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The mechanism of electron acceleration in the stimulated Raman forward scattering of a
monochromatic laser wave in a cold plasma is investigated theoretically. It is shown that as a
result of the stochastic interaction of the electrons with the ponderomotive wave and

with plasma waves excited in the scattering process, some of the electrons are accelerated to
relativistic energies. ©1999 American Institute of Physid$$1063-78429)00101-4

The electric fields in existing accelerators are limited totion during stimulated Raman scattering of a laser wave. It is
100 MV/m by the rf breakdown of the metallic cavities. For assumed that the external laser pump wave and the scattered
this reason the acceleration of electrons to high energies revave propagate in the same direction. Their interference
quires long and costly structures. The construction of moregives rise to a ponderomotive wave with a phase velocity
compact accelerators is contingent on the possibility of genclose to the speed of light. This ponderomotive wave excites
erating higher electric fields. One solution of this problema longitudinal plasma wave with a phase velocity which is
may be to use high-power lasers, in which the transvers@lso close to the speed of light. Numerical modeling shows
electric fields can easily reach 100 GV/m. However, thesdhat the stochastic interaction of electrons with the pondero-
transverse fields cannot be used directly for efficient accelmotive and plasma waves causes some of the electrons of the
eration of particles. However, plasmas can be used to convdnitially cold plasma to be accelerated to relativistic energies.
transverse fields into longitudinal fields, which are capable of
accelerating particles to relativistic energies. In an electron
plasma wave the electric field accompanying charge separgopeL AND BASIC EQUATIONS
tion can be very high. For a suitably chosen wavelength the
phase velocity of such a wave can be close to the speed of Suppose that a circularly polarized pump wave specified
light, and an electron accelerated to relativistic energies anfly the vector potential
injected into a traveling wave will be in phase with the ac- A, =Rd a;(t)(xo—iyo)exp(i(wit—h;z))], (1)
celerating field over long distances.

Traditionally, two mechanisms of excitation of relativis- Wheree; andh;=w;/c are the frequency and wave number

tic plasma waves have been studied: excitation by kilowatP' the puUmp wave, 1S |nC|dent on a cold plasma. We conglder
fields, and excitation by beat wavk®.The method of accel- 2 one-;llmensmnﬁl model, i.e., we z_ssumedtha;[/\/therle IS no
eration by beat waves originated from the proposal Oidepen ence on the transverse coordinatasdy. We aiso

Gaponov and Miller to accelerate charged particles by theassume that the scattered wave is radiated in the same direc-

averaged ponderomotive force arising as a result of the injon as the incident wave and is described by the vector po-

. . Fential
terference of two monochromatic waves with nearly equa
frequencies. Later Tajima and Daw$groposed to use this As=Rdag(t)(Xg—iyg)expi(wst—hgz))], (2
ponderomotive force to excite a plasma wave which Womqlvherew and .= w,/c are the velocity and wave number of
then accelerate the particles. When the difference frequency.. " attered wave.

dw=w,~ w, is close to the electron plasma frequengy, a The motion of the electrons in the fields of the incident

resonance excitation (?f plasma waves by the wave of thﬁ) and scattere@) waves is the sum of a rapidly oscillatory
averaged ponderomotive potential occurs, and the electrig,nsverse motion with velocity

field can reach a very large amplitude. It was assumed in
those papers that the two waves with frequenegiegand w,
are created by external sources. It has recently become clear
that one of the waves can arise as a result of stimulated .
Raman forward scattering of the pump wa&v& This prin- Fasexpli(ogt—hsz))] ®)
ciple of acceleration was confirmed experimentally in Refs. @and a slow longitudinal drift motion under the influence of
and 10. The maximum energy acquired by the electronshe averaged relativistic ponderomotive forcé
reached 44 MeV. o?h

In the present paper we use a one-dimensional model to F§=—C Reiaal expi®.)], (4
investigate theoretically the mechanics of electron accelera- mcy

e
V+=VX+iVy=m_cy[ai exp(i(wit—h;z))
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where® .= o t—h.z is the phase of the combinatidheay | 2n _ Po€ ~
wave, with frequency w.=w;—ws and wave number Js= 1/7Tfo PV+eXFJ(—I(wst—th))d(th)Z——zmcl*ai.
ﬁC: hi - hS .

In the field of a synchronous combination wave therewhere]j = 1/7[3"exp(—i0.)/ydZ,.
arises a modulation of the volume density of electrons, with  The expression for the current amplitude at frequengy
temporal and spatial periods ofr2w. and 2m/h, respec- can be written in an analogous form:

tively. As a result, the electron charge density can be written 5

i B W . Po€~

in the form Ji=m | oV exp—i(wit—hi2) d(hz)=— 5 jas.
Pe=pPeol 1+ Re{ > pn eanC)D’ 5 _As a result, the time evoIL!tion of t_he amplitudes of_the

n=1 incident and scattered waves is described by the equations

where p,=1/m[2"exp(-in®y)dZ, is the amplitude of the da} ..

nth harmonic of the charge density,, is the unperturbed ar —iljal, (10

electron charge density, which is compensated by an immo-

bile ionic background with charge densify,, and Z, da i

=h.z, is the initial coordinate of the electrons. G AAT1ias (1)

The modulation of the electron density leads to excita-
tion of an additional longitudinal Coulomb fielthe field of ~ Wherel = o /4ws<1.

p|asma waves which can be obtained from the Poisson The fact that the parametdzris small allows us in the
equation derivation of equation$8)—(11) to neglect the influence of

the plasma on the phase velocities of the waves and to as-
JE, sume that they are equal to the speed of light. Equations
5z~ A7(pio=pe). (6) (8)—(11) form a self-consistent system of equations describ-

ing the scattering of the pump wave and the acceleration of

Substituting(5) into (6), we obtain an expression for the the electrons. In the general case the initial conditions can be
force exerted on the electrons by the Coulomb field: written in the form

p|T:0:pO’ 5i|7’=0:ai0: ’és|,-:0:ag,
09=0,+rcos®,, O,e[0,27],

~ The averaged longitudinal motion of the electrons in thewherep, is the initial momentum of the electrons anis a
field of the synchronous combination wai® and the Cou-  parameter describing the perturbation of the plasma density.

4mpge

Fd Re i, p,expin®,.)
hc n=1

. (7)

lomb self-field(7) is described by the equations Equations(10) and(11) imply conservation of the num-
ber of incident and scattered photons:
do. P
ar AP0 ® & 1) -
[ 4A+ T |a;|?=const,

dp 1~ 1 | < . . . .
—=A—Rdia;a} exp(|®c)]+—R+ > pn exmn@C)} and Egs.(9)—(11) imply conservation of longitudinal mo-
dr Y A n=1 mentum in the system comprising the particle and electro-
©) magnetic field:
where  y=(1+p?+|a]|?+[al?+2Rdaa exp(0.)])*?
is the relativistic mass factor,a,=(e/mc®a; and <p>®o+ 8
a¥=(e/mc®)a’ are the normalized amplitudes of the vector
potentials of the incident and scattered wayes,p,/mc is
the normalized longitudinal momentum of the electrons
T=tw, is the normalized timew,=(4mpoe/m)*? is the
plasma frequency, anl=ch./w,=(w; — ws)/ w, is the de- In the linear stage of the interaction, at a low scattered

tuning parameter. o _ _ wave amplitudea,<1, we write the phases of the electrons
The equation of excitation for the slowly varying ampli- i, the form ®.=® |._o+Ar+ 9, where9<1, and after
C ClT= ’ [l

tude a; of the scattered wave is obtained from the Wave|ingarizing the equations of motion we arrive at the system of
equation with the transverse component of the current at freéquations

guencywg written in the form

~ A L
|ay|2— 8—||as|2=const.

1
a8+ T

'MODELING THE ELECTRON ACCELERATION PROCESS

T d9 A— dp A, ©
Ji:bs(—HJf/:JseXF(l(wst_hsz))- E__,y_op, E_Z_‘}/oas—i_z’
Using relation(3) and going over to an integral over the da* ol iT_

initial coordinates of the particles with allowance for charge ar —idag=——9+—ag, (12
conservation, we obtain for the current amplitude T Yo Yo
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FIG. 1. Dependence of the instability growth rate on the detuning parameter

A for 1=0.025 anda?|?>=4. FIG. 3. Time dependence of the square amplitudglé and |a4? of the
incident and scattered waves, respectively, when relativistic effects are taken

into accountA=0.67,1=0.025, a|>=4.

where 9, p=1/2r 279, pexp(-i®ddz,, a*=a‘a’

T— 012 — 012y1/2
xexp(Aq), I=lai]*, andyo=(1+]a; |_) ' cillate, and the maximum energy of the electrons does not

Assuming that the quantities), p, and a5 vary as exceed 2 MeV for the same pump intensity and plasma den-

exp(I'7), we obtain the dispersion relation sity as in the calculations presented below, in which the full
PP ALV = A2} system of equation&)—(11) were used.

(A=IHI+A+h)=—A%, (13 The importance of taking relativistic effects into account
whereA= y3?A, T=1/95, andl'= (y,) Y. stems from the fact that as an electron acquires energy, its

It follows from Fig. 1, which shows the dependence of translational velocity approaches the speed of light and be-
the instability growth rate on the detuning parameiefor =~ comes close to the phase velocity of the combination wave.
| =0.025, |éi|2:4, the maximum growth rate of the scat- As a result, a relativistic electron is accelerated for a long
tered wave is reached At~0.67, i.e., alw;— ws~0.67w,.  lime at the same phasaccording to Eq(8), d®./57—0 as

We note that if relativistic effects are not taken into ac-Pz/y—1; Fig. 5d. At the same time there is no such au-
count, i.e., if it is assumed that the change in electron energ{Presonance when the equations for the phase are written in
is small, the equations of motid®) and(9) of the electrons  the form(14).

reduce to the form The nonlinear stage of the interaction with relativistic
effects taken into account was investigated by a numerical
0. —A(1-p), (14) modeling of the self-consistent system of equati@)s-(11)
dr by the particle-in-cell(macroparticle¢ method. It was as-
o sumed that the pump wave is incident on an initially cold
d_p:A Re[iéiégexr(ic)]+ iR iE prexgin®,) |. pla_lsm_a in Whi_ch_small fl_u_ctuations of the electron density
dr A A=1 exist, i.e., the initial conditions have the form
a9 co o
. . . po=0, & =2, as=0,
The stimulated scattering of a monochromatic wave was
investigated under these assumptions in Ref. 13. Here there ©%=0,+r cos®,, r=0.001. (16

is no effective acceleration of the electrons. Indeed, as we The results of the modelina of the tem of equation
see from Fig. 2, which shows the results of a numerical mod- SUlS ng Sys quations

eling of the system of equatior@4), (15), (10), (11), the (8)—(11) with initial conditions (16) and parameter values

longitudinal momentum and the energy of the particles os-Azo'67 andl =0.025 are given in Figs. 3, 4, and 5. In the

calculations only the first terms in the series in E8). was

P
7
2 200
g 100
-2 ) 4
g 100 200 © g

! ) . ) L g 5000 10000 T
FIG. 2. Time evolution of the normalized electron energyf relativistic

effects are neglecteds=1.05,1=0.025, anda’|?=4. FIG. 4. Time evolution of the normalized electron enengy
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FIG. 5. Time dependence of the ponderomotive fdfge(@ and Coulomb
force F, (b) acting on the accelerated electron fraction, of the intedrals
andl, of these forcegc), and of the phas® of the electron relative to the
combination waved).
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The time dependence of the square amplitudes of the
incident and scattered waves are shown in Fig. 3. The stage

of exponential growth of the signal amplitué@ is in good
agreement with the growth rate determined by @@). As a
result of the scattering process, for 7,~8000 there is al-
most complete transfer of the energy of the incident wave
into the scattered wave. Analysis of the time dependence of
the energies of all the electron fractions in units of the elec-
tron rest energym,c>=0.511 MeV (Fig. 4 shows that two
stages can be distinguished in the acceleration process. In the
first stage, forr<7y~1500, there is an increase in the en-
ergy of all the electron fractions, i.e., there is in fact a heating
of the electrons, the maximum energy of which does not
exceed 20 MeV ¢<40). In the second stage, fap<rt
<71, when the most efficient scattering of the pump wave
occurs, a small fraction of the electrons is accelerated to an
energy of 120 MeV §¢=240), while the energies of the
remaining electron fractions remain practically the same as
in the first stage.

The mechanism of acceleration of the electron fraction
can be traced in Fig. 5a—d. It is clear that the cause of the
acceleration is the stochastic interaction of the electrons with
the ponderomotive and plasma waves, the phase velocity of
which in the given model is equal to the speed of light. In the
first stage ¢<,) the ponderomotive forcg, (Fig. 53 and
the Coulomb forceF, (Fig. 5b acting on the accelerated
electron fraction are of the same order, and acceleration oc-
curs under the influence of both forces. As the electrons are
accelerated and their mass increases, the ponderomotive
force acting on them decreases, with the result that for
7> 70 the acceleration occurs predominantly under the influ-
ence of the longitudinal plasma waves. Indeed, as can be
seen from Fig. 5c, the value of the time integrglof the
Coulomb force is much larger than the corresponding inte-
gral I, of the ponderomotive force.

Numerical estimates show that when laser radiation of
intensity W=5x10"®W/cn? (a’=2) and wavelength
A=1.054um (1=0.025) acts on a plasma of density
ne=10"cm 3 (w,=1.78x10"s™ 1), electrons are acceler-
ated to an energy of 100 MeV over a tirtre 25 ps, and the
maximum amplitude of the plasma waves reaches
Eq~10"V/m.

The acceleration occurs most efficiently if the scattering
of laser wave occurs not on a cold plasma but on a beam of
electrons with an initial longitudinal velocity close to the
speed of light. For comparison, Fig. 6 shows the acceleration
of particles in the case of an initial electron energy of 1.6
MeV. It is seen that at the same values of the pump intensity
and wavelength the energy of one of the fractions reaches
350 MeV; in that case the time of energy acquisition is short-
ened substantially. Thus for the investigated acceleration

kept, since a numerical modeling showed that taking theechanism the optimal situation is for the scattering to occur

higher harmonics of the field into account does not lead t
any qualitative changes in the character of the scattering or

electron acceleration.

9 a dense plasma into which is injected a beam of electrons

with an energy of the order of a few MeV.
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nFIG. 7. Time evolution of the square amplitufie|? of the incident wave
Igeld and of the Stokefa; |2 and anti-Stoke$a. |2 components of the scat-
tered wave forA=0.71,1=0.025, anda’|?=4.

FIG. 6. Time dependence of the normalized electron energy in the scatteri
of a wave on an electron beamy=3, A=1.6, | =0.025, anda?|?=4.

EXCITATION OF THE ANTI-STOKES COMPONENT 1 =0.025 show that excitation of the anti-Stokes Component

o . ] is indeed observed during the acceleration of the electrons
Excitation of the anti-Stokes component of the field of (g, 7).

the scattered radiation was observed in the experiments de- |t should be noted that excitation of the anti-Stokes com-

scribed in Refs. 9 and 10. That process can also be taken i”anent can occur only together with the Stokes, since it fol-
account in the model investigated here. lows from a solution of the dispersion relati6tB) under the

Suppose that there exist two scattered wavgsandA;  condition A<0 that the growth rate for a scattered wave
of circular polarization, with frequencies; = w;+Aw, and  ith a frequency higher than that of the incident wave is
ws =w;i—Awy, respectively, i.e., the detuning from the fre- equal to zero. If, however, both scattered waves are taken
quency of the incident wave is the same for the two wavesinto account, then, since the growth rate for the Stokes com-
In this case, using the same normalization as for equationgonent is greater than zero, plasma waves are excited which
(8)—(11), we have the self-consistent system of equations jtiate the excitation of the anti-Stokes component.

de, p The authors thank V. A. Mironov, M. D. Tokman, and
a- =A( 1- 5 (17)  G. M. Framan for a helpful discussion.
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Measurements of cross sections of nuclear reactions of charged particles in the kiloelectron-volt
range present a difficult experimental problem because of their small size. At the same

time, the need for accuracy in the determination of such cross sections continues to grow in
connection with the active development of such branches of science as controlled thermonuclear
fusion, astrophysics, cosmology, and nuclear physics itself. The present communication
discusses the motivation for performing experiments in this energy range and the difficulties such
experiments involve, and proposes a new experimental approach to measuring the cross
sections of such reactions using the steady-state plasmas available in thermonuclear facilities.

© 1999 American Institute of PhysidsS1063-784£99)01901-7

INTRODUCTION the Sun pass through the hydrogen—(p) and the carbon—

Nuclear physics has made it possible to place the Solur_mrogen(CNO) cycle. At the same time, the cross section of

: . he main reaction of thp—p cyclep+p—d+e* + v and of
tion of man roblems of cosmology, astrophysics, ancf . : ! ; ! .
y P 9y phy an entire train of others in this chain have either not been

plasma physics on a quantitative basis. In turn, the develop- dorh b d with insufficient
ment of these sciences poses new problems for nuclear ph));n_easure orhave been mseasure Wit Insuticient accuracy,
the reactiorfBe+ p—8B+ . None of the cross sec-

ics, the prospects for solution of which depend on the levef 9~ £ th " f the— le h b d
of knowledge and experimental database of nuclear physicg'.Ons orthe reactions or the—p cycle have been measure

A striking example of this interaction is provided by ongoing at energies of tT]e order of fl}? keSV, ccxrespondlng :]0 t.hel
research on the problem of solar neutrinos. The nuclearI-erm)ler"’_lture at tbe cednter of the un. t presenti p gsflca
physics approach to the solution of this problemto exam- conclusions are based on cross sections extrapolated from

ine peculiarities of the mechanisms of low-energy nuclealyalues melasurr]ed at Q||gherfenelrg|es. , dditional d
reactions. This is not the only example of this kind, and for To solve t '€ problem of sofar r:?leutrlr;os, a4 itional data
this reason it is of interest to consider a number of basi@" Cross sections of the reactiorisie+"He - "He+2p,

4 7 7 8 15 16,
problems whose solution requires a knowledge of cross seci 1€t He—'Bety, ‘Be+p—"B+y, and “N+p—"0

tion data on the nuclear reactions of light nuclei at astro-" ¥ €&n be of great significance. _
Stars at later stages of the evolution of “hot matter”

physical energies. We did not set it as our goal in Sec. 1 to : _ 12~ 140t 16
provide an exhaustive review, rather this paper should b&ontain the heavier elemerﬁs-le, C, ™N, 70, etc. And
viewed as an attempt to highlight what in our opinion are thelthough the temperature in the interiors of such stars is
most important directions in this field. Section 2 discussedligher than for the Sun, the higher Coulomb barrier signifi-
the difficulties of experimentally examining low-energy cantly lowers the probability of nucleosynthesis. Here the

nuclear reactions, and also problems of analysis and interpré—ituation with the experimental data is even more dramatic.
tation of data. Section 3 provides a description of a newl Nus, the authors of Ref. 2, for example, use the most recent

experimental approach to obtaining information abouthuclear data, which differ from the data published earlier in

nuclear cross sections and represents an attempt to put it orfRe rgvielw of Re]lg, — by afactor of 1.7 in the case of the
solid basis. It is proposed to use a thermonuclear plasma lik€action “C(,7)*°0, and by two to three orders of magni-

those existing in tokamaks as a source of low-energy nucledpde for the reactions’O(p, y)**F and*'O(p,a)"N.
reactions. b) NucleosynthesisThe problem of nucleosynthesis can

be divided into two parts: synthesis of primordial elements
and synthesis of elements in subsequent stages of the evolu-
tion of the Universe. The first direction, if we retain the

a) Liberation of heat in starsSelf-consisting stellar model of a hot Universe, does not touch directly upon the
models which yield observable characteristitsightness, problem discussed in the present paper, since the process of
size, mass, temperature, ¢tare based on the assumption of formation of primordial elements occurs at relatively high
the thermonuclear nature of the liberated energy as a result ehergies(0.1-1 Me\j and the necessary reactions are quite
an entire train of exothermic nuclear reactions. For exampleywell known. Problems still arise here, associated with experi-
static nucleosynthesis in stars of the main sequence such asental difficulties of absolute measurements. Thus one can

1. SOME LOW-ENERGY NUCLEAR-PHYSICS PROBLEMS

1063-7842/99/44(1)/4/$15.00 104 © 1999 American Institute of Physics
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discern a clear pattern over the last 20 years in which papemround 4.% 10° K. A study of this problem would be incom-
have periodically appeared which do not address the fundaglete without a parallel study of the competing channel of the
mentals of the theory but rather apply new, refined crossreaction'®B+H—1C+ y.
section dat4. d) Nuclear-physics problem#\ study of nuclear inter-
The abundance of primordial elements such as H, Dactions of small-nucleon systems and especially reactions of
3He, “He, and’Li, serves as a starting point for models of radiative capture occupies a special place in nuclear physics
the chemical evolution of stars, galaxies, interstellar mattersince in some cases it allows one to calculate the contribu-
etc. The most sensitive to the parameters of the evolutionarions of different reaction channels. As was already noted,
models are D3He, and’Li. In this regard, the deuterium problems of low-energy resonances are very important.
content, in contrast tdHe and’Li, during the evolution of a In this sense, the reaction B(y)*He is of special inter-
star can only decrease relative to the content of a primordiagst since a study of this reaction can provide information
element. Comparison of calculations with experiment is hin-about the structure of the wave functions of a system of two
dered as a result of the large spread of data in the elementgeuterons in the region of the continuum and the ground
content of various objects of the Universe. Thus, the deutestate of*He. Cross sections of the reaction @¢)°He at
rium content of the protosolar matter, if we identify the latterlow energies are needed to investigate scatterimg-il and
with the atmospheres of Saturn, Jupiter, Uranus, and Nep—d three-nucleon systems and also capturp ahds pro-
tune, varies from (1.61.3)x10°° (Ref. 5 to (3.6+1.4) tons with subsequent transition to the ground steg,2f
x10°° (Ref. 6, given as the D/H ratio. Evolutionary the %He nucleus vigE1l andM1 transitions. The authors of
model€ predict a decrease of the D/H ratio by a factor of Ref. 14 calculated the contributions BfL andM1 ampli-
2-2.5 between the primordial state and the present state §4des to the total cross section of the reactiorp3{°He.
the Universe. At the same time, the first measurements of thehey showed that their ratio varies quite noticeably as a
primordial deuterium contef? in the direction of the quasar function of the reaction energfg1:M1=3:2 for 1.2 MeV
Q0014+ 813 (z=3.32) gave D/H-2x10"*. If direct mea- andE1:M1=1:9 for 12keV. It may be expected that this
surements of primordial deuterium are confirmed, then it willeffect is manifested in the excitation function of the reaction
become necessary to reconsider the evolutionary model @it low energies. Analogous problems arise in the analysis of
the Universe and introduce into consideration as-yet unthe reaction’Li( p,)®Be (Ref. 15.
known processes of rapid burnup of deuterium.
An analogous situation arises in the case®e; the o, oo ool pROBLEMS OF CROSS-SECTION
evolutionary modelspredict values 5 7 times greater than MEASUREMENTS
the values corresponding to the time of formation of the Sun,
and 5-20 times greater than the values corresponding to the The small value of the cross sections is the main diffi-
HIl galactic regiongcompact blue galaxies with low heavy- culty in experiments performed in the kilovolt energy range.
element content, which are identified with the smallestThus, the cross section of the above-mentioned reaction
chemical evolution. Calculations by the authors of Ref. 7°He+3He—*He+2p at 25keV is (7:2)x10 % (Ref.
show that the problem can be eliminated if there exists d6). To measure such cross sections, it is necessary to under-
hypothetical energy resonance below 10keV in the nucleatake special measures such as have been undertaken in the
reaction *He+ *He—*He+ 2p. The existence of this reso- German—ltalian Project LUNALaboratory for Underground
nance was first proposed to solve the solar neutrindNuclear Astrophysigs? A special 50-keV accelerator has
problem!®!! In fact, a special accelerator was built just to been assembled in an underground laboratGman Sassp
study this reaction at low energiéProject LUNA) under  where the background level in the case of the reactide
ultralow background conditiors. +3He—“*He+ 2p is of the order of one event per day. Nev-
¢) Controlled thermonuclear fusion (CTFMost ther-  ertheless, sufficient statistical accuracy at 15keV is achieved
monuclear facilities of tokamak type use DD plasma at temfor an exposure of around six months.
peratures of 0.515keV. For additional high-frequency In the traditional experimental setup for measuring cross
heating, small amounts of H antHe are added to the sections of low-energy nuclear reactions there is one more
plasma. Recent experiments with DT plasma at the large JEproblem, connected with electron screening of the nucleus.
and TFTR thermonuclear facilities have shown that self-This question has been worked out in plasma physiasd
sustained burning can now be achieved in an experimenta@xamined for the case of an astrophysical plasma at various
thermonuclear reactor. Obviously, the accuracy requirementdensities and temperaturfs® In the thermonuclear plasma
on the cross section data on the nuclear reactions takingpntained in tokamak-type setups, this effect is negligibly
place in the plasma increase with the approach of the pracsmall. However, for solid-state and gaseous targets the prob-
tical use of thermonuclear energy. lem of taking this effect into account has still not been
There is another aspect to the problem of nuclear reacsolved. Experiments provide clear evidence of the influence
tions in CTF, namely the search for “cleaner” fuels and final of atomic-shell electrons on the cross section of the nuclear
products(in the sense of their radioactivityfLi + H—°He  reactiont?*3
+%He, "B+ H—3%He, and'®B+ H— Be+ *He. The lowest Screening lowers the Coulomb barrier for the bombard-
energy at which the last reaction was studied was 18.7 keVhg particle and thus increases the yield of the reaction. The
(Ref. 13. The results indicate that a resonance can be expenetrability of the Coulomb barrier at an energyin
pected at 10 keV, which corresponds to a plasma temperatuthe center-of-mass system enters into the expression for the
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TABLE I.

Main thermonuclear reactions Reactions with main impurities Reactions with other light impurities

D(p, y)3He, ¥5.5 °Be(p, )18, v6.6 5Li(d, y)®Be, ¥22.3
T(p,y)*He, v19.8 °Be(d,y)''B, v16.8 bLi(t,)°Be, y17.7
D(d, y)*He, v23.8 °Be(®He,y)’C, v26.3 Li(d,y)°Be, v16.7
T(d,y)%He, v16.7 2C(d, y)**N, v10.3 Li(t,y)%B, v17.3
3He(d, y)°Li, v16.4 2C(t, y) N, v14.8 1%8(d, y)*C, v25.2
T(t,7)%He, y12.3 14N(d, y) %0, ¥20.7 108(t, y) %, ¥23.9
5Li(p,7y) Be, v5.6,5.2 UN(t, y)Y70, v18.6 1B(p,y)*C, v16.0
"Li(p,y)®Be, y17.3 1B(d, y)°C, y18.7

1%F(p, v)*Ne, y12.8

reaction cross section in the form of the factor KX/ Such experiments require neutron and gamma-ray spec-

X exp(—B/\E), where  B=mZ,Z,(e?/%ic)(2uc?)V? trometers. This makes it possible to obtain sufficiently accu-
w=m;m,/(m;+m,) is the reduced mass of the reacting rate relative—and in a number of cases, absolute—
particles, an&, andZ, are their charges. To achieve a quan-measurements. It is not the aim of the present paper to
titative description of electron screening, an effective potenanalyze this entire set of reactions; as an example, in the
tial U is introduced. This is equivalent to the situation in following Section we describe a project that is in
which the bombarding particle penetrates the Coulomb barPreparatiort?

rier of the “bare” target nucleus which is now not at the  In a tokamak with small radius of the plasma coluan
energyE, but at the effective energi+U. The change in the ion temperature and density varies as a function of the
the cross section resulting from screening is expressed by ttlistancer from the center of the plasma dgr)=T(0)(1
coefficient —r?/a?) andn(r)=n(0)(1-r?a?)Y2 The rate of the reac-
tion in the plasma is given by

() o(E+U) p( U B W
=———=exp == —=|.

o(B) 2B JE iy Maa(0) ,
It should be noted that the potentidl depends on the (r)= 1+ 615 {ov), )

model and, what is more, as was noted in Ref. 12, in a

number of cases there is a significant discrepancy bet""e%herenl(r) andn,(r) are the radial concentrations of the

experiment and the model calculations. In all of the investiyeacting particlessy, is the Kronecker delta, anr») is the

gated reactions the measured increase in the cross sectiong igs parameter, which is equal to the reaction cross section
greater than the increase calculated on the basis gf curreRteraged over the Maxwell distribution of the particles.
atamlc models. An exception Is the reacu&hie+ He Tokamak measurement complexes have a number of in-
—“He+2p, for which, according to the galcglaﬂonb(E) dependent diagnostics for determinifigr) andn(r). This
=1.2 forE=25keV, and electron screening is not observedyayes it possible to use data obtained on such complexes to
expenmentally. , e accurately calculate the reaction rates. The strong depen-
_ The experimental and theoretical difficulties in the deter-yonce of the reaction rates on the ion temperature and density
mination of the low-energy cross sections have motivated §pjies that the main contribution to the reaction yield comes
search for new approaches to the setup of the experimentgoy the central part of the plasma. Performing measure-
One such approach, the basis for which is expounded in Refyents in different operating regimes of the tokamak makes it

20, is developed below. possible to determine the parameterv) as a function of
temperature. This dependence can also be measured in one
temperature regime, but with the help of of several colli-
mated spectrometers observing the plasma along different
a) Basic principles. The advances that have been chords of the plasma column.
achieved to date with CTF in tokamaks open up definite  As a result of fusion of the main components of the
possibilities for obtaining nuclear data at low energies. Thigplasma, light charged particles with megavolt energies are
pertains, first of all, to the main thermonuclear reactionsformed. For example, in the reactionT—“*He+n alpha
D+H, D+D, D+T, D+3He, T+H, and T+T, but does not particles with energy 3.5MeV are created. They then ther-
exclude the possibility of investigating reactions involving malize, forming a distinct velocity distribution different from
the light impurity nuclei which are present in the plasma orMaxwellian. Nuclear reactions produced by such particles
are intentionally injected into it in order to carry out the can also be the object of research provided the distribution
experiment. It should be noted that because of problems coffiunction is well known, or they can be used for plasma
nected with the detection of the reaction products, only chandiagnostics!
nels with a neutron or gamma-ray yield allow one to carry  The proposed approach undoubtedly has limited applica-
out measurements in plasma experiments. Table | lists thion, but even so it has great significance for low-energy
main reactions accompanied by the emission of gamma raystudies, as it has a number of advantages over the standard

3. STEADY-STATE THERMONUCLEAR PLASMA AS A
SOURCE OF NUCLEAR-PHYSICS DATA
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experiments. Below we consider some possible means ahte of the thermonuclear reaction. Estimates of the back-
realizing it. ground level for the geometry of a T-15 tokamak showed

b) Measurement of radiation-capture cross sections in athat at a plasma temperature of 10 keV the signal exceeds the
H/D/T tokamak plasma. The reactions-+HM— >He+ vy, background in the gamma-ray spectrum by a factor of 2—4
D+D—*“He+ y, and D+ T—°He+ y have been examined for an energy of 5.5MeV. This ratio varies only slightly
in accelerators at energies up to-185 keV (Refs. 22—-24, when the temperature is lowered.
which corresponds to plasma temperatures of 5-10keV.

This energy range is inter_esting because anomalous behavigbncLusion
of the reaction cross sections has been predicted here.

The idea of the proposed tokamak experiment is to si- ~ The proposed approach to measurement of the cross sec-
multaneously measure the 2.45-MeV neutron yield of thelions of nuclear reactions using a tokamak plasma can sub-
reaction D+ D—3He+n and the yields of the 23.8 and 5.5- stantially extend the energy ran¢e-10 ke of the experi-
MeV gamma rays formed in the reactionstD— *He+ y mental data of important reactions for astrophysics, nuclear
and D+ H—3He+ y, and thereby determine the relative re- Physics, and plasma physics. In contrast to accelerator mea-
action parameters. In the case of a DT plasma it is necessapyirements, this approach does not require one to take ac-
to detect 14.1-MeV neutrons and and 16.7-MeV gamma&ount of model corrections to the electron screening. A com-
rays. This kind of experiment requires larger tokamaks of tharison of measurement results obtained by different
type T-15, JT-60U, JET, and TFTR. experimental methods would make it possible to estimate the

The neutron and gamma-ray spectrometers should bedequacy of the implemented models.
placed in a collimator in order to view the central part of the
plasma and lower th? t_)aCkgrofJnd- As a spectrometer for .theJ. N. Bahcall,Neutrino AstrophysicéCambridge University Press, New
2.45-MeV neutrons it is possible to use an NE213 liquid York, 1989.
scintillator. To record gamma radiation it is necessary tozo- Aubert, N. Prantos, and |. Baraffe, Astron. Astropi8/2, 845(1996.
have a detector with high sensitivity to energetic photons, g'gggugh'a” and W. A. Fowler, At. Data Nucl. Data Tablig 291
e.g., a multicrystal GAMMACELL spectromet&twhich is 4T p. walker, G. Steigman, D. N. Schranenal, Fermilab-Pub-91/36-A
a total-energy gamma-ray absorption detector. (1993).

In the case of the reactions4br— SHe+ y and D+ T SR. Courtin, D. Gautieet al, Astrophys. J287, 899 (1984).

6
4 oo . V. G. Kundeet al, Astrophys. J263 443(1982.
—"He+n, it is possible to use one detector to recor(_j 14.1-7 Galli, F. Pallact al, Astrophys. J443 536 (1995.
MeV neutrons and 16.7-MeV gamma rays, selecting thesa songaila, L. L. Cowieet al, Nature(London 368 599 (1994).
events by the shape of their signals. The relatively high ratesz. F. Carswell, M. Rauclket al, MNRAS, Vol. 268, p. L1(1994.

of these reactions makes it possible to perform some uniqug: N- Fetisov.and Y. S. Kopysov, Phys. Lett. £, 602 (1972.
W. A. Fowler, Nature(London 238 23(1972.

measurements—two-dimensionaly-tomography of & DT 125 Figrentini, R. W. Kavanagh, and C. Rolfs, Z. Phys380, 289(1995.
tokamak plasma using two detecting setups of the pinholesc. angula, S. Engstleet al, Z. Phys. A345, 231(1993.
camera type. Such an experiment does not give temperaturéJ. L. Ballot, A. M. Eiro, and F. D. Santos, Nuclei in the Cosmo=dited
; ; ; ; ; ; ; by H. Oberhummer, Vienna, 1990, pp. 157-162.
integrated m_formatlon,_ but rather d_|fferent|al information 15R. M. Chasteler, H. R, Welleet al, Phys. Rev. Lett72, 3049(1994.
about the ratio of reaction cross sections. _ 164, Krauss, H. W. Beckeet al, Nucl. Phys. A467, 273 (1987).
One of the main difficulties of tokamak experiments has'’E. E. Sulpeter, Austr. J. Phyg, 373 (1954.
to do with the fact that the existence time of a steady—statéiSetsuoklChimarui(Féth- Mod-IF’hﬁS 255 (1h993- 281995
; ; Ol ; H. Dzitko, Tureck-Chiezeet al, Austr. J. Phys447, 428 (1 .
Maxwellian plasma I.S .S“” “mlt?d tO several Se(.:onds’ I'e." thezoV. G. Kiptily, V. O. Naidenov, I. A. Polunovsky, Pis'ma Zh. Tekh. Fiz.
problem qf a stgtlstlcally S|gn|f|cant experiment arises. »q10), 33 (1994 [Tech. Phys. Lett20, 400 (1994].
Speed-of-light estimates made with a GAMMACELL spec-2v. G. Kiptily, A. S. Mishin, V. O. Naidenowet al, EPA, Vol. 14B, Pt. 4,
trometer in Ref. 25 show that limiting plasma temperature%gp- “/}628%_16921?9% 3. PhysiL 724(1963
: : - . M. Griffits et al, Can. J. Phys41, .
at yvhlch the measurement results of the exp'erlments. will begF. 3. Wilkinson and F. E. Cecil, Phys. Rev.aL. 2036(1985.
reliable correspond to an energy range that is essentially Un*r. g cecil and F. J. Wilkinson, Phys. Rev. L8, 767 (1984.
attainable for accelerator experiments. By, G. Kiptily et al, in Diagnostics for Experimental Thermonuclear
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mak experiments show that the gamma-ray spectra extend tg cs> NeW York, 1996pp. 463-466.

energies of 10-12 MeV, and their intensity depends on thé@ranslated by Paul F. Schippnick
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Radio-frequency power compressor
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An rf power compressor is proposed which contains two standing-wave cavities mounted to the
side wall of the waveguide to form amplified rf pulses. 1®99 American Institute of
Physics[S1063-784£99)02001-3

.Radio-fre.quency power pulses can be produced with  dW,/dt=P,—P;;— P13+ Pg+ Pgo— Pog— Pos— Py,
rapid extraction of the accumulated energy from compressors
— systems containing high-Q storage cavities and input— dW,/dt= P13~ P31+ Pog— Pay— Pay, @
output devices. The SLED systerR,in which the compres- where P,,=a?/2 is the power of the signal incident on the
sor contains two storage cavities and a three-decibel couplémput 4, P,,=(2T;a;— T,a,)%/2, P13=(a—T1a,)%/2, Py,
(bridge), has obtained wide practical use. Storage of rf en=(T,a,—T;a,)%/2, Pso=(a—Tia;—T,a,)?%/2, P
ergy in the compressor takes place when the generator cor=T2a3/2, Pys=(a—2T,a;,— T,a,)%/2=a2,/2 is the power
nected to the system is switched on, and output takes plac# the signal that has passed apert@rand been emitted
upon rapid phase reversal of the generator. Since this conirom the outpub, P,;= oW, /Q; andPy,=wW,/Q, are the
pressor scheme was first proposed it has been applied ppwer losses in the cavitiea; anda, are the amplitudes of
unmodified form, which is explained by its simplicity and the waves in the first and second caviti€s,and T, are the
functionality. To decrease the electric field strength in thetransfer coefficients of aperturdsand2 and of apertures,
coupling aperture of the cavity with the waveguide, it hasréspectively; an@, andQ are the intrinsic Q factors of the
been proposed to increase the number of coupling aperturd40 cavities. o 5 _
to two2 The device can also be set up without a bridge by ~ Introducing the notatiorvi/2=W, and1>£2/2:W2, it
using a traveling-wave cavitf/PM systerd); however, this ¢an be ShOer)z that Ba,=Vy(0k,/2Q,)™" and Trap
is unacceptable in the ten-centimeter range due to the ab- Y2(@kK2/2Q2)™, wherek; andk; are the coupling coeffi-
sence of sufficiently compact high-Q cavities of this type. CIENtS Of cavitiesA andB, respectively with the waveguide

Connecting the cavities to the side wall of the waveguide® > Substituting these relations into Eds) we obtain for
(using the scheme of “parallel coupling” of the cavities with Vi andV,
a reflection compensation lifke it is possible to set up the dV; /dt=a(wk;/2Q;)Y?— (1+k;) wV1/2Q,,
compressor without a bridge using standing-wave cavities. A

— 1/2_
diagram of such a device is shown in Fig. 1. Cavitteand dVz/dt=a(wky/2Q2) ™= (11 kp) 0V2/2Q;. 2
B, which could be cavities for thél;o(A) and Hg¢(B) The variables separate and the solutions\Merand V,
modes, for example, are coupled along the narrow wall withare independent
the waveguidd4,5 by coupling aperture$—3, where aper- V,=a(2Q .k, /o) 31— exp(—t/m))(1+k,),

tures1 and 2 are identical. We assume that the resonant

frequencies of the cavities are identical and equal to the fre- 71=2Q1/w(1+ky),
qguency of the exciting signab. The distance between cou- _ 12,4 .

pling aperturesl and2 is equal to\4/2, and between and Vo=a(2Qoky /)" (1—exp(—t/7))/(1+ky),
3, to \4/4, whereh 4 is the wavelength in the waveguide, i.e.,
coupling apertured and?2 are arranged symmetrically rela- y]

tive to aperture8. With the aid of such a device it is possible l l l l
to form amplified rf power pulses analogous to the scheme in P 2

Ref. 2. To get a better picture of the operation of this device,

consider transient processes in the system. Let a wave with Pay Pis P Pes
amplitudea enter the system at its input eddduring times - - - 5
t=0; as a result the wava, is formed at its outpub. At P Psy  Pas

any timet, each of the coupling apertures emits a symmetri- ! 3 !
cal wave in toward the two ends of the waveguid®. The

emitted waves interfere with each other and with the incident B

wave. For the stored energy in the cavitg and W, we

can writé FIG. 1.

1063-7842/99/44(1)/2/$15.00 108 © 1999 American Institute of Physics
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72:2Q2/Q)(1+k2) ﬁ—

There is no coupling between the cavities since for the %.3|
chosen symmetrical geometry of the coupling apertures the
waves emitted from aperturdsand 2 of cavity A arrive at 7,2
aperture3 of cavity B with opposite phase and cavify is
therefore not excited by these waves. Correspondingly, cav:
ity Ais not excited by waves emitted by cavBy Therefore,
oscillations are set up in each cavity independently and the . .
phase shift betyveen them is determme;d only by the distanc¢” 7852 2856
between coupling aperturdsand 3 and is equal tor/2. F, MHz

Let ki=k,=k, Q;=Q,=Q, 71=7=7=20Q/w(1
+k). In this case, the compressor does not reflect in th&'G- 2:
transient or steady-state regime and the transmitted agye
is given bya, = a(l—exp(—t/7)(1-k)/(1+k). Fork=1 the
condition of critical coupling of the entire compressor wit
the line is realized in the steady-state regime: the syste
does not reflect and,,;=0. Here each cavity is also criti-
cally coupled with the waveguide. Fée>1 in the steady-

1.1

1
2860

h formed during the operation of an rf generator in the con-
nqnuous regime; phase reversal occurred at 1kHz. The
measured gain coefficient fde=1 was 5.5 dB(calculated
value 6 dB, and fork=4.5-7.6dB (8.4 dB. The measure-
state regime, similar to the situation in Ref.&2,~—a (a ments showed that fde=1 and 4.5 the qualitative and quan-

characteristic feature of compressors of SLED type — thé;itative parameters of the system were close to the calculated

phase of the transmitted wave at the output of the system i\éalues. Differences _between t_he _experimental an_d calculated
opposite to that of the incident wakelf the phase of the yalues were due to inaccuracies in the construction ano_l tgn-
generator is shifted byr (the output regime of Ref.)2after ing of the system, _n_"neasurc_ament errors, and also radiative
completion of the energy storage process, then the transmillgsses from the cavities during phase reversal of the genera-
ted waveay,= —a[1+(2k/(1+k))exp(-t/7)]. Heret=0
corresponds to initiation of output. For large as in Ref. 2,
the wavea,,~ — 3a at the initiation of output.

Operation of the scheme was tested at the frequencg
f=2856 MHz at a low power level. The cavities were con-
structed from a standard rectangular waveguide of cross se
tion 72x34mm. The characteristic tuning points were
checked for the coupling coefficients of the coupling of the
cavities with the line equal t&k=1 and 4.5. For a single ¢ ) X ; ;
cavity connected to the side wall of the cavity, the relationSiNCe the field structure in the region of the coupling aper-
between the standing-wave coefficignin the line and the tures coincides foH 0, andHoss p_awnes, the results of the
coupling coefficienk is given byp=2k+ 1. Each cavity was present study also apply to cavitiesidjs type.
tuned separately and their frequencies coincided. The band
characteristic of the signal transmitted by the tuned system

: P : 1A. N. Didenko and Yu. G. Yushkowigh-Power Microwave Pulses of
has the form of a curve with one minimum symmetric about Nanosecond Duratiofin Russian, Energoatomizdat, Moscow, 1984.

the frequencyf for any k. Fork=1 at th(_a frequency_the 27. D. Farkaset al, in Proceedings of the Ninth Conference on High
power is almost completely absorbed in the cavities. For Energy Acceleratorsl974, pp. 576-582.
k=4.5 the level of the transmitted signal for a matched pairj\'} '\é'at;ulmlgtoet fzjl-,lN\l;cl.SlnstrEm. M;thodsdl?hy& Fflfﬁ-fﬁ?]_ld(ﬁ%.

_ . _ . E. Balakin an . V. Syracheyv, IRroceedings 0 e Ird Interna-
was —4 dB (the calculated value is-3.9 dB) " The depen tional European Particle Accelerator Conferend®92, p. 1173.
dence ofp on frequency(the band characteristic of the re- sy | ivannikov, Yu. D. Chemousov, and I. V. Shebolaev, Zh. Tekh. Fiz.
flected signal of the pair of cavitipén this case because of 656, 2407(1986 [Sov. Phys. Tech. Phy81, 1441(1986]. _
the different intrinsic Q factor has the form of a two-humped :3’- g'vfg;";%‘g YUT- Dhcgﬁmalisi‘gigg;év- Shebolaev, Zh. Tekh. Fiz.
curve (Fig. 2) with its minimum atf (p=1.08). AT the re- §(5), 162(1999 [Tech. Phys4l, J

flection maximap~1.3. Pulsed measurements were per-Translated by Paul F. Schippnick

The considered pulsed rf power compressor has all the
positive features of a SLED system, plus the advantage of no
ridge. Such a design can be used in upgrades of compres-
ion systems. Note that the possibility of coupling tdgyg
ggvity with a waveguide shorted out at one end with the
coupling realized by two apertures shifted y2 was tested

in Ref. 3. In the proposed device this was realized for a
traveling wave in the waveguide and with Hy, cavity.
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The method of deep-level transient spectroscopy is used to investigate aspects of the formation
of radiation defects in silicop™ —n diffusion structures when bombarded by accelerated
electrons. It is shown that for base thicknesses ofpthe-n structures in the range 0.2—0.6 mm

a substantial change in the concentration of the radiation defects formed in this way is
observed, having a maximum at 0.25 mm. Below 0.2 mm and above 0.6 mm the concentration of
radiation defects exhibits a weak dependence on base thickness. The observed effect is
explained by variation of the relative concentrations of vacancies and interstitial silicon atoms in
the base during formation qf* —n pairs. © 1999 American Institute of Physics.
[S1063-784299)02101-1

An extensive amount of information has accumulated orthe fluence of electron bombardment, which is in good
the formation of radiation defects in silicon and silicon agreement with the data in the literatGréComparison of
structures: ! Primary attention has been given to the naturethe concentration of detected levels shows that the main frac-
and parameters of the bombarding nuclear partiti®she  tion of the radiation defects consists Afcenters.
conditions of irradiatiort; *°and the degree of perfection and Figure 2 plots the variation of the concentration of
impurity composition of the initial materidl®®!'but the ef-  radiation-defect levels as a function of the base thickness of
fect of the production regimes and means of preparation afhe p* —n structures after bombardment by electrons with a
p* —n structures, peculiarities of design and geometrical difluence of 1.5 10*°cm™2. As can be seen, the efficiency of
mensions of the bases on the formation of radiation defectimtroduction of the detected radiation defects has an anoma-
has not been identified although these data would allow #ous character and depends on the base thickness.
deeper understanding of the process of formation of various For the investigateg* —n structures a noticeable varia-
defect complexes ip* —n structures and could be a deci- tion in the concentration of radiation defects is observed at
sive factor in any improvement in the quality and characterbase thicknesses in the interval 0.2—0.6 mm, with a maxi-
istics of silicon devices that could be achieved using radiamum at 0.25 mm. As the base thickness is decreased below
tion technology. 0.2mm or increased above 0.6 mm their concentration exhib-

The present paper presents results of an experimentiib a weak dependence and remains nearly constant. Data on
study of the effect of the base thickness on the efficiency othe presence of a maximum in the dependence of the
introduction of radiation defects into silicon diffusion struc- radiation-defect concentration on the base thicknesp *of
tures during bombardment by accelerated electrons and cor-n structures are absent in the literature. The observed
siders a possible mechanism of their formation. maximum cannot be explained within the framework of the

The object of study was-type silicon with a resistivity existing range—absorption mechanism for accelerated elec-
of 4—20Q-cm; p™—n structures were prepared by boron trons at the energy of the bombarding parti@ésince for
diffusion at temperatures of 1050-1100 °C. The depth of th¢he investigated thicknesses 6-MeV electrons pass through
p* layer was 27 30um. The based thickness was varied with minimum losses, generating radiation defects uniformly
from 0.1 to 2.0 mm. The area of thee—n junctions was the throughout the volume of the silicon sample. The presence of
same for all the investigated structures and was equal ta substantial dependence of the concentration of radiation
9mm. defects on the base thickness of the structures in the interval

The structures were bombarded by accelerated electror@s2—0.6 mm with maximum at 0.25 mm can be explained by
with energy 6MeV in the fluence interval 163 a change in the relative concentrations of vacancies and in-
x 10%cn?. The concentration of the formed radiation de- terstitial silicon atoms in the base of the structures as a result
fects was measured by deep-level transient spectroscopgf various physical-chemical events taking place in the sili-
The measurements showed that upon bombardment, regarchn and at the Si—SiQOinterface during preparation of the
less of the base thickness, radiation defects formed in thp™ —n structures.
investigated structures, primarily with levells=0.17 and Many author$*3think that the Si—Si@ interface aris-
0.44 eV belonging to vacancy—oxygen complexédsden- ing during thermal oxidation of silicon should be treated as a
ters and vacancy—phosphorus atom complexeséntery,  transitional layer with variable chemical composition. They
respectively, and also with levels,=0.23 and 0.39 eV cor- suggest that a monolayer of nonstoichiometric ,S{@<x
responding to various charge states of the divacaRigy 1). <2) is formed on the single-crystal silicon boundary, con-

The concentration of all levels increases with increase ofisting of incompletely oxidized silicon. This is followed by

1063-7842/99/44(1)/3/$15.00 110 © 1999 American Institute of Physics
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A stantial role in the generation and annihilation of vacancies
and interstitial silicon atoms, where the latter are a primary
component of SiQ.

In our study of the effect of heat treatment on the gen-
0.50F eration of native point defects we unambiguously established
that thermal diffusion of group-1ll and V dopant elements is
accompanied by the formation in the base and at the silicon—
silicon oxide interface of vacancies and interstitial silicon
atoms.

The degree of supersaturation of the silicon with native
point defects during formation of the—n junction is deter-
mined by the condition of heat treatment, and the process can
be described by the following reactions:

Si+ 0,—Si0,, 1)

) SiO, + Si—2Si0, 2

\ B, + Sic= B+ S, 3)

[l
0 0 . — - .
100 ; KZU 0 wherei ands indicate that the boron or silicon atom is lo-

cated at an interstial position or lattice site, respectively.
FIG. 1. Deep-levels spectrum of radiation defects m'a-n structure with Reactionql) and(z) are accompanied primarily by gen-
base thickness 0.3mm, irradiated by electrons with fluence 1.8ration and supersaturation of the near-surface region and
X10%om™®: E.~E;=0.17 (), 023 @), 0.39 C), 0.44 eV D). Si—SiQ, interfaces with native interstitial atoms, and reaction
(3) is accompanied by saturation of the bulk of the silicon

: . S . : primarily with vacancies and interstitial atoms up to the on-
an intermediate layer of SiQwith large internal mechanical ; e . ;
set of thermodynamic equilibrium. An increase in the boron

strains, which is then followed by the usual unstrained, sto- L . ; ; .
- . . concentration in the silicon due to the difference in their
ichiometric amorphous SiO

) I . . atomic radii can give rise to a compressive or dilatative stress
Later it was showH that oxidation of silicon is a com- . : . . L
plex process and the conditions of heat treatment play a sutI)Q.the lattice, which can _alsq alter the ratio of |nters_t|t|al
Silicon atoms and vacancies in the near-boundary region of
p* —n structures. When one takes into account that the areas
of the crystal and thep—n junction, the conditions of heat
6F treatment, and the production processes involved in the
preparation of thep* —n structures are identical and that the
probability of migration of a vacancy is large, and also tak-
ing into account the physico-chemical processes based on
reactions(2) and(3), it may be surmised that the degree of
y saturation of the silicon with vacancies is determined mainly
by the base thickness, where a decrease of the latter leads to
an increase in the degree of saturation of the silicon with
vacancies, and for certain thicknesses supersaturation of the

k‘

3 crystal with vacancies is reached. Under these conditions, the
E equilibrium state is established — the concentration of va-
A cancies diffusing into the volume becomes equal to the con-

v ° centration of vacancies escaping to sinks. Such a situation is
gt more probable for structures with base thickne€s25 mm.
a 2 It is obvious that, depending on the degree of saturation of
é i the base with vacancies the silicon crystals will exist in vari-
7k ous metastable states. Subsequent irradiation of such crystals
by penetrating radiation leads to destruction of the meta-

Z stable state due to irradiation-induced generation of addi-
tional vacancies and interstitial silicon atoms. As they mi-
5 , . , . \ grate around the crystal, the radiation-generated
0.2 0.4 0.5 0.8 1.0 nonequilibrium vacancies and interstitial silicon atoms inter-
Wy, mm act with each other and with impurities and self defects cre-
] ] o ated during heat treatment in the fabrication of fhe—n
IF IG. 2. Dependence of the change in the concentration of radiation defect, v \res “forming radiation defects with various levels. A
evels on the base thickness pf —n structures for irradiation by electrons . .
with a fluence of 1.5 10%cm 2 E,—E,;=0.17 (1), 0.44 (2), 0.23(3), ~ comparison of the absolute values of the concentrations of
0.39eV(4). the different radiation-defect levels in the region of the maxi-

a0,V

0.251
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mum (Fig. 2) shows that their rate of formation does not defect formation in silicon diode structures no difference was
depend on the type of radiation defect that is formed but doesbserved in the efficiencies of introduction of defect
depend on the base thickness. Such a variation of the leveenters:10:12
concentrations can be explained by the fact that one of the On the basis of the present study we may conclude that
components of the radiation defects formed is a vacanty, an examination of the effect of geometrical and design pecu-
which forms not only upon irradiation but also during heatliarities of p*—n structures on the formation of radiation
treatment in the fabrication of thp* —n structure* i.e.,  defects can provide important information about their nature,
irradiation of silicon supersaturated with vacancies duringand that data on increasing the efficiency of formation of
heat treatment produces the maximum concentration of raadiation defects as a function of the base thickness along
diation defects. with the presence of a maximum at 0.25 mm make it possible

The lowering the concentration of radiation defects into optimize the radiation-production process and predict the
diodes with a thinner based€0.25mn) may have to do design peculiarities of fabrication of devices with the help of
with a change in the ratio of vacancy generation to annihilaradiation technology.
tion in the volume of the crystal during formation ef*
—n structures due to a change in the degree of saturation ofPhysical Processes in Irradiated SemiconductonsRussian, edited by
the Si-SiQ interface by native interstitial atoms. In this L. S. Smimov(Nauka, Novosibirsk, 1977
case. with decrease of the base thickness the probabilit O?Questions of the Radiation Technology of SemicondudforKussiar,

’ . . . ) P . . y edited by L. S. Smirno¥Nauka, Novosibirsk, 1980
supersaturation of the Si—Sj@nterface with native intersti- 3y s vavilov and N. A. UkhinRadiation Defects in Semiconductors and
tial atoms grows and a “free volume” is formed at the Semiconductor Devicdin Russiar, Atomizdat, Moscow, 1969.
interface!* caused by the difference between the mean dis_“Action of Penetrating Radiation on the Products of Electronics Technol-
tance between the silicon atoms in the oxide and in the lats9 " Russiad. edited by E. A. LadygirtSov. Radio, Moscow, 1980
¢ ; . s . (9YSF, P. Korshunov, G. V. Gatal'skiand G. M. IlvanovRadiation Effects in
tice. The magnitude of the deformation field varies while semiconductor Devicdin Russiad, Nauka i Tekhnika, Minsk, 1976.
relaxation of the arising strain is accompanied by diffusion °L. S. Berman and A. A. Lebedeeep-Level Transient Spectroscopy in
of excess silicon atoms from the interface into the volume of ,Semiconductorgin Russiar, Nauka, Leningrad, 1981.
the base. i.e.. the process of annihilation of vacancies with V. S. Vavilov, V. B. Glazman, N. U. Isaev, B. N. Mukashev, and A. V.
h O B P g Spitsyn, Fiz. Tekh. Poluprovod®, 471(1974 [Sov. Phys. Semicond,
interstitial silicon atoms starts to predominate over processes3os (1974].
of their generation and the concentration of vacancies in théA. A. Zolotukhin and L. S. Milevski, Fiz. Tekh. Poluprovodn6, 2240
; ; P (1972 [Sov. Phys. Semicond, 1886(1972)].
.baS; O.f thef dIO(Z:]ed!OG()jglnS f:o fallhpre(;]lpltously]; fSUbse.quer}thu. M. Dobrovinski, Sh. Makhkamov, A. Mirzaeet al, Fiz. Tekh. Po-
irradiation of such diodes shows that the rate of formation o proyodn. 25, 523 (1999 [Sov. Phys. Semiconds, 316 (1993
radiation defects drops dramatically with decrease of thé%a. A. Zolotukhin, A. K. Kovalenko, G. M. Meshcheryakovat al, Fiz.
base thickness<{0.25 mm and stabilizes fod<0.15mm. llTekh. Poluprovodn9, 1201(1975 [Sov. Phys. Semicon®, 800(1975].
; ; ; ; Sh. Makhkamov, M. Mamanova, Yu. V. Pakharukov, and N. A. Tursunov,

TEus, a difference in the numper. of vacancies in the base ofpis,ma Zh. Tekh. Fiz.1824), 44 (1992 [Tech. Phys. Lett18, 811
p™—n structures before radiation treatment leads to a (1997,
change in the rate of formation of radiation defects uponN. N. Gerasimenko, A. V. Dvurechen$kV. I. Panov, and L. S. Smirnov,
irradiation. A confirmation of the mechanism of formation of (Fl';-”Tﬁkh- PoluprovodnS, 1644(197]) [Sov. Phys. Semicond, 1439
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This aspect of the behavior of radiation-defect centers (1993

can also be the reason why in many studies of radiatiorranslated by Paul F. Schippnick
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A method of reducing diffusion losses in a drift spectrometer
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A method is considered which reduces diffusion losses during analysis of the ions of heavy
molecules passed together with a carrier gas through a separation system at atmospheric pressure.
Separation takes place under the action of a transverse variable electric field in a way

similar to the case of quadrupole mass spectrometers. Instead of the usual uniform-field planar
capacitor, it is proposed to employ a cylindrical capacitor with a nonuniform field. It is

shown experimentally that a severalfold increase in the output signal is achievetioo®

American Institute of Physic§S1063-78429)02201-]

This paper addresses a new method of separating ions in Separation takes place in a chamber formed by two elec-
a dense, air-based medium on the basis of the nonlinear d&odes, between which a stream of ionized gas is pumped. A
pendence of the ion mobility on the electric field strength.voltage is applied to the electrodes, as a result of which the
References 1-5 described a new method for separating iomsns in the chamber are acted on by an electric field
in a gas on the basis of the dependence of the mobility co-
efficignt on the electric field stre%gth as well as a devicg for E()=Ey(t)+Ec=Es F() +Ee, )
realizing it. The essence of this method consists in the folwhere E((t) satisfies condition(3), E¢= maxE(t)|, E.
lowing. For a constant densify of the drift gas the depen- <E,, andf(t) is a unit-normalized function describing the
dence of the mobility coefficienK on the electric field shape of the field.
strengthE can be represented in the form Under the action of such a field an ion drifts transverse
_ to the stream of drift gas with its own characteristic velocity
K(E)=Ko(1+a(E)), @ V=(K(E)E(t)). Reaching the electrode, the ion loses its
whereK, is the value of the mobility coefficient in a weak charge and is not recorded. B, is such that for some type
field and «(E) is a normalized function describing the de- of ion the compensation conditiod=0 is fulfilled, then
pendence of the mobility on the field. these ions move through the separation chamber with the
From the requirement of isotropy of the ion drift space itstream of drift gas and are recorded at the output of the
follows that the dependene& E) can only be an even func-
tion of E. We write the series expansion of the function
a(E) in even powers oE in explicit form

1 4 2 5 J &
a(E)= 2 on- E2n. (2 % ,rL/ 7, v JZ /JIL/I
n=1 D @ D D
The constant expansion coefficienrtg, depend only on ::" - <
the form of the ion—molecule interaction potential. O | p22
The operation of a drift spectrometitig. 1) is based on BZrzzel 27777727277

the dependence of the ion mobility coefficighbn the elec- |
tric field strengthE. The presence of a nonzero dependence
a(E) leads to the result that under the action of a periodic
electric fieldE(t), asymmetric in the polarity and satisfying
the conditions

T

f E()dt=(E())=0, (E*""}(1))#0, (3
0

whereT is the period of the fieldy is an integer greater than 10

1, the ions will complete rapid oscillations with periddand

move slowly along the force lines of the field with a velocity , _ _

V that is characteristic for the given type of ion. The differ- F'C: 1. Drift spectrometerl — gas being analyze@ — separation cham-

. " . . . ber,3 — polarized electrode} — ionization chamber5 — ion trajectories,
ence in the velocitie¥ for different types of ions is used t0 g __ yecording chambe7 — gas pump8 — generator of separating volt-
separate them. age,9 — electrometer10 — control and data processing system.
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electrometer. We call this valug; the output field strength Under the assumption of smallness of the displacement
of the given type of ion. Reference 1 derives the dependencaf the ion from the point,, the diffusion equation can be
of E. on E4 and the functionx(E) solved in explicit form. The expansion of the functigg; in
the small parameteAr/ro=(r—rg)/ro at the pointry has
E = {a By (5)  the form
¢ da '
1+<a>+<a—E~ES> JE. _
EBer=| Ec= 5g_Es| - Vp(ro)-Ar=yAr, ()
Taking expansioii2) into account, this formula takes the s
form whereVp(r) is the spatial gradient of the field and\r is
the scalar value of the functidg,; in the chosen direction.

> E2ML(§2nT1(t)) If the value ofy is negative and not equal to zero, then
Aonktg . . . . .

n=1 (5 the diffusion equation has a stationary solution. The steady-
* ) ' state distribution of the ion density has a Gaussian shape
1+ 21 (2n+1) apnES"(F"(1)) with characteristic width/2D/K y and center at the poimp,.

" We will obtain estimates for a coaxial separation cham-
ber consisting of a coaxially arranged cylinder and rod, be-
RESULTS AND DISCUSSION tween which a separating field is created. In this case, the

. o o field strength and the functigo(r) in cylindrical coordinates
When the compensation condition is satisfied for someyre given by

type of ion, the main reason for ion losses in the analysis
channel is ion diffusion to the walls of the separation cham- E(r)= u (r)= o ®)
ber. In the case of the experimental setup described in Ref. 1, r, o P r’
ion diffusion to the walls of the separation chamber leads to |n(a) T
a three to fivefold decrease of the useful signal. A method for
dealing with diffusion losses is proposed. whereU is the voltage applied to the plates, andandr,
The essence of this method consists in the following. lorare the inner and outer radius, respectively, of the separation
separation leads to a spatially nonunifofeng., radial elec-  chamber.
tric field. The field gradient points in the same direction as ~ We assume that the compensation condition is fulfilled
the vector of the compensating figl} . The presence of an at the pointro=(r;+r,)/2, and we estimate the effect for
electric field gradient leads to the result that a restoring forcgliffusion drift of the ions in the radial direction, i.e., toward
acts on the ions diffusing from their equilibrium position, at the walls of the coaxial chamber. The purpose of the estimate
which the compensation condition is fulfilled. A compres-will be to calculate the minimum separation between the
sion of the ion cloud arises, leading to a decrease of iolectrodesd=r;—r, for which diffusion losses of the ions
diffusion losses. will be negligibly small. To estimate the dependeiG€E,),
Before turning to a calculation of the ion separation pro-we use formula5a), taking into account only the first term
cess in a spatially nonuniform fiel.+ E.f(t), | introduce  of the expansior(2) of the dependence(E). Substituting
the following notationr, is the position vector of the point a(E)=a,E® in Eq. (5) and restricting the expression to
at which the compensation conditik(r,))=0 is fulfilled; ~ zero-order terms, we obtain
E.(Es) is the dependence of the compensating field strength _ a3 =3
on the amplitude of the separating field for the given type of Ec=ay(f") Es. ©)
ion. This dependence is assumed to be known from experi-  Elementary calculations give the value gffor radial
ment or is calculated from formuld®); p(r)=E(r)/E(ro) IS jon drift
a function describing the spatial dependence of the field
strength. 2E. 2U.
We fix some nonzero value &g and the corresponding B ? ro-d’
output field strengthe (E;) for some type of ion and con-
sider the motion of an ion in the vicinity of the poirg. The

separating fieldE;p(r) and the compensating fiel.p(r
3 g (") P g fiel:p(r) the right to use instead of the exact val(® for E. the

will act on it. The condition of compensation for4ry is, ) ) 7 X
generally speaking, not fulfilled since the action of the sepa@PProximate valué&.~U,/d. The negative sign of is en-

rating field Egp(r) is compensated by the constant field SU“?C_’ bY the condition of (_:odirectionality & andVp (for .
E.(E.p(r)) #E.p(r). Consequently, the action of the fields positive iong. In the opposite case, the effect of compression

on the ion at the point will be equivalent to the action of a ©f the ion cloud is replaced by one of repulsion, which will
constant field with field strength lead to the loss of ions to the walls of the chamber.

Requiring thaid>/2D/K y and taking relatior{10) and
Eer=Ec(Esp(r)) —Ecp(r). (6)  the Einstein relatichinto account, we obtain
The solution of the ion diffusion equatiod=nKE; d/resU-/U 11
=DVn describes the motion of the cloud of ions in the spa- 0 ET e D
tially nonuniform fieldE.+ E4f (t). whereU=KkT/e is the thermal potential.

E.=

(10

whereU, is the compensation voltage.
The assumption of smallness &f made above gives us
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FIG. 2. Block diagram of the experimental setdp:— sample preparation
block, 2 — additional separation chambe3,— drift spectrometerd —
RS-232 interface5 — IBM PC (softwarg, 6 — electronics blocks.

110" |

A careful account of the size of the compressed beam
the use of the generalized Nernst—Einstein equétiand
and account of higher orders of the expansiorw6E) (2)
and, consequently, higher orders of expandida make it
possible to refine the inequalitg1). However, we will leave
it in the form in which it is on account of its simplicity and o L . L L
S . g 0.5 7.0 1.5
intuitive clarity. F. .7d

The accumulated experimental data give a basis for as- ¢’
serting thatU > U+ in the majority of cases. This justifies FIG. 3. Drift spectra, i.e., curves of the dependence of the output ion current

the assumption of smallness of the param®&teir, made in ! of the separation chamber on the compensation field stréhgfibr planar
the derivation of Eq(7) design of the separation chamhey and coaxial desigiib).

EXPERIMENTAL TEST

A block diagram of the experimental setup is shown inheight of the peaks foE.>100 V/cm is an indication of a
Fig. 2, and the setup itself is described in detail in Ref. 1reduction in ion losses in the coaxial separation chamber.
The gas mixture to be analyzed, which is obtained with the It is also interesting to compare the dependence of the
help of the sample preparation block, is ionized in the ion-ion loss coefficient in the separation chamb€r=1I;,,/
ization chamber, where @-source or surface-ionization |,y equal to the ratio of the input and output ion currents,
source is located. The mixture of the ions and carrier gas ion the separating field strengiy for a planar and a coaxial
fed into the separation chamber. Both a planar and a coaxigeparation chamber.
separation chamber were used in the experiment. The planar To set up the experiment correctly, a modification was
separation chamber consists of two parallel metal platesrade in the experimental setup. A second separation cham-
(electrodesof dimensions 1.5 5 cm, separated by a gap of ber was placed between the ionizer and the separation cham-
1 mm. The coaxial separation chamber consists of coaxiallper equipped with the necessary electronic equipment. It was
arranged cylindrical electrodes: the outer, of diametetuned to an isolated, pronounced peak of the drift spectrum
0.5cm, and the inner, of diameter 0.3 cm. In the gap betweeporresponding to material with a high electron or proton af-
the planar or coaxial electrodes the ion mixture is acted offinity, and E; was recorded. The ion current at the output of
by the electric field. To create a field of the required configu-this chamber served as the input current for thanar or
ration (4), a large(range of variation of the voltage ampli- coaxia) separation chamber in question. Such an arrange-
tude 1-3kV high-frequency T=1 us) voltage. The shape ment guarantees a stable current of ions of one sort at the
of the temporal variation of the field is described by theinput to the separation chamber and allows one to measure
function’ the loss coefficient in the analysis channel as a function of
Es. The magnitude of the ion current at the output of the

f(t)=0.7 cog2t/T) +0.3 cog4nt/T). (12 additional separation chamber was monitored in order to en-
Figure 3 presents drift spectra recorded under identicasure a quantitative value &f_ .
conditions in the planafa) and coaxiakb) separation cham- The dependence K (Ey) for the planar(a) and the co-

bers. As the test mixture, we used a mixture of tripropy-axial (b) separation chamber is plotted in Fig. M ¢H)*
lamine and triethylamine. The severalfold increase in thdéons were used, obtained bBionization of tripropylamine
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CONCLUSION

A new method for reducing diffusion losses of ions in a
drift spectrometer based on the use of a spatially nonuniform
electric field for ion separation has been proposed and calcu-
lated. Experimental confirmation of this effect has been ob-
tained. .

The author conveys his thanks to U. Kh. RasulevGE
Nazarov, and I. A. Buryakov for fruitful discussions and as-
sistance in experimental confirmation of the effect.
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with a single strip Schottky barrier
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Results of a theoretical analysis of the influence of various factors on the efficiency of excitation
of space-charge waves in thin-film semiconductor structures by a single strip Schottky

barrier are presented. It is shown that to increase the efficiency of conversion of a microwave
signal into space-charge waves, it is advisable to use a Schottky barrier with a small

contact potential with optimized values of the width of the Schottky barrier and the electron
concentration in the film. ©1999 American Institute of Physid$51063-784£99)02301-4

One of the most promising classes of devices of func- 2eeo(0o— V)
tional microelectronics in the microwave range is the class of ~ b(V)=\/—— ——— 2
space-charge-wavéSCW) devices in semiconductors with Mo
negative differential conductivityNDC).>2 They can fulfill s the depth of the depletion region under the Schottky bar-
various radio-engineering functions connected with the protier, which depends on the voltalye ¢ is the relative dielec-
cessing of microwave signals down to the millimetertric constant oin-GaAs, e, is the electric constang is the
range'~° In the development and design of functional SCW absolute value of the charge of the electroiis the electron
devices in thin-film semiconductor structures with negativeconcentration in th@-GaAs film, ¢, is the contact potential
differential conductivity for the 8-millimeter range, studies of the strip contact with the Schottky barrier, is the equi-
on the optimization of the topological-design and electro-librium electron concentration,(E,) is the drift velocity of
physical parameters of thin-film semiconductor structureghe electrons under the Schottky barrier, which depends on
and SCW excitation elements have taken on special valuéhe electric field strengtk,, andt is time.
This has to do with the fact that the limiting frequency of We assume that superimposed on the constant voltage
SCW amplification is found in this range.

As the coupling elements of thin-film semiconductor
structures with an electrodynamical system providing excita-
tion of space-charge waves, presently the most often used are a
single strip Schottky barriers, an important property of which 1 l
is their wideband character. The present paper presents re-
sults of a theoretical analysis of the influence of the

2
topological-design and electrophysical parameters of a thin- Q /5
J

film semiconductor structure and its coupling elements on

the efficiency of excitation of space-charge waves by a single W
. . - Y| 4T
strip Schottky barrier. L Y Z, n=GaAs % ﬂ
%

Za

When a microwave signal is fed to the input reverse-
biased strip Schottky barrier, modulation of the depth of the -
depletion region under the Schottky barrier takes place with \ i=Gads S
the frequency of the input microwave voltage. Under these
conditions, thez component of the electric field vectdg,, b
in the n-GaAs film under the Schottky barrier is modulated I,
with the same frequenciFig. 19. Neglecting diffusion, the ; @ l!

z component of the total current under the strip Schottky oA

2
barrier is given by the expression L1
Izt_JVL»I7 ‘2——3

z

E
I=W[2a—b(V)] qnv(EZ)—i-saOdd—t . (1)

Where.W is the aperture of th_e semiconductor structu®j22  Fig, 1. Diagram of the input regiort — cathode2 — Schottky barrier,
the thickness of the-GaAs film, 3 — arrow points in direction of anode.
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Vq, a small variable voltag¥; with frequencyw is applied
- 60.00
to the Schottky barrier, i.e., 4

T
Q

In the case when a microwave generator in the input part  zg.00
of the device is connected between the Schottky barrier and
the cathode, the plan of the input part has the form shown in ~
Fig. 1b. The total currenitflowing into the Schottky barrier & ”'”Z_go I 7.2]0
is divided into two components -+ and|l,: the currentl ,
goes to the cathode, and the currepgoes to the anode. In
the ideal case, as a consequence of the high impedance of th
segment between the Schottky barrier and the anode in com- 45 g5t
parison with the impedance of the narrow segment between
the Schottky barrier and the cathodlg!,,l. Thus, follow- : 1 2
ing the technique outlined in Ref. 6, it is possible to obtain
an expression for the coupling coefficient of the electric field
strength of the space-charge wave and the microwave signal ~ 44.00
on the Schottky barrier L

1 1
2.00 J.oo
L, pm

t
S
x

_dE, 1 1,

1)01
~dV (2a—bg) by wg 1y

FIG. 3.

where by is the value of b(V) for V=Vg wq

=(Anoua)/(e&q); and ug is the differential mobility of the  yaqe gifference between the microwave voltage at the input
electrons in then-GaAs wafer corresponding to the Stalic v, the Schottky barrier and the electric field strength of the
electric field strengtte,,. _ N space-charge wave under it.
~Ascan be seen from E@4), the coupling coefficienK Figures 2 and 3 plot the dependence of the modulus of
is in general complex, which points to the existence of ane coupling coefficientk|, calculated with the help of for-
mula (4), on ¢q, f=w/27, ng, andl,. These dependences
were calculated for the following parameter values
corresponding tan-GaAs assuming that the static electric
field under the Schottky barrieEy=5.5kV/cm: vo=1.7
M-UUL 2 a X 10" cm/s, e=12.9 (Ref. 7, and 2a=5 um. The depen-
dence ofuy onf for n-GaAs was taken from Ref. 8. In all of
1 the calculations we sé&lp=—1V.
Figure 2a shows the dependence|léf on the contact
20.00 3 potential ¢, for f=30GHz (uq=—0.128n%/V-s), |,
\ =1um, andny=5x10% (curve 1), 10** (curve 2), and 5
X 10°tm~3 (curve 3). As can be seenK| for a Schottky

- 0 barrier with a small value ofp, is higher than|K| for a
& 800 0.130 l 0.~I’fﬂ I 0.160 I g,:ga ' 1 270 Schottky barrier withp0=0.7— 0.9 V which is more typical
+ %y 4 for a Schottky barrier on-GaAs. This has to do with the fact
2 that for smaller values op, the modulation coefficient of
E the capacitance and the depth of the depletion region below

g.00 b the Schottky barrier are increasede., for efficient excita-
tion of space-charge waves in a thin-film semiconductor
structure with negative differential conductivity it is expedi-

w00 1 ent to use Schottky barriers withy=0.2—0.3V, which, on
- 3 the one hand, ensures a high gain coefficient, and on the
2000 other, guarantees a high temperature stability of operation of

the device since in this cagg>kT/q, wherek is the Bolt-

S zmann constant and is the temperature.
000 gt 1 ! I L L 1 Figure 2b shows the dependenceékf on the frequency
20.00 3”'001, Gﬂz"o'”” 90.00 of the microwave signdl for ¢q=0.2V,1,=1 um, and the
2

electron concentration in the working layeg=>5x 10%°
FIG. 2. (curve 1), 107' (curve 2), 3x10*' (curve 3), and 5
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x10°*m3 (curve4). The foregoing analysis shows that for wherer=1,/v is the transit time of the electrons under the
no=2x10*m~3 the nature of the dependence |&f| onf  Schottky barrier.

changes: it changes from a falling to a growing dependence. The results obtained here can be used in the develop-
Such a change is a direct result of the fact that the calculament and design of various space-charge-wave devices in
tions allowed for the frequency dispersion of the differentialthin-film semiconductor structures with negative differential
mobility of the electrons. This circumstance points to theconductivity in the short-wavelength part of the microwave
necessity of taking account of the dependence of the differfange.

ential electron mobility on the frequency in the design of the

coupling elements of space-charge-wave devices. The ob-

tained dependences | on f show that using differem,
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Single and double electron capture processes in slow Ne 9* _He (g=10,6) collisions
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The cross sections for single and double electron capture to the statééniNevith n=3-6 and
Ne®™(31,n’l"), Né*(4l,n’l") with n’=4 and also the cross sections for single electron

capture to the states Rig(3) in collisions of Né®" and Né&* with He atoms are calculated for
collision energies in the interval from 10 to 150 keV. The calculation is carried out in the
multichannel Landau—Zener, Nikintin, and Landau—Zener—Chaplik models with allowance for the
radial coupling of the channels at crossing points of the energies of the quasidiabatic two-
electron states of the quasimolecule. The energies of the two-electron states are calculated in the
effective potential method to first order in perturbation theory in the residual
electron—electron interaction. The energies of the adiabatic states in the neighborhoods of the
crossings of quasidiabatic terms are determined by the configuration interaction method.

It is found that in N&°" —He collisions the electron is captured mainly to the5 state of the

Ne’* ion. The cross section for double electron capture to imé'3state =4) of the

Ne®* ion is an order of magnitude smaller than the cross section for single electron capture. The
contribution to the total cross section for double electron charge transfer from 4hg 4

4]151", and 461’ states is approximately 25%. The dependence of the cross sections for double
electron charge transfer on the valued ahdl’ is investigated. ©1999 American

Institute of Physicg.S1063-784299)00301-3

INTRODUCTION These states can include a significant mixture of interacting
electronic configurations, and this should be manifested in
Collisions between multiply charged ions and atomicthe partial cross sections for DEC. At the present time there
targets have been studied intensively in the last few yearsare directly conflicting points of view as to both the possible
Charge transfer processes in these collisions are the mogtechanisms of DEC and the role of CCEs.
efficient mechanisms of excitation transfer. Of particular in-  CCEs in DEC reactions have been investigated recently
terest is the study of charge transfer reactions of the iongin Ref. 2, for examplewith the use of an atomic basis in the
Ne'* and A" (g=1-10) with H, He, and Kon account coupled-channel method. This method in principle permits
of the role of Ne and Ar impurities in plasma cooling pro- one to study indirectly the details of the mechanisms of
cesses in thermonuclear fusion devices. To estimate the copharge transfer reactions through a change in the correspond
tribution to the cooling from charge transfer processes it ing matrix elements of the dynamic coupling.
necessary to have estimates for their total and partial cross For a physically transparent study of the mechanisms of
sections. charge transfer it is necessary to optimize the quasimolecular
In collisions of a multiply charged ion with a neutral basis and to refine the concept of the independent-particle
atom the most probable process is single-electron quasiresmodel accordingly. For a crude description of the charge
nant charge transfer to excited ionic states with binding entransfer reaction of stripped multiply charged ions on the
ergies close to the ionization potential of the atom. If thehydrogen atom, it is well known that one need analyze only
atomic shell has equivalent electrons, as in the helium atony few pseudocrossings between one-electron two-atom mo-
there can also be double electron captD&C) to unstable lecular orbitalf OETAMOS). Specifically, of the multiplet of
excited states of the ion, which decay by autoionization osstates of an iorze which are degenerate at infinity, only
radiative decay. These DEC processes are of particular intethose terms with parabolic quantum numbdiz—1,0;
est in connection with the problem of collisional correlation Z—2,0] undergo quasicrossings with the ground-state term
effects (CCE9. These effects in slow atomic collisions of the hydrogen atorh® The reason for these “selection
should be manifested through the probability of quasidiabati¢ules” is the special additional symmetry due to the possi-
transitions between quasimolecular staté3MSs, i.e., bility of separation of variables in in the two-center
through the value of the effective coupling at those internu-quantum-mechanical problem.
clear distances where one has near-resonance conditions, For multielectron quasimolecules it turns out to be pos-
which determine the dominant reaction channels. CCEsible to preserve this symmetry provided that the effective
should be particularly noticeaBBléor doubly excited QMSs  potential, which takes into account the optimal screening of
in the Coulomb field of the multiply charged quasimolecule.the nuclei by electrons, satisfies the requirement of separa-

1063-7842/99/44(1)/14/$15.00 12 © 1999 American Institute of Physics
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tion of variables in spheroidal coordinates. In this vape  &;(R) of the molecular orbital tends aB—o (for the
can obtain diabatic screened two-atom molecular orbitalentrance-channel orbital it is the energy of sdlectron in
(STAMOS9 having the same symmetry properties as thethe He(1s?) aton), we also need to know the energy, to
OETAMOs. The values of the diagonal matrix elements ofwhich &;(R) goes over in the limit of the united atom, i.e.,
the exact Hamiltonian of the quasimolecule — the QMSsthe set of quantum numbeischaracterizing the entrance-
calculated on the single-determinant wave functions in thehannel orbital must be known beforehand. And this in turn
STAMO basis — turn out to be rather close to the valuesdepends on the parameters of the effective potential. For ex-
obtained in self-consistent Hartree—Fock calculations. Thereample, according to the well-known rufeelating the terms
fore, these quasidiabatic QMSs are naturally considered, iof isolated atoms with the terms of the united atom in the
the spirit of quantum chemistry, to be the correspondingoroblem of two Coulomb centeis; andZ,, for the nuclear
independent-particle states. In this paper the quasidiabatitharges under consideratio;=2 andZ,=10) one should
QMSs discussed above are basic to the investigation aise the 5o OETAMO (see Appendix B as the entrance-
CCEs. channel functionthe orbital of theeZ; type). Here the §
state of the N¥* ion is the state to which the orbitahé
CALCULATION OF THE STAMO BASIS FOR THE SYSTEM will go over asR—<. When the screening of the charge
Nel®* _He is taken into account in a rough way so as to get the correct
value for the energy of the entrance channel in the limit of
The two-electron QMSs describing the entrance and exi§eparated atoms, one should take as the entrance-channel

channels of the reaction function the o OETAMO (Z* =1.6875,Z,=10). This
He* (1s)+Ne’*(nl), can be understood if it is taken into accolihiat the energies
Nel® + He(1s?)— (1)  of molecular orbitals differing in only one of the spheroidal

HE" +Ne?* (nl,n’1"), quantum numberg,q,m cannot cross. This is the situation
are calculated in the one-configuration approximation for the orbitals §o (k=m=0, q=4) and tho (k=m=0,
g=5). The energies of these orbitals faf;=2 and
Z,=10 are degenerate @&=«. When screening of the
charge Z, is introduced, the energy of thez; term at
R=« (the energy of a & electron in the helium atojrbe-
comes higher than the energy of thg &lectron in the N&¥*
ion, and, because fa&R=0 the energy of the 6o orbital is
higher than the energy of thegt orbital, for Z} =1.6875
one should use theler OETAMO as the entrance-channel
function.

B Z, 0 B To determine the parameters of the effective potential
ST T E+Veff(R'rl*r2) ¢i=ei(R)e; we use the energy of aslelectron in the He atoms{)
2) =-142,754=1.6875n,=1, A;=0, N,=0. HereZ, is
the effective charge, which is related to the enetgy as
Za=ng\2[eD; A;=n{P—n: ng, n{Y, andn{M are

1
d’i(rlyrz):ﬁ(‘Pk(rl)%(rz)“‘<Pk(r2)<P|(r1)) (1a

in a basis of the STAMOs; . The molecular orbitalg; are
identified by a set of spherical quantum numbgss(nim)

of the state of the united atorfJA) to which the given
orbital goes over aR— 0. The STAMOs are determined by
solving the two-center problem

with the effective potentiaV{)) specified in the parametric

form SHY .
_ _ _ _ the principal quantum number and parabolic quantum num-
o 1ar’=bl a’+bf bers of the atomic state to which the entrance-channel orbital
Veffzz r + r goes over in the limit of separated atonm; is the number

of electrons around th&, nucleus in this limit. We have
al"+Ra)) by (r;—ry)? assumed that for oW the ého orbital should be used as
3 the entrance channel and that for determining the parameters
a, anda; (see expressiornd7) and(16) of Appendix A we

whereR is the interuclear distance ang andr, are the 56 ysed the energies of thé &nd & electronic levels in
distances from the electron to the nuclei with chargesnd o Mgi% ion® e¢=—1.7646¢,) and se,= — 1.748(,)
: . i g . i)

Z,, respectively(atomic units are used throughput which gave the parameter valu,=—0.864 anda,

The scheme for determining the effective potential pa-zo 964. The parametess, andb,, according to expressions
(i) Z)  H0) Kl (i) : : )
rametersay’, a;’, a;’, by’, andb’ for a heteronuclear (53 4ng(22) in Appendix A, have the values,=0.142 and

system are given in Appendix A. The effective potentialy _( 481, For these values of the parameters of the effec-
method has the shortcoming that the different STAMOs arg, o potential(3) the energy of the §o orbital (of the eZ,

not orthogonal, and that substantially complicates the calcut-ype) for R— lies below the energy, (m)zs(sl/i- It is

lation of the energies of the adiabatic states of the quasimo%asy to deduce that f&= one has 7

ecule by the configuration interaction method. Therefore, we

shall henceforth use orthogonal STAMOs satisfying &. [Z,—(a;+Dby)/2]?

with the a single effective potential that optimally describes €5g0(*) =~ =-172 (ng=5).

the entrance-channel orbitals. _
In the present scheme of determining the paramé}tgﬁfs Figure 1 shows the energies of thd®, 4fo, 5go, and

we need to know not only the valug, to which the energy 6ho STAMOSs obtained for this potential. For the calculation

rqro Rrqrs

2nZ,
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FIG. 1. Energies of STAMOs for the quasimolecule*Ne-He.

of the one-electron energies and the one-electron wave

functions¢; we used a program written previoudiyAs we
see from Fig. 1, at large distanceR=£30 a.u), where the

V. K. Nikulin and N. A. Gushchina

Ei=ext e+ 0+ — Vet Vi),

where  J5=(U(r ) e (ra)|Ur ppi(r1) en(rp)) is  the

Coulomb integralJgi= (4i(r 1) 1 (r2) 1ir 1ol (1 2) ¢ (r 1)) is
the exchange integral, an®,.=(#|Verlt) and V,

=(¢|Ven| ) are the average values of the effective poten-
tial in the statesy, and i, .

The adiabatic states in the neighborhood of the crossing
points of the diabatic terms are constructed by the configu-
ration interaction(Cl) method. In this method the wave func-
tion of the system, which satisfies the equation

HO?=ED?, (6)
is written as a linear combination of OWFs,
N
D= cydy, (7)
k=1
and the energieg? (i=1, ... N) of the adiabatic states for

a basis of orthogonal OWFs are found as the roots of the
equation

defA—Ef|=0, 8

whereH is the matrix of the total Hamiltonias), calculated
in the basis of OWFs| is the unit matrix, andN is the

quasimolecular wave functions are almost completely confUmber of interacting configurations.

centrated around one of the nuclei, there is a quasicrossing of With allqwance for two interacting configurations;
the 6ho and 5go orbitals. It is known that upon passage @nd ¢, we find from Eq.(8) that

through the region of the quasicrossing of the energies of Hii+Hj; (Hn—Hjj)2

two states there occurs a sharp change in the wave functions Ef‘J i + \/ 7 +H
of these states as a result of the transition of the electron

from one nucleus to the other. For this reason tler5 and the energy splitting; (Rf;) =|EX(Rf;) —Ef(R7)| at the

5 9

STAMO for R<30 a.u. becomes the orbital of te&,; type

and plays the role of the MO of the entrance channel. As théas the value\;; (R
internuclear distance decreasfes R=6 a.u) there occurs a

guasicrossing of the energies of thgdband 4f ¢ STAMOs,

crossing poinR{; of the diabatic states (HR) = Hj;(R{}))
)=2H;(R}).

Calculations showed that for calculating the cross sec-
tions for the processgd) of single electron charge transfer

which, as expected, should have a substantial influence ofSECT) and double electron charge transf®ECT) to the
the probability of population of the different channels of theionic states N&'(n) with n=3-6 and N&"(n,n’) with

reaction(1). For R<6 a.u. the 40 STAMO becomes the

entrance-channel orbitébrbital of theez; type).

TWO-ELECTRON STATES OF THE Nel®*—He
QUASIMOLECULE

The STAMO basis obtained is used for calculafitige
total energies; of the two-electron diabatic states

Ei=(¢ilH|¢i), (4)
2 v? oz, z,\ 1
=2 e <5>

where ¢ =[ i (r1) ¥a(ra) + d(ra) ¥a(r1)1/\2 is the one-

configuration wave functiofOWF), r; are the coordinates of

the ith electron,r,; andr,; are the distances for thih
electron to the nucleZ,; andZ,, respectively, and, is the
distance between the electrons.

n=3-4 andn’ =4-6 the set of basis functions need include
only the one-configuration states listed in Table I. The
charge transfer channels include only fBestates, i.e., for
calculating the probabilities of their population only the ra-
dial and potential interactions between channels were taken
into account, and these do not couple states of the quasimol-
ecule having different projections of the orbital angular mo-
mentum onto the axis of the molecule. The right-hand col-
umn of Table | gives the atomic limits of the OWFs for
R—o. In writing these limits it was taken into account that
for the internuclear distances under considerati®x 80

a.u) the orbital of theeZ; type (the entrance-channel orbital

is bgo.

The results of a calculation of the dependence of the
electronic energieg; of the diabatic states listed in Table |
are plotted in Fig. 2. The dashed curves represent the ener-
gies of the states which describe the channels of SECT. One
should notice the region of strong interaction of the entrance

The two-electron energies are calculated to first order othannel ¢,,(5go?) with the charge transfer channels

perturbation theory in the residual interactioh'= 1/,
~(Ver(r1) +Ve(ra)):

ds(4fa?) and ¢o(4fa5g0) in the region of internuclear
distancesR=5.6—-6.4 a.u.; this strong interaction is due to
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TABLE I. Wave functions of the two-electron states of the quasimolecule B
(NeHe)®* and their atomic limits af— .

bi Limit as R—

1
¢1=—2[3da(1)4d0(2)+3d(r(2)4d0(1)] Ne?*(3,4)+He?t

%

1
¢2=—/§[3do‘(1)4f0'(2)+3do-(2)4f0'(1)] Ne®*(3,4)+He?t
Y

1
$3=—5[3d0(1)5d0(2) +3do(2)5d0(1)] NP (3,5)+ He? "

%

¢4=i2[3da(1)5da(2)+3da(2)5ga(1)] Ne®* (3)+ He' (1s)

%

1
¢’>5=—2[3da(1)6g¢r(2)+3da(2)6g0(1)] Ne?*(3,6)+He?t

%

1
d)G:—z[3d0'(1)6ho-(2)+3d0'(2)6ha-(1)] Ne®*(3,5)+He?t

%

£, arb. units

1 _ ,
¢7:E[3dn(l)7l(r(2)+3d0'(2)7|0'(1)] NeB*(3,6)+ He?
Pg=4fa(1)4fa(2) Nt (4,4)+He?t 1 | | | | | ! \

1 6 1 2 3§ 4 & 6 7 6 9
¢g=ﬁ[4fa'(1)590'(2)+4f0'(2)5go'(1)] Ne®* (4)+He' (1s) R, arb. units

1 N N FIG. 2. Two-el diabati iEs(R) of th f th imol-
D=5 [410(1)6h0(2)+ 410(2)6ha (1)) Net* (4,5)+ He? ecﬁle Négf‘iﬁ;‘l’itsrtoe”d iLaTE:l')‘I’eeferg'E“ ) of the states of the quasimo

1 _ .
¢11=\/—§[4f(r(l)7l(r(2)+4f(r(2)7|a'(l)] Ne?*(4,6)+He?t

= 2

¢12=590(1)590(2) He(1s") 0, if p>R",
b= [5go(1)6ho(2)+5g0(2)6ha(1)] | N&™*(5)+He" (1s) pi’(p,v)= mA3 2mklug] .

V2 exg — - , It p<=Rj,

1 2Fiij FIJ
$14=5500(1)Ti0(2)+590(2)Tir(1)] Ne®* (6)+He' (1) (10
d)ls:iz[3d0.(1)5p0.(2)+3d0.(2)5p0.(1)] N (3,5)+ He?* wherep is the impact parameteF,; is the difference of the

slopes of the terms at their crossing pointg=v[1
—(p/R{))?1"?is the radial velocity at the poilR=R; , v is

the velocity of the incoming particles;;=(¢;|d/dR|¢;) is

the quasicrossing of the one-electron orbitager5and 4 0.  the matrix element of the radial coupling between the qua-
It follows from an analysis of the correlation diagram pre- sidiabatic states at their crossing point.

sented in Fig. 2 that it is specifically through these charge  For an orthogonal basis the matrix elemesyjsare non-
transfer channels that the atomic states®N8) and  zero only for statesb;(y, ) and ®;i(¢, 1) for which one
NeP*(31,n’1") with n’ =4—6 (statesp; —¢g) are populated. of the MOs coincides. In that casg; is expressed in terms
An exception is the channeb,(3do7io), which describes of the matrix element of the radial coupling between the
the charge transfer to thed8h state of the N& ion. It can  MOs ¢, and ¢, as

be populated directly through the entrance channel in the
region of internuclear distancés=3.7 a.u.

d
kij = (i, )] ﬁ|¢j(‘r/fka‘/fl')>

CALCULATION OF THE SECT AND DECT CROSS d
SECTIONS FOR THE Ne!®*—He REACTION f
2 — s if =y,
<¢||dR|l,0|>, b=

The cross sections for the charge transfer procedges -
are calculated for a rectilinear trajectory in the multichannel
Landau—Zener and Nikitin models. In these models it is as-
sumed that the transition between adiabatic states occurs at
their quasicrossing points. The transition probability at a  This last expression has been calculated in terms of the
crossing of the energies of quasidiabatic statesand ¢; overlap integrals of the STAMOS.
have been calculated in the Landau—-Zener—Chaplik The probability of a nonadiabatic passage through the
approximatiofi with allowance for the radial coupling of regions of the quasicrossings of the diabatic stateand ¢;
these states at their crossing deff: has been calculated in the Nikitin mod®8l:

d .
<l/f||ﬁ|'ﬂ|'>: it
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TABLE Il. Parameters of the Landau—Zener and Landau—Ziner—Chagptik)) models for calculation of the
probabilitiespj;” [Eq. (10)].

i, ] (‘f’i*d’j) Ricj Ai,j Fij Kij

14,12 (go7ioc—5gc?) 1.610E 01 0.128-03 0.42%—01 0.20E- 02
12,13 (go?—5go6ho) 8.200E 00 0.262 00 0.14€ 00 0.12E-00
12,10 (go?— 4fobho) 7.900E 00 1.678-04 0.22€ 00 0.00E 00
13,10 (sgo6ho—4fo6ho) 7.230E 00 0.76B—02 1.06E 00 0.36€ 00
13,10 (go6ho—4fo6ho) 6.400E 00 0.482 - 01 0.45E 00 0.36€ 00
8,9 (4foc?—4fo5go) 6.20E 00 0.228-00 1.40E - 00 0.23E 00
12,9 (5g0%—4fo590) 6.060E 00 0.312 00 2.30E-00 0.38&-01
8,12 (4f02—5g0?d) 5.700E 00 0.486 00 0.26E—00 0.00E 00
12,9 (5g0%—4fo5g0) 5.460E 00 0.178-00 0.48E 00 0.12&-02
8,9 (4fc?—4fo5go) 5.300E 00 0.272-00 0.37€ 00 0.38&—01
7.8 (MoTio—4fo?) 4.600E 00 0.716— 04 0.95E 00 0.00E 00
7,9 (3do7io—4fo5g0) 4.200E 00 0.118-01 0.54& 00 0.00E 00
8,5 (4fo?—3dobgo) 3.880E 00 0.488-03 1.03% 00 0.00E 00
8,3 (4fo?—3do5do) 3.830E 00 0.262—02 1.03£-00 0.00E 00
8,6 (4f0?—3do6ho) 3.820E 00 0.852-03 1.33E 01 0.00E 00
4,1 (3do5go—3do4do) 3.280E 00 0.572-01 0.40E-00 0.00E 00
8,1 (42— 3do4do) 2.860E 00 0.376-01 1.83E - 00 0.00E 00
8,1 (4f0?—3do4do) 2.200E 00 0.58&—01 2.25E—00 0.00E 00

0, if p> Rﬁ , In the pres_ent paper gll the quantitlé%, Aejj, a5, and
N B . _ 11 6;; appearing in expressiofi2) were treated as parameters
Pij(pv)= exp(— ﬂ-gc)sml”[.ﬂ'(—ffc)], if p<RJ, (3D and were determined from the condition of minimization of
sinh(7§) the functional
where K
Agj; 3 Fi (R Asij,ay, 6)= 2 (fj(R)—=Aj(R))2.
&=—— and gczi(l—coseij), =1

a;jv

! Tables Il and Il give the values of the Landau—Zener,

andau—Zener—Chaplik, and Nikitin model parameters
&wvhich were obtained from an analysis of the energies of
two-electron states and which were used to calculate the
probabilities of a single passage through the crossing and
quasicrossing regions of the diabatic states listed in Table I.

Agj; is the energy difference of the adiabatic states for
R> Rﬁ , a;j and 6;; are model parameters that appear in th
expression for the functio;;(R) which approximates the
gapA;j(R)=|E}(R) —Ef(R)| between the adiabatic states in
the neighborhood of their quasicrossing point,

fi;(R)=A;;{1—2cos; exf — a;;(R— Rﬁ)] In calculating the populations of the different channels
of reaction(1) we also took into account the rotational inter-
+exf —2a;;(R—R) T}, action between th& and Il states of the quasimolecule at
(E3=E2) 12 small internuclear Qigtancdﬂwese state§ are degenerate at
! I R=0). The probability of these transitions was estimated
andR? is the center of the nonadiabaticity region. from the formuld?

TABLE Ill. Parameters of the Nikitin model for calculating the probabilit'p#. [Eq. (1D)].

i, ] (‘f’i*d’j) Rip,j ASij 9ij Qjj
12,13 (Ego-z—Sgo-Gha-) 7.270E 00 0.027E 00 1.570E 00 3.686E 00
4,2 (3do5go—3do4dfo) 6.220E 00 0.500E 00 1.280-00 0.403E 00
11,14 (£o7i0—5g07i0) 5.890E 00 0.422 00 0.07& 00 0.481E 00
11,13 (£o7ioc—5g0o6hao) 3.930E 00 0.60B 00 0.15E 00 1.290E 00
12,7 (®0273da7i0) 3.720E 00 1.008 00 0.43& 00 0.587E 00
5,6 (3do6go—3dobho) 3.630E 00 0.498 00 0.08& 00 0.623E 00
12,10 (5;]0274f06h0) 3.060E 00 0.512 00 0.41€ 00 2.000E 00
9,3 (4f 6590 —3do5do) 3.010E 00 0.958—-00 0.36%—00 0.675E 00
4,8 (3du-5go-—4fa-2) 3.000E 00 1.008 00 0.19% 00 1.618E 00
9,15 (4 o590 —3do5po) 2.950E 00 0.728 00 0.39E 00 0.950E 00
9,6 (4fo590—3do6ho) 2.900E 00 0.508 00 0.34% 00 0.360E 00
9,5 (4f 6590 —3do6go) 2.890E 00 0.816 00 0.19E 00 0.842E 00

4,8 (3do5go—4fo?) 1.760E 00 1.706 00 0.18E 00 1.850E 00
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TABLE IV. X-II transitions taken into account at small internuclear dis- -
tances. *o
[ — £tot
3, state(atomic I1 state(atomic A
limit as R—0) limit as R—0) - 4
$4(3do5g0) #(3do5gm) 0.0358 10— o(5)
(Ne’*(3)) (Ne**(3,5)) i
$e(3do6ha) #(3do6h) 0.0009 N&’ [
(N€*(3,5)) (N€*(3,6)) s o%)
¢o(4fo5g0) ¢(4fa5g) 0.0358 © |
(Ne’*(4)) (Ne**(4,5)) 'S
br(Afobho) H(4fo6h) 0.0009 NG
(NE®* (4,5)) (NE®* (4,6)) ©
p"(p)=2G(p)exp —c,D?), (13 7 a
where -1||||L1;11|1111161(6|)11|
g 5 10 15 20
2Ap [2 11
c,D3=——F _ [—+—sin2(a/2) £/10, ke¥
vcod(6/2)13 6 _ : .
FIG. 3. Single electron capture cross sectiotia) for capture to the ionic
1 3 states N&"(n), the total SEC cross sectidl,, the sum3,, of the total
+=(7+6) —+sin2( 0/2) |tan(6/2) |; cross section for single-electron capture and the double electron capture
2 2 cross sectiong(4,4), o(4,5), ando(4,6): ® andO are the experimental

2.13 . L e
9 is the scattering angle for the Coulomb trajectory, which isg:i/é for the total cross sectioB at collision energie€=286 and 90

related to the impact parameter by the expression

cot(0/2)=Muv?®pl(Z,Z5); _ _ .
) ) ) tions a(n) for single electron captur€SEQ to ionic states
M is the reduced mas§(p) is the cutoff factor, given by N+ (n) with n=3, 4, 5, and 6. The dependence of the cross

(sin(6/2) +c,D)? sectiono(n) on the collision energy is shown in Fig. 3. We

G(p)= 5 see that the largest values are for the cross sections of SEC to
2+(c;D) the ionic states N& (n) with n=5 and 4, which are popu-
20 [ A\1B lated directly through the entrance chanmkl(5gc?) at
c,D= m(g pcog6). large internuclear distance®%6 a.u) as a result of single

- _ electron transitions ¢;X(5g0?)— ¢13(5go6ho) and

_ In deriving formula(13) it was assumed that the energy ¢,,(5g0?)— ¢o(4f5gc). The main contribution to the
differenceAE of the 3 andIl states that are degenerate atcrgss sectionr(5) comes from the region of quasicrossing
R=0 can be described to sufficient accuracy at small inter{R,, ;+~7.27 a.u of the state¢,5(5go6ho) with the en-
nuclear distances by a quadratic dependeAd&=AR?. In trance channep,,, while the contribution from the crossing
calculating the charnge transfer cross sections we took intgoint (RS, ,7=8.2 a.u) of these states is unimportant. As the
account only the —II transitions that lead to a redistribution nyclei come together there is a decrease in the populations of
of the populatpns between dlﬁe_rgnt channels of the .reactlome $15(5g06ha) channel on account of a redistribution of
(1). Table IV gives thex ~II transitions that were considered the probability to the states,(4fo6ho) (RS, ,476.4 a.u)
and the values of the constafitwhich were obtained from and ¢,,(4fo7i0) (RS, 17393 au and the channel
an analysis of the energy differences of the corresponding,(4fs5gc), through which the population of the state
MOs and which were used in calculating the correspondings.(4f¢?) occurs atRS ;=5.3 a.u. and the population of a
transition probabilities. _ _ _ series of states(3l 051" o) occurs in the region of internu-

The cross sectiom(v) of the reaction(1) involving a  clear distanceRS y~2.8—3.0 a.u. This is probably the cause

tl’anSition of the quasimolecule from the |n|t|a| Sta&lé) to of the Weak depéndence Of the Cross sectm@ and 0—(4)

the final statep, was calculated as on the collision energ§. For E in the range from 20 to 150
% keV they are practically independent of the collision energy.
oy(v)=2m fo pPw(p,v)dp, (14 The mechanisms of population of the one-electron states

with n=6 and 3 in the N&" ion are different from the

where P, (p,v) is the probability of population of the state mechanism described above for the population of one-

¢\ as the nuclei fly apart, which was calculated by adding ugelectron states witm=4 and 5.

the probabilities of all the possible transitions between states The ¢14(5907i0) channel, which afk—o describes

of the quasimolecule &R changes frome to p as the nuclei  the capture of an electron to time=6 state of the N&' ion,

come together and from to « as they fly apart. is populated through the SECT chanrely(5go6ho) as a
Settingk=4, 9, 13, and 14 in Eq(14), we obtain, ac- result of single and double electron transitions: as the nuclei

cording to the right-hand column in Table I, the cross seccome togethefat R‘il’lg: 3.93 a.u) the statep4(4fo7ic) is
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populated through the channel y(5go6ho), and then, as
they fly apart(at R, ;,~7.23 a.u), it is populated through ~—— ‘g{z’g‘;
?

the channelp4(5go7io):
$13(5g06ho)— ¢11(4fo7io)— h145907i0) \<
/\.\ & (4,4)

i - 1
(the channelg4(5go6ho) is populated through the en — Z(3,n)

—~——

trance channep,,(5go?) at Ri215=7.27 a.u.. The popula- N — (4,6)
tion of the ¢145g07ic) channel does not take place 6 (4,5)
through the entrance channel, since the region of internuclear? f ; 2 6(3,5)
distancesR;, 14~ 16 a.u., where the crossing of these chan- ~ 6(3,6)
\ ~ &(3,4)
)\/*_t (36

1 LA

2z
s cm
LI SLELLALLI

D
=
nels occurs, is passed through diabatically and does not in- }

fluence the SEC cross sectiof6). 0.1

] lllllll

Population of the channelp,(3do5gc), which de- N
scribes SECT to the=3 state of the N& ion asR—, N
occurs atR<6 a.u. through the channebg(4fo?) (Rjg | S~
=3 and 1.76 a.y. In the region of internuclear distances e~ _ &(#46)
R=5.3-6.2 a.u., as a result of a quasicrossing of the one- 0-070 1 "5 1 1'0' — '\7'5' L '2'0
electron orbitals 40 and o, there occurs a substantial E//O,Irel/

redistribution of the population of the entrance channel

among three states: ¢,(590?), ¢g(4fco?), and FIG. 4. Cross sections(n,n’) for double electron capture to the ionic
¢o(4fa5go). Analysis of the probabiliies of passage states N%*(n,.n’). The dashed curves show the cross seatith,5) calcu-
through the crossing points of these states in the indicatel§d without including the radial coupling between #ig(4fo5go) and

. . . 13(5go6ho) channels, and the cross sectiangt,6) ando(3,6), calcu-
region of internuclear distances showed that the Channéited without including the rotational interaction at small internuclear dis-

¢g(4fa?) is populated mainly through the SECT channeltances between the channdlg(5ga6ha), ¢(5go6hm) and the channels
do(4fa5g0) at Rg,8=5.3 a.u. Consequently, the population ¢s(3dao6ha), $(3do6hm); =(3,n) andX(4,n) are the sums of the corre-

of the ¢,(3da5ga) channel occurs as a result of the follow- sponding partial cross sections.
ing chain of single and double electron transitions:
$1(590%) — po(4f 05g0) — pg(4f 0°) —04(3d0o5g0).

In view of what we have said, one expects that the probwe have said, a calculation showed that the population of the
abilities of population of the channel$,,(5gc7io) and  state ¢g(4fa?) occurs mainly through thepg(4fo5go)
¢4(3do5go) will be significantly smaller than the prob- channel. As the collision velocity increases, the probability
abilities of population of the channel$,;5(5go6ho) and  of direct population of thepg(4fo?) channel through the
do(4fo5ga), which are populated directly through the en- entrance channep,,(5go?) increases, and far=1 a.u. it
trance channelp;,(5go?) at R>6 a.u. In addition, as the amounts to=20% of the total probability of population of
nuclei fly apart there occurs a strong decrease in the populéhe ¢g(4fo?) channel. It turns out not to be important to
tion of the ¢,(3do5go) states on account of a transition at take into account the radial coupling of the channels
R=6.4 a.u.(the quasicrossing region of thef&4 and Syo d1(5902), Pg(4fa?), and pg(4fa5ga) in the region of
orbitalg to the statesp,(3do4fo). As a result, the SEC the strong potential interaction between thdor R=6 a.u).
cross sectiono(3) is less than 10™ cn? throughout the The population of the channeb,(4fo6ho), which de-
interval of collision energies considered, and because it is secribes DECT to the ionic state Rig4,5) occurs through
small we have not shown it in Fig. 3. The values obtained fothe SECT channelp,3(5go6ho) at Rjp,7~6.4 a.u. as a
the total SEC cross sectidiy, = o(3)+o(4)+o(5)+o(6) result of two single electron transitionsi,(5go?)
are shown in Fig. 3. The results of a calculation of the double— ¢,3(5go6ho)— ¢,o(4f6ho)  (uncorrelated double
electron capture cross sectiomgn,n’) to thenln’l’ states electron transition Here a substantial contribution to the
of the Né* ion with n=3,4 andn’=4-6 are given in DECT cross section(4,5) is given by the radial interaction
Fig. 4. of the channelsp,(4fo6ho) and ¢13(5g06ho) at their

Because of the presence of a quasicrossing of the 4 crossing poimRiO’lgz 6.4 a.u. Including the radial coupling
and 5yo one-electron orbitals, the main contribution to the increased the cross sectiot4,5) atE=150 keV by almost
double electron capture cross sectian@,4) ando(4,5) an order of magnitude. The double electron capture cross
comes from the channelgg(4fo?) and ¢,o(4fo6ho), re-  sectiona(4,5), calculated without including the radial inter-
spectively, so that(4,4)=0g and o(4,5)=01. It is seen action between channels, is shown by the dashed curves in
from the correlation diagrarfFig. 2) that the population of Fig. 4. The contribution to the total cross sectioi(4,5)
the ¢g(4fo?) channel, which describes DECT to the ionic from the ¢(4fo5g) state, which is populated at small in-
state N&"(4,4), can occur either directly through the en- ternuclear distances through tiig(4fo5go) channel as a
trance channelg,,(5gc?) at R§17~5.7 a.u. (correlated result of the rotational interaction, is unimportant.
double electron transitignor through the SECT channel In the calculation of the cross sectier(4,6) we took
¢o(4fo5g0) (atRg g=5.3 a.u) as a result of two successive into account the probabilities of population of two channels:
single electron transitions: ¢,(5g0?)— ¢o(5g0df o) $11(4fo7io) and ¢(4fa6ho). The first channel is popu-
— ¢g(4fo?) (uncorrelated double electron transitiorAs  lated atR§1’1f3.93 a.u. through the statg ;(5go6ho) as
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a result of the double electron transitiof;3(5go6ho) a
— ¢11(4fa7io) (the channelg,5(5go6bha) is populated
through the ground channeb,,(5go?) at R~8.2 a.u). - ¢fs
However, as the nuclei fly apatat R=7.2 a.u) the SECT — Z
channelg4(5907ic) is populated through it, and this leads -9
to a decrease in the population of thhe;(4f o7i o) channel.
The second channeb(4fo6h) is populated through the
channel¢,(4fo6ho) at small internuclear distances as a
result of the rotational coupling between channels. Calcula-
tions showed that at the collision energies under consider-
ation the population of thel4! states in the N& ion occurs
mainly at small internuclear distances. For comparison of the
contributions to the total cross sectioff4,6) from the two [
indicated channels, the dashed curves in Fig. 4 show the 4|5 | .
cross sectiono(4,6) obtained with only the channel i e e Sy S S
¢11(4fo7i0) taken into account. R, arb. units

Figure 3 shows the sum,y of the double electron cap- -7
ture cross sectiong(4,4), o(4,5), ando(4,6) and the total -
SEC cross sectioB ; for comparison with the available ex-
perimental data foE =86 keV (3= 2.63x 10~ 1% cn?; Ref.

12) and forE=90 keV (3=2.60x10 15 cn?; Ref. 13.

Our calculation gives a somewhat too low value for the cross
section atE=90 keV, viz.,3=2.1x 101 cn?. The dis-
tribution of two-electron states to the total cross seclign

is of the order of 25%.

In calculating the double electron capture cross sections
a(3l,n’l") we investigated in detail the dependence of these
cross sections on the values of the azimuthal quantum num-
bersl andl’. For this we included in the set of basis func-
tions all of the one-configuration states that in the limit of

£, arb. units
~N

~

L/ )
2
k! 6
11 Y //
4

NS

E, arb. units

-11 ' S T S U B S A ]

separated atoms describe the states of the idi (&,n’l") 7 2 3 4 5
with n’=4-6, 1'=1,...n'-1 for 1=12, viz, #,arb. units
¢(3lodl’ ), ¢(3labl’'a), ¢(3lo6l'c). Figure 5a-5c ¢

gives the energies of these states as functions of the internu-
clear distance; Tables V and VI give the necessary param-
eters of the Landau—Zener and Nikitin models for calculat-
ing the probabilities of single passage through the regions of
the crossings and quasicrossings of the additionally intro-
duced states with the states listed in Table I.

We see from Fig. 5a, which shows the energies of the
channels of charge transfer to thé48 states of the N&
ion, that the population of these channels can occur both
directly, through the channelg(4fo?), and also through the
channelg,(3da5g0c). Here the stateb(3podpo) is popu- -85
lated only through the channelg(4fo?), while the states
¢,(3dodfo) and ¢(3podfo) are populated only through
the channelp,(3do5go). Calculations of the partial cross B e ;‘ S

. . . 3 4
sectionsa(3141"), presented in Fig. 6a, showed that they d R, arb. units

depend strongly oi'. This was to be expected, considering ) ,

the scatter in the Landau—Zener model parameters given iﬁg;%n’z{;‘;r%'f ;f(gh;;h;;)”ezls_"f(;(h;;iigﬁ;‘sger_t?;gpfﬁtj)s th_he

Table V forn’=4. The main contribution{90%) to the  (3454p0), 5 — ¢(3dodps), 6 — b(3dodfo); to the 351" states of

double electron capture cross sectiof3,4) is from the the Né* ion (b): 1 — ¢(3pa5po), 2 — H(3pa5do), 3— H(3pas5fa),

channelg,(3do4fa). Population of this channel occurs as a4 — ¢(3pobhs), 5 — ¢(3do5po), 6 — ¢(3d05d@,_ 7 —

result of the following single and double electron transitions:‘f“d"z(‘;)[; 86p_ )‘15(32‘1"6“"4));(;‘; tg‘é 3)6' SStates¢"(f3Lhe6'f\Fe) '02 ©:
2 2 — ogbpo), — obdo), — obtfo), —

¢’12(59"2) — o (4f05go) — ¢8(4f"2) — $4(3do590) 55 0600). 5 — b(3dobpo), 6 — ¢(3do6do), 7 — B(3dobio).

$12(590°) — ¢g(4fa5g0) — Pg(4f0°) — ¢4(3dadga)

—¢,(3dodfo). To an accuracy of 1% one can write

o(3,4)=0,+ oy, Whereo; is the next-largest contribution The situation with the population of thd R’ states in

to the cross section(3,4), from the channep,(3do4do). the NE* ion is somewhat more complicated. As we see

1
~N
L3 )

E, arb. units
i
[~
)
T RT T T T 1Tt

T
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TABLE V. Additional crossing points of the diabatic staigs, ¢; taken into account in the calculation of the
cross sections for DECT to the ionic states®Ng8l,n’l’) and the Landau—Zener model parameters corre-
sponding to them.

n’ bi— d; RY Ajj Fij Kij

6 4f0’2—3p0'6d0' 4.540E 00 0.108—-03 0.90&=-00 0.000E 00
4f o590 —3pobda 4.420E 00 0.436—03 0.36@& — 00 0.000E 00
4fg?—3dobdo 4.420E 00 0.82B—03 0.88&—-00 0.000E 00
4fa'273p(76f0' 4.410E 00 0.718—-03 0.90& - 00 0.000E 00
4fo?—3dobfo 4.300E 00 0.49%8 - 03 0.87&—00 0.000E 00
4f o590 —3pobfo 4.160E 00 0.266—02 0.30&—-00 0.000E 00
4f 590 —3dobdo 4.180E 00 0.208—-02 0.29E - 00 0.000E 00
4f0'2—3p0'690' 3.970E 00 1.088—-03 1.07&—- 00 0.000E 00
4f o590 —3dobfo 3.700E 00 0.26B—-02 0.23&—-00 0.000E 00
4f o590 —3pobgo 3.080E 00 0.302—-02 0.41&-00 0.000E 00
4f o590 —3dobfo 2.700E 00 0.138—-01 0.53%&—-00 0.000E 00

5 4f0273p05f0 3.660E 00 0.306—02 1.00&-00 0.000E 00
4fg?—3do5fo 3.520E 00 0.73&—-03 0.95E - 01 0.000E 00
4f o590 —3po5po 3.240E 00 0.298-02 0.36E— 00 0.000E 00
4f o590 —3pa5po 2.230E 00 0.492—-02 0.89%& - 00 0.000E 00

4 3do5go—3podfo 6.420E 00 0.178—-01 3.45& - 00 0.000E 00
3do5go—5dodpo 3.280E 00 0.65F—02 0.35@& — 00 0.000E 00
4f0'2—3p0'4p0' 3.220E 00 0.362—-02 1.38&—-00 0.000E 00
4fu’2—3pa'4da' 3.060E 00 0.558—-03 1.31&-00 0.000E 00
4f0’2—3d0'4p0' 2.910E 00 0.258—-03 1.05%&—-00 0.000E 00
3do5go—3poddo 2.680E 00 0.106—01 0.27&—-00 0.000E 00
4f0'2—3da'4pa' 2.120E 00 0.232—-02 1.75@& - 00 0.000E 00
3do5go—3poddo 2.100E 00 0.15#—-01 0.35@& — 00 0.000E 00
4fo-2—3po'4da' 1.690E 00 0.576—-02 2.60E — 00 0.000E 00
4f0’2—3p0'4p0' 1.500E 00 0.30B—-01 3.20&E—- 00 0.000E 00

from Fig. 5b, in this case the charge transfer channel9.348 R=3.01 a.u), 0.292 R=2.89 a.u), and 0.170 R
¢(3pabdo), #(3po5fa), ¢15(3dabpo), #(3dobdo), =2.90 a.u.. To see that the population of the channels
¢(3do5fo), and ¢g(3dobho) not only have crossings ¢3(3do5da), ¢15(3do5po), and ¢g(3dobhao) occurs
with the channelgpg(4fo?) and ¢o(4f 5g0) but also have mainly through the channebg(4fo5go) and not through
quasicrossings with the the latter in the region of internucleagpg(4f o), we performed a calculation in which transitions
distancesR=2.5-3.0 a.u. In this case, since the potentialbetween the indicated states and #hg4fo5go) state were
interactions of thed(3la5l’'o) states with the channels not taken into account. The partial cross sectioti8d5g)
dg(4fo?) and ¢po(4fo5go) at the crossing points with and o(3d5d) obtained in that calculation are shown by the
them are smallsee Table Vn’'=5), one expects that the dashed curves in Fig. 6lithe cross sections(3d5p)
main contribution to the charge transfer cross sec#¢8,5) <10 2! cn? and is not shown in the figureThe calcula-
will be from the indicated quasicrossing regions. Calculations confirmed that the population of the channels
tions of the partial cross sectiong3I51’) have showr(Fig. $3(3do5da), ¢q15(3do5po), and¢pg(3dobho), which are
6b) that the largest values are those for the partial cross secesponsible for charge transfer to thé5B states of the
tions for charge transfer to the stated58l, 3d5p, and 3159 Ne®* ion, occurs through the SECT chanr4fo5go) as

of the Né™ ion, sinceo(3,5)=03+ 06+ 015. Butitis the  a result of the following electronic transitions:
channels¢;(3dabdo), ¢15(3da5pa), and ¢g(3dabho),

which describe charge transfer to these states, that have the $3(3do5da),
“optimum” minimum values of the gapAEZ,) in the re-

gion of the quasicrossings of th(3l 51" o) states with the $1A590%) — po(4go5ga) —{ ¢15(3da5po),
channel ¢o(4fo5g0): the respective values ofE3,;, are ¢6(3dobho).

TABLE VI. Additional regions of quasicrossings of the two-electron stggand ¢; taken into account in the
calculation of the cross sections for DECT to the ionic stateés" k& ,n’l") and the Nikintin model parameters
corresponding to them.

n’ (,‘bi*(ﬁj Rlpj Aé‘ij 09”- a@;j

5 4fo590—3do5fo 2.810E 00 0.998-00 0.80&—-00 0.802E 00
4fo590—3posdo 2.740E 00 1.508—-00 0.01E-00 0.201E 00
4fo5go—3po5fo 2.660E 00 0.962—00 0.57E-00 0.697E 00
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TABLE VII. Cross sections for double electron capture at collision energy
of 150 keV for the system N&"—He.

n,n’ o(n,n") o(n, n")&P
(10"%cn?) (10" cn?) (10" cn?)
3,4 0.118 0.520.16
3,5 0.304 0.320.12
3,6 0.187 0.230.07
4,4 1.065 0.720.24
4,5 3.401 1.160.33
4,6 0.540 0.380.09

Note: The cross sectiong(n,n’) were obtained in the present paper, while
o(n,n’)®P are the experimental data of Ref. 14.

distances does not give a substantial contribution to the
DECT cross sectiorr(3,5). The population of theI8l’
states in the N& ion occurs in an analogous way. Figure 5¢
shows the energies of the corresponding charge transfer
channels as functions of the internuclear distaRceThe
main contribution to the cross sectian(3,6) is from the
regions of the quasicrossing of thgs(3do6go) channel
with the SECT channepqy(4fo5go) at R=3 a.u. AEZ,,
=0.206) and the quasicrossing of te(3do7io) channel
with the entrance channelp;,(5go?) at R=3.8 a.u.
(AE%,;,=0.420). Here the statéhs(3do6go) is populated
through the SECT channekpg(4fo5g0): ¢1(5902)

— ¢o(4g0o5g90)— ¢ps(3dobgo), while the channel
¢7(3do7io) is populated directly through the entrance
channel ¢,(5g0?) (at R<6 a.u): ¢1(5902)

— ¢o(3da7io). However, as a calculation shows, in this
case there is a appreciable contribution to the total DECT
cross sectionr 3,6 from the channep(3do6h), which is
populated at small internuclear distances through the state
dg(3dobha) as a result of the rotational interaction. For
comparison the dashed curves in Fig. 4 and Fig. 6¢ show the
cross sections(3,6) ando(3d6h) obtained without includ-

ing the contribution from theb(3do6h) channel.

Table VII shows a comparison of the results of our cal-
culation of the DECT cross sectian(n,n’) with the avail-
able experimental dathfor a collision energy of 150 keV.
Forn=3,n'=5,6 andn=4, n’ =4 the values obtained for
the cross sections are in good agreement with experiment.
The results of the calculations fer(3,4) ando(4,6) differ
by approximately a factor of 2 from the experimental data,
and the result for(4,5) is off by a factor of approximately
3.

CALCULATION OF THE SINGLE ELECTRON CAPTURE
PROCESS IN THE COLLISION Ne®*—He

FIG. 6. a: Partial cross sections for charge transfer to the ionic states

NeP*(3141") and the total cross sectian(3,4) for DECT; b: N&*(315l")

For the collision of the incompletely stripped ion Ne

and o (3,5); the dashed curves show the results of a calculation of the crosgyith helium atoms there are both experimental and theoreti-
sectionso(3d5d) and o(3d5g) obtained without taking into account the cal data available on the total cross sections for SEC. We

potential interaction of the channefs;(3do5da) and ¢g(3do6ha) with
the SECT channelpy(4fo5g0); c: Né¥(3161') and o(3,6), the dashed
curve is the cross sectiom(3d6h) obtained without including the contri-

bution from the channe$(3do6hr).

know of only one calculatiol? of the cross section, which
was done in the coupled-channel method in a basis of atomic
orbitals, and only for a collision energy of 2 keV. There are
experimental data on the total capture cross sections in the
intervals of collision energyfe<2 keV!® and E~20-120

Inclusion of the rotational interaction between thekeV.!’ It is therefore of interest to calculate the cross sec-
¢4(3do5go) and ¢(3dobgm) states at small internuclear tions over a wide energy interval, both to complete the data
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40 Ne’ 4)- He'(1s)
“T Ne®*-He(7s?)
B Ne5*(3)- He(7s)
_50..
: Ne* " (2,5)-re®*
e [ Ne* " (2,4)-He?*
S FIG. 7. Energies of the diabatic two-electron
_d_6~0 B statesg; of the quasimolecule Né —He: 1 —
s [ Ne**(2,3)-He?* i=¢(3de?), 2 — ¢(3dodfo), 3 —
- | ¢(3po3do), 4 — ¢(3dodpo), 5 —
tu i #(3dodda), 6 — ¢(3daBgo), 7 —
70k ¢(2pobdo), 8 — ¢(2poddo), 9 —
L ¢(2poafa), 10 — ¢(2po3po).
-8.0—
8.0 .
a 10

R, arb. units

and for comparison of the calculation with experimentalstates for the quasimoleculNeHe®* and indicates the
data, since previous estimat@for E<2 keV in the frame- atomic limits of these states f&— . Analysis of the cor-
work of the multichannel Landau—Zener model with therelation diagram obtained shows that the SEC processes are
model parameters gave values of the cross sections that ageverned mainly by single electron transitions between the
an order of magnitude smaller than the experimental values (3do?) state of the entrance channel of reacti@s) and
We will not concern ourselves with the DECT cross sectionghe charge transfer statég3do4fo) andX(3do3po) in
for the system N& —He, as this process presumably givesthe interval of internuclear distancé®=4.3—4.7 a.u., and
an insignificant contribution to the total cross section. also by the transition at small internuclear distances between
The one-electron diabatic molecular orbitals from  the state of the entrance channel andltH@do3d ) state,
which the two-electron quasimolecular statkg) is con-  which is degenerate with it @®=0. All of the channels
structed and which describe the entrance and exit channels ofdicated above describe charge transfer to the ionic state
the reaction Ne’*(n=3). Crossings between the entrance-channel term
641202 2 a 2002 3 (4fo?) and the terms corresponding to charge transfer to
Neb " (1s%2s?) + He(1s?) — Ne® " (1s%2s°nl) the ionic states N& (n=4), which lie atR>17 a.u., occur
+He"(1s), (15  almost diabatically at the investigated collision velocities
from 0.06 to 0.6 a.u. and do not give an appreciable contri-
bution to the total SECT cross section. Population of the
3(3do4do) channel through the SECT channel
3 (3do4fo) at R=2 a.u. likewise does not contribute ap-
~ preciably to the total SECT cross section.
a;=—2.005,a;=1.361,89=0.275,b;=0.01,b,= —1.011. To determine the probability of nonadiabatic transition
Analysis of the energies and wave functions of the cal_-In the neighborhood of the crossing poRRy, of the terms
culated one—_electron molecular states showed t_hat at an |t3(3d02) and S (3do4fo) we used the exponential model
ternuclear distancR=14 a.u., when the quasimolecular o Nikitin (11). To determine the parameters of the potential
wave functions are still almost completely concentratedperaction in the neighborhood of the crossing point we cal-
around one of the nuclei, there is a quasicrossing of the eng|ated the adiabatic states of the interaction of two configu-

ergy of the entrance-channel orbital & (the orbital of the rations (9), from an analysis of which we obtained the fol-
eZ, type forR>14 a.u) with the energy of the 8o orbital, lowing model parameters:

and, accordingly, there is a sharp change in the wave func-

tions of these states, due to the transition of an electron from Ri2: R,=4.64, Ae=0.632,

one nucleus to the other, as a result o_f whichRer 14 a.u. @=0542, §=0.229.

the role of the entrance-channel function passes over to the

3do orbital. The probability of a nonadiabatic transition between the
Figure 7 shows the energies of the two-electron diabatistates 3 (3do?) and 2(3do3po) and 3 (3do4do) and

were determined from the Schiimger equatiorn(2), and the
parameters of the effective potenti@) that were found to
optimally describe the entrance-channel orbitdb-dare as
follows (for nuclear chargesZ;,=2 and Z,=6):



Tech. Phys. 44 (1), January 1999 V. K. Nikulin and N. A. Gushchina 23

VIO, w, )= [f(N)+g(w)].

ROV = u?)
Expanding the function$(\) and g(u) in a series in
powers ofA andu and keeping the first nonvanishing terms
of the expansion, we find for a heteronuclear systefp (

#+Z,) that

, C

f(n)=ay’+al)/R+ai’n  and g(p)=b{x,

-7

bl =0.

o/ 10

The parametera{!) andal’ depend only on the state of
the electron in the united atom to which the orbital under
consideration goes over in the linlR—0 (Ref. 5 and are
given in terms of the energy,, and splitting of the sublev-
els in the shell with the given:

1 1 1 L

0.0 0.1 02 03 0.4 0.5 06
V, arb. units

c1(1—x)—2cx

al)= min( - .
FIG. 8. Total cross section for SEC to the state"N8&) in a Né*—He (1=x)

collision: O and + show the experimental data of Refs. 16 and 17, respec- \/

2
tively (the absolute error is-30%). ci(1—-x)—2¢?x  ci— c?(21+1)2

(1-x)* (1-x)?

3,(3do4fo) at their crossing pointsR;; andR,,) were cal- a(lnzzlJrZ2
culated in the Landau—Zener—Chaplik approximati@f).
The following values of the model parameters were ob- 21+1 (21+1)%>

tained: _\/2|8'ua|(n 2 + 2 +a(1')), (17)

Rys: R.=4.34, A=0.0056,

where
F:OS:LS’ K20023; XZSLH/SLa’ |:(ny|,m)1 J:(n,l_l,m),
Ry R.=1.90, A=0.0276, D1 oli1
F=0580, x=0.0202. o= (=Dt —5—+ =,

The probability of a transition between the diabatic (20-1)2  (214+1)2
states> (3do?) andI1(3do3d) at small internuclear dis- Ci= +
tances on account of the rotational interaction was estimated 4 4
according to formuld13), under the assumption that the en- The parameterag) and b(li) are given in terms of the
ergy difference between these states is described well enouggp‘ergy of the molecular orbital in the limR— o (the limit
by the energy difference between théBand Jm molecu- 4 separated atomsHere the scheme for determining the
lar orbitals. The constark was f[aken equal to 0.149. _ parameters is the same for orbitals of #& andeZ, types

The results of the calculation of the total cross sectlortin which the electron is found near thg or Z, nucleus,
for SECT to the ionic state Né(nzS). are shown in Fig. 8. ragpectively, in the limit of separated atomdhe expres-
The results are in good agreement with the experimental dalgons obtained for the coefficients in this case differ only in
of Ref. 17, which are also plotted in the figure. _the overall sign in the expression for the coefficibpt

The authors are grateful for support from the Russian | ot ys consider the determination of the parameters for
Fund for Fundamental Resear@roject No. 96-02-16915 an orbital of theeZ, type, for which we seit=1. The energy
and MAGATE (Contract No. 8553/RB of a molecular orbital of this type foR— is expressed as

follows in terms of the parameters of the effective potential:

X—C2. (18)

APPENDIX A. DETERMINATION OF THE PARAMETERS =
AP, &l AP, BY AND BY) OF THE EFFECTIVE Z;

POTENTIAL V&) FOR HETERONUCLEAR Sl(R):_an
QUASIMOLECULES s
. . . . 3(1)
The effective potentia(3) used here permits separation o 1 5 & Aq ad |+ ol = (19
of variables in Eq.(2) in the spheroidal coordinate system R| 72 2nZ  2ng 0 R?/’

N=(r1+r1)/R, u=(r{—r,)/R, ¢=arctany/x (they axis is ~ ~
perpendicular to the plane of collisipriThe general form of where  Z;=7,—(a{P+a{¥-b{M)2;  Z,=7,—(aV
the potential that satisfies this requirement is +by2; Aj=nP-n® ng=nP+nP+m+1; ng,
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n{Y, andn{V are the principal and parabolic quantum num-the solutions of the one-center problem in a parabolic coor-
bers of the electron state to which the MO in question goeslinate system. In particular, for tleZ; term of interest to us
over in the limit of separated atoms. (Z:<2,)

From the requirement that expressidm®) tend asymp-
totically to the energy of the atomic state to which the given

STAMO goes over aR—», i.e., that Gi(rR)— VZZlfnﬂ)m(f)
’ 2 1
1
Z,=Np_ Z% Z-N, °
Sl(R)HS(s]é)_ R 5_252 - R ’ RHOO; eXpiim¢
N5y Xfom(7) —==—, R—®, (26)
whereN, is the number of electrons around nucledisin Ve

the limit of separated atoms and,4s the effective charge,
which is related to the electron energ{) by the relation  where forR— one hast=R(\ —1) andr=R(u+1); n{"
Zsl=nsl\/2|sslf35|, we obtain the following two equations for andn$? are the parabolic quantum numbers, which are re-

determining the parameters of the effective potential: lated to the principal quantum numbey; of the state of the
a4 2D p electron in an isolated atom by the relatiof}=n{"+ng"
Epatihs SELESSL S (200 +m+1 and are equal to the number of zeros of the radial
2 fn<11>m(§) and angularfn(zl)(r) parts of the atomic function.
a’+pH  a® A From the condition that the number of zeros of the radial

5 ——FZa*t ! agl). (21 and angular parts of the wave function of the two-center

2Ng, problem does not change, one obtaiaselation between the
From Egs.(20) and(21) we find that spheroidal quantum numbers and the parabolic quantum
numbers of the state of an isolated atom:

ZZ_ NZZZZ_

bi'=af'+a’—2(z,-24), (22)
A= 2((Zy~Zg) —af! —aMZg/2n% +Ny) 23 k=n{",
0 1-A;/ng '
2nSY + 1+ Int(ngy (Z,— Z1)1Z4),
if ngyZ,/Z4is not an integer,
APPENDIX B. CHOICE OF THE ENTRANCE-CHANNEL gq= (1) (27
FUNCTION THAT AS R— o DESCRIBES THE STATE OF A 2ny" + (Ns1(Z2—24)12y),
1s ELECTRON IN THE He ATOM IN THE SYSTEM Ne if ng,Z,/Z,is an integer.
10+_He
In the spheroidal coordinate system=(r;+r,)/R, ForZ,=2 andZ,=10, Egs.(25) and(27) givel =4 and
u=(r;—r,)/R, ¢, the wave functiony; satisfying Eq.(2) n=5 for the entrance-channel functigthe 2s function of
has the form the He" ion), i.e., we find that the §& OETAMO in the
ot imd limit of large R describes a state of the electron around the
expxim + i ; e
P — He™ ion. If screening of the nuclear charg@e is introduced
i(r1,r2;R) =N R) I (N, R)S \R) ———, _ ) _ o
Uil 123 R) = Nian R md M R)Zme( 4. R) N by settingZ,=1.6875, as is done in a number of studies in

(29 order to get the correction asymptotic value of the energy of
the entrance channel at lar§g then, as follows from rela-
tions (25) and(27), one must use thetir OETAMO as the
entrance-channel function.

where the spheroidal quantum numblersgj, andm are equal
to the number of zeros of the radidll(,), angular &),
and azimuthal parts of the wave functign.

For the problem of two Coulomb centers, from the con-
dition that the number of zeros of the functidisg, and=
does not change as the internuclear distance varies we obtain
relations linking the terms of the separated atoni®=(c)
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The regime of collinear interaction of bichromatic optical radiation in biaxial crystals is
considered. It is shown that the possibility of the realization of such an interaction is due to
dispersion of the optical axes in a biaxial crystal. 1®99 American Institute of Physics.
[S1063-784299)02401-7

The collinear interaction of light and sound is widely 20 N-N
used in tunable filters and very promising acoustooptical ~ Nm— 5 P 5
(AO) devices by reason of the high selectivity of this form of 1 VNG si’ g+ Nj cosB
diffraction! The present paper considers collinear interaction
. . . . . 2 nygn
in biaxial crystals, where two optical beams with different = _( Ny— 9P ) 3)
wavelengths interact simultaneously with one acoustic wave. A2 \/nf, sif B+ ng cosB

Such diffraction can be realized thanks to dispersion of the . be reduced fourth-ord .
optical axes of a biaxial crystal. Expression(3) can be reduced to a fourth-order equation

Figure la depicts a cross section of the wave-vector sur! Si'3
facg of a biaxigl crystal_ by th_ez_ plant_a, which contains the P, Sirf B+ P sinf B+ P, sirf 8+ P, si?8+Py=0, (4)
optical axes. Bichromatic radiation with wave vectlkisand
k, propagates at the angJg to thez axis. HereN; andN,  whereP,=c2c3Af,
are the directions of the optical axes for radiation with wave-
lengths\ 1 and\,, respectively. The beam directioks and
k, lie betweerN; andN,. For some value of the angfethe
relation

P3: 201C2A§[ B§C2+ B%Cl_ A%(Cl-i- Cz)],

ki—ki=k,—ks=q, (1)

is satisfied, wher&; andk; are the diffracted beams ands
the wave vector of the acoustic wave.

This is also the condition of collinear diffraction of
bichromatic radiation on one acoustic wave. As will become
clear from what follows, if dispersion of the optical axes is
absent, such diffraction is impossible.

In the plane containing the optical axes, the cross sec-
tions of the wave-vector surfaces of monochromatic radia-
tion are described by the relatidns

ks 1 2
+ — =
2 ’
kp

2
X

K+ K=Kz, "

2
g
wherek, andk, are the projections of the light wave vector
on the x and z axes, respectivelyk,=27Npn/\; Kq
=2mNg/\; ky=27Ny/N (Ng, Ny, andN, are the largest,
intermediate, and smallest indices of refraction of the crys-
tal).

Let the indices of refraction for radiation with wave- X,
length\; be equal toNg, Ny, andN,, and for radiation A m.
with wavelengthh,—ngy, ny,, andn,. Then, taking rela- 21/

tions (2) into account, it is not hard to transform Hq) into FIG. 1. Collinear diffraction of bichromatic optical radiation in biaxial crys-
the form tals.

1063-7842/99/44(1)/2/$15.00 120 © 1999 American Institute of Physics
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P2=[B§cz+ Bgcl—Af(Cﬁ cy)]? _In the wavelength i_nterval 0.68\<0.8um the z_angle;o
s 2 o o - varies only weakly, which degrades the characteristics of the
+2¢,C,A1(A1—B1—B3) —4B1Bjc;Cy, AO interaction (curve 4 describes low values of the fre-

quency in the indicated rangén other words, the conditions

_ 2 2. A2 Y
P1=2[B1C,+B3C, —A1(C1+Co) J(A;—B1—B)) of collinear AO interaction of bichromatic radiation with one

+4B§B§(cl+ Cy), acoustic wave will be best in biaxial crystals with strong
2 2 oo - dispersion of the optical axes.
Po=(A1—Bi—B3)“—4BiB;. 5 Regarding the curves in Fig. 1b, it is necessary to add

the following: Eq.(3) for A=\, is satisfied for any anglg,
which leads to an indeterminacy in the sound frequency at
A1=NA N tng,  Bi=ng, Br=XoA "N, which diffraction takes place. However, in Fig. 1b, such an
-~ 2 _ 2 indeterminacy at the corresponding points is abdemn.,
C1=1=(np/Ng)%,  2=1=(Np/Ng)". ® curve2, describing collinear diffraction of radiation with the
Assigning the values ok; and \,, we determine the ‘“reference” wavelengthx;=0.5um, for A, also equal to
angle g from Egs.(5), and the wave vectay from Eq.(1).  0.5um, assigns the sound frequency the single value
Figure 1b plots the dependence of the sound frequency=90 MHz). Elimination of the multivaluedness of the fre-
of collinear acoustooptical diffraction of bichromatic radia- quency is due to the fact that every such point is an approxi-
tion on the light wavelengtih. The calculations are for the mation of neighboring points at which there is no indetermi-
biaxial crystal a-HIO3, whose indices of refraction were nacy.
taken from Ref. 2. For simplicity we assume that the light ~ On the basis of the foregoing we may draw the following
wave diffracts on a transverse acoustic wave whose velocitgonclusions: in biaxial crystals it is possible to realize collin-
v=1.85<10°cm/s does not change with variation of the ear AO interaction of bichromatic radiation with one acous-
angleB. The dependences were constructed in the followingic wave over a wide range of wavelengths of the optical
way: the wavelength of the “reference” radiatiory was  radiation. This possibility is due, first of all, to dispersion of
assigned, and the wavelength of the radiation with wavethe optical axes, which is present in the overwhelming ma-
length\ , varied within the range 0-41.0um; X, is plotted  jority of biaxial crystals.

along the abscissa. Curvds-4 correspond tah, equal to This work was completed with the support of the Rus-

0.4, 05 0.63, and 0,8n_1. Curves reflects the dispersion of " =\ 4 for Fundamental Researt@rant No. 96-02-
the optical axes of a single crystal af HIO;—the depen- 16136-a

dence of the angler (the right vertical axis between the

large principal axis and the optical axis of the crystal on the

wavelength\. The anglee was calculated as indicated in

Ref. 1 on the basis of the data in Ref. 2. It can be seen that in

the wavelength interval 0d\ <0.63um the anglep varies 1v. 1. Balaksht, V. N. Parygin, and L. E. Chirkowhysical Foundations of
quite dramatically, which provides good conditions for the Acoustoopticgin Russiai, Radio i Svyaz’, Moscow, 1985, 280 pp.
realization of collinear diffraction of bichromatic radiation “Acoustic Crystaldin Russiaf, edited by M. P. Shaskol'skayéNauka,
(curves 1-3 correspond to high values of the sound fre- 'i°ScoW: 1982 632 pp.

guencyf). Translated by Paul F. Schippnick
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Influence of physical and chemical surface treatment on the photoluminescence of
porous silicon

I. E. Maronchuk, M. N. Naidenkov, M. V. Naidenkova, A. V. Sarikov, and T. L. Voloshina

Kherson State Technical University, 325008 Kherson, Ukraine
(Submitted February 9, 1998
Zh. Tekh. Fiz69, 133-134(January 1999

It is shown that surface treatment of porous silicon in inorganic acids and solutions of metal
chlorides leads to an increase in the intensity of photoluminescence of this material. In the case of
chlorides, a short-wavelength shift of the photoluminescence maximum is also observed.

The effect of a brief high-temperature anneal in vacuum on the photoluminescence of porous
silicon is investigated. Such treatment is observed to cause partial degradatidi29%

American Institute of Physic§S1063-784£099)02501-5

Luminescent porous silico(PS has attracted the inter- monochromator. Photoluminescence was excited by a gas-
est of many researchers in connection with its potential usdischarge argon lasei &514.5 nm with excitation power
as cheap material in various devices of present-day opto- ar@l1—1 W/cn?. The photoluminescence intensities of the
microelectronics. The appearance of visible luminescence itreated porous-silicon layers were normalized to the intensi-
porous silicon is explained on the basis of various modelsties of the control samples, which were not subjected to treat-
The model that has found the widest application is based oment. For the annealed samples we performed only a quali-
size quantization, which attributes the luminescence to trartative estimate of changes in the photoluminescence
sitions in zero- and one-dimensional nanocrystallites, and itspectrum and total intensity.
degradation, to processes taking place on the surface of these Treatment of porous-silicon surfaces in aqueous solu-
nanocrystallites. tions of BaC}, CsCl, ZnC}, and NaCl led to growth of the
The aim of the present paper is to investigate the influphotoluminescence intensity and a shift of the peak toward
ence of chemical surface treatment in solutions of metal saltthe blue end of the spectrufourvesl—4 in Fig. 1 in com-
and in acids and high-temperature annealing on the total inparison with curves for the untreated samplesThe photo-
tensity and spectrum of its photoluminesceliee). luminescence intensity increased with increase of the con-
Porous-silicon layers were prepared by electrochemicatentration of the solution and the peak shift grew with
etching of boron-dopeg-type silicon wafers with resistivity growth of the percent ionic character of the chemical bond in
5.5 -cm and orientation(100) in an electrolyte with the the metal chloride.
composition HO:HF: C,H;OH=1:1:2 with an average cur- For nanocrystallites of porous silicon the relatiBhS
rent density of 5mA/crhfor 30 min. The prepared structures <l is characteristic, wherB is the volumeSis the surface
were rinsed in deionized water and cleaved into samples sarea of the crystallite, anlg, is the screening length. Under
that the chemical treatments in all the solutions used coulthis condition, the adsorptivity of ionized molecules of ac-
be performed on one structure. This made it possible to exeeptor and donor type decreases dramatically and adsorption
clude differences in the photoluminescence due to the tectof the polar molecules forming the coordination cage of the
nique of preparation of the porous silicon, and permittecbond is more important. Adsorption of polar molecules leads
studying the effect on it of the treatment alone. to an abrupt decrease of the surface recombinatior? fEtés
Chemical treatment of as-prepar@hannealedlayers also explains the increase in the photoluminescence intensity
of porous silicon was performed in solutions of the metalafter treatments in solutions of metal chlorides. The short-
chlorides CsClI, NaCl, ZnGg] BaClL and the concentrated wavelength shifts of the photoluminescence peaks are obvi-
acids HCI, BHS0O,, HNO;, and HPO, at room temperature ously also associated with the dipole moments of the ad-

and their boiling temperatures. sorbed molecules since the short-wavelength shift increased
High-temperature anneals of the as-prepared samplegith increase of the lattefFig. 1).
were carried out in a vacuum of610~° Torr at a tempera- The photoluminescence spectra of the samples treated in

ture of 1000 °C for 15-40 s. Before carrying out the anneals, acids at 300K for 15 min are shown in Fig. 2. The photolu-
the samples were stored in a working vacuum at 200 °C fominescence peaks of the samples treated in tdGive 1)
5-10min to remove from the surface nanocrystals of elewere shifted toward large energies in comparison with the
ments and compounds adsorbed during growth of the poroyseaks for the untreated samplesirve5) and for the samples
layer. treated in HSQ, (curve 2), HNO; (curve 3), and HPO,
Photoluminescence spectra of as-prepared samples afelrve 4). Studies of the dependence of the photolumines-
samples that had been subjected to chemical treatment wecence intensity on the storage time in the various acids indi-
recorded at room temperature with the help of an MDR-2cate that treatment in HNOfor 1—5 min gives a fivefold

1063-7842/99/44(1)/2/$15.00 122 © 1999 American Institute of Physics
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face in HSO,, HNO;, or H;PO, reduces the nonuniformi-
%ies and strains in the oxide film by replacing the
coordination-bonded water molecules by complexes contain-
f,ng sulfur, nitrogen, and phosphorus. This leads to a decrease
In the density of surface states and an enhancement of the
sistance to degradation of the photoluminescence of porous

increase. Further treatment in HN@ecreases the photolu-
minescence intensity of porous silicon. For the other acid
this dependence is less pronounced.

Treatment of the porous-silicon samples in acids at thei
boiling points for 1—-3 min led to a growth of the photolu-

minescence intensity and a decrease in its degradation. Tﬁ%. . . . . -
y g ilicon. The difference in the photoluminescence intensities

increase in the photoluminescence intensity after surfacof samples treated in different acids is probably due to the
treatment of porous silicon in acids is obviously due to a P S P y .
ifferent adsorptivities of these complexes. The photolumi-

decrease in nonradiative surface recombination. It is wel . .
nescence intensity of the annealed samples was lowered by a

known that a silicon surface, prepared by chemical etchingf tor of t Th i £ th . ) A thi
is coated with a hydrated oxide film. Coordination-bonded actor ot two. 1he position ot the emission maximum in this
case did not change.

water molecules on a completely hydrated oxide film surface

bIock_the_coordlnatlon—unsaturated centers andt%llower the rery Kanemitsu, Phys. Re[263 1 (1995,

complnatlon rate on the surface thrO.UQ.h fast s m$Ub' 2A. V. Rzhanov,Electronic Processes on Semiconductor SurfareRus-

stantial drawback of such a surface is its degradation, asso-sianl, Nauka, Moscow, 1971.

ciated with nonuniformity of the hydrated oxide coating and 3V. F. Kiselev, Surface Phenomena in Semiconductors and Insuldtars
. . h . Russian, Nauka, Moscow, 1970.

mechanical strains due to the different lattice constants of

silicon and the oxide film. Treatment of a porous-silicon sur-Translated by Paul F. Schippnick
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Luminescence properties of calcium-iodide crystals
S. S. Novosad

I. Franko L'vov State University, 290602 L'vov, Ukraine
(Submitted February 9, 1998
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The effect of the conditions of preparation, temperature, and the action of x rays on the
luminescence properties of calcium-iodide scintillation crystals is investigated. On the basis of
the results of a study of the spectral characteristics of @atl Ca}:H, crystals for

optical and x-ray excitation in the temperature range 90—400K, also taking into account the
results of a study of the luminescence properties of, €ajstals activated by C| Br~, OH™, and
Ca™" impurities, it is suggested that the 236-nm band observed in the excitation spectra of
crystals of calcium iodide may be caused by an uncontrollable hydrogen impurity. The
luminescence of these crystals with maximum at 395nm is ascribed to radiative
recombination of excitons trapped af Hons. © 1999 American Institute of Physics.
[S1063-78499)02601-X

Among inorganic spectrometric scintillators, gadnd by a 390-nm bandFig. 1b, curve2). The maximum of this
Cal,:Eu crystals are characterized by the highest light yieldband is located at a 015 nm shorter wavelength than the
and the best energy resolutibt The luminescence proper- maximum of the photoluminescence band of intentionally
ties of calcium-iodide based scintillators have been studiedinactivated Cgl A band at 430 nm is observed in the pho-
only sparsely due to the high degree of deliqguescence of thluminescence spectrum of GaH, at 400K (Fig. 1b,
compound and the difficulty of preparing pure and perfectcurve 3).
crystalst? The present Communication reports results of a  The largest x-ray luminescence yield of an unactivated
study of the influence of the conditions of preparation, tem-Cal, crystal grown by the Stockbarger method was observed
perature, and the action of x rays on the luminescence propn the temperature interval 18®80K. In this temperature
erties of calcium-iodide scintillation crystals. region the x-ray luminescence spectra of Cae similar to

In the photoluminescence excitation spectra of calciumthe photoluminescence spectra and are distinguished by a
iodide crystals grown by the Stockbarger method in evacu410—415nm band. Weakening of the x-ray luminescence
ated quartz ampoules from the salt, purified by the iondintensity when the crystal is heated to 400K or cooled down
exchange methotla band at 236 nm has been detected in théo 90K compared with the indicated temperature interval
long-wavelength falloff of the exciton absorption at 295 K. (Fig. 2a, curvel) is accompanied by a shift of the maximum
The 236-nm excitation band is sensitive to the conditions obf the luminescence band to 430 and 445 nm, respectively
preparation of the crystals. Its intensity is weakened by acti-
vation of the crystals with the oxygen-containing impurity
CaOH), (Ref. 3 and the halide from the gas phase, and by
high-dose x-irradiation, annealing, and agfighe intensity a b 7
of this band grows if the ampoule is continuously pumped
down during growth, and is also increased by quenching and
by increasing the purity of the crystallites.

Excitation and photoluminescence spectra of,0d} 1
crystals, grown from a charge that had been heat-treated to
the melting temperature of the compound in a hydrogen at-
mosphere before growth, are shown in Fig. 1. It follows from ~
Fig. 1la that the excitation spectrum of this crystal at 295K J
also exhibits a band at 236 nfourve 1). As the temperature
is lowered to 90 K, the intensity of this band weakéosrve
2). Quenching of the 236-nm excitation band when the crys-
tal is heated to 400K is accompanied by the appearance of a L ,
new band with a maximum at 244 nfaurve 3). 400 500 A,nm

The photoluminescence spectrum of Cél, at 295K —
coincides with the photoluminescence spectrum of, @Gald L ————=
contains a wide, non-elementary band with its maximum at 450 J00  A,nm
410nm(Fig. 1b, curvel). At 90K the photoluminescence fig, 1. Excitation spectrda) and photoluminescence speciia of a
spectrum of Cal with a hydrogen impurity is characterized cCal,:H, crystal at temperatures 2985), 90(2) and 400 K(3).

1063-7842/99/44(1)/2/$15.00 124 © 1999 American Institute of Physics
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(Fig. 2a, curve2). The temperature dependence of the inten- 1/[m a
sity and spectral composition of x-ray luminescence of 4L A,nm
Cal,:H, is closely analogous to the characteristics of unac- 7
tivated Cayj.
We have established that the x-ray luminescence spectra
of Cal, crystals grown by the Kiropoulos method and zone
melting are similar to the x-ray luminescence spectra of Cal 0.5
crystals grown by the Stockbarger method. 2
Weakening of the intensity of the 236-nm excitation
band during irradiation of potassium iodide by x rays at
295 nm does not lead to the appearance of radiation-induced
absorption in the spectral range 25650 nm. Here a weak
storage by the crystal of its light sum is observed, which is 10 2
realized in thermally stimulated luminescence p€BRL) at
365 K upon heating of the crystéfFig. 2b, curvel). Thermal
or optical (\>650 nm) liberation of the light sum stored in
Cal, leads to restoration of the excitation band at 236 nm.
At 90 K during x-ray calcium-iodide crystals store a light
sum that is roughly two orders of magnitude greater than the
light sum at 295 K. On the TSL curve of Stockbarger-grown L
Cal, crystal, in addition to the intense non-elementary peak 700 200 300 nK
with maximum at 138 K t\_NO additional Weak. pegks are de_FIG. 2. a— temperature dependence of the interiitynd position of the
tected at 100 and 120 KFig. 2b, curve2). Activation of @  maximum of the x-ray luminescence baf®) of a Cal crystal b — TSL
calcium-iodide crystal from solution by the oxygen- curves of this crystal irradiated with x radiation at 283 and 90 K(2).
containing impurity CEOH), leads to a redistribution of the
intensity in favor of the peak at 100 K. It follows from these
data that the capture levels of Gairystals corresponding to absorption spectra of alkali-halide crystal3his points to
the TSL peaks in the temperature intervaF2Ib0 K can be the possibility of a connection with Hions, which are
caused by defects associated with an uncontrollable oxygepresent in calcium-iodide crystals as an uncontrollable impu-
and hydrogen impurity as well as thermal defects. rity. The luminescence peak of Gaat 395nm can be as-
Note that Caj crystals at 90K store a light sum that is signed to radiative recombination of excitons trapped at H
roughly an order of magnitude less than that stored byons*® An intrinsic luminescence of calcium iodide at
Nal : Tl, and at 295 K they are not outdone by this scintillator325 nm due to self-trapped excitons is observed for x-ray
in radiation hardness. When recording gamma radiation fronexcitation of the crystals in the temperature interval 4.2
a 1¥’Cs source, the prepared unactivated,Gaystals were —60K. At 90K this emission in the x-ray luminescence
characterized by an energy resolution of 460% and a spectra of these crystals is manifested in the form of barely
1.5-1.9 times greater light yield than Nal : Tl. noticeable steps in the spectral interval 31310 nm.
Analysis of the obtained data taking into account data on
the spectral composition of thermally stimulated lumines-
cence, phosphorescence, and photostimulated luminescendéB. Hofstadter, E. W. O'Dell, and S. T. Schmidt, IEEE Trans. Nucl. Sci.
of Cal, ar'ld.Cai:Hz crystals and also data on the spectral Zwsvl:{(/lslito:ti\glsle?;/l Skorikov, V. M. Zhukov, and B. V. Shul'gin, Izv.
characteristics of CaiCa, Ca}:Cl, Cab:Br, and Akad. Nauk SSSR, Neorg. Mate7, 2005(199).
Cal,:CaOH), crystals showed that the non-elementary lu- 3S. S. Novosad, Vestn. L'vov. Univ. Ser. Fiz., No. 11sh. Teor. Fiz.,
minescence bands of calcium-iodide crystals in the spectra]Vishcha Shkola, L'vou1976, pp. 44-47. _
range 300-650 nm can be represented by components with géﬁ];e’\r':r‘]’g:agna%damﬁéf'g‘:']ko‘.’s"a“ftrams of the Fourth All-Union
. . ysics and Chemistry of lonic Crydials
maxima around 345, 395, 425, and 520 nm, where the mainryssiaj (Salaspils, 1978 Pt. 1, p. 143.
component of the luminescence with maximum at 395 nm is®A. V. Egranov and E. A. Radzhabo8pectroscopy of Oxygen and Hydro-
very sensitive to the action of ionizing radiation and heat. ~ 9en Impurity Centers in Alkali-Halide Crystalén Russiarl, Nauka, No-
The 236-nm excitation band of calcium-iodide crystals is VOSP"sk: 1992
similar in its characteristics to the band observed in the Translated by Paul F. Schippnick
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On the breakup of gas bubbles in a liquid under the action of a finite-amplitude
pressure wave

V. G. Kovalev

Institute of Pulsed Processes and Technologies, 327018 Nikolaev, Ukraine
(Submitted March 18, 1998

Zh. Tekh. Fiz69, 137-139(January 1999

A mechanism for breaking up gas bubbles in a liquid in a high-intensity pressure wave field is
considered. Breakup criteria are obtained. An anomalous dependence of the breakup
pressure on the initial bubble radius is found and explained.1999 American Institute of
Physics[S1063-784£99)02701-4

In Ref. 1 in the quasi-acoustic approximation | obtainedbubble, the higher the breakup pressure. However, there are
the equations of the dynamics of nonspherical oscillations ofwo nontrivial features: the abrupt growth of the breakup
a gas bubble in a liquid. In the derivation of the indicatedpressure and the change of sign in its dependence on the
equation the boundary conditions were reduced to a mobileitial radius for Rgg/Rsg<<0.11 necessitates a more detail
surface by taking a limit. Since the oscillations of the bubblestudy of the process.
are assumed to be axially symmetric, the velocity potential  Since the mechanical system under consideration pos-
of the external hydrodynamic field, the radius vector andsesses two degrees of freedom, its phase space is four-
velocity of the surface of the bubble, the Laplace pressuredimensional; however, of its six projections the most infor-
and other spatial characteristics of the process were repreaative is the projection onto thé;, V. plane shown in Fig.
sented in the form of expansions in Legendre polynomialsl. Here, if we take the initial radius of the bubble to be equal
Next, restricting the development to the zeroth and secontb 1 mm, the initial relative asphericity to be equal to 0.1, and
terms of the expansioh| obtained the equations of the dy- the pressure in the incident wave to be equal to 535, 538,
namics of nonspherical oscillations in the two-mode approxi-540 MPa (curves 1-3, respectively, then the last pressure
mation, which allowed me to consider the process of breakupalue corresponds to breakup.
of a bubble when acted upon by a high-intensity pressure It is convenient to divide the phase trajectory into three
wave® As a reference case, | chose a wave with a stepsegments corresponding to the three stages of the process. In
function profile, for which the breakup pressure is minimal. the first segment, all three phase trajectories go almost

The aim of the present paper is to study the process dftraight down(coalescing as they ¢goThus, this stage is
bubble breakup, which, taking account of the substantiatharacterized by a significant decrease of the zeroth mode of
nonlinearity of the equations obtained in Ref. 1, is best purR, while V, remains essentially equal to zero, i.e., the ab-
sued by numerical experiment. solute value of the asphericity does not vary, but its relative

The initial state of the bubble is characterized by thevalue e=R./Rs increases, but only because of the decrease
initial radius vector of its surface, which in the two-mode of R;.

approximation can be represented as In the second stage, in which some differences in the
phase trajectories already begin to show up, they neverthe-
R(6,t)=Rg(t)+Rg(1)(362—1), less go almost horizontally, which implies a dramatic de-

crease iIrR,. The fact that the trajectories in this segment go
where Rg and R, are the amplitudes of the spherical and horizontally indicates that this process occurs at the time of
nonspherical components, respectively, argf-31 is the dynamic braking of collapse, when the acceleration of the
Legendre polynomial of first order. zeroth mode vanishes, and the speed of collapse reaches its

Thus, as the characteristics we can choose the initiahaximum value. Note that the velocities of the modés,
value of the spherical componeRy,, which we will call the
initial radius, and the ratio of the componerts=R.,/
Rso, which we will call the initial asphericity. We will call
the current values of the indicated quantities the radius an
asphericity of the bubble, respectively.

First we should determine the pressure of the referencBs, mm Reo/Rso
wave at which breakup occurs. The results of calculations of
the breakup pressure for representative values of the initial
radius and initial asphericity are shown in Table I. cl>1 855 112 3:;-% 11%-; 2277 %%-% 35%?3 Eé‘;% 1%%%%

As a whole, there is nothing surprising about the_ ne_ltur : 14 24 40 112 27 955 289 527 4710X3dF
of the dependence of the breakup pressure on the indicatggg; 25 45 5.1 120 27 850 268 490 4500X2%}
characteristics: the smaller the initial asphericity of the

BLE I. Dependence of breakup pressiitg (MPa) on the initial radius
o and relative initial asphericitiReg /Rgg -

03 0.2 0.15 0.12 0.11 0.105 0.102 0.1 0.08 0.06
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uniform over the volume and equal to the outer pressure

400}
- while the surface-tension pressure in the neck zone of the
i bubble has negative sign, we can take equality of the indi-
0 cated pressures as our criterion of the boundary of the attrac-
- tion zone of the trajectories. We may express the second
a _400:_ mode of the pressure in the fotm
E - _ 20e(17e—10)
> —g00 | e TR (1—e)
s The determination of the exact value Bf when the
~1200}- phase trajectory approaches the instability zone is a compli-
N cated problem. However, it is possible to estimate it from the
~600 0l Liooi b birsalenna el form of the phase trajectories in tiy, V¢ plane by assum-

-85 -40 ~-15 -10 -5 g 5 1 ing that at large pressures the minimum radius of the bubble
Ve, m/s is approximately one-third of its final steady-state adiabatic

45
AG. 1. radius’> Then

1
R P\ 37
Rs~_50<1+P—\;V> 7

andV,, differ by almost two orders of magnitude; therefore, 3

despite some decrease in the absolute asphericity, the relative
asphericity continues to grow. whereP,, is the pressure in the incident wave.
In the third stage of the process, when the size of the Now, settingP,.=P,,, we obtain an estimate of the
bubble reaches its minimum, a large positive acceleration opoundary of the attraction zone
the zeroth mode develops, accompanied by emission into the
liquid of a short, positive, high-intensity pressure pulse. Si- 42 [Py,
multaneously, a positive phase of pulsations of the second er=1- R_So(p_o
mode develops; however, since the outer pressure in this
stage is summed together with the emission of a positive For P,,=540 MPa andR4,=1 mm calculation gives the
pulse, the acceleration of the second mode turns out to bealueeg=0.997, which is in good agreement with Fig. 2.
much greater in absolute value than in the first stage. There- To estimate further, it is necessary to assume that at the
fore, the phase trajectory in this segment is sloped. Note thanstant of breakupe~1. Thus, breakup starts up at
up to breakugV¢|>|V,|; thus, at this stage the relative as- Re~Rs. Next, we take into account that, with the exception
phericity continues to grow despite a decrease in the absolutef cases of very large initial asphericity, i.e., small breakup
nonsphericityR, . pressures,|V¢|>|Ve|. Thus, at the instant of breakup
As can be seen from Fig. 2, fe~1 an attraction zone Re~Rg andRs~R.=egRy. Thus, at the instant of breakup
arises, whose boundary for a given outer pressure is defined 1
by the magnitude of the relative asphericity, in other words, Reo ( L pw) 3y

EREY

7(1+%]

by the magnitude of the second mode of the Laplace pressure Rs= 3
P.,e. Since the gas pressure in the bubble is assumed to be
Hence we obtain an estimate for the breakup pressure

P
0 Pu=Pot+ ——.
5 3 (3e0)°”
The above estimate explains both the comparatively weak
0 2 dependence of the pressure on the initial radius and its dra-
3 matic growth with decrease of the initial asphericity. If we
g 5 take into account the fact th&; in reality decreases some-
- what in the time leading up to the instant of breakup, then the
10 7 .
dependenc®,,(e,) becomes still more abrupt.
-5 Let us consider, finally, the question of the influence of
the initial bubble radius on the breakup pressure. The com-
-20 paratively weak dependence of the breakup point on the ini-
tial radius indicates that the main factor in the given case is
b7 ) wlil NN N NS S A VN N T RN WO R T S I . .
0.70 0.60 0.90 .00 the ratio of the two components of the surface-tension pres-
Ry /R sure, where the indicated ratio plays the main role in the

initial stage of the process, when both pressures are commen-
FIG. 2. surate with the gas pressure in the bubble. The spherical
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componenP ¢ has a stabilizing effect, i.e., it helps lower the To summarize, the results obtained here allow one not

asphericity. The role oP ., as was shown above, is just the only to estimate the breakup pressure of a bubble as a func-

opposite. tion of its initial radius and asphericity, but also to under-
Let us consider the question of the sign of the quantitystand the mechanisms of the not completely trivial form of

(0(P,e/P,s))dRs. It is easy to see that this quantity has athe indicated dependence.

minimum at{=R./(Rs—Re) =0.12. Thus, as the initial ra-

dius is decreased, i.e., foroR<O0, the quantity N _

J(P e/ P,s)/ IRsOR; is negative for>0.12 and positive for \L/ét?IZEO\]igl?i\llélggen]]a Zh. Tekh. FiZ2, No. 24, 79(1996 [Tech. Phys.

{<0.12. This implies that in the initial stage the destabiliz- 2y s plesset and T. P. Mitchell, Quart. Appl. Matt8, 419 (1956.

ing role of P,, decreases as one goes to finer and finer®R. I. Nigmatulin, Dynamics of Multiphase Medifin Russiai, Nauka,

bubbles if {>0.12, and increases if<0.12. The equilib- Moscow, 1987, Pt. Il.

: : _ : : : : : 4Study of the process of high-voltage electrical discharge in a two-phase
flum point 5_0'12_ dgscnbes the Sltuat|_0|.’1. n WhICh the medium. Account of NIR/IIPT National Academy of Sciences of the
breakup pressure is independent of the initial radius of the ykraine, No. GR 019100083 7@likolaev, 1993.
bubble. Since{ and e are linked by the relatiore=¢/(1 V. G. Kovalev, Abstracts of the Seventh Scientific School “Physics of
+ g) we find that the initial aSpheI’iCitEo:O 107 corre- Pulsed Discharges in Condensed Medifith Russian, Nikolaev, 1995,

' o . - . 122
sponds to the equilibrium point, which is in good agreement P

with the data shown in Table I. Translated by Paul F. Schippnick



TECHNICAL PHYSICS VOLUME 44, NUMBER 1 JANUARY 1999

The second law of thermodynamics and the limiting capabilities of heat engines
A. M. Tsirlin

Institute of Programming Systems, Russian Academy of Sciences, 152140 Pereslavl'¥ZRlessii
(Submitted April 15, 1998
Zh. Tekh. Fiz69, 140-142(January 1999

[S1063-784299)02801-9

INTRODUCTION q. q-
. . . . or—0_top=z— = +op=0. 2
The occasion for writing this Note is the appearance of a T -

series of publications by G. V. Skornyakdv} in which he  Hereq, andq_ are the heat flux from the hot reservoir and
asserts that in thermodynamic systems employing the phgg the cold reservoir, respectively, apds the power of the
nomenon of self-organization it is possible to achieve a neggseat engine. Analogously;. ando_ are the entropy fluxes,
tive production of entropy. Hence it immediately follows that 5,4 oy, is the production of entropy in the system.

it is possible to build a heat engine having an efficiency Eliminating the heat flux_ and taking as the efficiency

greater than the Carnot value. But this opens the door to thge ratio of the powep to the heat delivered to the system,

theoretical possibility of bringing the efficiency of a heatq+, we write

engine as close as one wants to unity. Thus, glittering possi-

bilities are opened up in the realm of energetics. Skornyakov _ P T Tin

also proposes a design for a heat engine whose working me- 7 q, 7€ ' ~q.°
Here nx=1—(T_/T.) is the Carnot efficiency. For succes-

dium, with the use of a vortical turbine, is stratified into

“q:!'d flngh_vapr:) & \I’Vh'Ch the,:.eby d::‘rlllvers Ss If-(:(rganLl- sive contact with the reservoirs with durationsandr,, the
zation. IS, he claimes, ciling a theorém Dby Yu. L. production of entropy consists of three terms: the production
of entropy during heat transfer from each of the reservoirs

©)

Klimantovich? implies the negative production of entropy.
It seems to me that the assertions of G. V. Skornyakov

are in error, his reference to Yu. L. Klimantovich is unjusti- [ ToT d 4
fied, and the overturning of the second law of thermodynam- 91~ 0 42(T+, Ta(7) T T, ™ @)
ics is as improbable as the overturning of the law of conser-

vation of energy. The possibilities of a heat engine with fixed _ fTZ i _

power are limited not only by the Carnot efficiency, butbya 72~ J, A2(T2(7),T-)| 7~ To(7) dr ©

substantially smaller value. Below | will discuss in more i )

detail on these statements and derive an estimate for the e"’f—nd the production of entrppgrpT due t_o the crpatlon of a

ficiency of a fixed-power machirfe. flux of matter and energy in the Wor.kmg medium. For any
law of heat transfer the integrands in E@4) and (5) are
positive. In order for the quantityy to exceedr,, the pro-

SELF-ORGANIZATION AND THE PRODUCTION OF duction of entropy in the working medium must be negative

ENTROPY IN A SYSTEM and greater in absolute value than+ o,. If the working

fnedium has concentrated parameters, which may be as-

. . sumed to be only approximately the case for the heat engine,
two reservoirs at temperaturds, and T_ and a working theno,1=0. In all the remaining cases, =0, and no self-
p ' QB[) ’

medium (Fig. 1). The working medium can have concen- P . . ; .
. . organization will make this quantity negative.
trated parameterghe temperature at any instant is the same ! .
over the given volumeor distributed parameterghe tem- Skornyakov believes that, can be made negative and
cites a theorem by Klimantovichbut does not cite its for-

perature varies across a heat jlux the first case, the work-
/jp\

ing medium is in successively in contact with the two reser-
AC) 7,() )r -

Let us consider a thermodynamic system consisting o

voirs (a heat enging in the second case, these contacts are
continuous and spatially separatgdturbing. Following the
lead of Refs. 1-3, we will consider the second case.

We write the equations of thermodynamic balance for
the system of Fig. 1. These are the balance equations for 7;
energy, mass, and entropy. In the given case, mass exchange _é
is absent; therefore only energy and entropy balance remain. A
The equations of energy balance and entropy balance of the
system between the reservoirs take the form

g+—g-—p=0, (1)  FIG. 1.

\NN\\N

!

»

NNNNANNUN NINNNN

NN
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mulation. In all of this, Klimantovich only proposes a means o@)
for counting up the entropy in a nonuniforni‘self-
organized’) flux and asserts that it is less than it would be |
under the same conditions in a uniform flux. Let us dwell on (7Y I v
this question in more detail. c s /
The principle of a minimum production of entropy of I. yd

Prigogin&’ asserts that in the stable regime of an open ther- e
modynamic system the production of entrapyn it is mini- / I
mal. At first glance, this principle stands in contradiction 7 |

l

1

\

with the fact that under certain conditions the stable regime //
of an open system is one in which nonuniformity with re-
spect to the spatial and/or temporal coordinate is observed g4, 4,
(self-organization

In fact there is no contradiction if we replaceby o, the
production of entropy averaged over time and space, and

take into account that the minimum of xmust be sought  The functione(q) and its convex envelope over the set
under certain constraints imposed on the system, which i< q<gq, =q(T,,) are shown in Fig. 2. The minimum of the
the s.elf—organization rggime are also avergged. For examplgyerage entropy production is reached whetakes the val-
consider the prod_uctllon of entropy during heat transfefyesT andT, and the heat flux takes the valugs andq; .
flux g the average production of entropyis minimal in the  prescribed valug. It is not hard to show that according to
regime in which the liquid becomes nonuniform in every condition(8) the expression
cross section. Thus, the condition for the appearance of self-

b () +\(a(T) = o)

organization reduces the the question, when is
reaches its maximum with respecttand its minimum with

oy
3
-«

FIG. 2.

min o(x)under conditions in whichi(x)=f (6)  respect toT at the pointsT, andT,,.
X The production of entropy for some times or at some
less than points, allowing for the dynamics of the system, can be nega-

tive, but on average it is always greater than zero.
min o(x)under conditions in whichi(x)=f,. (7)
X

LIMITING POSSIBILITIES OF FIXED-POWER HEAT ENGINES
Herex is the vector of variables on which bothand these
constraints depend;is the vector-valued function of con-
straints(flux rate, heat load, etc.This condition is expressed
by the following statemefit

In the last 30 years a new branch of thermodynamics has
been actively developed—the thermodynamics of finite
times? This approach examines the limiting possibilities of
thermodynamic systemgefficiency indicators, dissipation,
o9%=max min[o(x) + N (f(x) — fo)]<o(x%)=¢®,  (8)  etc) with an additional constraint on the duration of a pro-

X cess or on the average intensity of the fluxes. The starting
point of the development of finite-time thermodynamics
can be linked with the appearance of Refs. 10 and 11 on
the limiting power of a heat engine. Let the heat fluxes be

wherex? is the optimal solution of the nonlinear program-
ming problem(7).
Condition(8) is a necessary and sufficient condition. Its

; s . . X 2 given by
physical meaning is especially simple for the case in wifich . -
andx are scalars. Then it is possible to construct the depen- 0 =a(T+—=T1), q =a_(T,—T-). 9)
denceo(f). Condition(8) implies that forf =f, the convex The coefficientsy, ,«_ reflect the dimensions and ma-
envelope of this function passes below its graph. terial of the heat-exchange surface. The temperaflyesd
_An example: let us consider the process of heat transfef, ang the times-; andr, are subject to choice. The limiting
with a prescribed average intensity of the heat flux pOWer p,nay turns out to be equal 18
(M) =[k(T=Tp)1*°=qq a,La_
. Pmax= - 2( VT4 — \/T—)Z: (10
and entropy production (Nar++a_)
. . 1) and the corresponding efficiency of the heat engine
o(T)=q(T) T, T . JT_
L . Mo L ==k (1D
for To<T=<T,,. After eliminatingT we obtain T
3 If the power of the engin@o<pmaxiS assigned, then for
o(q)= B ) systems with two reservoirs it is possible to pose the problem
T(kTo+q?) of the limiting value of the efficiency of a heat engine for
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p=po. This problem was solved in Ref. 5. It turns out thatics of any other fundamental law of physics and are not
the efficiency of a heat engine does not exceed the value based on any experimental material. All of the accumulated
experience of mankind to date confirms the validity of this

7= 25k (12) law, and the probability that it is in error is as small as the
Po sk+1—(1-k)(1—k&?)' probability that the particles of a gas in a closed vessel will
wherek=pg /e and 8= (VT — VT ) (VT 1 +T0). simultaneously collect in one of its halves.

It is clear from Eq.(3) that the problem of the limiting
efficiency is equivalent to the problem of the minimum pro-
duction of entropy. In the derivation of estimatE) it was
assumed thatr,t=0 and that for the processes of heat ex- | . ,
change the conditions of minimum dissipation are fulfiftéd, Sr'];g E'e‘gri‘%’aggg"(gggﬁa Zh. Tekh. Fid5, No. 22, 12(1989 [Tech.

which for an arbitrary heat-transfer lay(T,,T) and forany 2"y Skornyakov, Zh. Tekh. Fiz65, 35 (1995 [Tech. Phys.40, 18

possible variation of the temperature of the reserVgiwith (1995].
the contact timer have the form 3G. V. Skornyakov, Zh. Tekh. Fii6, 3 (1996 [Tech. Phys41, 1 (1996)].
4Yu. L. Klimantovich, Usp. Fiz. Nauk.58 No. 1, 59(1989 [Sov. Phys.
5q Usp. 32, 416(1989].
a’(T, ,T)=CﬁT2, V. (13 5L. 1. Rozonde and A. M. Tsirlin, A. i T., No. 1, 70(1983; ibid., No. 2, 88

(1983; ibid., No. 3, 50(1983.
6V. N. Orlov and L. I. Rozonoe in Tenth All-Union Conference on Prob-

The constanC depends on the prescribed averaged in- lems of Controflin Russiaf, Nauka, Moscow, 1986.

tensity of the heat flux. ’G. Nicolis and I. PrigogineSelf-Organization in Non-Equilibrium Sys-
tems(Wiley, New York, 1977.
CONCLUSION 8A. M. Tsirlin, Dokl. Akad. Nauk SSSR823, 271 (1992 [sic].

9A. M. Tsirlin, Methods of Averaged Optimization and Their Applications
In the above-mentioned works of G. V. Skornyakov the (Nauka-Fizmatlit, Moscow, 1979
. T . . 10 i H
assumption of the possibility of negative entropy production,,- | Novikov, Atomnaya Eergiya, No. 3, 4091957
. . . L . “*F. L. Curzon and B. Ahlborn, Am. J. Phy43, 22 (1975.
in a nonuniform thermodynamic system is in error. Nonuni-sz\, .0 " 0 "ot Kazakoy. and R, J. Berry, J. Appl. Phys,
formity of the system can lower the spatiotemporal average 29 (1994,
of the entropy production if the constraints imposed on the

system are also averaged. But this average entropy produc-

tion will always be positive. _ )
The proof of a theorem in mathematics. if it is logicall The second law of thermodynamics is one of the fundamental axioms of
p ! 9 y physics. So far, not one experiment has been found to be in contradiction

derived from the fundamental axioms, does not allow it to b&yith this axiom. Therefore, some very extraordinarily serious reasons would
subjected to doubt without subjecting the axioms themselvese in order to justify a consideration of the question of the non-observance
to doubt. For physical laws it is the same. They should onlyof the second law. We are not able to discover any such reasons in the
not contradict one another and be confirmed in any Correcﬂgublished literature. In light of this, the editorial board of the Journal of

f lated . t echnical Physics deems it inexpedient to continue the discussion of the
ormulated experiment. . validity of the second law of thermodynamics on the pages of this journal.

The works of G. V. Skornyakov do not contain any
proof of a contradiction by the second law of thermodynam-Translated by Paul F. Schippnick

From the Editorial Board
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The dissociative excitation of the cesium atom in collisions of slow electrons with cesium
chloride molecules is studied by the method of extended crossed beams with detection of the
optical signal from the crossing region. Forty-seven cross sections for the excitation of

spectral lines of Csl in the spectral region 347—-852 nm are measured at an electron energy of
100 eV, and 10 optical excitation functiof@EF9 are recorded. It is found that the

dependence of the excitation cross sections on the principal quantum number of the upper level
in the spectral series of Cs| corresponds to a power law. The characteristic values of the
constants in the power law are determined for each of the investigated serid99®American
Institute of Physicg.S1063-784£99)00401-9

Although research on inelastic electron—atom andetc) but can also provide a factual basis for investigating the
electron—molecule collisions was originally motivated by in- behavioral trends of the cross sections for dissociative exci-
terest in the fundamental, purely physical aspects of thestion. In view of the absence of any theoretical predictions
phenomena, the subsequent development of plasma physiftg these rules, they can initially be based only on experi-
and chemistry has given rise to many technical fields fomental results and will be of an empirical nature. However,
which such research is extremely topical. Among these imas the experimental results are accumulated and generalized,
portant and promising technical fields that have been groweventually a theoretical interpretation should emerge by
ing intensively in the past decades is nonequilibrium plasmavhich the physical nature of the observed regularities and
chemistry. irregularities can be understood.

It has been stated that in order to study the physics of To minimize the experimental uncertainties the mol-
chemically active plasmas, it is necessary to investigate moecules should all be studied on the same experimental appa-
lecular processes involving the participation of electronsratus and by a unified and stable technique. With the advent
such as the dissociation of excited and unexcited moleculesf the method of extended crossed bedrhsuch a series of
by electron impact.In a relatively dense plasma with a com- experiments can now be carried out for the alkali halides The
paratively low electron temperature the atomic products ofinification of the technique and experimental conditions for
dissociation are predominantly in the ground state. Howevemolecules of the alkali halide class is made substantially
in the presence of faster electrons, e.g., in a plasma initiateglasier by the aforementioned similarity of their physico-
by an electron beam, a significant role can be played bghemical properties. Although such studies have already
dissociative excitation, a process in which the products obeen carried out for 13 alkali halides, for the cesium halides
dissociation will immediately be found in excited states.so far results have been obtained only for the fluoridée
Since the rates of chemical reactions for unexcited and expresent paper reports a continuation of this cycle of research
cited particles can differ greatly — by as much as tens ofwith a study of the dissociative excitation of the cesium atom
orders of magnitude— information about the concentra- in collisions of electrons with cesium chloride molecules.
tions of atoms and other heavy particles in different excited ~ As has been noted previouslyg feature of the method
states is extremely important for the development of theoretef extended crossed beams is the large interaction region,
ical and applied plasma chemistry. which is 2—3 orders of magnitude larger in volume than in

There are classes of molecules for which there are nthe conventional crossed beams method. The corresponding
electronically excited bound states. When taken out of théncrease in the optical signal substantially increases the in-
electronic ground statéby electron impact, for example formation that can be obtained in the extended crossed
such molecules inevitably dissociate, sometimes with thdébeams method and makes it possible to study a wider range
formation of excited particles. Among the simplest mol- of objects and processes.
ecules of this type are alkali halides, which are closely simi-  An extended molecular beam was formed by vaporizing
lar to one another both in their physico-chemical properties powder of cesium chloride placed in a tantalum crucible.
and in the structure of the molecules and the character ofhe powder was subjected to a prolonged preliminary heat-
their interaction with slow electrons. ing in the crucible under medium vacuum conditigasound

A systematic study of inelastic collisions of electrons 2x 10 2 Pg to drive off the water vapor from the compara-
with alkali halides can not only yield information about the tively hydroscopic cesium chloride. The outer surface of the
individual behavior of specific molecule$LiF, NaBr, crucible was heatedyba 7 keV electron beam focused to a

1063-7842/99/44(1)/5/$15.00 26 © 1999 American Institute of Physics
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diameter of about 40 mm to provide a more uniform heatingecules H and D,. However, it should be noted that as the
of the whole surface of the crucible. At a temperature oftemperature changes, the distribution of the molecules over
1000 K the density of molecules in the crossing region of theyibrational levels as calculated in the present paper varies
molecule and electron beams reached<i1@** cm™2. much more slowly that the total density of molecu{@sthe

The thermic excitation of the molecules in the crucible presence of a condensed phager this reason the measured
gives rise to a wide distribution of the molecules overvalues of the cross sections can be used in practical calcula-
vibrational—rotational levels of the electronic ground statetions of plasma characteristics over a rather wide temperature
Since both radiative and collisional relaxation during passageterval.
from the crucible to the collector are negligible under the  The emission spectrum arising in collisions of monoki-
conditions of the present experiment, the distribution that isetic electrons of energy 100 eV with cesium chloride mol-
originally formed is preserved up until the interaction of theecules was investigated over the wavelength interval 190—
molecules with the electrons in the beam crossing region860 nm. Besides the spectral lines of atomic chlorine and
Measurement of this distribution is at the limit of the singly charged positive ions of cesium and chlorine there are
present-day capabilities and cannot be done in the existinglso lines of the cesium atom in the spectral region 347—-852
apparatus; for this reason the Boltzmann distribution wasim. The results of the measurements for Cs | are presented in
used to estimate the populations of the vibrational levels witiTable |, which gives the wavelength, the corresponding
vibrational quantum number. The vibrational quantum was transition, the internal quantum numkkrthe energies of the
taken to have the value,=212 cm %, which is the average lower E, and upperE, levels (reckoned from the ground
of the valuesw,=214.165 cm? (for the 33Cs®™CI mol-  state of the cesium atomthe values of the excitation cross
eculd and we=209.55 cm* (for the 3Cs*’Cl moleculd.”  sectiongQ;qofor 100 eV electrons an@ . at the maximum
We then obtain the following values of the populatidite  of the OEF, the position of the maximufd,,,, and the
percent of the total concentration of molecules in the heam number of the OEF according to the numbering of the curves
v=0 (25.79%, 1 (18.9%9, 2 (13.9%, 3 (10.299, 5 (5.54%), in Fig. 1. The OEFs were measured in the range of appear-
10 (1.18%. In all, 81.7% of the total number of molecules ance energy up to 100 eV. The error in the measurements of
are found on the levels with=0-5. Both the values of the the relative values of the cross sections were 3—10%, de-
excitation cross sections and the OEFs can depend substgrending on the intensity of the spectral line and its position
tially on the vibrational level of the molecule prior to the in the spectrum. The error in the determination of the abso-
collision. In Ref. 8 this was observed for excitation of the lute values of the cross sections ranged fram@2 to = 30%.
spectral bands of Nand N, from vibrationally excited The possible linear polarization of the spectral lines, espe-
states of the nitrogen molecule. However, in Ref. 8 the finatially in the near-threshold region of electron energies, was
state of the molecule, like the initial state, was discretenot measured at this stage of the experiment and has not been
whereas in the present experiment the final state belongs taken into account, but its possible contribution to the error
the continuous energy spectrum. in our apparatus does not exceed 10% in the spectral interval

Quite recently two papets® appeared in which the de- 250-850 nm, even for 100% polarization of the line.
pendence of the excitation and dissociation cross sections on As we did for the other molecules investigated previ-
the vibrational quantum number, of the initial state were ously, we analyze the behavior of the cross sections of dis-
investigated by a computational method. The calculationsociative excitation in the spectral series of the cesium atom
were done by the impact-parameter method for molecules ah e—CsClI collisions. It has been shown previously that both
hydrogen and deuterium. It was shown that in the case ofor the cesium atomand for other alkali metals the dis-
excitation of the singlet stateB'S | and CII, of the H,  sociative excitation cross sectioii® in the spectral series
molecule, the cross sections increase by a factor of 2+4 as have a power-law dependence on the principal quantum
increases from 0 to 10 and 12, respectively, after which theyjwumbern of the upper level:
begin to decrease with further increaseun Analogous

results were obtained for the deuterium molecule, but Q=A;-n" 4. D
the maximum cross sections are reached;at14—15 and
18-19. HereA; and «; are constants whose values can be deter-

In the case of direct dissociation there is also an increasmined for each of the spectral series. Since a function of the
in the cross sections ag increases fov;=0-3 and a de- form (1) is a straight line on a logarithmic scale, the results
crease in the cross sections foe= 10, while for intermediate of the present experiment for electron energy 100 eV are
valuesv;=3-10 there is oscillatory behavior. At the same plotted in logarithmic coordinates in Fig. 2. We see that there
time, in the case of dissociation through a radiation cascadis an appreciable and systematic deviation from the power
the cross sections change comparatively little over the rangw only on the initial(small n) parts of theP° series. For
v;=0-12 and begin to increase sharplwat 13 or 14. The theS, D, andF° series the cross sections conform to a power
results of these studies show that the behavior of the crodaw over a wide range of variation of the principal quantum
sections as functions ef; can be rather complicated. Carry- number. The values of the consta&sand «; for the inves-
ing the dependences found in those studies over to alkatigated series of the cesium atom are given in Table Il. The
halide molecules without the appropriate analysis can hardlynost rapid variation of the cross sections as functions of
be correct, since the structure and spectra of these moleculescurs in theP? series, followed in order by th® D, andF°
are extremely different from those of the homoatomic mol-series. The same picture is found for the other molecules
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TABLE |. Effective cross sections for dissociative excitation of the cesium atom.

Tech. Phys. 44 (1), January 1999

Yu. M. Smirnov

N, Nm Transition J E , eV E,, eV Q100, 107 cn? Qpmax, 10 ¥cn? E max, eV OEF
347.681 &2S— 10p2P° 1/2-3/2 0 3.56 0.33 - - -
348.006 &2S—10p2P° 1/2-1/2 0 3.56 0.17 - - -
361.146 6°S—9p2P° 1/2-3/2 0 3.43 0.69 - - -
361.730 &°S—9p?P° 1/2-1/2 0 3.43 0.35 - - -
387.615 &2S—8p?P° 1/2-3/2 0 3.20 1.84 1.92 55 5
388.861 &2S—8p2P° 1/2-1/2 0 3.19 0.89 0.94 55 2
455,528 &2S—7p?P° 1/2-3/2 0 2.72 7.70 8.47 40 4
459.317 &2S—7p2P° 1/2-1/2 0 2.70 4.13 4.30 50 1
515.268 ®2P%—14d°D 1/2-3/2 1.38 3.79 0.20 - - -
519.673 ®°P°—13d%D 1/2-3/2 1.38 3.77 0.26 0.27 80 10
525.656 ®2P°—12d%D 1/2-3/2 1.38 3.74 0.32 - - -
530.140 ®2P°—13s%S 1/2-1/2 1.38 3.72 0.145 - - -
530.378 ®2P°—14d%D 3/2-5/2 1.45 3.79 0.42 - - -
534.094 ®?P°—11d%D 1/2-3/2 1.38 3.71 0.53 - - -
535.035 6p?P%—13d’D 3/2-5/2 1.45 3.77

535.08 6p2P°— 134°D 3/2-3/2 1.45 3.77 0.51 0.52 80 10
540.666 ®>P0—125°S 1/2-1/2 1.38 3.68 0.25 - - -
541.361 6p2P°—12d°D 3/2-5/2 1.45 3.47

541.428 6p2P°—12d%D 3/2-3/2 1.45 3.74 0.77 - - -
546.192 ®2P%—135°S 3/2-1/2 1.45 3.72 0.21 - - -
546.594 ®?P°—10d%D 1/2-3/2 1.38 3.65 0.66 - - -
550.288 6p?P°—11d°D 3/2-5/2 1.45 3.71

550.385 6P2P°  11d?D 3/2-3/2 1.45 3.71 0.90 - - -
556.841 ®2P°—11s°S 1/2-1/2 1.38 3.61 0.37 - - -
557.367 ®>P0—125°S 3/2-1/2 1.45 3.68 0.34 - - -
563.521 6p?P°—10d%D 3/2-5/2 1.45 3.65

563.667 6p?P°—10d%D 3/2-3/2 1.45 3.65 1.22 - - -
566.402 ®°P°—9d?D 1/2-3/2 1.38 3.57 0.95 1.02 50 7
574.572 ®2P°—11s%S 3/2-1/2 1.45 3.61 0.53 - - -
583.883 ®2P°%—10s%S 1/2-1/2 1.38 3.51 0.58 - - -
584.514 ®?P°—9d’D 3/2-5/2 1.45 3.57 1.90 2.10 50 9
601.049 ®?P°—8d’D 1/2-3/2 1.38 3.45 1.36 - - -
603.409 ®?P%—10s°S 3/2-1/2 1.45 3.51 0.85 - - -
621.310 ®°P°—8d%D 3/2-5/2 1.45 3.45 2.58 - - -
625.022 52D — 11f2F° 3/2-5/2 1.80 3.78 0.81 - - -
628.860 52D — 11f2F° 5/2-7/2 1.81 3.78 1.00 - - -
632.621 52D — 10f2F° 3/2-5/2 1.80 3.76 0.97 - - -
635.455 ®?P%—9s%S 1/2-1/2 1.38 3.34 0.87 - - -
643.197 52D — 9f2F° 3/2-5/2 1.80 3.72 1.10 - - -
647.262 52D — 9f2F° 5/2-7/2 1.81 3.72 1.36 - - -
658.602 5d?D — 8f2F° 3/2-5/2 1.80 3.68

658.651 6p?P°—9s%S 3/2-1/2 1.45 3.34 2.87 - - -
662.866 %°D — 8f2F° 5/2-7/2 1.81 3.68 1.81 - - -
672.329 ®°P°—7d%D 1/2-3/2 1.38 3.23 2.60 2.89 35 6
682.465 52D — 7f2F° 3/2-5/2 1.80 3.61 1.83 - - -
687.046 52D — 7f2F° 5/2-7/2 1.81 3.61 2.21 - - -
697.330 ®2P°—6d’D 3/2-5/2 1.45 3.23 3.76 4.32 35 8
721.930 5°D —69°G 3/2-7/2,9/2 1.80 3.51 1.23 - - -
722.854 52D — 7§2F° 3/2-5/2 1.80 3.51 2.78 - - -
727.070 5°D —69°G 5/2-7/2,9/2 1.81 3.51 1.75 - - -
727.990 5d°D — 6f2F° 5/2-5/2 1.81 3.51

727.996 5d%D — 6f2F° 5/2—7/2 1.81 351 3.27 - - -
852.115 &°S—6p2P° 1/2-3/2 0 1.45 82.7 94.0 35 3

investigated previously. The monotonic character of thecomparison shows that in the case of direct excitation of the
curves indicates that perturbations of the respective uppearesium atom the rate of change of the cross sections is sub-
levels are small or absent. In view of the lack of data fromstantially higher in all the spectral series, although the order-

other authors for the CsCl molecule it is not possible ating of the seriesS, D, F° is preserved.

present to compare the results, but the values obtained), for
and«; can be compared and contrasted with the correspondf dissociative excitation of the cesium atomerCsCl col-
ing values of the constants foe—Cs electron—atom

Passing now to an analysis of the possible mechanisms

lisions, we can write the following reactions corresponding
collisions? the results are presented in Table Il. Such ato the lowest appearance energies:
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the additional energy of excitation of the chlorine atom from
FIG. 1. Optical excitation functions of the cesium atom. the ground state to low-lying excited states, around 10.0 eV
(pp. 400-404 of Ref. 134) in the case of reactiofb) the
additional energy of ionization of the chlorine atom from its
CsCH-e—Cs +CI™ (3.68, (2)  ground stateE;=12.97 eV(Ref. 14. In addition, in reaction
_.Cs +Cl+e’ (7.30, 3) (2 itis necessary to subtr.act from the sufy+E,, the
electron affinity of the chlorine atong=3.62 eV (p. 76 of

—Cs*+ClI*+e' (~17.3, (4  Ref. 14.
Cs+Cl +e' +e" (202 5 The measured value of the appearance energy for the
- e'+e’ (20.29. ®) 455.528 nm line is 7.£0.3 eV, which agrees within the

Heree, €', ande” are the incoming electron, the scat- experimental error with the appearance energy for reaction
tered electron, and an electron ejected as a result of ioniz&3). The fact that there is no optical signal above the noise
tion, respectively; the asterisks denote particles found in extevel of the detection system at lower energies indicates that
cited states. The numbers in parentheses next to the reactiothe role of reaction(2) is negligible. At the same time, this
give the calculated values of the appearance energy withodiact indicates the absence of impurity cesium atoms in the
allowance for the initial distribution of the molecules over molecular beam. It is very likely that even an extremely
vibrational—rotational levels of the electronic ground state ofsmall atomic impurity in this energy region would be detect-
the molecule or the possible conversion of a portion of theable, since the OEFs for direct excitation of the Csl lines
energy of the incoming electron to kinetic energy of thehave maxima precisely in the region below 7 &V.
heavy particles. The calculated values of the appearance en- After attaining a relatively low maximum in the near-
ergy are the sums of the following contributions) the  threshold region, the OEF stops rising, and for certain spec-
energy of dissociation of the CsCl moleculey=4.58 eV tral lines there is even a drop. The resumption of significant
(p. 15 of Ref. 7; 2) the energy of excitation of the 455.528 growth of the OEFs up to the main maximum commences at
nm spectral line of Cs| from the ground state of the cesiundifferent lines in the energy interval 16—-20 eV and appar-
atom,E,=2.72 eV (Ref. 13; 3) in the case of reactiof¥) ently corresponds to the actuation of reaction chant®ls
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TABLE Il. Values of the constantd; and ¢; for the spectral series of Cs | in collisions of electrons with CsCl
molecules. 1.69¢4)=1.69<x10"*

n a; Ai y sz
Series Present study Ref. 12  Present study Ref. 12 Present study Ref. 12
65%Sy,— np*PY), 6-7 - -
6s%S,,,— np?PY, 6-7 15.8 1.69¢ 4)
6s%S;,,— np?PY, 8-10 7.50 5.43¢12)
6s%S,,,— np2PY, 8-10 7.71 1.75¢11)
6p2PY,—ns’S,), 9-13 4.79 3.35(—14)
6p?PY,— NSy, 9-13 ) 8-12 4.88 } 8 6.25—14) } 9.55 - 10)
6p?PY,— nd?Dy), 7-14 3.66 3.04(—15)
6p2PY,— nd?Ds), 7-14 ) 7-14 3.29 } 52  244-15 } 1.29-12
502D 4,— n2FY, 6-11 2.05 1.04(— 16)
5dDg,—nf?FS, 6-11 ] 5-10 2.01 } 47 1.16-16) } 6.84 —14)

and(5). It is not possible to make a clear choice betwé®n mass spectra and extension of the spectral range into the
and (5) on the basis of the present experiment, since th&/ UV and IR regions. The latter is hardly possibility at
place where the growth of the OEF resumes is determinegresent because of the comparatively low sensitivity of IR
only to an accuracy of- 1.0 eV and also since the appear- detectors.

ance energy in reactio@) has a large uncertainty, inasmuch

as it is not known precisely which of the levels or which 1a A, lvanov and T. K. Soboleva\onequilibrium Plasma Chemistfjn
group of levels of the chlorine atom play the main role in Russiad, Atomizdat, Moscow(1978, 264 pp.

reaction(4). 2D. I. Slovetski, Mechanisms of Chemical Reactions in Nonequlibrium

For observation of reactio(b) it is necessary to detect gfsméss[';iiﬁsl'gg’ygigk& ggiﬁ%ﬁigsr?d i\ltgrﬁi% Collisiofim Rus-
the unexcited singly charged chlorine ions, but our working siar, Izd. FTI AN SSSR, Leningrad1985, pp. 183—193.

apparatus is not equipped with mass-spectrometric detectiori.YU- M. Smirnov, J. Phys. 18, 23 (1994.

Reaction(4) can be observed from the emission spectrum of6$3' m gm:mx §E Eir;klkﬁﬁs l;téozlg; ’(12909(;997)'

the chlorine atonileaving aside the possibility of metastable 7 s krasnov(ed), Molecular Constants of Inorganic Compounds. A
levels. As was mentioned previously, the spectrograms con- Handbook{in Russiaf, Khimiya, Leningrad(1979, 446 pp.

tain not only cesium lines but also the spectral lines ofz\FZU-CMI-_bSmimOV& lihi’r:‘ﬂ-F\{/yS~_Elerg-P2hl, 26;(1387)@39 166

atomic and singly charged chlorine. Although several tens ofo;y C‘;'ibirrttgla& T Lémaer?r?gn;ﬁ J dsbag;;ém, Phys(. Re%é@, 4778
lines were recorded for each of ClI and CIII, all of them (1994

have comparatively small excitation cross sections of arounéyu. M. Smirnov, Chem. Physl992 379(1995.

10" ciP. At the same time the resonance lines, which give _l: P- Zapesochriyand L. L. Shimon, Opt. Spektrosk0, 753 (1966.

the decisive contribution to the total cross sections of inelas- G'ngs'[izna‘gﬁlsg I\;ﬁ KN:JIS:ORAES’S’C?J;M“{'QS’S'%;;E'" Tables of Spectral
tic collisions for the majority of atoms and ions, lie in the 14a A Radtsig and B. M. SmimovHandbook of Atomic and Molecular
vacuum ultraviolet part of the spectrum for both the atom Physics Atomizdat, Moscow(1980, 240 pp.

and singly charged ion of chlorine and are inaccessible t&’- P- Zapesochnyand L. L. Shimon, Izv. Akad. Nauk SSSR, Ser. 27,
study on our existing apparatus. The plan of such a study 1037(1963.

should include simultaneous recording of the optical andrranslated by Steve Torstveit



TECHNICAL PHYSICS VOLUME 44, NUMBER 1 JANUARY 1999

Selective infrared multiphoton dissociation of molecules in a pulsed gasdynamic flow
of small extent

G. N. Makarov, D. E. Malinovskii, and D. D. Ogurok

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow District, Russia
(Submitted October 28, 1997

Zh. Tekh. Fiz69, 35—41(January 1999

The isotopically selective IR multiphoton dissociation of molecylesre Ckl) in a pulsed

gasdynamic flow of small exterithe length of the flow in space 8x;<1 cm) is investigated

under conditions such that the entire flow is irradiated by high-intensity IR laser radiation.

The use of a flow of small extent permits achieving high dissociation yields of resonantly excited
molecules in the entire volume of the flow and thus to obtain a highly enriched residual gas

in one radiation cycle. The method described gives a 400-fold enrichment of the residual gas in the
isotope3C when a pulsed molecular flow of gIFof natural isotopic composition is

irradiated by just a single laser pulse. The dissociation yield in this case is practically unity, and
the selectivitya=10. © 1999 American Institute of Physid$$1063-784£99)00501-7

INTRODUCTION y and z axes is bounded and completely irradiated by the
laser beam.
A topical problem in isotope separation by IR multipho- When high-power periodically pulsed GQaseré are
ton dissociation of molecules is to increase the isotopic S€jgeq for isotope separation, one can achieve parameters
lectivity of the dissociation process, especially in the separary ~1 cm andf~500 Hz. For a typical mean velocity of
tion of isotopes in molecules with a small isotope st8fg., e molecular flows,~5x 10" cm/s the fraction of the mol-

OS?‘&' Ui?’ e )- fi . h lectivity of di ecules irradiated comes tg~10"? (here we have assumed
n efiective way of increasing the selectivity of diSSO- ¢ e pulse duration of a TEA GOlaser satisfies

ciation is to cool the_gas n ga_sdynamlc Jets_ or ﬂd“é'. o<1 us<Ax /vy, and therefore during the laser pulse the
Then, however, one is faced with problems in connection

with the collection of the products formed. Because of thep osition of the flow in space is practically unchanged/ith

high chemical activity of the radicals formed in the dissocia-2 d|ssomat|op yielgg . 0.2, 'the fractpn of molgculgs n thg

. . : flow that will be dissociated during the irradiation is

tion of molecules and their low concentration when gasdy- Ca . . -
npg~nB~2X10"". Consequently, in one irradiation cycle

namic jets are used, it is difficult to investigate the efficient ich i fficient in th idual il b i
collection of the products of dissociation and the subsequeﬁpe enrichment coetficient In the residual gas will be negil-

chemical reactions. Reactions on the walls can be predomﬁllbly sma!l. L .

nant and can substantially alter the kinetics and the channels 1 N€ Situation is improved if one uses pulsed m‘(‘)leculgr
of product formation. In addition, in the dissociation of mol- lOWS. For a characteristic duration of the nozzle “open
ecules with a small isotope shift the selectivities achieved arBUIS€ Tnoz~200us the molecular flow will have a spatial
ordinarily not very high ¢<2-5). As a result, it is impos- EX€NAXy~0,7no,~10 cm. In this case one laser pulse can
sible to obtain a highly enriched product in a single cycle ofiadiate a fractionp=Ax_ /Axy~0.1 of the molecules in
irradiation of the initial gas. It is therefore better in many the flow. For3~0.2 we obtainy,~2x10"2 This is still a
cases to “burn up” the unwanted component in the initial comparatively small fraction, though, and so the enrichment
mixture and enrich the residual gas in the desired isotope. coefficient in the residual gas will still be small.

However, when gasdynamic jets or flows are used, itis  The situation is fundamentally different when one uses a
impossible to achieve a high coefficient of enrichment of themolecular flow of short extentAxs<1 cm), which can be
residual gas unless the gas is circulated and repeatedly irr@btained with a nozzle having a short “open” time
diated. Because of the comparatively low duty factor of lasef 7hoz<2019). In this case the entire flow can be irradiated
pulses, only a tiny fractiom of the molecules in the flow can by a high-intensity IR laser beam. Then the enrichment co-

be irradiated in one cycle: efficient in the residual gas will be determined mainly by the
Ax. f dissociation yield of resonantly excited molecules. For a dis-
n= L , (1) sociation yieldB~1, even in the case of a moderate selec-

Ux

tivity «=3 one can obtain a highly enriched residual gas as
whereAx, is the dimension of the laser beam in the direc-a result of the irradiation of a mixture of isotopomers by just
tion of the x axis, f is the repetition frequency of the laser a single laser pulse. Since the absorption spectra of mol-
pulses, and, is the average flow velocity. ecules narrow considerably upon cooling in a gasdynamic
Here we assume that the laser beam is directed perpeflow,® one can obtain a comparatively high selectivity
dicular to thex axis and that the flow in the direction of the a=5-10 even at high energy densities of the laser radiation

1063-7842/99/44(1)/6/$15.00 31 © 1999 American Institute of Physics
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and thereby limit the consumption of the desired isotopic -
component. It is this approach that is developed in the
present study. 100

CHOICE OF OBJECT OF STUDY

R

The CKl molecule was chosen as the object of study for
the following reasons. It has a rather low dissociation energy
(~2.3 eV)® and dissociates efficiently at moderate laser en- §
ergy flux densitiesb<4 J/cnf (Ref. 6-9. Therefore, for <
this compound it is easy to achieve conditions under which
the dissociation yield is practically unity. Its dissociation
products (GFg and L) are stable. The IR multiphoton exci-
tation and dissociation of GF have been quite well
studied®'%including in molecular beam's. The CKl mol-
ecule had originally been considered for use as the initial

IIT||I[

H 1 L 1 1 A 1 1 1 L 1 L
;ubstanc;a for Iarge—scalg laser separanon of carbon 0.0 0.2 XA 2.6 7.3 70
isotopes? The IR absorption spectra of the isotopomers /31
12CF;1 and*3CF;l are also well known, and the isotope shifts
in these spectra have been measufdtiis makes it easier to 1000

choose the frequencies for dissociation of the molecules.

CONNECTION BETWEEN THE PARAMETERS OF THE
ELEMENTARY SEPARATION EVENT UNDER THE GIVEN 3
EXPERIMENTAL CONDITIONS R

Under conditions such that the entire molecular flow is
irradiated by the laser beam, the concentration of molecules 'ﬁ « 100
in a two-component mixture after the laser pulse has acted
are given by

N1=N1o(1—51), )

No=Nyo(1—8>), ©) R

whereN;5 and N,q are the concentrations of isotopic mol-
ecules in the initial mixture, an@, and 8, are the dissocia- 1L, -
tion yields of these molecules, respectively. 090 0892 094 09 098 100
Suppose that the laser radiation is tuned to resonance /3{
with the molecular vibrations in such a way that the mol-
ecules of the type denoted by the subscript 1 are predom[;'C: 1- Dependence of the enrichment coeffici¢ffin the residual gas on
. . . . L the dissociation yield3, for different values of the selectivity in the irra-
nantly dissociated, i.ef1>Bo. We define the SE|eCt'V|ty of diation of a two-component mixture of isotopomers under the conditions
the dissociation in the usual way: B1> B, and: 0<B,<1 (a), or 0.9< 8,<1 (b); the curves are for=1.1(1),
w=B.1B,. 7 1.3(2), 1.5(3), 2(4), 3(5), 5 (6), 10(7), and 100(8).

The enrichment coefficient in the residual gas will be
given by the expression

dissociation, which is not always achievable, particularly in

es N2/Ni NNy the case of molecules with a small isotope shift. At the same
K™= No/Nov . NoN (®  time one can obtaiteven at a comparatively low selectivity
2071N10 200V1 . . . . . .
) a=3) a highly enriched residual gas if the dissociation of
or, with allowance for Eqs(2), (3), and(4), the molecules is carried out under conditions such that the
1-B8, 1-Bila entire molecular flow is irradiated by intense laser radiation
Krzes=1_ﬁ 15, (6)  and the dissociation yield of resonantly excited molecules
1 1

reaches values close to unity.
The enrichment coefficient in the dissociation products |t follows from relation (6) that the enrichment coeffi-
will be given by cient in the residual ga¥5®°, depends weakly on the selec-
tivity a (provided thata=3) and depends very strongly on
KQ“"‘:M/ M’: 'Ble/ Mj=,81/,82= a. (7)  the dissociation yield in the regige~ 1. This is plainly seen
Naprog/ N2o  B2N20/ Nao from the curves oK5YB,) shown in Fig. 1. For example, if
Thus in order to obtain a product highly enriched in 8,~0.95, then as varies from 2 to 18, the coefficienK}*
some isotope it is necessary to have rather high selectivity ofaries from~10 to~ 20, i.e., by only a factor of 2. While it
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p pressure above the nozzle of2 atm, for example,
yl a N~ 10'® mol./pulse. The nozzle could operate in the single-
pulse mode or at a repetition frequency of up to 1 Hz.

2 The vacuum chambefof volume V=20 literg in
which the molecular flow was formed was pumped down to
y[ J a pressure<10~° torr by a TMH-500 turbomolecular pump
T E (pumping rate of 500 literjs The pressure in the chamber
was monitored by a PMI-10 ionization gauge. The number of
molecules emitted from the nozzle per pulbg,was deter-

mined from the pressure chande in the vacuum chamber
5 aftern nozzle pulses with the vacuum pump shut off:

6 ’ N=(Pfin— Pin) Ven/NKT=ApVen/nkT  (T=300K).
N (8)

8 The duration of the “open” pulse of the nozzig,, and
the average flow velocity, were determined with a pyro-
electric detector by a time-of-flight technique described in
Refs. 16 and 17. The mean velocity of the molecular flow of
CF;l in the excitation zone wasg, =400+ 20 m/s'8
The molecular flow was shapdéig. 2b by means of
two thin (100 wm) metal strips mounted directly at the
nozzle exit in such a way that they formed a dihedral angle
with the edge parallel to thg axis. In thexz plane they had
a variable radius of curvature. The maximum divergence
angle of the stripgat the exit section of the nozzlevas
~60°. The strips had dimensions of X2.5 cm. The mini-
mum distance between thefat the nozzle aperturenvas
~1.5 mm, and the maximum distance wa8 mm. Since
the “bunches” of molecules emitted from the nozzle had a
length Axq=v47mho~7.5 mm(at half height, these bunches
lay completely in the space between the strips. It was in this
region that the molecules were subjected to irradiation.
FIG. 2. a: Diagram of the experimerit:— mirror, 2 — strips shaping the The molecules Were. gxmted with a Trequency_tunable
flow, 3 — pyroelectric detecto4 — pulsed nozz’IeS— laser beamp — TEA COZ laser. The radlathn pulse ConS'_Sted of a peak of
window, 7 — absorber8 — vacuum chamber. b: Geometry of the irradia- duration~100 ns(at half height and a “tail” of duration
tion of the molecular flow by the laser beafn:— pulsed nozzle2 — cross ~ 0.5,u,s in which=50% of the total energy of the pulse was
section of the laser bear8,— strips shaping the molecular flow. contained. The total energy per pulse was 3 J. The laser
energy was measured by a TPI-1 absolute energy meter. The
is practically independent of the value ef(for «=3), K5* Ia}ser radllatlon was focused by a lerf £1 'T‘) and was
. directed into the vacuum chamber to the region between the
rea.ches rather high values fs- 1. For exam.ple, fon=55 strips bounding the molecular beam. The laser beam was
an increase 0B; from 0.9 to 0.99 leads to an increasedif perpendicular to the direction of the flow. The minimum dis-

~ ~ res . _
from _19 _to_100 (Ko™—o0 as,8_1—>1). C_onsequently, UN- " tance from the exit section of the nozzle to the edge of the
der conditions such that the entire flow is subjected to lase

irradiati d the di o ield of | ; déxcitation zone was=3 mm. In the interaction region with
Irradiation and the |s§00|at|0n yield o resongnty gxcne the flow the cross section of the laser beam wa&s< 6 mm.
molecules reaches unityB{~1), one can obtain a highly

. . o In the vertical direction(along thez axis) the laser beam
enriched residual gas after only one radiation pulse. Thes_'c:ompletely illuminated the space between the strips bound-

are the conditions that were realized in the present exper‘-ng the flow, while its dimension along theaxis Ax,~6
ments. mm was smaller than the length of the fldw;~7.5 mm. In
order to completely illumination the flow the laser beam was
reflected by a mirror at a small angle to the backward direc-
A diagram of the experiment is shown in Fig. 2a. Thetion. With this measure the dimension of the illuminated re-
molecular flow in the experiments was obtained using ajion in the direction of thex axis wasAx, ~12 mm. Thus
pulsed nozzle of the current-loop type!® The duration of under the experimental conditions the molecular beam could
the “open” pulse of the nozzle was 18us (at half height. be entirely irradiated by high-intensity laser radiation. The
The aperture diameter of the nozzle was 0.75 mm. The gasnergy flux density of the laser in the excitation region of the
pressure above the nozzle could be varied frento 5 atm.  molecules was as high as 8 Jfcrit such a value of the
The number of molecules emitted from the nozzle per pulsegnergy flux density the dissociation yield of gfolecules
N, depended on the gas pressure above the nozzle. Atla CFs practically unity>2

EXPERIMENT
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pumping was stopped, and the gas from the trap was col-
lected in the optical cell for IR and mass analysis. The thaw-
ing of the cryogenic trap and collection of the gas in the
optical cell were monitored with a PMT-6 pressure gauge.
Since the saturated vapor pressure of;IC&nd GFg at
liquid-nitrogen temperature is rather low<(L0~* Torr), the
procedure described was capable of collecting practically all
of the CRl and GF4 from the chamber into the optical cell.
l Infrared analysis of the gas was carried out with a
5 Specord 75 1R infrared spectrometer. The absorption of the
gases was measured in the 680—1400 tmange, which
FIG. 3. Diagram of the collgcti_on pf the residual gas and _produbts:— includes the most intense absorption bands of th@l @Rd
vacuum nozzle2 — PMI-10 ionization gauge3 — pyroelectrlc dett_:-zctor, C.F moIecuIe§9 Recording of the absorption in several
4 — PMT-6 pressure gaugé,— system for admission of gaé,— diffu- 2t6 1 . Aty
sion pump,7 — vacuum chamber8 — liquid nitrogen,9 — optical cell, ~ bands is necessary to improve the accuracy of determination
10 — to vacuum pump. of the amount of gas collected. The enrichment of the re-
sidual gas in the isotop€C or *2C was determined from the
. IR absorption spectrum of the gFmolecules in thev, vi-
The nozzle, the C®laser, and the system for detecting brational band1187 cm %; Ref. 13, where the absorption
the molecular flow, which included a pyroelectric detector,spectra of the isotopomeif%CF3l and 1°CF,| are rather well
an amplifier (< 100), and an S9-8 digital oscilloscope, Was osolved A v.=33 cm 1) The enrichment was determined
triggered by a GI-1 delayed pulse generator. The synchroniy, o hrecisely from the mass spectra. The mass analysis of
zation of the laser pulse with the molecular flow was MOoNi-yp, gas was done on an MKh-7303 mass spectrometer. The
tored by the pyroelectric detector according to the signal in'lsotopic composition of CFF was determined from the ion
duced at the detector by excited {LFolecules'’18 peaks of CEI* (m/e=196 and 197, and that of GFs from
the ion peaks of gF2 (m/e=119, 120, and 121

2 pumped down to a pressure 6f3x10 2 Torr. Then the
1 gf———)

L

oy —

~

PROCEDURES FOR COLLECTION AND ANALYSIS OF THE
RESIDUAL GAS AND DISSOCIATION PRODUCTS

. . RESULTS AND DISCUSSION
The vacuum chamber in which the molecular flow was

formed had an additional pumping chanrElg. 3) with a The excitation of the ClF molecules was done in the,
liquid-nitrogen-cooled cryogenic trap right at the exit from vibrational band1075 cm ! for Y2CF;l and 1047.1 cm? for
the chamber, an optical cell with an “appendix” trap, and a**CF;!).'® The isotope shift in this band §v;;=27.9 cn'?
PMT-6 pressure gauge. (Ref. 13. The'?CF;l molecules were excited by theR§10)

The procedure for irradiating and collecting the gas condine of the laser(1071.9 cm?) or by the R(12) line
sisted of the following. First the vacuum chamber and cryo{1073.3 cm1), while the'*CF;l molecules were excited by
genic trap were pumped down to a pressure=df0°> Torr  the 9P(24) line (1043.2 cm!). As was established in Ref.
by the turbomolecular pump. Then the pump channel of thd 1, the R(10) and R(12) lines are optimal for dissociation
chamber was closed, the cryogenic trap was flooded witlof YCF;l molecules cooled in a pulsed gasdynamic jet. The
liquid nitrogen, the nozzle and GQaser were actuated, and 9P(24) line is shifted from the B(10) line toward the red
the process of irradiating the gas in the flow began. Thgl CF end of the spectrum by an amount approximately equal to the
gas remaining after the irradiation and the products formedsotope shift.

(mainly GFg) were collected in the trap. An irradiation The results are presented in Fig. 4a—e. Figure 4a shows
cycle consisted of several tens or hundreds of pulfesn  the absorption spectrum of @Fnolecules emerging into the

50 to 500 pulses During the irradiation the pressure in the chamber in a molecular beam from the nozzle in the absence
vacuum chamber did not rise above fQorr. In fact, after  of laser irradiation. As expected, the ratio of the isotopomers
500 pulses, for example, a total B ~N-n-10'°X500~5 in the mixture corresponds to the natural abundd4noacen-

X 10'8 particles had been emitted from the nozzle. For atration of 13C~1.1%,'2C/**C~99%). Figure 4b shows the
chamber volumé&/~2 X 10* cn?® the increment of the pres- absorption spectrum of GFmolecules irradiated in the flow
sure would equal Apgy~ANKT/Vg4~2.5x10"T~7 by the R(10) line of the laser at an energy flux density of
X 1072 Torr. The effective pressure of the molecules in thethe laser radiatiob~8 J/cnt. In this experiment the laser
flow in the irradiation zone wap.s~NkT/V;~0.2 Torr  radiation crossed the flow in only one directithe mirror
(Vy=~1 cn? is the volume of the flow reflecting the laser beam in the backward direction had not

After the end of an irradiation cycle, oxygen was admit-been mounted Therefore, not all the molecules in the flow
ted into the chamber to a pressure-efl torr in order to  were subjected to irradiatiom\k, <Axy,AX, ~6 mm, Axy
completely collect the residual gas and dissociation products-7.5 mm at half height An almost 7-fold enrichment of the
in the cryogenic trap. The gas was then slowly pumped outesidual gas in the isotogéC was obtainedK}3=6.8). Fig-
of the chamber through the trap. In this way the oxygen wasire 4c shows the absorption spectrum of molecules irradiated
pumped out but the GF and GF¢ were condensed in the in the flow by the R(12) line of a laser atb~3.5 J/cnd
trap. The pumping time wass30 min. The chamber was under conditions such that the entire flow was illuminated by
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1200 1700 1000 cm'7 selectiv_ity and dissociation yield and also the enric_hme_nt_of
T T T ; T the residual gas do not depend on the number of irradiation
d .._\/\/"“‘V" pulses but characterize the separation process in each indi-

vidual pulse. A series of pulses must be used only for ob-
‘\ taining large amounts of enriched gas. Consequently, the re-
ported values of the enrichment coefficients of the residual
gas were achieved as a result of the irradiation of alCF
molecular flow by a single laser pulse.
Figure 4e shows the absorption spectrum otlQfol-
/ ecules irradiated in the flow by theP924) line of the laser,
2’6 which is in resonance with thECF;l molecules, at an en-
ergy flux density of the laser radiatish~ 8 J/cnf. As in the

case of Fig. 4b, in this experiment the molecular flow was
not completely covered by the laser bedtine mirror was
absent We see that the concentration'd€F;I molecules in

o O

®
__J

the residual gas is significantly lower than in the initial gas.
An approximately 2-fold enrichment of the residual gas in
the isotope'?C has occurredK'5=2.2). The selectivity of
dissociation as measured in terms of the produgi;Qere
had a valuex,3~11. The comparatively low selectivity in
the dissociation of*CF;l molecules is due to the fact that
the band which is to be excited in that molecule, i.e., the
fv3+vs band of °CF;l, is close to thev,+ v band of the'’CF;l
molecule <1028 cm *; Ref. 13. It should be noted that the
enrichment in the residual gas achieved through excitation of

1

-

Y Y

4 the 3CF;1 molecules is smaller by a factor of 1.5—2 than that
achieved through excitation of tHéCF;l molecules, under

f f 1 f the same irradiation conditions. This is probably due to the
1ZCFJI ﬂCFs I 12[;;:3;_ ”GF,I presence of an exchange reaction betweertBE; radicals

and the initial**CF;l molecules. It was also found that the
FIG. 4. Infrared absorption spectra of gRnolecules of natural isotopic amount of the product & formed falls off sharply with
composition before irradiatiofe) and after irradiation in a molecular flow decreasing concentration of the gl:IFnoIecuIes in the flow.
under resonance excitation of the molecui#®F;| (b—d) and**CF;l (e). This is undoubtedly due to the mechanism gFgformation
in binary collisions of Ck radicals.

Let us now use the experimental value obtained for the
the laser radiatiofthe reflecting mirror was mounted, so that enrichment coefficienkK13~6.8 (the case in Fig. 4bto es-
Ax, ~12 mm). An approximately 5-fold enrichment of the timate the fraction of molecules in the flow that are irra-
residual CEl gas in the®C isotope was obtainedK(  diated by the laser beam. In the case when the flow is not
=5.2). At the value of the energy flux density of the exciting completely irradiated by the laser beam, the yigidin Eq.
radiation that was used, the dissociation yield of;ICE  (6) must be replaced bg; e (81 = B17)- Substituting the
close to but not quite equal to unity? Finally, Fig. 4d values =10 and K\3=6.8 into Eq. (6), we get B; ¢
shows the absorption spectrum of molecules irradiated by the 0.86. Since8; = B1,~1, this means thay~0.86.
9R(10) line of the laser under conditions such that the entire  Relation(6) can also be used to determine the dissocia-
flow was illuminated by high-intensity laser radiation tion yield of th612CF3| molecules in the case of irradiation at
(®~7.5 Jlcm, Ax, ~12 mm. It is seen that practically all ®~3.5 J/cnt (the case in Fig. 4c Substituting the values
the >CF;l molecules that had been present in the naturaki=10 andKi3=5.2 into Eq.(6), we obtain the value
mixture (=~99%) have been dissociated. The residuabICF B12~0.82.
gas consists mainly of°CF;l molecules £82%). In this
experiment an almost 400-fold enrichment of the residua
CF;l gas in the'®C isotope was obtained. The selectivity bonctusion
measured from the productkE; and also estimated from the We have developed an approach using isotopically se-
IR absorption spectra of GF(with allowance for the frac- lective IR multiphoton dissociation of molecules to obtain a
tion of 2CF;l molecules that have been dissociatéds a  highly enriched residual gas in a single cycle of irradiation.
value @=10. A more accurate value of the selectivity could The approach is based on the use of a pulsed molecular flow
not be determined, since the range of the measurable inteof short extent Axg<1 cm).

sities of the mass peaks in our mass spectromete . Isotopically selective IR multiphoton dissociation in a
The dissociation yield of’CF;I molecules in this experiment pulsed gasdynamic flow of short extent was investigated for
was 31,~99.8%. the case of CH molecules. Conditions were realized under

As we mentioned above, in the present experiments thehich the entire flow was subjected to laser irradiation, and
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The passage of a shock wave through a layer of bubbly liquid is considered. An exact solution is
constructed in the case of a normal screen with a pressure pulse in the form a semi-infinite

step. The results of numerical modeling by a modified Godunov method are presented for long and
short pressure pulses. ®9399 American Institute of Physid$$1063-784£9)00601-7

INTRODUCTION which, after a number of familiar manipulations, we obtain

The capabilities of bubble screens for shielding from ex-the differential equations of the mixture, which have the

. - . form of gasdynamic equations.
plosive loads, for example, are well knowr?. The interac- We shall assume that the thermodynamic parameters of
tion of shock wavegSWs with bubble screens was dis- y P

cussed in Refs. 4-6. In those papers an isothermal model g?e liquid obey the binomial equation of state

the gas—liq'u'id mediu'm was used in the analysis. However, p=(y, —1)p%,+c2(p’—p,), 2

under conditions of hindered heat exchange between the gas

and liquid, e.g., in the presence of a surfactant in the mixturévhere y, ,p, , andc, are constants which determine its

or under conditions of elevated initial pressure, and in aroperties.

number of other casésit is necessary to use an adiabatic ~ In particular, for water one hay, =5.59, p, =1000

model. Therefore, in the present paper calculations are pekg/m®, andc, =1515 m/s. The gas was assumed to be an

formed for both models of the dispersion medium. We alsgdeal gas with an adiabatic index In this case the equation

note that in Ref. 4 and 5 the calculations were continued onl@f state of the mixture becomes

up to the first shock wave transmitted behind the screen; 1 1

reverberation was not considered. In Ref. 5 the shielding po Pot Ps« ﬁ+a <p0)7 3
90 H '

%\ p+p,

effect of an inverse bubble screen was attributed to the low-  —
ering of the amplitude of the first shock wave transmitted

behind the screen. However, as is shown below, it is imposwherep, =p, 2l

sible to judge the real efficacy of such screens from the data. The speed of sound is calculated from the expression
Complete information is given by numerical modeling based 1 1
on the general equations of motion of the dispersion me- 2_Po Qo /Po+ P ﬁ+ ago<p0)7

dium. 2| v, (p+p,)| P+ ol p

-1

)

and the corresponding Riemann invariants have the form
MODEL OF A BUBBLY LIQUID

In this study we used a one-velocity, one-pressure model s=u=a(p); r=uto(p),

of a heterogeneous mixture consisting of a compressible gas- 01 o d
eous component and a liquid component. The small-scale 4(p)= f P

pulsations of the bubbles were not taken into account. The plpC pl\/_

mixture found at a given point in space was characterized by T T

(in addition to Fhe pressure and veIoOi.tayn average depsity \/ a0 /p0+ p*)ﬁJr @(@)7(1
p and a specific internal energy, which are determined v, (p+p)\ p+p, vol p p.

from the relations

5
In a number of cases one can without loss of accuracy
pe=pgegtpie;, agta=1, (1) neglect the compressibility of the liquid fraction. In that case
the formulas given above simplify &o

0 0
pP=pgtTpI=agpgtapy,

wherepQl and p; are the reduced densitiesy=p /pg and

=p,/p{ are the volume fractions, arymg andp, are the y+1
true densities. The indiceg and | denote the parameters c= COPO( “%goP ) 2 6)
pertaining to the gaseous and liquid components. P \Po— aiop

Applying the conservation laws for mass, momentum, 5
and energy to some individual selected volume of the disper-  g()=— C(po— @iop)

sion medium, we obtain a system of integral equations from (y=1po

1063-7842/99/44(1)/7/$15.00 37 © 1999 American Institute of Physics
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2¢(po—
F(p) = 2P oP) @)
where
t
PoY
goPo

is the speed of sound in the undisturbed medium.

If it is assumed that during the shock compression each ¢
component of the mixture is compressed along an individual
shock adiabat the equation for the shock adiabat in the mix-

ture becomes 0
Po_  Xs(PHP)FPotPe XPHPo ®
P O (Pot P )PP, Pxpotp’ s
where
_r~1 _¥xtl 4 A

X=FT X T

The expression for the shock adiabat in the case of an A
incompressible liquid fraction is simply

Po_ s XP+Po
p 0 T xpotp

The isothermal version of the model are obtained from
the corresponding expressions of the adiabatic theory by for-
mally settingy=1. In that case it is assumed that the gas \ R AR
temperature in the bubbles behind the shock front remains &\\\ :
constant and equal to the temperature of the liquid.

©)

----- 3¢
o%%

FIG. 1. Wave diagrams of the interaction of a shock wave with a layer of
bubbly liquid for the normalA) and inversgB) screensa — shock wave

SELF-SIMILAR SOLUTION SW,b — SW;, b’ — SWj, c — SW,, ¢/ — SW;, d — SW;, d’ —
SW5 , e— SW,, &' — SW} , f— SWg, f — SWEh — SWe, h' — SW;

Let us investigate the problem of the incidence of ag— rarefaction wavek — contact discontinuity CR k' — CD,

“long” shock wave, with a profile in the form of a semi-

infinite step with a known pressug, behind its front and

propagating through a homogeneous medium at rest with a )

volume concentration of gas in the mixtusg, and a pres- wave reflected from the layer and a shock wave; $iéving

surepy, onto a gas—liquid screen of thickndsg The frac- through the screen with a velociy,. Since the Riemann

tion of gas in the screenSs is assumed to be higher than r-invariant is constant in the first wave, we obtain, taking Eq.

that in the mediumagg> aqo. In this case the problem has a (5) into account,

self-similar solution. The parameters of the mixture behind . (Pt
the shock front, which are also identified by the subsaijpt Us—Ulzf f1(p)dp, (10
are calculated from the Rankine—Hugoniot relations together Ps
with the equation of statéB): where
— — 1 1312
vl \/(ps Pol 0" Po), f(p)= |“—g(p—> T, [Pt ’*]
@10M T Ao PsPo B e Lyplp) (PP Pt '
D= psUs ' als:&, The primes denote the parameters belonging to region
Ps—Po agol + ajoh 1* in Fig. 1a. The pressure in the incident shock wave and
behind the centered rarefaction wave are related in accor-
+p,)+Ppot +
. _ Xx(Ps* Py )+ Pot Py . A= XPo ps. dance with(3) by the expression
Xx(Pot Py)+Pst Py XPsTt Po N
HereD is the velocity of propagation of the shock wave, and  pg Ps\|” Pst Py | 7*
us is the velocity of the mixture behind the shock front. — T Qgs| 7 Is| = . (11)
P Py P1t Py«

Figure 1la shows a diagram of the shock-wave pattern arising
in the interaction. Time is reckoned from the instant that the  The system of Rankine—Hugoniot relations for §W

front of the incident shock wave touches the surface of thevhich are expressions of the conservation laws for mass and
screen. Arising at that instati=0 are a radiation rarefaction momentum in passage through the wave front, have the form
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SG ,SC

(PiC_ch)Dlzpl 1

prUID1=pi™ pi(ui)—Po,

PE_ o PotXPT PotPut Xi (PIH D)

sc %90 ¢

3 P+ xPo PI+ Py + Xx (Pot Py)

At the contact boundary between regidhand1’ (Fig.
1A) the pressure and velocity do not change, so that the
following matching conditions hold:

SC__,,! SC__ I __
upy=u;=u;, PpP;=pP1=Pz1-

From relations(10)—(13) we obtain after a number of
transformations an equation for calculating the prespyrat

the contact discontinuity:

us—fplf1<p>dp=|(plp+f°)(1

Ps 0

_ scp0+p* +X*(pl+p*)

sc XP11Po
—a -
XPoT P1

Y10 D+ Py + Xx (Pot Px)

V. S. Surov 39
(12) (P2—p1) o P1TXP2
U~ sc _aglp +xp
p1 2T XP1
_ Scp1+p*+X*(p2+p*)

1/2
LDty xu (P2 F D) }
:{(pz—po)(l_a Pot xP2
Po 9p,+ xpo
. Pot Pt xu (P2t ) ]1’2 18
Pt pe +xs (PotPe)) )

which is solved numerically. Syteaches the contact bound-
ary at the time

( :ﬁ(DlﬂDZl)
2 Dy (up+|Dy)

The subsequent reflections of the shock wave from the

13

lated in an analogous way; these occur at the times

J 12 contact boundaries of the bubble scréEig. 1A) are calcu-

Lo—Usty +(D3—uyt,
Ds;—u,

The desired root of equatiqii4) was calculated numeri-
cally by the standard procedure for solving nonlinear equa- Lo—UpTy+ (Us—Up)ta+ (Up+[Dalts

tions. The integral on the left-hand side of Efj4) was also e Us+[Dy '

evaluated numerically. After the pressyre is determined,
the remaining parameters are expressed in explicit form us-

ing Egs.(10)—(12).

At the timet,=L,/D, the shock wave S\reaches the

- Lo— Uty +(Us—Up)ta+ (U~ Ugy)tz+(Ds— U3ty
5 Ds— Uy ’

te={us+|De|} Lo~ Usts+ (Us—Up)ty+ (U~ Ug)ts

back surface of the screen, and in interacting with that sur-

face forms a reflected wave SVénd a wave SW that pen-
etrates behind the screen. For the reflected wave, 8ivich
moves through the bubble screen at a veloEiy we have

+(us—Uz)ts+ (ug+|Dg|)ts},

Reverberation of the waves in the screen is observed
until the pressures in front of the screen and behind it have

the following system of Rankine—Hugoniot equations relat-become equal

ing the values of the parameters in regidnand 2 in Fig.

1A:

(5= p1)D2=p5us—piuy,

(P3U5™ piU1) Do=p3™+ p5Tu3) %~ p1—piTur)?,

PY o PitXPE Pt Pt Xk (P3P

X911 sc

all .
Py P+ XP1 P53+ Py + X (P17 Py

For the penetrating wave S\ which separates regions
2* and0, we have the analogous system of equations

"em. ", .mn

(p1—po)D; =piui; pjuiD; =pi+ P’l/(U'i)z— Po,

Po po+xp1+ Pot Ps T X (PT+Py)

4

ago ” @0 ” .
P1 pP1+XPo PT+Px + X (Pot Py)

Figure 2 shows the time dependence of the pressure near
the contact boundary on the side of the incident shock wave
and behind the screen for various concentrations of the gas in
the liquid and in the screen, as obtained in the adiabatic
(vy=1.4) and isothermal{=1) models. The pressure in the
incident shock wave wag,=0.5 MPa, and the initial pres-
(15) sure wasppy=0.1 MPa. The thickness of the screen was
Lo=1 m. In Ref. 5 it is conjectured that 3—4 transits of the
waves are sufficient for equalization of the pressure in front
of and behind the screen. It follows from the present calcu-
lations that the number of transits of the waves depends im-
portantly on the volume fraction of gas in the screen. In
particular, we see from Fig. 2 that at a gas concentration of
10% it requires more than twenty transits of the waves in
(16) order for the pressures to become equal.

Figure 3 shows the time dependence of the concentra-

The double primes denote the parameters pertaining ttions of the gas in the screen near its boundaries on the side
region2*. In addition, it is necessary to take into account theon which the shock wave is incident and on the opposite
continuity of the pressure and velocity at the contact boundside, and also the time dependence of the thickness of the

ary between region2 and 2*:

SC__ , /M _ SC_ 1/
Uy =u;=uz, P>=pP;=p2.

screen for one version of the calculation. It follows from an
analysis of the data presented in Fig. 2 and 3 that the screen
is compressed over time, the volume fraction of gas in it is

17

After some transformations of relatior{d5)—(17), we  lowered, and the pressure in the screen tends toward the

obtain an equation for calculatinm,:

value in the incident shock wave. Note that the degree of
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FIG. 3. Plots ofagy(t) at the left(1) and right(2) boundaries of the screen
and of the relative thickness of the lay@) for the version witha =0,
ago=0.01, as obtained in the adiabatic model. The curves labeled with the
primed numbers were obtained in the isothermal model.

It should be noted that the type of gas affects whether the
isothermal or adiabatic model of the dispersion medium must
be used.

If the gas concentration in the screen is lower than in the
surrounding two-phase medium, then the interaction regime
changegFig. 1B). Such screens are called inverse screens in
Ref. 5. For this case it is impossible to construct an analytical
solution for an extended time interval in view of the non-
self-similar nature of the problem of reflection of the rarefac-
tion wave from the contact boundary of the screen. However,
for a short incident shock wave the shielding effect of the
screen can be estimated, following Ref. 5, from the ratio
p>/ps, Wherep, is the pressure behind the front of the first
shock wave after it has passed behind the screen. Figure 4
shows the calculated attenuation coefficients of the shock
wave for different values of the volume fractions of the gas
in the mixture and in the screep{=0.1 MP3 as obtained

versions with and without a gas content in the screen, as calculated in thign the adiabatic and isothermal models from relations analo-

adiabatic mode(a): ag;=0.01 (1), 0.1 (I1-1V), age=0 (I,1V), 0.01 (1),
ago=0.001 (11), and in the isothermal modé): ago=0.01 (), 0.05 (1),
0.1 (I1); agy=0.

gous to those used in the preceding problem for a normal
screen. We note that information about the real shielding
effect of inverse bubble screens can be obtained only from
numerical modeling or a physical experiment.

compression of the screen according to the isothermal model
is higher than in the adiabatic model. Ag increases, the NUMERICAL CALCULATIONS

delay time provided by the bubble screen is rapidly dimin-

ished. For example, for a shock wave with a pressure behind The foregoing analysis can be used to investigate the
the frontps;=5 MPa and propagating through a bubble-freeinteraction of a pulse in the form of a semi-infinite step with
liquid (go=0, po=0.1 MP3, for a bubble screen with a a normal bubble screen. In the case of a finite pulse and for
thickness 6 1 m and a volume gas concentration inverse screens it is necessary to integrate the general differ-
a§%=0.01(0.1) the delay time is only 220) ms. The delay ential equations of the one-velocity model of a heteroge-
time is influenced substantially by the gas concentration outheous mixture. As was shown above, bubble screens are ef-
side the screefFig. 2), as was pointed out in Ref. 5. We fective at comparatively high gas concentrations in the
note that the results of the calculation depend weakly on thecreen. In that case the compressibility of the carrier liquid
type of gas used to form the bubble scrébaobble screens can be neglected, and therefore in the calculations that fol-
using hydrogen, helium, nitrogen, and air were considered low we have used the equations
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FIG. 5. Plots ofp(x) and a(x) (1,2 calculated at the times=0.55, 5.2,
and 6.7 mga—g in the adiabatic model: the positions of the boundaries of

dp dpu dpu  I(p+ pUZ) the screen are indicated by crossgs; rarefaction waveh — SW;, ¢ —

—t —= —_—t—= SW,, ¢’ — SW5, d — SW;, d’ — SW; .

(9t (9X ’ (?t (9X 01 (19) 2, C 2 3 3

dpe d(pe+p)u 0

T ax the front of the incident shock wave touches the screen. Fig-
ure 5a—5c shows the calculated distributions of the pressure

da _ J(1-au =0. (20) and concentration of the gas at characteristic points in time

ot 2 according to the adiabatic model. Figure 6a showsp{t¢

Heree=¢+0.5u2 is the total specific energy of the mixture CUTVeS obtained in the calculation at points in front of the
and pe=pgyeq+ pie) is its internal energy per unit volume. SCréen x=0.32 m and behind it =1 m) according to the
System(19) is an expression of the conservation laws for@diabatic model =1.4). The calculations according to the
mass, momentum, and energy for the mixture as a wholdSOthermal model gave similar results.

and Eq.(20) is the continuity equation for the incompressible ~ After the shock wave interacts with the screen, the pres-
fraction. The equation of state for the gas is sure in front of the screen falls on account of the rarefaction

wave propagating to the left from the screen. The shock
p wave moves through the screen, reflecting off its walls, and
m' at each reflection shock waves are emitted on different sides
g of the screen. After a certain time has passed, the pressure to
The specific internal energy of the liquid component wasthe left and right of the screen equalizes, approaching the
assumed constant (= const). Thus the equation of state of value ofp, in the incident shock wave, in agreement with the
the mixture takes the form self-similar solution. We note that with each passage of the
shock wave through the screen the gas concentration in the
=0 . (22 screen is lower, and therefore the subsequent crossing re-
(y=Dp p quires less time, so that the frequency with which the screen
The system of equationd9)—(21) was integrated by a emits waves increase$ig. 6), tending toward a limiting
modified Godunov methotf. As we know, the Godunov frequencyw, ~D/2L,, whereD is the velocity of the shock
method uses as a mass operation the problem of the decaywéve incident on the screen.
an arbitrary discontinuity for a dispersion medium, the com-  For the inverse screen the geometric dimensions were
plete solution of which is given in Ref. 7 for the isothermal chosen the same as for the normal screen, the intensity of the
version of the model and in Ref. 8 for the adiabatic versionincident shock wave was;=2 MPa, and the fractional con-
Calculations were carried out for the problem of a shockcentrations of gas inside and outside the screen were
wave of amplitudeps;=2 MPa propagating through a gas— aé%z0.0l andayo=0.05, respectively. The initial pressure
liquid mixture with a volume concentration of the gas waspy=0.1 MPa. The corresponding curvesggt) in front
aq0=0.01 and a pressurg,=0.1 MPa and incident on a of and behind the screen at the same points as for the normal
bubble screen of thickneds;=0.4 m and gas volume frac- screen are shown in Fig. 6b. Unlike the case for the normal
tion a3‘5=0.1. The time was reckoned from the instant thatscreen, in front of the inverse screen a high-pressure zone is

Sg—

| pe
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formed which becomes washed out over time on account af;=1 ms, interacting with a normal screen:v;@:O.l,
the periodic emission of rarefaction waves to the left fromago 0.01) and with an inverted screenaag—o 01,
the screen. To the right the screen emits shock waves. As @ ,0="0.05). The calculations were carried out in the adia-
result of multlple interactions the pressure in front of thebanc model. It follows from the calculations that an Or|g|_
screen and behind it approaches the lguebf the pressure nally sinusoidal pulse will rather rapidly take on a “triangu-
in the incident shock wave, as it does in the case of thgar profile (Fig. 7) on account of the “gradient catas-
normal screen. However, the time delay provided by therophe.” Here the compression wavthe right half of the
screen is shortened on account of the higher propagation veinusoid is transformed into a shock wave in which the me-
locity of the shock wave in the screen. dium is driven in the direction of motion of the soliton. Be-
Let us discuss the interaction of short pressure pulsegind it propagates a rarefaction wave which brakes the me-
(solitong with bubble screens. The pressure pulse is genefdium and behind which the pressure is restored to its
ated near the left-hand boundary of the calculation regiomndisturbed value. It follows from the data presented above
(x=0) and is specified in the form a positive phase of thethat, together with the instantaneous lowering of the pulse

sinusoid: amplitude one simultaneously observates a growth in the ex-
) tent of the wave, so that the pulse “spreads out” over time.
P(t)=Ppo+Pm sin(wt/ty), Ost<tg, This is not due to the dissipative properties of the medium

p()=po, t>to. (22) (th_e medium |s1 idealbut is due to the gen_eral properties of
solitary waves:! We note that for the conditions under con-

Figure 7a and 7b shows the calculated data for a pressusideration, when one is investigating comparatively short

pulse with parameterp,=0.1 MPa, p,,=1.9 MPa, and time intervals, the presence of an artificial viscosity, which is
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inherent to the numerical scheme used, does not fundamen-
tally influence the character of the dependences obtained. We
also note that the reverberation effect is also observed in the 0.6+
investigated case of short waves, but is is expressed in a
much weaker form than for the long waves.

Let us compare the calculations with experiment. The L
experiments of Ref. 3 investigated the effect of a bubble
screen on the parameters of the refracted waves. A pressure
pulse was generated by detonating an explosive charge RN
above a free surface of water. The bubble screen was 0.2 m ™~ -~
thick and had a gas volume fraction of 5.2%. The air bubbles - ———
were encased in a resin envelope and were restrained from gol o 1
floating up by a thin metal framework. The pressure in front ) 4 8
of the screen was 6.7 MPa. In the screen and behind it the @yps7e
pressure was measured to be 1.7 and 2.6 MPa, respectively.

In the calculations the pressure pulse was specified to haveRG. 8. Coefficient of attenuation of the shock wave by the screen as a
sinusoidal dependend@2) with parameter,=0.1 MPa, function of ay for the e_ldiabatic(solid curvg and isothermaldashed curve

. .. models and the experiment of Ref(&ossel
pPm=7.7 Mpa, and;=0.33 ms. The amplitude of the inci-
dent shock wave near the screen was 6.4 MPa. The values afidition, for short pressure pulses the amplitude of the re-
the pressure in the screen and behind it were calculated in tifeacted wave may not be lower than in the absence of the
adiabatic model as 2.0 and 2.58 MPa, which are close to thecreen, even though the total energy of the refracted pulse is
values obtained in the experiment. We note that in the giveowered as a result of the presence of a wave reflected from
case it is necessary to use the adiabatic model of the bubbtyie screen.
liquid, since under the experimental conditions the heat The results of this study refine the data of Ref. 5, where
transfer between the gas and liquid could be neglected.  conclusions as to the efficacy of protective screens were

Figure 8 shows the calculated curves and experinéntareached on the basis of an approximate analysis and were
data for the coefficient of attenuation of the shock wave as @ore qualitative in character.
function of ay. It is seen from the figure that the isothermal | . . _
model gives substantially lower values of the attenuation co- 25/3'9' Tsetlin, R. A. Gifmanov, and V. G. Nilov, Vzryvnoe Delo, No.

. , pp. 264—-2721980.
efficient. 2A. A. Gubadullin, A. 1. Ivandaev, R. I. Nigmatuliret al, Itogi Nauki

Tekh. Ser. Mekh. Zhidk. GazofVINITI, Moscow) 17, 160(1982.
SE. I. Timofeev, B. E. Gel'fand, A. G. Gumeroet al, Fiz. Goreniya

CONCLUSION Vzryva 21, 98 (1985.
4B. R. Parkin, F. R. Gilmor, and G. A. Broud, ldnderwater and Under-

The calculations done in this study imply that the most ground Explosionsin Russiar, Mir, Moscow (1974, pp. 152-258.
efficacious bubble screens from the standpoint of shielding Ei'ZE',\%e'lfa:?)* ?ig;fzﬁgé?d E. 1. Timofeev, Zh. Prikl. Mekh. Tekh.
agamSt. shock waves are the normal |.<Ind, with a higher CON-R. I. Nigmatulin, Dynamics of Multiphase MedjgPart Il [in Russiad,
centration of gas than in the surrounding two-phase medium. Nauka, Moscow(1987), 360 pp.

For long shock waves incident on the screen the shielding72/1-9§- Surov, Zh. Tekh. Fiz68(11), 12 (1998 [Tech. Phys.43, 1280
eﬁect_ derives from a time d_elay which is due to the rever- 8V. S. Surov, Fiz. Goreniya Vzryva3, 143(1997.

berathn of thg shock wave in the screen. For a shprt shockgn, A. Rakhmatulin, Prikl. Mat. Mekh33, 598 (1969.

wave, in addition to the delay, there is also a lessening of th&V. S. Surov, Vestn. Chelyabinskogo Univ., No. 1, pp. 116—(2307.
amplitude of the wave transmitted through the screen. 11p. BhatnagarNonlinear Waves in One-Dimensional Dispersive Systems

For the inverse screen, on the contrary, the pressurelC'arendon Press, Oxford979; Mir, Moscow (1983, 136 ppl.

pulse enters the region behind the screen so@¥igr 7b). In Translated by Steve Torstveit
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A self-consistent numerical model is used to investigate the effect of electronegative impurities
on the ozone vyield in a dielectric barrier discharge with a pulsed voltage supply, and the
range of impurity concentrations giving a substantfelo- or threefold increase in the ozone

yield is established. Sulfur hexafluoride is considered as a representative component

having strong electronegative properties. It is shown that a tiny admik8kg<0.1% can have

an appreciable effect on the characteristics of an ozonator. The calculations are compared
with published experimental data and given an interpretation.1999 American Institute of
Physics[S1063-784£99)00701-1

INTRODUCTION approach is often encountered in the analysis of plasma-
. : : C hemical pr inr r n barrier di rges.
Because of wide-ranging practical applications for ozo-Chemical processes eactors based on barrier discharges

nators, the physico-chemical principles of ozone synthesi%: tthe calc_ulat|or|1 we ujed_ a se;ofﬁZO(zhdﬁtf)erent reatlctlonsf
have now been well studied both experimentally and at occurin a plasma dunng and after the burning stage o

theoretically! However, the role of gaseous impurities, the discharge and involve the participation of charged par-

which can substantially affect the characteristics of an ozoydes' excited molecules, atoms, and radicals. The rate con-

nator, has not been adequately investigated. Such impuritie‘séants of the elementary processes involving electrons were

include gaseous pollutants, many of which have strong elec@lculated on the basis of a numerical solution of the Boltz-

tronegative properties. At the present time there is much jnMann equation. A single-pulse mode was considered, when

terest in the creation of devices in which the synthesis of '€ ©Z0N€ concentration is low and its synthesis is not influ-
ozone is combined with the removal of various toxic com-enced by processes involving the production of other com-

ponents from the air. At the same time, an 0zone generatd?onems' In the calculations we used values for the rate con-
based on a dielectric barrier discharge is very sensitive to thetants of gas-phase reactions from Ref. 3 and 4 and the data
composition of the mixture of gases in the discharge gap. Ifff Ref- 5 and 6 on the cross sections for the interaction of
particular, this was noted in Ref. 2, where it was found thaf!ectrons with molecular nitrogen and oxygen. The results of
an admixture of SF<0.1% can sharplyby a factor of 2—3 the modellqg were compared W|th_ the experimental data.
increase the ozone yield per unit charge passed through the " the first stage of the modeling the results of the cal-
gap. The case considered in Ref. 2 can often arise in practicg/lations were compared with the results of the known ex-
in the purification of air to remove halogen-containing impu-Perimental papers on the synthesis of ozone in oxygen and in
rities, which are harmful components of the effluents from&- Such parameters as the amplitude of the current pulse,

various industrial processes. Thus the investigation of ozon8€ €nergy characteristics, and the ozone yield were com-
synthesis processes remains a topical problem. pared. The best agreement 80%) was obtained for ozona-

tors based on a barrier discharge with a pulsed voltage
supply?! The discrepancy is apparently due to the fact that in
all the calculations the shape of the supply voltage pulse was
The efficiency of ozone formation in air in the presencespecified as square. The agreement of the calculation with
of an electronegative impurity was studied using a selfthe experimental results of Ref. 2, in which an ozone gen-
consistent numerical model for an ozonator operating in therator with a pulsed voltage supply was also used, turned out
single-pulse mode in dry air. The modeling was done for @o be not as good.
gap with one dielectric electrode. The parameters of the gap Figure 1 shows an example of the calculation of the
were as follows: thickness of the dielectric 1 mm=(4), ozone Yyield in a self-sustaining discharge for pure air as a
length of the air gap 2 mm, air temperature 293 K. Sulfurfunction of the energy deposition in the single-pulse mode.
hexafluoride Sfwas chosen as a representative componenit large energy depositions there is a simultaneous increase
having pronounced electronegative properties. In the modeh the expenditure on the synthesis of thgr@olecule and an
it was assumed that the discharge channel is cylindrical, witlncrease in the fraction of oxides of nitrogen. At low energy
a uniform distribution of particles over the volume. Such andepositions and short durations of the discharge pulse the

MODEL

1063-7842/99/44(1)/4/$15.00 44 © 1999 American Institute of Physics
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FIG. 1. Energy yield of ozone; (1) and the ration=[O3]/[NO,] (2) as
functions of the energy depositiof. FIG. 2. Ozone yield as a function of SEoncentration in airl — 7,/ 740

(the experimental data of Ref);2 — 74/7q0, 3 — 7/7, (calculation.

efficiency of the reactor approaches the theoretical lfrhiit ) ) )

here there is a noticeable increase in the production of NO €xperiment is larger than that corresponding to the case of a
At the same time, for pure oxygen the field in a self- Sinusoidal supply voltage of the discharge cell.

sustaining discharge is close to optimal in terms of the pa- !N addition, as we see from Fig. 2, the calculated energy

rameterE/N (E is the electric field andN is the density of efficiency varies less substantla!ly than in the experlment.

particles, and therefore the expenditure on the formation ofhese two features can be explained by Fig. 3, which shows

Os is less dependent on the operating regime of the appard?€ chargeQ that has passed through the cell, the energy

tus. depositionW, the ozone concentratiqi®;], and the param-
eterE/N as functions of the Sfcontent. We see that at first
ELECTRONEGATIVE IMPURITIES IN AIR there is a sharp decrease @ion account of a decrease in

current(Fig. 4); the ratio of its decrease in relative units is
The influence of an SFmpurity on the operation of an  considerably higher than the rate of decrease of the energy

ozonator was investigated experimentally in Ref. 2, where @eposition. The ozone concentration at the output initially
single-pulse mode of excitation of the of a barrier-discharge;aries little (this is due to an increase in the field in the
cell was used. Since only the current was recorded in th@lischarge channel and an increase in the efficiency of O
experiment, the @yield per unit charge passed through the generatiop As E/N approaches the optimum value for &ir,
gap was determined from it. The change in the ozone conthe further growth ofy, slows down, and the ozone concen-
centration with time was measured from the absorption ofration begins to fall off. When the $Feoncentration is in-
ultraviolet radiation from a mercury Iamp with Wavelength creased above 1% the Va|uem1’ even decreases somewhat.
A=254 nm. For single-pulse excitation a small concentra-The authors of Ref. 2 attribute this to quenching by thg SF
tion of atomic oxygen O was formed in the reactor; thismolecule of the excited levels of nitrogen, which actively
atomic oxygen is then almost totally used up in the formatiorparticipate in the oxygen dissociation reactions. A calcula-

of Oz. Other components that might appear following re-tion shows(Fig. 5) that Sk does indeed lower the efficiency
peated applications of voltage pulses to a medium and which

are capable of influences the ozone formation process in the
reactor are practically absent. This allows one to study ex-
perimentally the influence of various impurities on the kinet- 10
ics of ozone synthesis. For example, in the given experiment
it was found that a tiny concentration of Sffess than 0.5%
can materially increase the;@ield per unit charge passed
through the barrier-discharge cell in a single pulse.

Figure 2 shows, in relative units, one of the dependences
(mq/mq0) that can be affected by an & mixture. Heren,
is the ozone yield per unit chargs,is the energy efficiency
of its formation, andy/ 5, is the energy efficiency in relative
units (740 and 77, are the Q yields in pure air. The data
points in Fig. 2 correspond to the §Eoncentrations chosen 1 1 i ]
in the experiment. In the calculation one additional value 0.0 0.5 o 1.0
was taken, for 2% Sf It should be noted that the ratio [s':s]? 76
77‘1/77‘10 phanges more sharply in the_ e,Xpe“m,em than !n th%IG. 3. The parametdt/N (1), ozone concentratio(2), energy deposition
calculation. A probable reason for this is the difference in they (), and charge passed through the discharge gdpas functions of the
shape of the supply voltage pulse. The ozone yigfglin the  SF concentration in air.
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is really going on in the plasma. For a complete foundation it
. is necessary to take into account the spatial distribution of
particles in the gap.

170 Figure 3 shows the dependenceEIN on the Sk con-

0.06

[2]
= centration in air, corresponding to the field in the channel
0.0% 5 p g
:, T g when the discharge current has reached its maximum. From
05 “i this one can judge whether the ozone yield is affected by the
e /A

quenching of triplet states of nitrogen by this molecule. Al-
though the field nearly reaches the optimum value for the
formation of oxygen radicals in air, a falloff of the efficiency
N is actually observed. As is seen in Fig. 5, the yeld in-
0 5 ) 70 75 20 creases somewhat if quenching processes are neglected.
Time, ns Besides the influence on the efficiency, electronegative
FIG. 4. Lsteady-state of the currenof a microdischarge in ail) and ina  Impurities can lead to a relative increase in the concentration
mixture of air with 1% SE (2) and the relative decay of the current at a Of oxides of nitrogen. Figure 5 shows how the total concen-
large Sk concentration(3). tration of NQ, varies in relation to the ozone concentration.
Here the increase in the NQroncentration is due to the
growth of E/N and to the increase in the rate of formation of
of O; generation to a large extent through the quenching ofitrogen radicals. The fraction of excited states of nitrogen
electronically excited states, but this process begins to béalls off as the Sf concentration increases, and, as a result,
manifested in the kinetics much earlier, when theg 86n-  the yield of oxygen radicals decreases while the rate of dis-
centration has reached only a fraction of one percent. Thisociation of N remains almost unchanged. Therefore, owing
process is what curbs the growth of the energy yield of ozoneo quenching processes the relative content of oxides of ni-
with increasing SEconcentratior{Fig. 3), although the yield  trogen will be higher than in pure air under the same condi-
continues to grow in the gap. tions.
In the calculation, as in the experiment, a declingiris Thus one can distinguish roughly three characteristic in-

observed, but its cause does not lie in the kinetics. When thg, 415 of impurity concentrations, which differ in the effect
SFK; concentration has increased significantly the breakdow%n the discharge characteristics. As the; $Bncentration

field for the gas mixture begins to approach the field eXiStingl/aries in the interval 0.05-0.5% there is a simultaneous in-

in the gap. The character of the current flow begins to Changgrease in the energy efficiency of, @roduction and in the
in a qualitative way — it begins to fall off soon after the 9y y

microdischarge is formed. In this situation the oxygen radi-Current through the gap. The efficiency in terms of current

cals are formed mainly against the background of a fa"ind’ncreases much morg rapidly because of the strpng de_crease
current, the decline of which is governed by the rate of at/N the current, but in both cases the effect is achieved
tachment of electrons to the SFolecule. In other words, through optimization of the excitation of triplet states of ni-
the reaction operates mainly under conditions of a decayin§ogen and of the direct dissociation of oxygen. The increase
plasma. In such a model it becomes difficult to interpret whain the energy efficiency, however, is less than 20%. As the
impurity concentration increases further to 1-2% the
quenching of excited states of nitrogen becomes important.
The energy efficiency of the reactor begins to decline, while
the efficiency in terms of current continues to grow for the
reasons stated above. When theg S©ncentration is in-

. creased above 2% the breakdown field for the impurity be-
comes comparable to the field applied to the gap. It becomes
difficult to form a discharge, and the efficiency in terms of
current also begins to fall.

As to the range of values of the electric field applied to
the gap for which the ozonator operates with good efficiency
. under the conditions considered, a calculation shows that it
can remain at approximately the same values used in ordi-

3 4 5 nary ozonators that use pure air as the initial des.,

[SFs] » Yo ~250Td).

It should be noted that in this paper we have not consid-
FIG. 5. Yields of ozone and of oxides of nitrogen as functions of thg SF ered questions of ozone production and impurity destruction
concentration in airl — valuc_es of g/ nqo calculated withput taking the  in 3 mode using many discharge pulses. It is clear that in that
quenching of nitrogen levels into accouit— the same, with the quench- - .
ing of nitrogen levels taken into accour®— the ratio of the ozone con- case the components of the mixture and the d'SCharge param-
centration to the concentration of oxides of nitrogen in the plasma. eter will be different.
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CONCLUSIONS yield of ozone when the concentration of this admixture

7 —3
We have investigated the characteristics of the plasma or]eache8v 107cm >,

a dielectric barrier discharge in air containing electronegative 4. Inc_re{ahsmg_ tlze ]§5|\Flcgncentrat|qn Iea(_jt?] i?} ar <a||(;alt|\;e
impurities. For the single-pulse mode of excitation of the!Ncrease In e yield o fIn comparison wi € i€l 0

discharge we were able to establish the following. ozone, and the yield of NQOs higher than when pure air is

1. As the concentration of the electronegative admixturepsed'
(SK;) varies in the interval 0.05—-1.00% there is some in-
crease in the energy efficiency of ozone formatiof the
order Of. 15% for an SFadmixture of~ O..5%). This is ac- 1B. Eliasson and U. Kogelschatz, IEEE Trans. Plasma B8k19 309
companied by a severalfold decrease in the energy deposr(lgg]).
tion, mainly because of a sharp decrease in the current derts. okazaki, H. Niva, H. Sugimitset al, Proceedings of the International
sity. This must be taken into account in the design of Symposium on High Pressure Low Temperature Plasma Chemistry

T o ; ; Czechoslovaki@1996, pp. 26—30.
ozonators utilizing a self-sustaining discharge in the presence, " Sam(ﬂov;th \? I.pgibalov and K. V. KozlovPhysical Chemistry

of eIeCtronegaﬂve impurities. ) of the Barrier Discharggin Russian, Izd. Mosk. Gos. Univ., Moscow

2. The ozone yield in terms of current increases by a (1989, 176 pp.
factor of two or three in this interval of FEoncentrations, ::\-IAL 'jﬁsiyf etdal-y Ttr- :O$ RlAlf\} 47\,/37 (T1994>.1 o, 22 (198

. . . L. eKsandrovet al., Ieplofiz. Vys. 1Temp.lo, .
while _the current itself falls _off by more (’Ehan an order of 5vu. S. Sedunovied), Atmosphere. A Handbodlin Russiaf, Gidrom-
magnitude. At Sk concentrations above 1% the breakdown eteoizdat, Leningrad1993, 512 pp.
of the gap becomes hindered, and it is necessary to comB. Eliasson and U. Kogelschatz, Proceedings of the Eighth Interna-
pletely revise the operating mode of the ozonator. auonal Symposium on Plasima Chemisipkyo (1957, pp. 730-741.

. . . D.B . Kehl . Pietsch, J. Phys. 4(1997).
3. Quenching of triplet states of nitrogen by thesSF raun, U. Kehler, and G. Pietsch, J. Phys.8, 564 (1991

molecule begins to have a noticeable effect on the energyransiated by Steve Torstveit
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Poisson’s equation is used to derive an expression for the characteristics of the Debye electron
cloud around a multiply charged particle. It is shown that the limiting dimension of the

Debye cloud(for an infinitely large charge of the particlegaries from 0.7 to 2.2 Debye radii,
depending on the geometry of the problem. A first-principles modeling of the dynamics

of many electrons moving around an immobile charged center is carried out. It is shown that a
metastable state which relaxes at least one thousand times more slowly than would follow
from the kinetic theory is established. Calculations show that in this metastabldvetata is far

from thermodynamic equilibriuithere is a detailed balance of electron transitions from a

state with one energy to another. The distribution of electrons over kinetic energy has a
Maxwellian form, while the distribution over total energy is radically different from the
Boltzmann distribution and is close to that which was established previously by the authors for a
plasma of singly charged ions. The potential distribution around the immobile charge in the
metastable plasma is obtained. 1®99 American Institute of Physid$$1063-78429)00801-9

INTRODUCTION The potentiakp and the electric fieldE in a Debye atom are

Research on plasmas in which an important role idescribed by a Boltzmann distribution and Poisson’s equa-
played by charged particles of micron si@-called dusty tion:
plasmasis of interest from both the fundamental and applied N, =N, exp(¢), div(E)=—exp¢),
standpoints:? In view of the large charge that a particulate
can take on, such a plasma becomes substantially nonideal E=—grad¢). 1)

even at a comparatively low density of particles. A nonideal |4 this section we will use dimensionless equations:
plasma of particulates, unlike an ordinary nonideal p|asma|engths are measured in units of the Debye radiys
relaxes rather slowly; it can be obtained and maintained in & (T J4me®Ny,) M2, whereNy, is the free electron densitg
nonequilibrium state by comparatively simple medesy., s the charge of the electron, afig is the electron tempera-

with a gas burner or rf dischargédt is then possible to form ture; the potential is measured in unitsTof/e, and the elec-
dusty-plasma crystals, drops, and clouds. The study of such@c field in units of To/erp.

plasma is of fundamental interest, since there is still no ad-
equate theory of the nonideal state.

A dusty plasma is often obtained in technological pro-
cesses in the production of microelectronic circuits. Its prop- 1 d
erties must be known in connection with applications, in par- ﬁ E(
ticular, to reduce the number of defective products.

In this paper we discuss certain questions relating to the  ¢(ay)=0, E(ag)=0, 2
formation of electron clouds around a particle of large
charge. We will use both analytical methods and first- : . .

spherically symmetric cases, respectively.

. . _ . _ . . - -5
principles many-particle-dynamic$MPD) simulations’ The boundary conditions are chosen so that the electric

The following treatment is limited to the simple case in .
. " . : field and potential go to zero at the boundary of the atom
which there are no other positively charged ions besides the T . . .
X : ' : =a,. Actually, the electric fieldg or potentialp is speci-
particulates. In making concrete estimates we will often be. )
. . . . ied at the surface of the particulate. The valueagfis de-
guided by the plasma parameters obtained in the experimen{s . : o .
termined in terms of that specified value on the basis of a

In the one-dimensionali.e., planar, cylindrically sym-
metric, or spherically symmetnicase Eq(1) takes the form

kd — E=
r dr(P _eXFX(P)! _dr(P:

wherek=0, 1, 2 for the planar, cylindrically symmetric, and

of Refs. 6. solution of equation$2). For the experimental conditions of
Ref. 6, for example, we seMl,=2.5x10° cm 3 and T,
DEBYE ATOM =0.146e\=1700 K. Accordingly, rp=0.002 cm, T /e

=0.146 V, andT./erp=82 V/cm. At an average particle
1) One-dimensional modelé charge surrounded by a radiusry=0.4um (ro/rp=0.02) and charge =500, we
cloud of electrons having a Boltzmann distribution will be have for the electric field at the surface of the partiElg
referred to below as a Debye atom, in distinction to aEZe/r§=4.5>< 10* Viem (Egerp/Te=550). We note that
Thomas—Fermi atom, in which the electrons are degeneratéhe valueEgrg=1.8 V (Egrge/T,=12.3) is generally not

1063-7842/99/44(1)/5/$15.00 48 © 1999 American Institute of Physics
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equal to the potentiab, at the surface of the particle; the a, a
relation betweerk, and p, is determined from the solution 101
of equationy2).

2) Planar model A planar geometry is realized in cases " ., ’_'"._-——"":__
where the radius of the particle is much greater than the ey -
Debye radius. This model is of special interest in that the -~ -
results are obtained in explicit analytical form. 01 -

Let the coordinatex=r be directed rightward, perpen- —
dicular to the charged plane, and measured from it. Since for 6.07Z l L ! ! | !

k=0 Eq. (2) does not contain explicit dependence on the a.01 0.1 7 10 100 /-70“7 /-70"
coordinate, one can make a change of variables to reduce the En

second-order equation for the potential as a function of the

coordinate to a first-order equation for the field as a function %o b
of the potentiallcompare with the problem of the screening
of a planar charge by a plasifalntegrating this equation 10+
and then the equation for the potential, we obtain explicit
expressions for the potential and field as functions of the 1
coordinate:

a1l
ag— X 2 a.01 /W ! | i 1
¢(x)=Iny 1+ ta 2 : 001 01 1 w0 wo 1-0° 1w0*
Eﬂ
E(p)=+2(exp(¢)—1). 3

FIG. 1. The size of the Debye clowg (a) and the value of the potential,

_ 2 . I’l/i— (b) on the surface of a particulate as functions of the electric figl@t the
Here ¢o= In(E0/2+ 1) and ao= ‘/EarCta EXp(QDO) 1 are, surface of the particulat@imensionless quantitiesthe solid curves are for

respectively, the potential on the plane and the coordinate afe planar geometry, the dot-and-dash curves for the cylindrical geometry
the boundary of the atom. For example, under the experitro=0.1, limiting valueay,=1.95), the dotted curves for the spherical ge-
mental conditions of Ref. 6, WitEO=552.2, one would have ometry with. fo=0.1, ay=1.34), and the dashed curves for a spherical
¢o=11.94 anda,=2.21. We note, however, that in Ref, § 920mety withro=0.01,,=0.746.

the radius of the particle was less than the Debye radius, and

the planar geometry gives a somewhat overstated valag of

(see below . o , ticle has a linear dependence BEg for any geometry.
3) Spherically and cylindrical symmetric modelss a We note that there is a certain inconsistency in the De-

rule the spherical case is realized in experiments. The cylinbye atom model for considering a charged particle in an in-

drical problem is of interest in connection with the possibil- fiite volume. Beyond the boundary of the clonta, the
ity of studying the interaction of heated fine wires. potential and field are equal to zero but the electron density

The dep(_andence (_)f the electric ﬁ‘?ld and pptential on th?s nonzero, so that the condition of quasineutrality is violated
coordinater is determined by numerical solution of equa- yhen this model is used to treat an infinite volume. This fact

tions (2). As we have said, the boundary condition is speci-.a pe jgnored when one is considering the field inside the
fied by the radiug, and chargeZ of the particle. For ex-  4i0m r<a,, provided that the electron density is much

ample, under the experimental conditions of Ref. 6, Withjager than at the periphery. In the MPD simulation the elec-

Eo=552.2 andr,=0.022, one would have,=10.18 and 4, gas is bounded by the dimensions of the “box” consid-
ay=0.8556 in the spherically symmetric case. d

Figure 1 illustrates how the boundary value of the poten-ere
tial ¢ and the sizea, of the Debye cloud depend on the
electric fieldE, at the surface of the particulate, according to FIRST-PRINCIPLES SIMULATION OF A MULTIPLY

. . . ¥ _"CHARGED ELECTRON CLOUD

the numerical solutions. We see that the cloud grows in size
as the charg&~E, on the particle increases, but that this 1) Metastable stateFor investigating a plasma of par-
growth, as in the planar case, slows sharply near the limitingiculates it is natural to use the methods of first-principles
size. The limiting size increases somewhat with increasingimulation as summarized in Refs. 3—5. A numerical solu-
radius of the particle, but the quanti&g—r is less than the tion of Newton’s equations fam electrons placed into a cube
limiting size of the planar Debye clous/2Y/2=2.221. of sideawas considered. It was assumed that the walls of the

At a sufficiently large charge of the particulate the po-cube reflect electrons specularly. A single infinitely heavy
tential ¢y on the latter is independent of its radius and isparticle of chargeZ=n=256 (it was assumed that it is a
proportional to the logarithm of its charge for any geometrypermeable charged sphere of radiug=0.01a/n?=2.1
of the problem. At larg&Z the electrons are mainly concen- X 10~ cm) was placed at the center of the cube. The initial
trated near the surface of the particulate, and therefore thdistribution of particles was assumed Maxwellian with a
relation between the potential and electric field fy>1  temperaturd=0.03 eV. Time was measured in units of the
corresponds to the planar ca&. Similarly, at smallE, the  Langmuir periodT, = 27/ (4me?Ng/mg) 2.

size of the atom and the potential on the surface of the par-
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a¥
{\'ﬂ FIG. 2. Electron temperaturgn eV) as a function
3 of time (in units of the Langmuir period The solid
© H | curve is for the ordinary calculation, the dotted
: ‘ ‘ 1 & Alay curve for a calculation with permutation of the ve-
H ! "'“f ",‘ "l plal e P TR locities of different electrons across intervals
: =0.01 (for this curve the temperature scale has
2 been expanded>%), and the dashed line is 0.3662
+0.0344t.
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As before®® the calculations showed that a metastable3b). In other words, in this stat@vhich is far from thermo-
state is established over a time0.1. The electrons in this dynamic equilibrium there is a detailed balance of transi-
state have a Maxwellian distribution with a temperaturetions. This fact, together with the fact that the relaxation
somewhat above the initial temperatufg. The metastable processes are strongly froz&ee belowallows us to regard
state is characterized by a nearly constant temperdfiyre this steady state as metastable. The presence of a metastable
=0.42 eV(Fig. 2), which is defined here as two-thirds of the state cannot be explained by the assumption that the effi-
kinetic energy. The electron distribution in the region of ciency of energy transfer in collisions of the electrons is for
negative total energies is not ascending, as would be the caseme reason much lower than would be expected from ki-
for a Boltzmann distribution, but descendi(f§ig. 33. For a  netic theory. Transitions from one energy interval to another
plasma of singly charged particles we had previously foundccur rather frequently. However, “downward” transitions
an expression that gives a good description of the results dh energy are compensated not by subsequent “downward”
all the numerical calculationghe microfield distribution®=>  transitions, as would be expected from the kinetic theory of

For a demonstration of the metastability of the steadyrecombination, but by inverse, “upward” transitior(see
state that is reached we calculated the matiit,e,c'), Ref. 5 for a more detailed discussion of this question
which gives the mean number of transitions from the energy = When a sufficiently strong stochastic signal acts on a
point £ to the energy point’ in time intervalt. The calcu- dynamical system, relaxation toward thermodynamic equi-
lations showed that it is symmetric in the steady st&ig.  librium occurs®™ For example, when the velocities of dif-
ferent electrons are permutéeixchangefacross time inter-
vals t;<<1, an intense recombinational heating of the free
electrons occurgFig. 2). This, in particular, demonstrates
that the metastable state, in spite of the detailed balance of
transitions, is not a state of thermodynamic equilibrium. In
particular, its existence cannot account for the shift of ther-
modynamic equilibrium to higher ionization on account of
elastic collisions of the electrons with the walls, contrary to
the opinion expressed in Refs. 8 andsee Refs. 5, 10, and
11 for a critique of Refs. 8 and)9

2) On the degree of slowing of the relaxaticrhe cal-
culated time for the evolution of the system is much greater

W(t,e,e’) b than the recombination time determined by the kinetic
500k l | theory. However, the recombination relaxation is almost im-
-0.77 a0.77 perceptible. Let us discuss this in more detail. According to
2-10°F the kinetic theory, the time required for a change in the elec-
tron density through ternary recombination is given by the
1-10°k expressiont,e=0.57yY% A(y)Z3. Here y=(2e?N,)¥3T,
is a parameter characterizing the degree of ideality of the
plasma; as above, time is measured in unit3 of

-2 -1.5 -1 -0.5 g 9.5 1 1.5

e/T,
— _ <0.2373
FIG. 3. Distribution functionga) and the numbers of direct and inverse A('y)= 2 nj 1+ 477')/3 Y
transitions(b) as functions of energy. a: The solid curve is the distribution of
the electrons over potential energy, the dotted curve is their distribution over 2, vy=0.2373

total energy, and the dashed curve is the exponential funCtiexp(0.23),

which approximates the decay of the distribution over potential energy. bis the Coulomb logarithnithe expression used for the Cou-
The number of direct transitions, ¢, ,—e (solid curves and inverse  |omp |ogarithm takes into account the results of the MPD
transitionse — &4, e —¢&, as a function of energy; the poingg=—0.77T, simulation for value8y>0.24) .12

ande,=0.77T, are indicated by vertical lines; the transitions were consid- L .
ered over an intervakt=0.5 and were averaged over the entire time of the For ternary recombination a heating of the electrons oc-

calculation. curs, and the rate of recombinational heating is determined



Tech. Phys. 44 (1), January 1999 A. N. Tkachev and S. I. Yakovlenko 51

by the characteristic timeTTe=T,ecl(1+b), where b

=g*/T4(0), with ¢* being the energy released per recom-

bination evenfsee Refs. 11 and 13 for details ﬁ\
It follows from the results of the MPD simulation that 701

the time required for a doubling of the electron temperature

has the va;ier,=11, while the recombination time obtained y

on the basis of kinetic theory ig..~=0.026, i.e., 400 times

smaller. Actually the difference between the results of MPD

calculations and the kinetic theo(freezing of the recombi- a1

nation is even more substantial, sineg <t... For ex-

ample, if we take as the energy release per recombination 2.01

event the energy corresponding to the particle raditfs,

=170 eV (accordingly, b=470), we obtainTZ/rTe= 1.3 a.001 | ) C t 1 §;
X 10° for the ratio of the heating time in MPD calculations to 0 0z 04 06 08 1 12
the kinetic theory result. Alternatively, if we proceed from r/y

the form of the dlsmbu“on over total energy in Fig. 3a andFlG. 4. Distribution of the potential over the radius: the solid curve is the

sete* ~107,(0), weinstead getrzerez 2x10% MPD calculation ¢,=0.01,a/2=1.35); the dotted curve is the non-Debye
3) Potential distribution For modeling the spatial distri- mOde'_VIVith an eXPOOn(e)T?”y fggaylﬂﬁ iﬁiﬁl ﬁgsii;ythaeSDae gugcr?\gge?f

_butmn of the potential in th.e r_netgstable state we _WIH use\?v(i)ttr??[t)li(iz,e;gir(f.35; an’dct)he aot?e;nd—dash curve is the Debye nsﬁlodel with

instead of the Boltzmann distribution the exponentially de~ _ 01 4 =0.75.

caying functionNg= N, exp(—e¢/eg) (compare with the mi-

crofield distribution of Ref. 3—b The rate of decay is char-

acterized byso. Measuring the potential in units afy/e, The model based on an exponentially decaying function,

distances in units of ,=(s/4me*Ng) Y2 and the electric on the other hand, gives a good description of the region of

field in units ofeq/er,,, we arrive at a system of equations near and medium distances while differing somewhat from

that differs from(2) only by a change of sign in the expo- the results of the MPD calculations at the periphery. This

nent. discrepancy is apparently due to the fact that exponential
The solution of this system of equations in the planardecay does not precisely characterize the region of small
case gives values of the potentialFig. 33.
X(p)=a(po) —ale), E(p)=v2(1l-exp—¢)), CONCLUSION
where In summary, the MPD simulations of a multiply charged
particle surrounded by a cloud of electrons show that such a
exp— @) system forms a metastable state that is far from thermody-
a(p)=—=1In . namic equilibrium. An analogous state was obtained previ-
V2 T [2-exp—p)-2V1-exp(—¢) ously by the authors for a plasma of singly charged ffs.

However, for multiply charged particles the freezing of the
recombination is much more strongly expressed. Of particu-
lar interest is the fact that in a metastable state far from
thermodynamic equilibrium there is a detailed balance of the
transitions of electrons between states with different ener
=a(po) = (1/2)In(2)pp=0.341p for go>1. __values. It is possible that the formation of dusty-plasma cry?—/
In the spherically symmetric and cylindrically symmetric tals, drops, and clouds occurs for a metastable state. This

cases, as for the case of the De_bye_cloud, t_he CorreSpO_nd'%estion needs additional study, including an analysis of the
relations are found by a numerical integration of equation

analogous tq2).

A comparison of the results of the MPD simulation with ,
the Debye and non—Debye model of the electron cloud ShOWéV' E. Fortov and I. T. YakubowNonideal Plasmdin Russiar, Energoat-

. omizdat, Moscow(1994), 368 pp.

that the_calculaﬂpn; correspond better 'Fo Fhe.non—DebyeN_ N. Tsytovich, Usp. Fiz. Nauli67, 57 (1997.
model (Fig. 4). This is natural, since the distribution of the 3s.A. Maorov, A. N. Tkachev, and S. I. Yakovlenko, Usp. Fiz. Nai6d,
density in the interior of the Debye cloud differs radically 4297 (1994.
from the results of the MPD calculatiotiexponential decay (Sl'g'g'a'\"ayoro"' A.N. Tkachev, and S. |. Yakovlenko, Phys. Sidr.498
instead of expo_ner_mal growth l_f one takesaoz al2, t_he SA. N. Tkachev and S. I. Yakovlenko, Izv. Vyssh. Uchebn. Zaved. #.
Debye model will give a sharp increase in the potential at a No. 12(1997.

distancer ,=0.1, which does not agree with the MPD calcu- 6:1/65&12%%0\[/3 gppé"l\lezfgg?\l/ég_o-f- Petrat al, Zh. Eksp. Teor. Fiz111,
lations. If, on Fhe other hand, one taKQ)StQ correspond to . 'D. V. Sivukhin, Reviews of Plasma Physjcvol. 4, edited by M. A.
the smallest distance _Of the MPD calculation, then the radius | eontovich[Consuiltants Bureau, New Yorld968; Atomizdat, Moscow
of the Debye cloud will be significantly smaller thar. (1964].

We note that in this case, unlike that of the Debye cloud
the coordinate of the boundary of the electron claag
=a(ppy) can be arbitrarily large; the size of the cloud in-
creases linearly with the potential at the particlagg

Snteraction of Debye atoms.
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Choice of conditions of an electrical discharge for generating chemically active
particles for the decomposition of impurities in water
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An electrical discharge between a liquid surface and an electrode positioned above it is
considered. A second electrode, which delivers the output from a high-voltage source, is located
at the bottom of the vessel containing the liquid. The conditions that must be met by the
electrical discharge in order to efficiently initiate reactions in the liquid phase are analyzed. Under
these conditions the number of active particles generated by the discharge turns out to

depend on the concentration in the liquid of the substance with which the active particles interact.
It is shown that for a corona or spark discharge the reactions can occur in a liquid layer

10-20 mm thick and that for specific reactions there exists an optimum value of the electric field
at which the energy expenditures on the initiation of the reaction will be minimum.

© 1999 American Institute of Physidss1063-784£99)00901-0

INTRODUCTION was closed by a Teflon stopp&2, which had an opening for
tge insertion of the discharge electro8ewhich was posi-

The plasma of an electrical discharge can be used ast d ab th ; fthe liquid. and t | tubes t
source of excited particles for initiating chemical reactions loned above the surtace of Ihe fiquid, and two glass tubes 1o
permit blowing air through the vessel. Air was blown

on industrial scaleSDifferent possibilities for generating ac- th h for th f maintaini ant .
tive particles have been discussed in the literature. For initi-, rough for th€ purpose of maintaining a constant composi-
on of the gas over prolonged operation. The blowing rate

i tions in th hase th 'Idthfll'qtl!v . .
ating reactions In the gas phase these IHeiude the Tolowin as ~0.5 cni/min. The discharge electrode, made of 0.2

an rf discharge in air at low pressifreelectron-beam lati . ted | insulator. Th
initiated? corona® and glow discharges at atmospheric pres- ' Platinum wire, was mounted on a giass nsulator. The
thickness of the liquid layer in the vessel was varied from 5

sure, and a pulsed streamer dischdrgar initiating reac- :
tions in a liquid the choices include a glow discharge at Iowto 30 mm(for the given area of the base of the vessel, the

gas pressure above the liquid surf&8awhich is known as height of the liquid layer in millimeters is numerically equal

electrolysis in a glow discharge, a pulsed discharge in th OArtrll\e/VOIUHIje Ic_>f thedlléqu;(:] n T'”'t“t%r)s A;ll/olta%e obeﬁ tot
liquid,® ozonation*®!! and ozonation with blowing of a gas was delivered fo the electrodes through a ballast re-

containing singlet oxygen through the liqd# sistance of 11 9 in the discharge electrode circuit. The

In Refs. 13 and 14 a new approach to the problem ofverage current was measured with a milliammeter in the
initiating reactions in a liquid using active particles formed contact electrode circuihot shown in the figuje The shape

in the gas phase was proposed, based on the use of a 8Ethe current pulse was observed on an oscilloscope con-

discharge at high electric field and low current density. Un_?e(cjted_acrgsls azhleg of a_ress;uve d_|v_|?etr_ n thfe COTaCt ?Ifc'
der these conditions there is an electric field in the liquid rode circuit. In the experiments on iniiation of réactions the

itself. The term “electrodeless” was proposed for the newd'v'?e(; tvvas rengjot\;]ed, ar??hthe .ﬁ.ontacttelec:‘rt;]ode wagt con-
type of reactions initiated under these conditions. nected to ground through the mifiammeter. 1he capacitance

In the present paper we consider the conditions unde?f,the discharge electrode relative to ground ranged from a

which active particles generated in the gas phase can efffinimum value of a few pF, due to the capacitance of the
ciently initiate reactions in the liquid. We present experimen—mountmgs’ up to 0.02xF.

tal results which illustrate the possibilities of this new ap-

proach to the problem. CONDITIONS OF THE ELECTRICAL DISCHARGE

1) Concentration of active particlesd.et us review the
requirements on a discharge intended for initiation of reac-
A block diagram of the experimental apparatus is showrtions in a liquid for the specific example of a two-particle
in Fig. 1. The discharge took place in a cylindrical glassreaction. Suppose that active radicBls are generated in the
vessel13 having a base area of 10 énand a height of gas volume and that the liquid contains a substaBcénhe
36 mm up to the level of the stopper. In several experimentiteraction of which with the radicalR®* is the topic of
we used a vessel of similar shape but with a volume of 300nterest. Then, as was shown in Ref. 15, the reaction rate will
ml. A platinum wire electrode of diameter 0.2 mm was in- be given by the relationv;=Ak;[ B][R* ], wherek; is the
serted through an opening in the bottom of the vessel, makeaction rate constam is the relative thickness of the active
ing contact with the liquidcontact electrod®). The vessel layer of the liquid, i.e., the layer in which the interaction of

EXPERIMENTAL CONDITIONS

1063-7842/99/44(1)/6/$15.00 53 © 1999 American Institute of Physics
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2) Dimensions of the gas cavityet us consider the
6 requirements on the volume of the gas phase and shape of
the gas-containing cavity. Suppose that some nurRijeof

[j5 _d radicals are formed in the volume per unit time during the

=, = electrical discharge. Their density will §&51/Vy, where

7 - . ;

! Vg is the gas volume. The loss of radicals will occur at a rate

n 7 kz([Rg]/Vg)z, and their consumption in reactions in the lig-
” ’ uid will occur at a rateAk,[B]([R5]/V,). Condition (1)

72 becomes

7

ky
[R3]<A[B]k—2vg. 2

It follows that at a given rate of formation of active
radicals one can always choose a volume of the gas phase
small enough that conditiof2) cannot hold, and the radicals
formed will be lost predominantly in interactions with one
another, i.e., the volume of the gas cavity must not be too
small, and in particular cases it may be necessary to increase
it.

If particles are lost at the wallghis pertains primarily to
particles in excited statgghe fraction of the particles lost in
the case of a gas volume in the form of a cylinder of radius
r and heighth will be

FIG. 1. Block diagram of the experimental apparatlgl — tubes for 1

blowing air; 2 — the liquid to be treated3,4 — resistances of 160(k (3) h
and 470 K) (4); 5 ballast resistance of 11 f¥; 6 power supply(1-14 kV); 211+ —
7 — capacitance of the discharge electrode relative to gro@mtischarge r

electrode9 — contact electrodel0 — oscilloscopel2 — Teflon stopper; )
13 — glass vessel. Hence we see that the volume of the gas cavity must be

increased by enlarging the radius while keeping its height to

a minimum.
the radicals from the gas phase with the substance dissolved 3) Mechanism of mixing of the liqui@ince the reaction
in the liquid occurs. Calculations shdwthat in the case of takes place in a thin surface |ay]érij; is necessary to provide
water the absolute thickness of the active layer-80um.  an effective mixing of the solution during the reaction as the
The calculations in Ref. 15 were done for conditions suchsybstance is consumed in the surface |ayer_ By diffusion
that the reaction occurs in a layer of thicknésand that as  alone the mixing of the liquid would occur slowly. To speed
the substance is consumed in that layer it is replenished so &p the mixing an electric field was used. For this purpose a
always to maintain a constant concentration over the entirgecond electrode was placed on the bottom of the vessel. The
volume of the liquid. electric field created by the flow of a dc discharge current of

The active radicalR* formed in the gas phase can be no more than 1 mA can reach values no higher than 1 V/cm.

consumed in interactions with one another, forming inactiveat such a field strength the drift velocity of the ions+€0.3
products, with a ratev,=k,[ R*]°. In order to avoid appre- mm/min(Ref. 16, i.e., the mixing of a layer of solutiof 10
ciable losses of active particles it is necessary to maintain theym thick will occur over a time of the order of 30 min.

conditionw,<wj, or 20 If the discharge is pulsed, then at the given applied volt-
Ky ages the voltage drop across the layer of liquid at the instant
R* ]<A[B]—, (1) of breakdown will be from hundreds of volts to a few kilo-
k
2

volts. Then the electric field in the liquid will be hundreds of
i.e., in order that the active radicals be expended mainly otimes greater than in the dc current, and the characteristic
the interaction with the impurity contained in the liquid, their mixing time of a~ 10 mm layer will be of the order of 10 s,
concentration should depend on the impurity concentratiosince the drift velocity of the ions is proportional to the elec-
and be rather low. Assuming that the thickness of the liquidric field,*® which in this case has a pulsed character.
layer to be treated is 20 mnfrelative thicknessA=2.5 An additional factor that improves the mixing of the lig-
x 10" 3), settingk;=k,, and taking the impurity concentra- uid is the “electric wind,” which is of an unsteady charac-
tion as[B]~10"2 mole/l, we obtain the conditiofiR* ] ter and causes a funnel-shaped depression 2—3 mm deep to
<2.5x10 ® mole/cn?, or, in other words, the density of form on the liquid surface opposite to the discharge electrode
radicals must be much less thant3particles per cubic cen- during a corona discharge.
timeter. Such a particle density is typical for the weakly ion-  4) Thickness of the liquid layel.et us estimate the
ized plasma of a corona or low-current spark dischécge-  thickness of the liquid layer that can be mixed during the
rent~1 mA). reaction. The mixing mechanism will be assumed to be due
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to the passage of electrical current pulses through the liquicchannel that would short the discharge gap, and the ampli-
The current is created by charged particles falling on thdude of the pulse at the surface of the liquid is of the order of
liguid during the discharge and moving through the liquid in100—200 V. Thus in order that the pre-breakdown streamer
the direction toward the electrode placed on the bottom obf the flashy corona not lead to the formation of a glow
the vessel. During a spark discharge the part of the surfacdischarge, it is necessary to have a large enough capacitance,
on which the spark falls has an area-el mn?. The charge the discharging of which will provide a current pulse that
that has landed on this area during the pulse creates a potgprecludes the establishment of a dc regime. If the capacitance
tial of up to 5 kV relative to groundas was shown by direct is increased further or the charging voltage increased appre-
measurements of the voltage amplitude using the divdgér ciably, the charge stored in the capacitance will be sufficient
in Fig. 1). The motion of this charge creates a voltage distri-for the formation of a spark channel, and the corona will
bution inside the liquid. The voltage that falls across thebecome unstable and will easily pass over to a spark, the
liquid layer during the passage of the current pulse will berepetition frequency of which will depend on the time con-
determined by the resistance of that part of the liquid througtstant for the charging and discharging of the capacitahce
which the charges move. As the region containing the groupéf ~100—1000 Hz. The maximum electric field attainable in
of ions transporting the charge sinks deeper into the liquid, i® spark discharge under the given experimental conditions
will expand on account of the scattering of the ions on mol-(the limitation on the average discharge curjeatns out to
ecules of the liquid, the resistance of the liquid layer will be approximately one-half as large as for the corona dis-
become smaller, and the voltage drop will decrease. If th€harge.
region occupied by the ions is cone-shaped, with its apex at
the point where the spark fell, the voltage drop will be pro-
portional to 142, whered is the depth of the liquid layer. At
a voltage on the discharge electrode of 5-10 kV, the thick- 1) Bleaching of a solution of potassium permanganate.
ness of the liquid layer that can be efficiently mixed duringThe influence of the discharge characteristics on the produc-
the reaction can be 10—20 mf@at such a thickness the volt- tion of a reaction in a liquid was investigated for the bleach-
age on the liquid layer relative to ground decreases practing of an aqueous solution of potassium permanganate. A
cally to zero. possible mechanism of the reaction is the interaction of po-

5) Mode of the electrical discharg# follows from what  tassium permanganate with hydrogen peroxide and nitric
we have said that an important factor in producing a reactioracid formed in the gas phase. Without dwelling on the details
in a liquid by means of an electrical discharge is that theof the reaction mechanisfwhich was always the sarydet
discharge have a pulsed character. For observation of thes discuss the dependence of the bleaching time on the thick-
shape of the current during the discharge we used the resiaess of the liquid layefthe thickness relates to the diffusion
tive divider 3,4 and oscilloscopd0 (Fig. 1). of particles and the mixing of the solutiband the discharge

A corona discharge was observed under the conditionparameters that govern the yield of the active particles in-
of the present experiment at discharge voltages betweerplved in the given process. In a control experiment it was
7 and 14 kV at the same distance from the surface as in thi@und that complete bleaching corresponds to the decompo-
spark or glow discharge. The actual distance to the liquidition of over 99% of the initial KMn@Q. We measured the
was somewhat larger, since a funnel-shaped depression 2+tighe required for complete bleaching of a KMp&olution to
mm deep formed opposite the electrode on the liquid surfacthe vanishing of all traces of color and the vanishing of the
on account of the “electric wind* The electric field inten- sediment. The error in the determination of the bleaching
sity reached~5x 10 16 V/cm? (50 Td). A pulsed character time was not more than 10%. Figure 2 shows the dependence
of the corona current was observed at voltages not stronglgf the bleaching time on the thickness of the liquid layer for
exceeding the threshold for ignition of the coronathe case of a definite concentratié®.8x 104 mole/l of
dischargé,” and with further increase in voltage at a small KMnO,, curve 1) and for a definite and equal amount of
capacitance of the discharge electrode relative to gréahd KMnO, in solution (3.8x 10" ¢ moles, curve?); in the sec-
the order of a few picofaragithe discharge went over to a dc ond case the thickness of the layer was regulated by adding
glow discharge with a quasineutral plasma column, as wawater. It is seen that at a layer thickness of 20—25 mm the
observed in Ref. 18. bleaching time of a liquid containing 3810 % moles

To preserve the pulsed character of the corona dischargéMnO, begins to increase, and the bleaching time of a so-
current, which affords the highest electric field, it is necesdution with a concentratiof KMnO,]=3.8x10 4 molel/l
sary to increase the capacitance of the discharge electrodegins to grow more sharply. It follows that over the time of
relative to ground to tens of picofarads. Then the pulsedhe reaction there is effective mixing of a layer20 mm
discharge of the capacitance will lead to an increase in théhick. If the same discharge is carried out with both elec-
current, producing a voltage drop across the discharge gaprodes above the surface of the liquid or both completely
The voltage drop violates the conditions for a self-sustainingmmersed in the solution, then over a time of 20 min there
discharge, and the discharge current falls. The pulsed voltageere no noticeable changes in the coloring of the solution.
drop prevents the further development of the discharge, an@hen the discharge went over from the pulsed regime to a
the corona therefore becomes “flashy/'with a repetition  dc glow discharge regime there was likewise no change in
frequency~ 100 kHz. The capacitance and the charge storedhe color of the solution over 20 min.
in it are not yet sufficient for the formation of a distinct spark Figure 3 shows how the bleaching time of solutions with

EXPERIMENTAL RESULTS
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FIG. 2. Bleaching timdt) of a solution with a concentration of 3810~ *

mole/l KMnO, (1) and a content of 3:810°° mole KMnQ, (2) as a func-  FIG. 4. Bleaching time(t) of 10 ml of a 3.8<10 * mole/l solution of

tion of the volume of liquid b is the height of the liquid layer KMnO, (2) and the voltaggU) across the gagl) as functions of the
electrode—liquid distance. The discharge current was 0.5 mA, and the
polarity of the discharge electrode was positive.

layer thicknesses of 10 and 20 mm\at#-12.2 kV, =0.5
mA depends on the amount of KMpQ@ontained in it. We

see that the bleaching time remains constant as an equgls \ojtage applied to the gap and not on the power in the
amount of watGer is added to 10 ml of a solution containinggischarge(in the arc discharge, as can be seen from Table I,
from 1.9<10°" to ~2.3x<10 5_ mole KMnG,. This indi-  yhe hower is twice as high as in the spark discharge, but the
cates that the layers of solution 10 and 20 mm thick argyeaching time is substantially longefThus in the case of
mixed with equal effectiveness. KMnO, there exists an optimum value of the electric field,

Fig_ure 4 shows how th£a4voltage across the gap and thg, q the efficiency of the reaction falls off if the field is raised
bleaching time of a 3.810"" mole/l solution of KMNQ 4. |qwered from that value.

with a volume of 10 mi(@ liquid layer thickness of 10 MM 1pe hickness of the liquid layer in which effective mix-
depends on the electrode-liquid distance in the case of POSfq of the solution occurs under the influence of the electric
tive polarity of the voltage on the discharge electrode and &fie|q \as determined experimentally. For observation of the
a current'of 0.5 mA. It is seen that as the electrpde—lqu|drnixing of the solution we did an experiment on the bleach-
distance increases, the voltage across the gap increases jjy of 4 250 mi volume of liquid with a layer thickness of 80
approximately a factor of 2 and the bleaching time decrease$,y, in the case of a positive polarity of the voltage on the
by approximately the same factor. Comparing this result Wiﬂblectrode, a current of 0.5 mA, and a voltage across the gap

the data of Table I, which gives the results of an observation 4 3 v After 12 min of reaction a layer 10 mm thick was
of the bleaching of a solution in different discharge regimesy|a5ched and after 50 min a layer 20 mm thick. The entire
we can state that the reaction is determined by the yield of | tion \;vas bleachechi4 h 10min. As the voltage was

particles in the electric field of the gas gap and depends Op,iseq the bleaching time of the upper 10-mm-thick layer

was shortened, while the bleaching time of the entire volume
remained practically unchanged. From this we see that under
these conditionsi.e., for a large liquid surfagethere is ef-
fective mixing of an upper layer 10 mm thick.

As we have said, when a spark falls on the surface of the
liquid, a current pulse arises in the liquid, and the potential
distribution inside the liquid depends on its conductivity. If
the conductivity is increased the potential inside the liquid
will fall faster and the mixing of the liquid will be slower.
For an illustration of this assertion we did an experiment in
which a 20 ml volume with a layer thickness of 20 mm was
“aor bleached in a spark discharge, with a voltage across the gap
L of 9.5 kV, a current of 0.5 mA, and a concentration of 3.8
0.00 X 10°% mole/l KMnQ, in distilled and in tap water. The
A ] [N N S N N FUUE R R R . . .
0.00F+0 5.0066 1.00E<5 150E5 2.0065 2.50F- resistance of the solution was100 k) for the solution in

z, mol distilled water and~9 kQ for the tap water solution. The
FIG. 3. Bleaching timét) of a solution in volumes of 10 mdashed curve tOtal_ blea(_:hlr,]g time of the S,o“mcm n d,lsn,”ed water was
and 20 mi(solid curvé as a function of the KMn@concentratiorx in the 4 Min, while in the tap water it was 17 min, i.e., the bleach-
solution. ing time increases as the resistance of the solution decreases.

BO0
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TABLE 1. Bleaching time of a 1.8 10 * mole/l solution of KMnQ for different regimes of the electrical
discharge in the case of positive polarity of the voltage on the discharge electrode.

Discharge characteristics

Form I,m V,kV P,W Findings Energy deposition, J
Corona 0.05 9.5 ~0.5 Slight bleaching of solution after 30 h 157

Spark 0.5 8.5 ~4.25 Complete bleaching of solution after 4 min 0.28J

Arc 5 2 ~10 After 20 min color diminished, although 3.33J

sediment remained in corners of vessel

2) Decomposition of potassium cyanid®e investigated rent density was demonstrated in the following experiment.
the decomposition of a solution of KCN with a cyanide con-We took 20 ml of a KCN solution having a concentration of
centration CN]=40 mg/l, pH=9.5 (Ref. 19. The reaction 30*=1 mg/l. The decomposition of the the cyanides was car-
was produced in the same vessel as for the Klyla@ution.  ried out in a spark discharge regime at negative polarity of
To trap the vapors of hydrocyanic acid an absorber containthe voltage on the discharge electrode and at a mean current
ing a 0.1 M solution of NaOH was placed in the gas outlet.of 0.5 mA. After a 2-hour treatment the residual cyanide
When the reaction had ended, the cyanide content in theontent was 171 mg/l. Then the capacitan@e(Fig. 1) was
absorber and in the reaction vessel through which the eledncreased to 0.02F. Here the mean value of the current
trical discharge had passed was measured by an argentomdtd not change, but the character of the discharge did. Its
ric method. The flow rate of cyanide when the reaction wagepetition frequency becamel10 Hz. At a constant value of
going was taken as the difference of the initial cyanide conthe average current, this means that the in-pulse value of the
tent in the first and second vessels after the reaction. current increased. After a 2-hour treatment in such a regime

The cyanide decomposition reaction was carried out fothe cyanide content became 22 mg/l. We see from this
1 h. The temperature of the reaction vessel during the read¢hat as the discharge current density increases, the efficiency
tion was maintained constant at a level of 20—-21 °C. Theof cyanide decomposition decreases, even though the energy
volume of the initial solution was taken the same each timeaeleased per unit time in the spark gap remains the same.
(20 ml). The reaction was carried out at negative polarity on
the discharge electrode for the different regimes of the elec-
trical discharge(corona, spark, ajc The results of the ex- CONCLUSIONS

periment are presented in Table Il. The reproducibility of the  \we have shown that when using active particles formed
results at the same value of the current was 3% or bettefy an electrical discharge in a gas to initiate chemical reac-

These results indicate that the highest degree of decomposjpns in a liquid, it is important to satisfy certain conditions:

tion of cyanides is observed for a corona discharge, when th) the concentration of the active particles generated should
current and number of electrons flowing in the circuit arépe related to the concentration of the dissolved impurity with
minimal. For the spark and arc discharges the degree of dgynich it will interact; 2 the gas density above the liquid
composition is substantially lower than for the corona dis-g;iface should have minimal height) ge electrical dis-
charge, and changing the current for a given form of diS¢parge should be pulsed) the thickness of the liquid layer
charge did not change the degree of decomposition of thg, yhich a reaction can be initiated is not over 20 mm.
cyanides. For example, in the case of potassium cyanide the ¢ experiments done indicate that there exist optimum
highest efficiency of decomposition is observed at the maXidischarge conditions for producing specific reactions.
mum attainable electric field.

As the discharge current density increases, the electric
field falls off on account of screening of the external field by 1D. N. Andreev,Organic Synthesis in Electrical Dischargfis Russian,
the space charge. The influence of the space charge on thedited by. A. D. Petrov, Izd. AN SSSR, Moscow-Leningfa853, 334

ici - iti . PP
efficiency of cyanide decompositiddependence on the cur 2K.'s. Klopovski, A. S. Kovalev, D. V. Lopaewet al, Fiz. Plazmy18

1606(1992 [Sov. J. Plasma Phy48, 834(1992].
3N. G. Basov, V. A. Danilychev, V. I. Pantele@t al, Dokl. Akad. Nauk
TABLE Il. The fraction of undecomposed cyanides after a 1-hour treatment SSSR233 839 (1977 [Sov. Phys. Dokl22, 213 (1977)].
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585 (1999. .
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Spark 0.5 60 8V. I. Pavlov, Dokl. Akad. Nauls5, 37 (1947).
1 56 °A. P. Shvedchikov, EV. Belousova, A. V. Polyakovat al, Khim.
Arc 3 77 Vysokikh Energi 27, 63 (1993.
5 75 10y, F. Kozhinov and I. V. Kozhinov, irDzonation of Watefin Russia,

Strdiidat, Moscow(1974, p. 21.



58 Tech. Phys. 44 (1), January 1999 I. M. Piskarev

113. Hoigne, in Process Technology for Water Treatmemtdited by 16y, V. Skorcheletti, Theoretical ElectrochemistryGos. Nauchno-Tekh.

S. Stucki, Plenum, New Yorkl988, p. 121. Izd. Khim. Lit., Leningrad(1959, 87 pp.
12yu. A. Kulagin, L. A. Shelepin, and V. N. Yaryga, Tr. Fiz. Inst. Akad. 7Yu. P. Razer, Gas Discharge Physic§Springer, New York(1997)
Nauk 218, 166 (1994). Nauka, Moscow(1992, 438 ppl.
13|, M. Piskarev and A. |. Sevast'yanompstracts of the Sixth International  18yu. S. Akishev, A. A. Deryugin, I. V. Karalniket al, Fiz. Plazmy20,
Frumkinsk Symposium “Fundamental Aspects of Electrochemidfiiry” 571(1994).
Russiar, MGU, Moscow (1995, p. 138. 191, M. Piskarev, A. E. Rylova, and A. |. Sevast'yanov, NIlYaF MGU
41, M. Piskarev, A. E. Rylova, and A. |. Sevast'yanov, Elektrokhim82 Preprint No. 94-13/335in Russiafd, Scientific-Research Institute of
895 (1996. Nuclear Physics, Moscow State University, Mosceh@94).

151, M. Piskarev and A. |. Sevast'yanoecond International Congress
EKVATEK-96 Moscow(1996), p. 364. Translated by Steve Torstveit



TECHNICAL PHYSICS VOLUME 44, NUMBER 1 JANUARY 1999

Numerical calculation of the rate of strain of interstitial solid solutions under irradiation.
I. Model of radiation creep
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A model of radiation creep of interstitial solid solutions is developed on the basis of the
combined motion of dislocations, including their glide and climb past obstacles. The obstacles
considered are forest dislocations and pileups of radiation-induced point defects. A
computational formula for the rate of strain is derived which describes creep at high stresses,
when the gliding dislocations overcome some of the barriers by force, and a method is
described for determining the average distance traversed by a dislocation in the glide plane under
the influence of the stress until it is stopped by barriers. The results are compared with

those of other authors. It is shown that the formula obtained for the rate of strain goes over in
particular cases to those given by the previously known SIPA, Gittus—Mansur, and
glide—climb models of radiation creep. @999 American Institute of Physics.
[S1063-784299)01001-9

INTRODUCTION direction it is necessary to have a quantitative theory of the
processes described above.

In developing radiation-resistant metallic materials one It should be stressed that by now there has been most
is faced with the problem of choosing the optimal elementaimpressive progress made in our understanding of processes
composition of the alloys, for it is well known that the ad- involving the behavior of impurities in substitutional
mixture of even a small amount of impurities can lead toalloys® There has been much less study and progress in
substantial changes in the physicomechanical properties, inderstanding the effect of impurities on the rate of
particular, the rate of radiation-induced str&if. Therefore, radiation-induced strain of interstitial alloys, since the short-
the efforts of many investigators have been directed to eluage of reliable quantitative data in the world literature as to
cidating the mechanisms by which impurity atoms influencethe qualities that govern the mobility of impurity—IPD com-
the course of physical processes in irradiated materials. AlPlexes in such alloys and on the binding energies of intersti-
though there are still many questions that have not been rdial impurities with IPDs in mobile and immobile complexes
liably answered, a number of fundamental aspects of th@akes it difficult to develop a theory. Theoretical investiga-
problem are now understood. In particular, the differentOnS hgve been star.teq fOr only one aspect of th.e'effec'F of
channels through which impurities affect radiation creep andmpurities on the radiation-induced strain of interstitial solid

swelling have been identified and discus&etiLet us note solutions — the influence of impurity atmospheres around
those which, in our view, are of greatest interest dislocations and voids on the rate of radiation creep and

; 11
First, impurity atoms can act as traps for interstitial at_swellmg.

: : : : In previously developed models of radiation cr&ep’
oms and vacancies to form stable and relatively immobile . . . .
. only mobile IPDs are taken into account in the calculation.

qilevertheless, in order to do a comprehensive investigation
diation-induced strain. S q i y " and to find out how impurities affect the rate of strain of
radiation-induced strain. second, segregation ot Impurities %terstitial alloys under irradiation with all the aforemen-

sinks (dislocations, voids, (—;-t):.can alter. th? efficiency of tioned channels taken into account, it is necessary first of all
capture of IPDs by these sinks, and this directly affects thg, paye 5 generalized theoretical model of radiation creep,

rate of strain. Third, impurities can join with vacancies and,yhich would explicitly take into account the possibility that
interstitial atoms to form complexes having a high mobility. jyerstitial atoms and vacancies can migrate to sinks as con-
Thus interstitial atoms and vacancies acquire an additionalt,ents of mobile impurity—IPD complexes. This is the sub-
channel of migration to sinks as part of these complexes, a”j@ct of the present paper. In addition, we discuss methods of

rate of strain. the rate of creep.
As we see, the influence of impurities on the rate of

radiation-induced strain of irradiated metals is multifaceted.
. : i . . MODEL OF RADIATION CREEP
By varying the type and concentration of introduced impuri-
ties, one can in principle achieve a retardation of the creep As an object of study we consider a model metallic
and swelling. However, in order to take practical steps in thissample with a cubic lattice containing edge dislocatidns

tion of intrinsic point defectgIPDs) and reduce the rate of

1063-7842/99/44(1)/7/$15.00 59 © 1999 American Institute of Physics
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voids h, and interstitial impurities, which are characterized narily taken either as the average dimensidnof an
by sample-averaged densitigg, N}, andC;, respectively. obstaclé®!’ or half of that,A/22¥-2°and »{¥ is the climb
We assume that the sample is under irradition at an intensityelocity of dislocations with Burgers vectors oriented along
G in displacements per atom per secdidgpa/g and under the x, axis. According to Refs. 14, 16, and 20, for pure
tension along the; axis of the Cartesian coordinate systemmetals in which the intrinsic point defects (p=1 denotes
in the laboratory frame. In this coordinate system the stresan interstitial atomB8=V a vacancy are found only in the
tensor has a single nonzero componeft. The components free state and there are no complexe8 (impurity—
of the stress tensor in the system of coordinates; ,X,,X3 interstitial-atomil and impurity—vacancyV), the climb ve-
tied to the crystallographic directiofi%00], [010], and[001]  locity v'¥ is determined by the difference of the numbers of
of the sample are expressed in termss9f as follows: interstitial atoms and vacancies reaching a unit length of a

T T g 1 ope k dislocation per unit timel®—1(} . In our case this

A expression must be supplemented with the differerfe

where the matrix elementE;; are the direction cosines be- —Ii(\'}) in the fluxes of impurity—interstitial-atom and
tweenx; (j=1,2,3) and the axis of tensiof . impurity—vacancy complexes within which the constituent

Let us assume that the dislocations contained in théPDs migrate to the dislocation. Thus the expressiorvftt
sample are rectilinear, oriented along the axgsand have becomes
Burgers vectors lying along these axes. The dislocations can
be divided into three families with densitip§’ , equal to 1/3 U(k>:9(| (k) 0 (0 _ (k) 4
of the total dislocation densityy. © b ! Vo

The shear components of the stress tensgr(k+1) 1
(which we will denotery;) will cause the dislocations lying = B[Zl(k)D|C?+ z¥D; cl-z¥D,CcI-z¥D;yC3 1,
in planes normal to the, axis and having Burgers vectors )
oriented alongx, to glide in the directiornx, until they are
stopped at obstacles. The diagonal componeptaffect the  where() is the atomic volume and is the modulus of the
climb velocity v of these dislocations through the stress-Burgers vector.
induced dislocation preferené&!® In going from Eq.(4) to (5) we have used fot$y and

At sufficiently high shear stresseg, a dislocation will Ii(g) the expression which was first obtained by Harm
overcome by force some of the barrier defects, includingdescribing the segregation of impurity atoms at dislocations
pileups of radiation-induced point defects, which in the casén supersaturated solid solutions and which has subsequently
considered here are voids, and will advance in the gliddbeen used widely in the theory of swelling and radiation
plane a distancé which depends on the locations of the creep for determining the fluxes of IPH$61922and mobile
barriers, their strength, and the external stress. Since thepurity—IPD complexes?*to dislocations. The quantities
stressry is lower than the critical shear stres$?, a dislo-  Z{ andZ{) are parameters characterizing the efficiency of
cation is not able to overcome all the barriers, and thereforegbsorption by a dislocation of tygeof point defects3 and
after traveling a distance, is pinned at barriers in some  their complexes with impurity atom&$’=Q1%/(D,C9),
stable configuration and is halted. Under irradiation it over-z({) = 01{/(D,C;); Dy and D; are the diffusion coeffi-
comes these barriers by climbing to another glide plane andients of point defect® and complexesg; c% andc?B are
again glides a distande This process repeats over and over.their densities at half the distance between sinks. Sirflte
As a result, the sample is deformed, and in general both th@epends on the tensile component of the stresggs the
glide and climb of dislocations contribute to the deformation.vebcityv, according to Eqs2) and(3), turns out to depend
Let us first discuss the distribution of the gliding of disloca- on 7 and oy . Because the density of dislocations moving
tions to the rate of creep. in the x, direction under the influence of the shear strggs

The process that controls the rate of strain as a result g§ 1/6p,, the contribution of these dislocations to the creep
the gliding of dislocations is their overcoming of obstacles, ;e componeng,, is written ag®

by climb after being halted in a stable configuration. There-
fore the average velocity of a dislocation in the direction of
the x, axis under the influence of a stregg is determined
from the obvious expression

. 1
SklngPdU(Tklkak)- (6)

The creep rate component in thg direction due to

L(7q) climbing of the dislocations is given by the well-known
Tt @ formulat
Heret is time required for the dislocation to surmount the -1 w_ 1 ®)
obstacle: 8kk—3bpdvC gbpdEk Ve s @)
A The second term on the right-hand side of Ef).is the
= (3 contribution due to swelling.
Cc

The components of the strain tensor transform on going
Here A denotes the average distance that the dislocatiofrom one coordinate system to the other in the same way as
must climb in order to surmount an obstacle, which is ordi-do the components of the stress ten@ae Eq.(1)); conse-
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quently, the creep raté;il along the gxis_ of the external load ;(011,@,@
is calculated by summing the contributions from all the com- =
ponentse,,. With allowance for what we have said, upon _ _ ) _
choosing the direction of the load axiin the first quadrant We obtain from(8) in the general case of an arbitrary orien-
of the C coordinate systerwhich does not restrict the gen- tation of the load
erality of the conclusionsand specifying that direction by Lo

. X . ( ) 0 0 0
the angles® and ¢ of a spherical coordinate system tied to &= —g3—paélZ/D\Cy+Z; Dy Cjj — ZyD\Cy
theC system @ is the angle between thg andx; axes, and
¢ is the angle between the axis and the projection of; —ZyyDiyCY 1. (10
on thex;x, plang, we obtain an expression for the creep rate
511 of an arbitrarily oriented single-crystal sample with a

©

- 2v(o,0)

The parameteg can take on values from zetwhen the
X1 axis coincides with one of the ax&s) up to some value

cubic lattice under tension along thg axis: that depends on the form of the functitr{o). Using the
) ] ) results of the calculation of (o) in the next Section and
81158=§ TiaTiiek assuming that the external tensile load is oriented randomly
‘ with respect to the axes,;, x,, andxs, one can easily show
1 L(71p) D1 D ' that the average value dfis in order of magnitude equal to
=g Ppd —3—(ve Fug )sir” @ sin ¢ cos¢ unity. Therefore, for estimates of the rate of radiation creep

one can use formulél0) with £é=1.

We see that in order to carry out quantitative calcula-
tions using formulg10) we must have an algorithm for cal-
culating L(o) and the velocity of dislocation climiw,.
These questions will be addressed in the next two Sections.

L(713)
A

L(729)
A

D Ghyei
(P +0?)sin® cos® cosg

2) 3 iNE ®
(v +0v3)sin® cosd cose

DETERMINING L (o) BY COMPUTER SIMULATION AND
APPROXIMATING THE RESULTS BY ANALYTICAL
FUNCTIONS

1
+ §bpd( vVsir? O cog ¢+ v Psir? O sir? ¢

1 _
+vPcogd O - 3 > vé”). (8 An exact analytical calculation df(o) in the case of a
! chaotic spatial distribution of different kinds of defects is
The first group of terms on the right-hand side of B).  practically impossible. Therefore, for calculatingo) we
is the contribution tQ’;‘ from dislocation g“de %gl), and the use the Computationa| SCheme developed in Ref 26, Wherein
L(w) is determined by computer simulation of the motion of
dislocations through a mesh of random obstacles of different
strength by the technique proposed by Foreman and M&kin.
For the model sample investigated here, which contains dis-
locations and voids, this computational scheme is imple-
mented as follows. A dislocation is represented as a flexible
filament of constant tension, which is originally located at
the base of a rectangular simulation area and is pinned by its
ends at opposite sides of this area. The dimensions of the
this case the ratib/ A is considerably greater than unity andna_rea are chos_en from considgrations that the_ resuts of the
. A - 7! simulation be independent of its length and height. It turned
the main contr|but|9n to the rate of radiation creep IS fromout that for this it is sufficient that the length of the area be at
the gliding of the dislocations. Therefor_e, on_the ”ght'_handleast 100 (wherel is the average distance between barriers
side of Eq.(8). only those tgrm; Iremam which contain a in the glide plangand its height at leastl8In the calcula-
factor of L/A, i.e., we can set=¢9. tions we chose the dimensions of the simulation area as
Dislocations of different orientations become equivalent; 5 % 101, which includes 1500 barriers. The barriéisrest
(give the same contribution te) if the the most symmetric  dislocations and voidswere assumed to be pointlike and
direction is chosen as the load axis — alofidll). Then, rigidly pinned, and their interaction with a dislocation was
according to Eq(1), all the shear £,,) and tensile &) assumed to be short-ranged.
components of the stress take the vaitig/3=o. In addi- The force exerted by a dislocation on tfth obstacle is
tion, the following relations hold:vM=v=v=v,,  determined by the angk; between adjacent segments of the
ZP=20=70=7,, andz{)=22=7{)=27,5. As are- dislocation at theth obstacle, and therefore the strength of
sult, the formula for the creep rat8) is substantially sim- the obstacle is characterized by the value of the critical angle
plified. The expression in the square brackets, which we Willlpj(cr) at which the dislocation overcomes the given obstacle.
denote byv(c};,®,¢), is replaced by 2(o,0), and the In the model considered here the material has two types of
contribution from the climbing of dislocations goes to zero.obstacles: strong — voids, characterized by val¢§§§<2
Taking all this into account and introducing the notation  rad, and weak — forest dislocations wiﬂfr)>2 rad?® The

last group is the contribution from dislocation climb®), so
thate =9+ . The general expressidB) gives in particu-
lar cases the formulas for the rate of strain of plmgpurity-
free) metals as given by the well-known models of radiation
creep: SIPA*Y Gittus—Mansutt®!® and glide—climB®?’
(see Appendix this agreement supports the validity of the
model of creep described here.

At high values of the shear stresg=0.37%) the glid-
ing dislocations overcome some of the barriers by force. |
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TABLE |. Values of the coefficienté& andB for different combinations of  gnother and their interaction with the elastic fields of sinks.
gg;i :rrs‘d Y& for the case of equal numbers of “strong” and “weak” \/grious approximations and mod®sare used for solving
' this problem: } the absorbing medium model, according to
el which it is assumed that all the sinks for point defects are
uniformly smeared over the crystal) the model of a peri-
odic distribution of sinks, according to which the crystal is
g A B A B A B A B divided up into identical cells having the symmetry of a sink
22 03564 33188 03191 3.11p5 02437 3.8750 0.1928 4.0s74Cylinders for dislocations and spheres for vojdgith a sink
2.4 03639 3.4192 0.2559 3.80p3 0.1979 4.1p63 0.1583 4.26290cated at the center of eachj & hybrid model combining
D
D

1.4 1.6 1.8 2.0

2.6 0.4265 3.3206 05519 3.1813 0.2670 3.8813 0.1770 4.118deatures of both of the preceding.

2.8 0.5840 3.037% 0.3465 3.65p0 0.3310 3.6DP63 0.2254 4.1938 The absorbing medium model is usually regarded as the
best of these. However, its use requires specifying boundary
conditions at an infinitely large distance from the chosen
sink. For this reason such a model cannot be used for nu-

“merical calculations, where one must specify a computa-

tional mesh with cells of finite dimensions. In view of what

we have said here we use a hybrid model according to which

fhe dislocation is located at the center of a cylindrical cell: in
for which the anglay; is less than){™ . If the stressr is less Y ’

han the critical sh hen the disl - ¢ the space inside the cell the voids are assumed to be uni-
t an t e_crmca shear _stress, then the dis oca_tlon, gter traW“ormly smeared, while outside the cell the crystal is repre-
eling a distancé. (o), will assume a stable configuration and

NN p sented as a uniform absorbing medium with uniformly
be halted wheny; at all the barriers is greater thaﬁ -AS  gmeared dislocations and voids

a result of the simulations by this scheme we obtained the | the general case, when it is assumed that not only the
fu(rgr?tionsL(a) for various combinations of values™ and  |pps but also impurity—interstitial-atom and impurity—
¢ and for equal numbers of “strong” and “weak” barri- \acancy complexes are mobile, the following differential

ers. equations can be used to calculate the steady-state densities

~ Itis clear, however, that carrying out practical calcula- of these point defects in the cell in the neighborhood of a
tions of L (o) by computer simulation for each material with yis|ocation:

allowance for the specific defect structure existing in it is an
inconvenient complication for researché?s®? It would be
much simpler and better to use analytical representations of
L(o) if good approximations of (o) by analytical functions (h)2
would be found. Analysis of a large numberlofo) curves +G—Dyky "Cy—aCyC + ¥ Civ—m VG
obtained by cpmputer simulation.satisfigs shown th@at) —Xva(Ci(d)—Cn —Cy\)=0, (12)
can be described for the most widely different cases by an
exponential function of the form

spatial distribution of barriers of the two types in the simu

lation area is specified by a random number generator.
When acted on by a shear stregs= o, a dislocation

moves in its glide plane, overcoming by force those barrier

D
DyV2C,+ ﬁ(VCVVE{,MCVVZE{;’))
b

D
D,VZC,+l%—_'l_(VC,VEEd)JrCNZEfd))

o
L(o)=Aexp B 11
() F{ T(cr)) ) +G—Dk{"?C;— aCyC,+ ¥ Cj — uyC/Ciy
with two parameterg\ andB, the values of which can easily —xC(C¥-C;,—Ciy) =0, (13

be determined for different specific situations, so that re- b
searcr_lers can use an gnalytllcal expressllon.(er) W|thout. D\ V2Cy+ _IV(VCiVVEi(S)+CiVV2Ei(\C}))_ Dika\ryzciv
resorting to computer simulations. In particular, the functions kT

L(o) obtained here by computer simulation approximate to

— ' C,C. d_c. —c
good accuracy the exponential functi¢ii) with the coeffi- @' CivCit + xvCv(Ci 7= Ci = Civ)

cientsA andB given in Table I. — ,CyCi; — 7ivCiv=0, (14)
2 Diy (d) 2p(d) (h)2
NUMERICAL METHOD OF CALCULATING THE D,V Ci|+k—(VCi,VEi, +Ci VE;") — Dy ki "°C;,
DISLOCATION CLIMB VELOCITY bl
' d
As we see from formuld5), the climb velocity of the —a’CyCi+ x,C(C{Y—C; —Cyy)
dislocations is determined by the fluxes to them of IPDs and — w,CyCyi — 7, Ciy =0. (15)

mobile impurity—IPD complexes. These fluxes can be found

by a numerical method if the steady-state distribution of moHereky, is Boltzmann’s constanT, is the temperature&(® is

bile point defects in the neighborhood of the sinks arethe density of impurity atoms in the impurity atmosphere
known. The latter can be obtained by solving a system ofround the dislocatiol: E§(r) andE{$(r) are the interac-
diffusion equations for vacancies, interstitial atoms, ancion energies of a point defe@ and a complex 8 with a
impurity—vacancy and impurity—interstitial-atom complexesdislocation surrounded by an impurity atmospheréc’?
with allowance for the interactions of point defects with oneand ki(g)z are parameters characterizing the efficiency of ab-
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sorption of point defect@ and complexesg, respectively,

by a void; « is the mutual recombination coefficient of in-

terstitial atoms and vacancies; is the recombination coef-
ficient of complexesl with complexesV; u is the recom-
bination coefficient of free point defec{8 with impurity-
trapped IPDs of the opposite types; is the capture
coefficient of point defect@ by impurity atoms,y; 4 is the
reciprocal of the mean time that a defeggtis bound in a

complexiB. These coefficients are given by the following

formulas®3*

wV
o= TDexq —EMk,T), (16)

wvV
a’ZTeXF( E /ka) (17)
,(,L|:47Tr|DV/91 (18)
Xp=4mrigD g/, (20

D
T —L oxpf — /K, T), 2Y)
k;;h)ZZYB47TrhNh, kl(z)zz Yi'B4’7TrhNh, (22)

wherew is the volume of the zone of mutual recombination
of point defectsyp is a frequency of the order of the Debye

frequencyy 4 is the radius of the volume in which a defegt
recombines with a trapped IPD of the opposite typg;is
the radius of capture of a point defggtby an impurity atom;
by is a quantity of the order of the interatomic distanEEI;
is the binding energy of a comples; E[" is the energy of
migration of an interstitial atomyz andY; ; are parameters

characterizing the efficiency of absorption of point defegts
and complexesg by a void;ry, is the mean radius of a void.

To solve the system of differential equatiofi®)—(15),
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in an absorbing medium with uniformly smeared dislocations
and voids and characterized by sink strengths

2 d)2 h)2 2 _(d)2 h)2
Ka=Ki2+ k%, K=kig 2+ kP2, (25)
wherekP? and k(? are the sink strengths of dislocations

for defectsB andi B, respectively:

K2=Zgpa, K3?=Zippq. (26)

The balance equations are obtained frcdi®)—(15) with
the spatial derivatives equal to zero, wiki{’? and k(}?
replaced byks and ks, respectively, andC{®)(r) replaced
by C;:

G—Dyk3CI— aClCY+ v, CY,

—mCYCH— xvCYU(Ci—C{—CR) =0, 27
G—DkCP—aC)Co+ v, C?

— uyCPCR— xCY(C;—Cf{ —CR) =0, (28)
XvCY(Ci—Cii —C{,) — Divki,CR,

— uCPCR— 7ivCR — ' CR,CH =0, (29
xiCP(Ci—C—C{,) — Dy ki Cj

—mCYCH— ¥ Cj— ' C{,CH=0. (30

The system of nonlinear algebraic equati¢2g—(30) is
solved by an iterative method on a computer. As a result we
determine the boundary conditions at the outer boundary:

Cp(Ry)=CY, Cig(Ry)=C}y (31)

and, consequently, we can now turn to a solution of the
system of equation€l2)—(15).

The numerical integration of equations such as these is
ordinarily done using difference schemes. We have used one
such scheme, according to which equatigh®—(15) are

it is necessary to know the boundary conditions. In view ofyyitten in a cylindrical coordinate system tied to the disloca-

the fact that the results of a computer simulattsshow that

tion and then a mesh for the variablesnd®, containingN,

the radiir$, andr§, of the zones of spontaneous capture ofgng N, mesh points with step$; and h,, is specified.
vacancies and interstitial atoms, respectively, by a dislocaapproximating the differential operators {2)—(15) by dif-
tion are different (§,>rg,), and the IPDs entering their cap- ference relations at the mesh points, we arrive at finite-
ture zones have a positive binding energy with dislocationsjifference equations, which must be solved & € 2)- N,

Edﬁ Therefore, we shall assume that forrd[, the concen-
tration of IPDs of typeB is equal to zero:

Cu(rgs=0. (23)

mesh pointgthe values ofC at the 2N, mesh points on the
outer and inner boundaries of the computational cell are
boundary conditions We note that the equations obtained
form a system of nonlinear equations. It is solved numeri-

SrnceEdB is larger than the binding energy of an impu- cally by Newton’s iteration methotsee, e.g., Ref. 36 The
rity with an IPD of typeB, at the boundary of the capture algorithm described yields a solution of the initial system of
zone (at r—rd ) the complexed 8 break apart, the IPDs equations(12)—(15) with a specified accuracy in an accept-
going away to the dislocation and the impurity atoms return-able amount of time.

ing to solution. Therefore, the boundary conditions for com-

plexes atr =rg; will be

Cip(rgg) =0.

At the outer boundary of the celitr=Ry, whereRy is
one-half the average distance between dislocatithescon-

(24

However, this is not yet a complete solution of the prob-
lem. The initial system of equatiori$2)—(15) and the equa-
tions (27)—(30) used to determine the densiti€§ and C,
at the outer boundaries of the computational cell contain the
quantitiesk§"?, k{37, k{2, andk{§?, which in turn con-
tain the |n|t|aIIy unknown effrcrenues of absorption of point

centratmnsC% and C|,3 are determined from the system of defects by dislocations]; and Zjz, and by voids,Y; and

balance equations for the densities of point defgctendi B

Yig. Therefore, it is necessary to seek a self-consistent
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solution®® The self-consistent procedure for numerical inte-CONCLUSION
gration of equation$12)—(15) includes the following steps.

1. Equationg(27)—(30) are solved using “seed” values
Yg, YigandZg, Zjz, determined using the analytical for-

In summary, we have described a physical model for the
radiation creep of interstitial solid solutions and have ob-

tained a computational formula for determining the cree
mulas of Ref. 14. In the process, values are calculated‘jpr P g P

and C°,, which are boundary conditions for the system Ofrateé. We have shown that in the general caseannot be
equatilgns(12)—(15) calculated analytically. We have therefore discussed numeri-

2. The system of equatiord2)—(15), from which the cal methods of calculatingt(o) andv., which determine

steady-state distribution of point defe@sand complexesg the creep rate.

in the neighborhood of a dislocation is initially determined,th To callcctLrl]Iate tr:je lratfe of str::;m for_bspdec'fllflc m:r;enals with
is integrated, and then the fluxeg andl;; of these defects € use of the model of creep described here, It 1S necessary

to the dislocation are calculated by numerical differentiation;:0 .sple_ct|fydth;a ptar?metter vattlhue§ chda}r?cter|2|r(;gtth$ given Z].a'
these fluxes are used to calculdg and Z;;z in the first erial, Its detect structure, the irradiation and testing condl-

- : tions, and then to implement the procedure for computing
lteration step. L ndv . as described in the preceding Sections. We have
3. By analogy with(12)—(15) a system of equations is (o) andu P 9 )

written for calculating the densiti&S; andC; ; in a spherical done Sl.JCh a stuo!y, and the resuIFs of calculations carried out
. ) é) (h to elucidate the influence of various factors on the rate of
cell around a void. Her&;” andE;;’ are replaced b¥, . : . . . . o :
: ) i S strain of interstitial solid solutions under irradiation will be
(h)
andE;; — the interaction energies of defe@sandi 8 with
1B i ; - reported later.
a void surrounded by an impurity atmosphé&téwithin a
computational cell the dislocations are uniformly smeared,
and sck{{"? andk(y)? are replaced bi{"? andk{$?, respec-  APPENDIX

tively. Outside the cell the crystal is modeled by an absorb- H how h @) i ficul
ing medium with uniformly smeared dislocations and voids. ere we show how expressia@) in particuiar cases
The boundary conditions at the surface of a void are SpeCIgoes over to the formulas for the rate of radiation creep given

14,15 ~: _ 8,19 i AlimR6:27
fied by analogy with the dislocation case considered above?hy éhf SVI\IIDA\;WH G'ttlrf ma?ts# ﬁr ?nﬁ g“dr?] IC!ImE’W
since it has been showhthat near a void there are also "0C0€'S: W€ assume that there are no compleyesne

regions of spontaneous capture of IPDs, which are differen 9n5|der the following -S|tuat|.ons.) I.he- tensng stresey, 1S
rected along the; axis, which coincides with the crystal-

for vacancies and interstitial atoms and are characterized hi i5(100: 2) th i< of the st i |
radii rpz>ry,. Therefore, the densitiesCy(rp,) and <1g|1rg>p ic axis{ 100); € axis ot the stressy, fies along
. 0 )
ot r 2R whereR, s one-hal the mean distance between . C25€ 12 ¢1(100; =712 4=0). I folows from
ho h Eq. (1) that the shear componenig of the stress are equal

voids) the densitiesC) and C{, are determined from the ;
system of equation&@7)—(30). The numerical solution of the to zero, an therefore creep occurs only on account of dislo-
) cation climb, as is assumed in the SIPA model. Then from

e e o ot o v 2 PIESSIONS ke tgether WIS we ot diect
gasp y rmula given by the SIPA mod¥ifor the rate of radiation

void, following the same computational scheme as was use

for the dislocation case. As a result, a steady-state distribu—reep:
tion of defectsg andipg in the neighborhood of a void is - 2 A7 DO AZ DO s
obtained, the fluxek’ and(}) of these defects to a void are e=espa—gPdAZD\C/—AZyDVCY], (33

calculated, and then the formulas
whereAZ,=28)-7(3).

Case 2: ¢14(110; ©=m/2; ¢=ml4). According to
Eqg. (1), the stress components,, 721, 011, and oy, are

|(Bh)Q |§2>Q - nonzero, and therefore both the climb and glide of disloca-
Y,=— P " = BT 32 - : :
B 0’ iB 0 tions contribute to the creep. From expressiBnwe obtain
4mDgCp 4mnDigCig the following:

are used to calculate the valu¥§” and Y{3) in the first

iteration step. Then one returns to item 1 and proceeds with L
the second iteration. + apd(zfl)Dﬁ?—ZS})DVC?,)
This iterative process is repeated until a specified accu-
racy is achieved. Ultimately we obtain self-consistent equa- 1. L(1. 1.
tions for the sink strengths of voids and dislocations, the = 58sieat 53| 5 Esieat 3 S/, (34

parameterd;, Ziz, Yz, Yig, and the steady-state densities o .

of point defects in the neighborhood of the sink,( C;z) ~ WhereSiis the rate of swelling. _

and at the boundaries of the cel8¥,C7,). Using these data The terms on the right-hand side of Eg4) which con-
in formula (5), we obtain the desired climb velocity of dis- tain the factolL/A are the contribution te from dislocation
locations. glide. If the stresgry, is so weak that the gliding dislocations
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Nonlinear theory of channeling of radiation by a ribbon-shaped stream of cyclotron
oscillators
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The features of the nonlinear stage of radiation from transversely bounded, magnetically steered
helical and rectilinear electron streams in a homogeneous medium and in vacuum are
investigated theoretically under conditions of the normal and anomalous Doppler effects. The
evolution of the transverse distribution of the radiated field is investigated, and the

channeling effect of the electron stream is demonstrated. It is shown that in the radiation from a
helical stream in a plasmalike medium a practically complete conversion of the energy of
gyrational motion of the electrons into energy of electromagnetic oscillations can occur on account
of the automatic fine tuning of the radiation angle. 1©99 American Institute of Physics.
[S1063-784299)00201-9

INTRODUCTION a fixed transverse structure of the field the process has a
reversible character, with the energy of translational motion

There has been considerable interest of late in researdbeing periodically converted into energy of transverse mo-
on stimulated emission from transversely bounded streams @fon and energy of radiation and back agHirin an open
relativistic electrons in free space or in homogeneous mediaystem the process loses periodicity on account of the loss of
It has been shown in a number of studig$ that such a radiation from the interaction region.
stream can not only amplify electromagnetic radiation but
can also play the role of an active waveguide, shaping the
spatial structure of the fieldn particular, it can channel the \;opgi AND BASIC EQUATIONS
radiated waveg It has also been demonstrated that the effi-
ciency of radiation into free space for such electron streams Suppose we have an electron stream of thickdesghe
can exceed that under conventional conditions, where thdirection of thex axis and of unbounded extent in tlye
transverse structure of the radiation is shaped by externalirection, the electrons of which move along helical trajec-
electrodynamic systems. This is because the self-consistetries in a uniform magnetic fieldH=Hyz such that the
structure of the field is more favorable for efficient braking thickness of the beam is much greater than the Larmor radius
of electrons on account of the automatic fine tuning of theof the electrons. The field radiated by such a stream can be
synchronism conditions through a change in the angle atepresented as a quasi-optical wave beam specified by a vec-
which the wave is radiated. tor potential

Channeling effects can exist for various types of stimu- _ ; Lo
lated emissioriundulator, @renkov, cyclotrop Along with A=Rel(xotivoAlx.z)expliwt=ihz)}, @)
some universal properties of each mechanism of radiatioWhere h=nw/c, with n being the refractive index of the
there are also distinctive features even for identical bearnedium andc the speed of light, and\(x,z) is a slowly
geometries, in connection with the polarization of the radi-varying complex amplitude of the field.

ated waves, the electron bunching mechanisms, etc. Let us also suppose that the condition of cyclotron reso-
This paper is devoted to a study of the cyclotron radia-nance holds,
tion of ribbon-shaped electron stream in a uniform magnetic w—hVj=wy, )

field under conditions of the normal and anomalous Doppler

effects. The linear stage of these processes was considerediierewy=eHy/mcy is the gyrofrequencyy| is the trans-
Ref. 13. In the present paper we investigate the nonlined@tional velocity of the particles, angis the relativistic mass
stage of the interaction. We show that in the case of cyclofactor.

tron radiation from a transversely bounded electron stream in  In the quasi-optical approximation the self-consistent
a homogeneou@lasmalike medium under conditions of the System of equations describing the interaction of the electron
normal Dopp|er effect one can realize essentia”y total Constream with the radiation field consists of the equation of
version of the energy of gyrational motion of the electronsmotion of the electrons and the parabolic equation for the
into energy of electromagnetic oscillations. Under conditions@mplitude of the wave beam:

of the anomalous Doppler effect the radiation in the initial -

stage is accompanied by an increase in the transverse mo- — =— l3—LRe(ia exp(if)),

mentum of the electrons. However, whereas in systems with 4 Py

1063-7842/99/44(1)/6/$15.00 6 © 1999 American Institute of Physics
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Re(aexpif)),
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ﬁ__ﬁ_”Re |&exp(|0) ,
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with the boundary conditionswz;_,=0, 6z-0= 6y

+rcosty, 6ye[0,2m], (r<l), 0z=0=0, az-o=a(X).

Ginzburg et al. 7

HELICAL ELECTRON BEAM IN A MEDIUM (PLASMA) WITH
A REFRACTIVE INDEX n<1

For the numerical calculation we introduce the new vari-
ableP=1—uexp(#6), where

2
u=w7(1—n,[3”0).

10
Then the system of Eq$3) reduces to the form
dpP iP - -
—+———(A—1+|P|?>-bQ)
dZ 1-b(1-P?

ia

Here we have used the following dimensionless variables: _ (48)
wp=(4me’Ng/myy)¥? is the “transverse” plasma fre- 1-b(1-|P»)’
guency,N is the unperturbed density of the electron stream, R
Z=(wlc)z, X=(wlc)x, W=1—(&ley), e=mc%y is the . da
electron  energy, 0=wt—hz—f})det—arg(px+py), dq Re| P 4z
a=(eA)/(mcy,), m=n?—1 is the inertial bunching e =2, (4b)
parameter,A=1-npjo—(wy /@) is the initial detuning dz 1-b(1-|P|%)
from cyclotron resonance, A A 1 (2n Pdd, i
i——+—=2il— | —————&(X) (40)
~ P axX? 9z T Jo 1-b(1—|P|?)
PI= e~ Plo—nW, . y
with the boundary conditions
Ply_o=expify), 6|z-0=0y+r COSHy,
b =2L =(B0—2(1-nByw+ pw?) 2 2oz exif), - Olz-0= bt ’
0oe[0,27], (r<1), 0lz—0=0, al;—q=0. (5

are the longitudinal and transverse momenta of the electrongq o

and q:[c(pH—pHO)—n(s—sO)]/mc2 is a quantity charac-

terizing the breakdown of the integral of the motion
ne —cp =const on account of the influence of the electron
stream on the relation between the electric and magnetic
components of the fielsee Refs. 14 and 15 for details

In the linear theory® three cases were distinguished,
viz., radiation from a stream of cyclotron oscillators in a
plasmalike medium with a refractive index<1 under con-
ditions of the normal Doppler effect, radiation from such a
stream in vacuumn(=1), in which case an autoresonance
effect takes plac& '8 and radiation from an initially recti-
linear electron beam in a homogeneous medium under con-
ditions of the anomalous Doppler effech$1). It was
shown that in all these cases the electromagnetic field that is
excited in the initial stage has the form of an amplified lo-

. B ol el . Biolul
=720 X=X\,
2Bo(1=nBjo) 2Bo(1=nByo)
ézaz(l_n'B”O)z &=q4BHO(1_nBHO)2
Blolul Blolul
Aop23nBp) Blo |
B o 2Bon(1=nBjo)

_ 1 wpd Bj(1-np)*?
2 w2C ﬂionl/2|:“|3/2

The results of the numerical modeling of the system of

calized wave which grows exponentially along theaxis

equationg4) are presented in Figs. 1 and 2. Analysis of the

while simultaneously decaying exponentially in the trans-spatial distribution of the radiated field shows that in the
verse direction with distance from the axis of the system. Foflinear stage of the interaction, independently of the initial
such a wave there is a transverse flow of electromagneticonditions, at sufficient distances from the entrance cross

energy directed from the beam toward the periphery.

section(Fig. 2, Z~60) the structure of the radiated field is

In the present paper we use numerical methods to invesslose to that of a localized mod2Thus, in the linear stage
tigate the nonlinear stage of the interaction of electrons withof the interaction a regime of amplification and channeling of
the electromagnetic field for the cases mentioned abovehe radiation emitted by the electron beam occurs. In the
Here, as in Ref. 13, we shall assume that the electron layer isonlinear stage a broadening of the wave beam occurs, ac-

thin on the scale of the Fresnel parametf\L <1 (hereL
is the characteristic length of the interaction regiohhis
will allow us to write the functior-(X) describing the trans-
verse distribution of the beam density in the fof{X)
=D §(X), whereD = (w/c)d.

companied by the gradual radiating away of energy into the
outside space. In this stage a mechanism of stochastic brak-
ing of the electrons occurs, in which the energy of the par-
ticles is converted to energy of radiation, which consists of
an ensemble of waves having the same frequency but differ-
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FIG. 2. Evolution of the transverse distribution of the modulus of the elec-

tromagnetic field amplitudia| and of the angular spectruB), for the case

FIG. 1. The amphtudéah;(:O of the radiated wave and the electronic effi- of radiation in a medium with refractive index< 1.

ciency » (a) and the transverse momentum of the electri@mss functions
of the longitudinal coordinate in the case of radiation by an electron beam in
a medium with a refractive index<1 (1=0.001,b=0.5,A=0).

as the electrons are braked. As a result, as can be seen from
Fig. 2, there is practically complete transfer of the transverse

ent wave numbers, i.e., angles of propagation with respect t8n€rgy of the electrons to energy of radiation, i.e., the elec-
the axis of the systengsee the transverse spectrum of thefronic efficiency

field, 27
n=1— 1/277] |P|2d 6,
0

1 [+
S,=— aexp(i,X)dX, i
N f—x R, approaches unitysee also Ref. 12

in Fig. 2). The mechanism of stochastic braking in this case

is realized even in the case of exact initial synchroniSmHELICAL ELECTRON BEAM IN VACUUM (n=1)

A=0, unlike the case of the free-electron lasEEL), for . 18

example!® The fact is that whereas ineBenkov device's In this case, as we knoty; an autoresonance eﬁegt
and FELSs the particles as they are braked interact synchr@CCurs wherein the main mechanisms of inertial bunching,
nously with waves propagating at smaller and smaller angledn® @zimuthal and longitudinal, which are due to the energy
in our case the decelerating particles interact synchronous@epehdence of the electron gyrofrequency and translational
with waves radiated at larger and larger angles to the axis oYe|°9'ty' respgcnvely, cancel each other out. AS_ aresult, the
the system(cf. Ref. 12. Indeed, it is easy to see that the inertial bunching parameter goes to zero. In this case the

incrementA ¢/2 of the angle at which a synchronous wave is p_ossibility of radiation is provided by additional mecha-
radiated is related to the chandey in electron energy as ~ MSMS €.9., & rearrangement of the wave structure, as a result
of which the autoresonance breaks doVi

A o 2m Ay ©) Settingu =0 in the overall system of equatiof3), we
v _n,BH Yo reduce the equation for the transverse momentum to the form
In the given case N(<1) we have u<0, and so dpP iP R ia

Ay>0 for Ay<0. From this we can also understand the E+ m(A—ba)= m
nature of the evolution of the spectrum in Fig. 2. Whereas in

a FEL in the nonlinear stage there occurs a filling of the  The remaining equations and boundary conditions retain
spectrum by components with small transverse wave numthe form in(4a—(4c) and(5), with the normalized variables

bersy, here, on the contrary, the spectrum becomes sparsare taken as
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10 FIG. 4. The same as in Fig. 2 but for the radiation from an electron layer in
vacuum under autoresonance conditions.
| . . .
i merical modeling showed, under conditions of autoresonance
. ‘ the efficiency also approaches unity asymptotically at large
A f i . . . . . . .
”g 200 400 800 2 interaction lengths. An interesting feature of this regime is

the strong oscillations of the transverse momentum and, ac-
'tordingly, of the energy of certain electron fractions. The

evolution of the transverse structure of the field and radiation
spectrum is shown in Fig. 4. As in the previous case, upon
saturation of the field in the electron channel there occurs an

FIG. 3. The same as in Fig. 1 but for the case of radiation by an electro
layer in vacuum §=1):1=0.1,b=0.7,A=0.

2
Blo

T

o o | Bl
X=X 2B)o(1=Byjo)’

effective broadening of the region occupied by the electro-
magnetic field, on account of waves radiated in the preceding
cross sections along tteaxis.

A:a2(1—,8H0)2 A 4Bo(1- Bjo)?
B, B4 ’ RECTILINEAR ELECTRON BEAM IN A MEDIUM WITH
) REFRACTIVE INDEX n>1
AzAM =L As the linear theory shows, for a rectilinear electron
Bfo ' 2Bjo(1=Bjo)’ stream the amplified localized modes exist only under con-
2y 1 - ditions of the anomalous Doppler effeai3>1. Because all
| = l “’_bd Blo (1~ Bjo) of the electrons of a rectilinear beam initially have the same
2 ocC Bfo ' phased relative to the electromagnetic wauanlike the case

ical i L h hat. i , f th of a helical beam, where they take on any values from 0 to 2
A numerical investigation showed that, in spite of the _y "o ystem of equation®) simplifies substantially. In-
cancellation of the main inertial bunching mechanisms, ey, of an infinite number of equations describing the mo-
amplification and channeling of the rad|e_1t|_on by a h_el!c_altion of the different fractions of the helical beam, the motion
electron stream actually do occur at a sufficiently high initial ¢ 5 initially rectilinear electron stream is specified by two
tbransversg yelc;m_ty Or. the e|6(;tI§I§1$, when the d?0nld't'onequations. Accordingly, there is no averaging over the entry
>0.5, obtained in a linear analysisjs met. Accordingly, _ phases in the equation of excitation, and the self-consistent

in the initial linear stage an amplified localized mode ISsystem of equation€3) for —0 can be reduced to the
formed (Fig. 3 and 4, the parameters of whicfihe growth fgrm a & Bro

rate and transverse decay scale of the figlce in good

agreement with the results of the linear theory. However, as dP iP - 5 L ia

can be seen from a comparison of Fig. 1a and 3a, in this case 5 T ﬁ(A"‘ [PI*~ba)=~ 1_nipl2’
. dZ 1-b|P| 1—-Db|P]

the process develops considerably more slowly. Indeed, at

high injection currents and initial gyrational velocities of the da

electrons the transverse efficiency reaches only 30% in this 46 Re| P* E

case, as compared to 90% in the casel for the same _9: _ ’

normalized interaction lengthy 700. Nevertheless, as the nu- dz 1-Db|P|?
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FIG. 5. Amplitude of the radiated fiel@) and the phase differenee (b) in 500 d0z0
the case of radiation by a rectilinear electron beam in a medium with refrac- %2
tive index n>1 under conditions of the anomalous Doppler effect:
1=0.05,b=0.2,A=0. - .
A
000 . VLS \ X 10.00

-

R R 70 20 30 ~1 0 7
“d%a  oda .
<, T == 5 8(X) (8) FIG. 6. Profile of the wave beam and the angular spectrum as functions of
X oz 1- b| P| the longitudinal coordinate for radiation by an electron beam under condi-
. . ti f th lous Doppler effect.
with the boundary conditiongf. Eq. (5)] tons ot he anomalous Boppler etiee
Plz=0=0, 0|z=0=0, a|z=o=2ao(X). ©) the process goes in the reverse direction: the energy of the
Here electromagnetic field and transverse electron oscillations
_ falls off, and the energy of longitudinal motion of the par-
. 2(nBjp—1) c U .
P=\Juexpif), u=w———=, ticles increases back to its original value. As a result, there is
Bjo a periodic transfer of energy. For the radiation of a bounded
stream of initial unexcited oscillators in a homogeneous me-
- “Bjo N Bjom ) . . )
Z:Zm, X=X 200B1o—1)’ dium, the loss of energy from the interaction region causes
lo lo the amplitude of these oscillations to decdig. 5). Ulti-
. 2(nBjo— 12 . A(nBjo— 1)2 _mately,_at a sufficiently great length of the Worklng space the
=a——>——, 0=0q——5 ——, interaction of the electrons and electromagnetic field ac-
Bio Bjox quires a reactive character, i.e., the phasef the field rela-
. 2(nBjo—1) nBjo tive to the phase of the transverse electron current ap-
AzAT, b= m proachesw (Fig. 5b. In that case the bounded electron
KPlo lo stream acts as an effective dielectric, channeling the radia-
wﬁd (nBjo— 1)32 tion without amplifying it. Accordingly, the field profile that
= — = "

0C ,u3’2n1’2,3ﬁ3’2 . is formed remains practically unchanged for 400 (Fig. 6).
0

The field structure formed in the initial stage is analo- iN. F. Kovalev and M. I. Petelin, iRelativistic Radio-Frequency Electron-

gous to the two cases considered previously, i.e., there isics[in Russian, edited by A. V. Gaponov-Grekhov, Institute of Applied

excitation of an amplified localized mod€igs. 5 and & Egyzgs% E,Academy of Sciences of the USSR, Gok®81, No. 2,

Here |F is interesting to n_ote that in .the nqnhnear stage the;: ', Tang and P. Sprangle, Phys. Quantum Electgo@49 (1982.

behavior of the system is substantially different from the 3a. M. Kondratenko and E. L. Saldin, Zh. Tekh. Figl, 1633 (1981

previously investigatéd case of radiation under conditions ,[Sov. Phys. Tech. Phyg6, 937(1981]. _ .

of the anomalous Dopper effect in the approximation of a V. I. Kanavets, A. V. Korzhenevskiand V. A. Cherepenin, Radiotekh.

. . . . Elektron. 30, 2202(1985.

f|x¢_ad transverse structure o_f the field, in p_a_rt_lcula_r, for wave-sy s Ginzburg, Opt. Commum3, 203 (1982.

guide propagation of radiation. Although initially in the case ®N. s. Ginzburg, N. F. Kovalev, and N. Yu. Rusov, Opt. Comni).300

of a fixed transverse structure there is conversion of the en-(1983. .

ergy of longitudinal motion of the particles into energy of E\ls.o?/. (;L”;Sb”;gcindpmg 'i‘i‘;a('f;"s;]'s ma Zh. Tekh. Fi3, 274(1987

transverse motion and electromagnetic field energy, later onge_ 1 scharlemann, A. M. Sessler, and I. S. Wurtele, Phys. Rev. G4tt.

as a consequence of the conservative nature of the system}925(1985.



Tech. Phys. 44 (1), January 1999

9G. T. Moor, Nucl. Instrum. Methods Phys. Res.2A0, 381 (1986.

10N, S. Ginzburg and N. F. Kovalev, Pis'ma Zh. Tekh. Fi8, 274 (1987
[Sov. Phys. Tech. Phy43, 112(1987]. i

1IN. S. Ginzburg, I. V. Zotova, N. F. Kovalev, and A. S. Sergeev, ZsE
Teor. Fiz.104, 3940(1993 [JETP77, 893 (1993].

12N, S. Ginzburg, I. V. Zotova, and A. S. Sergeev, Phys. Lettl88, 235
(1994).

18N. S. Ginzburg, Fiz. Plazmy5, 1274 (1989 [Sov. J. Plasma Phy45,
739(1989].

14y, L. Bratman, N. S. Ginzburg, G. S. Nusinovigt al, in Relativistic

Radio-Frequency ElectronicEn Russiar, edited by A. V. Gaponov-

Ginzburg et al. 11

Gorki (1979, No. 1, pp. 157-217.

N, S. Ginzburg, I. G. Zarnitsyna, and G. S. Nusinovich, lIzv. Vyssh.
Uchebn. Zaved. Radiofi24, 481 (198J).

1A, A. Kolomenski and A. N. Lebedev, Dokl. Akad. Nauk SSSRI5,
1259(1962 [Sov. Phys. Dokl7, 745 (1963].

17v. Ya. Davydovski, Zh. Eksp. Teor. Fiz.43, 886 (1962 [Sov. Phys.
JETP16, 629(1963].

18p. V. Gaponov, Zh. Esp. Teor. Fiz39, 326(1960 [Sov. Phys. JETR2,
232(1960)].

Grekhov, Institute of Applied Physics, Academy of Sciences of the USSR,Translated by Steve Torstveit



TECHNICAL PHYSICS VOLUME 44, NUMBER 1 JANUARY 1999

Autodyne detection in a semiconductor laser as the external reflector is moved
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An analysis is made of how the emission amplitude and frequency of a semiconductor laser with
external optical feedback change as the external reflector is moved. It is shown that the
influence of the external optical feedback on the interference signal from vibrations of the reflector
can be lessened not only by lowering the feedback level but also through the choice of the
distance to the vibrating object. @999 American Institute of Physid§1063-784£9)01101-(

There is significant interest in the autodyne detectiorwhereA=J/G—Ny(G7g !, andB=2k(GGysrin) >
effect in semiconductor lasers on account of the possibility In the week feedback regime(1+ a?)Y(wqr,) *
of using them in simple sensors with a high sensitivity to a<1, the solution of Eq(3) can be written in the form
reflected signat:? However, in sensors of this kind the influ- .
ence of the external optical feedback distorts interference @~ @0~ X SiN(wor+ ), ®)
signal, and it turns out to be problematical to use the wellwhereX= (k/7;,)(1+ a?)2

developed theory of homodyne interferometry. For an object vibrating in accordance with a sinusoidal

For a semiconductor laser operating in the autodyne retaw the round-trip time of the external cavity can be written
gime we have attempted to find conditions that would mini-gs a harmonic function of the tirme

mize the influence of the external optical feedback on the )
interference signal formed when the external reflector is un- 7= 7o 7a sin(Qt+e),

dergoing harmonic vibrations. _ _ wherer,=2¢&/c, ¢ andQ) are the amplitude and frequency
_ The theoretical analysis is done using the composite Cavet the viprations of the reflecto, is the initial phase, and
ity model™” In the approximation of a steady field the ex- 5 the speed of light.

pressions for the amplitude of the electric fi@ldthe carrier Then expressiold) for the normalized variable compo-

densityN in the active region of the laser, and the frequencynent of the field amplitude can be written in the form
w of the output mode of the laser with an external cavity can

be written in the form of the following system of equatiohs: E3=cog wqg+ woTa SINQt+ &) — 7oX Sif woTo+ ¢
E2=(J—N/79/G(N), (1) + w7, SIN(Qt+2)]). (6)
3 k Expression(6) describes the envelope of the interference
Gn(N=Ny) = —2_—coswr, (20 signal formed when the external mirror in an autodyne sys-

" tem is vibrating. In the case of low feedback, when the third

T . term in the argument of the cosine can be neglected, expres-
= wrt — =k(1+ a2)L2 + _ : ,
@oT= 0T Tin k(1+a)Tsiwrt ), © sion (6) reduces to the well-known relation from the theory

where the anglg/=arctang), o is the resonance frequency of homodyne measurements:

of the internal cavity of the laser diod&(N) is the gain,J E5=cog 6+ o sin(Qt+e)], (7)

is the number of carriers injected into a unit volume per unit

time, 7, is the carrier lifetime with respect to spontaneousWhere 6=wq7o, o=4m¢/\, where\ is the wavelength of
recombination,r, is the round-trip time of the radiation in the laser radiation.

the diode cavity, is the round-trip time of the external The spectrum of a function of the for(i) is determined
cavity, k is the feedback coefficienGy is the differential by the coefficients of the series expansion in the Bessel func-
gain, a is the coefficient of broadening of the laser lig,  tlons

is the carrier density at the lasing threshold of the laser diode o

in the absence of feedback. E2=c0s0Jy(0)+2 €080, Jon(o)cog2n(Qt+e)]
Equation (2) characterizes the gain of a mode with a n=1

frequencyw that is a solution of the phase equati@ for a o

semiconductor laser with a composite cavity. Substituti?)g —25sin0>, Jon_1(o)cod (2n+1)(Qt+e)]. (8)

into (1) and neglecting the dependence of the daion the n=1

carrier densityN, we obtain the signal of the autodyne sys-

tem: It follows from expression(8) that for 6=7n, where

7=0,1,2 ..., thespectrum contains only even harmonics,
E°=A+Bcoqw7), 4) while for 6= 7r/2+ 7rn it contains only odd harmonics.

1063-7842/99/44(1)/3/$15.00 66 © 1999 American Institute of Physics
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The amplitude of the vibrations of the reflector can be a
reconstructed from the spectrum of the interference signal 9 #1355 5371 3
e.g., for three even or odd harmonics it is given by the %5
relatiorf

T

RS n(n+1)(n+2)J,.1(o)
T a2 (n+2)3, (o) +2(n+ 1)y 1(0)+ndyis(0) 05

9

The choice of this method specifically is motivated by — ¢ 9
the possibility of using the even and odd harmonics sepag
rately.

A computer simulation was carried using the system of
equations(1)—(3). The change of the laser frequency when
the mirror undergoes harmonic vibrations was determinec
from the solution of the transcendental equati@. The
time dependence of the square of the field as calculated usir
Eq. (6) was expanded in a Fourier series, and then (Ep.
was used to find the amplitude of the vibrations from three
harmonics, both even-numbered and odd-numbered.

Figure 1 shows the results of a calculation of the ampli-
tudes of the vibrations of the object using different sets of
odd and even harmonics of the spectrum of the interferenc
signal for different levels of feedback and with=5. The
results of the calculation are given for the amplitudes in units
of the original specified valug, of the vibration amplitude
of the object. As we see from Fig. 1, at phase shifts
0= wy7y close to the valuesr/2+ 7n for the even spectral
components and tern for the odd, the error of the calcula-
tion using expressiof) increases sharply on account of the
decrease to zero of either the even or the odd components
the spectrum of the autodyne signal. For phases of the intel =,
ference signal outside the region nehar 7/2+ 7n for the {
even andd= mn for the odd spectral components, as can be «# 4 10 7 4
seen by comparing Figs. 1la and 1b, one observes an increa
in the error in calculating the amplitudes of the vibrations of
the reflector with the use of different sets of harmonics as the
level of the external feedback increases; this can be attrib
uted to an increase in the influence of the feedback level
However, as we see from Fig. 1, there exist regions of value % 8 +n=s § 1
of the stationary phase shift for which the amplitudes of the A n=§
vibrations of the object as calculated using different sets o g w0
harmonics of the spectrum of the autodyne signal agree witl W)y, deg

ne another an nd comparatively weakly on the feed-
one another and depe d co paratively weakly on the equIG. 1. Curves of the vibration amplitude calculated from a set of spectral

back level. . . componentsif—1, n+1, n+3) with numbersn versus the phase shift for
The result obtained follows from an analysis of expres-gifferent levels of feedbackC=0.05 (a), 0.1 (b); n=3 (@), 4 (+),

sion (6). Indeed, with the notatiol = osin(Xt+¢), expres- 5 (X), 6 (4).
sion (6) can be written in the form

§2

15

a5

E2=cog woro+H— 70X Sin(woro+ H+ ) ]. (10

E5=cosH — (7oX/2)sin 2H, 12
A mathematical description of the behavior of the func- 0 (70X/2) (12

tion (10) can be carried out for values of the anglequal to

X . ! the first and second terms of which can be represented as
7n/2. For example, fory= 7/2 relation(10) is written

expansions in Bessel functions of only even and only odd
E2=cog wo 7o+ H+ 70X cog woro+ H)]. (1) ~ Order, respectively:
Let us consider the behavior of the autodyne signal func-  cosH=cog o sinf(Qt+&)]=cosfJy(o)

tion at values of the phase of the interference signal in the

region nearf=wy7o=mn. In this case relation11) be- +20080> Jon(o)cog2n(Qt+e)] (13)
n 1
comes n=1
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flected from the object was returned to the cavity of the
semiconductor laser, the change in the output power of
g HeM7 1 4 ] which was detected by a photodetectorThe signal from

the photodetector was sent to an amplifieand then to an
analog-to-digital converte® and a computef0. After the
spectrum of the detected signal was calculated, the amplitude
10 2 5 of the vibrations of the object was determined by a fast Fou-
rier transform according to three even and according to three
odd harmonics of the signal. The results of the measurements
of the vibration amplitude according to the different sets of
harmonics are presented in Fig. 1. When the distance to the
object and, hence, the phase of the reflected radiation was
—(79X/2)sin 2H= — 1o X/2 sif 20 sin(Qt+¢)] varied, the spread in values of the measured amplitudes var-
ied from 75% to 12% of the reference value of the vibration
amplitude of the control object; this indicates that there are
regions of values of the phase of the interference signal
which give a smaller spread in the vibration amplitudes cal-
X(Qt+e)]. (14) culated by means of reflectig®).

The use of formuld9), which contains Bessel functions In summary, these investigations have shown that the
of even and odd orders separately, enables one to reconstri@itodyne detection signal formed by the motion of an exter-
the amplitude of the vibrations of the object for the region ofnal reflector in a semiconductor laser is substantially affected
phase values under considerati®® wy7o. When the am- by the level of feedback and by the distance to the moving
plitude coefficients in the spectrum of even and odd harmonobject. It is ordinarily assumed when using sensors based on
ics are taken into account, one can establish that for the cad@e autodyne detection effect that at a low feedback level the
under discussion the amp“tudes of the odd harmonics détibration amplitudes of the the external reflector can be de-
scribed by relatior(14) are significantly lower than the am- termined using formulas valid for homodyne interference
plitudes of the even harmonics. Consequently, for reconsystems. Decreasing the level of feedback entails a decrease
structing the amplitudes of the vibrations it is preferable toin the detected signal, which leads to an increase in the error
use the amplitudes of the even harmonics, the character &t the calculated vibration amplitudes of the object on ac-
which, moreover, corresponds completely to the behavior ofount of the increased importance of noise in the system. We
the spectrum of even harmonics in the absence of the aut®}ave shown that there are distances to the external reflector
dyne frequency shift in the output of a semiconductor laserfor which one can determine the vibration amplitudes of the

An analogous treatment of the behavior of the autodynébject to high accuracy. At values of the stationary phase
signal at values of the phase in the regiogro= 7/2+ mn shift in the region corresponding to these preferred distances
and angley=0 leads to the relation to the external reflector the spectrum of the signal of an
) _ ) autodyne system with a harmonically vibrating reflector
Eo=—sinH—(7X/2)(cosH)", (19 separates in such a way that either the even or the odd har-

from which it follows that for reconstructing the amplitudes monics of the spectrum convey an undistorted interference

of the vibrations at values of the phase in the regionsignal similar to the signal known from the theory of homo-

6= wyro=7/2+ mn it is preferable the use the amplitudes of dyne interference.

the odd harmonics, which are described by the first term of

relation (15). The observed character of the behavior of the

signal spectrum of an autodyne system suggests that for dé-. M. Gershenzon, B. N. Tumanov, and B. 1. Levit, Izv. Vyssh. Uchebn.

creasing the influence of the feedback level it is advisable toz\le\éei- Ilja\(/jLOﬁEZS;\I%ESIi(Slsg\?.M A Manko. and M. V. Teotsoriva

a.dJUSt the system prior to the measureme.nts by changing th njectign Las'ers. and Their Appl.icat.ior[s'sn Ru‘ssiaﬂ, Néuka, Moscozv '

distance to the external reflector, employing for the purpose (199, pp. 144-172.

a vibrator with a calibrated vibration amplitude. 3R. Lang and K. Kobayashi, IEEE J. Quantum Electr@E-16, 347
Figure 2 shows a block diagram of the experimental ap-,(1980.

paratus. The radiation from a semiconductor lakéPN- 5(‘);%??20(;9"18'2;'13;2””(18‘9”' and H. Olesen, IEEE J. Quantum Elec-

206), stabilized by a current sour@ was directed onto an sy _Qjesen, J. H. Osmunsen, and B. Tromborg, IEEE J. Quantum Electron.

object3, which was mounted on a piezoceramMjche vibra- QE-22, 762(19886.

tions of which are excited by a sound wave generdor °D- A. Usanov, A. V. Skripal, V. A. Vagarin, and M. R. Vasilev,

There were provisions for translating the vibrating object by Z2"UPezhnaya Raditektronika, No. 6, pp. 43-481995.

a micrometer mechanist®. A portion of the radiation re- Translated by Steve Torstveit

FIG. 2. Block diagram of the experimental apparatus.
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Efficiency of an electron-beam-pumped chemical laser with an SF 6—H»> working mixture
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Results are presented from a study of HF lasers pumped by non-chain chemical reactions
initiated by a radially convergent and by a planar electron beam. The main channels of formation
of vibrationally excited HF molecules are analyzed. The distribution of the energy density

of the radiation in the output beam of a wide-aperture laser is measured. In 30 liters of a mixture
of SK;:H,=8:1 at a pressure of 1.1 atm an output energy-@00 J is obtained at an

~11% efficiency with respect to the energy deposition. It is shown that the admixture of a buffer
gas of neon or argon improves the uniformity of the radiation energy distribution in the

output beam of an HF laser pumped by a non-chain chemical reaction and initiated by an electron
beam, and it also increases the output energy.199®9 American Institute of Physics.
[S1063-784299)01201-3

INTRODUCTION The voltage pulse across the vacuum diode, the current pulse
in the vacuum diode, and the current pulse in the laser cham-
er for this device are shown in Fig. 1. The second device
are pumped by non-chain chemical reactioh< This is due (device No. 2 was a compact wide-aperture laser with an

to the new possibilities for using lasers with high energyaCt'Ve volume pf~30 liters, with .Wh'Ch previous experi-
characteristics in the IR region of the spectrum. The chemi[nents had achieved output energies~af00 J ZW'th XeCt
cal reactions are initiated by electron beams, discharges, 0552308 nm and _KrF* (7)‘:249 nm mqleculeé and~115

n an Sk—H, mixture. The vacuum-insulated electron ac-

tical radiation, and other means. The maximum pulse energ ! )
and specific energy of the radiation has been achieved for H lerator produced a radially convergent electron beam from

lasers(output wavelength ~2.6—3.2.m) with pumping by four cathodes of a commercially produced velvet material; a

chain reactions. For many practical applications, however, i§imilar laser is described in detail in Ref. 13. In the present

is more suitable to use HF and DF chemical lasers pumpegfudy We used a modernized version of the device used in

by non-chain reactions, which, although they have substarBef' 7. A difference from R_efs. 12 and 13 is that thg \_/oltage
tially poorer energy characteristics, offer simplicity and pulse generator was positioned horizontally, permitting the

safety in use. The main results of chemial laser research pri@Ptical axis of the laser chamber to be set at a height of 80
to 1982 are summarized in several monogrdphand, less ¢M-: The main results presented in this paper were obtained at
comprehensively, in a dissertatibhHowever, the maximum &n 80 kV charging voltage of the nine-stage voltage pulse

efficiency that can be achieved in HF and DF lasers pumpeg€nerator, a voltage of 400 kV across the vacuum diode, a
by non-chain chemical reactions remains an open question&@m current of-26 kA in the laser chamber, and a beam

In this paper we present results of a study of the effi-Pulse duration of~400 ns. The energy deposited by the

ciency of HF lasers pumped by non-chain chemical reaction§l€ctron beam in the optimal working mixture ¢3H,

initiated by an electron beam. This study is a continuation of=8:1 at pressures equal to or above 0.7 atm was7 kJ at
our previous researcht the 80 kV charging voltage used. The voltage pulses across

the vacuum diode, the current in the vacuum diode, and the
current in the laser chamber are plotted in Fig. 1. The active
volume of the laser chamber had a length~0f00 cm and a
The experiments were done on two devices. The firstiameter of 20 cm. For both electron accelerators used in
(device No. } was an electron accelerator producing athese lasers the electron energy and beam current varied over
ribbon-shaped electron beam with geometric dimensions dahe time of the voltage pulse. The working mixtures of hy-
3X20 cm, duration~ 15 ns at half height, electron energy up drogen and Sfwere prepared in the laser chambers. A num-
to 150 keV, current up to 6.5 kA, and a laser chamber withber of experiments were done using ternary mixtures with an
an excited volume of 124 cin(Ref. 11). By varying the  admixture of argon or neon. Several types of resonant cavi-
charging voltage, the amount of electron beam energy deposies were used. For the “total-reflection” mirror we used
ited in the working mixture could be varied from 4 to 16 J. plane mirrors and convex spherical mirrors with gold or alu-

There has recently been considerable interest in th
study of HF and DF chemical laser£ including ones which

EXPERIMENTAL DEVICES AND PROCEDURES

1063-7842/99/44(1)/5/$15.00 69 © 1999 American Institute of Physics
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minum coatings; the output mirrors were plane-parallel slabsn addition, the energy characteristics of the output radiation
of BaF,, NaCl, KRS-5, and KRS-6, with reflectivities in the depend on the composition of the working mixture. As the
~3um region of 7, 9, 33, and 27%, respectively. hydrogen partial pressure in the mixture is decreased from
The output energy of the lasers was measured by IMO-2he optimum ratio SfEH,=8:1 one observes a rapid de-
calorimeters mounted at different points in the output beamcrease in the output energy and efficiency, while increasing
The output energy for a mixture was ordinarily measured fothe hydrogen content leads to a gradual decline in these out-
the first shot of the accelerator. For the wide-aperture lasgput characteristics. We also note that the optimum pressure
the measurements were made simultaneously in different ref the optimum mixture differs for different regions of the
gions by two IMO-2 calorimeters, which made it possible toactive volume, and this effect is especially noticeable in
rapidly determine the distribution of the energy density ofwide-aperture lasers. The pressure at which the maximum of
the laser radiation over the cross section of the output beanthe specific energy of the output laser radiation from a small
The temporal characteristics of the radiation pulse were repart of the active voluméin which case one need not take
corded by an FP-1 receiver, the signal from which was seninto account the nonuniformity of the energy deposition over
to an S8-14 oscilloscope. The electron beam energy depos-
ited in the working mixture was determined by the technique
described in Refs. 6 and 11. -

RESULTS AND DISCUSSION

The laser with the planar electron beam was more con-
venient from the standpoint of varying the experimental con-
ditions and required less expenditure of the working gases.
We therefore used device No. 1 for the detailed studies of the
parameters of the laser radiation under varying conditions,
and then the studies were repeated on the wide-aperture laser
in the most interesting regimes found. The main results are
illustrated in Figs. 2, 3, and 4. Figure 2 shows the depen-
dence of the output energy in a pulse on the pressure of the
optimum mixture at different electron beam energies. As the
pressure increases, the energy of the output radiation in-
creases to a maximum at a certain optimum pressure and
then falls off. Similar curves have also been obtained in other L
studies?'%'*The value of the optimum pressure depends on 0 05 10 1.5 20
the partial compositions of the mixture and the electron en- p, atm

ergy. With Increasing electron energy and Increasing partlaILIG. 2. Energy of the output radiation versus the pressure of thetsF

Concemratiolnl of hydrOQem_ecreaSinQ denSi_ty of the mix- _g:1 mixture for different energy depositions. Energy of the electron beam,
ture) the position of the maximum shifts to higher pressuresJ:1 — 4,2 — 7.1,3 — 10.3,4 — 16.2. Device No. 1.




Tech. Phys. 44 (1), January 1999 Orlovskii et al. 71

4”‘ a 1,’—- a
2 o 4
E i 3
i+ b
= 2
B S 2
=
2 1+
- > 1
(o]
/| 0
1 1 1 i l 1 1 'l 1 I 1 L J 12—
20 05 1.0 =
S p, atm 10
1= 6 L
b
8__
n [
- 4_
2 2k
i i { | { i 1 1 1 1
TN DT NN N S N T B 0 02 0.4 o8 08
0 2 4 6 &8 W p,atm
r,cm

FIG. 4. Specific energy of the laser radiation as a function of the specific
FIG. 3. Specific energy of the laser radiation on the axis of the laser chamenergy of the pumpa) and the efficiency of the laser as a function of
ber (1) and near the foi(2) as a function of pressuk@) and along the radius  pressure at constant values of the ratio of the threshold value of the specific
of the laser chambeb). Device No. 2, SE:H,=8:1 mixture. pump energy to the specific energy depositiph Device No. 1, SE:H,

=8:1 mixture.

the cross section of the laser chambisrattained is deter-

mined by the competition between two factors as the preslaser chamber, and the total output energy wdsl5 J. The
sure increases in the investigated interval: a growth in théasing efficiency in terms of the electron beam energy depos-
rates of the chemical reactiofiwhich tends to increase the ited in the gas under these conditions wag8%. As the
optimum pressupe and a growth in the rate of collisional pressure of the mixture was increased, the distribution of the
de-excitation of the HF molecules, which first decreases thenergy density of the radiation over the cross section of the
efficiency and then the output energy as well. The curvesutput beam became less uniform, but at the same time the
shown in Fig. 2 were obtained from measurements of thdéotal energy of the radiation and the efficiency increased,
total energy of the output radiation from the entire activeamounting to~200 J and 11%, respectively, at a pressure of
region encompassed by the resonant cavity. Figure 3a shovisl atm.

the dependence of the specific output energy on the pressure Figure 4a shows the specific energy of the output radia-
of the working mixture for device No. 2, obtained from mea-tion versus the specific energy of the pump at pressures of
surements on the axis of the laser chamber and at a distan6el (curvel), 0.2 (curve2), 0.4 (curve3), and 0.8 atnicurve

of 8 cm from the axig2 cm from the foi). It is seen that the 4). Both the specific output energy and the specific pump
optimum pressure of the mixture at the center of the outpuenergy are normalized to unit pressure. At pressures from 0.1
beam is 0.45 atm, while at a distance of 2 cm from the foilto 0.8 atm the specific output energy is observed to increase
the optimum has still not been reached at a pressure of 1linearly with the specific pump energy, starting at a certain
atm. Figure 3b shows the distribution of the specific outputhreshold value.

energy over the radius of the laser chamber of the wide- Figure 4b shows the pressure dependence of the lasing
aperture laser with the optimum cavitgold-coated mirror efficiency for various ratios of the threshold value of the
and plane-parallel slab of KRS-and a pressure of the mix- specific pump energwy, (at which the lasing begins to de-
ture equal to 0.45 atm. The maximum and the manner ipend linearly on the energy deposition; Fig) 4a the spe-
which the specific output energy on the axis of the lasecific pump energyw deposited in the working mixturd: —
chamber depended on the pressure of the mixture did naty,/w=0.8,2 — 0.6,3 — 0.4,4 — 0.2,5— 0. It is seen
change when the cavity mirrors were changed. The specifithat the efficiency of the laser increases monotonically as the
output energy at a pressure of the mixture equal to 0.45 atrgas pressure increases at a constant agidw. When the
was ~5 J/l near the foil and~2.6 J/I at the center of the energy deposition is much above the threshold vétueve
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TABLE |. Dependence of the integrated gainon the composition and whereQ is the dissociation energy, which is approximately
pressure of the mixture. 75 kcal/mole

The fluorine then interacts with hydrogen and creates an

Mixture H, : SF; P, atm a,%/cm . . . -
inversion as a result of the endothermic reaction

1:8 0.8 5.8

1:8 1.0 7.5 F+H,—HF(v<3)+H+Qq,

1:8 1.4 11.6 .

1:10 10 6.2 whereQ;=31.8 kcal/mole is the energy released as a result
of the chemical reaction, and is the vibrational quantum
number.

In collisional de-excitation by particleld, the decay of

5) we obtain the limiting curve for the efficiency. Thus the the excited molecules HE{ occurs by the radiationless pro-

study of the energy characteristics of an HF laser utilizing arf€SS

SFKs—H, mixture has shown that when the chemical reaction  HF(y)+M —HF(v—1)+ M.

is initiated by a high-power electron beam the efficiency of ) o .

the laser increases both with increasing pressure of the mix- SPontaneous and stimulated emission can occur in the

ture (up to 1-1.5 atmand with increasing specific energy cascade

deposited by the electron beam. The maximum efficiency HF(v)—HF(v—1)+hv.

obtained in our two devices was11%. . Co .
Measurements of the shape of the laser pulse for device _Le_t us now make the following assu_mpthn$.tbe dis- .

No. 2 showed that under optimum conditions this pulse Iag§0Clatlon reaction oceurs over a short_ time, |.e.,_at the twn_e

the current pulse by-40 ns and has a duration at half maxi- t=0 _when the _chemlqal re"?‘c“"” begms, there is a (_:ertam

mum of ~500 ns. The power of the output radiation can d_ensny of at_oml_c quorlne_NF in the active volume; bcplh—

exceed 200 MW. Table | gives values of the integrated gai ional deactivation reactions can be neglectedhe stimu-

for device No. 1. The gain was determined from the curve

ated emission begins after the chemical reaction has ended,
of the output energy versus length of the active region, whict&- the densitNe~Nye; then the limiting efficiency can be
were taken with only the “total-reflection” mirror in place

determined from the relatioh
(one with 100% reflectivity at the laser wavelength was 7=0.88<10 hv. (1)
used. The highest value of the integrated gain under these We note that the above assumptions are more valid for a

conditions was 11.6%. . .
: . . laser pumped by an electron beam of short duration, while
We also did experiments on the influence of a neon or,

: : for pump beam durations of 100 ns and more the chemical
argon admixture on the output energy of the HF lddewrice : : . . . .
. reactions will occur simultaneously with the stimulated emis-
No. 2). An admixture of 0.5 atm neon or argon was added to _; - .
] ) . sion. After substituting the numerical valler=10.2 kcal/
the SK:H,=8:1 mixture at a pressure of 0.45 atm. At equal . : . . .
. ; mole into expressioril), we find the conversion efficiency
pressures of the binary and ternary mixtu(@95 atm the : .
. ; of the energy expended on dissociation of thg Bilecules
output energies for the ternary mixtures were found to be

30% higher on the axis of the laser chamber and 10% high to rad|at|oq epergynzo.og. If we allow for the fact_ that
. . . . . e laser radiation is less than 100% of the total radiation of
near the foil. This enabled us to improve the uniformity of

S T . the HF moleculegfor exciplex lasers this fraction is ordi-
the energy distribution in the output beam of the wide- . . .

N . . . narily ~50%), the lasing efficiency should be less than 9%.
aperture laser, which is an important consideration for pro- A : -
. ; . .-~ Meanwhile, in Ref. 14 an experimental efficiency-efl1%
ducing laser beams with a low divergence of the radiation, . . -
. . was reported, and in the present study the maximum efficien-
The decrease in the output energy in the second pulse for the : . :
cies obtained in the two devices was alsd1%.

same portion of the working mixture was also less for the 2. If the dissociation of the SFmolecules is brought

I ~ 0% | 0,
ternary mixture,-35% instead of the-50% drop observed about by electrons with an energy exceeding 5 eV, then the

in the binary mixture. Additional studies are needed to elu- ; : ]
. interaction can produce molecular fluorine with an energy
cidate the nature of these two effects.

expenditure of 105 kcal/mol@Ref. 15

SF6+ e—>SF4+ FZ_Q2+ e,

EFFICIENCY OF A LASER UTILIZING AN SF g—H, MIXTURE . .
o whereQ, is the energy released as a result of the chemical

Let us analyze some of the features of the kinetic mechareaction.
nism of reactions in a laser utilizing §FH,. It is ordinarily Thus a chemically active mixture is formed in which the
assumed that the absorption of energy from an externdbllowing reactions can occur:
source leads to dissociation of the gSmolecules in the
working mixture into SE and F. We :fssume that there are P Hp—HR(v=3)+H+ Qs(31.8 kealimolg, &)
two main processes by which vibrationally excited HF mol- F,+H—HF(v<6)+ F+ Q,(98 kcal/mole. 3
ecules can be formed as a result of chemical reactibns.
1. At comparatively low electron energies-8.5 eV)
atomic fluorine is formed in the dissociation reaction

The kinetic mechanism of reactions in this case is sub-
stantially different. A simplified description of it is as fol-
lows. HF molecules are formed in two stages. Since the spe-
SKk+e—SKk+F-Q+e, cific rate of reaction(2) is significantly (5.5 times higher
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than that of reactior{3) (Ref. 16, and reaction3) occurs electron beams. We have analyzed the main channels of for-
only after a sufficient amount of atomic hydrogen is pro-mation of vibrationally excited HF molecules. We have con-
duced, in the first stage the fluorine atoms enter into a reagectured that the high efficiencies of non-chain-reaction HF
tion with hydrogen molecules, forming a population inver- |asers is achieved on account of the simultaneous formation
sion of the molecules Hi5(<3), which rapidly leads to the f gtomic and molecular fluorine in the interaction of the
onset of' lasing, and in the second stage a chain reactiof\ectron beam with the working mixture. For pumping by a
oceurs via scheme) _and(3). However, th? rate of forma- self-sustained discharge the production of molecular fluorine
tion of HF molecules is then governed mainly by the slower. . . -

. . . . _is apparently considerably less, which lowers the efficiency
reaction (3). We note that under certain conditions in . .

of electrical-discharge lasers by a factor of two or more. We

electron-beam-pumped lasErsone observes two lasing h d the distributi £ th density of th
pulses, which also suggests the presence of two processes. fve measured the distribution of the energy density of the

two processes participate in the formation of the HF mol-fadiation in the output beam of a wide-aperture laser. In a
ecules, an estimate gives the following expression for thénixture of Sk:H,=8:1 at a pressure of 1.1 atm with an
maximum output energ¥* active volume of~ 30 liters an energy of the output radiation
of ~200 J was obtained at an efficiency in terms of depos-
qm=hv{[(1—m)E/75](2ka—1.9+(mE/105)2vkv(}‘~1,) ited energy of~11%. We have shown that for an HF laser
_ ) pumped by a non-chain chemical reaction initiated by an
wherem is the fraction of the total energlg expended on  gjeciron beam, the admixture of a neon or argon buffer gas
ionization of the S moleculesk, are the rate constants of ;.\, yes the uniformity of the energy distribution in the
the chemical reactions, amdis the number Qf the vibrational output beam and also increases the output energy.
Ievell; thusmE (msl)_gpes o the format!on of molecular The authors thank A. N. Panchenko, A. M. Efremov,
fluorine, and the remaining energy {In)E is expended on E. N. Abdullin, and A. V. Fedenev for assistance in perform-

the formation of atomic fluorine. . ; :
Substituting the normalized values of the specific ratd"d the experiments on device No. 2.

constantsk, of the chemical reactiotf we obtain
Om=10"2E(9+12.5m). (5)

Dividing expression(5) by the value of the energi )
. .. N 1 .
expended on dissociation of the (folecules, we obtain an - |. Galaev, S. V. Konkin, A. D. Latysheet al, Kvantovaya ektron.
expression for the maximum possible efficiency of a laser,MoScoW 23, 217(1996. _ _

e . PP M. Gastaud, J. Bouesc, and M. Autric, Rroceedings of the Eleventh
utlIIZIng ar_] SE_HZ mlxwre' n= 10 (9+ 12'%)' The pa- . International Symposium on Gas Flow and Chemical Lasers and High
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Field distribution of magnetostatic waves in a tangentially magnetized ferromagnetic
slab
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The field distribution of magnetostatic surface and volume waves as they propagate at an
arbitrary angle to a constant field in a tangentially magnetized ferromagnetic slab
(Damon-Eschbach wavess investigated. Snapshots of the magnetic field lines of the wave are
constructed. The variation of the magnetic field distribution with thickness is qualitatively
identified for a volume wave as it propagates at an angle equal to the cutoff angle of the surface
wave, as a result of which the sinusoidal profile of the wave over thickness almost
discontinuously acquires an additional phase difference.1999 American Institute of Physics.
[S1063-784199)01301-X]

Magnetostatic modes in a tangentially magnetized ferrotostatic approximation, according to which the magnetic field
magnetic slab were first considered in the famous paper bgf the wave is expressed in terms of the magnetostatic po-
Damon and EschbactiThey showed that two types of mag- tential ¥
netostatic waves can propagate in such a magnetic medium:

. . . " h=grad¥, (1)
surface waves and volume waves. They obtained dispersion
relations for the indicated waves and investigated the condifor which reason it is called a magnetostatic wave. The po-
tions for their existence. In particular, they noted that surfaceential ¥ satisfies the Walker equation inside the slab
waves can propagate only in a certain sector of directions o
whereas volume modes have no such limitation. They exam- div(uXgrad¥)=0 @)
ined the distributions of the magnetostatic wave functionsand the Laplace equation outside it
with slab thickness for two situations: a volume wave as it
propagates parallel to the magnetic bias field, and the surface AV=0. ©)

wave traveling in the transverse direction. _ Here 1 is the permeability tensor of the ferromagfet.
Subsequent papers dedicated to magnetostatic waves in - 14 conditions of continuity of the tangential component

ferromagnetic slabs investigated the influence on them of th8f the magnetic field of the wave and the normal component
direction of the bias field and various boundary conditions, ¢ e induction should be fulfilled on the surface of the

including metallization of the surface of the ferromagnet andferromagnet.
creation of periodic obstacles along the path of the wavés. According to Ref. 1, the solution of Eq2) inside the

= 5 X ab is expressed in terms of trigonometric functions for the
ferrite structures.However, for the most part attention has volume waves and hyperbolic functions for the surface

been focused on such dynamic characteristics as the disp&fiyes. For our purposes, it is convenient to represent them
sion relation, the phase and group velocities, and the delap{ere in the following form:

time of magnetostatic waves. The distribution of magneto- _

static wave fields over the volume of the slab has been con- ¥ ,=g'(“t~k"

sidered only for the particular cases of the direction of propa- Ck(x—

gation men)t/ioned atF))O\f’e. Prop S,(di2)xe 2, x>d12,
The present study is to some extent a continuation of x{ Se(X), —d2>x>d2, (4

Ref. 1. It investigates the field distribution of surface and S, (—df2)x ekrx+d2) -y q2,

volume magnetostatic waves as they propagate at an arbi-

trary angle relative to a constant field in a tangentially magHere the first factor on the right-hand side describes the
netized ferromagnetic slab. propagation of a wave with frequeney in the direction of

the two-dimensional wave vecté ; the functionS,(x) re-
flects the distribution of the wave over slab thickness

sinh®), o=+1,
Let the bias fieldH, be parallel to thez axis and the Sp(X)= sin®), o=—1
ferromagnetic slab lie in thez plane(see Fig. 1. We denote ' '
by « the angle between theaxis and the direction of propa- where the subscript determines the type of wave — it is
gation of the wave. Following Ref. 1, we use the magne- equal to+1 for a magnetostatic surface wave and for a

BASIC RELATIONS

1063-7842/99/44(1)/5/$15.00 74 © 1999 American Institute of Physics
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of the slab. It follows from the Laplace equati¢®) that the
alternating magnetic field outside the ferrl& has circular
rotation whose direction is different for the upper and lower
half planes. The connection between the components of the
external field can be written as follows:

e__; e
d/2 < hr Ighxv
h
0 » wnere
-1, x=-d/2.

Puc. 1. OpuenTtauuu cucteMs! KOOPAUHAT. . o ) ) )
Since the magnetic field® and inductionb® outside the

FIG. 1. Orientation of the coordinate system. ferrite are equal, allowing for continuity of the tangential
component of the field and the normal component of the
induction at the boundary of the ferromagnet we can write

volume wave; the parameteb=kx+®, is the spatial down the following boundary condition:
phase of the periodic distributid8}, for a magnetostatic vol- h,=he=iZhS=i{bS=i{by. 7)
ume wave and its generalization to the case of hyperbolic
functions for a magnetostatic surface wadg; is the initial Hereh andb are the field and induction inside the ferrqmag-
phase controlling the symmetry of the functiBprelative to  net. In turn,by is expressed in terms ¢f and the tensop
thex=0 planejk, is a posi.tive real ngmber. _ by= uh, + vh, , )

In formula (4) the amplitude coefficient for convenience y
has been set equal to 1 since we are investigating questiomghere v=iQ/(Qﬁ—QZ) is the nondiagonal component of
of the propagation of linear oscillations without regard to thethe tensoru.
conditions of their excitation. Note that although the use of  Hence we obtain the value that the ratio of field compo-

the hyperbolic sine instead of the more general formulahents should take on the upper or lower boundary of the
Ae‘+Be * encompasses only the case of different signs oferromagnet

(€)

2

where®, is the value of the phask on the upper and lower
surfaces of the ferrite slab.
Transforming expressiofiL0), we obtain a formula for

the coefficientsA andB, it is just this case that satisfies the
boundary conditions. b dy 0*-0f

Sgbstituting formula(4) for the poter_wtia}l into the Walker ”é_h_x X= 55 = Qcom— (02— 02)°
equation(2), we obtain an expression linking the wave num-
bersk, andk,, Taking the boundary conditions into account in the given

problem means equating the values returned by form@as
ke)\® Tl and(9),
(k_ 1+ (u—-1)coa’ ®
x (u @ EAD) =1, (10

wherep= (0% —02?)/(Q3—0?) is the diagonal component
of the permeability tenso) = w/d7My, Qy=Hy/47Mg,
Q,=04x(Qy+1), Hy is the bias field, and/, is the satu-
ration magnetization of the ferromagnet.

Using expressior4) for the potential together with for-
mula (1), we find the components of the alternating magnetic o
field h inside the ferrite slab. The ratio of the components ~ To(®)=
can be represented in the following form:

Vo (Q2—0%)X[Q%—Qu(Qy+co a)]
QX cosa—{(Q2—03) '

(1)
iy \/ o(Q?-0?) In turn, the values of the spatial phase on the different
§o=~ QZ—QH(QH-FCOS&)TU((D)’ ©6) surfaces®,, and ®_, allow us to find the parameter
ky=(®,,—P_;)/d. Substituting the values &, into for-
where¢,=h,/hy, mula (5), we obtain the well-known dispersion relations for
‘tank(d)), o=+1, the surface and volume wavés.
TH(P)= However, we are interested in the distributions of the
tan®), o=-1.

alternating fields of the magnetostatic waves. Note that the

The imaginary quantity, describes the rotation of the boundary condition in the form of formul@®) enables us to
magnetic field about an ellipse whose eccentricity dependanalyze the behavior of the magnetic field on the surface of
on the magnitude of,, and whose direction of rotation the ferromagnet directly, and taking dependen@@sinto
depends on its sign. account, the behavior inside it. In order to graphically repre-

Let us now take the boundary conditions into accountsent the behavior of the field with the help of the relation
They allow us to determine the values that the phhseand  »=h, /h,, it is convenient to introduce the following trans-
the quantity¢, should take on the upper and lower surfacesformation:
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- h,=0 20}~ — dashed curve(7.4). As it does, the precession of the mag-
* T~ N S(’%,) . 1 . .
e 5k Y N — &(9) netostatic wave field changes from a vertical ellipse to a
) ™. \ circle.
. N\, N .
Q ho=ik, 1.0 \\ \ ‘s For volume waves @<(),) there are also two addi-
O sk NG \\ 2 ,é /’ tional conditions. The first consists in the positivity of ex-
) NN ///’,{‘,’ 3 pression(5) and defines the lower boundary of existence of
~S “s .
V k=0 of ! 2t 7 magnetostatic volume wave§);=/Qn(Q+cosa). The
O 05k A /3/ second condition is represented by relati@g@). From it, it
) 3 7 follows that the anglex. is also a characteristic parameter
O h,=-ik, -10f- 3 for magnetostatic volume waves. For angles « condition
Oy 15§ e (12) is valid asymptotically. For< . this condition is ful-
h=0 20 |" < _ I filled only for waves for which the phasé, ; on the upper
- %5 0.6 07 o.'g ; gfg . 1"0 o boundary,_ calcglgted ac_cording to formyldl), is ingreaseq
H Q2 2, by 7. In Fig. 2 it is possible to trace out the evolution which

the precession ellipse of the first mode of a magnetostatic

FIG. 2. Frequency dependence of the paramatérs 1) ande (7). 1€D-  yolyme wave undergoes as one goes from the lower to the
resenting the shape and direction of precession of the magnetic field at the .
upper(dashed curvésand lower(solid curves boundaries, respectively, of UPPer surface of the ferrite slab. The parametgrows from

a ferromagnetic slaby=0 (1), 30° (2), a,=54.7° (3), 70° (4), —90° (5).  the solid curves(#5_,) to the dashed curve(», 1) or to the
The correspondjng shapes of the precession ellipse are depicted to the left Rprizontal line with ordinate value 2; growth then continues
the ordinate axists=o(«=0), 2y=0.5. from the level— 2 to the dashed curve if the solid curve lies
above the dashed curve. As the parameteraries in this
] ) way, the configuration of the ellipse passes through the
2—1hn, i7>1, phases nominally drawn to the left of the ordinate axis. Note
i 7, -1<ign<l, the following circumstance: for volume modes the rdfg,
—2-2fiy, ip<—1. represented graphically in Fig. 2, does not depend on the
mode number. Consequently, if we increase the mode num-

This transformation puts the points,=0, ih,/h,  ber by 1, then as we rise from the lower to the upper bound-
==*1, andh,=0 into correspondence with the values ary of the ferromagnet we must add an additional cyclical
=2,%£1,0, respectively. loop equal to four units along the ordinate axis.

Let us now consider in more detail a specific feature of
magnetostatic volume waves connected with the presence of
the cutoff anglea.. Toward this end, we turn to Fig. 3,

Figure 2 plots the frequency depender¢ey,) given by  which plots the dependence of the surface phdses and
formula (9). Each value ot corresponds to a definite shape & _, of the first volume mode on the wave vectqr. The
and direction of the rotation ellipse of the magnetic fibld phase inside the ferromagnetic slab is easily found since,
which is qualitatively depicted to the left of the ordinate axis.according to formulg1), it grows linearly from® _,; on the
In the construction of the graphs we allowed for additionallower boundary tad_ ; on the upper boundary. Recall also

e(n)=

DISCUSSION

conditions of existence of the magnetostatic waves. that magnetostatic volume waves in a tangentially magne-
For magnetostatic surface waveQ*(},), there are tized slab have negative dispersion.
two such conditions. The first one has the form The dependence on wave numiger frequency of the

O >P (12) phase differenca®=® ,,—®_,; of a volume mode turns
+1 -1 ;
out to be different for angles greater and less than the
It follows from the positivity ofk, and defines the known critical anglea, (Fig. 38. For angles greater than. (except
value of the cutoff angle of the surface waves  for o= #/2) the phaseb_; grows monotonically from O to
=arctan/1/Qy. For a>a. surface wave do not exist. The 7 ask, increases from zero to infinityas the frequency
second condition follows from the fact that the value of thedecreases fronf), to its lower limit). The phaseb_; has
hyperbolic tangent in formulél1) is bounded by unity and some negative minimum in the mid part of this range and is
determines the upper frequency of existence of the surfacgqual to 0 at its limits. The phase differendsb grows
waves propagating at a given anglerelative to they axis monotonically from 0 torr.
Q(1+c02 a)+cof a Eor angles less thas, the behavior Qﬁ?+1 is Qifferent:
0= > cosa . In this case, botld _; and_(I)+l have a minimum in the mid
part of the range and at its boundaries are equal to 0mand
In Fig. 2, of all the angles considered, the magnetostaticespectively. Here the phase differensé turns out to be
surface wave can propagate at only two. As the angle isnaximum and equal ter at the boundaries of the frequency
increased, the frequency region of existence of magnetostatiange and has a minimum in its middle part.
surface waves narrows due to lowering of the upper fre- The valuea= 7/2 represents a special caghe wave
guency. In the limita— a; the upper frequency tends to propagates parallel to the fieldy). In this case the curves
Q, . The parameter of the precession ellipsenside the & ,; and ®_; become symmetric relative to the abscissa
ferromagnet grows from the solid curve(n_,) to the (and the magnetostatic wave field relative to the center of the
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FIG. 3. Dependence of the phasks ,; and® _, of the first mode of the magnetostatic volume waves for the upper and lower surfaces of a ferromagnet on
the two-dimensional wave vectéy (a) and view from the the critical angle.=54.7° (b).

slab, due to the absence of nonreciprocity for this value offor the same wave numbé&; and very similar values of the

a. parameters) and «. Nevertheless, the shapes of the field
For higher modes the behavior &,,, ®_,, andA® lines inside the ferromagnet in this figures differ signifi-

differ from the behavior considered above by the presence afantly. This is because the angleis 2° less thany; in one

an additional termnsr, in the formulas for® , ; andA®. figure and 2° more in the other. In this case the wave vectors

Finally, let us consider how the magnetostatic wave fieldwere chosen to be relatively small in the region where the
itself is distributed over the thickness of the magnetic slabphase® . ; (Fig. 3) has an almost jumplike singularity in its
Figure 4 displays snapshots of the field lines of two magnedependence oa. On the lower surface of the slab the values
tostatic surface waves propagating at one frequency but aff ® _, are negative and small in absolute value, and almost
different anglesa. The tangent to the line at each of its coincide(Fig. 3). Therefore, in both figures near the lower
points indicates the direction of the magnetic field of thesurface there is a cross section, where the tangents to the
magnetostatic wave. Unlike the lines of force of the mag-field lines are vertical® =0). But there is a horizontal field
netic induction, the magnetic field lines are not continuoudine (®=#/2) only in Fig. 5a, for which® , ;> #/2. The
and their density in a ferromagnet is not an indicator of thephase differenca® is 120° in Fig. 5a and 87° in Fig. 5b.
magnitude of the field. However, we have shown snapshots For Fig. 5¢ the same value of=57° was chosen as in
of the magnetic field lines because they provide the mosFig. 5b, but the wave vectdifrequency was chosen such
exhaustive and convenient representation of the principahat the phase differenc®® was equal to 120°, as in Fig.
regularities of the propagation of a magnetostatic wave in th&a. In order to provide the magnetostatic volume wave with
form of formulas(6), (7), and(9). For magnetostatic surface
waves propagating at an angierelative to they axis (Fig.
4b), the structure of the field lines is similar to the case 1.0 a

a=0 (Fig. 49 examined in Ref. 6. Ag is increasedfor a 0'5 //////////// /_._.‘\\

given frequency the wave number grows and, as follows ) ~__
from Fig. 2, the tangential component of the field grows 0

relative to the normal component on the upper surface of the -0.5

slab while the relative values of the components on the lower -10 \\\\\\\\\\\\\

surface remain essentially unchanged. b

The field distribution of the magnetostatic waves has
specific features associated with the existence of the critical 05 [//// O\\\\\ / //// O\\“ [///
angle a.. Figure 5 presents snapshots of the field lines for e \\M \\M// \\\'\
the first mode of the indicated waves — the ones correspond-
ing to the states marked by points in Fig. 3. The value of the \\v \\\*/ // \
x coordinate at which the tangents to the field lines are ver- s 7 2 3 2 5 P
tical corresponds to the phade=0 or 7 while the values of r/d
the x coordinate corresponding to the phades + /2 are FIG. 4. Magnetic field lines of magnetostatic surface waves with frequency

those fOT.WhiCh the fleldllne is a horizontal line. 0=0.935:@=0 (a), 30° (b); k,d=0.34(a), 1.2(b); the unit of length is the
The field snapshots in Figs. 5a and 5b were constructethickness of the ferromagnetic slab.

z/d
2

N
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a tostatic surface waves is oriented perpendicular to the surface
// ' z g of the ferromagnetic slab. The eccentricity of the ellipse
117 ) takes its maximum value on the lower surface of the slab. As

0 m \\\\\W@[ [ one moves toward the upper surface, the field amplitude
05 \ grows monotonically and the eccentricity of the ellipse de-

’ \\ / creases, also monotonically. The ellipse at the upper bound-
-1.0 ' b ; ' ary tends toward a circle with the magnetostatic waves
1.0 ‘ ' ; ; - propagating perpendicular to the bias field=€0°) and the
05 /// wave number tending toward infinity. As the angieis in-
¥ creased, the eccentricity at the lower boundary hardly varies,
s 0 H \\\\\\\\\\\W/// | the gradient of the eccentricity relative to tRecoordinate

-0.5 (the spatial coordinate in the direction of the slab thickhess
-10 \ \ , grows, but the total range of values of the eccentricity con-

tracts to zero as the angte approaches its critical value,

accompanied by a simultaneous contraction of the frequency
range.
The propagation of magnetostatic volume waves also
-05 L= \/( has a singularity in the vicinity of angles neat. In the
10 \\\ /// \M/ \\\\// region of _small_wave m_meers, as the anglei(_acreases, an
o 3 4 5 6 almost discontinuous increase of the spatial phase takes
r/d place at the upper surface of the ferromagnet, as a result of
FIG. 5. Magnetic field lines of magnetostatic volume waves:53° (a, ~ Which the picture presented by the field distribution of a
57° (b,0); k,d=0.4(a,b), 1.49(c); O =0.859(a), 0.852(b), 0.794(c). These ~Magnetostatic volume wave over slab thickness is radically
figures correspond to the points on the surfaces in Fig. 3 labeled by the samgtered.
letters. This work was carried out with the support of the Rus-
sian Fund for Fundamental Resear@@rant No. 96-02-
17283a.
the same value ck ®, as in the case of a rotation by 4° for
k,=const, it is necessary to incredgeby a factor of 3.7 for
a=const. Note that in the region of small wave vectors for 1r . pamon and J. R. Eschbach, J. Phys. Chem. St8d808 (1962).
anglesa close to but smaller than., the®, ,(k,) curves 2R W. Damon and H. van der Vaart, J. Appl. Phgs, 3453(1965.
have a minimum, thanks to which the existence of identical, W '-VBong'a”kf“ J. CPP' Phy943d%/54Dl iﬁm v st Usheb
values ofd_, is possible, which implies similar field distri- > - ¥ 0;?2”36?(101) 876 (1%22;3 an aritonov, Izv. Vyssh. Uchebn.
butions with thickness for two different values kaf. Ask; 5y, |. zubkov and V. A. Epanechnikov, Radiotekh. Elektrddl, 656
is increased, the jumplike singularity at the surfacebin, (1986.
smooths out. 8A. G. Gurevich and G. A. MelkoviMagnetic Oscillations and Wavé
In conclusion we may note the following. The major axis Russiag, Fizmatit, Moscow, 1994.
of the precession ellipse of the magnetic field of the magne¥ranslated by Paul F. Schippnick
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The motion of charged particles in a linearly polariZzeid-ubitron field with sinusoidal time
dependence of the variable component of the magnetic field is investigated. It is shown that,
depending on the parameters of the system and the initial conditions of entry of the particle
into the EH-field region, three different types of motion are possible: ballistic motion, capture in
the vicinity of one of the maxima of the magnetic field, and escape of particles from the
EH-field region. An analytical expression is found for the criterion determining the type of motion
of the particles, along with analytical solutions for the energy of the particles in the
approximation of slow variation of the magnetic field amplitude in time. Peculiarities of the
motion of the particles ifEH fields with arbitrary rate of change of the magnetic field amplitude
in time are investigated numerically. @999 American Institute of Physics.
[S1063-784299)01401-4

INTRODUCTION particle rest massy, is the initial value of the relativistic
) ) factor of the particle, and is the speed of light in vacuum.

The creation and study of new types of accelerating sys-  Therefore, it is still unclear how the particles interact in
tems Is one of the most urgent probleme of contemporary, . pitron field if condition(1) is violated. At the same
physical electronics. For this reason, despite the fact that thﬁme, analysis shows that maximal rates of acceleration can
numbler of accelerator models known at the present time ife achieved ifs<1, and also that various particle capture
large,” newer and newer systems continue to appear. ONfrocesses are possible in the vicinity of the magnetic field
possible dlrectlon. here is the development ef d.eS|gns b_aserﬂaxima fors>1. In this light, in the present work | have
on the acceleration of charged particles in time-varying, nqertaken an effort to eliminate these gaps in the nonlinear
crossed, periodically reversed electric and magnquheory of particle motion irEH-ubitron fields.
(EH-ubitron) fields? In Refs. 3—6 it was shown that such
systems possess a humber of unique properties such as the
possibility of simultaneous codirected acceleration of oppo-
sitely charged particleSnonlinear dependence of the rate of MODEL AND BASIC EQUATIONS
acceleration on the length of the systérie possibility of

accelerating quasineutral plasma bunchasd the possibil- odicall £ bairs of el
ity of cooling and compressing charged-particle befms created by a periodically reversed seguence of pairs of elec-
‘tromagnets. We assume that the magnetic field vedtis

These efforts have opened up the possibility of using_ . . :
EH-ubitron systems to form charged-particle beams anc?nented along they axis, and that the sequence of pairs of

plasma fluxe&® to develop accurate models of Fiiree- electromagnets runs parallel to tkeaxis. In addition, we

assume that a time-varying current flows through the coils of
electron laseracceleratorsand FEL generatofSand also . o
. the electromagnets, as a result of which the magnetic field
for a number of other technological purposes.

. . varies in time, inducing a solenoidal electric field. The latter
However, despite the comparatively large number of ef-

forts dedicated té&H-ubitrons, a significant number of inter- iy also a perlo_dlca!ly reversed field aleng thaxis, and .'ts
. . . . fleld vectorE is oriented along the axis. The undulation
esting physical processes taking place in systems of such : . .
: . i , periods of the electric and magnetic fields are equal. Such a

type remain uninvestigated. In particular, Refs. 2—6 exam:

ined particle acceleration with the aid of the BogolyubovSUperpOS'tlon of electric and magnetic fields is known as a

averaging methoflwhere they chose the quantity linearly polarizedEH-ubitron field and can be described
’ with the aid of the vector potential

Let us consider the motion of a charged particle in fields

e2H? A=A(t)g sinkz, 2
&= 21 b @)
m°ck“(yp—1) whereA(t) is the amplitude of the vector potential, is the
unit vector in thex direction,z is the longitudinal coordinate,
as the small parameter, wheteis the amplitude of the mag- t is time in the laboratory reference frame.
netic component of théH-field, k is the undulation fre- Thus, the electric and magnetic field strengths can be
quency of theEH-field, e is the particle chargem is the represented as

1063-7842/99/44(1)/6/$15.00 79 © 1999 American Institute of Physics
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1 9A 1 dA(t) _ count, we obtain the basic system of equations describing the
TTcat ¢ dt & sinkz, motion of a charge particle in a linearly polarizéti-ubitron
field,

H=curlA=KA(1) g,coskz, ®) dh coswt(1+ u sinwt)sir? &
wheree, is the unit vector in the direction. dt @ h '

Let us consider the case where the charged patrticle flies ) 5 .
into the EH-field region with initial velocity vo=cpge,, @:_a (1+psinwt)®sin2¢ %Za P e
where B, is the dimensionless velocity, are is the unit dt 2 h ©odt T3he
direction in thez direction. To describe the motion of the ;.00
particle we will use the Hamilton canonical equations. Thus,
taking the expression for the vector potenti@) into e’Hiuw e’H?2 «
%crcr:r?unt, the equations of motion can be represented in the ¢1 mzc“ygkz' az 2m203y§,80k' az=KCBy

2 2 are constant coefficients.

d_H: e_A(t) wsinz kz @: - e—kAZ(t)sin kz The initial conditions for systent7) can obviously be
dt H dt ©oodt 2H ’ written as follows:

dx  ecAt) dz c?p, h(0)=1, p(0)=1, &0)=0. (8)

—=- T : 4 _ _ L

dt H dt = H By virtue of the fact that the initial conditions for the

particle energy and momentum enter into the definition of
the coefficientsy,, a5, a3, the nature of the motion is com-
pletely determined by the values of these coefficients. In the
opresent work on the basis of systdif) we will investigate

the electromagnets is a sum of a constant and atime-varyinﬁe charged-particle trajectories and also the dynamics of

component. Then, if the variable component is described bt eir acceleration as functions of the values of these coeffi-
, d:ientSal,az,a3.

whereH is the energy of the particl&, is the projection of
the momentum of the particle onto thleaxis, andx is the
transverse coordinate.

Let us consider the case where the current in the coils

a sine law, the amplitudes of the electric and magnetic fiel
strengths can be represented as
. ANALYSIS OF MOTION IN EH-UBITRON SYSTEMS WITH
H(t)=Ho(1+ psinwt), SLOW VARIATION OF THE MAGNETIC FIELD

AMPLITUDE IN TIME
moHg

ck

E(t)= coswt, ®)

It is not possible to obtain analytical solutions of system

. ) (7). Therefore let us first consider approximate solutions of
whereH, is the amplitude of the constant component of thegystem(7) in the case of slow variation of the magnetic field

magnetic field,. is a dimensionless parameter equal t0 thej, {ime. physically this means that during transit of the par-

ratio of the amplitude of the variable component of the magsjcje through theEH-ubitron field region the amplitude of the

netic field to the amplitude of the constant component,@and agnetic field varies only slightly. As a criterion of slowness
is the frequency of the variable component of the current in, o adopt the condition

the coils of the electromagnets.
Here note should be made of the following: in order for ~ @7<1. 9)

the EH-field region should be less than the period of varia-amplitude of the induced electric field is directly propor-
tion of the qmplltude of the.magnetu: f|eld..PhyS|caI.Iy, this tional to the frequencw, and if the value of the frequency is
has to do with the fact that in this case during transit of thesmg||, then the work performed by the electric field on the
EH-field region the induced electric field performs positive particle will also be sma)l However, use of conditior9)
work on the particle oscillating in the periodically reversed gjiows us to simplify systen(7) significantly and, as we will
magnetic field. Thus, we will assume that the condition  see pelow, without significantly altering the dynamics of par-

20 ticle motion in the EH-ubitron field. Thus, in the zeroth
T<— (6) approximation in the parametesr we can rewrite system
@ (7) in the form
is satisfieqz, Whe_req- is th_e transit time of the particle through dh sité  dp sin2¢  d¢ D
the EH-ubitron field region. T T I R T (10

To study the equations of motion it is convenient in sys-
tem (4) to transform to the dimensionless variables In system(10) it is easy to obtain two integrals of mo-
h=H/mcy,, p="P,/MmcByys, £=kz In addition, it can be tion

easily seen that the right-hand sides of syst@ndo not
depend on the variablg. Therefore we will consider the P= 1\ [1— @sinzg
equation for it separately. Thus, taking relatidb into ac- as
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a a a 16
h=1+—1(p(g,2)—E(f,Q>), (11)
ag ag

where
2a'2

F(S’ ag )
are elliptical integrals respectively of the first and second
kind.

Substituting relationgll) in the third equation of system
(10), it is easy to see that the nature of the motion of the
particle in anEH-ubitron field depends substantially on the
value of the parametem?za;l. In other words, as the pa-
rameter 2v,a5* increases, bifurcation takes place, leading
to a qualitative change in the form of the solutions §¢t).
Specifically, the motion of the particle in thez plane can
follow three different trajectories which are described by sys- i
tem (10): a) for 2a,a3 <1 stable trajectories are realized -4 Ly
which describe ballistic motion in theH-field region; b for 0 0.04 0.08
2a2a§1= 1 the particle moves along an unstable trajectory, i,ns
escaping from th&H-field region after the first pair of elec- _ _ _ _
tromagnets; xfor 2a2a3_1>1 stable trajectories are realized FIG. 1 Solutioné(t) for different types of motion of an electron in an
which characterize particle capture by the magnetic field oF Hubitron.
the first pair of electromagnets.

Obviously, for particle capture by the field of the first ) _ )
pair of electromagnets the particle undergoes further acceP!OtS trajectories of electrons in the plane represented by
eration analogous to acceleration in a betatron. However, fdf€ cyiveskx(g) for the same values of the parameter
industrial-production purposes such an operating regime of®2%s - In bc_)tlh figures curves correspond to capture mo-
an EH-ubitron accelerator is obviously inefficient. This has on for 2aa; “=1.5, curves2 correspondio escape of the
to do, first of all, with the fact that the entire remaining part Particle from theEH-field region for 2vya3 “=1, curves3
of the EH-field region remains unactivated. As for the un- correspond to strongly perturbed ballistic motion for

l_ .
stable trajectories, the specifics of such motion are easil§®23 =0.9, and curvet describes weakly perturbed bal-

: - : “1_
investigated with the aid of the following quadratures of sys-listic motion realized for Z,a3°=0.01. All of the curves

. 71_ _
tem (10), which follow for 2a,az *=1: were obtained for;az “=10 . o
Analyzing the system parameters determining the value

2a2)

1 1 i
0.12 0.16 o020

- h=1+ 22 injtad T+ £ s
p=cos{, h= @ nitan -+ —sing|,
2+
1 T & ay T &
=— —+ ||+ =—In?[tan| —+ =
t o In tar( 715 2asln tar( 775
ag
+ —In|cos¢| |. (12)
a3 ar 2
It follows from these relations that at late times
li _ li =0 13
tm(&(t))—g, tIﬁnr;(p(t))— - (13 2,0
By virtue of the fact that in this case 7 3
lim (x(t)) ==, (14
t—oo 0 N 4
the particles for this type of motion are ejected from the field
region in a direction parallel to the axis, along a straight |
line equidistant from the first and second pairs of electro-
magnets. ) [ 1 ] 1 ] ! ! 1 ]
As a numerical example, let us consider the motion of -4 g 4 8 2 16
electrons in arEH-ubitron field. Solutions for various trajec- 5

tories are shown in Figs. 1 and 2. Figure 171p|0t.S Solutions_ 2. Trajectories of an electron in the plane for different types of
&(t) for different values of the parametenga; ~. Figure 2 motion of the electron.
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12 1.016 +—
10 1.012

| I
8 1.008

2
&g R
I 1.004
I .
4 1.000
2+ 0.996 1 | ] ] ) ] I I
0 40 80 20 160
] 1 ] 1 1 i ) I ! | g
0 4 8 12 16 a0
”0 /k, kGs -em FIG. 4. Dependence of the dimensionless energy of an elettrom the

longitudinal coordinate for the case of ballistic motion.
FIG. 3. Dependence of the critical value of the initial relativistic factgs
on the parameterl /k for electrons.

The growth of energy in the case of motion along
strongly perturbed trajectories can be investigated with the
of the parameter @,a5 ", it may be concluded that for a ajd of relations(11). A plot of the corresponding depen-
given value ofHy/k for a specific type of charged particle dencesh(¢) is shown in Fig. 4 for electrons for different
there exists a critical value of the initial relativistic factor, yalues of the paramete@lagl: curve 1 corresponds to

given by the expression aja3'=6x10"° curve2 to 3X10°°, and curve3 to 1.5
> X105 All three curves were calculated foraga;*
oem \ 1+ eHo (15 —0-99.
o mck/

_Thus, for particle motion in aftH-ubitron field, capture o\ ysis OF MOTION IN EH-UBITRON SYSTEMS WITH

trajectories are realized f070< Yoc and ballistic traJecto- ARBITRARY RATE OF CHANGE OF THE MAGNETIC
ries for vo>y,.. Dependencel5) is plotted in Fig. 3 for FELD AMPLITUDE
electrons. Here region | corresponds to values of the relativ-
istic factor for which ballistic trajectories are realized while ~ The physics of the interaction of a particle with an
region Il corresponds to values for which capture trajectorie§H-ubitron field having arbitrary rate of change of the am-
are realized. plitude of the magnetic field is more complex. This has to do,

Obviously, particle drift along the axis with simulta- ~ first of all, with the fact that processes of particle capture by
neous acceleration in tHeH-ubitron field is possible only in  the field of one of the pairs of electromagnets can take place
the case of ballistic motion. Therefore we will obtain esti- at any point in the interaction region. In other words, even if
mates for the variation of energy specifically for this casethe capture condition is not met at the first pair of magnets, it
By way of an example, let us consider the acceleration of £an be valid at another point in titgH-field region due to an
particle moving along a weakly perturbed trajectdfpr  increase in the magnetic field amplitude in time. In addition,
2a,a5'<1). We thus obtain the following approximate in such systems the rates of acceleration will be greater due
analytical solution for the dimensionless energy: to a lifting of the restrictions on the frequency and transit
time (9). However, as has already been noted, analysis of
systems with arbitrary rate of change of the magnetic field is
complicated by the impossibility of finding analytical solu-
tions of systen(7). Therefore, we will employ the results of

Thus, for particle motion along a weakly perturbed tra-numerical integration of systefi) for the case of electrons.
jectory the mean value of the energy grows according to a  Analysis of systeni7) allows us to identify an approxi-
linear Iaw As for the rate of growth, note that the conditionmate condition for which ballistic motion is realized in sys-
2a,a5 <1, for which weakly perturbed trajectories are re- tems with arbitrary rate of change of the magnetic field,
alized imposes the condmoa:ila3 <1. Therefore, the re- i )
gime of weakly perturbed trajectories is characterized by 2%2(1tusinw7) <1 (17)
comparatively small rates of acceleration. as

1
g—zsin 2¢ . (16

ay
h=1+—
as
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FIG. 5. Solution foré(t), describing capture of an electron by the field of g 6. Trajectories of an electron in theplane for the same conditions as
the first pair of electromagnets in the case of arbitrary rate of change of the, Fig. 5.

magnetic field amplitude.

- o o between the 13th and 14th pairs of electromagnets (
In essence, conditiofl7) implies that the magnetic field _g 13x1¢7 1 @=4.3x100s71  @;=9.2x100s 1,

strength of the last pair of electromagnets is not enough fof, — 1181 andpu=1).

particle capture. _ _ The acceleration processes can be investigated numeri-
_Let us consider numerical solutions of syst&M for ¢4y py integrating systen(7) under conditions of purely

different values of the parameters , «;, a3. Figure 5 plots  pajiistic motion (17). An example of such a calculation is

the dependencg(t) characterizing capture of an electron by shown in Fig. 9, which plots the dependencen¢§) for the

the field of the first pair of electromagnets. The parameters Ofollowing parameter valuesa;=1.34x10°s ™, a,=2.6

the system were taken to be the followingy,=1 X105, 03=9.2x100s !, 0=2.4x1Fs !, u=1, and

—1 — 01 — 01 —
X10s™!, @,=4.8x109s !, 3=9.2x10%!, w=1 N=100 pairs of electromagnets. It can be seen that for these
x10%s 1, andu=1. Clearly, the dependence has the char-

acter of damped oscillations. This is because with growth of

the magnetic field the radius of the particle trajectory de- 720
creases. The nature of the trajectory in ¥zglane is shown

in Fig. 6 by the curvekx(£) for the same parameter values.
As follows from this figure, the particle trajectory converges
upon itself as it approaches the axis between the centers of
the magnets.

The transition from ballistic motion to capture motion 80
can be investigated by considering the capture of electrons at
different pairs of electromagnets. Dependences of this sortus
are shown in Fig. 7. This figure plots curves of the depen-
denceé(t) describing the transition from ballistic motion to
capture motion at different pairs of electromagnets. In par-
ticular, curvel describes capture by the 14th pair of magnets
(@;=9.1x10"s™ %, a,=4.28x10"9s™1; curve 2 describes
capture by the 23rd pair o;=8.8x10's !, a,=4.1
% 10'%s71); and curve3 describes capture by the 33rd pair
(;=8.4x10"s™ 1, a,=4x10s 1), The remaining pa-
rameters were set equal to the same values for all the curves
@3=9.2x100%s 1, w=1x10°s !, andu=1. The trajecto- ]
ries in thexz plane are shown in Fig. 8: curikeis the tra- ¢,ms
jectory for capture by _the 14,th p_alr of magnéﬂse pgram- FIG. 7. Dependencé(t) describing the transition from ballistic motion of
eters are the same as in cutvin Fig. 7) while curve2is the  an electron to captured motion in the vicinity of different maxima of the
trajectory of a particle escaping from thHeH-field region  magnetic component of theH field.

L
4
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2

FIG. 9. Dependence of the dimensionless energy of an elettrom the
longitudinal coordinatef in the case of arbitrary rate of change of the
magnetic field amplitude.

FIG. 8. Trajectories of an electron in tixe plane.

values of the parameters the additional energy acquired by

the electron in a linearly polarize#H-ubitron field is equal

to roughly 30% of the total initial energy. At the same time, as follows from the results of this
work, the creation of combined schemes is possible, in which
the last pair of magnets plays the role of a betatron accelera-
tor. Such setups can be technologically advantageous if the

DISCUSSION beam-cooling effect is utilized along with the accelerafion.

In that case an almost monoenergetic particle beam would be

In the Very first - works ded|_cated t(EH-_ub_|tron delivered at the entrance to the betatron section. This would
acceleratorsit was shown that there is an upper limit on the _~ : . .
eliminate the problem of accelerating particles of different

rates of acceleration of these systems. This upper limit is X )
connected with the impossibility of increasing the frequency€N€'9Y ranges in the same working space. .
of the currentw in the coils of the electromagnets above N conclusion, the author wishes to thank A. 1. Oleniiski
some upper limit determined by conditi@6). In the oppo- and S.A. Kuleshov for helpful discussions.

site case the electric field vect®& changes sign and the

particle falls into the braking phase of tiieH-field. It also

follows from the analysis presented here that for a given

value of the initial relativistic factor there is an upper bound )

on the amplitude of the magnetic component of the 1I'. G. Artyukh and G. Sj. Kamal'dinova, Obzoryléktron. Tekh. Ser. I.
EH-ubitron field Hy (15). Thus, we may conclude that a ,Elektronika SVCh, No. 19, 13141987, _

second mechanism exists limiting the rates of acceleration ofE#e\éth'r';z a:e(jttg)i 2'3582';3]'3'5 ma Zh. Tekh. Fi21(9), 52 (1999
EH-ubitron accelerators, connected with the capture effects,, , Kulich, P. B. kosel, 0. B. Krutko, and 1. V. Gubanov, Proceed-
described in the present work. By virtue of the fact that the ings of MPSL'96 Confereng@umy (Ukraine, 1996.

rate of growth of the particle energy BH-ubitron systems  4v. V. Kulish, P. B. Kosel, and O. B. KrutkoAbstracts of the 23rd Euro-
is directly proportional tOHSw (Ref, 2) we may conclude pean Physical Society Conference on Controlled Fusion and Plasma
that the second mechanism is more important and there arg’hysics Ukraine, 1996, p. 468. _ , ’
fundamental limitations on the rates of acceleration of such \é Vf K“"Shé P. B'Uios_e" ?égBé Krutko, inProceedings of MPSL'96
Setups. In addition, when nonmONOENErgetic beams are Aty ae: o3 s = S, and 1 v, Gubanov, Pisma
celerated inEH systems a cutoff of part of the current is  tekn. Fiz.22(15), 68 (1996 [Tech. Phys. Lett22, 630(1996].

possible as a result of capture of particles by the fields of7v. v. Kulish and 0. B. Krut'ko, Pis'ma zh. Tekh. Fi21(11), 47 (1995
different pairs of electromagnets. But the number of the [Tech. Phys. Lett21 418(1995].

magnet pair whose field captures a specific particle dependzsA- G. Kailik, A. A. Kvak, and O. B. Krutko, Ukr. Fiz. Zh40, 922(1995.

on the particle’s energy. Thus the low-energy part of the E NkMT\LseeVAS);nQEEOth Methods of Nonlinear Mechanjas Russian,
beam can be delayed in the region of the accelerating sec- auka, Moscow, '

tion. Translated by Paul F. Schippnick
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Growth of YBa ,Cu30-_, thin films on sapphire with a cerium-oxide sublayer
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The possibility is demonstrated of preparing high-quality films of the high-temperature
superconductor YBZu;C; _ 5 with thicknesses up to 26m by dc magnetron sputtering. It is
found that inclusions consisting of CuO and Y.Ba,Og coexist with the growing film

and are “sinks” for defects, nonstoichiometric atoms, and mechanical stresses. Using x-ray
diffraction and Rutherford backscattering, we find that the structural perfection of the films is
improved by increasing the thickness when using the proposed fabrication technique.

© 1999 American Institute of Physids$1063-78499)01501-9

INTRODUCTION The authors of Ref. 4 suggest that growth alongafais is
faster as a consequence of the fact that it is easier for the unit
YBCO films of 0.6-2.6um thickness are quite promis- cell to align itself with thea— ¢ andb— ¢ faces than with an
ing materials for the construction of devices for microwaveg —p face while the orientation of the grains forming on the
and power electronics. For microwave applications it is necsubstrate during the initial stages of growth depends on the
essary that the film thickness exceed several London penetrgsmperature. This hypothesis explains the fact that the rela-
tion depths\ . Otherwise the microwave signal losses grow.tjve volume of thea phase increased with thickness in all the
The London penetration depif is roughly 140-180nm for  experiments. Computer simulatidnshowed that for a
a perfect crystal along the axis of the unit cefl and is  growth rate ratio of 10: 1 the relative fraction aforiented
significantly greater in real films as a consequence of thEibhase on the surface increases from 2 to 100% as the film
structural imperfections: the presence of point defects, grai@rows to a thickness of 300 nm. These results agree with
boundaries, etc. This means that it is necessary to Obtaié‘xperimenf". On the other hand, the authors of Ref. 6 con-
films of satisfactory quality with thickness greater thanq,qe thata-oriented growth is thermodynamically favored
0;5"?',“' HOW_eYef' .efforts to grow th',Ck films run up against \hile c-oriented growth is kinetically favored and is possible
S|gn|_f|cant difficulties as§oc_|ated V\{Ith d(_eterloratlon of th,eonly for a high supersaturation. The other hypothesis is that
quallty O.f the ;tructure with Increasing th'Ckn?SS anq a Shlﬁcooling of its surface leads to the change in orientation of the
in the orientation of the growing film. YBCO films with the rowing film. According to the data of Refs. 1 and 2, in order
¢ axis of the ur!it ceII_ oriented p_erpendicular to Fhe supstrat or the formation ofa-phase grains to prevail the tem,perature
surface(the c orientation are optimal from the point of view of the growing surface should be lowered by 120°C. Some

of their electrophysical properties and application in micro- . . . .
wave devices. Starting at some critical thicknessgrowth possible mechanisms of such cooling have been proposed;
. o ; : however, such a large temperature drop has not yet been

of grains with thec axis parallel to the surfacghe a orien- . . .
confirmed by direct observations; however, the authors of

tation) begins to prevail. Ira-oriented films the critical cur- ‘o ble to i the critical thicknesso
rent density is an order of magnitude lower and the Londor€f- 2 were able to increase the critical thickngsto sev-
eral microns by using a linear or stepped temperature in-

enetration depth_ is three times higher. Thus, the problem ) X
P PtAL g P crease with growth of the film. Nevertheless, the structural

arises of preventing the orientation of the growing film from ) ) ) X X
shifting during sputtering of films of 0:62.6 um thickness. perfection of these films deteriorated with thickness and the

Numerous studies of changes in the orientation during/0lume of thea-oriented phase increased even though it re-
growth of YBCO films have been perform&d' It can be ~ Mained quite small. _ _
taken as an established fact that the formatiom-ofiented It may be conjectured that botroriented and-oriented
grains takes place at a lower temperature than formation drains form on the substrate surface and also on the surfaces
c-oriented grains regardless of the substrate matésiatiies ~ Of existing grains. Their formation rate depends on the tem-
of growth have been carried out both on substrates with wellPerature, degree of supersaturation, orientatmratda-) of
matched lattice parameters of substrate and fiBTO, the preceding layer, and the presence of surface defects.
LaAlO;) and for mismatched substratédgO), and also on Recently we examined the growth of secondary insulat-
a presputtered thio-oriented YBCO film. In films grown at  ing phasesinclusions during the initial stages of growth of
a temperature optimal for formation aforiented grains, YBCO films.” We found that such inclusions consist of CuO
a-oriented inclusions were also observed which were deand YBgCuOg phases and that their concentration varies
tected either at the film—substrate interfater at some with time during growth of the first layers of the film and
depth into the filmt® In either case, starting at some critical then reaches a saturation level around @i 2. These in-
thicknesst., growth of thea-oriented phase predominates. clusions can coexist with the growing film and function as

1063-7842/99/44(1)/5/$15.00 85 © 1999 American Institute of Physics
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“sinks” for defects, nonstoichiometric atoms, and mechani- a
cal stresses. Being insulators, they do not degrade the super- 13f
conducting or microwave properties of the YBCO filfi 12r
the present paper, working on the supposition that the sec- r /
ondary phases can influence the ratio of growth rates of the 0; : L
a- and c-oriented YBCO (123 phases, we examine 0.8 i
YBa,Cu;0;_, films of 0.3— 2.6 um thickness whose growth a7k
conditions ensure the formation of insulating inclusions. 0.6t
0.5t
0.4 ! I Il i ! 1
/) 0.5 7 1.5 2 2.5 J
EXPERIMENT d,/un

The films were sputtered in a planar dc magnetron sys-
tem in an atmosphere of pure oxygen at a pressure of 1 Torr.
The oxygen-enriched atmosphere ensures complete oxidation 1} b
of the inclusions, which determines their insulating proper-
ties and the possibility of using them in microwave devices.

As the substrate we used sapphftel02] (r-cut) with a 0.5
sublayer of cerium oxide of thickness 200A and mixed
(001)/(111) orientation’ Sputtering was performed for two
values of the discharge current: 400 and 200 mA, which pro-
vided two different deposition rates.

During the first 30 min of sputtering the discharge cur- 0.# i 1 1 ) L
rent was increased and was thereafter kept constant. The 0.000  0.200 0.400 0.600 0.800  1.000
temperature of the substrate-holder was maintained at 650°C d, pm
anq was not increased during sputtering. The deposition timgIG. 1. Dependence of the FWHM of t1§805 YBCO peak of the rocking
varied from 5 to 45h. curve on the film thickness for a current of 4@ and 200 mA(b).

The thickness of the films was measured with the help of
a DEKTAK 3030 profilometer and varied from 0.1 to
2.6um. The deposition rate, found from the values of themean dimensions of the surface objects were found with the
film thickness, was 10.5A/min £5%) for a current of help of a specially developed computer program.
400mA and 3A/min ¢-5%) for a current of 200 mA. It To compare the electrical properties of the films, we
should be noted that the twofold decrease in the dischargehose the parameters most sensitive to the degree of struc-
current(and correspondingly the sputtering rateads to a tural perfection and the orientation—the critical current den-
threefold decrease in the rate of growth. This is evidence thadity j. and the microwave surface resistarReThe critical
the rate of growth is quite low and near the kinetic minimumcurrent density was measured by a noncontact method at
at which all atoms arriving at the substrate re-evaporate an@7 K, and the surface resistance was measured in a copper
the film does not grow. resonator at 77 K at 60 GHz.

The structural perfection of the growing films was exam-
ined with the aid of a Rigaku-Dmax Geigerflex x-ray diffrac-
tometer. The relative fractions of the and a-oriented
phases were calculated on the basis of the relative intensity Figure 1 plots the FWHM(y) of the (005 peak of
of the YBCO peaks: (005 (c-orientation and (200 YBCO, obtained by ap scan, as a function of thickneé&d).
(a-orientation. Toward this end, we compared the total peakThe tendency for the misorientation of the film along the
intensities obtained from the rocking curve and normalizedaxis to decrease is clearly visible for both deposition rates.
to the intensities for powder samplése followed the tech- The contribution of the broadening effect due to finite film
nique described in Ref.)1Values of the full width at half thickness is insignificant; it can be estimated according to
maximum (FWHM) of the (005 peak in the rocking curve Ref. 10 as 0.1° for the thinnest film (Qudm). The instru-
were used to estimate the misorientation of the film along thenent error was the same for all the samples and did not
C axis. exceed 0.1°, i.e., the curves in Fig. 1 reflect an actual im-

We also used Rutherford backscattering to analyze therovement in the structural perfection of the films with thick-
structure of the films. Rutherford backscattering of ions withness. At the same time, the FWHM of tli@05 peak for
intermediate energig®00 keV) in conjunction with an elec- relatively thin films with thickness in the range 0.1
trostatic analyzer provides a depth resolution of around-0.3um is relatively large: +1.1°. The range of values
5A and gives information about the structural perfection of0.7—0.8° reached for films 0.am thick is standard for our
the films along the axis, allowing one to compare the struc- films used in microwave devices, and the values 0.45
tural quality of films at a fixed depth. —0.5°, observed for films + 2 wm in thickness are close to

The surface morphology of the films was investigatedthe lowest values reported in the literature for significantly
with a scanning electron microscope. The concentration anthinner films.

RESULTS
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arb. units and inclusions of secondary phas€gy. 3). Here there were
0.12 more holes in the surface of the thicker films, and more
0.10F inclusions in the surface of the thinner films; slowly growing
0.08F inclusions were also probably present at the bottom of the
0.061 holes. The total concentration of the macroscopic defects re-
0.04f mains at a level around>610° cm™2, which is close to the
a.0zr N saturation level in the time dependence of the concentration
0‘000 0.5 1 1:5 2 2'.5 é of islands of secondary phase in the initial stages of growth

d, pm of the YBCO films™!
Rutherford backscattering analysis, which compares val-
Eclﬁ.vii.tthinb irnr?;agggﬁed glr(azir(;%%n_(z\gg?/(??83156;12,235;%%)20(;”53';;6" ues of the dechanneling(50), confirmed that the orienta-
9 - . * tion of the structure improves with growth of film thickness.
T(200)=28.7, T(005)=11.2; 2 — without anneal, current 400 MA. The value ofy(50) is p?oportional tgc]) the ratio of the chan-
neled to the unchanneled signal at a depth of 50 nm from the

Simultaneous with a decrease in the FWHM of tags) ~ surface of the film.
peak, the relative fraction af-oriented phase decreases with ~ The dechanneled signa is higher for films with a
growth of the film thickness. This dependence is shown irlarger concentration of defects, intermediate layers, and dam-
Fig. 2 for a discharge current of 400 mA. Note that the rela-2ge in the lattice. It also grows with increase of the misori-
tive volume of thea-phase decreases with growth of the entation of the grains along the channels perpendicular to the
thickness faster than if the initial numbera@briented grains  surface. Results of a comparison for films sputtered at
were kept constar(Fig. 2). This means that some recrystal- 200 mA are shown in Fig. 4. The dependendg), wheret
lization takes place: annealing in an atmosphere of pure oxyis the distance from the film surface, also provides informa-
gen and at a constant flux of the YBCO components onto thgon about the types of defects. In our case, the indicated
substrate. For all the films sputtered at the lower depositionlependence can be approximated by a linear function
rate (at a discharge current of 200 mAand for the 2.6am  x= x(0)+Dt. Values ofx(0), x(50), andD are given in
thick films sputtered at a discharge current of 400 mA, noTable I; values ofy(0) andD, measured for a single crystal
a-phase grains were detected in the x-ray analysis, i.e., thend calculated by the Monte Carlo method for a perfect crys-
intensity of the(200) peak was lower than the resolution tal, are also given in the table. Note that to estimate the
threshold of our x-ray apparatus. This suggests an uppetructural perfection we chose the quantitf50), which is
limit on the relative volume of tha-phase around 5%. observed directly, while botly(0) andD are found by fit-

Surface studies of the films using a scanning electrorting. The quantityD reflects the presence of defects in the
microscope revealed two types of macroscopic defects: holdaterior of the film such as point defects and dislocations.

FIG. 3. Surfacdscanning electron microscope
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influence the critical current recorded by the contactless in-

0.2z ductive method. Microwave measurements showed that the
0.2f surface resistance of all the films with thickness greater than
T 0.8} 0.2um is less than 50 @ at 60 GHz at 77 K. A study of the
g8 characteristics of microwave devicéfilters) based on our
Q 0161 films has made it possible to compare the properties of films
= o4k of different thickness in more detail. The results of this study
) will be reported later.
0.12} We may conclude that the structural perfection of the
0.1 | \ . ) ' prepared films, which was quite low for the films of thick-
a 0.2 0.4 0.6 0.8 1 ness 0.+ 0.3xm, improved with growth of the thickness
d, pm and for films of thickness +2 um approached the better

results obtained in processes optimized for growth of thin
FIG. 4. Dependence on film thickness of the ratio of the channeled signal t%in le-phase YBCO films. The relative fraction an‘phase
a random signal in the Rutherford backscattering spectdistharge cur- gle-p f ) . .
rent 200 MA. also decreased with growth of the thickness, and recrystalli-
zation of the initially grown grains of tha-phase occurred.
The preparation of YBCO films with thickness—2 um

The concentration of these defects can be estimated if theWith high structural perfection and low content of the
type is known; assuming that the defects are dislocations, wé-oriented phase was reported earlier; however, the tendency
estimate their concentration axa80°cm 2. In turn, a dif-  of the indicated parameters to decrease with growth of the
ference between the measured and theoretical valugs of thickness is a new fact. Taking into account that growth of
can arise due to misorientation of the grains relative tocthe the a-oriented phase prevails at lower temperatiresye
axis or the presence of a nonchanneling phase on the surfadgay conclude that in our case cooling of the surface of the
In the first case, our films should have a misorientation orgrowing film does not take place. Since heating of the sur-
the order of 0.12 0.45°, which is less than that observed by face is improbabléthere is no mechanism for such heating
x-ray analysis. The second possibility seems more probabl®r 1-um thick films with a constant temperature of the
since the macroscopic defects that are visible in photomicroheatey, the surface temperature does not vary enough to
graphs of the film surface are most likely nonchannelingaffect the orientation of the film. Thus, other factors must
The contribution of inclusions of secondary phases on th@revail, among which the only obvious one is the presence of
surface to the nonchanneling signal is proportional to theimacroscopic defects. The physics of their interaction with
concentration and average size while the contribution of théhe growing film has so far not been investigated. They defi-
holes also depends on their depth. Taking both types of maditely act as sinks for defects and nonstoichiometric atoms.
roscopic defects into account, we should decrease the vallg addition, they can act as preferred sites for nucleation of
of x(0) for thec-oriented phase to 0.11 for the better films. the a-phase, limiting its growth and altering the volume ratio
This value is near the value measured for single crystals. of c- anda-oriented grains in favor of the-oriented phase.
Measurements of the critical current density gave lesdhe results presented above suggest that the formation of
unambiguous results. The dependence of the critical currersiecondary phases and macroscopic defects can be used to
density on film thickness had an irregular charagteraried  grow high-quality YBCO films of required thickness.
between 0.% 10° and and % 10° A/lcm?. It should be noted In summary, the results of our study of thi¢kp to
that both values are characteristic of good films. Bette2.6 .m) YBCO films have shown that the relative fraction of
results were obtained for films of intermediate thickness. Aa-oriented phase decreases with increasing thickifess-
possible explanation for this effect may be the presence dfary to previously published result&and amounts to less
insulating macro-defects; it is unknown in what way theythan 95% in the thickest films (24m) grown at a discharge

TABLE I.

Thickness Thickness D,
Sample Current, A 1§ atoms/cm um x(50 nm) 10 ¥cnP/atoms  x(0)
507 0.4 770 0.11 0.2 1.4 0.14
508 0.2 620 0.093 0.2 2 0.1
509 0.2 1250 0.183 0.16 2 0.07
513 0.2 2000 0.366 0.13 14 0.06
516 0.6 3100 0.4 0.17 1.4 0.1
512 0.2 >4000 0.8235 0.11 1.2 0.06
515 0.4 >8000 2.6 0.11 1.3 0.065
Theoretical 0.7 0.03
minimum 0.2 0.015

Note: The thickness was measured using Rutherford backscattering and only for films of thickness less than
0.5um.
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hinder growth of thea-phase. To elucidate the mechanism of 7E. K. Hollmann, V. I. Goldrin, D. A. Plotkiret al, Tech. Phys. Lett22,
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The method of concentration pulses is designed for investigating the kinetics of hydrogen
transport in complex diffusion systems and allows one to choose the most probable transport model
and determine the rate constants of processes influencing the kinetics, e.g., diffusion,

adsorption, and desorption, capture to traps, etc. We describe the idea of the method, its
experimental realization, and a procedure for processing the results which allows one to choose
the most probable model and determine the desired rate constants99®American

Institute of Physicg.S1063-7849)01601-3

INTRODUCTION establishing a sufficient number of relations explicitly link-
ing these parameters with the experimental data so that one
In the latest studies of hydrogen transport in solidscan construct a calculational algorithm.
where the sphere of interest has been extendeti rretals The method of concentration pulses is a complete pack-
with filled d shell (Cu, Ag, Au), s andp metals, and also age that includes a technique for performing the experiments,
semiconductor materials, one of the main tasks that remairs database of possible phenomenological transport models
to be addressed is the determination of the mechanisms efith solutions of the corresponding boundary conditions, a
hydrogen transport. The problem consists in the complexityset of programs for selecting the model and determining the
of these processes, consisting of several sequential or paralléhetic parameters, computer-controlled experimental appa-
stages whose rates in one way or another influence the transatus, and a real-time program for carrying out the experi-
port kinetics. It is of obvious interest to experimentally de- ment.
termine the largest number of physical parameters. Further
progress in this direction without new methodological devel-
opments would be problematic. IDEA OF THE METHOD
The approach expounded here allows one to determine
the most probable phenomenological transport model and Let us consider a flat membrane, in the near-surface re-
obtain information about several processes influencing thgion of which, adjoining one of its sidébelow we will call
kinetics. The parameters to be determined can be the hydrahis side the input sidesinusoidal oscillations in the hydro-
gen diffusion coefficients, parameters of the adsorption-gen concentration are created, while the opposite &ite
desorption processes, rate constants of hydrogen capture ¢atput sidé faces a vacuum. After some time, a flux pen-
traps and liberation from them, etc. etrating from one side to the other is set up which is also
The method of concentration pulsé8ICP) described oscillating, but with a phase delay. As the frequency of the
below was developed over the course of eight years. In palconcentration oscillations is varied, the phase of the
ticular, with its help, studies of hydrogen transport in silver penetrating flux also varies. By probing the membrane with
have been carried ot and also studies of hydrogen trans- waves of different frequencias; it is possible to determine
port in thin films of nickel oxide’ graphite? and amorphous the phase—frequency characteri§®=C of the penetrating
silicor® deposited on a nickel membrane. The last threeflux.
works illustrate the possibilities of the technique for studying  The shape of the phase—frequency characteristic depends
semiconductors. A direct application of the method of hydro-strongly on the mechanism of hydrogen transport. To illus-
gen permeability here is problematic due to the complexitytrate this, Fig. 1 plots three model phase—frequency charac-
of preparing a sufficiently thin vacuum-tight membranesteristics. In the classical case of Fick diffusion through a
from semiconductor materials working under thermal loadshomogeneous membran@urve 1) the phase—frequency
In the development of a procedure allowing one tocharacteristic depends on the diffusion coefficibriind the
choose the most probable model from among several poshicknesd. For diffusion accompanied by reversible capture
sible ones and to determine the kinetic parameters entering traps(curve 2), it also depends on the rate constants of
into it (the diffusion coefficient, rate constants of the inter-capture of the diffusank; and its liberationky. Curve 3
action with the traps, desorption rate constant) etmumber illustrates the model of penetration with a low hydrogen de-
of problems arise. One consists in setting up an experimersorption rate on the output side of the membramnés the
that is sensitive to the mechanism of hydrogen transport andegree of influence of the surface. The boundary conditions
will allow the recording of a dependence that is a well-basedtorresponding to these models are described in the Appen-
function of these parameters. Another difficulty consists indix.

1063-7842/99/44(1)/5/$15.00 90 © 1999 American Institute of Physics
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FIG. 1. Phase—frequency characteristits— 12/D=100s%; 2 — 1?/D
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side is varied in the form of rectangular pulses with pulse

duty factor 2 (meandey, which can be represented by a

The solutions of the boundary problems representingF . . . :
. : . ourier series of odd harmonics of the carrier frequesngy
possible mechanisms of hydrogen transport constitute the

model database. It consists of model phase—frequency char-
acteristics of the formpy,=f(w,G), whereG is the vector
of kinetic parameters. For example, for the model of diffu-
sion with reversible capture(Fig. 1, curve 2) G A .
" 12D ke k). = o . Sexi(jot—m2)], (1)

For each of the possible hydrogen transport models the . _’ ' _ o .
experimental phase—frequency characteristic is approxiVNerei is the imaginary unit. _
mated by a theoretical characteristic found by varying the 1he real amplitudes; are inversely proportional to the
corresponding vector of paramet@s Preference is given to nUmber of the harmonié; =A, /j. If, as happens in the ma-
the model that gives the best agreement with experimenpr'ty of cases, the processes of bulk transport in the metal

The measured values of the parameters to be determined fte linear, then concentration oscillations of different har-
defined as the components of the ved®giving the best monics propagate through the membrane without interacting
agreement. with one another and upon reaching the output side form a

penetrating flux of characteristic shape. After the transients

have died down, the latter also varies according to a periodic

PHASE-FREQUENCY CHARACTERISTICS

A
Cth=%+ 2 Asinjog)
PN

j=13,

The idea of a sinusoidal hydrogen concentration wave J= > Bjexdi(jwot) — m/2]. 2
was first published in Ref. 6, where the classical hydrogen JZ02123, .. 2o
diffusion coefficient was determined from the phase delay of By way of example, Fig. 2 displays an experimental
the oscillations of the penetrating flux. Harmonic oscillationscurve obtained for a silver membrane; the phase—frequency
of the hydrogen pressure on the input side of the membraneharacteristic is plotted in the inset on the upper right. The
were produced by the movement of a piston. In our firstperiodicity of the probing signal makes it possible to accu-
experimentSwe also used sinusoidal pressure oscillations irmulate information, thus reducing the noise affecting the
the gas phase to determine the phase—frequency charactemseasurement result to an acceptable level. The kinetic curve
tics, but at that point we were already using a computerin Fig. 2 was obtained by summing information accumulated
controlled hydrogen feed system. However, carrying out thever 17 periods after die-off of transients.
experiment at only one frequency allows one to obtain only  Generally speaking, to realize MCP, any periodic law of
effective values of the diffusion coefficient while the use of avariation of the hydrogen concentration would do, for ex-
set of frequencies makes the work unjustifiably laboriousample, triangular pulses. It is simpler, however, to obtain
Later, in Ref. 1 we realized a more efficient way of doing pulses with a flat top. As a rule, the probability of dissocia-
things which makes it possible to obtain the entire phase+tive adsorption of a hydrogen molecule in metals is lower
frequency characteristic in one experiment—the pulsedhan for atoms or iongsee, e.g., Ref. )9 Therefore, by
method. switching the dissociator on and off for different time inter-

The experiments were performed in an automated exvals(by computer control; in our case, the dissociator was an
perimental complex, described in detail in Ref. 8. Theincandescent tungsten filamgnit is possible to obtain the
sample consists of a flat membrane of thickngsse[0,1]. necessary pulses of the adsorption flux, which corresponds,
The dissolved hydrogen concentration on its inpyt() as a rule, to meander of the diffusant concentratigm,!).
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At a high rate of diffusive hydrogen transport with an ad- TABLE I.
sorption flux, the concentration pulses near the input sid%

. iffusion Boundary conditions
will not be rectangular; however, for an adequate boundary Y
condition no additional problems arise. Fick's law Type |
The appearance of even harmonics in the spectrum of _
With capture to traps Low rates of adsorption

the penetrating flux allows us to conclude that some of the

. o and desorption
reactions constituting the process of hydrogen transport are

nonlinear. Problems of even harmonics, which arise in nonAlong parallel channels Recombination into a
linear systems, are discussed in the section “Model datat" a two-layered membrane molecule as the atoms
base.” Along grain boundaries move from layer to layer
The_ Fourier coefficient8; of the flux J can be repre- | . 1 olecular Hindered movement
sented in the form form from layer to layer

whereZ; are complex coefficients, the frequency dependence

of whose phaseg;=arg (Z;) gives the experimental phase thin layer of material is deposited on the output side of the
characteristic wq,¢;) of the membrane; The firdl=15  membrane which does not offer any diffusion resistance to
—25 harmonics are important depending on the quality ohydrogen but hinders its transport from solution to vacuum

the experimental MCP curve. with association into a molecule. Examples of more compli-
cated models arising in the analysis of concrete experimental

MODEL SELECTION AND DETERMINATION OF RATE data are described in Refs. 1-5.

CONSTANTS In order to obtain the entire spectrum of solutions corre-

The obtained experimental dependence pfs approxi- sponding to the spectrum of the input concentratibn it is

mated by several models claiming to provide an adequat§UffiCie,nt to obtain an expresgion for the penetrating flux for
description of a specific experiment, where these models ard! arbitrary frequency. Transient processes are not consid-

represented in the form of a dependence of the phase of tfﬁ!ed’ and all of _the_ prol_alems are so_lved_ for the regime of
model transfer coefficiert,, on the frequency» and vector steady-state oscillations in the approximation of small hydro-

of parameterss: ¢y (w,G)=arg[Zy(w)]. The approxima- gen surface concentrations, which is completely justified

tion is carried out within the framework of the standard since MCP experiments are performed at elevated tempera-
method of least squares tures. The/\ symbol denotes stationaifynot time-varying

N quantities, and the symbdl indicates the amplitudes of the
) ) ) oscillations.
121 hil¢;— ém(jwo,G)]°—min, (4) For nonlinear boundary problems, the problem arises of
the appearance of even harmonics, which are also observed

where for each of the possible models the variable argumentg experiment. It is solved by making the amplitude of the
are the components of the vect@r oscillating part of the penetrating flux small in comparison

The weight coefficient$);=1/j take account of the de- jth its stationary component. It is possible to vary the am-
crease in accuracy in determining tihewith increase of the  plitude in an experiment by varying the incandescence cur-

number of the harmoni¢. After a given model has been rent of the hydrogen dissociator or the glow-discharge cur-
selected, the results of the experiment are the values of th@nt. If the condition

components of5 that give the best agreement between the R
experimental and model phase—frequency characteristics. AC(x)<C(x), xe[0]], 5

is met, quadratic terms of the order 8€? can be neglected
in comparison with terms of orde€?, and the boundary
In the course of development of the method of concenproblem is linearized.
tration pulses, a database of physically based models of hy-
drogen transport was formed, consisting of boundary condi-
tions and solutions. Table | gives a picture of the considere
diffusion problems. To give an illustration of the process of = Problems of convergence and the choice of a solution
obtaining a solution, three simple models are derived in thavere investigated by computer construction of experimental
Appendix (Fig. 1): classical Fick diffusion with boundary curves and processing them with the help of working pro-
conditions of the first kind, which describes the penetrationgrams. The final criterion for selection of one model from
of hydrogen at high temperatures and hydrogen feed presmong several is the discrepancy between the experimental
sures through a thick membrane of somighell transition and model kinetic curves. The latter were reconstructed us-
metal(e.qg., nickel; diffusion with reversible capture to traps ing the inverse Fourier expansion after minimizing the phase
of unbounded capacity; and the model of penetration with aliscrepancy4) for each of the candidate models.
low rate of desorption on the output side of the membrane. The absence of convergence, expressed by a tendency of
The last model gives an example of a situation leading to thene or more of the parameters being varied toward un-
appearance of even harmonics and is the probable model ifzounded growth or decrease, as a rule is evidence of inad-

MODEL DATABASE

ONVERGENCE CRITERIA



Tech. Phys. 44 (1), January 1999 I. E. Gabis 93

equacy of the candidate model. A more complicated situation iwl AC
arises where the minimum search procedure leads to finite AJ=— — (19
components of the parameter vector, but the difference be- Viwl?/Dsinhyiwl?/D

tween the experimental kinetic curve and the model curve |n this model the vecto® of the arguments of the model
obtained using the inverse Fourier expansion has a periodigansfer coefficient Z,, consists of one component
character and can in turn be expanded in a Fourier serieg, =|2/D.

This situation speaks of the fact that the adequacy of the 2. Diffusion with reversible captureThe diffusion equa-
model is incomplete and further refinement is needed. tion contains terms describing the rates of capture to traps

Another criterion of adequacy of the model is availablek,C and escape from thefkyC, with the respective rate con-
in the case of layer¢e.g., semiconductor layers, as in Refs. stantsk, andkyq
3-5 on a metallic substrate. In this case one first character- 2
izes just the substrate without any coating. Then, for a mem- dC d
brane with a coating, in all of the boundary problems usedto gt D e KCHkeCr,  xe[0,1]. (15
process the results the hydrogen diffusion coefficient in the .
substrate is taken to be an unknown quantity and also subject The rate of change of the hydrogen concentratpnn
to determination. Non-agreement between the hydrogen difhe traps is equal to
fusion coefficient in the metal obtained in this way and its
true value is then an indication of inadequacy of the model. i kiC—kqCi, xe[Ol]. (16)

APPENDIX The boundary conditions of the first kind coincide with
conditions (7) and (8). Just as in the classical model, the
solution is sought in the forn®). For the amplitude of the
dissolved hydrogen concentration we have

1. The classical modellransport proceeds according to
the Fick diffusion equation

2

aC 9°C
il —D— d2AC(x
T (xt)=D 2 (x,t), xe[0,1], (6) 0¥ AC(X) =D - 2( ), 17
X
and boundary conditions of the first kind: on the input side of h
the membrane the concentration varies harmonically withf/"ere
frequencyw kitkytiow
0= ——. (18
=)+ 2o pH t W” Kot
(LH=C() 2 expli @ 2 Equation(17) coincides with Eq(10); therefore its so-

lution will be an expression similar 1d.3). The amplitude of

+ex;{ —i(wt— g) ] (7)  the oscillations of the flux is equal to
[ki+kg+i
and on the output side is equal to zero AJ=iwlAC, M/
kd+ lw
C(0)=0. )
The concentration, written in the form \/iwlz i h\/iwlz(kt+kd+iw) 19
‘ p " D(kg+iw) (19)
A AC(X) ] T
C(x,t)=C(x)+ exgi| wt— = The components of the vect@rare the rate constants of
2 hydrogen transport
AC(x 7 =12/D, g,=k, gs=Kq. 20
+ ( )exg{—i(wt——) , ) 01 92=Kt,  O3=Kg (20
2 2 3. Hindered desorption on the output sidéhe diffusion
leads to a boundary condition for the amplitufl€(x) equation and the boundary condition on the input side coin-
) cide with Egs.(6) and (7) for the classical model. The
. _ boundary condition on the output side is written in the form
lwAC=D dx2 ' xe[0l], (10 of a balance between the fluxes of diffusion and associative
transport from the dissolved state to vacuum with constant
AC(1)=AGC,, (1) rateb*
ACO=0 (12 b*CZ(Ot)—DaC(Ot) (21)
From its solution VT ax
AC;sinhy/i wx%/D To solve Eq/(21) in the form(9) the procedure of taking
AC(x)= —— (13 the square reflects the appearance of the even harmanic 2
sinhyiwl/D If condition (5) is fulfilled, then the terms of orde?\C?) are

we obtain an expression for the amplitude of the oscillationsiegligibly small in comparison with the terms of ord€?).
of the hydrogen flux Taking the stationary regime
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dc The amplitude of the penetrating flux is given by
b*CZ(O)=D—X(O)

d AJ— Ia)AC|ﬂ
into account, we obtain a boundary condition for the concen- " Viwl?D(\iwl?/D coshyiwl?/D+ Bsinhy\iwl?D)
tration amplitude (24)
dAC 2 The components of the parameter ved®are equal to
—(0=TBAC(0). (22 P P b

. 9:=1%D, g,=B. (25)
The parameteB=J/v,, determines the degree of influ-
ence of the desorption rate on the penetrating hydrogen flux.

J_h* 2 P
J=b*C~(0) is the constant component of the recorded PeN-1, £ Gabis and A. V. Ermakov, Fiz-Khim. Mekh. Mater.

etrating flux, andy,,=DC?(0)/I is the nominal reverse flux  (1989.

from the output side back to the input side. Taking the limit 2;42-(?;1:;8], Pis'ma Zh. Tekh. Fi21(9), 60 (1999 [Tech. Phys. Lett21,
B— leads toC(0)—0 and, consequently, to the classical 3| g. Gabis,‘ T. N. Kompanets, A. A. Kurdyumait al., Fiz.-Khim. Mekh.

model. In the limitB— 0 a stringent limitation of the flux by ~ Mater., No. 4, 181993).
desorption(transport from the dissolved state to vacuum A'F;_E- Gazbr;S'TAi(r/?'FKuzrg(y;;ms%V(lgégl[TlemogorY’ A-LV-Q %agﬂosg(qgg gl]

: ot : : is’'ma Zh. Tekh. Fiz , ech. Phys. Lett20, .
with association into a molecylenters on the output side o_f 5I. E. Gabis, A. A. Kurdyumov, and A. V. Samsonov, Pisma zh. Tekh.
the membrane, and the hydrogen concentration gradientri; 21(s), 1 (1995 [Tech. Phys. Lett21, 165 (1995].
across the membrane tends to zero. ®N. M. Morrison, D. A. Blackburn, and K. M. Chui, J. Nucl. Mat&9-70,

Thus, the boundary problem for the concentration ampli- 578 (1978.
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The main physico-mechanical characteristics of resistive threads are investigated. The
dependence of the complex dielectric constant of a resistive thread on the wavelength is measured
over a wide sub-interval of the microwave range. The possibility is demonstrated of using

such threads as the main element of wide-band radio-absorbing structurd€99%American

Institute of Physicg.S1063-7849)01701-§

INTRODUCTION and threads have been described, varying in their electrody-
namical(working range, reflection coefficionand physico-

Radio-absorbing materials and structures are necessaryechanical characteristiémass, thickness, flexibilily
elements of many components in both radio engineering and 2. The most typical and most often encountered absorb-
other branches of technolody® The required electrody- ing fillers for structures of insulating type are soot, graphite,
namical and physico-mechanical characteristics of these mand carbon fibers. A wide variety of materials are used as the
terials and structures are dictated usually by the specific corbonding agents.
ditions of their application. 3. Measurements of the complex dielectric constant of

Radio-absorbing materials and structures based on resigesistive threads in the microwave range are available at vari-
tive threads imbedded in insulating materials have enjoyedus frequencies; however, spectral studies over a wide fre-
widespread us&® The intense interest shown in such mate-quency band are lacking.
rials and structures is due to the possibility of varying their 4. A description of wide-band radio-absorbing structures
electrodynamical and physico-mechanical characteristics in with small reflection coefficient and good physico-
smooth and controllable way by appropriate choice of themechanical properties is lacking.
design thickness, geometrical dimensions of the threads, con- Thus the problem of building new structures based on
centration of the latter in the matrix, and also the propertiesesistive threads is urgent and requires a comprehensive
of the filler particles in the thread. Reference 6 gives a restudy of the physical properties of both the structures them-
view of such materials produced by foreign firms. Referenceselves as a whole and of the resistive threads in particular. In
7 presents an analysis of various types of composite radidhe present paper we present results of a study of the elec-
absorbing materials based on carbon, graphite, boron, arftbdynamical, electrical, and physico-mechanical properties
polyethylene fibers. The experimental data presented in Reff conducting glass threads, and adduce calculated character-
8 allow one to compare materials with various fillers in termsistics of model structures based on such threads.
of their ability to absorb and reflect electromagnetic energy
in the microwave range, and also to analyze the influence on
their electrodynamiceﬂ properties of the til/pe of filler orien-STRUCTURE’ PHYSICO-MECHANICAL, AND ELECTRICAL

: " : . ’ PROPERTIES OF RESISTIVE THREADS

tation of the fibers, and thickness of the material. It turns out
in practice that the better of the given structures are either Resistive threads have been chosen as the main radio-
narrow-band for moderate design thickness and mass or haedsorbing element for new wide-band structf@#\ resis-

a larger thickness and mass working in a wide wavelengthive thread is a multicomponent fiber, in the interior of which
range. a conducting composite is formed. The conducting filler is
It should be emphasized that it is necessary to take aoot with particle sizes in the range 30600 A. These par-
critical view of information derived from some particular ticles contain graphite crystallites. In this regard, such
implementation of a radio-absorbing material. For the mosthreads belong to a wide class of carbon—graphite
part, detailed information is provided only for relatively structures: however, they possess specific properties by vir-

thick, heavy(various absorbers of electromagnetic waves fortue of the special design of the matéra a fiber.
anechoic chambers and geometrically inhomogeneous Figures 1 and 2 show photographs of a conducting
(wedges, etg¢.designs based on composite radio-absorbinghread taken with an electron microscope. Figure 1 shows

materials. part of a cross section of the thread in which the protecting
From an analysis of the literature we can draw the fol-polymer cladding and glass fibers with soot arrayed inside it
lowing conclusions. are clearly visible. Figure 2 shows the same cross section of

1. A large number of structures based on resistive filmghe thread with stronger magnification. The glass fibers in

1063-7842/99/44(1)/4/$15.00 95 © 1999 American Institute of Physics
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x 10~ 2 g/cm and volume density 1.27 g/émmportant elec-
tric parameters characterizing an actual resistive thread are
the average resistance of a resistive thread per unit length
and the average conductivity of the thread material, both
measured in direct currelgtlc). The average resistivity was
determined from measurements of the average conductivity
by the four-probe method described in Ref. 14. The measure-
ment electrodes were attached with the help of silver paste
made by Fujikura Kasel Co., Ltd. having an electrical con-
ductivity of 10" % S/cm. The experimental setup for measur-
ing the resistivity of the various conducting materials and
media used the standard digital measuring equipment: a
Shch-300 volt-ammeter, a V7-27A/1 voltmeter, and a stabi-
lized power supply. The main error in the measurement of
the resistivity of the resistive thread arose in the determina-
tion of its geometrical dimensions and amounted to 5%.

For the resistive thread investigated the measured aver-

h a thread are arraved randomly with relative volum ?ge resistance per unit length was 310° Q/cm, and the
such a thread are arrayed randomly elative volu eoaverage conductivity of the thread material was=2.9

the free interfiber space equal to 30% and form a nonuniforrr;< 10~ S/em

structure. The introduction of filler into the volume of the However. the dc characteristics of the thread are not suf-
:Zr;;c_i :as ?hcrgqupl'.Csat:dcgrr?]?s;{::dgf rctr?;nrlekaesognzntac;?f?éient to completely determine its absorbing properties in
IStV ! inatl n WO the microwave range. A more complete characteristic of the

dimensional and three-dimensional structfedihis ex- absorbing properties of the thread is its complex dielectric

plains the inhomogeneity of a resistive thread and, as a €O nstant. which is the main object of the present study.
sequence, the spread in its parameters. The cladding of the '

thread possesses good mechanical strength, is moisture-
proof, and possesses good temperature characteristics. =~ ELECTRODYNAMICAL CHARACTERISTICS OF RESISTIVE
The thread we have investigated is, taken as a whole, 8HREADS

conducting medium. In addition, the spatial dimensions of  \ /o examined the complex dielectric constant of the

the inhomogeneities are much less than any of the wavey, eaq material in the wavelength range 0.25—15 cm. For dif-
lengths considered. This allows us in what follows t0 de-tgrent \wavelength intervals we used one of the three follow-
scribe the resistive thread as a continuous medium with efrng methods of measurement: resonator, waveguide, and the
fective conductivity and effective complex dielectric ¢oq space method. ’ ’

constant. Below we will call this medium the thread material. " ihe resonator method the sample in the form of a

The thread itself is charf';\ctenzed' by a number of Othe%egment of the resistive thread is placed at an antinode of the
effective parameters. We will now give some of the moregacyric field!> A series of measurement stations was as-
important effective parameters of the actual resistive threagembled, based on panoramic standing-wave coefficient
investigated, which will be used in the calculations that fo"meters overlapping the millimeter and centimeter wave-
low. . ' length ranges. Each of the measurement resonators com-

The method of hydrostatic suspensidwas used to de- prised a segment of a rectangular waveguide joined to the
termine the following values: the linear density 1.187 .. waveguide by a diaphragm which provided the needed
connection and correspondingly high Q factor of the resona-
tor. The investigated resistive thread was aligned with the
lines of force of the electric field at a distance o from
the butt-end of the thread through a slit cut in the wide wall
of the waveguideX is the wavelength The complex dielec-
tric coefficient of the thread was determined from measured
values of the resonance frequencies and reflection coeffi-
cients at the resonant frequencies for the empty resonator and
the resonator with the sample. The main error in the mea-
surement of the dielectric constant was due to the error in
determining the volume of the sample resistive thread and
amounted to 20%.

With the aim of enhancing the reliability of the results
we also determined the complex dielectric constarftom
measured values of the transmission and reflection coeffi-
cients of an electromagnetic wave from a layer consisting of
FIG. 2. Group of glass fibers with soot inside a conducting glass thread. densely packed resistive threads. The reflection and trans-

FIG. 1. Part of a transverse cut of a conducting glass thread.
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FIG. 3. Dependence of the real part of the dielectric constant of a conduct-
ing glass thread on the wavelength.

dence of the imaginary part is in agreement with the theory

of dielectric losses in a medium with constaftequency-
mission coefficients were measured on three types of millindependentconductivity for variable current; associated
meter and centimeter range setups based on panoramith the free charge carriers. According to this thetry,”
standing-wave coefficient meters: the first type used a hors o /(ew) for frequenciesn<7~ 1, wheree, is the electric
techniqué®!’ for measuring the reflection coefficient and constant, and is the mean relaxation time of the free charge
transmission coefficienfwith two identical horns in free  carriers per pulse~10 **s). The observed losses corre-
space at normal incidence of the electromagnetic wave ogpond to the calculated effective conductivity of the thread
the sample; the second type employed a technique for meanaterialo;=3.7x 10" * S/cm. The given conductivity some-
suring the reflection and transmission coefficients in thavhat exceeds the value @f found from the dc measure-
waveguide® i.e., for the electromagnetic wave incident on ments(see above however, it differs from them only insig-
the sample at some angle; the third type used a technique faificantly. Thus, the main contribution to the losses is due to
measuring the reflection and transmission coefficients in freéhe conduction of the soot with graphite crystallites that is
space with the aid of a millimeter-range waveguidecontained in the thread. Some of the excessrpfover o
interferometer>2° may be due to the contribution to the conductivity at variable

Figures 3 and 4 plot the real and imaginary parts of thecurrent of isolated conducting grains of graphite and soot not

complex dielectric constant of the resistive thread as funcin electrical contact with one another, and also with the
tions of wavelength. The crosses represent the experimentgpread in the thread parameters and with measurement er-
result of averaging numerous measurements by various teckers. Also note that the contribution of the free charge carri-
niques. The measurement results were fitted by a linear deers to the real part of the dielectric constasf=—(1
pendence. The real pasrt of the dielectric constant depends — w?7?) 7o /e (Ref. 21 is independent of the wavelength
relatively weakly on the wavelengtfas the wavelength is to first order in the small parameterr, and to second order
increasedg’ increases from 39 to 47the imaginary part”  decreases with increasing wavelength to a negligibly small
grows in direct proportion to the wavelengths the wave- value (over the entire wavelength range under consider-
length is increased;” increases from 5 to 310The depen-  atior). Therefore it cannot explain all of the observed growth

of ¢’ with wavelength. On the other hand, this growtheof

corresponds to the contribution of dipole relaxation of Debye

o0 |- type, which, as a rule, is the main reason for the dispersion of

the dielectric constant in disordered materials in the given
wavelength rang&-2* Various molecular groups in amor-
x phous regions of the thread contribute to this relaxation.

STRUCTURES BASED ON RESISTIVE THREADS

On the basis of the data obtained for resistive threads,
we calculated the effective complex dielectric constant of
various radio-absorbing layers by the technique proposed in
Ref. 25.

As a graphic illustration, Figs. 5 and 6 plot the results of
FIG. 4. Dependence of the imaginary part of the dielectric constant of aUCh @ calculation for layers of different media with effective
conducting glass thread on the wavelength. parameters. These results then enter into the calculation for

sk

A,em
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The time-of-flight characteristics of a spherical-mirror electrostatic energy analyzer of charged
particle fluxes are investigated under conditions of ideal solid-angle focusing for a point

source located on the symmetry axis of the spectrometer. It is shown that the time it takes a particle
to move from the source to the ideal focus, also located on the symmetry axis, is, to first

order, independent of particle direction for directions near the normal to the axis. This time-of-
flight focusing realized in this way enables efficient use of the spherical-mirror analyzer

in electron spectroscopy methods in which each emission event is registered separat&899 ©
American Institute of Physic§S1063-784299)01801-7

INTRODUCTION operating regimeW, is the kinetic energy of the electrons,

and AW is the energy spread of the beam or the absolute

Electron spectroscopy is presently used to study thee nergy resolution of the analyzer.

physico-chemical properties of the subsurface layers of sol- Expression(1) is valid to first order in the small param-

!ds. To_mvestlggte elementary processes accompanying theeterAW/WO under the condition that all the particles move
interaction of primary particles with the electron subsystem . . w
o : : along the same trajectory. It describes, so to speak, the “en-

of a solid, it is necessary to have information about the na-_ 7 - . .
; . : ergy” contribution to the time spread of the beam associated

ture of the particles emitted into the vacuum. However, the . . .
with the nonzero energy resolution of a hypothetical analyzer

investigated interaction can be quite complex. For example

at least three electrons take part in the Auger process angossessing zero aperture ratio. Obviously, the time spread
P ger p worsens as the relative energy resolutid//W, worsens

besides, Auger emission can proceed via several channels; ; . X
9 P . €.9., asAW increasesand as the tuning energ¥/, is de-
Nevertheless, only one of all the possible processes occurs |

cach separate Auder evéniuaer electron coincidence creased. Under conditions of a finite aperture ratio, an addi-
P . 9 ~ug tional contribution to the time spreadt, appears, associ-
spectroscopy is used to record each of these process

e s o )
NN > ; ated with different transit times of particles from the source
individually.© Isolation of each elementary Auger process : . :
. . ."to the detector along different trajectories.
from the other possible channels is effected by separating . .
In comparison with the usual methods of Auger spec-

them n “m‘? as W.e” as energy. The overall scheme of thG’froscopy, the speed of recording the spectra in coincidence
experiment is depicted in Fig. 1. After one of the detectors

_ “spectroscopy is several orders of magnitude lower and is
?oerti(\:/\t/i:hneiecl)?qcigcfmégt;riifptri]r%t:e:gﬁgogégi;r? ign:jegc?:gctheequal to about 021 pulse per secontiDifferent methods
. ’ . are applied to increase the intensity of the recorded flux:
second particle(the Auger electron created in the same pp y

. osition-sensitive detector®SD are used, or the PSD is
event. As a result, instead of the total peak shape recorded ed in order to partially compensate for the difference in

fche usual, tradltlona! method for studying Al_Jg_er ProcesseSne time of flight corresponding to different trajectorfes.
in the method of coincidence spectroscopy it is possible to ) .
. It is obvious, however, that the best results can be ob-
record separately the contributions from several process?s
I

which together form the Auger spectrum. In this case not a dined by using an electron-optical system with a large aper-
the electrons are recorded whose energy lies within the limits
of the energy window of the analyzer, only those whose
creation time coincides with the creation time of the primary
emitted electron leaving behind a hole in one of the energy 5
bands of the solid. 4

It is not hard to show that in the absence of acceleration
or retardation of the beam before it enters the analyzer, the PV’ \’\
spread in times of flight to the detector of the particles cre-

T : A

ated simultaneously at the point emission source is equal to

3/2° o )
0 FIG. 1. Auger electron coincidence spectroscopy. Scheme of the experi-

. . . ment: 1 — ionizing radiation(electrons, photons2 — sample;3 — emis-
HerelL is the characteristic length of the spectromelteis a  gjon of secondary or photoelectron from an inner legek- Auger electron;

size factor that depends on the geometry of the device and it5 6 — energy analyzers], 8 — PSD-based collectors.

AW
AtW:tZ_tl:KLW_ (1)
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rou‘t

FIG. 2. Trajectory of charged particle in a spherical capacitor.

ture ratio, the conditions of anguléand, one hopes, spatial free region inside it be equal te 1. The latter condition is
focusing in which coincide with the conditions of focusing in equivalent to expressing all linear dimensions in units of the
time. In this case it becomes possible without any deterioraradius of the inner electrode;,=1.

tion of the time resolution to use the entire particle flux emit-  The angular momentum of the electron relative to the

ted into the investigated solid angle. center of the field is equal to
M=|rxp|=|rXv|=+2W|z;|sin®;=const. 2

TIME OF FLIGHT OF AN ELECTRON IN A CENTRAL FIELD

Let us consider an electrostatic system of “spherical cal1€rer is the current radius vector of the particpgiv, Ware
pacitor” type (Fig. 2. Let a point source of particleS and |t_s initial momentur_n, v_elocny, and kinetic energy; the posi-
an entrance sliE onto which the electrons should be focused!ion of the sourceSis given byzl;a
be located on the axis of the system, i.e., let an axis-to-axis 1€ total energy of the particle

focusing regime of the spherical mirror be realiZdd. this 2 2
case, each electron will move in some fixed axial plane pass- g_“r , ™ u(r) 3)
ing through the symmetry axig and the azimuthal position 2 2r2

of this plane will be determined by the azimuthal emission . ) .
angle. The intersection points of the trajectory of the parWherev, is the radial velocity.
ticles with the surface of the inner electrode are prescribed Letr=1
by the coordinatey, x1, x2, 91, O5,. _ L
We take as our unit of electric charge the charge of the E=U(L)+W=W=1. @
electron, and its mass as our unit of mass:1, m=1. Let The total time of flight of the particle from the source to

capacitor with radiir;, andr,, vary according to the law

U=—1/r, and the potential of the inner sphere and the field- t;;=t;,+tpettes- 5)
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Here ty, is the time of flight from the source to the field &
boundaryr =1 in the field-free space, is the time of flight 7
in the field,t. is the time when the particle is back in the
field-free space and it moves from the point of escape from
the field to the focus. By virtue of the symmetry of the el-
liptical trajectory in the potentidl = — 1/r, the timet,. can 6
be represented as the sum of two equal tetgpsand t.,
characterizing the rising and falling branches of the trajec-
tory (the trajectory of the particle in the field is symmetric
relative to the radius vector drawn to the turning ppint 5

The timet,, is found from elementary geometrical con-
siderations

~2,c050,+\1+cod ©,— 2%

/J_ ® *

ti.=
o J1+cod 0,
1 L 1 [ /] 1 1 L | 1 1 1
To calculatet,,., we first find the largest separation of @ 30 60 90 120 150 180
the particle from the center of the system. Sincev,=0 at 6, deg

the turning point of the trajectory, equating expressi8)s

. . FIG. 3. Dependence of time it takes the particle to move from the source to
and(4) we obtain the equation P P

the focus with both located on the symmetry axis of the spectrometes (
coordinate of the point sourge

wW-1= ! + M (7
Mm 2rr2n’
and by solving this equation we find the valuergf>0 sz Wsin 28 12
2 J1-4W(1-W)sir8’ 12
1+J1-4AWZ sif®,(1-W
F o= \/ 1 SImO 4 ), (8) The above expression is equivalent to form(@x de-
2(1-W) rived in Ref. 4. Now, knowing the initial angleéd, and x4,

Employing expressioifl), (4), and (6) from Ref. 5 for  the angley, and the kinetic energy, it is easy to calculate

the time of flight of the particle in the central field, we have the time of flight of the particle from the moment it leaves
the field until it reaches the focal poirti

dr

©)

1 \2(W=1)+(2Ir)—(M/r)?’

Taking relationg2) and(8) into account along with the Herez

relationt, .= 2t,, after integrating we obtain

V[ze—cog m— x— x1) 1*+Sif(m— x— x1)

[ TW

(13

is the coordinate of the focus. Adding expressions
(6), (10), and (13), according to Eq(5) we have the total

\/WVCOS,B N 2 glr::etz of flight of the particle from the source to the entrance
= 1f -
W 2a-w)Pe
- 2W—1 FOCUSING IN TIME AND THE DISPERSION UNDER
X { = +arcsi - (10)  CONDITIONS OF IDEAL SPATIAL FOCUSING
2 V1-4W(1-W)sir? B

Focusing in time is the condition tha&t; does not de-
Here =7—0,— x; and sinB=|z|sin®,. To find the time  pend, at least to first order, on the an@g. Let us restrict
from the time of escape of the particle from the field to thEthe discussion to the regime of ideal angu|ar focusin@ ln
time when it falls upon the entrance glit, it is necessary to  According to Ref. 4, this regime is realized fo¢=0.5 and
know the point of escape of the trajectory from the field,the point source located at any point on thexis. In this
defined by the anglg (Fig. 2). According to formula 14.7  case the coordinate of ideal focuszis=z;.

from Ref. 5, Calculation of the dependence of the total timpeon the
polar emission angl®, for different positions of the source
X_ fr’“ M- dr z, revealed the presence of focusing in time f;=90°.
2 J1ry=-2(1-W)r?+2r—Mm? This is illustrated in Fig. 3, which plots the tintg; as a
5 - function of the polar emission angl@, for different posi-
_ arcsir{ r—-Mm (11) tions of the source. It can be seen from the figure that for any
rV1—2MZ(1—-W) value ofz; andQ;=90° the timety; is, to first order, inde-

pendent 0, i.e., the desired conditions of focusing to first
Employing relationg2) and(8) and the formula for ex- order in time are realized. As the source is moved away from
panding the sine of the difference of two angles, we finallyfrom the center of the system, first of all, the absolute value
obtain of the timet,; decreases and, second, the absolute change in
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I TABLE I.
2.0k
Z1 At, ns R, %
151 -05 1.5 1
-0.6 2.25 0.7
1.0k -0.7 3.45 0.4
-0.8 5.25 0.3
0.5 -0.9 8.1 0.2
0.0 '.'-—\\.
21:0'7/ a6 \\\ POSSIBLE SCHEMES OF ENERGY AND ANGLE ANALYSIS
051 0.2 07 \\
y 0 L A\ The best application of the given system can be achieved
1.0 . . | if the diameter of the probe beaS is reduced to its lim-
0% 0.9 iting value, which is entirely realizable, for example, in the
L5 05 0.99 case of Auger electron spectroscopy. In this case the central
trajectory of the analyzed beam can have the angle value
-2.0 ) 1 ] 1 ) ) ) ! ! ] ] ) —0n° (Ei ; ; ;
h 10 0 m 700 757 5 0,=90° (Fig. 2, corresponding to zero energy dispersion.

6,,deg In this case the analyzer operates as follows. According to
the conditions of ideal spatial focusing described above, at
FIG. 4. Dependence of energy disperson direction of flight of particle ~ the exit diaphragm only electrons emitted with eneiyy
for different positions of point sourca,. =0.5 relative units in any direction within the limits of the
entire hemisphere visible from a test point on a flat target.
Even minimum variation of the emission energyv, radi-

this quantity At;; increases due to variation @,. As a  cally weakens focusing since the conditions of ideal focusing
result, the relative spread in the total time of flight of the &€ absolutely destroyed by any deviation from the tuning
particle At /t;; corresponding to any fixed range of emis- €Neray of the analy_zer: The resolution in this scheme dete-
sion angles\ @, increases still more strongly. It is obvious forates abruptly with increase of the size of the source.
that if one builds an electron spectrometer for coincidencd NUS, in a spectromefémnth source diameteAS=1 mm
spectroscopy based on a spherical mirror analyzer, then fro@d "in=75mm a relative resolutioR~4% was achieved
the point of view of the aperture ratio of the device thefor z;=—0.65. The temporal resolution in such a regime for
source, and along with it the detector, should be located as  w=100eV, r,=75mm, AS=1mm (15)
close as possible to the origin. In the limit in whightends _ .
to zero, the time of flight of the electron from the source toand the_ implemented range of angl®g=60—120° (aper-
the focus is constant and equal approximately to 7.1416 reldure ratioL =0.27m) can be made equal tA-tmg_?) ns for
tive units. This corresponds, however, to the case in whicfi~ —0-9 or At~4.05ns forz,=—0.7. It is possible to
the source and image coalesce at the origin, the trajectory>hadow” the center of the angular aperture and exclude
degenerates to a line segment, and the linear dispersion [P the analysis part of the flux in the vicinity db,

energy is equal to zero. According to Ref. 4, it dependg,on — 7/2, where the energy dispersion is small. In such a case,
and @ in the following way: a screen is added to the usual scheme, which holds back part

of the particle flux passing through the diaphragm at angles

) cos®, near 90°. Calculation for the same valug®) using the
D=2z 1— 72 sinzl' (14 above range of angles with shadowing of the angular aper-
1

ture from 80 to 100° I{ =0.247) gives the results tabulated
Figure 4 plots a family of variants of the dependencein Table I.
D(0,) corresponding different values af. For any fixed It is possible to add a planar PSD, locating it on the other
angle the dispersion increases with It follows that as the side of the output diaphragm parallel to thaxis. It follows
resolving power of the hypothetical analyzer is increased, thérom geometrical considerations that this improves the tem-
source and detector should be located as far as possible froparal resolution. On the other hand, an additional possibility
the center of the system, near the very boundary of the fieldarises(apparently not used anywhere eailief fixing the
The contradiction between the desire to increase the redirection of emission of the particle in addition to its time of
solving power and preserve the aperture ratio without sacriereation and energy. Calculated values of the main charac-
ficing the temporal resolution must, apparently, be solved ineristics of the analyzer for the same parameter valiBs
each concrete case on the basis of the conditions of the spfr the distance from the axis to the PSD plane equal to
cific physical experiment. The source can in practice be 1040 mm and the aperture ratio=0.24s are listed in Table II.
cated at any point of the field-free space forx1 in the
presence of ideal spatial focusing. Indeed, even Zpr CONCLUSION
=0.99, when the dispersion almost reaches its maximum
valueD =2, temporal focusing conditions exists in the vicin- On the basis of the above calculations we may draw the
ity of ®,=90°. following conclusions: 1all of the proposed electron-optical
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TABLE II.

Z1 At, ns R, %
-05 1.95 1
-0.6 2.7 0.7
-0.7 3.9 0.4
-0.8 5.7 0.3
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makes it possible when using position-sensitive detectors to
simultaneously perform an energy analysis together with an
angle analysis of the Auger electron emission.

The authors express their deep gratitude to Prof. Thur-
gate of the School of Mathematical and Physical Sciences of
Murdoch University, Perth, Western Australia for the idea of
developing electron-optical systems with coincident focusing
in the particle emission angles and their time of flight to the
detector.
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