the into the third harmonic on the pump wavelength and energy
large (per atom phase detuning in krypton as compared with as well as on the ratio of the gas pressures. A comparison
argon, which results in lower values Bf, for Kr. We note ~ was made with the results on generation of continuously tun-
that a separate, exactly determined ratio between the buff@ble radiation in a different anomalous dispersion region of
and nonlinear gas pressures is required for each region of th&non, 117.6-119.2 nm. It was observed that preliminary
spectrum. Thus, the maximum conversion efficiency was obforced mixing of the working mixture was important in order
served for the mixture Ar:Xe witlR=9 (for A=116.7 nm to obtain the optimal ratio of the partial pressures in the
and 5 \=115.5 nn). frequency conversion zone. The maximum THG efficiency
Krypton exhibits anomalous dispersion fox116.5 nm  5X 10" in a mixture of gases in the range investigated and
and could not be used as the normal-dispersion gas in o tuning range<2600 cm * were obtained.
experiments in this region. As shown in Refs. 16-18, condi-  This work was supported in part by the International
tions of negative phase detuningK<0), which are neces- Science FundGrant No. RU 700pPand the Uzbek Fund for
sary for THG in krypton for VUV wavelengths less than the Fundamental Research.
resonance lina=116.5 nm, are realized in this region. As a
result of this, the addition of krypton to xenonRt=9 Torr 1B. F. Bargka, I. A. Begishev, Sh. A. Burdulist al, Pis'ma Zh. Tekh.
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Formation of x-ray beams with the aid of a tapered microcapillary
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The possibility of obtaining x-ray microbeams with a prescribed intensity using a system
containing a x-ray tube with a transmission thin-film anode and a tapered glass microcapillary is
investigated. ©1998 American Institute of PhysidS1063-7848)01605-3

X-ray waveguides in the form of glass microcapillaries whereA= (x?>—1)+y?, x=0/6,, y=y/ 5, and 6,= 52,
100-500 mm long and with channel diameters of 10-100 In the absence of absorptiony€0) the x-rays will be
M are a new component in x-ray technoldg¥-ray beams  completely reflected from the surface for grazing angles
can propagate directionally in a capillary channel, repeatedljess than the critical anglé. of total external reflection.
reflecting from the channel walls at small glancing angles.  Cylindrical microcapillaries ¢.=0) can be used as col-
The propagation direction of the x-rays can be changed bjimators, making it possible to obtain diverging x-ray micro-
curving the capillary. A system containing a sufficiently beams with the radius of the focal sgt and radiation cone
large number of such capillari¢srdinarily, more than 100  angle #< 6., where#=R_./d. The length of a capillary..
curved and positioned so that one end of a capillary is pointsan be optimized on the basis of the specific value of the
toward the x-ray source and the other toward the point ofmaginary part of the permittivityy.:
energy collection — the focal point — is actually a “x-ray If the intensity of the point radiation sourtg (photons/s
lens.” Such a lens can focus 1-10 keV x-ray beams into asn is known, then the maximum intensity of the photon
5-10um spot. At the same time, a number of applications inbeam at a capillary exit equal® the absence of absorptipn
microelectronics require obtaining intense x-ray microbeamspowgg and is obtained when the capillary is located at dis-
with a focal spot of 1um and smaller. This problem can tanced=R./6, from the source. For a glass capillary with
probably be solved with a one microcapillary, made in ther.=1 um and 8 keV photons the parametes 270 um.
form of a cone or possessing a parabolic channel profile in  |f a microfocus x-ray tube is used as the source of radia-
the direction of the channel axis. The x-ray optic charactertion, then because of the structural features of such devices it
istics of such systems have been simulated and investigatgglimpossible to position the capillary sufficiently close to the
experimentally using synchrotron radiation sourf@sOn  focal point of the tube. This distandthe distance from the
the other hand, wide application of such tapered microcapiltube focal point to the beryllium exit window for x-rayfor
laries may become possible only when a compact x-ray emittubes with a massive anode equals 10-30 mm for tubes with
ter based on a x-ray tube is used as the x-ray source. Wor transmission thin-film{TTF) anode of 0.5—1 mm.There-
along these lines is reported in Refs. 7 and 8. fore, to form a x-ray microbeam it makes sense to use instead

Our objective in the present work is to investigate theof a cylindrical capillary a capillary shaped in the form of a
possibility of obtaining x-ray microbeams with prescribed cone whose length . and cone angle can be optimized for
intensity from a system containing as the x-ray optic compoprescribed values of the exit radi&& and source—capillary
nent a tapered glass microcapillary and a x-ray tube as thentrance distance.
radiation source. Figure 2 shows the computed dependence of the param-

Let us consider a system containing a point X-ray sourc@ter T, characterizing the efficiency of the capillary, on the
and a tapered microcapillary. The source is placed on thRngth of the capillary for different values ef,. The param-
capillary axis at a distanag from the entrance facéig. 1).  eterT is determined so as to be able to calculate the x-ray
The length of the capillary ik, the radius of the channel at peam intensityl (photons/s at the capillary exit for known

the exit isR;, and the cone angle i8.. The radius of the intensityl, of the point source of radiation by means of the
capillary channel at the entrance B=R.+Lcsina;. The  following expression:

source emits photons with enerdyw. The photons propa-
gate in the capillary channel, repeatedly reflecting from the
channel walls, as shown in Fig. 1.
The dependence of the x-ray reflection coefficieraf a
smooth surface of a material with permittivity=1—6 1 2

+ivy on the glancing anglé is described by the well-known 3 Lo
formula P .
£

[V2x—(A+x2+1)Y22+ A—(x*—1) . _
= , (D) FIG. 1. Parameters of the system for obtaining x-ray microbedms-
[V2x+ (A+x2+1)Y22+ A—(x*—1) x-Ray source? — microcapillary,3 — x-ray beams.

1063-7842/98/43(5)/3/$15.00 562 © 1998 American Institute of Physics
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- TABLE I.
600
5 R., um a., mrad Lo, mm T I, photons/s
500 - 0.15 0.01 110 50 80
_ 0.5 0.02 120 20 4400
wol 1 0.02 150 10 8800
~ ~ Note: The distance from the tube focus to the capillary entranceé=i$
300+ mm; L. is the length andr. the cone angle of the capillary.
200 - indicated values ofJ,,i,, andS,. The distance from the
I focal spot of the tube to the capillary entrance was assumed
100 to be 5 mm. The capillary length and the cone angle were
A = chosen so as to maximize the value of the paranietgtig.
0 w0 200 J0 400 600 2). The absorption of radiation in the anode material of the
L,,mm tube and in the beryllium window was neglected in the cal-

culations. The estimates showed that taking account of these
FIG. 2. The parametef (Eq. (2)) versus microcapillary length, for dif- factors decreasdsby a factor of 1.5-2.

ferent cone angles, rad:1—0.01,2—0.03,3 — 0.1 The results presented in Table | show that quite intense
x-ray beams can be obtained with tapered microcapillaries. It
should be noted that the values of the x-ray tube parameters

R2 employed in the calculations are not maximum admissible

. (2)  values. For example, according to Ref. 7, it is possible to
fabricate microfocus x-ray tubes with a TTF anode such that

The values of the paramet@r(Fig. 2) were obtained by the brightness of the tubes is only an order of magnitude
simulating x-ray trajectories in a tapered glass capillary takSmaller than that of a synchrotron source.
ing account of absorption of radiation on reflection according ~ T0 perform experiments for investigation of the param-
to Eq. (1). The calculations were performed for 8 keV pho- €ters of x-ray systems a series of microcapillary samples
tons; the values ofl are indicated in Fig. 2. The values with a conical profile of the inner channel was prepared. The
presented for the paramet&rmake it possible to estimate microcapillaries were obtained from commercial glass tubes
the photon flux through the exit opening of the capillary by extrusion under the action of gravity on a load secured to
from a x-ray tube as a radiation source. If the working volt-the sample as the sampieapillary) is heated. The outer and
ageU, of the tube and the anode currégtare given, then inner diameters of the initial samples were equal to 3.7 and
the number of characteristic photons of the anode material di-8 mm, respectively. Tapered microcapillaries up to 30 mm
the tube which are emitted by the tube into a solid amgle  long, with 300—-100um entrance diameter and 1-2(m

per unit timet can be calculated according to the fornfula €Xit diameter, were obtained. Typical profiles of the inner
N U channel of the capillary are presented in Figs. 3a, b. The
a

dadt Uq

whereC is the anode coefficient, which is known for a given

o
material, andU, is the ionization potential of the corre- st
sponding shell of the target atom. N

1=1oT—

1.67

1| 3)

=Ci,

100} a

The number of photond®N/dQdt emitted by the x-ray oF ————
tube with a focal spot of areg, is related with the intensity -
|, appearing in Eq(2) as 80 -
2 2 - i 1 [ i 1} 1 ] i ] i 1 J
e IN TR w e H T e aw
dQdt S, 1.
. . - . - 100
which reflects the impossibility of focusing radiation from a t b
source into a spot smaller than the size of the source. S50+ k
Analysis of the development of microfocus x-ray tubes -
with a TTF anode, specifically, tubes used in REIS-type or
apparatus® shows that it is possible to fabricate tubes with -5 :
the following parameterdd =40 kV, i,=0.5 mA, andS, i
=10%x 10 pum. -100 | 1 1 A L 1 | L 1 1 1 :
Table | shows the computed values of the number of 0 2 “ 60 & 0w

photonsl (Ka serie$ at the exit of a system containing a Lymm

tapered miC.rocap".lary with the indic_ated values of the radiusg, 3. Measured microcapillary profiles.— distance along the capillary
R. of the exit opening and a x-ray with a TTF and the above-axis, R — distance in a perpendicular direction.
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i x10'° photons/ssr, the parameteT (Eq. (2)) was varied
from 15 to 16 with the distancd varying within the limits
indicated in Fig. 4. Despite the fact that photon absorption in
the anode material and in the beryllium window, just as the
bremsstrahlung photon flux, were neglected in the calcula-
tions, the order of magnitude agreement between the calcu-
lations and the experimental data makes it possible to con-
clude that the radiation in the capillary channel propagates in
the waveguide regime, as shown in Fig. 1. It should also be
noted that the relatiof¥) used in the calculations is approxi-
mate and can be refined only by numerical simulation of the
x-ray trajectories from a source shifted relative to the axis of
the x-ray optical system. This question as well as the spectral
40 50 80 /] 80 photon distribution at the capillary exit will be examined in a
d,mm separate paper.
FIG. 4. Radiation intensity at the microcapillary exit versus distande It can be concluded on the basis of our investigations
betv;/eén the focus of theyx-ray tube and Eapill);ry. Curve — calculation;that _X'ra_ly microbeams Wlt_h Intens_lty sufficient fpr practical
A — experiment. applications can be obtained using x-ray optical systems
based on microfocus x-ray tubes with a TTF anode and ta-
pered glass microcapillaries.

profiles were measured with an optical microscope.

A REIS-100 x-ray apparatus with a BS11 tupe with a LA, V. Vinogradov (ed), Reflection X-Ray Optidsn Russian, Mashinos-
copper TTF anode was used to obtain x-ray mmrobeam&troenie, Leningrad, 1989, 463 pp.
The voltage on the tubd ,= 45 kV, the current, =100 uA, 2M. A. Kumakhov, Nucl. Instrum. Method4s, 283 (1990.
and the diameter of the focus of the tube was equal to 5032/%]?'[8:% Ehl- DeniSﬁv, iﬂ({sgl- P;é*ze\éa%?, Zh. Tekh. F&A(1), 125

_ [ ; ; 1 ov. Phys. Tech. Phy86, 1 1991].
'U“_m' The_x ray radiation Wa‘_?’ passed throu_gh a rT'ncrocat)l”ary“D. J. Thiel, D. H. Bilderback, and A. Lewis, Rev. Sci. Instruéd, 2872
with the inner-channel profile shown in Fig. 3b. The depen- (1993.
dence of the beam intensity at the capillary exit on the °D. X. Balaic and K. A. Nugent, Appl. OpB4, 7263(1995.
distanced between the tube focus and the capillary was mea-fﬁ- ¢ B"derkt’aCk 3‘”\? a- J. Ihlel, ?GV- JSCAL 'T}Stlgl:g% Egggél(iggs
- . ] . . Yamamoto and Y. Hosokava, Jpn. J. Appl. . .
S‘,‘red' A, d?te?t'on unit from a DRON-2.0 dlff.ra.ctometer 8N. Yamamoto, Y. Homma, and S. Sakata, Mater. Res. Soc. Symp. Proc.
with a scintillation detector was used as the radiation detec- 338 209(1994.
tor. The results of the measurements are presented in Fig. 4S. A. lvanov and G. A. ShchukiX-Ray Tubes for Technical Applications
This figure also shows the computed values of the number qflin Russian, Energoatomizdat, Leningrad, 1989, 200 pp.
. . . A. |. Borovskii and G. A. Shchukin, Ektron. Promst., No. 5, 861991).

copperKa series photons which pass through the capillary.

The number of photonsij/det was taken to be 9 Translated by M. E. Alferieff
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The interaction of two localized optical states in a structure consisting of a system of two
coupled vertical microcavities is studied. It is shown that the interaction of two localized optical
modes in coupled microcavities cause the modes to split. The optical properties of a

system of coupled microcavities and the dispersion relations for the characteristic optical modes
of the system are analyzed. €998 American Institute of Physid&§1063-784208)01705-X]

INTRODUCTION are equal to each other. HelkeandM are integersr is the
) ) ) . amplitude reflection coefficient of the common reflector;
It is well known that if two oscillators of arbitrary nature Ry 2, is the amplitude reflection coefficient of the outer mir-

with i_dentical free-stqte resonance frequencies are coupleg, ot the first(secondl cavity; @, are the phases acquired
sufficiently strongly with one another, then such a system OBy the light as it passes through the fitsecondl cavity,
coupled oscillators will possess two characteristic frequengnich are determined by the expression

cies, the splitting between which will increase with the
strength of the coupling interaction. D12 =Ne12)L12)w1(2)/C, (10
A manifestation of this effect, known as Rabi splitting,
was discovered at the beginning of the 1990s in semicondudvherenc; ;) are the refractive indices of the cavitids,
tor systems in the course of a study of the interaction ofire the cavity thicknesses, (,) are the characteristic fre-
localized optical modes with excitons in semiconductor mi-quencies of the firstsecond cavity, andc is the speed of
crocavities with quantum welfsThis led to the appearance light in vacuum.
of a large number of both experimerftiland theoretic4r® According to the approach set forth in Ref. 5, the disper-
works on this subject. sion relation for the characteristic modes of the structure
The next step in investigations of the interaction of os-shown in Fig. 1 can be written in the form
cillators of different nature is to investigate the interaction of
two localized photon statéswhich can occur in coupled
vertical microcavities. . .
The objective of the present work is to investigate theo- 1Ry eXpli (P31 o)) + R, eXpli(P2— 1)) =0. @)
retically the optical properties of a system of coupled micro-
cavities as well as the dispersion relations for the charactef~For a symmetric structure witR;=R,=R, ®;=®,=®,
istic optical modes of such systems under normal incidencandL,=L,=L one can rewrite Eq.2) in the form
of light.

(t2=r?)R;R, exp(i (P, +D,)) —exp(—i (P, +D,))

R2(t2—r?)exp2i®) + 2Rt exp(i®)—1=0, ®)

DISPERSION RELATIONS

Figure 1 shows a diagram of a structure in which the
interaction of localized photon states can occur. It consists of
two microcavities sharing a common central Bragg reflector
(BR). The cavities 1 and 2 are located on each side of the
common reflector. The structure is bounded on the exterior
sides by Bragg reflectors BR1 and BR2. The photon modes Ty ey 11
localized in cavities 1 and 2 can interact via tunneling
through the common reflector.

The interaction will be most efficient in the case when

BR1 |} Cavity?]| | BR Cavity2 || BR2

the free-state characteristic frequencaigsandw, of cavities 2 2,

1 and 2, determined under normal incidence of light by the

equations
Arg(R;) +Arg(r)+2d,=2xN, (13 R, rt R,
Arg(Ry) +Arg(r)+2®,=27M, (1b) FIG. 1. Diagram of the structure.

1063-7842/98/43(5)/4/$15.00 565 © 1998 American Institute of Physics
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N, ©—o
-—, ©)

Na—Nyne

T

wheren; and n, are the refractive indices of the cavity-
forming layers, andv is the Bragg interference frequency of
4 the reflector.

It should also be notédhat near the Bragg interference
frequency of the reflector the phases of the amplitude reflec-
tion and transmission coefficients differ by/2 when the
reflector contains an odd number of layers, i.e., in the case of

J the symmetric structure

N

Transmisston

t T
Afg(;) ~5 (6

which becomes an exact equality at the Bragg interference
frequency.

We shall assume thatr<1, i.e., the reflection coeffi-
cient of the common reflector is quite large. Substituting ex-
pressiong5) and(6) into Eq. (4), we obtain an equation for
the mode splittingA

n.L 27n4N t
Aw(c 112 )

1 i 1 1 1
1.37% 1.376 1.376
Energy, eV

L

e atmnynd T ?

1
1.362 ;

L
1.380

FIG. 2. Computed transmission spectra of coupled microcavities for differ- If the Bragg interference frequenay (?f _the reflector
ent values of the reflection coefficient of the common reflector— R~ €quals the frequencyw, of the characteristic mode of a
=0.996 P=12),2 — R=0.999 P=15),3 — R=0.9995 P=18),4—  single microcavity, as determined by Ed4), then Eq.(7)
R=0.9999 P=21). Solid curves — structure side reflectors whose reflec-can be rewritten in the form
tion coefficients equal 0.999; dashed curves — structure reflection with side
reflectors whose reflection coefficients equal 0.95. The curves are shifted wo|t|
with respect to one another by one unit. W= ) (8
n.L n{n,
T

7\_0 (ng—nq)ng

which can be represented as a product of two cofactors col?N€réXo=2mc/w, is the wavelength of light in vacuum,
responding to two characteristic modes of the system Of:orr_espondmg to the characteristic frequency of the micro-
c

coupled cavities avity.
[R(r+t)expi(®+¢))—1]
X[R(r=tjexp(i(®+¢))—1]=0, “) Let us consider a symmetric system of two coupled mi-

where ¢ is the phase of the reflection coefficient of the ex-crocavities with the following parameters: The refractive in-
terior reflector$, which satisfies the relation dices of both cavities.=4, the thicknesses of the cavities 1

OPTICAL PROPERTIES

S

FIG. 3. Splitting of the modes in the
spectrum as a function of the reflec-
tion coefficient of the common re-
flector with the reflection coefficients
of the side reflectors equal to 0.999
(squares and 0.95 (circles. The
solid line shows the curve calculated
from Eq. (8).

Splitting, meV
Splitting , meV

(3.3
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5k 1.390
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4 1.385
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8 4 ® 1.380
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k 1.370
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Il i
I I 1 0.98 0.99 1.00 1.01
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Energy, eV
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FIG. 5. Position of the characteristic optical modes of a system of two
FIG. 4. Computed transmission spectra of coupled microcavities with thecoupled microcavities as a function of the relative detuning of the cavities 1
thickness of cavity 1 fixed at 225 nm and different values of the thickness ofind 2, determined with the aid of E({).
cavity 2.1 — 227,2 — 226,3 — 225,4 — 224,5 — 223 nm; the layers in
all three reflectors have the same thickness. The curves are shifted with
respect to one another by one unit.

system changes, so does the position of the other mode, i.e.,

the modes are coupled. Analyzing the positions of the spec-

and 2 are 225 nm, the refractive indices of the reflector layer§@! features, one can see that they demonstrate anticrossing.
aren,=3 andn,=4, and the layers in the reflectors are 75 It is also evident that the amplitudes of the peaks in the
and 56.25 nm thick. For such a system the radiation wavelransmission spectra decrease with increasing detuning of the

length corresponding to the characteristic modes of cavities gavilt:igs. 5 <hows th "  the characteristic mod
o - : igure 5 shows the positions of the characteristic modes
and 2 isAg=900 nm andw=wy. Let the side reflectors

consist of Q pairs of layers, and let the common reflector ?;Iz;:SeS(}j/Ztﬁrr?il’wéjDeff”twgiivti)t}i/esE@' as functions of the
containP layers with a refractive index of 3 which are sepa-
rated by a P—1)-th layer with a refractive index of 4. w— wg
Figure 2 shows light transmission spectra calculated by - wy ©
the transfer matrix methddor different values of the reflec- ) .
tion coefficients of the common and side reflectors. One can € curves have the well-known form of dispersion
see that as the reflection coefficient of the common reflectofUrves for coupled oscillators of various natures, viz., the
increases, the splitting of the peaks in the spectrum dez_intlcr(_)ssmg of modes. The p03|_t|ons_ of t_he resonance fea-
creases, and in a strongly damped structiside reflectors tures_ in the spectra are virtually identical in this case to the
with lower reflection coefficientsincreasing the reflection Selutions of Eq.(2). _
coefficient of the common reflector can cause the two peaks 1he main results of this work are as follows. We have
to merge into one peak corresponding to a transition fron§tud|ed th.e _|nteract|on of localized photon state.s in a §t_ruc-
strong to weak coupling. ture gons.lstlng. Qf a system Qf two coupled microcavities,
Figure 3a shows the splitting of the spectral features as Elesultlﬂg n sphttmg of the optlgal modes of th? ;ystem. An
function of the reflection coefficient of the common reflector. 2nalytical expression was obtained for the splitting. The op-

For comparison, the solid line shows the curve determined{C8! Properties of the system were analyzed for normal inci-

by Eq.(8). Figure 3b shows the same dependences on a scafi¢nce of light. _
that makes it possible to see the transition from the strong to 1 NiS Work was supported by the Russian Fund for Fun-
weak coupling. In all cases one can see the characterist%Elmental ResearctGrant No. 96-02-17836and the Inter-

square-root dependence on the coupling parameter, which fiSciPlinary Science and Technology Program “Physics of

this case is the transmission coefficient of the common re>°lid-State Nanostructures.

flector. | acknowledge A. V. Kovokin and E. L. Porthdor
helpful discussions.
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An expository account is given for the principle of distributed associative writing of optical

images by recording in a photosensitive medium the total signal from a set of superimposed images
with a random spatial shift. The method preserves the basic characteristic qualities of the
holographic method but does not require the use of sources of coherent or monochromatic
radiation. The results of an experimental test of the method are presentet9o®
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PRINCIPLE OF THE METHOD after exposure, trace@eflections remain in the material

only at locations where the exposure level is higher than a

The proposed principle of distributed associative writing ibed threshold valden oth ds. t )
of information is to a certain extent a synthesis of the optical prescribed threshold vaiileh other words, traces appear in
the recording medium only at locations where bright super-

and neural-nét* methods of implementing an associative ; i Wh traghreshold t ¢ X
memory. It can be briefly described as a method for detectin positions occur. en a con rasreshold type of posi-
ve photosensitive material is used, a trace of the synbol

self-similar images by repeated random superimpositions o ) . ;
g y rep b P pears in the form of many bright separate spots of various

the images and the selection of bright spots, which are assGP p i inst a black back q
ciates of different parts of the complete image. The system ofontigurations against a biack background. -
Associative reconstruction of a complete image from a

associates, each containing information from many parts of . . . S

the image, that is recorded in this manner on a recordin art O.f the Image 1S eIumdategi in Fig. 1b. When a fragment

medium is a conditioned coded representatorogram of J an image Is demonstrated, Images of part of the symbol
being demonstrated are superimposed on the plurogam

the image. . ) - :
g ajUSt as during writing. In the process, the bright elements

Figure 1 elucidates the writing and reconstruction of hich ted It of th ) i fth
complete image according to its parts. Imdgdor example, which were created as a resuft of the supenmposition ot the
now present and absefdashed parts of the imagel will

in the form of a luminous letteA, is reconstructed on a flat i i . . .

surface of a photosensitive matergalith the aid of a plate with a certain probap|_l|ty be '”“'T".”ated: Then there V\.””

2 containing a set of randomly distributed pinholes of small2PP€ar & superimposition of conditioned images — the illu-
inated bright elements of the plurogram — but now in the

diameter. The random superimpositions of the images arisin | f the initial partial boA. A It of th |
in this peculiar sort of pinhole camera produce a complicate d anefoth E '.n'h'f partia tsymt th. S 'at' resut 0 e;’e. ec-
field of illuminance, some sections of which have a relatively'O" o' '€ bright associales at the writing stage, and In view

high illumination intensity. The photosensitive materat, of the reversibility of ray paths, there is a higher probability

. . of bright superimpositions occurring within the contour of
more generally, the recording mediuiias the property that, the initial image. By making a secondary selection of bright

spots of illumination(for example, once again using a high-
contrast photosensitive matepiabne can reconstruct the ab-
sent part(partg of the image, element by element.

ELEMENTS OF THE THEORETICAL DESCRIPTION

We shall confine our attention here, for simplicity, to the
writing and reconstruction of one-dimensional images, which
are characterized by the coordinate dependence of the bright-
nessB(x) of the radiation from a strip of constant width
for example, a set of luminous strips of different len¢fig.

FIG. 1. Diagram elucidating the principle of coded writing of images by the 23).
plurography methada — Multiplication of images of the symbal (1) by Suppose that a plate with openings is located at a dis-
a set of pinholes in an opaque pla® and the superimposition of the tancea from the image, and that the photosensitive layer is

images on a photosensitive materid) with the formation of bright spots located at a distande from the image. In this case an open-
(4, 4’), b — the illuminance of a single reflection, an associate of the. ge. p

luminous parts of the symbol, produces upon reversal of the ray path, illu!N9 ir.‘ the P'at? at a coordinate (i _iS the number of the.
mination in the absent part of the image. opening will bring about the formation on the photosensi-

1063-7842/98/43(5)/4/$15.00 569 © 1998 American Institute of Physics
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FIG. 2. Graphical illustration of distributed
writing of a one-dimensional imagéa—9
and its associative reconstructiofd—g).
1— Image,2 — elements of the plurogram,
3 — superimposition of inverted images,
4 — writing threshold,5 — coded trace of
the image(plurogram), 6 — part of the dem-
onstrated image7 — superimpositions of
partial inverted images3 — illuminance of
the plurogram9 — brightness of the reflec-
tions of the plurogram10 — initial image,
11 — reconstruction threshold.

. f
= 5
ﬁ« U g 1 U HH :5;
D 2 U BHE ~ g
N 11 44¢ * Al
] '
tive medium an inverted image of the original imagéx), I(x")=&-B(x), 2

with the coordinate transformation given by the relation
h where¢ is a coefficient of proportionality.
X' =X+ —(X;—X), (1) I_n thi_s case the coordinate depe_ndence of_the i_ntensity of
a the light incident on the photosensitive material will be due

wherex andx’ are, respectively, the coordinate of an ele-{© the superimposition afl images:

ment of the subject image and the coordinate corresponding n
to this element on the photosensitive recording medium. [(x")=£Y, B[x —(x'—x;)/(ha—1)]. 3
If the total number of pinholes in the platensthen one i=1

will have a superimposition af inverted images. The inten- . . .
If the photosensitive recording medium possesses an ac-

sity 1(x’) of the light incident on the recording medium is lati . then th lated d < th
determined by the directional pattern of the radiation of thecumuiative property, then the accumuiated dose IS the expo-

luminous elements of the image, the diametesf an open- sure levelE(x",1)

ing, and the distance between the image and the recording E(X',t)=1(x")-t, ()
medium. Assuming that)lthe angle of formationr of the

image elements through any openinig small, 32 the diam-  wheret is the exposure time.

eterd of the openings is much greater than the wavelength As we have said, only traces of bright signal superimpo-
in a wavelength barftiA\, and 3 the angular distribution of sitions should remain on the recording medium. This makes
the radiation intensity is cosinusoidal, one can assume thdt necessary to introduce a threshold exposure l@gelFig.

the intensity of the light incident on the photosensitive ma-2b). For definiteness, let us assume that a trace mark on the
terial through one opening will be proportional to the bright- recording medium signifies the appearance of a region with a
nessB(x) of the light: high reflection coefficienR(x") for the incident lightl (x").
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Then the writing of an image on the medium, with allowance

for the accumulation—threshold property, can be represented ) -"\"
as follows: ‘
R(X")=#[E(x")—6g], if E(X")—6g=0; (5 | eweeretuny,
R(x")=0, if E(x")—6g<0. (6) e
Here the coefficienk depends on the properties of the pho- o : ,°.
tosensitive material. ExpressiorntS) and (6) are a coded , k. -
record of the original imagB(x), i.e., a plurograntFig. 20. T a

The reconstruction of a complete image from its parts
occurs as a result of the illumination of some of the reflec-
tions of the plurogram, which were formed by superimposi-
tion of radiation from the present and absent parts of the

original image. The part of the image that is present can also s, ’.‘,s";fi'f,.,;ﬂ.:j’ '

be a sampling of many fragments of the image. Here we iy A * 8 v ,-_; g
bound the coordinates of the exitance of the object image by : x':),:\,"g"'.e-"‘. 0] T:',‘,_x;
the interval[ xg,X;] with Xg, X; €[Xs;Xe], Wherexg and X, W\"QL L gA
are the limits of the complete imagEig. 2d. In this case of e 3 ,zﬁ_;'g:“ iy
presentation of a partial image, the illuminarigex’) of the e ;.'i_‘-'ﬁ ‘:- 3 ~.f~. -
elements of the plurogram is given by expresdi®n but the :‘:2',.;,;-, v
coordinates of the exitance of the original imagéx) are e T o
limited by the length of the image fragment, i.ex, L b

e[Xs;X¢]. The illuminance of the reflectiong-ig. 2e pro-
duces a relief of the brightness distributi@(x’) on the
recording medium,

Bp(X")=Bl(x")R(X"), (7)

where g is a coefficient of proportionality.

The conditioned imagB,(x") which appeargFig. 2f) is
once again transformed into superimpositions, but now in
the plane of the original image:

: )

h
X+ a(xi—x)

l(x)=§'i§1 B,

where ¢' is a coefficient of proportionality relating the _ _ __ _
brightness of an element of the pluroaram at the coordinatFIG' 3. Result of an experimental test of image writing and reconstruction
g p g9 Sy the plurography methoé — Luminous symbolb — coded trace of the

x" with the intensity of the light entering through a single symbo| ¢ — result of image reconstruction.
opening in the plane of the original image at the coordinate
X.

Repeated signal selection is possible, both with respedf'€S€ regions. A secondary selection with respect to intensity
to the intensityl (x) of the received radiation and with re- performed at this stage will reveal the odds in favor of this.

spect to the exposure level(x) =1(x)t. Choosing the first We note that a plate with openings is not the only
option (Fig. 2g), we can write the reconstructed part of the Method for producing superimposition of images. Moreover,
imagel(x) in the form !t is not necessary to superimpose undistorted proportional
images.
LOO=1(x)—=6,, if 1(x)=6; ©)

_ EXPERIMENTAL CONFIRMATION OF THE POSSIBILITY OF
[(x)=0 if 1(x)<9,. (10 RECONSTRUCTING IMAGES FROM A PLUROGRAM

The selection of bright superimpositions of images ac-  In the course of the investigations experiments were per-
cording to a prescribed threshold at the writing stage meanformed on writing and reconstruction of images by the
that light from many luminous parts of the subject imagemethod proposed above. For this, a luminous le®tén the
arrive in the region of the reflection that is formed. Since theform of a set of bright dot§Fig. 38 was formed using a light
ray paths are reversible when reconstruction is done througsource and a light mask. A plate with ax2 cm format,
the openings through which the reflection was formed, in thecontaining randomly distributed openings 0.2 mm in diam-
image reconstruction stage the probability of superimposieter and with a density of 60 édnwas placed midway be-
tions of light from the reflections of the trace is higher within tween the image and the photosensitive material. The dis-
the luminous regions of the original image than it is outsidetance between the image and the photosensitive material was
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h=24 cm. The accumulation—threshold property of the rewalue. First and foremost, it is necessary to take account of
cording medium was realized by using a special contrastliffraction phenomena and to find the optimal values of the
photosensitive material with negative—positive inversion.writing and reconstruction thresholds giving the best recon-
Figure 3b shows the plurographic recording of the leBer  structed image quality. In any case, the possibility of distrib-

The main difficulty arising in the experiments on asso-uted associative writing without the use of sources of coher-
ciative reconstruction of the absent part of the image is ant radiation is in itself of methodological interest.
strong parasitic background which appears as a result of re- We express our deep appreciation to A. N. Pikhtin for a
flection of light from the “black” regions of the plurogram. discussion of this work and for valuable remarks and to I. A.
For this reason, here we confine ourselves to demonstratingityureva for constructive discussions, which prompted this
the reconstruction of the complete subject image using nanvestigation. M. A. Koltok provided enormous assistance in
reflected light but rather the light transmitted through aperforming this investigation, for which we are very grateful
plurogram prepared on photographic film with a light- to her.
scattering interlayer. The result of image reconstruction us-
ing this conditioned coded representatigiurogram and
obtained with the aid of a special contrast photographic pa¥There exists an optimal diameter of the opening in a pinhole camera for
per is shown in Fig. 3c. obtaining maximum image resolution, equal to G/9B—a)\.

In the experiments it was also possible to observe the
reconstructed image visually on frosted glass placed at the _ o
same distance from the plurogram as the original image dur-ls' A. Akhmanov and M. A. Vorontsoteds), New Physical Principles of
. " . . Optical Information Processindin Russiad, Nauka, Moscow, 1990,
ing writing. The image can be observed with acceptable 4, op.
sharpness when a portion of the plurogram is covered. Thi$A. A. Frolov and I. P. Murav'’evNeural Models of Associative Memory
attests to the distributed nature of the recording. ,Lin Russiaf, Nauka, Moscow, 1987, 160 pp. _

As one can see from Fig. 3c, image reconstruction oc- Lé ao\r}g’r‘f”l%‘;ﬁ'ozrggr;;at'o” and Associative MemoSpringer-Verlag,
curs against the background of random bright spots. Un-t G pgochkareva and I. A. Mityureva, Izv. St-Peterburg Golekfon.
doubtedly, a sharper threshold in the photorecording medium Tekh. Univer., No. 435, 881993.
can lower this undesirable background. Another possibility is°A- A]- Kc?_'t’”('j”vb'“ AV“XO?/'GCUOE'CS a”(;i femA'COngCEOV stljiﬂs_RSUS'

P . . . Slan|, edite y A. A. Vasenkov an a. A. Feaotov, rRadio 1 vyaz’,
to use receiving systems with attractive properties. Moscow, 1989, No. 10, pp. 95110,

The proposed method of signal recording supplementsa. . prachev, A. A. Karnin, and V. V. Luchinin, Zh. Tekh. Fi3, 121
the earlier versions: structural reflecttdrand adaptive dif- (1993 [Tech. Phys38, 119(1993].
fraction grating7. "A. A. Kalnin and G. Shabbakh, Zh. Tekh. FiB3, 134 (1993 [Tech.

: T . Phys.38, 124(1993].

In conclusion, we note that the limitations of this method

must be investigated in detail in order to assess its technicakranslated by M. E. Alferieff
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Aspects of an experimental study of the temporal characteristics of switches for topologically
modulated signals are considered. A microwave resistive switch card serves as the

experimental model. The clock frequency of the generator of topologically modulated pulses
developed is chosen such that the ratio of the wavelength at the clock frequency to the dimensions
of the standard switch card is equal ta*10 is concluded on the basis of the virtual

absence of distortions of the input pulses switched by the device and the application of scaling to
the experimental results that a switch of micron dimensions is effective for microsecond

pulses, confirming the previously obtained theoretical data1998 American Institute of Physics.
[S1063-784298)01905-9

INTRODUCTION which was previously investigated by experimental means in

One of the trends in microelectronics is to take into ac-the microwaveS band(Fig. 1)." It is fabricated on a Polikor

count the spatial features of the fields of electromagnetiészgf) clar'dz_wmi aéhmklnzsstqf 1tmm and_hasl_thesforfm of
signals in circuits with high clock frequencies and a highan octupole(Fig. 1). Coupled strip transmission lings) o

element packing densify‘.3 One of the ways to accomplish width 0.77 mm serve as the inputs,2), to which even or

this is to use pulsed topological modulation, which was prO_odd modes having fields with different spatial structures are

posed in Ref. 4. The possibility of the subpicosecond switch—SUpp“_I'_a:' :’he d|st<|':1n<r:1e betvx;et(;n t'he sttrlps |s| e.qual to 0.18
ing of signals of a given type in different layers of an inte- mm. The temporal shape of the Input sighals IS square or

grated circuit has been demonstrated, experimental modepéearly s0. When an even mode is supplied to the input, the

of switches for the microwave range have been developeﬁonducmrs in the_ coupled transmission lines are charged
and investigated experimentally, and the realization Oiequally, and the signal consequently reaches only output

quasineural operations when spatially nonuniform fields ar?al‘n toc?jd mo<|je, V\T'Clh Pas a d;ﬁl(jetrentdﬁeld tr?polog%/,wls re-
superposed has been substantidtédn the present work it ected hearly entirely from outpdl and reaches outp

is proposed that our main attention be focused on experimer"f'ilong a 506} strip line. Spatial switching of the signals is

tal investigations of the temporal characteristics of switchez%herEby ac_compllshed. Fllm resistors . 50 () are used
that were previously calculated only within theoretical or short-circuited conversion and for implementing the pos-
sibility of recording the voltage in the odd-mode regime.

models?~’

EXPERIMENTAL MODEL OF THE SWITCH AND DETAILS OF Res
THE INVESTIGATION $ — 11—
Let us briefly consider the features of topologically ' °_| 1”

modulated signals and the methods used to process them.

Digital information is contained in the spatial structure of the

electromagnetic field lines, i.e., a topological schém&he 6V

discrete processing of such signals requires devices that are I
nonlinear with respect to the field topology. It is known from ¢
theoretical data that passive circuits can have such nonlinear- Rre

ity. The possibility of circumventing the physics of semicon- ~ ~6V#———
ductor effects permits the realization of ultrafast operations

involving, for example, the spatial switching of signals in the

bulk of an integrated circuit. Examples of such devices,

which have been termed topological switches, were de- X
scribed in Refs. 5—7, which also present experimental data

on the spatial separation of analog microwave signals. ThEIG. 1. Structural diagram of the experimental model for measuring the

temporal characteristics of a resistive switch for topologically modulated

object of the present work was to experimentally and th(_:‘O_signals:G — generatorS — switch for selecting the operating modes of the

retically investigate nonSta_tionary switching process. For t.hi%ignal generatork — correcting circuit, TS — resistive switch for topo-
purpose we used an experimental model of a resistive switchggically modulated signals®R — film resistors.

1063-7842/98/43(5)/3/$15.00 573 © 1998 American Institute of Physics
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To test the operation of the switch in a nonstationary 1F a
signal switching regime, we developed a signal generator, i
which permits the supply of even or odd modes to the input i
of the coupled strip transmission lines. A structural diagram - I 74 2/t 774
of such a device is presented in Fig. 1 and consists of a g~ 0 T T
signal generato in a KR1533LN1 microcircuit, mounted S or
elements, a correcting circlt, a switchS for selecting the i
operating mode, the circuit card under investigaflds) and i
high-resistance loadBy, and Rygs. Tr
Correct selection of the clock frequency with consider- . )
ation of the dimensions of the switch is important, since the i b
results of the experimental investigations are to be used to B
draw a conclusion regarding the effectiveness of such a de- |
sign fabricated according to a technology for very large scale = 0 vh 2/% i’k
integrated circuits(VLSIs). For example, the ratio of the L ' ' '
wavelength\ 1 at the clock frequencyy to the characteristic |
dimensionsd, of the VLSI elements Ko=\1/de) ranges 5
from one to several powers of tén® The experimental 74
model of the switch investigated was fabricated using a hy-
brid microwave technology with dimensions of the order of 1{ ¢
several millimetergFig. 1). The distancel, between input
and outputdl andlll is 30 mm. Therefore, to correctly apply i
the scaling method,the clock frequencyf was selected > r VF 2/F 3/f
such thaK = 10*. This value is typical of the overwhelming § ¢ ~ ~ ~ Z
majority of VLSIs1~3 Applying the principles of modern mi- > F
croelectronics, we can assert in a first approximation that the i
switching properties of the switch will be invariant against , i

increases in the clock frequency up to the microwave range,
if Ko remains unchanged as the geometric dimensions of thec. 2. Time dependences of the signals at inpaind outputll of the

switch are simultaneously reduced to micron values. switch for topologically modulated signala — voltage at input termindl;
b — voltage at input termin&; ¢ — voltage at switch output. The ratio

of the wavelength\ ; at the clock frequency to the dimensions of the switch
card\1/d.=10% and the on—off time ratio of the pulses is 0.33.

RESULTS OF THE EXPERIMENTAL INVESTIGATIONS oped a correcting circuit, whose parameters were adjusted
experimentally. It made it possible to suppress pulses of
The temporal characteristics of the experimental modeshort duration at output by 27 dB. Greater synchronism of
developed were measured using an S1-99 oscillograph withthe pulses forming the odd mode is possible when a better
standard 1 M) input resistance. The error in the measure-integrated circuit is used.
ments of the signal shape does not exceed 5%. The free
output of the instrument was also loaded with an equivalen€CONCLUSIONS

1 MQ resistance during the measurements. Aspects of an experimental study of the temporal char-
When a periodic sequence of pulses of the even modgcteristics of switches for topologically modulated signals
was generated, their synchronism was virtually maintained faye peen considered. A microwave resistive switch card
the input of the coupled strip transmission liné&ys. 2aand  gepyed as the experimental model. The clock frequency of
2b), and a signal which is somewhat diminished in amplitudeie generator of topologically modulated pulses developed
because of the resistoR® was fed into the high-resistance \yas selected so that the ratio of the wavelength at the clock
input of the oscillographFig. 29. In this case the signal at frequency to the dimensions of the standard switch card
output lll was suppressed by 30 dB . The final degree ofyould be equal to 1D It has been concluded on the basis of
suppression is governed primarily by the error in the generathe virtual absence of distortions of the input pulses switched
tion of “cophasal” pulses of identical amplitude. by the device and the application of scaling to the experi-
The generation of pulses of the odd mode had its owrmental results that a switch of micron dimensions is effective
special features, since some asynchronism of the pulses dr microsecond pulses, confirming the theoretical data pre-
opposite polarity was observed due to the operation of theiously obtained:™’
microcircuit. This led to the appearance of a pulse of the  We thank V. A. Gorlanov for his assistance in perform-
even mode at output, whose duration was approximately ing the experiments.
equal to the asynchronism interval. To eliminate the error in  This work was partially financed by the Russian Fund
the operation of the microcircuit in this regime, we devel-for Fundamental Resear¢fGrant No. 94-0204979)a
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Effects of the resonant Bragg scattering of magnetostatic backward volume waves on the
periodic structure of a conductive meander pattern with an alternating current are analyzed
theoretically and compared with experiment. It is shown that unlike a static grating, a

dynamic grating causes a frequency shift of the scattered wave. It is proposed that this
phenomenon be utilized for effective control of the intermodal conversion of magnetostatic waves.
© 1998 American Institute of Physid$S1063-784£98)02005-4

INTRODUCTION structures with a current considered in the present work per-
mit achievement of complete interconversion of the MSW
Long-wavelength magnetostatic spin wavedSWs)  harmonics over considerably shorter interaction lengths, so
propagating in yttrium-iron garng€¥1G) films are very sen- that the influence of damping can be less significant in this
sitive to the conditions on the film surface and to the externatase than in acoustomagnetic scattefirig. addition, the
magnetic field. This makes it possible to control the propasimplicity of the design of creating spatially periodic inho-
gation of the waves by creating weak inhomogeneities on thenogeneity using an alternating magnetic field is attractive.
film surface. The effects of the parametric interaction of MSWs have
Static inhomogeneities can be formed, for example, bybeen analyzed only in reference to various static inhomoge-
etching the film through a periodic masky periodically  neous structures and for the case of the scattering of MSWs
varying the magnetization and anisotropy fields during im-on surface acoustic waves. The present work is the first de-
plantation of the ferrite filnf,by depositing a grating of con- tailed theoretical and experimental investigation of the Bragg
ductive strips on the film surfacepr by placing a high- scattering of magnetostatic backward volume wal\SB-
coercivity magnetic ribbon with a harmonic distribution of Vws) in a YIG film with a conductive meander pattern de-
the magnetic field in it alongside the filfihen the condi-  posited on its surface.
tions for spatial synchronism are satisfied, resonant Bragg
scattering of an MSW on the static inhomogeneities accom-
panied by alteration of the wave number of the MSW takeerEoRY OF THE COLLINEAR SCATTERING OF
place. , _ MAGNETOSTATIC BACKWARD VOLUME WAVES
Dynamic inhomogeneity can be formed by depositing a
conductor in the form of a meander pattern on the surface of Let us consider a flat ferrite film of thicknesswith a
a ferrite film and passing an alternating current through it. conductor in the form of a meander pattern positioned near
The current flowing through the conductor creates spatiotemits surface, as is shown in Fig. 1. We direct thexis of a
poral inhomogeneity of the magnetic field, which actually Cartesian coordinate system orthogonally to the plane of the
has the form of two magnetic-field waves traveling in oppo-film surface, placing the origin midway between the lower
site directions. If the amplitude of these waves is small comand upper surfaces. We assume that the meander pattern is
pared with the homogeneous internal magnetic field in thainrestricted in aperture along theaxis, and its period\
film, an MSW will undergo inelastic scattering on the trav- along thez axis significantly exceeds the film thicknessso
eling waves when the phase synchronism conditions are satat the conditionA>d is satisfied. The external uniform
isfied. Unlike scattering on static inhomogeneities, in themagnetizing fieldH, is directed along the axis parallel to
present case not only the wave number, but also the frethe plane of the film. In this case magnetostatic backward
guency of the scattered MSW will be altered when the convolume waves can propagate along the field direction.
ditions for resonant Bragg scattering are satisfied. Similar  The structure of the magnetic fields and the dispersion
phenomena appear when an MSW is scattered on a surfaeguation for the MSBVWSs in the case of a static external
acoustic wave traveling in a filfh.However, the periodic field (in the absence of a meander patieame found by

1063-7842/98/43(5)/8/$15.00 576 © 1998 American Institute of Physics
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4 a A The characteristic features of the spectrum of these
- N > 2 waves are the negative group velocity and the fact that it
® ® | ® ] 9w vanishes on the boundaries of the frequency range for their
< 4 ] existence wy<wp<wq, where wg=+oy(wy+wy). The

| 2 /////////////%/ n only exception is the fundamental zero-order odd mode,
oV /L /< whose dispersion at the beginning of the spectrum has a lin-

-% 1 ear character:

——e
0@ (k)= wy— Vgk+O((kd)?),

where
FIG. 1. Geometry of the structure investigatéd= ferrite (YI1G) film, 2 —
grating (meander pattejn do w%— wa
Vy=—o| = d

9 dk k=0 4(1)0

solving .the linearized system of equaﬂons of mqtlon of theis the group velocity of the fundamental mode at the begin-
magnetic momeni and the magnetostatic equations

ning of the spectrum.
) Because of the large group velocity, the fundamental
gt~ YIMxH], culH=0, divB=0, (D mode is excited most efficiently by microstrip transducers

) and is damped more slowly as it propagates than are the
whereB=uo(H+M), H=Hy+h, Hg is the constant mag- higher modes.

netic field in the ferriteh is the nonuniform demagnetizing As was shown in Ref. 8, the presence of a conductive
field, uo is the permeability of a vacuum, andis the mag-  grating near the surface of the ferrite film leads to interfer-
netomechanical ratio. ence effects due to the interaction of the signal and reflected

The system of equations is supplemented by the bounds,rmonics of the MSWs. These effects are strong under the
ary conditions for continuity of the normal component of the .qqitions  of Bragg synchronism, for which condition
magnetic inductiorB, and the tangent of the field compo- w(K)=w(Ko—k), whereK,=2m/A ié the wave number of
nenth, at the film surfaces the grating, holds. Passage of an alternating curdent

By|y— +gp=const, hy|,_.q»=const. (20  =locos(lt) with a frequency) through the meander pattern
Th luti  thi blem i | knovfif introd produces a standing wave, whose period is two times greater

e solution of this problem is well knownif we introduce 1, ¢ period of the static reflective grating. The conditions

thedscalar potenua}(/jfor: thg magnet|2|?grf]|elatlﬂzls—vv\/<lp, thflal b for scattering on this wave coincide with the conditions for
mode structure and the dispersion of the S Wil B€Bagg diffraction on a meander pattern without a current

described for even modes by the following formulas: only for double reflection processes with a zero total fre-

A, cog Bx)exdi(wt—kz)]+c.c., |x|<d/2, guency shift. In the general case the synchronism conditions
; for scattering on static and dynamic gratings do not coincide.
={ A dr2 t—k
Un n 08 Brdi2)exeli(wnt—k2) In order that they could be considered independent, the cur-
—k(|x|=di2)]+c.c., Ix|=d/2, rent modulation frequencf2 must exceed the width of the
( opacity band formed in the case of scattering on a static
wheren is the mode numbew,, is the frequency of thath  grating. Below we shall assume that this condition is satis-

mode, A, is its amplitudek is the wave number, fied.
We represent the magnetic field wave created by an al-
B, = K| = WHOM ternating current in a meander pattern in the form of an ex-
"W -1 Y w2—wd pansion in a Fourier series
op=7H,  on=yM. hzt)=3 S hYexdi(sK,z—Qt)]+cc,  (7)
The dispersion equation has the form nos
B.d B, where (9= (h{™9 0,h{"9) is the amplitude of thenth
tar( 5 )=— e (4)  Fourier harmonic{) is its frequencyK,=mn/A, and the
valuess=*+1 correspond to propagation of the wave in di-
For odd modes rections parallel and antiparallel to tkeaxis, respectively.
B, sin(B,x)exdi(wnt—kz)]+c.c., |x|<d/2, Generally speakipg, the_ anjplitude. of th_e first harmonic
) ) decreases exponentially with increasing distance from the
Yn=1 Bn sin(Byd/2)ex i(wst—k2) meander pattern into the bulk of the film. However, if the
—k(|x]| —d/2)] +c.c., |x|=d/2, film is sufficiently thin, and the conditiok,d<1 holds, this

(50  dependence can be neglected in a first approximation.
With consideration of the magnetic shielding of the field
within the film, the amplitudes of the harmonics are related
tar(B—nd) _ & ©6) to the current in the meander pattern by the following ex-
2 k- pression:

Their dispersion equation has the form
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ih(N.S)
h(n,S):_£ ZM}—
X 1+x,
2algexp—Kpb)  [@nN) [ 7N
=) sin S sir? - (8)

wherea and\ are the thickness and width of the meander-
coil transducerb is the gap between the meander pattern and
the film (Fig. 1), andx, =M/H is the static susceptibility of
the film (Appendix A).

The general solution of the system of initial equations
(1) should be sought, according to Floquet's theofémthe
form

6)*/27;, GHz

Y= 2 2 2 yVexdim(sK,z— Q)]
m=-x n=1 0 500 1000 500 2000

x exdi(kz— wt)]+c.c. (9) yHs Gz

It is a set of harmonics, which are shifted in frequency andFIG. 3. Dependence of the frequencies of the scattered waves on the fre-
Wwave nuriber by the Vectos(1k,,m). In the zerot ap: ere) o e S07 wave o saterig on meanderng condctors vt
proximation with respect to the amplitude of the variable
magnetic field(or with respect to the small parametey
=maxh™9|/H<1) the dependence of the amplitudes of the
harmonicsy{™® on the transverse coordinateis given by  frequencyw and the wave numbet depends on the wave
formulas (3) and (5), in which it should be assumed that number of the magnetic waw€. Whenk>K, only forward
om(k)=w(]smK,+k|)+mQ. The presence of a nonzero scattering (unidirectional scatteringof the original wave
periodic fieldh(x,t) leads to an interaction between the har-with an increase or decrease in the wave number accompa-
monics. In a first approximation with respectdq the har- nied by a decrease or increase in the frequency, respectively,
monics with the adjacent mode numbens-0 andm==*1 is possible. Wherk<K, both forward scattering and back-
interact most strongly at the points where the correspondingcattering(bidirectional scatteringaccompanied by either a
dispersion curves,(k) cross, i.e., decrease or an increase in the frequency of the wave is pos-
_ _ sible. In the general case the frequencies of the scattered
olkg=w(k)+sQ, k=k+sk. (10 wavesw . andw_ are located at different distances along the

It follows from (10) that single and multiple forward frequency scale from the frequency of the original wave
scattering and backscattering of MSBVWs are possible, as is  Figure 3 presents calculated synchronism curves for the
shown in Fig. 2. The dispersion curves of the MSBVWSs inzero-order MSBVWSg1) in a YIG film with a thickness of
the figure were calculated using Ed) for the fundamental 20 um immersed in a field of intensitid =600 Oe in the
mode and the values of the parameters corresponding to thse of single scattering on a meander pattern with a period
experimental conditions presented below. It is seen that tha = 1000 xm. Bidirectional scattering takes place in the fre-
character of the scattering of an original wave having thequency rangé>f,, and unidirectional scattering takes place
in the frequency rangé<f;.

The bidirectional scattering of MSBVWs at small values
of &, is described well by the coupling equations for the
amplitudes of the envelopes of the synchronized harmonics.
These equations are obtained by averaging the original equa-
tions (1) over the fast variables by the Bogoliubov—
Mitropolsky method or by the singular perturbation method
for media with spatiotemporal periodicity generalized to the
case of bounded medta.

In the case of bidirectional scattering the coupling equa-
tions have the following form:

w/27C, CHz

aA oA,
i ++|v+ +ng +idwtA_=0,
1000
IA_ IA_
|7—|V, +wgAL+idw A =0, 1y

FIG. 2. Calculated scattering pattern of the fundamental magnetostatic vol-
ume mode for a modulation frequen€y/27=30 MHz and a meander- ] ) ) ]
pattern periodA =500 xm. where A are the amplitudes of the interacting harmonics,
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V.=dw. /dk are the group velocitiespw. are the line- h(™) oy (w?+ w?) ih™s 42 [kd
. . . . s z M H s X M
widths of the interacting MSW harmonics, aag; are the Wpg= v WA= — \/ 5
; - M 20w M o 2
coupling coefficients. (14)

As the calculations showAppendix B, the coupling
coefficients for modes of identical symmetry have the form It follows from the formulas obtained that the coupling
coefficient for bidirectional scattering at small wave numbers

2 + .- + -

S :h(n's) 2BZ o(k-s—ke)(x1 X1 T X2 X2) is maximal for modes of identical symmetry and depends

58 M y ked B2\ |oxs’ weakly on the frequency, in contrast to the case of modes of

K-s(Bs=B)| 1+ —| 1+ el lie different symmetry. The scattering efficiency, which is de-
s fined as
(12
where B A_(2)
OOy WsW k? " A+(0) Z:'—’

S_ S_ S 2__
X wi-w?’ X wi-w?’ Ps -1’ is found by solving Eqs(12) with the boundary conditions
ws=o(ks),  ks=[k+sK;|. AL (D)]=0=A:(0), A_(2)[,-=0, (15)

When modes of different symmetry interact, tfexven-

. . whereL is the length of the meander pattern.
odd) coupling coefficients take the form

SettingA-=A.exdi(o—w)t], wherew.. are the fre-

ih(n.s) 28 ke guencies of the synchronized MSBVWsee Eq.(10)], for
WEA= v - T the amplitudes of the interacting harmonics, from the solu-
B 1+ @ 1+ & Ix1 tion of the boundary-value problem we obtain the following
3_ 2 k§ ] dw expression for the scattering efficiency:
2(k_— A_(L)
W\ _ Bs(k_s—Ks) —
XV =0t )t n=
l © (B2 B2 ks A(0)

° (aVJF—Aa)—i5(1)+)2—ﬂ2V?F 16
Q=0 M Q=0 — = .
X (x(l X3+ w—s(x(z '+ x2 S)m- (13 wilaV,—Aw—idw, + BV, +collifL)]
For meander patterns with a large period, for whiKkd Here
=md/A<1, Egs.(12) and(13) are simplified, and when the A i 5 5
conditionsQ/w<1 andkd<1 are satisfied for the first-order = o(V_—V)+i(V_bw,—V,dw_)
modes, they take the following form 2V, V_
|
. {[Ao(V,+V_ ) +i(V, 60_+V_bw,.)]?—4V V_wgwg}?
2V, V_ '
|
Aw=w—w, is the detuning. curves, i.e.,Aw~wg, while for a weak interaction g

For single-mode scattering we can Sét.=V_=V, <dw) it is determined by the width of the MSW line, i.e.,
dw,=0dw_=dw, and v =wg =wg to good accuracy in Aw~dw.

the case of K,d<1. Then, using ® to denote Let us now consider the case of the unidirectional scat-
JV(Aw+idw)?— w2, we obtain tering of MSBVWs. In this case the sign in front of the group
velocity V_ in the second of the mode coupling equations
= “B (17) (11) should be reversed. The boundary conditions for the
[Aw+idw+i® cot(LO/V)|" amplitudes of the envelopes then take the form

When the length of the grating is large ah®/V>1,
this expression takes an even simpler form

. AL (2)|-0=A(0), A_(2)|,-o=0. (19)
—oo)~ B
M=)~ R o T 60t 0] (18)
It is seen from(18) that for wg> dw the detuning rela- The solution of the coupling equations with these bound-

tive to the mode synchronization frequency is determined byry conditions gives the following expressions for the scat-
the half-width of the frequency splitting of the spectral tering efficiency:
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A_(L) wg SwlL AH=0.6 Oe grown by liquid-phase epitaxy on a nonmag-
= IAL0)| v ] |sm(§L)|exr{ ~5v _d) (200 netic substrate measuring<20 mm. The film was pressed
m against a Polikor substrate, on whose surface two broad-band

with a decrease in the wave number and microstrip transducers and a conductor in the form of a me-
A, (L) ander pattern between them were deposited by photolithog-
27| A ) raphy. The transducers, which had a width of & and a
+

length of 4 mm, were placed at a distariee8 mm from one

(IVi|=IV_D(Aw+idw) another. Meander patterns with a conductor width of.50,

=|cogéL) i 2[V.V_|¢ S'”(f'-)‘ an aperture of 6 mm, a length of 7 mm, and various distances
between the conductord =100, 200, and 50Qum were

><ex;< _ dwlL ) 21) used in the experiments. An alternating current with an am-
2V i plitude up tol ;=2 A and a frequency)/27= 20— 150 MHz

was passed through the meander pattern and created a modu-

ith an increase in the wave number. Here . . . . . .
w ! ! wave nu lating field with an amplitude up to 10 Oe in the film. The

VIVL=IV_D(Aw+idw)®+4|V. . V_|w] entire structure was immersed in a constant tangential exter-
&= 2|V V_| ’ nal magnetic fieldH=550 Oe. A continuous SHF signal
with a frequency in the range/27=2-3.5 and a power
_ 2|V, V_| Pin<1 mW was supplied to the input transducer to excite
AV V| MSBVWs in the ferrite film. The dependence of the power

P.ut (the amplitude—frequency characteristimd the phase
® (the phase—frequency characteristif the signal on the
frequency under stationary conditions, as well as the spectra
of the transmitted signal and the signal reflected from the
input transducer upon modulation of the magnetic field, were

In the case of sufficiently large coupling coefficients,
where wg> dw, and a small difference between the group
velocities of the interacting waved{<V), it follows from
(20) and (21) that

e recorded from the output transducer.
m=sin(éL)exp — - |, The propagation of MSBVWs in the frequency range
Sl from w/27=2.8 to 3.15 GHz was observed in the structure
w .
1= COY §L)exp< _ , 22) described when the meander pattern between the transducers
2V was absent. The minimum loss on the amplitude—frequency

characteristic was =10 log(P,/P;n) = — 18 dB. The mea-
Formulas (22) show that whenLwg< /2, maximum sured upper cutoff frequency of the MSBVWs was equal to
. ; : y ~3.14 GHz, which agrees well with the theoretical value
conversion is achieved at zero detuningg=0). However, ! .
(=0) wol2m=3.15 GHz. When the meander pattern was intro-

whenL wg=~ 7/2, the suppression of unidirectional scattering Uced between the transducers, the upper cutoff frequency of
is possible near the synchronization frequency, and a smal i . '
b y d y ﬂ-\e MSBVWs varied slightly, but the brokenness of the

detuning can promote an increase in the interconversion o litude—f h teristic i d Fi 4
the harmonics. Under the conditions of phase synchronisnia,mpl ude-lrequency - characleristic increased. Figure
whereA w=0, the conversion efficiency depends strongly onShOWS portions of the amplltude—fre_quency characteristic
the group velocity of the MSWSs. As the velocity decreasesar?d_ the phase—frequency characte_rlstlc for the structure con-
(V—0), the amplitudes of the interacting waves not only@ing the meander pattern with\ =500 um. The
decay, but also oscillate due to the decrease in the Charactéarmplltude—frequency characteristic clearly exhibits three
istic w,ave interaction length ~V/wg—0 resonant dips with depths up to 20 dB and widths from 6 to
B .

Double-scattering processes with a double frequenc 0 MHz at t_he~3 dB level. The dips correspond tg the
shift appearing at the poinis(k) = w(k) + 250, wherek, ragg reflection of MSBVWSs from the conductor grating at

=|k+2sK,|, are characterized by significantly smaller scat-frequenCIes whose wave number ;atsfy_ th.e. conditioh
tering amplitudes, since their coupling coefficients are in-_ 7~ 27N, where N=0, 1, .... Discontinuities on the
versely proportional to the amplitude of the modulating ﬁeldphase—fr_equency char_acterlstlc are also observed at these
raised to the second powes?)~ (h/H)2. Double scattering frequencies. A comparison of the(k) curve of the MSB'. .
without a frequency shift is masked, in addition, by theVWS reconstructed from the phase—frequency characteristic

Bragg scattering of MSWSs without a frequency shift on theW|th the calculated dispersion curve showed that the pres-

metallic grating of the meander pattern. The latter effect ca C:]ecaesgf.r:h;eco?gua?;g m::l:di; tphaetter2 fsaiza:ro tﬁgme Ig-r
be eliminated, in principle, by shielding the SHF field from ! group trequency wav upp

the meandering conductor by metallizing the surface of th cutoff frequency of the range for MSBVWs and weakly in-

L : L . . Sluences the propagation of waves wkl\ <1. When the
ferrite film using a thin insulating separating layer. meander patterns with =200 zm and especially\ = 100

pum were used, the brokenness of the amplitude—frequency
characteristic increased further, and, in addition, the level of

In the experimental investigations we used a YIG film of direct electromagnetic bridging of the gap between the input
thickness d=20 um with the saturation magnetization and output transducers increased sharply. Therefore, the
47M=1750 H and the ferromagnetic resonance linewidthmeasurements of the scattering of MSWs under nonstation-

where it has been taken into account thatwg/V.

RESULTS OF EXPERIMENTAL INVESTIGATIONS
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-10}+
0 MSBVW

AAII b U S N T T S I O
L)

FIG. 4. Amplitude—frequency and phase—
| 1 1 frequency characteristics of the transmit-
ted magnetostatic volume waves in a
structure with a meander pattern.

ary conditions were performed only with the meander patter®PPENDIX A

having A=500 um. Figure 5 presents the scattering effi-

ciency of MSBVWs for the case corresponding to Fig. 2.  The distribution of the field is found from the magneto-
Evaluation of the scattering efficiency from Eq47)—(20)  static equations

gives values which agree with experimen}=€0.1) for a

current in the meander pattelg~0.01 A, which creates a curl H=j, (A1)
nonuniform modulation field with an amplitudg~0.5 Oe.

We note that similar MSW scattering phenomena in re-
sponse to spatiotemporal modulation of a magnetic field are
also characteristic of magnetostatic forward volume waves
(MSFVWSs) propagating in normally magnetized ferrite wherej=ad(x—A)XJ,cosK,+ ) is the current in the me-
films. In this case, however, the sign of the group velocity ofander patterna is the thickness of the meander pattern,
the MSFVWs coincides with the sign of the phase velocity;A=d/2+b+a/2 is the distance from the midplane of the
therefore, the frequency shift of the scattered wave is oppderrite film (the coordinate originto the midplane of the
site to the shift in the case of MSBVWs, in which these signgmeander pattergFig. 1), J, is the amplitude of the current
are different. density, and5(x) is a Dirac delta function.

The phenomena considered can be utilized to selectively We introduce the magnetic potential defined by the rela-
generate higher modes of MSBVWs by means of their paration h=V . Integration over a small vicinity near the mean-
metric interaction under phase synchronization conditions. Iigler pattern gives the boundary conditions
the case of strong couplingug> dw), the efficiency of uni-
directional conversion is specified at the synchronism point
by (21). The efficiency maximum is achieved when

div(H+M)=0, (A2)

0_.

a2 = o] —ﬂ:fm r

wherep=2wg/dw>1, and it equals % -20k
3 ’
——p —_ 5,1 ~ d '30“ —— \
Dmas= mexp{ p~larctarip))~100%. 8-\ TN . // \\
- [~ \\ // \A

Thus, practically complete mode conversion can be ob-
tained at an interaction length~ 7V/2wg, Which amounts -850 | ] 1 |
to L~1 mm when the field modulation deptt=10 Oe. —60 ~30 a0 60

Aw/27T, MHz

This work was carried out in part with the support of the
International Science Foundation and the Russian Govermgg. 5. Experimental dependence of the intensity of the transmitted and
ment(Grant No. M6Q300D scattered MSBVWs in a meander pattern.
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A Y For the first-order approximation, the following relations
X =X +a§ Jn cogKnz+¢y), can be obtained from the Landau-Lifshitz equation with
x=4-0 x=4+0 consideration of the weak temporal and spatial dependence
e of the amplitude of the interacting harmonics, whose slow
= =const. (A3)  variation is specified by the small parametefsw/w
x=4-0 ~Ak/ks~h/H<1, whereAw and Ak are the detunings of
The boundary conditions on the film-vacuum boundarythe frequency and wave number, respectively:
are (1) Sagfsb . &Xl ‘92'//(50) + spk(n)
Mys=—X1——— —1—— +ix3h
ad _(1t )Y T T XITo T gw axar | X2
X x=d/2+0 X x=d/270’ m(® m'®
I X T xiy hE g h 0o, (B3)
2z =const, (A4)
x=d/2:0 Lm0 )
wherey, =M/H is the static susceptibility. m(y,gz —ix3 X +ixshy" M —x1hy”
Similar conditions should hold on the other boundary.
The solution of Eqs(Al) and (A2) for the potential is m(y?),s X2 :921#20) C SOp(n).0=0
sought in the formy=3 A,(x)cosK,z+¢,). In this case the Xt 70 axar X2 he (B4)
equations for the amplitudes in the vacuum have the form
d2A, m=i - hPm(0 (B5)

: —K2A,=0, (A5)
dx whereg is a correction to the amplitude of the potential from

and the equations for the amplitudes in the film have théhe zeroth approximation/= P O+g).

form The equation for the corrected potential within the mag-

netic film follows from the magnetostatic equations and has

d? (A6) the form

n

2 (1+x,)—K2A,=0.
g K& oxg oy
g o Vs

NG 1-x3 dw IT

The solution of these equations under conditi¢AS) (1-x9)
and (A4) have the following form

0 — — 0
s L e X3 +xix1) Py
s 0z M (9)(2
ay'°)
ox

g=a>, J, codK,z+ ¢, )exp —K,b) —2ik
n

cosh uK,(x+d/2) ]+ w sinf uK,(x+d/2)]
coshuKpd)+ u(1+ x, /2)sin uK,d)

W -
— kPO x3") (B6)

(A7) The equation for the potential outside the film has the form

whereu=1/J1+ x,, andb is the gap between the film and 72gV Pl

the meander pattern. ——kZgW=—2ike——. (B7)
Taking into account thalt,= dy/dx andh,=dyldz, in X 9z

the approximatiorK,d<1 we obtain formuld8) from (A7). The boundary conditions for the correction to the first-

order approximation have the form

APPENDIX B ag™ N ag™
Let us derive the coupling equations of parametrically IX +m, T X ' (B8)

interacting MSBVWs on a traveling magnetic wave of the X=*di250 X=*di2=0

form h™=(h{", 0,h{")exdi(K,z—O1t)]. Because of the 9V ez apz0=9 ke a0, M (x=20)=0.

small value of the pumping amplitudé/H<1), we shall . . . .
seek a solution in the form of two adjacent harmonics of the The solution of the system of differential equatidis)

i . . " and (B7) with the boundary condition&8) leads to an in-
Se”is(ll' forl\li\'hf:l Ty:cf;;omshm Cl?nﬂ'ﬂfni £f|thhe ILorm homogeneous linear system of algebraic equations with a
. (K-)=w_(Jk, =Ky) ~S2L, Wherek. = K. = Rnl, hold. zero determinant, because the frequencies and wave numbers

In the zeroth approximation the amplitudes of the inter-

. . . . satisfy the dispersion equation for the modes of the zeroth
acting harmonics are described by E@—(5). In this case approximation. The conditions for solvability of this system

(0) s g are the coupling equatiorid1) sought for slow variation of
Mys= " X1y (B1)  the wave amplitudes.
(0)
m§,°§= _ixg(ws . (B2) C. G. Sykes, J. D. Adam, and J. N. Collins, Appl. Phys. L8, 388
: X (1978.
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Influence of substitutions on the magnetic anisotropy of Gd-containing magnetooptic
iron garnet films
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The properties of magnetooptical films of the system (Bi,Gd;(Ré¢,M)s0,,, where Ln= Lu

or La and M= Ga or Al, grown by liquid-phase epitaxy on NéaO;, substrates oriented
along(100), along(110, and close td¢111), are investigated by x-ray and ferromagnetic resonance
methods. ©1998 American Institute of PhysidsS1063-784£8)02105-9

Bismuth-containing iron garnet single-crystdiGSC) per formula unit]. For Bi-containing IGSC films of the sys-
films containing Cd* ions are used in various magnetoop- tem (Bi,Gd,LnkFe;O;;, it is necessary, in addition, to take
tical devices-? These films are customarily grown ¢h11) into account the contents of rare-earth elements in the mix-
oriented substratés® Our present objective is to investigate ture and their distribution coefficienfswhen the composi-
magnetic anisotropy in the case of Bi-containing IGSC filmstion of the film includes a nonmagnetic®¥ ion, it is impos-
whose orientation deviates frofd11) and to analyze how sible to determine the chemical composition of Bi-containing
they are influenced by ions substituted for’Caénd Fé™. In IGSC films from da/a data and the composition of the raw
particular, we seek to determine whether®Gdons paired mixture, because the distribution coefficient of thé'Mon
with Bi®* ions contribute to orthorhombic magnetic anisot-is highly dependent on the film growth rate. The values of
ropy. Xgi,» Xad,» @andX,,, are given in Table I.

Bismuth-containing IGSC films of the system For films of the system (Bi,Gd}e0;, the saturation
(Bi,Gd,Ln)3(Fe,M);0;5, where Ln=Lu or La, andM=Ga  magnetization 4 Mg can be determined from data in Table
or Al, were grown by liquid-phase epitaxy from a super-9.3 of Ref. 7 on the assumption that in the system
cooled PbO-BiO;—B,0; fluxed melt on variously oriented (Bi,Ln),Gd;_,Fe;0,, the value of 4rMg increases linearly
Nd;Ga;0,, substrates. The crystallographic orientation ofwith x from the value corresponding to geg0,, to the
the Bi-containing IGSC filmgbasal plane, angl®, and the value corresponding to the hypothetical garnetFgiO;,.
deviation of the plane of the film from)itvere monitored on The saturation magnetization for the latter is assumed to be
a DRON-2.0 diffractometer within 0.1° error limits. the same as for LlyFes0,,. The values of 4Mg so deter-

The mismatch of the film and substrate lattice param-mined are given in Table I.
eters da/a, measured in the direction of the normal to the The magnetic anisotropy parameters were investigated
plane of the filn] da/a=(a;—ag)/as, wherea; is the lattice by the ferromagnetic resonance method at a frequency of
parameter of the film ands is the lattice parameter of the 9.34 GHz. The resonance fields were recorded with the ex-
substrat@ was determined by a standard method from rock-ternal magnetic field oriented perpendicular to the plane of
ing curves measured on a two-crystal x-ray spectrometethe film (H,, perpendicular resonancand parallel to it
The spectrometer was assembled from a DRON-3M diffrac{H,,, parallel or in-plane resonangealong with the corre-
tometer and a monochromator unit utilizing a perfect Gesponding ferromagnetic resonance linewidthAH, and
crystal and th€333) reflection. To identify peaks originating 2AH,,. To determine the in-plane anisotropy of the film, the
from the film and from the substrate, the rocking curves werdield was recorded as a function of the azimuth angle,
recorded for two reflection orders, and the intensity ratio ofH;,(¢), in parallel resonance. The results of the ferromag-
the peaks was compared. The mismatch was calculated fronetic resonance measurements are given in Table |, where
the equatioh Hin min @ndH;, max @re the minimum and maximum values of

the resonance field in parallel resonance, respectively, and
daja=—Ad cot b, @ SoH;, is the difference between these values.
which follows from Bragg's law. Here is the Bragg angle, Inasmuch as Bi-containing IGSC films of the system
and A9 is the angular distance between peaks originatind Bi,Gd,Ln);(Fe,M);s0,, do not containing fast-relaxing
from the film and from the substrate. The values@bfand  magnetic ions, and as the gyromagnetic ratio of the slow-
éala are given in Table I. relaxing Gd* and Fé" ions is identical and equal tg,

For films of the system (Bi,GdFe;0,, the concentra- =1.76x10°0e s %, we have the following expression for
tions of bismuthXg; and gadoliniumXg4 can be determined them in accordance with the Wangsness equétion,
from data in Table 9.4 of Ref. 7, taking into account only the
mismatch of the film and substrate lattice parameférs y= Mgt Mre
bismuth contribution is assumed to be equali@/AX (pm Ma/ Yeat Mre! Yee

@

1063-7842/98/43(5)/4/$15.00 584 © 1998 American Institute of Physics
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TABLE |. Parameters of Bi-containing films of the system
(Bi,Gd,Ln);(Fe,M)s0;, (f.u. = formula unij.
Sample No.
Sample 1 2 3 4 5 6 7 8
Ln - - Lu - - - Lu -
M - - - - - Ga Ga Al
Xgi, fu. 061 061 156 0.04 0.20
Xee» fU. 239 229 086 296 280
Xin, fu. - - 058 - - e e =
Orientation (100 (110 (110 (111 (111 (11D (111) (111
@, deg 23 16 10 14 26 65 08 475 P, deg.
sala-10* 00 00 -320 —-50.0 —40.0 —-34 +7.0 —13.0
Hiymn, O8 3250 2300 2550 2820 2950 3770 4720 3650 FIG. 1. Graph of the resonance figd,(¢) versus azimuth angle in parallel
Hinmax» O 3540 3480 3220 2850 3020 5170 4935 4000 'eésonance for(100-oriented Bi-containing iron garnet single-crystal of
5H,, Oe 350 1180 670 30 70 1400 215 350 composition (Bi,.GAFe&O;,.
2AH;,, Oe 87 70 35 87 210 870 240 360
Hp, Oe 3540 4200 4300 3800 3710 2000 50 1530 ) ] ] )
2AH,, Oe 60 40 52 87 280 1200 240 810 field for these films is also not very strong. The introduction

Heﬁv Oe
47Mg, G

—870 —970 —470 —380 1330 3280 1800
415 1300 80 180

—207
415

of Lu into films with this orientation(sample 3 in Table)l
causes both the ferromagnetic resonance linewidth and the
in-plane anisotropy of the film to decrease. Here the effective
anisotropy fieldH+ changes very slightly, and the;,(¢)

the effective value of the gyromagnetic ratids equal toy, curv_lt_ehhaa the form shofwn '%.F'G% ZF' O, il iented
(at least far from the point of compensation of the magnetic € Hin(¢) curve for (Bi,GdkFe;0,, films oriented
momenj. Here M4 is the total magnetic moment of the close to, but not exactly alondl1]) (samples 4 and 5 in

Gd®* ions in the dodecahedral sublattice of the garnet strucTable b has a complex form in the plane of the film. For

ture, andM g, is the total magnetic moment of the Feions sample 4, which has the lowegif those investigatgdan-

in the tetrahedral and octahedral sublattices. This fact, “jlsotropy in the plane of the film and a relatively small devia-

contrast with Refs. 10 and 11, can be used to determine tht on © from the basal orientation of the filifsee Table )|

effective magnetic anisotropy field o+ from perpendicular the Hin(¢) curve has six peakiFig. 3), as is typical of the

resonance data alone, for which the resonance ratio can I?C_#b'c crystallographic anisotropy dfl11)-oriented f|Ir_ns.
owever, because of the nonzero an@le these maxima

written as . . : .
have different amplitudes. We note that the Bi concentration
ol y=Hes+Hp, (3 in this sample is minusculesee Table )L The value ofsH;,
where » is the angular frequency of ferromagnetic reso-ncreases a® increase¢sample 5 in Table)| where two of
nance. the six peaks of thél,,(¢) curve become less pronounced.

The fact that the Gt and F&* exhibit identical dy- The effective anisotropy field for both samples 4 and 5 is not
namical behavior confirms the results of investigations neaY€'y 9réat. As in the case ¢110-oriented films, the addi-
the point of compensation of the angular momentdm3In tion of Lu to Bi-containing IGSC films does not produce any
particular, when G¥' ions are introduced into the composi- significant changes in the magnetic anisotropy parameters.

tion of Bi-containing IGSC films, there is a drop in the nec-
essary level of replacement of iron by nonmagnetic ions re-
quired to ensure compensation of the angular momentum.
The values oH . are given in Table I.

We find that (100)-oriented (Bi,Gd}FeO;, films
(sample 1 in Table)lare characterized by the occurrence of
four equivalent maxima of thel;,(¢) curve(Fig. 1), whose
positions correspond to axes of t{0) type. The value of
SH;, is relatively small in this casesee Table)l A compari-
son of the values of 4H, andHg; in Table | leads to the
conclusion that the magnetic anisotropy in these films is as-
sociated with demagnetizing fields.

In Bi-containing IGSC films of the same composition
but with (110 orientation(sample 2 in Table)lthe in-plane
magnetic anisotropy of the film is more than three times the
value in(100-oriented films(cf. the values ofH;, in Table
I). Here the curve representing the azimuthal dependence of —
the resonance field in parallel resonaiiE®. 2) is observed ¢, deg.
to have only two peaks, as is characteristic of films with
orthorhombic magnetic anisotropy. The effective anisotropyFIiG. 2. The same as in Fig. 1 for tti10) orientation.

J400

Hi.n ,Oe
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o ] ) FIG. 5. The same as in Fig. 1 for Bi-containing IGSC films of composition
FIG. 3. The same as in Fig. 1 for an orientation closéltbl) (6=1.4°).  (Bj,Gd,Lu)y(Fe,Ga}0,, with an orientation close t6111) (®=0.8°).

6) a-;ge(ggggol_nu;; Gg to (22215 I(;f ﬁ;gg@%%il@iﬁﬂe (sample 7, the ferromagnetic resonance liteee Table)l It
o 20, LUBFE U1 P y 9 could be that this result is due to the smaller lattice misfit of
uniaxial magnetic anisotropy. As a consequence, the reSQhe film and substrate

nance field associated with perpendicular resonance becomes The addition of Al to(111)-oriented (Bi,Gd)FeO,

weaker than for parallel resonance. The field-azimuth curve, (sample 8 in Table)l also produces a fairly high
Hi,(¢) for sample 6 has two broad maxima with a 180° P P y g

. T . . niaxial magnetic anisotropfsee the value ofl.¢ in Table
period(as in Fig. 2, where the prominent features associated" g pis eff

: . . ) : 1). The field-azimuth curveH;,(¢), as in the case of Ga-
with cubic anisotropy are scarcely discernible. The same L L . : o

; .- containing films, is in the form of two maxima with a 180
curve for sample 7 reveals four essentially equidistant peaks

(Fig. 5. The stronger anisotropy in the plane for sample period, superimposed with narrower, weaker pe@kg. 6).

relative to sample 7 is attributable to the more pronounce he addition of La to Bi-containing IGSC films to reduce the

e . . mismatch of the film and substrate lattice parameters and a
deviation of the substrate orientation from ttiELl) plane change in the orientation of the substrézample 9 in Table
(cf. the values of® in Table ). We note that for these 9 b

samples, sincéa/a has the opposite sign, the magnetostric-l) does not yield any significant change in the profile of the

tion mechanism gives the opposite contribution to unlaX|aIW";‘£1(|Z)ar ﬁﬂgii’aldrizplgaeticsttg)nr:ggtrroln pﬂ?;rf f;n;zor;rolgﬁand
magnetic anisotropy. The higher value ld§, for sample 7 9 i P

; o the values ofsH;, andH; in Table ).
leads to the conclusion that the contribution of the magneto- Al the investigated Bi-containing IGSC films have in

striction mechanism to uniaxial magnetic anisotropy is posi- : :
. ; ) . common the property that the ferromagnetic resonance line-
tive for tensile stressess@/a>0) and is negative for com-

. width in parallel resonance is at most less than or equal to
pressive stresses@/a<0). P a

The introduction of Gasample 6 leads to considerable the linewidth in perpendlcular resonangd. the values of
. . 2AH and 2AH;, in Table ).
broadening of the ferromagnetic resonance lisee the fer- Lo .
. . . ; In summary, we have shown the following in our inves-
romagnetic resonance linewidthd B, and 2AH;, in Table I . - : .
. - ) . tigation of bismuth-containing iron garnet single-crystal
I). However, despite the stronger uniaxial magnetic anisot;

ropy, for the Bi-containing IGSC film doped with Lu films of the system (Bi,Gd,La(Fe,M)sOx2.

P, deg. Sb, deg

FIG. 4. The same as in Fig. 1 for Bi-containing IGSC films of composition FIG. 6. The same as in Fig. 1 for Bi-containing IGSC films of composition
(Bi,Gd,Lu);Fes0,, with an orientation close t¢111) (0 =2.6°). (Bi,Gd);(Fe,Al)s0;, with an orientation close t@l11) (0 =4.75°).
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Repetitive hydrogen pellet injector utilizing a screw extruder
I. V. Viniar, S. V. Skoblikov, and P. Yu. Koblents

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted April 30, 199y
Zh. Tekh. Fiz68, 117-120(May 1998

A new injector for the continuous formation of an unlimited supply of fuel pellets and their
injection into the plasma of fusion reactors is described. A solid hydrogen rod of length in excess
of 50 m has been extruded at an average rate of 20 mm/s, and more than a thousand pellets

of diameter 2 mm have been formed from it in continuous operation at frequencies of 1 Hz and 2
Hz and have been accelerated to 0.6—0.8 km/s.1998 American Institute of Physics.
[S1063-78498)02205-3

INTRODUCTION virtue of the fact that a temperature interval of only 5-10 K

One of the techniques for delivering fuel into the pIasmaniStS between the liquid and solid plastic states of the hy-

of a fusion reactor is to inject macroscopic pellets of Solidi_drogen isotopes. It is a well-known fact that the extrusion of

fied hydrogen isotopes. Large-scale thermonuclear fusion fa{[ansparent solid hy_drogen ic_e suitable for the formation of a
yerog P g durable pellet requires that it be compressed to 5-20 MPa

cilities are equipped with injectors that continuously shoot .
fuel pellets into the plasma at a frequency from 1 Hz to 40(Refs. 1-4, an operation that leads to large heat release and

Hz (Refs. 1 and 2 However, the continuous operating time can also induce. melting and gxtrusion instabili'gy. Coqse—
of the injector is limited by its content of prefrozen fuel from quently, the fe_aS|b|I|ty of achieving a stable .extru5|on regime
which the pellets are formed, and after a few minutes there jQy screw rotation nee_ds to be testgd expe_rlmentally. For this
a required downtime while a new batch of fuel is frozen. ThePUrPose we have designed and built an injector, whose sche-

problem is not solved by increasing the extruder Volumematic configuration and general appearance are shown in

because the mass of tritium in the injector must be minimal 9. 1. Its main components are a high-vacuum chaniber

It has been proposed that continuous, prolonged pellet injeé’yhiCh houses the extrudé}_ Wit_h an open-cycle hgat ex-
tion might be achieved by using two or more extruders in thefhanger3 and a screwd which is drlvep f_rom out5|de_the
injector, where they would operate alternately to formchamber by a motob, a valve6 for admission of the driver

pellets?® This approach adds to the complexity of the struc-9as, an electromagnetic driveused to deliver pellets into

ture and increases the quantity of fuel contained in the injectEe barre(IjS, ﬁ?”d a dlagn(;stlc chamber The el;qt onﬂge th
tor, a feature that is unacceptable when working with tritium.t e extruder Is connected to a transparent observation cham-

The simpler and more promising method of continuousPe" 10 equipped with a vacuum punt, which has a linear

“gaseous” extrusion of thermonuclear fdéhcurs increased scale for visual observation and measurement of the length

risk due to the high pressure of the gasetarsd potentially of th_e solid hydrogen _rod. The main injector evacuation sys-
explosive hydrogen isotopes used in the technological cycle €M IS not shown in Fig. 1. The extruder has a length of 150
m and comprises a cylindrical chamber of inner diameter

Here we describe a solid hydrogen extrusion techniquén

using a single screw extruder, along with an injector configu2f 12 mmf with a helical heat;jexchanger channel cut into its
ration that is serviceable for solving the problem of continy-OUter surface. Two semiconductor temperature sensors are

ous, prolonged, reliable formation of fuel pellets for reactorP!2c€d in the upper and lower parts of the extruder. A 30-W
injection. heater is coiled around the length of the extruder. The ex-
truder and the barrel are separated by a gap to thermally

insulate the extruder from the barrel, which is not cooled by
the helium flow.

During the operation of the injector hydrogen is deliv-

The proposed continuous extrusion technique is basedred continuously into the extruder, which is cooled by he-
on the well-known screw extrusion technique used forlium flowing from a Dewar flask. The helium flow is regu-
plastics? where a channeled rotating worm screw deliverslated by a vapor-pressure stabilization system inside the
solid particles of a working mediunfplastics, elastomers, Dewar and by a flow regulator at the exit from the injector
etc) to the exit orifice, through which the material is forced chamber; these control devices are not shown in Fig. 1.
under the influence of the resulting compression and heatinBriven by the motor, the screw turns inside the extruder
of the material. The extruder of the fuel injector differs from chamber, and the hydrogen moving along the helical screw
this setup in that it operates at a temperature of approxichannel gradually freezes and is forced out through an orifice
mately 10 K and is supplied with a gas, which progresse®f diameter 2 mm into the chamber for visual observation.
along the screw channel and, in so doing, is converted iniThe electromagnetic drive advances a thin-walled tube,
tially into liquid and then into ice. This process is feasible bywhich cuts off part of the extruded rod and enters the barrel.

DESCRIPTION OF THE EXTRUSION TECHNIQUE AND THE
INJECTOR STRUCTURE

1063-7842/98/43(5)/3/$15.00 588 © 1998 American Institute of Physics
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A brief moment later(0.05-0.1 § the valve admits com- observation chamber. The most stable extrusion regime was
pressed gas, which accelerates the pellet in the barrel andaintained when the screw turned at a speed of 15 rpm. The
fires it into the diagnostic chamber. The pellet breaks a lightlependence of the extrusion rate on the temperature of the
beam and strikes a microphofi&, which is attached to the hydrogen rod in this regime is shown in Fig. 3. When the
flange of the chamber. These signals are used to measure therew rotation speed was increased above 30 rpm, the extru-
velocity of the pellet, and it is photographed in flash illumi- sion rate scarcely increased at all and even decreased with
nation with a duration of 0.Jus. After striking the micro- time, eventually to zero, most likely because of strong heat-
phone, the pellet evaporates and together with the driver gaeg of the hydrogen in the extruder chamber and a reduction
is removed from the chamber by a vacuum pur® The

cycle is then repeated.

EXPERIMENTAL RESULTS

In the first stage we concentrated mainly on obtaining a
stable extrusion regime. The extruder temperature was held
constant in the interval 10-13 K by regulating the helium
flow (up to 10 liters/h and the heater power. The fluctuations
of the temperature from the set value did not exceed 0.5 K.
Before the start of extrusion hydrogen at a pressure of less
than 0.1 MPa was admitted into the extruder and frozen in it.
The worm screw was rotated both by the motor and by hand
at a rate of 10—80 rpm. A solid hydrogen rod appeared in the
observation chamber 2—10 s after the start of rotation of the
screw. Its characteristic form is shown in Fig. 2 for various
extruder temperatures. Clearly, the higher the temperature of
the rod, the more it is bent. In the event that extrusion is
stopped, after 5-10 s the cylindrical rod acquires a conical
shape as a result of sublimation of the hydrogen in vacuum.
A transparent appearance is indicative of a high-quality solid
hydrogen rod.

The extrusion rate was calculated from the time for the
tip of the rod to traverse a scale of length 6 cm with five-gg 2. solid hydrogen rods extruded at various temperatuyad & b) 11
millimeter divisions, which was attached to the wall of the K; ¢) 12 K.
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FIG. 3. Extrusion rateV versus temperature of the hydrogen rocat a
screw rotation speed of 15 rpm.

n the resulting compression. Nonetheles.s’ an acceptable eI):(I_G. 4. Series of hydrogen pellets injected at a frequency of 1 MHz and
trusion rate of 2—4 cm/s for the formation of pellets at a, oty of 0.7 ks,

temperature of 10-12 K and frequency up to 10 Hz was

maintained continuously for more than 30 min until the solidPreparations are currently underway for the injection of par-
hydrogen filled up the volume of the observation chamberticles at frequencies up to 10 Hz from a mixture of deuterium
Following its evacuation, the extruder was gradually restoreavith hydrogen and for photographing every particle with a
with the start of rotation of the screw. During this entire time view toward determining the reliability in long-term injec-
a hydrogen rod having a length of more than 50 m wagion.

extruded and, with allowance for cutting waste, could have

been used to produce more than 12 000 pellets with a chafFONCLUSION

acteristic dlameter of 2 mm. At most 5 érof SO|Id. hydro—. The proposed and experimentally tested technique for
gen, amounting to fewer than 800 pellets, occupied the intege formation of macroscopic fuel pellets using a screw ex-
rior O_f the e_zx_truder at any given time. Th|_s_result attests % ger can be used in principle to solve the problem of build-
the high efficiency and appeal of such an injector for reactof, 5 reliable system for refueling the plasma of fusion reac-
refueling, because the mass of tritium in the injector wouldy, s i continuous, long-term operation. One extruder of this
be less than 2 g. type meets all present-day requirements of the fuel injection
The objective of the second stage was to demonstrate g grem for reactors of the International Thermonuclear Ex-
possmmty of fo_rmlng and accelerating a pellgt intact in Con'perimental ReactdliTER) type in regard to pellet formation,
tinuous operation, and also to photograph it. Once the rod,q it is distinguished by exceptional simplicity and reliabil-
appeared in the observation chamber, the electromagne as well as a low reserve of hydrogen isotopes in the
drive unit quickly pushed the thin-walled tube toward it and,jniactor. An increase in the extrusion rate can be expected
thefebY cutting off part_of the rod, _transferred the shapedge, the completion of mathematical modeling and experi-
pellet in the barrel, which had a diameter 2.4 mm. Next, s currently in progress.
compressed helium at a pressure of 2—4 MPa was admitted 1o 5,thors are indebted to B. V. Kuteev for support and

from the pulse-actuated valve and accelerated the pellet if,,ape discussions and to V. G. Kapralov for furnishing a
the barrel. At a time 0.05 s after the shot, the drive returneqi]umber of the electronic units

the tube to its original position, and the hydrogen rod con-

tinued to ,b‘? forced into thg observat.lon chamber WI'[hOUtlS. L. Milora, W. A. Houlberg, L. L. Lenguel, and V. Mertens, Nucl,

delay or visible loss of quality of the ice. It was thus suc- pysionss, 657 (1995.

cessfully confirmed that the driver gas has scarcely any in#s. K. Combs, Rev. Sci. Instruné4, No. 1679(1993.

fluence on the stability or rate of extrusion. In the first ex- 3(31-9\{;-4) Kuteev, I. V. Viniar, V. Yu. Sergeeet al, Fusion Technol26, 642

periments shots were fired at frequencies of 1 Hz, 1.5 HzZ, "\ Vinvar B v. Kuteev, S. V. Skoblikowt al, Zh. Tekh. Fiz.657),

and 2 Hz. More than a thousand pellets were formed and 167 (1995 [ Tech. Phys40, 723 (1995].

accelerated to 0.6—0.8 km/s without interruption. The flash®D. D. Ryabinin and Yu. E. Lukact§crew Machines for the Processing of

Iamp permitted onIy every third pellet to be photographed. Plastics and Rubber MixtureEn Russian (Mashinostroenie, Moscow,
L 1 .

All the photographed pellets were free of visible traces of 969, 363 pp

damage and had the characteristic form shown in Fig. 4Translated by James S. Wood
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Pentagonal two-loop ring interferometer
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G. V. Kisun’ko, V. A. Komissaruk, S. V. Mavrin, Z. G. Murzakhanov, R. A. Rafikov,
A. F. Skochilov, V. A. Cheredilin, and Yu. P. Chugunov

Kazan State University, 420008 Kazan, Russia
(Submitted May 5, 1997
Zh. Tekh. Fiz68, 121-125(May 1998

Results of work on the assembly and adjustment of an original pentagonal, two-loop
interferometer are reported; the interferometer is a passive version of a compact laser gravitational
wave detector. It is shown that the correlative automatic noise-compensation system

developed for the project is capable of lowering the phase noise level in the resultant signal
channel of the detector by two orders of magnitude. 1€98 American Institute of Physics.
[S1063-78498)02305-9

INTRODUCTION inner compartment, and the foundation, in turn is vibration-
isolated from the base of the compartment. The foundation
Projects geared to the fundamental objective of buildingcomprises a 100-tonne reinforced concrete block, which is
an inventory of precision instrumentation for the measurevibration-isolated by means of railroad-type coil springs. The
ment of extremely small signals, such as a signal represengquipment is further vibration-isolated by means of special
ing the influence of a gravitational-wave field on the vibration mounts. A three-stage thermal stabilization system
frequency-phase response characteristics of optical radiatiois provided to establish the necessary temperature conditions.
have been in progress since September of 1995 in the Kazdarhe first stage is implemented by a conditioner, which heats
Joint Experimental Laboratory of Gravitational Optics Re-up the airflow circulated through the BDGL for ventilation
search(the Dulkyn Science Center of Gravitational-Wave and maintains a stable temperature within 0.5 °C limits
Research and the Scientific-Industrial Association of Applied0.25 °C from the specified nominal vajudhe second and
Optics.}2 The essential concept underlying this work is tothird stages are created by a specially designed autonomous
create two optical channels in an instrument, with informa-temperature stabilization system. The second stage stabilizes
tion about the useful signal being stored in only one of thethe temperature in the outer compartment of the cabin within
channels, while the noise processes in both channels are cdenths of a degree from the nominal value, and the third stage
related. does the same for the inner compartment within hundredths
Here we give the results of work on the assembly andf a degree.
adjustment of a pentagonal, double-loop ring interferometer,
which is a passive version of a compact laser gravitational-
wave detectot, along with the results of testing a newly OPTICAL SYSTEM OF THE PENTAGONAL RING
developed correlative automatic noise-compensation systerJr{\.'TERFERONIETER
The experiments were performed in a special-purpose  The optical system of the passive version of the pentago-
cabin situated in a buried laboratory at a depth of 12 m froma| ring interferometer is shown in Fig. 1 and includisthe
the zero mark, based on considerations of minimizing th@aser source;2,12 beam-splitting cubes3,11,13 total-
influence of background vibrations and simplifying the tem-internal-reflecting(TIR) prisms; 4,8,10 the interferometer
perature stabilization problem. The experimental cabin wasnirrors; 5,9 hologram diffraction gratinggwith a carrier
placed in a buried diffraction-gratings laborataDGL),  spatial frequency of 1767.8 lines/mm®6,7) polarizing
which is a specially designed facility. The walls and floor of prisms in the signal branch of the interferometb4) a po-
the laboratory are situated in an all-metal vessel, which restgrizing prism, which spatially separates the interference pat-
on a sand cushion and is hydraulically isolated around theerns; PQ,, PD,,, PD,;, PD,,) photodetectors. The optical
walls. The laboratory has a subfloor engineering servicelements4,5,8,9,10are situated at the vertices of a regular
compartment with a depth of 2 m from the floor to provide pentagon.
for the installation of equipment foundations along with aux- ~ The light source was a frequency-stabilized LGN-302
iliary equipment required for supplying electrical power to laser operating at a wavelength of 0.6288, whose light
the main equipment and for electrical communications. Thepolarization plane forms a 45° angle with the plane of the
walls of the BDGL are lined with marble slabs to ensurefigure, this configuration being equivalent to the presence of
further protection against dust. The experimental cabin contwo beams of equal intensity with mutually orthogonal azi-
sists of two enclosures, one housed inside the other. All exmuths of polarizatiof TE and TM. The solid lines in Fig. 1
tremely sensitive equipment, including the new pentagonatorrespond to the TE-polarized beam, and the dashed lines
interferometer, is mounted on a special foundation in thecorrespond to the TM-polarized beam.

1063-7842/98/43(5)/5/$15.00 501 © 1998 American Institute of Physics
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prisms6 and 7 when they leak outside their own logps
fully utilized to obtain information about the changes in
phase of the optical radiation in the outer and inner loops of
the pentagonal interferometer.

The photodetectors BPand P0Q, are used to record the
mutually coupled interference patterns associated with inter-
ference between the TE beams, and the photodetectass PD
and PO, are used to record the coupled interference patterns
of the TM modes. The pentagonal double-loop interferom-
eter is adjusted so that bands of infinite width will be ob-
served in all four patterns. In reality, owing to divergence of
the laser radiation and a significant difference in the optical
paths in the reference and signal branches of the interferom-
eter, the bands are observed in the form of rings, as is typical
of interference between two spherical fronts having close
radii of curvature.

The initial phases in the interference patterns can be es-
tablished independently by varying the path length of the
light transmitted through the elemen@sand 7 (by tilting
them very slightly, on the order of a few minutes of angle,
relative to the optical axjs

PDﬂ Psz PI?" P.D” PROCESSING OF THE INTERFERENCE PATTERNS

FIG. 1. Optical schematic of the pentagonal interferometer. In accordance with the optical schematic in Fig. 1, four
waves are incident on two mutually orthogonal faces of the
beam-splitting cubd2: Two signal waves, one TE-polarized

The interferometer operates as follows. The beamand the other TM-polarizetirom the outer and inner loops,
splitting cube2 divides the primary laser beam into two respectively with complex amplitudesA;exp(®;,) and
beams: The reflected beam serves as the reference beaplexp(d,z), are incident on one face, and two references
while the TIR prism3 directs the transmitted beam into the waves, one TE and one TM with respective amplitudes
pentagonal interferometer. The transmitted beam, in turn, ia exp(®,,) andByexp(Pyg), are incident on the other face.
split into two beams by the hologram diffraction gratif§s The interference of like-polarized beams at the beam-
and9. The first beam propagates around the outer contour odplitting layer inside the cube produces four interference pat-
the figure formed by the ray path; it is reflected from bothterns(two on each of the exit faces of the cipi@ which the

gratings in the zeroth diffraction order and, because of thentensity distribution is described by the expressions
polarizing prism7, contains only the TE component of the

laser output. The second beam is diffracted in the first order '11,12:|RTE|2A(2J,1+|TTE|2A§0
by the grating_S and, after passing through the polgrizing +2|Rrgl| Trel AgALCOS AP+ Tre),
prism 6, contains only the TM component of the primary
laser beam; it is then reflected in succession from the mirrors 1125~ |Rrw|?B5 1+ | Trml*B2,
10, 8 and4 and is incident on the gratirng where it is also
diffracted in the first order and then converges in unison with +2|Rrul[Tru[BoB1coS A ry = T'rw). @
the first beam. The TIR prisnll extracts both the TE- Here Rig=|Rrglexplar) and Rry=|Rru|exp(lgr) are
polarized beam and the TM-polarized beam from the penthe reflection coefficients, and g=|Ttg/exp(l'ay) and
tagonal interferometer and directs them onto the beam¥ y=|Ttm|explgy) are the transmission coefficients of the
splitting cubel2, where they interfere with the TE-polarized beam-splitting layer inside the cube, respectively;e
and TM-polarized reference beams reflected from the beam=T" p1— T ag, 'tm=Tg1—T'gr, APeg=P 14— DPga, and
splitting cube 2. Two of the four interference patterns pro-A®y=®5—dDgg.
duced by this procegswo from each of the two exit faces of If light is not absorbed or scattered in the beam-splitting
the beam-splitting cub&2 are sent directly to the polarizing layer (i.e., if the latter is a homogeneous dielectric layer or a
prism 14, and the other two are directed onto it by the beam-multilayer interference coatingthenI'rg = m/2. In this
splitting prism 13. The polarizing prism 14 provides full spa- case the maxima of; ,; and the minima ofl ;, ,, are at-
tial separation of the interference patterns, which are retained for the same value of the phase differeAderg 1 -
corded directly by the photodetectors RD PD;,, PD,q, If absorption is present in the layer, we haleg 1= 7/2
and PD,. +1I'5 g, SO that the maxima df;; »; and the minima of ;5 5,

It is evident from the optical schematic in Fig. 1 that the are separated by a phase shift equal kg, 3.
beam from the laset (apart from inevitable losses of the After the spatial separation of all four interference pat-
TE-polarized and TM-polarized beams in the polarizingterns(Fig. 1) the variations of the intensitidg, andl,, as a
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resultoof variations of the phase difference® g 1y(t) where

POy et P The voltagese() Bl and Ul US= By Bud %+ 2Rrel Trel Aoy
D o e ptodeictr SUPUB: SOEE T xS ABRe T A )
waction it which generates the dference vofages 3 g5, a9+ 2ol TrulBee:

The wave amplitudedl;(t) andU,,(t) are determined X[ By SINADY,—T'g)+ Bop SIN(ADY,,+T'p)],
by varying the initial phase differenabd)?E'TM from zero to o , ,
2 191,17 |Rrel A5 1t [ Trel A,
_max _ pymin _
AUy;157 U371 Uy a5 4|Rygl |TTE|AOA1ﬁ11,121 |gl'22: | RTM|ZB(2),1+ |TTM|ZB§ 0

_max _ pymin _ .
AU51 5= U305~ U3 o= 4Rl TrmlBoB1B21 22 (2) Establishing the initial phase differencésb%c 1, by
these results are then used to determine the normalizaticsetting the quantitiekl?y2 equal to zero, we obtain the nor-

factorsAU, = (AU, +Uyo)/2. malized difference voltages
For small phase variation}$; (t)|<1 we obtain the fol- ULt)
. . : _ L
lowing expressions for the difference voltages: uy(t) = AU —Uyedi(h),
U1 (1) = U9+ 2|Rrel | Trel ApAl B11COL AP —T n)
+ 10 AP+ T0)]84(1), Yot

Uz(t): A—U2:U2052(t), (4)
U,(t) = U3+ 2|Rryl| Trm|BoBil B11c0g ADS,—T'p)

o where the dimensionless quantitieg, .~ 1 are defined by
+ B2z COYAD Ty +1'g)]65(1), () the equation

Bll,ZlCOS(Aq)'(I)'E,TM —Tap)t ,312,22(305(Aq)$E,TM +TaB)
Bi121t B12,22 '

U10,20~

The values olu, ((t) are fed into a correlative automatic covered with a protective hood in the form of a welded cy-
noise-compensatiofCANC) system, which is implemented lindrical structure made of D-16 alloy. Four separate inter-
in a computerized analog-to-digital convertgkDC) con-  ference patterns with the desired adjustment either to infi-
figuration. A resultant signdJ s (t) is generated at the output nitely wide bands or to bands of finite width are obtained in
of the CANC system: the plane of the photodetectors.

— The recording system includes two identical channels
ux (D) u(t) (5) (reference and measuremeriEach channel consists of a re-
u%(t) ’ mote unit containing two photodiodes and two side-by-side
) ] _ photocurrent-to-voltage converters located directly on the in-
where the overbar denotes time averaging. If the quantitief ferometer, plus a differential amplifier unit with a power
uy(t) and u,(t) are completely correlated, i.e., Wi(t)  gorce: the latter unit is situated next to the computer. The
=constuy(t), the resultant signal(t)=0. remote unit and the differential amplifier unit are connected

tWe r:jave rurl[ at_mattrrl]emancalb_ﬂmuI?tlon of tt_he CANCEy a cable, which carries the supply voltage to the remote
system, demonstrating he possibility of separaling a Wea i ang returns the information signals to the differential
useful signal contained io4(t) from correlated noise for a amplifier

signal-to-noise ratio of the order of 10 The photocurrent induced in a photodiode is sent to the
input of a current-to-voltage convert@€VC). The converter
has a high input impedance, which is necessary for operation
The pentagonal interferometer shown schematically irwvith @ photodiode, and a low output impedance, which helps
Fig. 1 has been assembled and adjusted on a polished, thitk minimize the influence of the long cable on the signal
(10 cm), circular glass plate of diameter 65 cm; the penta.transmitted to the differential amplifier. When the pair of
gon has a side of 30 cm. To eliminate phase fluctuationsonverters of one channel is adjusted so that the constant
during propagation of the laser beams around the outer anebmponents of the useful signal are equal at their outputs, the
inner loops of the pentagonal interferometer under the infludifferential amplifier suppresses both the constant compo-
ence of air currents and local temperature variations in tha@ent of the signal and in-phase noise induced in the cable.
working zone, the optical system of the interferometer isOn the other hand, the difference signal from two arms of the

Us(t)=uy(t) —uy(t)

EXPERIMENTAL RESULTS
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FIG. 2. Photodetector signafs arbitrary unitg. FIG. 3. Variations ofu;(t) andu,(t) when the interferometer is subjected

to a mechanical disturbance.

interferometer is amplified so as to match the peak-to-pealnput noise voltage. The assembled differential amplifier has
amplitude of the differential amplifier output voltage with an internal noise level no higher than 8@, which corre-
the input voltage range of the ADC at the maximum noisesponds to a dynamic range of at least 112 dB. The suppres-
level affecting the interferometer. The optical detectors aresion of the in-phase component of the signal is 94 dB in the
PD-256 diodes; from a batch of 30 photodetectors we hav&equency band from 0 to 100 Hz.
selected four having minimum internal noise and minimum  The light polarization azimuths in the two interference
spread of the monochromatic current sensitivity at the lasepatterns recorded by the photodetectors;Panhd PO, are
wavelength of 0.6328 nm. orthogonal to the light polarization azimuths in the interfer-
The current-to-voltage converter is assembled from ance patterns recorded by Bxnd PD,.
140UD24 pulse-stabilized, ultrahigh-precision, operational Figure 2 shows experimental plots of the light intensi-
amplifier, which is designed for the construction of ex-ties in the interference patterns versus time as the initial
tremely stable dc amplifiers and operation with high-phase differences are varied. The signals from the photode-
resistance signal sources. When the assembled CVC operatestors PR; and P03, are shown in the upper graph, and
in conjunction with a selected photodiode, it has an internathose from PR, and PDQ, are shown in the lower graph.

noise level no higher than 48/, which corresponds to a If the interferometer mirrors are affected by mechanical
dynamic range in excess of 100 dB on the part of the remotdisturbances of any kind, the phases in the inner and outer
unit. loops vary synchronously. We have investigated various

The differential amplifier is assembled as an instrumentypes of mechanical, acoustical, and temperature distur-
tation amplifier utilizing three operational amplifiers, each ofbances acting on the pentagonal interferometer. In every case
which is a 140UD25 precision amplifier with an ultralow we observed synchronous variation of the quantitie§)

10"'2

-107%
072

FIG. 4. Experimental results of operation of the correlative automatic noise-compen$&AbiC) system.
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and u,(t), as illustrated in Fig. 3, which shows the time CONCLUSION

variations ofu,(t) in the upper part and af,(t) in the upper

X : As part of the Dulkyn Project for the detection of peri-
part for the case when the base of the interferometer is sub- . L L2 . .
: . . odic gravitational radiation in the Joint Experimental Labo-
jected to a mechanicéthock disturbance. S X .
. ratory, an original interferometer representing a passive ver-
The newly developed CANC system has been tested in a. L
. : . ) sion of a compact gravitational-wave detector has been
real experiment, with the protective hood in place over the . o
: assembled and adjusted, resulting in the development of a
pentagonal interferometer. A phase modulator placed be-

tween the beam-spliting cubesand 12 in the reference procedure for the adjustment of a pentagonal, two-loop opti-
beam automatically maintained the valuewft) close to cal cavity with reflective diffraction elements and for testing

. . o . the correlation of noise-induced phase distortions due to os-
zero, inducing correlated phase variations in both channels.. ~ ° . . .

. ) . ¢illations of the interferometer mirrors. Phase noise has been
Figure 4 shows the experimental results of operating thesuccessfull reducedo the level of 10“rad) in the resultant
CANC system. The second and third traces show the phasg y

o . . reugnal channel of the detector by means of a newly devel-
variations in the inner and outer loops of the pentagona0 ed correlative automatic noise-compensat@ANC) sys-
interferometer {i,(t) and u,(t)], and the first trace shows P P Y

. . . ; tem. The staff of the Joint Experimental Laboratory for
the result of correlation processifds(t)]. It is evident o : . .

. L ._Gravitational Optics Research is currently working on the
from the figure that the phase noise in both channels, havmgesi N of an active version of the compact pentaconal
an amplitude from 0.510 ?rad to 10 ?rad, is reduced to an pact pentag

4 - . grawtatmnal—wave detector.
10 “rad, i.e., by almost two orders of magnitude, as a resul
of correlation processing. The remaining uncorrelated noise
is mainly attributable to fluctuations of the air density under 1o B, Balakin, G. V. Kisun'ko, Z. G. Murzakhanov, and A. F. Skochilov,
the protective hood in the parts of the outer and inner inter-zDokI. Akad. Nauk346 39 (1996 [Phys. Dokl.41, 19 (1996].
ferometer loops that are not common paths of light propaga- 4. R fggczge‘égtlab boma Zh. Tekh. Fiz20(22), 27 (1994 [Tech.
tion. This noise can be eliminated by placing the pentagonal ys. Lett:20, 901 (1994
interferometer in a vacuum chamber. Translated by James S. Wood



TECHNICAL PHYSICS VOLUME 43, NUMBER 5 MAY 1998

BRIEF COMMUNICATIONS

Choosing the amplitude interval for a proportional counter at a low signal level
P. S. Antsiferov

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow Region, Russia
(Submitted April 22, 1996; resubmitted January 16, 1997
Zh. Tekh. Fiz68, 126—-127(May 1998

A procedure is described for choosing the optimum pulse amplitude interval for a proportional
counter when the useful signal level is comparable with the natural background level. It

is shown that the optimum interval for counter pulses having a Gaussian amplitude distribution
function corresponds to 14 The application of the procedure is demonstrated in a test
example with processing of the ird¢, x-ray spectrum. ©1998 American Institute of Physics.
[S1063-78498)02405-2

Here we discuss an optimal — from the standpoint of Ay
signal-to-noise ratidSNR) — signal-processing procedure 2f(E01A2)(A2_A1):fA f(Eq,A)dA,
for an x-ray proportional counter. The need for such a pro- !
cedure arises, for example, in experiments on the x-ray spec-
tra of multiply charged ions generated in an electron-beam
trap, where the proportional counter detects the output signal
of an x-ray monochromatdr If the counting rate is compa- If the amplitude response function is symmetrical with maxi-
rable with the background-level counting rate of the instru-MUMAg~Eq (as is usually the case féi,>1keV), the issue
ment, the latter being associated with cosmic rays as & rulePecomes the selection of a symmetrical interdgt- AA,
an additional continuous spectral background is recorded a§hereAA is given by the equation

A
2f(E0,A1)(A2—A1)=J “f(Eo,A)dA. &)

Ar

the monochromator scans a spectral line. This background is AgtAA
punctuated by Poisson fluctuations, and if the amplitude of  4f(Eg,Aq+ AA)=J f(Eq,A)dA. (4)
the line is commensurate with, or lower than the magnitude Ao AA

of such fluctuations, spectral information is lost. LEE,A) Numerical calculations fof having a Gaussian profile with
be the amplitude response function of the counter for phoaverageA, and standard deviatiosr give AA=1.40.

tons of energyg, (Eq is determined by the monochromator;

A is the instantaneous amplitude of the counter puldere

we submit the problem of how to choose the requisite am- N l l
plitude interval A;—A, in which to accept and count the a5
counter pulses so as to maximize the SNR in the resulting -
spectrum.
The variance of the background noise is proportional to ar
(N,)*2 whereN, is the average number of noise pulses at -
the spectral point in question. When the width of the distri- 5L
bution f(Egy,A) is considerably smaller than the amplitude
Ao at which f attains a maximum, we can assume tNgt N
~|A,—A,|. On the other hand, the number of detected wl
counter pulses associated with the useful signal is propor- 3
tional to the quantitys: i
5k 2
A2
S=J f(Eq,A)dA. (1) -
Aq Vi
aF
In the caseS<N,,, therefore, the SNR is proportional to the ! L ! P I
quantity R: 1.932 1.936 1940  1.94%
Wavelength , A
R:S/\/N—n' 2 FIG. 1. Spectrogram of the iroK ,; , doublet, obtained at a low signal

N ] ) ) level. Amplitude intervals chosen for the counter pulsBsAA=0.50; 2)
The condition of maximunR yields the system of equations AA=1.4s; 3) AA=30.

1063-7842/98/43(5)/2/$15.00 596 © 1998 American Institute of Physics
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TABLE I. data by a sum of two Lorentzian profilet/[ (A —\o)?
i i +(W/2)2]. The background level, the positions of the cen-
Amplitude interval . . .
Background level, ters, the heights of the maxinig and the widthaV of both
photons/div AA=0.50 AA=140 AA=30  lines were determined, along with the standard deviations of
0.4 3.7 75 these parameters. The representative characteristics for our
K1 oL lL 0.94 0.79 0.82 purposes are the relative standard deviatiengL and
Ka1 ow/W 0.6 0.47 0.57 ow/W, which are shown in Table | together with the mea-
Kaz oL /L 0.83 0.79 097 sured background level. The relative standard deviations are
K a2 awlW 0.58 0.48 0.55

a minimum for AA=1.40, demonstrating the adequacy of
the given procedure for choosing the proper interval of pulse
amplitudes for the x-ray proportional counter.

To illustrate the procedure, we have performed a test The author is grateful to K. N. Koshelev for valuable

experiment, using an x-ray monochromatoo record the discusgions and assistqnce with the study.
spectrum of the iroi ,; , doublet ¢ =1.94 A) excited in an This work has received support from Grant No. 95-02-

x-ray tube. The radiation intensity of the tube was specifi-0°810a of the Russian Fund for Fundamental Research

cally reduced to a level such that the counting rate used iﬁRFFD'

the monochromator of the SRM 19 x-ray proportional

counter would be of the same order as its noise level. ThelP-QSg- Antsiferov and V. G. Movshev, Z. Phys.2D, Suppl., pp. 317-318
amplitude response functhn Of. the counter to Fhe '.Km 2p, S.])Antsiferov, Zh. Tekh. Fi5(5), 168 (1999 [Tech. Phys40, 499

photon energy was determined in a separate calibration meay;gog.

surement with the ratio/Ag equal to 0.12. Figure 1 shows SE. Finfert and H. Neuert,Zahlréhre und SzintillationZaler: Mess-

Spectrograms Corresponding to the counter pu'se amp”tudeg’nethoden ‘fudie Strahlung der kostlichen und natlich-radioaktiven

chosen for monochromator scanning from the intervals Substanzer(Radlatlon and Sc!ntlllatlon Counters: R’_adla_tlon Measure-
ment Techniques for Synthetic and Naturally Radioactive Subspances

=0.50, AA=1.40, and AA=30. Clearly, increasingAA 2nd ed.(G. Braun, Karlruhe, 1959: Gos. Izd. Lit. Obl. At. Nauki Tekh.,

from 1.40 to 3o causes the background to increase without Moscow, 1961

changing the signal amplitudes in the lines themselves. Thé‘L. Janossy,Theory and Practice of the Evaluation of Measurements
. oo (Clarendon Press, Oxford, 1965; Mir, Moscow, 1865

spectrograms were processed by the maximum-likelihood

method? which was used to approximate the experimentaltransiated by James S. Wood
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Solving elastic plane problems involving the effect of Lorentz forces on conductors
carrying a uniform current

E. A. Devyatkin

Institute of Problems in Mechanics, Russian Academy of Sciences, 117526 Moscow, Russia
(Submitted September 12, 1997
Zh. Tekh. Fiz68, 128—129(May 1998

It is shown that the solution of the first fundamental problem of the linear theory of elasticity in
regard to the effect of the Lorentz force on a long conductor carrying a uniform longitudinal
current in a magnetic field having anpriori unknown distribution can be reduced to the solution
of homogeneous equations. ®998 American Institute of Physid§1063-784£98)02505-7

In calculations of the stress state of conductors under thsignifies differentiation with respect to the coordinate follow-
influence of Lorentz forces the magnetic field in the regioning it. For plane strain we have,,= v(ox+ ayy).
occupied by the currents is calculat@fchot already knowi, The Maxwell stress tensdg; for a nonferromagnetic
along with the spatial distribution of the body forces. Themedium can be written in the form
standard method for solving the first fundamental problem of 2
the linear theory of elasticity is to find a particular solution of S; =M51( BiB;— J; _) ' 3
the inhomogeneous equations and to reduce them to homo- 2
geneous equations. The determination of a particular solutiofynere 8 is the Kronecker delta, ang, is the magnetic
in the general case of a conductor of complex configuratioermeability of free space.
or a complex distribution of the external fie{dr both can The tensors; satisfies the equilibrium equationS((;
pose a none too simple, if not unsolvable problem. However. .y and in general does not satisfy the compatibility equa-
for the planar problem of Lorentz forces acting on a longijon, hecause, generally speaking, %0. Using Maxwell’'s

flowing along it, the Maxwell stress tensor can be used tQptain divf=B-curl j— uyj2. If j=const, then div

find a particular solution of the inhomogeneous equations- _ , ;2 e seek a solution of Eqgl) in the form o)
without having to calculate the fields. A procedure for find- _
ing such a solution is set forth below. ~ ~ =~ .

We consider a long, nonferromagnetic, linearly elastic, TyyT T Soct Ty ™ Syy= Tt gy, since’ Sc= ~ Syy
isotropic, homogeneous conductor carrying a current of den= (Bx~By)/(210). For the stresses;; we then obtain from
sity j uniformly distributed over its cross section; it resides in (1) equilibrium equations without body forces and a compat-
a magnetic field with an inductioB. Let the z axis of a  Pility equation with a constant right-hand side:
Cartesian coordinate systexyz be directed parallel to the o2
: : ~ ~ 0
generatrix of the conductor surface, let its transverse cross o j=0, Aoy =1 (4)
section be a simply connected region with boundgrand
let the external magnetic fielB,, like the field B; of the The boundary condition&) now assume the form
conductor currents, be independent of the coordigate.,
Ba=Ba(X,y) and B;=Bj(x,y). Consequently, the Lorentz
force acting on the conductdi=jxB (B=B,+ B;), is also
independent ofz. We assume that the conductor is in a plane
strain state and that an external Ida&ds applied to its lateral
surface, equalizing the body forcéqunless they are self-
equalizing.

The equilibrium and compatibility equations and the
boundary conditions for the given situation have the form

?rij _§i . In the compatibility equation we havej; = o

Pi+Sijnj:Eijnj for X,yEF. (5)

For the longitudinal stresses we hawg,= v(ay+ ay,).
If for problem (4), (5) we introduce Airy’s functiong,

which is related to the stress compone~m§ by the equa-
tiONS Tyx= @ yy+ Tyy= @ xx, ANd0x,= ¢ xy, the equilibrium
equations are then satisfied, and from the compatibility equa-
tion we obtain the inhomogeneous equation with a constant
right-hand side

1 . .
7ij,j=fj=0, Aoyy=—g——divt (i,j=xy), (1) AAg= oj®
1-v’

(6)
Pi=ayn; forxyel’ @ The solutions of Eq(6) are well known in application to
Here summation over repeated subscripts is impleds the  problems in the static bending of platee, e.g., Ref. 3 and
Laplacian operatory is Poisson’s ratio, and; denotes the the literature cited therejpwhere its right side represents the
components of the unit outward normal vectoto the sur-  distribution of the density of the external force acting on the
face of the conductor. The comma in the expressign, plate. Choosing a particular solutiast® of Eq. (6) corre-

1063-7842/98/43(5)/2/$15.00 598 © 1998 American Institute of Physics
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sponding to stresses” and writing the solution of the basic the solution of the problem in the foror, =0 + oY
problem (1), (2) in the form oyj=oyj+o(’=S;, for the =S, coo=0600+TE—See. Tro=0r0—Sre. The di-
stressesr;; we have equilibrium and compatibility equations agonal elements of the Maxwell stress tensor are equal to the
without body forcedi.e., their stress function is biharmohic energy densities of the magnetic fieM/=—S;,=Sge

and boundary conditions in the form =BJ-2/(2,uo), and S;g=0. The solution Eij (where i,]
=r,0®) must satisfy the equilibrium and compatibility equa-
tions without body forces and boundary conditions with a
Thus the initial inhomogeneous problem for any magnetiauniformly distributed pressurea,, (R) =S, (R)=W(R),

field distribution satisfying Maxwell's equations for nonfer- & ((R)=0. Such a solution iso, (R)=0ge=—W(R),
romagnetic conductors can be reduced to the case in whi
volume forces are absent. FB;>B; one can assume that pressurgthe so-called hydrostatic solutipriwe finally ob-
f=jxB,. Consequently, dif=0 (since inside the conduc- {5in O = poj 2(3— 2v)

tor j =const, curlB,=0), and in this case the tenserS;; is X(R2—r2)/[16(1- )], Too=— i 2 (3—2v)R2— (1

a solution of equation§l). In the case of a known external +2)r2]/[16(1— )], o6 =0, which coincides with the so-
field one does not need to calculate the fiB|dn all regions | sion obtained in Ref. 5. This example is analogous to the

of the conductor in ord_er t.o_ determine the stress at a point igy mjiar rotating cylinder problem, in which the inertial term
the conductor wher&;=0; it is sufficient to know the val- also depends linearly on(see, e.g., Ref.)4

ues on the boundary. The results can be applied to the solution of planar elas-

If we require that the components of the tenaéﬁ) nor- ticity problem by numerical methods and to the solution of
mal and tangential to the boundarybe equal to zero at the jnverse problems.
boundary, the form of the boundary conditiafT is simpli-
fied. A suitable candidate for such a particular solution ofYwe assume without loss of generality that the magnetic field does not have
Eq. (6) for a conductor of radiuR is the function ¢(® a longitudinal componentd(,,=0).
=uoj2(r’=R?»?/[64(1-v)] (r’=x?+y?) (Refs. 1and % __
used in the problem of the transverse bending of an edge*Yu. A. Amenzade Theory of Elasticitylin Russiaf (Vysshaya Shkola,

; ; iotrilh. Moscow, 1976, 272 pp.

clampeq circular p!ate under the mﬂu.ence of a load distrib 2L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
uted uniformly on it. The~c0rrespond|ng stress components 54 eq., pergamon, Press, Oxford—New Y¢1084; Nauka, Moscow
in polar coordinates arer!)’=uoj?(r’~R?)/[16(1-»)], (1982, 620 pp.
~0) _  :2/m2_ D2 . ~(0)_ L. V. Kantorovich and V. I. Krylow,Approximate Methods of Higher
Toe = Mol (:ir R )/[16~(1 v)], o;g=0. At the bound- Analysis{Wiley, New York, 1964; 5th ed., Fizmatgiz, Moscow, 1962, 708
ary we haves{?(R)=0, o!%=0, and the boundary condi-  ppl.

. ~ _ ~ 4A. E. H. Love, A Treatise on the Mathematical Theory of Elasticity
tions assume the form, (R)=P(R)+S(R), 0re(R) 4th ed. (Cambridge University Press, Cambridge; Macmillan, London

=Pg(R)+S6(R). Using this solution, we can readily de-  (1927: reprint, Dover, New York(1944; ONTI, Moscow-Leningrad
termine the stresses in a circular conductor when the current(1935, 674 pp.

flowing along it interacts with its self-magnetic fiel@€0,  °A A Kuznetsov, Zh. Tekh. Fiz30, 589(1960 [ Sov. Phys. Tech. Phys.
B,=0). The field of the current has only a circular compo- 5, 552(1960]

nent and in the conductor is equalBe=uyjr/2. We write  Translated by James S. Wood

Pi+(Sij_’5'i(jO))nj:5'ijni for x,yeF. (7)

Cglr@:O (Refs. 1 and 4 i.e., we have a constant hydrostatic
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Influence of relaxation on the profile of a nonlinear acoustic pulse
G. T. Adamashvili

Iv. Dzhavakhishvili Thilisi State University, 380028 Thilisi, Georgia
(Submitted September 12, 1997
Zh. Tekh. Fiz68, 130-131(May 1998

The influence of transverse relaxation on a nonlinear acoustic wave generated in the presence of
the acoustic self-induced transpare&T) phenomenon is investigated. An explicit

analytical equation for the profile of the nonlinear acoustic wave is derived by a perturbation
theory developed on the basis of the inverse scattering problem. This equation provides

a possible means for investigating experimentally the profile of an acoustic SIT pulse with
allowance for relaxation effects, so that these results can be used to construct new types of
acoustoelectronic devices. @998 American Institute of Physid$§1063-78498)02605-1

The acoustic self-induced transparen&iT) phenom- relaxation times of the paramagnetic impurities. In this situ-
enon refers to the enhancement of the acoustic transmissi@tion acoustic self-induced transparency can be described by
of a resonant medium under the influence of an acoustia system comprising the Bloch equations and a wave equa-
pulse whose intensity exceeds a threshold value and whos®n, which for slow variablep ™ andq has the form
duration is shorter than the irreversible relaxation time. Such

+ +
a pulse is characterized by a long delay time in the medium ﬁL:- +_ 2P IS oy

. . . . . . . iAwp 2I’<S> , rp gp ',
and distortion of its profilé.A model in which the irrevers- ar Tz ar
ible relaxation times are assumed to be indefinitely faige
often used in the theoretical investigation of acoustic self- d9  [*= (Aw)p—(Aw)dA B L2nw @
induced transparency. The influence of relaxation effects on 9z ~J_., glaw)p (Aw)dAw,  x= 8pv3h

a nonlinear acoustic SIT pulse has been anafybgda per-
turbation theory developed on the basis of the inverse scafthe quantitiep™, r, andq are determined from the relations
tering method. This method utilizes the auxiliary Zakharov—
Shabat_ spectral problefq.ln Ref. 3 the influence_ of (SHY=+ip*exd +i(wt—kz)], gq=—r*=— Lé’*,
relaxation effects on the discrete spectrum of scattering data 2f
of the Zakharov—Shabat problem has been investigated, and
the variations of the velocity, amplitude, instantaneous fre-
guency, and phase of the relaxation-induced nonlinear acous-
tic wave has been calculated. It has been proveat allow-
ance for transverse scattering in the presence of
inhomogeneous spectral line broadening leads to the excita-
tion of a continuous spectrum of scattering data, and thisvheree,,, &,,, andF,,,,are the components of the strain
phenomenon changes the profile of a nonlinear optical waveand spin—phonon coupling tensof§~?) are the average
The same result is equally valid for an acoustic pulse generalues of the operator variabl&s %, 8 is the Bohr magne-
ated in the presence of acoustic self-induced transparencton, v is the sound velocity at the poirt=0, wq is the
The objective of the present study is to derive explicit ana+resonance frequency of the paramagnetic impuritiess
lytical equations for the profile of an acoustic SIT wave with Planck’s constanty(A ) is the normalized inhomogeneous
transverse relaxation effects taken into account. broadening function of the spectral line of electron-acoustic
To provide a simple model that can be used to investitesonancep is the density of the crystal, amis the number
gate the influence of transverse relaxation on a nonlineaof paramagnetic impurities per unit volume.
wave profile, we consider a nonmetallic, diamagnetic crystal The system of equation(4) is valid when the longitudi-
of cubic symmetry containing a small concentration of paranal relaxation time is much longer than the transverse relax-
magnetic impurities with an effective sptb=1/2. We as- ation, assuming here th@t —o. To determine the profile of
sume that a transversely polarized acoustic pulse of frethe nonlinear acoustic SIT wave, it is necessary to first de-
guencyw, wave vectork, and durationT propagates along termine the explicit form of the continuous spectrithe
one of the fourfold axefthe z axis). A static magnetic field “reflection coefficient”) R of the auxiliary Zakharov—Shabat
Hg is applied in the same direction. We also assume that thepectral problem, taking transverse relaxation into account.
pulse exists in resonance with the paramagnetic impuritied-ollowing the scheme proposed in Ref. 5, we find that in the
We consider the criterion of coherent interaction of the pulsesimplest case, where a pulse having the profile of an acoustic
with the medium to be satisfied:<T,,, oT>1 (Refs. 1  SIT soliton is transmitted into the medium, the reflection
and 2, whereT,; andT, are the longitudinal and transverse coefficientR(z=0)=0, whereupon the explicit equation for

eF =gy, isy,=E ex Ti(wt—k2)],

L= BHoFyzx2

FXZXZ:Fyzyzv =t—(2/v), Aw=wy— o,
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the profile of the nonlinear acoustic SIT wave, taking trans-  The quantities (4o%)/L, 1/(2%q), w—2&,, andry are

verse relaxation into account, assumes the form the amplitude, width, instantaneous frequency, and delay
exd — 2(7+i£)7] t_|me of the pulsg, re_s.pec.twely. 'I_'he explicit form of the non-
q=—47b linear wave is simplified in special cases, for example, when
z the spectral line has a Lorentzian profile:
, T Ammenexili(Bo—2¢7)] 0=~ 2i noexdi(Bo— 2¢7)Iseci2p(r—7o)]
T2 372

T
+ —imno{1—sech[279y(7— 70)]}
T,

Xexfi(Bo—2&07)].

It is evident from Eqs(2)—(4) that the inclusion of trans-

verse relaxation effects, as expected, alters the profile of the

nonlinear acoustic SIT wave, and these corrections are of the

order of T/T,. Consequently, the allowance for effects of

iB+8m7nC* excitation of a continuous spectrum yields a contribution to
the nonlinear profile of the same order as the contribution of
the discrete spectrum to the amplitude, width, instantaneous

@) frequency, and delay time of the pufse.

' We have investigated in detail the case in which a pulse
in the form of an acoustic SIT soliton is transmitted into the
medium. We note that Eq2) can be used to obtain the

(f(£€))=8x explicit form of the nonlinear wave when a pulse of arbitrary

(with area close to ) profile is transmitted into the me-
XJ 28742884861 —3(61- &) Aw dium. The explicit equation$2)—(4) obtained here for the
(26— Aw)(2¢;— Aw) (28 — Aw) profile of an acoustic SIT pulse, combined with the results of
Ref. 5, where the influence of transverse relaxation on the
Xg(Aw)dAw. amplitude, width, instantaneous frequency, and delay time of
The quantitiest, ¢,, 8o, b, and 7 are the essence of the the pulse is_ described, can be used to fo'rmulate a total pif:—
discrete spectrum of scattering data of the auxiliary spectraIPre .of the influence of transverse relaxation on the acoustic
problem. They are defined together whand C in Ref. 5, Self-induced transparency phenomenon.
Making use of the fact that Re<0 andB~O(#?T3?), we
readily obtain the asymptotic form af in the limit z— oo:

(f(§)>(2—2)2[exp(

iB—8myC

. B
|%z> —exp(Cz)

Bz
) 4(f(§)>*ex;{41}(70— 7)+ g

X

B
—_ —_— — *
ex;< |877772) expC*z)

where

— o ; _ _ IN. Shiren, Phys. Rev. B, 2471(197J).
q(z,7)=—2igeexdi(Bo—2¢7) |sech2n( 79— 7)] 2G. T. Adamashvili, Phys. Lett. &6, 487 (1981.
3G. T. Adamashvili, Phys. Lett. A5, 439(1983.
— 1 M{l_z Secﬁ[Zno(T— To)]} 4S. P. Novikov, S. V. Manakov, L. P. Pitaevskand V. E. Zakharov,
T, 6C(&) Theory of Solitons: The Inverse Scattering MettiGdnsultants Bureau,
] New York, 1984; Nauka, Moscow, 1980, 400 pp.
Xexgi(Bo—2&y7)], °G. T. Adamashvili, Teor. Mat. FizZ5, 371(1988.

where ¢, and n, are the values of and » atz=0. Translated by James S. Wood
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The influence of the microstructure of slightly nonlinear composites on the nonlinear response is
investigated. The third-harmonic amplitude is expressed in terms of the fourth moment of

the current and the local value of the nonlinear sensitivity tensor of the composite. The general
structure of the effective sensitivity tensor is analyzed. The possibility of measuring the
components of the tensor experimentally is discussed1988 American Institute of Physics.
[S1063-78498)02705-9

The investigation of nonlinear phenomena in composites  div j=0, curle=0. 2

can yield important information about the microscopic struc- o
ture of materiald. Several authofs have commented on the '€ electric field and the current vary randomly from one

nonuniversality of the nonlinear behavior of systems in the?Cint to another in the composite. We introduce their aver-
critical region and the sensitivity of the critical indices to the 289€S 0ver the volume of the system and with respect to the

microgeometry of a random medium. Recently a profoundrientations of the microcrystallites:

interrelationship has been observed between the nonlinear gE=(g), J=(j). (3)

conductivity, the 1f noise factor, and third-harmonic

generatiofi 8 in slightly nonlinear media. It has been found The effective resistance for the macroscopic system is an

that these quantities can be expressed in terms of correlatidfOtropic tensopg ;= p®d,s. The quantityp® is defined by

functions of the electric fielde*) and the curren¢j4). The  the relation

study of the behavior of the higher moments and their diver- E=p%J (4)

gences can provide additional information on the structure of

composites. The most practical method for the investigation or by the energy relation

of nonlinear properties lies in the generation and measure- X =(pogiai ) )

ment of the third harmonic. At the present time an expression Paplalp)-

for the third-harmonic amplitude is known only for a locally These definitions are equivalent for macroscopic systems.

isotropic random mediurh® We now discuss briefly how to describe a nonlinear
In this paper we derive a general expression for thecomposite. The physical mechanisms of nonlinearity depend

third-harmonic amplitude, taking into account the local mi-significantly on the material of the microcrystallites. If the

crostructure of the composite. As an example, we consider microcrystallites represent a metal or a highly doped semi-

composite consisting of microscopic particles of carbon disconductor, the electron-temperature approximation can be

solved in a polymer. The crystallographic axes of the poly-used. But if the microcrystallites represent a wide-gap dielec-

crystals are randomly oriented in this system. There are alswic or a lightly doped semiconductor, it is necessary to take

numerous well-known examples involving real texturedinto account the activation mechanism underlying the field

films and bulk samples whose constituent microcomponentdependence of the current in these microstructures.

have a highly preferred orientation of the atesle are in- We confine the present study to the weak nonlinearity

terested in nonlinear effects in such a substance, harmonapproximation. In this case each of the above-indicated mod-

generation in particular. In the linear approximation the fieldels reduces to inclusion of the cubic term in the expansion

and the current are related by the equation

€a=Papl pT Kapgysl gl 5 (6)
e,= g 1 . . .
«=Paplp @ wherek,, s is the local nonlinear resistance tensor.
wherep,,; is the local resistance tensor of the composite. The number of components of the tensor depends on the

Summation over repeated indices is tacitly understoodpatial symmetry of the microcrystal. The number is readily
unless stated otherwise. The components of the temspr calculated to be 10 for the tetragonal system, possibly 4 for
(laboratory coordinate systgrmman be expressed in terms of the cubic system, and 11 for the hexagonal system.
the corresponding components in a moving coordinate sys- Let the sample be connected into an external circuit in
tem, paﬁzua,/p‘;guﬁﬁ, where u,, is a rotation matrix. such a way that the components of the average current vary
Whatever the type of texture, we model it by selecting theaccording to the lawd,=J%cos(,t) (summation overa
appropriate distribution of angles describing the rotation madoes not apply hejeThe local currents also vary with time
trix U, . according to the harmonic Iavj/a=j2cos@at) (again no

The current and the field obey the equations summation over). We obtain a relation between the local

1063-7842/98/43(5)/3/$15.00 602 © 1998 American Institute of Physics
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temperature variation due to heating of the electron gas and B3w:<ks(j0)4>/<j0>4'
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17

the local nonlinear resistance tensor. We generalize an ex-

pression derived previoudijor a locally isotropic medium.
Forming the balance equation, we obtain

1
oT= Kpaﬁ]ajﬁv (7)

whereA is the coefficient of heat transfer from electrons to

the lattice.

The local variation of the resistance with local variation

of the temperature

&paﬁ

can be written in the form

ﬁpaﬁ .o
5paB:thy§J715! (8)
whereh=1/A.
On the other hand, it follows from Eql) that
ea:(paﬁ+5paﬁ)jﬁ' (9)

Substituting Eq(8) into (9) and comparing witt{6), we find

&paﬁ

kaﬁ'yb‘:hﬁpyﬁ' (10)

It should be noted that the nonlinear term in E&).can have

a more general significance th&h0), which has been ob-

Equation(17) coincides with the result of Ref. 8.

It is evident from Eq.(15) that in the first nonlinearity
approximation the response function is characterized by a
correlation function of the form

K= <kaﬁy5j aj ﬁJ yj 5>/‘J4' (18)
Averaging over the positions and orientations of the micro-
crystallites, we write Eq(18) in the form

K=k5z,

wheren is a unit vector, which depends on the direction of
the average current and the tinmes (j)/|(j)|.

The number of independent components of the effective
nonlinear conductivity tensd(fws depends on the symme-
try of the system. For simplicity we consider only two-
dimensional systems, for example, textured films or model
systems such as those discussed in Ref. 3. A totally isotropic
film is characterized by three independent components

e o= KS KS =K KSyv=KS and kg, .=k

(‘inanﬁnynﬁ! (19)

o0 Byyyyr Doy Byyxoe Bxyyxc - Byxxy S Yy Ryxyxe
because the additional relatickf,, = Kgy,yt Keyxyt Keyyx

holds in this case. Consequently, for an isotropic film the
correlation function can be written in the form
K=k

XXXX?

(20

i.e., harmonic generation is characterized by a single con-
stantk$=kS,,,, and the third-harmonic amplitude is given
by Eq.(17). We note at once that for a texture with hexago-

tained on the basis of a temperature model. Consequently,, sy mmetry the expression for the correlation function co-

the local variation of the resistance for a locally anisotropic

medium can be written in the form

5paB: kaBy&j 7j 5 (11)

Invoking Cohn’s theorem® we write the variation of the
effective resistance

5pe‘J2: < 5py5j yj §> . (12)
Substituting Eq(11) into (12), we obtain

5pe‘]2: <kaﬁy§j aj BJ yj §>' (13)
Making use of Eq(13) and the relation

E,=(p®+ p°)J,, (14

we can write the field correction induced by the weak non-

linearity of the medium:
5EV: (<ka,3y5j aj BJ yj 5>/J4)‘J2‘JV . (15)

incides with the expression for an isotropic medium.

We now consider the case in which the spatial distribu-
tion is homogeneous, and the angular distribution is noniso-
tropic. The simplest example of this situation can be
achieved as described in Ref. 3. Square dielectric inclusions
are formed in a conducting matrix. The centers of the inclu-
sions are distributed with equal probability over the plane of
the film, and all the squares have the same orientation. For
such a medium the tenséf ;. 5 has four independent com-

ponentSk)e(XXX: k?yyy! )e(ny: k)elyXX’ )e(yyx: I()elXXy’ and I()e(yXy
=kxyx and the correlation function can be written in the
form

K=K My 1)+ 2Ky T K5y T KSy 0 NENT . (20)
It is useful to transforn{21) as follows:

K=Kk¢+2kinZng, (22

As mentioned above, this type of relation is valid beyond thevhereks= kg, andkg= (K3xyyt Kyxyt Keyyxt Kexx -
temperature model. It also holds in cases where the nonlin- It is evident from Egs.(17) and (22) that the third-
earity has a different origin. For example, the nonlinearityharmonic amplitude depends on the microgeometry of the
can be attributable to a dependence of the electron scatterimgpmposite. It is important to note that information on the
cross section on the electric field, the influence of the Lor-microgeometry can be obtained by measuring the macro-
entz force on the carrier paths, etc. scopic characteristics of the system.

In the locally isotropic case, when As an example, we discuss a method that can be used to
(16) obtain information about the microgeometry of a texture

with local cubic symmetry. If the microcomponents of the

and the external current and local currents vary harmonitexture have a nonisotropic distribution, information about it
cally, Eqg. (15 can be used to express the third-harmoniccan be extracted by measuring the third harmonic. According
amplitude in the form to Egs.(15 and (22), the third-harmonic amplitude can be

kaﬁy§: ksaaﬁ 575
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expressed in terms of a correlation function involving a com-n the approach to singularities. The higher moments of the
bination of four currents and the nonlinear resistance tensofield and current are found to be very sensitive to a magnetic
It is evident form Eq.(22) that the amplitude will contain field, so that additional information about the microstructure
information about the coefficierk,. To extract this infor-  of composites can be extracted by studying the generation of
mation, we assume that the external current has two projedtarmonics in a magnetic field. A detailed investigation of the
tions onto the coordinate axes. Let the oscillation frequenciebehavior of higher harmonics in a magnetic field is planned.
of the components be, andw, . For this case we substitute

Eq. (22) into the response expressi@th). It is readily per-

ceived that the response function also contains a!proceedings of the Third International Conference on Electrical Trans-
combination-frequency mode in addition to the,3and 3w, I(Jf;; gnd Optical Properties of Inhomogeneous MedRhysica A207
harmonics. qu example, the _components of .the. CurrentzL. De.ArcangeIis, S. Reder, and A. Coniglio, Phys. Rev3®& 4656
along thex axis contain harmonics at the combination fre- (19gq,

quencies &,* wy, etc. The amplitudes of these modes are *m. A. Dubson, Y. C. Hui, M. B. Wiessman, and J. C. Garland, Phys. Rev.
proportional to the coefficierk, . 42 3A9h:23]7(1§§65- Rev. LetB8, 2726(1987

' Tq summarize, the nonllpear response contains addisj o, o 3;nd g’. M. Hui, Phys. Rev. &, 8719(1988.

tional information about the microgeometry of a random me-sp_; Bergman, Phys. Rev. 89, 4548(1989.

dium. We have shown here that information about a texture’o. Levy and D. J. Bergman, Phys. Rev5B, 3652(1994.

can be obtained by measuring a macroscopic characteristic ofA- A- Snarski, Pisma Zh. Tekh. Fiz21(1), 3 (1995 [Tech. Phys. Lett.
the S_yStem: the third-harmonic amplitude. The prediCtedgi].-’l\jl-.(I]ﬂ?/i?r]{e, V. V. Zosimov, and S. F. Rybak, Dokl. Akad. NaB45,
functional relations can be tested both on textured films and 467 (1995 [Phys. Dokl.40, 613 (1995].

on model system$Additional information can be acquired °P. Penfield Jr., R. Spence, and S. DuinRellegen’s Theorem and Elec-
by virtue of the dependence of the amplitude on an external trical Networks[MIT Press, Cambridge, Mass., 197Mdigiya, Moscow,
magnetic field. A magnetic field can redistribute the currents 1974,

in the structure and alter the asymptotic behavior of the fieldSranslated by James S. Wood
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The problems of regulating the output energy of the accelerated beam of a backward-wave linear
proton accelerator over a wide range without altering the beam intensity are investigated.

The proton energy is regulated by adjusting the duration of the rf power pulse delivered to the
accelerator and by regulating the delay time between the instant of injection and the

instant at which the leading edge of the rf pulse arrives at the output end of the accelerator. The
method is tested on the interdigital-type accelerating section of length 1.25 m of a linear

proton accelerator. It is shown experimentally that the electron beam energy at the accelerator
output can be varied approximately threefold without any appreciable sacrifice of the

beam intensity by varying the duration of the rf pulse in the given accelerator sectioh99®
American Institute of Physic§S1063-78428)02805-(

A useful asset to a linear accelerator functioning as ahe velocity of synchronous beam particles, averaged over
source of ionizing radiation is the capability of regulating thethe lengthl, andVy is the group velocity of the rf power,
output energy of the accelerated beam while maintaining averaged over the length
constant beam currehfThe implementation of such regula- If we choosel <L, the particle energyV(l) is lower
tion is fairly simple to achieve in multisection resonancethan the output energy of the accelerator. It is given by the
machines by tilting individual sections of the accelerdtbr.  expression
application to single-section, traveling-wave linear accelera-
tors energy regulation is achieved by varying the input 1
power, frequency, or phase of the rf power supplyHow- W(I)=ef0 E(z)dz @)
ever, this technique produces only a slight change in the
output energy in the first case, a sharp drop in the accelerategheree is the electron charge, is the longitudinal coordi-
beam current in the second case, and division of the lineatiate, andE(z) is the accelerating field in the section.
accelerator into at least two sections, adding to the structural ~We set the duratiofi,, of the rf power pulses equal B,
complexity of the accelerator itself, in the third case. whereupon beam-wave interaction takes place only in part of

In the present article we discuss a procedure for regulatthe section. Since injection is initiated at the instant of arrival
ing the output energy of a backward-wave linear acceleratosf the leading edge of the rf power pulse at the output of the
in such a way as to maintain a constant accelerated beaatcelerating system, particle acceleration is initiated from the
current. first cells of the section. The bunching and energy buildup of

We consider the interaction of beam-current and rfparticles take place in this part of the accelerating system.
power pulses in the accelerating section of a backward-wav&he accelerator output energy is lower than the energy that
linear accelerator. In accordance with the scheme of particleould be attained over the entire length of the section. Con-
acceleration in a backward-wave fiélde initially deliver to  sequently, by varying the duratich, in effect, we vary the
the accelerating structure an rf power that propagates in thiength of the accelerating system beginning at the injection
direction of the injector. At the instant when the leading edgeend, wherein the wave interacts with the beam, and therefore
of the rf pulse appears at the output of the accelerating sysrary the output particle energy as well.
tem, we activate particle injection. It is clear that the oppos- It is important to note that the energies of accelerated
ing motion of the particles and the wave significantly reducesarticles situated at the beginning and end of the injection
their interaction timeT in comparison with what it would be pulse differ on account of the difference in the duration of
in any other circumstance. The tinfeis expressed by the their interaction with the oncoming stream of rf power

equation pulses. Particles situated in the vicinity of the leading edge of
the beam current are accelerated during a time period equal

V.4V to the duration of the rf power pulse. Consequently, they

T=I Vg v (1) build up the maximum energy. But here rf power is extracted

from the accelerating system. Subsequent particles no longer
interact with this part of the rf pulse and therefore accumu-
wherel is the spatial particle—wave interaction lengthjs  late less energy. Particles situated in the zone of the trailing
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TABLE . 100k o—oe—o

T,ns V, mls Vg, mis |, mm W, MeV W, eV W, eV

edge of the beam current are accelerated for a time period
equal to the duration of the rf pulse minus the injection . o , b
pulse. Consequently, they build up the lowest energy of all 400 500 500 1
particles in the pulse. To diminish this energy difference, it is W,ev
necessary to use the shortest possible injection current _ .
. . FIG. 1. Relative beam current versus beam energy for various rf power
pulses. However, an energy difference in the beam—currerbtulse durations1) T=80ns: 2) 100 ns;3) 120 ns:4) 140 ns:5)
pulse is a fundamentally unavoidable drawback of the givengo ns;l, denotes the accelerated beam current.
technigue for regulating the output energy of a linear accel-
erator. If we makel>L, the rf power fills up the entire
accelerating system throughout the total time of acceleration
of the beam-current pulses. The particle energy becomesdges of duration 10-15 ns each. Particles were injected
equal to the accelerator output energly and no longer into the section at the instant when the leading edge of the rf
increases with any further increase in the durafionThe  power pulse reached the output of accelerating system. The
beam is accelerated as in the conventional accelerator opegrror of this synchronization, allowing for the finite spread of
ating regime. the leading edges of the beam-current and rf power pulses,
If the beam-current pulses are injected before the leadindid not exceed 20 ns. The pulsed beam currents were mea-
edge of the rf pulses reach the output of the acceleratingured by means of a secondary-electron multifliand the
system, these pulses meet inside the section, where wavparticle energy was measured by the retarding-potential
particle synchronism is generally lacking. As a result of themethod’
loss of synchronism the beam is not accelerated, and any Table | shows the results of direct measurements and
discussion of regulating the output energy is meaninglesthe results of calculations of the output energy of the linear
under the circumstances. accelerator section. The accelerator output enéyywas
The pulse duration3 required to regulate the accelera- calculated on the basis of E(l) and the results of previ-
tor energy are usually of the order of hundreds or even tensusly reportefi measurements of prototype resonance mod-
of nanoseconds. The generation of such pulses at a high els of accelerating systems.
power level is not a simple engineering problem. The diffi-  In the tablew MeV denotes the calculated values of the
culty can be circumvented by increasing the durafigrof  output particle energy of the linear proton acceleraféreV
the rf pulses to microsecond values. In this case injectiomepresents the scaled values of the same energies for the
does not take place at the instant of arrival of the leadingelectronic model, antlV,,, is the measured output energy of
edge of the rf pulses at the output of the accelerating systenthe linear accelerator section on the electronic model. A
but after a finite delay time. As mentioned above, the ac- comparison of the last two columns reveals good agreement
cumulation of energy by particles in the accelerating systentbetween the calculated and measured output energies of the
is proportional toT. In the given situationT=T,— 7, and linear accelerator. Figure 1 shows delay curves of the rela-
this time can be regulated by varying the durafigyof the rf  tive value of the beam current for the rf power pulse dura-
power pulses or by varying the injection delay time tions given in the table. It is evident that the output particle
The technique has been tested experimentally by ele@nergy decreases from 1040 eV to 380 eV'ds decreased
tronic simulation on the interdigital-type accelerating systenfrom 160 ns to 80 ns. The beam current does not vary more
of a backward-wave linear proton accelerator. The length ofthan 10% in this case.
the system is 1.25 m, the initial energy is 385 keV In closing, it can be concluded that the output particle
(210 eV), and the final energy i%Vy=1.9MeV (1035 eV. energy of a backward-wave linear accelerator can be regu-
The theoretical-design pulsed rf power delivered to the aclated in such a way as to maintain a constant accelerated
celerating system is 180 k\ib4 mW). The figures in pa- beam current. The feasibility of regulating the beam output
rentheses give the values of the parameters of the pulsexdirrent while maintaining a constant beam output energy has
electronic model used to represent the proton accelerator ineen demonstrated previousiy a similar structure. Conse-
testing the technique. The duration of the injection currenguently, independent control of the output values of the
pulses was 10 ns, and the accelerated beam current hacdbaam energy and current is achieved in the method of
value in the interval 16 12uA. The durationT of the rf  backward-wave acceleration of charged patrticles, thereby ex-
pulses was regulated in the range 80—160 ns. The rf powedending the possible applications of the method in radiation
pulses had a trapezoidal profile with leading and trailingstudies.

160 1.3%10" 1.58<10° 1252 1.9 1035 1040 0.75¢

140  1.3x10° 1.55x10° 1064 1.49 812 880

120 1.2210° 1.51x10° 884 1.14 621 670

100  1.1x10° 1.46x10° 714 0.89 485 500 o e

80 106<10° 143x100 561 07 381 390 NS ;
|
]

0.25F |

|
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The resonance reflection of a plane electromagnetic wave from a diffraction grating consisting of
wide-spaced, thin, tilted metal strips is confirmed and investigated experimentally. Good
agreement is obtained between the experimental results and published theoretical da¢98 ©
American Institute of Physic§S1063-784£98)02905-5

Electromagnetic fields scattered by gratings of identicaing consisting of seven elements with parametdiis=0.25
thin metal strips have properties that qualify such structureand ¢y=45° (2d is the strip width,| is the period of the
for successful applications in antenna technology and micrograting, andy is the strip tilt angle relative to the normal to
wave devices. The uses of strip gratings as selective elemertfse plane of the gratingeflects~80% of the energy of the
are quite diversé:® In particular, a grating of tilted metal incident wave, i.e., the modulus of the field reflection coef-
strips can be used as a directional coupler or semitransparefitient is |I'|~0.9. We recall that a necessary condition for
screen with an adjustable separation level, which can rangde total resonance reflection regime is that the wave spec-
essentially from zero to one, depending on the ratio betweettum of the periodic grating contain only one, fundamental
the width of the strips, their tilt angle relative to the plane of propagating mode. This condition corresponds to the pres-
the grating, and the period of the latter. The reflection ofence of a single dominant lobe in the directivity pattern of
waves from the grating has a distinct resonance charactethe reflected field for a bounded structure.
because it is caused by interference interaction of the fields For the experimental work a grating was fabricated with
in the zones between the strips. parameters @=1.835 mm,|=3.67 mm, and¢=45°; the

The phenomenon of total resonance reflection of a TEcopper-foil strips had a thickness of 0.3 mthe ratiod/|
polarized plane wave from a wide-spaced tilted-strip gratingand the angleys coincide with the above-cited data from
has been discovered on the basis of a rigorous solution of thigef. 7, and the number of strips was 1the grating is il-
problem of electromagnetic wave diffraction by a periodiclustrated in Fig. L This structure comprises a fairly wide-
gratind and has been further investigated in a subsequerspaced gratingwhere the open spacing of two strips exceeds
paper’ The objective of the present study is to test experi-the visible width of one stripwithout waveguide regions
mentally the existence of such resonances in real equidistahetween adjacent strifs. The number of strips in the grat-
gratings and to assess the accuracy of agreement of the the-
oretical results with the practical data. These results can then
be used to evaluate the validity of the assumptions underly-
ing the mathematical model of the gratifigeal conductivity
and infinitely thin stripgand eventually, working in the reso-
nance reflection regime, to design complex electrodynamic
systems operating in the millimeter wavelength range.

Total-reflection resonance in an infinite periodic grating
is interpreted as a phenomenon in which a plane wave nor-
mally incident on the grating excites two normal modes of
the structure, which propagate along the grating., in the
direction perpendicular to the edges of the sjripsopposite
directions to each other. Consequently, a hi@glstanding-
wave regime is established in the vicinity of the grating,
thereby rendering the grating “insensitive” to the incident
field exciting the normal modes of the structure. In other }
words, a grating with wide-spaced strips behaves like a per- 1 8 6 y z em

fectly reflecting screen fO.I’ such a Plane Wéve.- FIG. 1. Wide-spaced tilted-strip grating. The mounting in which the strips
It follows from an earlier numerical analy$ithat a grat-  are set is coated with an absorbing shield to prevent multiple reflections.

1063-7842/98/43(5)/3/$15.00 608 © 1998 American Institute of Physics
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FIG. 2. Block diagram of the experi-
mental and measurement apparatus.
1) G4-142 rf signal generator; )2
J phase shifter;3) horn antenna;4)

4 baffle containing the investigated
% grating; 5) matched load6) three-

way E-junction; 7) wavemeter;8)

detector section;9) measurement
amplifier; 10) oscilloscopeATY) de-

coupling attenuatorAT2 polariza-
9 10 tion attenuator; HO1,HO2 direc-

tional couplers.

ing was chosen on the basis of the following considerationscontaining the grating is shifted and positioned in such a way
First, an equidistant structure with more than ten elements ias to maximize the reflected signal in adih of the E-
equivalent, in terms of its electrodynamic characteristics, tqunction. The two signals in arril of the E-junction(one
an infinite periodic grating within relative error limits reflected from the grating and transmitted into dinof the
5~ 1% (if the criterion given in Ref. 8 is used to estimate E-junction, the other a reference signal from the oscillator in
the degree of correspondefcén contrast with a seven- arm| of the E-junction are then balanced by means of the
element grating, for which it has been shdvihat 6~12%.  second attenuatdAT2 and a phase shifter, whereupon the
Hence, the resonance reflection regime on a 12-strip gratinggadings ofAT2, being equal ta,, are recorded. The next
is sharper than for a seven-element grating. Moreover, radiastep is to calibrate the measurement apparatus. The investi-
tion along the grating, which is parasitic in our case, de-gated grating is replaced by a perfectly reflecting copper
creases when the number of elements in the structure heet, and again the E-junction is balanced by means of the
increased:® Second, if such a grating is placed, say, in anphase shifter anéT2, whose readings now have the value
open resonator in which the fundamental TggMmodes ex-  a,. As a result, the modulus of the field reflection coefficient
ists, the field “spot” must “illuminate” at least three strips |I'| of the investigated grating is readily calculated from the
of the structure to excite resonance reflection in the gratingequatior® |I'|=10*72°, wherea=a,—a;.
We note that when one of the higher modes (TjgMor Figure 3 shows the measured values of the reflection
especially TEMq,) is present in the open resonator, the dis-coefficient|I'| as a function of the dimensionless frequency
tribution of fields in the plane of the grating greatly exceedsparameterw=1/\. The small-scale oscillations of the experi-
the dimensions of the field spot of the fundamental mode ofmentally recorded graph ¢of ()| (the dots in Fig. 3 repre-
such a system. Third, it is desirable to investigate a grating o$ent the measured values|6f) are most likely induced by
small dimensiongand, accordingly, one without too many unmanageable multiple reflections from objects at some dis-
stripsg if it is to be used subsequently as a constituent eletance from the experimental apparatus. The averfigée)|
ment of an electrodynamic system.

The measurements were carried out in the wavelength
range\ =4.0—4.6 mm. A block diagram of the measurement Irr
apparatus is shown in Fig. 2. A 860 mm grating(Fig. 1)
situated in an absorbing baffle is capable of being shifted in
the direction perpendicular to the irradiating antenna. The 0.9
signal reflected from the investigated grating is sent through
a phase shifter and a directional coupke(H02) to armsl|
andlll of a three-way E-junction and into the receiving sec-
tion, which consists of a detector, a measurement amplifier,
and an oscilloscope. A wavemeter is included in the receiv-
ing section to monitor the frequency of the G4-142 signal
generator. The signal on the oscilloscope screen varies sinu-
soidally as the baffle containing the grating is shifted
(Fig. 2) (this effect is associated with reflection from the
grating. Repeated reflections from the anterfagpyramidal

0.7

horn in this caseand various bodies encountered in its ra- 0.5 | 1 i L L
- - P A : 0.80 0.6% 0.88 k
diation field are eliminated by shielding with absorbent coat-
ings. FIG. 3. Modulus of the reflection coefficie|it| versus frequency parameter

The experimental procedure is as follows. The bafflex.
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curve, which closely approximates the true dependence, ia preliminary numerical analysis of the wave diffraction pro-
represented by the solid curve in Fig. 3; it follows from ancesses in such a microwave system, significantly diminishing
analysis of this curve that resonance wave reflection occurhe volume of subsequent experimental research.

in the grating in the frequency interval.;=0.85-0.87. The The authors are deeply grateful to S. L. Prosvirnin for
measured value of the frequengy,;=0.86 agrees with the steadfast support throughout the course of the study and also
value obtained theoretically in Ref. (the discrepancy is less for valuable suggestions and remarks tendered in a discus-
than 5% with allowance for the shift of the calculated valuesion of the results.

of k. for a grating with a large number of strips

Consequently, the mathematical model of the grating
. P. Shestopalov, L. N. Litvinenko, S. A. Masalov, and V. G. Sologub,

1
and the wave-scattering processes in it adequately re resenté. ! gl .
th lent diti gp f th . ? dyth P I iffraction of Waves by Grating§in Russian, (Izd. KhGU, Kharkov,
e prevalent conditions of the experiment, an e well- 1973 287 pp.
known assumptions of the mathematical model can be re2m. Ando and K. Takei, IEEE Trans. Antennas Propag-35, 367(1987).
garded as validated. The rigorous electrodynamic methodV: P. Androsov and I. K. Kuz'michev, IRAN Ukr. SSR Preprint No.
used to solve the boundary—value problem in Ref. 7 and the 355 [in Russian (Institute of Radiophysics and Electronics, National
. . Co Academy of Sciences of Ukraine, Kharkov, 19874 pp.

careful execution of the experiment have resulted in goo.d4$, S. H. Naqui and N. C. Gallagher, J. Opt. Soc. Am7,AL723(1990.
agreement between the calculated and measured physicéb. Gimeno, J. L. Cruz, E. A. Navarro, and V. Such, J. Electromagn.
characteristics of the resonance wave reflection effect. , Waves APFS'YI 1201(1993. ‘o and N

We note in conclusion that the results of the study offer (Sl'g'gévoro ev, L. N. Litvinenko, and S. L. Prosvirnin, ZhVVi6, 894
possibilities for the construction of electrodynamic systems,’s N. vorob'ev and S. L. Prosvirnin, Zh. Tekh. F&S, 458 (1988 [Sov.
specifically on the basis of an open resonator, in which a8Phys. Tech. Phys33, 276(1989].
wide-spaced tilted-strip gratingspecially positioned in the gi- E‘ \_:Ofog"év'ERaFg"?ttekh-F;Ektfgn; 3|2' ?82&19’\?'0-1092(1980
resonator cavity functions as a selective control element. < "o &€ & & Faton, RV, Sel. InSTuat, To. :

The method set forth in Refs. 7 and 8 can be used to performranslated by James S. Wood
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An original nondestructive method for the local deep-level diagnostics of semi-insulating

materials is discussed. The method, called deep-level relaxation optoelectronic spectroscopy
(DLROY), is based on the contactless recording of relaxation processes of the electron-

hole and trap systems. It can be used to determine the type, energy, and capture cross section of
deep energy centers and to establish their distribution in a wafer for integrated-circuit
applications. The DLROS method is effective for the production input, intébetween

operationg and output monitoring of substrates and GaAs structures. Unlike DLTS, it does not
require the fabrication of measurement electrodes on sample4.998 American Institute

of Physics[S1063-78408)03005-0

The widespread application of gallium arsenide and itsmine the type of conductivity of the material. The DLROS
solid solutions in information technology is hindered by themethod entails the contactless recording of relaxation pro-
appreciable variance of the parameters of active integratecesses of the electron-hole and trap systems in the presence
circuit elements at different points of the wafand the vir-  of periodic photoexcitation and quasiequilibrium variation of
tual impossibility of managing the variations of their thresh-the sample temperature. The diagnostic technique is rendered
old characteristics in the presence of light and heanondestructive by placing the heated sample between the
disturbance$? These difficulties are assumed to be attribut-plates of a capacitor and irradiating the diagnostic target
able to the sensitivity of the stoichiometric composition of zone through one of the capacitor plates with electromag-
binary systems to technological factors affecting the materiahetic radiation having a periodically varying amplitude and a
during the growth of ingots and epitaxial structures or duringquantum energy equal t@r greater thanthe energy width
technological operations involved in the production of wa-of the bandgap. The in-plane localization of the diagnostics
fers and device$:® A fundamental distinction of gallium is governed by the dimensions of the light probe, and the
arsenide materials and technologies is the decisive influenda-depth localization depends on the effective diffusion
of both background-type and specially introduced deep-levdength. The physical phenomena on which the method is
energy centers on the parameters of devices and cifcliits. based are associated with generation-recombination pro-
This influence stems from the need to monitor the trap paeesses in the irradiated zone of the sample and the formation
rameters in semi-insulating substrates and device structureg a diffusion-drift potential. The light incident on the
in the course of integrated circuit fabrication. Conventionalsample penetrates to a depth! (« is the light absorption
methods for measuring the trap parameters in semiconducoefficien}, and in the course of diffusion and drift in the
tors (e.g., deep-level transient spectroscopy — DLE®e field of the surface-layer contact potential difference non-
ineffective in studies of semi-insulating materials, becausequilibrium carriers propagate into the depth of the sample,
they require the formation of barrier and ohmic contacts orsubstantially altering the pattern of equilibrium population of
samples, which introduces large distortions in the spectrundeep centers over the Debye shielding length and producing
of interface energy states in IlI-V systems. Existing nondea space charge in the indicated zone. This process changes
structive diagnostic techniques based on impurity light abthe character of the potential distribution near the surface,
sorption yield scant information, are time-consuming, andand the periodic variation of the illuminance of the probed
are ill-suited to investigations of device structures runningzone of the sample therefore induces a periodic variation of

through the technological cycle. the photopotential, setting the stage for the application of
Here we discuss our previously propo$eBLROS capacitative recording methods.
(deep-level relaxation optoelectronic spectrosgomethod The signal recording and processing methods can differ,

for the local nondestructive diagnostics of trap parameters idepending on the specific attributes of the class of materials
semi-insulating materials. It can be used to measure the remder investigation. For the diagnostics of semi-insulating
laxation times of the electron-hole and trap systems in semimaterials in the system GaAs—AlAs the method of measur-
conducting and semi-insulating materials, to determine théng the current induced in the external circuit of the measure-
type and energetics of deep centers, and to estimate trapent capacitor by the periodic variations of the photopoten-
densities and capture cross sections. In samples whose trépl, which exhibit a pulsed behavior, in the light-probed
densityN; is lower than the density of free equilibrium car- zone of the sample vyields sufficient information, and its
riers ng the method can be used to estimateand to deter- implementation is simple. The information signal is pro-
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cessed by analyzing the temperature dependence of the Uin(RyCinw+1)a
instrument-generated function AN~
Ry wgAX?T
~ lor(T){1—exd —t/7(t)]}
[(T)~ t ) Consequently, by increasing the irradiation intensity un-

til the photopotential is a maximum and recording the pho-
where7(T) is the potential relaxation time,is the running topotential relaxation time and the amplifier input voltage
time, andT is the instantaneous temperature of the sampleU;,, we obtain the approximatdower bound density of

It is easily shown that the indicated functidT) has a  deep levels.

maximum on the temperature scale when the photopotential The method can be used to estimagen cases when the
relaxation timer(T) (carrier lifetime at a trapis equal to the ~ density of equilibrium free carriens, is greater than the trap
delay timet* between light pulses if the pulse duration is density. The recorded quantity in this case is the threshold
much shorter that*. Since the carrier lifetime at a center €xcitation intensity at which the photopotential relaxation
7, its energyE* , and the sample temperature are bound bylime begins to depend on the intensit;_/ with Which the probed
the relationr;= 7, expE*/kT) in the case of a monoener- zone of the sample is “pumped” by light. This dependence
getic center or discrete, noninteracting energy centerdS caused by the transition from a linear to a quadratic re-
knowledge of the temperatureéB* of the corresponding comb_lnatlon mechanism once the _n_on_equmbrlgm carrier
maxima of the function;(T) for two or more delay timet* densityAn becomes equal to the equilibrium carrier density

sity obeys the relation
TETE, [t
I 1+ 1+
Et:k-l—* _T* |ﬂ< t* ) p* BT
i+1 i i Ngp~ PEETINTY
hva™ “AX

and calculating their capture cross sections.
In measuring the density of deep levels, it is necessary twherep* is the threshold irradiation poweg is the quan-
establish the following relation between the impedance ofum efficiency,r is the photopotential relaxation tim&p is
the measurement capacitdg, the input impedance of the the photon energyy is the light absorption coefficient of the
measurement amplifief,,, the leakage impedance, and the material,Ax is the linear dimension of the light probe.
bulk impedance of the samplg,: Z.>Z,>Z;,. Itis readily We note thah, can be also be estimatér ny>N,) by
verified that these impedance relations are always satisfieghalyzing the behavior of the functidifT); in this case the
for conducting and semi-insulating materials in the systemole of the characteristic energy is taken by the Fermi energy,
GaAs—AlAs at excitation pulse repetition rates of #A0°  which permits the free-carrier density, to be calculated.
Hz when the gap between the sample and the semitranspavteasurements afi, using calculations based on a change of
ent capacitor plate is greater than 0.1 mm, and the charactethe recombination mechanism and on an analysis of the tem-
istic dimension of the light probe is smaller than 5 mm. Inyarature dependence DfT) give consistent results.
this case the following relation holds between the photo—emP The efficiency of the DLROS method in application to
U, and the input voltage of the measurement ampliflgr:  the local diagnostics of semi-insulating materials in 11—V
systems has been demonstratetf in examples of experi-
(RinCinw+ 1) mental investigati - [ -
o = gations of the deep-level parameters of indus
CsoRi trial ingots of semi-insulating gallium arsenide grown at
wherew is the angular frequency of the periodic light signal, Various levels of doping with elemental chromium and the
R, is the amplifier input resistance;, is the amplifier input  'elationship of the electrophysical parameters of GaAs inte-
capacitance, an@, is the capacitance of the measurementgrated circuits designed for a spgmﬁc functional apphcaﬂon
capacitor. to the paramgters of deep trapping levels anq device struc-
Making use of the fact that > r, andC,<C, (wherer, tures. In particular, a relatlon_ has been established between
is the time constant of the measurement systemGrigthe € parameters of deep trapping levels and buffer layers that
leakage capacitangewe obtain the following relation be- exhlb_|t backgating and_ S|_degat|ng; the factors responS|b!e for
tween the photopotentidll, and the variation of the trap the high-temperature limit on the performance of GaAs inte-

population AN, from an analysis of the dependence of thegrated circuits have been determined; and the influence of

current through the sample on the variations of the photopo‘?'aStiC stresses both on the distribution of deep centers in a

wafer and(in some casg@son the deep-center energetics has

U,=Uj,

]

tential: . . : ;
been investigatetf Thus, the DLROS method is effective to
qANAX?T use in the input-monitoring stages during the production of
e~ T aC, ingots and device structures for GaAs integrated circuits and

also for interim monitoring between operations. The method
whereAx is the minimum dimension of the light probe, and is useful for the investigation of generation-recombination
g is the elementary charge. processes in compensated materials and processes of getter-
From this result we obtain an expression for the maxi-ing of impurities by defects, for example, local elastic
mum variation of the carrier density at traps: stresses.
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