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An analysis of quasar spectra yields highly reliable constraints on the possible variation of the fine-
structure constank and the proton-to-electron mass ratiaduring cosmological evolution

from the epoch corresponding to a cosmological red shif2.8 (i.e., ~10'° years agdto the

current epoch£=0): |a/a|<2x10"* yr ! and|u/p|<2x107 yr 1.
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1. INTRODUCTION problem was subsequently examined by many investigators
(see, for example, Ref. 7, as well as the references cited in
Constants characterizing various interactions are knowmgef, 8, but it has become especially acute in recent years in
to be related to one another and to depend on interactiofynnection with the precipitous development of the grand
energy. However, this dependence is manifested only afnified theoriesGUTS) for the strong and electroweak inter-
very high energie¢hundreds of MeV or mope Although the  4ctions, as well as some more general theoretical schemes, in
tabulated values of the constants pertain only to comparayhich the gravitational interaction is also includ®t.t fol-
tively low energies, they cover the overwhelming majority of |o\s from the theories indicated that fundamental constants
natural phenomena and experiments. It is these low-energyignht have different values in other cosmological epochs, as
limits that will be examined in this report. well as in spatially distant regions of the Universe. That
We note that it is actually only dimensionless combina-these values are identical in different, even causally unre-
tions of physical constants, which do not depend on thgated regions of space—time, is not a trivial fact. However,
choice of units of measure, that have fundamental signifiyitferent versions of the theory predict different spatiotem-
cance. We shall consider two such combinations: the finepora| dependences of the fundamental constants. Experi-
structure constant=e’rc=1/137.035 999 93 (52)the NU-  ments are needed to ascertain which of the theoretical mod-
merical value is after Ref. 2; the error in the last significantg|s is correct.
digits is indicated in parenthegesnd the proton-to-electron This report presents the results of a study of the spectra
mass ratiou=m,/m.=1836.152701 (37)i.e., the proton  of dgistant extragalactic objects, which permit the establish-
mass in the Hartree system of units; the value from Ref. 3 isnent of new, the most reliable to date, upper limits on the

free spacgwhich is presently taken as a conversion factor

for going from units of time to units of length
e=4.803204 251(10x 10 1° esu is the charge of an elec-
tron, 7=1.05457162(8X 10" %" erg s is Planck’s constant Experimental tests for the possible inconstancy of fun-
divided by 27, m,=1.672621 62(15X 10 ?* g is the pro- damental constants can be classified according to the spa-
ton mass, anan,=9.1093821(8)x 10 28 g is the electron tiotemporal regions of the Universe covered by them. The
mass(all the values were taken from Ref).4 first group is comprised of laboratory measurements, which
The constantr is a basic parameter of quantum electro-cover no more than a few years. The second group includes
dynamics, whileu is related to the strong interaction cou- “local tests,” which are concerned with the Earth and the
pling constant. The parametetisand « are decisive for the solar system and cover up to 4.5 billion (%30°) years.
spectra of atoms and molecules, respectively. Finally, the third group is comprised of astrophysical testing
It can be seen from the numerical values given that mosinethods, which are based on data from extragalactic as-
fundamental constants are measured within a relative error adfonomy and cover practically the entire period of existence
~10"8. The reproducibility of these measurements includesof the Universe.
the appreciable variation of the parameters during a short Laboratory tests are generally confined to comparing fre-
time interval, but does not include their variation during thequency standards based on various physical phenomena,
existence of the Universe-15 billion years$. Moreover, the  which consequently depend differently on the values of dif-
values of the constants might be different in spatially distanferent physical constants. If the constants would vary, stan-
regions of the Universe. dards which were initially matched to one another would
The problem of the possible variation of the fundamentalbecome unmatched with the passage of time. One of the
physical constants was first discussed by Milaad Dirac®  standards compared is generally the cesium frequency stan-
who advanced their famous large numbers hypothesis. Thidard, which is presently taken as a basis for defining a unit of

2. TESTING METHODS
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time. In particular, different groups of _researchers have com- 1390 1395 1400 1405 1410 Ay, A
pared the output frequency of stabilized lasers and masers 12 —

with it. The accuracy of these experiments permitted the de- HS 1946 + 76

tection of relative changes in the fundamental constants at [

the level of~6x 10" * per year, but no statistically signifi- 1.0

cant effect was discoveréd.

“Local tests” are based on an analysis of changes which
would occur in the motion of the Earth and other bodies of 08}
the solar system, as well as in the physical conditions and
processes on them, if the fundamental constants would vary.
Such an analysis is capable of providing a higher accuracy 0.6
than laboratory measurements, mainly because it permits
tracing changes which occur over the course of a far greater
time. For example, by analyzing the isotopic composition of 0.4
meteorites and ancient terrestrial rocks, we can estimate the (2= 2'843357(2)|
characteristic alpha- and beta-decay times of the long-lived [
radioactive elements in them and compare these times to the 0.2

half-lives measured in the laboratory. The half-lives of such 5340 5360 3380 3400 5420 Aobs, A
elements are very sensitive to the value of the fine-structure

constanta. On the basis of such an analysis Dysshowed — — gig

that the relative change im cannot exceed- 10~ '# per year. g & .

The limit |a/a|<2x 10~ % yr~* was subsequently obtained 2 3 SilV

on the basis of refined data on the beta decalf ®te (Ref. i - Sin

12).
. . . FIG. 1. Finely split doublet of the Si IV resonance line in the spectrum of
A more rigorous estimate was obtained by Shlyakmer' the quasar HS 194676 recorded on the 6-meter telescope of the Special

He used data on the isotopic composition of Sm in theastrophysical Observatory of the Russian Academy of Sciences. Scheme of
“spent fuel” of a natural nuclear reactor, which operated 1.8energy levels and transitions corresponding to the lines indicated.

billion years ago at the site of the contemporary Oklo ura-
nium mine in Gabon. A more detailed analysis was recently

performed by Damour and DysdfiThey concluded that the tronomy affords the possibility of investigating these regions
rate of relative variation of the fine-structure constaht is  of space—time.
no greater than 10" per year. For this purpose it would be useful to analyze the spectra
The weak spot in the local tests just described is theibf quasars, which are very powerful sources of radiation and
dependence on the model of the phenomenon studied. Than be seen for distances up to 10-15 billion light years.
model is usually fairly complicated and includes a number ofAlong the way, the light coming from them has passed
physical parameters. In particular, Damour and Dyson asthrough clouds of interstellar gas in early galaxies and has
sumed in their analysis that the electrosta@ulomb en-  been partially absorbed by them. Therefore, the spectral lines
ergy of the excited®*Sm nucleus into which #°Sm nucleus ~ “imprinted” in quasar spectra contain information on the
is converted after neutron capture exceeds the electrostatithysical conditions and the state of matter in the early stages
energy of a°°Sm nucleus in the absence of excitation. How-0f the evolution of the Universe in various spatially distant
ever, it is known from experiments that such an hypothesis i§egions of it.
far from always correct: the root-mean-square radii of ex- The expansion of the Universe has resulted in increases
cited nuclei can be greater than or smaller than the radii of? the wavelengths of the lines observed in quasar spectra
the corresponding nuclei in the ground stft&® This con-  (Xobd In comparison to their laboratory valuesy) accord-
straint becomes even more doubtful if it is taken into account"d O the proportionality
that different physical parameters are interdependent and
could have varied synchronously during cosmological evolu-
t?or). As was shown in Ref. 17, this c_ould have wg_akeqed the herez is the cosmological red shift.
limit by more than an order of magnitude. In addition, itwas  The value ofz can be used to determing.e., the “age”
noted in Refs. 18 and 9 that if the fundamental constantgf the Universe in the epoch when the spectral line was
depend nonlinearly on time, as is assumed in modern thegormed. For example, Figs. 1 and 2 present fragments of the
ries, constraints which are valid for one time interval do notspectra of two quasars and exhibit absorption lines with
apply to another. As we have noted above, there might alsg~2.8. These absorption lines were formed when the Uni-
be a simultaneous spatial dependence. Thus constrainigrse was 7-8 times younger than now. To obtain rigorous
which are valid for the solar system cannot be arbitrarilyestimates of the variations of the fundamental constants, the
extended to more distant regions of space and to earlidines studied must be sufficiently narrow and they must be
stages in the life of the universe. Only extragalactic astecorded with a high spectral resolution and with a high

Nobs=No(1+2),
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L 40 It should, however, be noted that in the overwhelming

majority of cases the goal of the observers was not to per-
form exact measurements of the fine splitting; therefore, a
large part of the data treated did not have a very high accu-
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racy. The analysis performed allowed us to optimize the
strategy for investigating the dependenceaobn z In the

second stage of the work, our program of spectral observa-
tions of several quasars, which was aimed at achieving the
highest possibility accuracy in measurements of fine splitting
with large red shifts, was carried out on the 6-meter tele-
scope of the Special Astrophysical Observatory of the Rus-
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0.0k RO) RO P RD @ RO, sian Academy of Sciencé$As a result of the implementa-
4000 4005 4010 4015 tion of this program, as well as the use of observational data
L7-0 and W0-0 from othe.r telesco'peg,‘ Zwe determined the mean value of
the possible deviation of the fine-structure constant for
l-OM z=2—4 from its value forz=0 and the measurement errors
% 08 [ (both the statistical and systematic erjéts
S 08F
£} Aala=(—4.2+5.4 staf|+ 8.0 sysf]) x 10" °. (1
‘E’ 0.6 ' A comparison of the data obtained on telescopes located
g 04k in the northern and southern hemispheres allows us to tighten
e | the constraint on the possible dependence of the fine-
02} structure constant on the direction in the celestial sphere to
I R RO |Aala|<2x10 4
0.0L— L RO, RQ) | . L . A result which has a formally higher accuracy was re-
3860 3865 3870 3875 cently obtained on the basis of observations on the Keck |
Wavelengh, A 10-meter telescopel a/ o= (— 1.88+ 0.53 staf]) x 10" ° for
— 26 ;i ;
FIG. 2. Fragments of the spectrum of the quasar PKS 0528-250 containiné_ 0.6-1.6. Howev_er’ Weblet al' did not tak_e Into ac-
absorption lines of Kin the Lyman and Werner series. count the systematic error, which results mainly from the

uncertainty in the values of the referenta&boratory wave-

] ) ) ) . _ lengths, and, as can be seen fray this error is dominant.
signal-to-noise ratio. The lines of the Si IV doublet shownin  the ypper limit corresponding td) (at the 2r signifi-

Fig. 1 and many of the lines of molecular hydrogen in Fig. 2c53nce level on the mean rate of variation af during ~10

satisfy this condition. billion years is
3. DOES THE FINE-STRUCTURE CONSTANT VARY? || <2x 1071 yrt. 2
In order to ascertain whether the value @whas varied This constraint is five times tighter than the one which

during cosmological time, it would be useful to investigatewe previously obtainedf® and its accuracy is 3.5 times

the fine splitting of the doublet lines of the Si IV, C IV, Mg better than that of the precision laboratory measurements in

I, and other ions, which are often observed in the spectra oRef. 11.

distant quasars. An example of such spectral lines is shown

in Fig. 1. The relative magnitude of the splitting\/\ of

these lines is proportional ta? (to within negligibly small 4. DOES THE PROTON-TO-ELECTRON MASS RATIO VARY?

corrections. Therefore, if the value ofr varied with time,

the relative splittingS\/A should depend on the magnitude of The dimensionless constaat=m,/m, is approximately

the red shift. equal to the ratio between the nuclear strong interaction cou-
In the first stage of our work we re-analyzed all the pling constant §2/%c)~14 and the electromagnetic cou-

published data on finely split doublet lines observed in quapling constanta~1/137. Hereg is the effective coupling

sar spectra and complied a special catalog of wavelengths aebnstant, which is calculated from the scattering amplitude

these lineg® Altogether we examined about 1500 pairs of of 7 mesons on nucleons.

doublet lines with red shifts from 0.2 to 3.7. The analysis of  The absorption lines of molecular hydrogep iH quasar

these data demonstrated the absence of a statistically signifipectra can be used to ascertain whether the valye hais

cant deviation ofoN/\ from the current value. The rich ob- varied during cosmological time. The variation @fcan be

servational material assembled in our catalog also allowed udetected by comparing the wavelengths of various lines in a

to analyze the possibility of differences in the valuesrah quasar spectrum and in the laboratory. The key to this tech-

regions of the Universe that are causally unrelated to onaique is that the wavelengths of different lines depend dif-

another® It was found that the dependence of the magnitudderently on the parameter under study. This makes it possible

of the fine doublet splittingand thusa) on the direction in  to separate the cosmological red shift from the shift caused

the celestial sphere falls within the erfdra/a|<3%x1073. by the variation ofu.
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The most suitable system of molecular lines with a largeto one point in spade In addition, they are far less depen-
red shift for such an analysis is the system of absorption linedlent on model assumptions. They can therefore be recom-
of the H, molecule withz=2.8108, which was observed by mended as the most reliable limits to date. They can serve as
Levshakov and Varshalovi¢hin the spectrum of the quasar effective criteria for selecting permissible theoretical models
PKS 0528-250. We calculated the sensitivity coefficients ofyt glementary interactions which predict changes in physical
the wavelengths of Htoward the possible variation gf constants on the cosmological time scale.

:wli?gerf.-qizli?;C;paer::?rlzfnec:)fﬂlgngb(?g;VSegggg Irgi%iggb;hian- This work was carried out within the State Scientific-
zettaet al. on the CTIO 4-meter telescope. A fragment of Technical Programs “Fundamental Metrqlogy” and “As-
this spectrum is shown in Fig. 2. The results of measurelfonomy” and was supported by the Russian Fund for Fun-
ments of the wavelengths of 50 lines of molecular hydrogerflamental (Grant No. 96-02-16849aand the Kosmion
with consideration of the sensitivity coefficients just men-Scientific-Training Center.
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Traditionally, the moment method has been used in kinetic theory to calculate transport
coefficients. Its application to the solution of more complicated problems runs into enormous
difficulties associated with calculating the matrix elements of the collision operator. The
corresponding formulas for large values of the indices are either lacking or are very cumbersome.
In this paper relations between matrix elements are derived from very general principles,

and these can be employed as simple recurrence relations for calculating all the nonlinear and
linear anisotropic matrix elements from assigned linear isotropic matrix elements.

Efficient programs which implement this algorithm are developed. The possibility of calculating
the distribution function out to 810 thermal velocities is demonstrated. The results

obtained open up prospects for solving many topical problems in kinetic theorni.9%®

American Institute of Physic§S1063-784£99)00209-3

1. In the early classical studies expansion of the distri-six nested sums, which restrict the possibility of increading
bution function in orthogonal polynomials was employed tofurther. In Ref. 5 we used the representatidh’ to derive
calculate the first few linear moments, which were neededormulas for calculating matrix elements, which are valid for
for problems in transport theofyBurnet and Grad formu-  any power-law potentials, and the number of summations
lated the basic principles of the nonlinear moment methodwas reduced to four. It was shown that calculations can be
However, far-reaching progress in this area could not be@erformed up tdN= 25— 30 with guaranteed accuracy.
made because of the great difficulty in calculating the matrix =~ The transition to ther representation corresponds to ex-
elements of the collision integral. panding the distribution function in Maxwellian distributions

In the moment method for solving the Boltzmann equa-with various temperaturesy(= ]_Fr):
tion, the distribution function is expanded into a series in

Hermite polynomials: f(v,t)=J M(v,T)e(T.t) dT. 3
% 0
fvrt)= M(V)izo Ci(r,OHi(v), Here ¢(T,t) is a distribution function inx space. We previ-
ously obtained a closed form of the Boltzmann equation in
He o m(V) =S 12V To) Y1 m( 6,). (1) theaanda—u representations. la—u space the expansion

_ _ . _ is written in Maxwellians with different temperatures and
HereM(v) is a Maxwellian, S 1,,(v*/To) are SoninelLa-  with different shear rates. The very simple representations of
guerrg polynomials, andf| (¢, ) are spherical harmonics. Sonine and Hermite polynomials i and a—u spaces, re-

The system of moment equations has the form spectively, were important for further work. A system of the
o Sonine polynomialsS;,, which is orthogonal with a Max-
DC,/Dt= > KP,CiC;. (2)  wellian weighting function corresponds to a biorthogonal
=0 system of the functionsg ands, in a space

The operatoD/Dt corresponds to the substantial deriva- (T, T ) = (T, ) sOT=T, )/r!
tive on the left-hand side of the Boltzmann equation and is ~ ' * * S

well known. In the isotropic case with respect to the veloci- S =(1-T/T,)". (4)
ties, the expansion of the distribution functi@h is written
only in Sonine polynomials. The matrix elemef , is the In the isotropic case the presentatidn corresponds to
projection of the collision integral of thith andmth Sonine  the distribution functionp(T) in the form
polynomials onto the Sonine polynomial with the index w0

In computer calculations the seriék) must always be =\ NS s
truncated at a certain finité. Turchetti and Paolilfiwere the o(T.0) n§=:O Co(VSR(T. To),

first who knew how to calculate all the matrix elements up to
N=13 for “pseudopower-law potentials” in the isotropic C (t):f”(P(rr H)sh(T,t) d. (5)
case. The formula for the matrix element in Ref. 4 contains " 0 B

1063-7842/99/44(9)/4/$15.00 1005 © 1999 American Institute of Physics
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2. Let us consider a simple example. As the initial dis-r=k+1 orr=Kk. As a result, after some transformations we
tribution function we take the Maxwellian distribution with obtain the basic expression relating the matrix elements to
the temperatur@,,. It is clear that regardless of the choice of one another
basis functions, the collision integral of such a distribution
function is equal to zero. If, as is usually done, we expand
this distribution function in Sonine polynomials near the
same temperatur@,, a unique condition follows from the
equality of the collision integral to zerch’O:O. It is clear
that a transition to another basis set, i.e., re-expansion of the
same distribution function in Sonine polynomials near an-
other temperature, cannot lead to a nonzero value for the For power-law potentials\(~ 1/r ©) the matrix elements
collision integral. It was shown in Ref. 7 that such re- K{1 " depend on the temperature of the basis set in a fully

expansion leads to the following relations between the Magpecified manner, i. eK (T)~T” where u=(k—4)/(2x)
trix elements: '

d
Tﬁ—R>K::1 rz(T)_rK:li(T) (rl+1) r1+1r2(T)

—(r2+1)K£l'r2+1(T), (11

(R=rq+ry—r). (12

(Ref. 5. Equation(11) now takes the form
kz KE,mfk:O! n,m=0, ... co. (6) (u— R)Kr r2_rKr : _(r1+1) ri+lr,
=0
—(ra+ DK} a (13

Developing this idea, we can state that the collision in-
tegral is independent of the choice of the temperature of the

(I;{Iaxygell_mn ;Nelghtlngbfunctllon ant only tf)pr a 'Vclj"?‘XV\_'E”"’_’m calculating the matrix elements. It can be shown that to de-
Istribution function, but also for an arbitrary distribution termine the nonlinear matrix elements it is sufficient to as-

function. Let us examine what follows from this for the iso- sign the linear elements of either tKél,o or theKB,rz type.

tropic Boltzmann equation. We expand the distribution func-O half of the | h ified | f
tions in two basis sets with the temperatufgsand T: ne half of the finear elements are then specified in terms o

the other half. To close the recurrence procedure, we also
derived simple formulas for calculating the linear matrix el-
p(T.0=2 CROSKT.To)= 2 CrOSKT.T). () ements.
- - Employment of the recurrence procedure enabled us to
The infinite-dimensional vector€® and C* are related by perform calculations of all the nonlinear matrix elements up

The equality(13) can serve as recurrence relations for

[’ 0

the simple expression to N=128 in about 30 min on a PC with a 486 microproces-
» sor. Similar calculations using the six-stimnd four-sum
E (T, To)Ck, (8) formulas would require $10* and 10 years, respectively.

k= The results of the calculations of distribution functions
using the moment systelt®2) and the recurrence formulas
3) were compared with the exact BKW solution of the
oltzmann equation for Maxwellian molecules. For
N=128 excellent agreement was observed up to 12 thermal
velocities. For other cases with= 128 the maximum rate at
(9) which the segment of the seri€b) accurately describes the
distribution function reached 8-10 thermal velocities. As the
number of moments increased, it was always possible to dis-
Comparing the form of the collision integral in two basis close the behavior of the tails of the distribution function and
sets, from the condition of invariance of the collision integralto move increasingly further toward higher velocities with
relative to the choice of the basis set we can obtain the reldncreasingN. Figure 1 presents the relative distribution func-
tion between the matrix elements in the basis $gtandT,:  tion f/f, (f. is the equilibrium Maxwellian distribution

where the elements of the transition matbXT,,Ty) for
going from one basis set to another are easily determine
using (4) and(5) and have the very simple form

r
Ti—To)  *Te/Ty, =k,
A (T1,To) = (k)( 1= To o
0, r<k.

; w function) for the hard-sphere modéh) and a Coulomb in-
Kh (T = > dr’k(Tl'TO)kfrg‘(z:rz '[Be}iz\i/(\:/tlr(:]r;giween the particlés) with the initial sum of two
XKE 1o (To)die, v (To, T dy, r,(To, To). F(v,0)=asM(T1,v)(1+d,St(mvZ2kTy))
(10 +a,M(T,,v)(1+d,St,(mv2/2kT,)),

We dlfferentl_ate (10 W|th_ respect toT; an_d set iy which we seta,=a,=0.5, T,=1/3, T,=8/9, d,=1/9,
T,=Ty We t?ke into account in the process th:i\ﬂfz To andd,=5/18.
the operatorD transforms into the unit operatds, since 3.In contrast to the isotropic Boltzmann equation, in the
dr k(To,To) = 6, k. When the differentiation with respect to anisotropic case there are no general formulas for calculating
T, is performed, only the derivatives Bf must be calculated the nonlinear matrix elementsvith the exception of Max-
on the right-hand side of10). It is clear from(9) that the  wellian molecules In the axisymmetric case the distribution
derivative of d; (T;,To) for T;=T, is nonzero only if function is expanded in the Hermite polynomitds, , where
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2.4 14~ b
2 3
2.0 1.2~ 1
1.6 10 5 ) FIG. 1. Solution of the nonlinear Boltzmann
0.8k 4 equation with an initial sum of two BKW
‘43 1.2 ¢ modes:a — for the hard-sphere model, b —
t} ) 06k for the Coulomb interaction modell—6 —
0.8 ; ) t/7*=0, 1, 2, 5, 7, and 10+ is the charac-
. o teristic relaxation timg
0.4
0.4 0.2
1 1 1 ] LYy
0 0 1 2 3 4 §5§ 6 v
Hr,I:CIPI(COSG)Sr+1/2(C2) (14)  we can show that the generalized Hecke theorem holds for

the nonlinear matrix elements: the matrix elements
m K can be nonzero only if
C2= o (V2 V2 (v~ Ug)?), (15 el Y
2k T, y

. . . I P PR S PR P (19
which are orthogonal with the Maxwellian weighting func-
tion M(C,To)f(m/(2kToW)3/29XP(—Cz))- | and the parity of coincides with the parity of;+1,. This

The relations between the matrix elemert§ | . | theorem was previously proved in Ref. 10 by another method
are found from the invariance of the collision integral as thewithout employing recurrence relations.

velocity uy and the temperaturg, of the basis functions are The next important new fact in the case of unoriented
varied: particles, which follows from(16)—(18), is the relation be-
tween the linear anisotropic and linear isotropic matrix ele-
! ri-1 (I+21)r r—11+1 ments. It was shown that if the linear isotropic matrix ele-
21-1 "ol 2143 Trolra ments are known, then all the remaining matrix elements can

be uniquely specified in terms of them. In the few special
cases for which explicit formulas existett the results of our
calculations coincided with the known results.

(I+1) l(rp+1) In the general three-dimensional case the spherical har-
o1 Kyt WKrivllvr2+lJ271:O, monicsY, (6, ) appear in the Her.rT.nte ponnomlalg. In this _

2 2 case there are possibilities for additional changes in the basis
(16) set. They include rotation of the reference system about the
axis, i.e., the transitionpo— ¢+ w, and deflection of the

U (i +1)
2|l+1 ryl+1rs.l, 2|1+1 ri+1l=1r,,1,

Ti K (T)=(R+L/2)K" (T) axis from the original direction, i.e§— 6+ . Relations ob-
aT rilgrosls relrosls . . . .. . .
tained from the invariance of the collision integral relative to
KL T — 1 such changes in the basis set were derived. In the absence of
+r roqr ,I( ) (I’1+ ) . . . .

17122 a preferred direction in space the familiar Clebsch—Gordan
XK:;I+1,I1,r2,I2(T)_(r2+ 1) coefficients satlsfy such recurrence rglanons. Hence it fol-

lows that the matrix elements with indices# 0 are related
XKL (T, (17)  to the axisymmetric matrix elements through these coeffi-

2 e cients. This fact was previously knowee, for example,
R=ry+r,—r, L=l;+1,—1. (18  Ref. 10. We note that fundamentally new results are ob-

h Its i f i th L fth tained for asymmetric oriented particles.
The results in Ref. 8 were used in the derivation of these Thus, it has been shown that a hierarchy of simple re-

rﬁlatm_n S Thef relaélodns obtalnedhare valid in car?es Wher€ irence relations can be constructed in standard kinetic
there Is a pr(? e;rre |rec|t|on in _tle system. Sdu_c a SYsteiheory from a few principles, and all the matrix elements can
can consist of, for example, particles immersed in an excepse fng, if the linear isotropic matrix elements of one type
tionally strong magnetic fieldof the or(_jer of 18 T)..In this are known. Programs which implement these algorithms
case the particles become asymmetric and are oriented aloRg, e heen written. The results obtained open up possibilities

the magnetic field. , for solving numerous unsolved problems in the kinetic
In standard kinetic theortin the absence of a preferred theory of gases and for refining the already existing solu-

direction) space is |sqtrop|c, and Hecke’s theoresee, for tions. These problems include, for example,tie descrip-
e>:ar|nple, Ref. B which states_ that the matrix el_ements tion of transport processes for Kri both in gases and in a
Ki2'1 00 €an be nonzero only if; =1, holds for the linear pigniy jonized plasma and the creation of a theory of trans-
matrix elements. Using the recurrence relatigh6)—(18), port for asymmetric oriented particles in a strong magnetic
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Ice is a protonic conductor, as has been demonstrated many times by electrolysis experiments.
The dirty ices which comprise the thick-(L0°> km) crusts of several distant moonlike

bodies are subjected to bulk electrolysis by currents excited by the motion of such bodies in
cosmic magnetic field§or example, Voyager-1 measured a current amounting 16’ A flowing
through the Jovian satellite 1o and its surroundjnghe accumulation of electrolysis

products in ice in amount equal to 10—15 wt. % renders such a solid solution capable of detonation.
Global explosions of the crusts of moonlike bodies account for the origin and the known
properties of many asteroids, short-period comets, planetary rings and small satellites, the
formation of Titan’s atmosphere, the differences between Jupiter's Galilean satellites,

etc. Many predictions made on this basis have already been confirmed, and others are awaiting
testing. According to all the signs, only the ices of the fourth Galilean satellite Callisto

have not yet exploded. If they explode, the Earth will be subjected to concentrated bombardment
by cometary nuclei, which will create a “nuclear winter” once every 60 years on the

average. Therefore, a very high priority should be assigned &itu investigations of Callisto

for the purpose of determining the degree of saturation of its ices with electrolysis

products. ©1999 American Institute of Physids$51063-784£99)00309-9

1. TWO RESEARCH STRATEGIES AND TWO COSMOGONIES stage fragmentation of the original cloud of gas and dust as a
OF THE SOLAR SYSTEM consequence of the presence of the standard excess of angu-
lar momentum in it:? This approach, which gives a short

Investigations of new phenomena can be divided into~10*—10° years time scale for the formation of planets
two stages: Jlan extensivépassivg stage, in which, without  within a very dense, rapidly rotating proto-Jupiter, whose
any guiding ideas, simple observations are performed anghass quickly drops from-1M to 0.00M, due to outflow
highly diverse facts are collected in an attempt to somehowo the Sun and which therefore loses the planets being
link them to one another, and 2n intensive(active) stage,  formed in it, consistently accounts for all the known facts.
in which there is already a working hypothesis and a searclthe recent discovery by S. Terebeyal. using the Hubble
for predicted relationships and phenomena is conducted oflescope(NASA Press Release 98-1®f a giant planet
its basis for the purpose of refining and confirming it. All the which was ejected from a newly forming pair of binary stars
new facts obtained in the last 10 years duringsitu inves-  supports the new cosmogony and confirms one of its numer-
tigations of solar system bodies are “unexpected,” “puz-ous predictionssee stage 5 in Fig. 1 in Ref.).2Another
zling,” etc. This suggests that we are now in the first stage oferifiable prediction is the presence of a combined planet—
investigation and that the 200-year-old ““obvious,” but naive comet cloud on the not too dista@0—-3000 AU periphery
Kant—Laplace scenario of the origin of the solar system anaf the solar systerfi® This cloud is the main source of long-
its bodies from a vast disk of gas and dust surrounding th@eriod (LP) comets(with periods>200 years and contains
Sun, a scenario which has hitherto guided the planners of10—100 as yet undiscovered moonlike bodies resembling
space missions, is fundamentally untrue. In fact, it was crePluto, and larger bodies. Another important consequence is
atedad hocto explain the appearance of our planetary systhe creation of a totally new cosmogony for small solar sys-
tem only and at that time could not, in principle, be based ortem bodies. The latter, in turn, has consequences which may
knowledge of the origin and evolution of stars and their sysbe very important for all of mankind. This approach at once
tems, gas dynamics, etc. This is why none of its predictionshifts the investigation of solar system bodies into the sec-
have come true and it cannot explain a multitude of old andnd, or active, stage.
new facts without eliciting additional hypotheses.

The new planetary cosmogony is based on the modern
understanding of the formation and evolution of multiple 2. CLASSICAL COMETARY COSMOGONY. OLD AND NEW

. PROBLEMS

stars, a category to which almost all stars belong. It assumes
that planetary systems appear in them as a by-product of Within the Kant—Laplace hypothesis small bodies, viz.,
their evolution or are a limiting case of close binaries formedasteroids, comets, Trojans, small satellites, and planetary
as a result of the rotational-exchange breakup of a densengs, are regarded as construction debris, which has re-
rapidly rotating protostar, i.e., the last product of the multi-mained since the time of formation of the planets. Conse-

1063-7842/99/44(9)/5/$15.00 1009 © 1999 American Institute of Physics
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quently, they cannot contain sources of energy, apart fronfragments; 2 breakup events occurring weeks and even
insignificant sourceggas pocketsad hocamorphous ice ca- months after passage of the nucleus through the Roche limit
pable of slowly crystallizing, etg. It is believed that the of Jupiter, which cannot be attributed to the tidal forces of
initially created reservoirs of comets and other small bodieslupiter alone; Bacceleration of the large fragments formed
have scarcely been replenished and that they are only defpon breakup to relative velocities of 1 m/g;the far greater
pleted with time. The traditional scenario of cometary activ-relative velocity of the dust in comparison to the velocity of
ity presumes the sublimation of their dirty ices under thethe large fragments;)%&n essential absence of traces of water
action of solar radiation followed by photolysis of the escap-in SL-9 at the time of its discovery 9 months after passing
ing vapors. The first such model, viz., the Vsekhsvyatski the perijove; 6 a local excess of Li in one part of the SL-9
Whipple ice model, was a great step in understanding comAucleus, specifically in fragment L.

ets. However, more attentive scrutiny revealed numerous These examples can be supplemented by the classical
inconsistencies in this picture. We shall list the most signifi-recurrent bursts of Comet P/Schwassmann—Wachmann 1 be-
cant. yond Jupiter, which are correlated with solar activity, and the

1) The great diversity in the manifestations of different inexplicable presence of CQin it, as well as the discovery
comets. It cannot be ascribed only to their age. It cannot bef the cometary activity of distant Chiron with the detection
understood in terms of a postulated condensation of come2f CN on it.
tary nuclei in a thoroughly stirred, highly agitated medium,
which the gas in the circumsolar disk should be.

2) There is the old problem that the lifetime of the so-
called “parent” moleculegin concept; no one knows what
they actually argin the field of solar radiation is much It follows from the new cosmogony of the solar system
longer in laboratory simulations as compared with observathat all the Galilean satellites, which were among the last
tions. (and therefore unlogplanets formed in proto-Jupiter, should

3) The causes of the burst activity of comets are nothave a similar composition. This is not the case. It should be
clear. It correlates with solar activity and is observed ovemoted that the differences between the satellites cannot be
distances up to 10 AU or more, where water ice does noéxplained within the old cosmogony, either.
sublime. A thorough study of the causes of these differences re-

4) Bursts quite often precede the breakup of the nucleusealed that the detonation of dirty ices, which originally
into kilometer fragments that diverge with a velocity of 1-10 comprised the thickwith a thickness of~700-800 km as
m/s, which requires a large amount of energy. compared to a radius of the body equak@500 km crusts

Numerous attempts to solve these problems have the dief the satellites and became saturated with up-tD—15
tinct features ofad hochypotheses and frequently disregard wt. % bulk electrolysis products, i.e., 2H O,, can be re-
not only other facts but even conservation laws. None ofponsible for them. The electrolysis of solid ice, which is a
these attempts has had any clear-cut success. protonic conductor, is a thoroughly understood and well-

The flight of an armada of space vehicles near thestudied proces$® It occurs in dirty ice on the boundaries of
nucleus of Comet P/Halley in 1986 and the recent passage ¢ifie numerous, fairly large mineral inclusions, which have
the nucleus of Comet P/Shoemaker—Levy 9 near Jupiter, itslectronic or hole conductivity. The electric current needed is
breakup, and the descent of fragments onto Jupiter addegkenerated by the motion of the moonlike body in the mag-
many new facts, which do not have simple explanationsetic field of the planet or the solar wind. Owing to the high
within the traditional theories. We shall list the principal pressure, 2kH- O, is not released in the form of a gas, but
ones. accumulates in the form of a solid solution in the ice and is

P/Halley: 1 jets of dusty vapors escaping from spots redistributed by solid-state convection throughout the crust.
which comprise<10% of the area of the illuminated surface, The explosion of an icy Pluto-like planet, which had
despite the need for the solar energy impinging on 40% ofatellites, between Mars and Jupiter about 3.9 billion years
the surface to sublime these vapors; the temperature of trego probably produced the asteroids of the main asteroid
dark surface of the nucleus, which is unexpectedly highbel®’ and, together with their subsequent collisional evolu-
(=400 K) for ice; 2 higher concentrations and temperaturestion, accounts for all of their known properties. It provides
of radicals, as well as positive and negative ions and heavihe source for the concentrated Imbrian bombardment of the
organic matter, closer to the nucle(acording to measure- Moon and permits evaluation of the intensity of the solar
ments as close as 700 kB) the presence of extremely wind at that time ¢2x10° 1 Mg /yr, in agreement with
active atomic carbon and ions of this element in the circumimore recent estimates of other investigatolss a conse-
nuclear region; #a large excess of CO over GOn the  quence of three global explosions of lo’s crust, it lost all of
vicinity of the nucleus; bthe discovery of numerous submi- its ices. Europa suffered two explosions, and Ganymede had
cron CHON patrticles, which are unstable in the field of solarone(probably 570 million years ago at the boundary between
radiation; 6 cases of essentially instantanedwithin 9 min)  the Cryptozoic and Phanerozoic eons, which marks the date
vaporization of 4& 10° kg of water ice; 7 a distant(at 14.3  of a major geological catastropheCallisto’s ices have not
AU) (double? burst, which correlates with passage throughyet exploded All this explains the differences between the
the solar wind sector boundary. satellites, particularly the totally different topography of

P/Shoemaker—Levy 9;) dreakup of the nucleus into 21 Ganymede and Callisto. The surface of the latter is the most

3. GALILEAN SATELLITES, TITAN, AND THE NEW
ERUPTIVE COSMOGONY OF SMALL BODIES
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cratered in the solar system, but the size distribution of the  The entire set of combustion processes along with their
craters differs strongly from that for the Moon and Mercury. unexpected bursts and even detonation in some sites and
On Ganymede there are two types of surfaces with differensmoldering in others, whose original cause is the presence of
degrees of cratering, but despite expectatiovith consider-  electrolysis products dissolved in the ice, readily explains all
ation of the focusing effect of Jupitethe degree of cratering the diverse and puzzling manifestations of comets mentioned
here is less than on Callistéor more information on other above. In fact, the presence of varidh®t) ions and radicals
details which can be explained by explosions, see Refs. 8ear the nucleus, as well as atomic and molecular g
and 10. C;) carbon(sooy, a high CO/CQ ratio, CHON particles

The formation of Saturn’s rings, Titan’s atmosphere, andsmoke, etc. are explained at once by combustion taking
some comets is due to a recent explosion of the icy crust aflace in sublimation products under conditions of a defi-
that satellite. In fact, the distribution of LP comets of the ciency of the oxidizing agerif The absence of water in the
Saturnian family with respect ta (the smallest distances fragments of SL-9 may be due to the circumstance that the
between a comet’s orbit and Saturn’s orhi2 AU) has a  Volatile substances had completely burned up at the time the
sharp peak an<0.5 AU (the radius of the Hill sphere of comet was discovered, while the detection of Li in only one
Saturn equals 0.57 AUThe LP comets of the Jovian family part of the nucleus can be attributed only to geochemical
do not exhibit a similar peak. I the significant eccentricity ~differentiation in the crust of a parent plartét.
of Saturn’s orbit €=0.056) and the fact that its major axis ~ The appearance of bursts, which frequently precede the
completes one revolution aftét=47 000 yr are taken into breakup of a nucleus, is also obviously caused by the initia-
account, it can be assumed that such a narrow distributiodon of combustion or even detonation in such energized ices.
peak could still exist if its age is< P/4~10* yr.123 Other- On the basis of the ideas developed above, it is fairly
wise, some comets would have moved beyond Ake0.5  €asy to give consistent explanations for other manifestations
AU limit. It is interesting that the concentration effect at of comets.
A<0.5 AU is even stronger for brighte(=youngej The discovery of $in the coma of several cometsthe
cometst? fact that the concentration ratio of ortho-to-para water mol-

Under the assumption of an explosion on Titan, the au€cules emitted by nuclei is characteristic of a temperature of
thor, prior to the Voyager mission there, predidfethe ex- 25—50 K;® and the fairly prevalent opinion regarding the
istence of two populationgwith centimeter and kilometer low density of nuclei (0.2—0.3 g/ctp are often interpreted
dimensionsin the rings, the presence of HCN,NCO, and  as supporting the condensation cosmogony of comets. It is
COZ! i.e., products of the exp|osion of dirty ices, in Titan's not difficult to see that the first two factors are SImpIy ex-
atmospherdthe presence of methane was already knpwn Plained by combustion with rapid expansion of the products
and the effective radius of its solid crust. These predictiondn free space. The low density estimates are based on calcu-
were all confirmed. The predictions of a fairly thin ice crustlations of the reactive effect of escaping matter on the
with light organic mattef1—10 km on a deep(~700 km nucleus for a known rate of mass loss by it. The results of the
liquid ocean, an excess thermal flux as a result of freezing ostimates depend on the model adopted. In the published
the ocean, and a similarity of the surface topograph of Titanfeports(for example, Ref. 1Pno allowance was made for the
which is still being formed, to the topography of Ganymede jet character of a real escaping fldit is known from gas
which has already refrozen since the explosion of its crustdynamics that a jet has greater momentum than a flow escap-
are awaiting confirmation. ing from a surfackg or its consequent gas-dynamic rather

It therefore follows that fragments of the outermost lay-than free-molecular character in this case. Of course, the
ers of the exploding icy crusts of moonlike bodies containinghigher initial heat content of the combustion products was
~10% organic matter and a chondritic mineral matrix ot taken into accounta temperature of the subliming ice
(~10%) should also be saturated with HO, to a concen- equal to only~200 K was takep Consideration of these
tration close to the level necessary for combustion or detofactors lowers the density of nuclei to 1-1.5 gfem
nation. It is natural to presume that these are the nuclei of The small fragments remaining from the explosion of a
short-period SP) comets. Thus they have a powerful internal large ice fragment saturated with 2HO, are capable of
source of chemical energy, which can be activated by sola@cquiring velocities up to 5 km/s. Thus, the Martian satel-
radiation or an electric current. lites, the irregular Jovian satellites, and Trojans could be lo-

The former case is realized when sublimation productgated in their orbits. Such an approach explains their known
containing light organic matter and 2 O, are illuminated ~ Properties and provides predictions that can be teéfted
by solar radiation. It initiates ordinary combustion, which is €xample, the presence of ices in some Trojans and in Deimos
capable of penetrating along jets of vapors to sites rich irghd their absence in Phobos, the escape of some comets form
2H,+ O, in the ice of a nucleus. the Trojan reservoir, etc?®?*

The latter case occurs when a nucleus travels in a strong
circumplanetary magnetic fielghe case of SL-Por cr
currentF-)carrying)]/ zor?es betwl(een solar windpgegtc?fss.ezer% CONSEQUENCES OF THE POSSIBLE EXPLOSION OF

: . . - ALLISTO FOR THE EARTH

electric currents flow along the gas jets, which are ionized by
combustion, into the nucleus, where they are capable of ig- According to all the information available, Callisto’s
niting regions enriched with 24 O,, including those which  crust has not yet exploded. We shall list the main conse-
do not communicate with the surface. quences of its possible explosioh’



1012 Tech. Phys. 44 (9), September 1999 E. M. Drobyshevski

1) A loss of ~15%~1.6x 10?° g of mass, mainly in the ments of electrochemistry, gas dynamics, magnetohydrody-
form of water vapor, pyrolyzed organic matter, sand andhamics, the physics of combustion and explosion, etc. under-
stone, i.e., the chondritic mineral component originally con-lying it.?*
tained in the dirty ice, as well as, more importantly, unex- 2. The new eruptive cosmogony explains the properties
ploded fragments of the outermost layers of the crust. Thepf Titan and the known differences between the Galilean
can measure up to several tens of kilometers. Their ice wilkatellites. It singles out Callisto with its unexploded icy crust
also be saturated with 2H O,, which will render them ca- as a potentially dangerous object for the Earth. It follows
pable of undergoing further explosions or combustion. Theyrom the foregoing that in the case of an explosion, the bom-

will be typical nuclei of SP comets. bardment will be the strongest since the Imbrian event 3.9
2) After a year or two, Jupiter’s sphere of influence will billion years ago. The Earth’s atmosphere will be poisoned,
transform into a luminous body measurind.5°, which will  and its surface will be literally plowed to a depth of hundreds
illuminate the Earth with scattered light60 stronger than of meters. The known terrestrial resources are insufficient for
that of the full Moon. preventing such bombardment. The most massive extinction

3) The collisions of ice fragments will cause new explo- of life forms during the entire history of the Earth will take
sions, so that the secondary fragments with a total mass gflace. The fate oHomo sapiensvill not be an exception.
~10?* g, which will acquire an additional velocity incre- 3. The principal far-reaching practical conclusion that
ment, will be capable of leaving Jupiter’'s sphere of influencecan be drawn from the new eruptive cosmogony is the need
and attaining heliocentric orbits of SP comets. If they haveo set up a purposeful second-generation space program for
the size distribution characteristic of asteroids of the mairstudying solar system bodies. Its main purpose should be to
asteroid belt, the number of such spheres with diameterascertain the degree of real danger from Callisto. The pro-
>300 m will be ~10°. gram should be divided into two stages:tasting the valid-

4) After 10—30 years the ice and mineral dust propagatity of the new eruptive cosmogony by investigating SP nu-
ing along Jupiter’'s orbit will illuminate the earth-2—3  clei in situ to detect molecular ©dissolved in their ices and
times more intensely than the full Moon. consequent combustion in jets and sources of escaping mat-

5) After several decades concentrated bombardment dér; b) in situ investigations of Callisto’s ices for the purpose
the Earth by SP comets will begin. It will last 4910°  of determining their degree of saturation with electrolysis
years. It is known from the existing statistics that the mearproducts.
probability of an SP comet of the Jovian family striking the On the threshold of the 3rd millennium, Russia, with all
Earth is ~0.45x 10 ° per year for an impact velocity of of its resources and developed space technologies, could, re-
~29 km/s(Refs. 9 and 2R Hence it follows that a fragment maining true to its centuries-old traditions, declare the pro-
whose impact will be accompanied by the release of the ertection and rescue of the Earth’s civilization from possible
ergy of =1 megatons of TNT will strike the Earth once a danger as its national ideology and enter the international
day, a fragment releasing the energy=s10° megatons of arena with appropriate initiatives. The program proposed
TNT will strike once a year, and a fragment releasing theabove, which pursues a clearly defined large-scale goal that
energy of=10° megatons of TNT will strike once in 60 touches the interest of everyone, might unite the efforts of all
years. Impact of such force will throw so much dust into thethe space-exploring powers both in evaluating the potential
atmosphere that it will cause a nuclear wirté?. threat to mankind and in achieving an understanding of the
actual ways in which solar system bodies form and evolve,
which would facilitate exploiting them in the future. As a
first simple step it would be useful to take into account the

1. Bodies of small mass are not remnants from the timeonsequences of the new eruptive cosmogony and its recom-
of the formation of the solar system. They are products of thénendations in working out the details of the already planned
subsequent explosive and/or collisional evolution(iofy) ~ Missions to small bodies and satellites of planets.
moonlike (Pluto-like) planets. Only the new eruptive cos-
mogony of small bodies, which is based on the physically, _
fairly reliable hypothesis of the possibility of the bulk elec- , M- Drobyshevski, Naturésa 35 (1974,

Yy . 8 yp _p y . 2E. M. Drobyshevski, Astron. Astrophys. Trar, 211 (1996.
trolysis of ices, offers both a simple explanation for all the 3g. m. Drobyshevski, Moon Planets, 145 (1978.
known high-energy manifestations of SP comets and the'J. C. Decroli, H. Granicher, and C. Jaccard, Helv. Phys. A@a465
properties of other small bodie@steroids, Trojans, and 5(Elgl\‘r;lnlDrob shevski, V. A. Chesnakov, and V. V. Sinitsyn, Adv. Space
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Study of the equilibrium and motions of the medium in a rotating star with a magnetic
field using tools from angular momentum theory

Yu. V. Vandakurov
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(Submitted January 14, 1999
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The complicated processes occurring in a rotating magnetized medium are examined by
representing all the vector quantities in the form of expansions in a complete system of orthogonal
vector spherical harmonics. A separation of variables is ultimately achieved without a loss

of accuracy despite the presence of nonlinear foftles magnetic and Coriolis forcesThe
distribution of the rates of rotation and circulation motions in an adiabatically stratified,

slowly rotating star or an atmospheric convection zone is studied as an example. The postulate
of minimum entropy production from nonequilibrium thermodynamics is employed to

find the most probable steady-state configuration. One solution satisfactorily describes the
differential rotation observed on the Sun. The preliminary data support the notion that the superfast
rotation of the type observed in Venus’ atmosphere can also be explained within the theory
discussed. ©1999 American Institute of Physid$$1063-784299)00409-2

The current helioseismological d&faprovide evidence dium, the pressure is a function of density, and the equation
that the entire solar convection zone rotates differentiallyof motion
with faster rotation of the medium in the equatorial region. It 1
is usually assumed that such nonrigid-body rotation is EV(V-V)+W+ —Vp+Vd=F (@D
shaped under the influence of a turbulent viscous force gen- P
erated by convective motions of the medium. Rough estiyields the relation
mates show that the turbulent viscosity should be approxi- curl W=D, 2
mately 14 orders of magnitude greater than the molecular
viscosity of the mediun{similar estimates made for condi- Where
tions of convective heat transfer lead to appreciably smaller = (curl v)xv, 3)
values of the turbulent viscosity ] ] o ]

However, when there is such a strong increase in viscoé—jzCurl _F' v is the hydrqdynamm vglocny,: IS the VISCoUsS
ity, entropy production(or, stated differently, energy dissi- forpe, pis the pressurep 1S the density, ane is the gravi-
pation increases sharply, but, according to the fundamentatlatlonal pqtenhal. . . .

e . Equation(2) characterizes the aforementioned strict re-

postulate of nonequilibrium thermodynamics, entropy pro-

ducti hould b inimufrEor thi lation between the solenoidal components of the forces. It is
uction should be at a minimufr-or this reason we assume jo5r that as the mean value of the functiofwlriw/| over

that the distribution of the rotation rate in stellar or atmo- 1o convection zone decreases, the mean viscous force falls
spheric convection zones should be established in accogs and the entropy production consequently becomes lower.
dance with that postulate. It is shown below that such amyr problem is thus to find a velocity distribution under
approach provides solutions which satisfactorily describe thyhich this mean force will have the smallest valsince we
observational data. are dealing with very small velocity changes, the condition
Since stellar and atmospheric convection zones are uswf an assigned mean angular momentum is satisfied auto-
ally characterized by a small value of the superadiabaticityinatically).
we shall study an adiabatically stratified convection zone and We seek a solution of the stated problem, assuming that
find the motion structure for which the mean solenoidal vis-all the motions of the medium are axially symmetric and
cous force, which is strictly related to the solenoidal CoriolisSymmetric relative to the equatorial plane, representing all
force, has its minimum value. In addition, the convectivethe vector quantities in the form of series in an orthonormal

. . . i VA )\ —
motions themselves will be assumed to be insignificant, alSysteém of the vector spherical harmonie withA=-1,0,
though, of course, an instability which initiates a spontane—ohr 1, which depend only onfthe angular varllables, and using
ous transition from rigid-body to differential rotation can ap—t e same notation as in Ref. 5. For example,
pear only in the presence of such motions. In addition, we v () ) .
shall assume that the rotation of the convection zone under VZ; Vio Yo :; {ivyo Yoot
consideration is slow.

In the case of a stationary, adiabatically stratified me- X[igv eV =i iviQ1(aY0/30)}, (4)

1063-7842/99/44(9)/4/$15.00 1014 © 1999 American Institute of Physics
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wherev§y =vi{Y(r); 1=[3(3+1)]¥2 i,, iy, andi, are the In Egs. (9) and (10) J>0, and the sum of indices
unit vectors of the spherical coordinate system; &rglisa  J+J;+J, is even(otherwise, the result would be zegrdn
spherical harmonic. addition, under the condition of symmetry relative to the

It is important that the method under discussion permitequatorial plane the coefficienté%) have odd values of,
a separation of variables within the exact equations, despitand in the other velocity coefficientsis even.
the presence of the nonlinear Coriolis force. The question of In the case of an identical radial dependence for all the
bringing the cumbersome expressions derived into a simplanodes under consideration, to find the mean value of the
form was discussed in our previous pap@he series for the scalar producR-R* it is sufficient to carry out averaging
vectorW, which is defined by formul#&3), was also written over the entire spherical surface. Here the asterisk denotes
out in Ref. 7. the complex conjugate. Making use of the orthogonality of
In the case under consideration the problem reduces tthe vector spherical harmonics, we obtain
finding the minimum of the functionalcurl W|, which is
quadratic with respect tofyy, and the radial derivatives of (VOIS RIRE* =S 6ye% (11)
these coefficients. Let us examine the simplest solution, A n
which corresponds to an identical radial dependence of all

the coefficients mentioned. i.e wheree,, is a dimensionless variable ané=1,2, . . . is the
o number of the equation, i.e.nds equal taJ if Jis even and
v%)=constra, (5) toJ+1 if Jis odd.
) ) The explicit expression foe,, can be obtained after
wherea is a constant and real quantity. plugging in (9) and (10). Of course, Eq.(11) should be

This approximation does not impose other restrictions orhqated to the corresponding viscous force reduced to di-
the equilibrium configuration if the poloidal component of nensignless form, but our problem is confined to finding the

the velocity is insignificant. Otherwise, we must take Intoeocity distributions for which the root-mean-square value
account the relation following from the continuity equation L= . . —iy
of all thee,,, i.e.,e, has a minimum value. Obvioush| |

div pv=0. (6) is equal to the right-hand side of E@.2) if only N terms are

L . . kept in it.
In our appro>.<|mat|on of.slow rotf_mon the den3|.ty can be SinceG"{l= 1[4(30m) 2], it can be seen that in the case
replaced approximately by its spherically symmetric compo-

: S . of rigid-body rotation, in whiche=1 and only a single co-
nent, and we then find that the density is approximated as efficientv{% out of the entire series of velocity coefficients is

p=constr A, (7)  nonzero, all thes,, are equal to zero. In this casg?
=—irQ(8m/3)*? whereQ is the angular velocity. Such a
state is probably unstable in the presence of even slow con-
vective motions. Our calculations provide evidence support-
vitD=[(a—B+2)Nv{ . (8)  ing the existence of such instability, although this question is

] ) ) ) still in need of more detailed investigation.
With consideration of these relations, for the vector We assume thaWS%)/V(l%)=UJ=U2k_1 and v551>/|v<1%>|

where 8 is a constant.
As a result, we have

curl W, which we shall denote bR, we obtain =f,=f,, wherek is equal to 1,2. .. N. The coefficients
| i uy andf; will then be real, andi;=1. In Eq.(11) we clearly
-1 1 J J
Rgo ):zRgg ):_2|J2J GJlJZ{(a+1)IZZJ‘2]1 have I=n=<N. '
r= Jik To solve the stated problem we compared various mod-

els, varying either one of the coefficients, f; or the pa-
rametera and looking for the smallest value ef Models

(9)  with a number of rotational modes up to 30 were considered.
In the first stage we studied models with motion close to
rigid-body rotation in the approximation of negligibly small

2y —1-J 0 -1
—(a=B+2)1715'Z3} ipvie),

0__ ! J 253
Rig'=~ 2 J%z Gy, (L@t DI7Z; 5, poloidal velocities, under which all;~0 and in Eq.(11)
2n=J. Solutions were found for values af in the vicinity
+2al fzjﬁz]vg%vggzﬁ[l 1—(at+1) of 1.28 and 1.34. The first of these values describes rotation
similar to that observed on the Sun, and we shall examine it
X(a=B+2)I l(a=B+2)1%1,'Z; ,, in greater detail,
5 o Table | presents the basic parameters of three modes
+2al zZJﬁl]VSlol)ngol)}, (100 calculated with different values ™, whereN is equal to the
number of rotational modes lefall u; with indicesJ>2N
where —1 are assumed to be equal to 2ei¥e present the param-

(C2, )2 (23,4 1) (23,4 1) eter o, the two basic coefficienta; and us (we recall that
1972 1 2

Gj L= , u;=1), the last coefficientioy 1), the indexJ=J.y, for
2 Allyl, m(2J+1) which[e|=#, and the highest value; _ |is achieved, the
Zap=a(a+1)+b(b+1)—c(c+1), Le=[J(J+ 1)1 corresponding maximum value, the minimum root-mean-

C¢, is a Clebsch—Gordan coefficient, aket 1 or 2. square value found, and the ratio of the equatorial angular
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TABLE |. Parameters of the rotation models.

Model Model No. a Uz-100  us-100 Uon-1) Jmaxs €3 mad e ro
1 11 1.28021 —4.9639 —1.1622 —6.8<10°° 22 3.4x10°% 1.9x10* 1.92
2 20 1.28014 —4.9630 —1.1621 —5.3x10°% 32 6.1x10°° 3.3x10°° 2.24
3 29 1.28019 —4.9636 —1.1621 —3.2x10 7 30 4.3x10°° 2.1x10°° 227

velocity to the angular velocity at the poleg . The varia- In other words, under real conditions the amplitude of very
tion of the ratio of neighboring coefficients in the seriesipf  high-order modes will probably be smaller than the value
with increasing] can be undulating, as follows from Fig. 1. determined by the minimization procedure. Even in that case
The latitude dependence of the angular velocity is shown ithe decrease in the mean solenoidal viscous force in com-
Fig. 2, in which the crosses denote experimental data olparison to the value corresponding to the unminimized
tained by measuring the Doppler shifts of lifeShe satis- model can be quite substantial, sinee as follows from
factory fit between the theoretical and experimental data igable I, falls off with increasing\.
evidence that the state with the minimum mean solenoidal |n the case of convective planetary atmospheres the den-
viscous force under consideration is, in fact, realized on thgity usually drops sharply with altitudén Eq. (7) 8>1], and
Sun. models with intense meridional flows of the medium are of
The heightened sensitivity of the value of the angularinterest. A preliminary study of the model wifB=800 pro-
velocity in the immediate vicinity of the rotation axis toward \;iqes evidence supporting the existence of a minimunefor
the numbe is noteworthy. Only ifN is greater than or of nqer the condition that is close to or somewhat smaller
the order of 20 does the dependence of the distribution of thﬁwan[g’. If it is also assumed that the thickness of the convec-
angular velocity and the other parameters Mrvanish. It +ion zone is 4—5 times greater than the rati@, the angular
should also be stressed that in the case of infinitely I&ige velocity of the upper layers of the zone will be two orders of
the requirement for a fairly rapid decrease in the coeﬁicient%agnitude greater than that of the lower layers. Such a

uy will probably not be satisfied. The latter is necessary bemaqe| could describe the superfast rotation of the upper lay-
cause in the .near-aX|aI§20rl1e the derivativ¥ {,/99) IN EQ.  grg of the Venusian atmosphere. In this case convection is
(4) is proportional to9J>%, i.e., increases with increasing
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FIG. 1. Ratio between the amplitudes of neighboring coefficieqys
=Uy;+1/Uy5_1 as a function of the mean value of the lower index of the two FIG. 2. Dependence of the angular velocitynormalized to the angular
coefficients. Her¢=1,2,3 ... ,(N—1). The first ratiog, is negative and is  velocity at the equatof), on the latitude® in the case of models 1-3 in
not shown in the figure. The numbers of the curves correspond to the nuniFable 1(the dashed, dotted, and solid curves, respectivélye crosses are
bers of the models in Table I. experimental results reported by Howdrd.
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This problem merits more detailed study. trophys. J.343 526(1989.

. . . . 2
If we are dealing with a magnetized nonrotating convec- (Sl'gggmczyk' J. Schou, and M. J. Thompson, Astrophyss4g, L57

tion Zone, then the. magnetic force appears in(E_IlinSt?ad 3vyu. V. Vandakurov,Convection on the Sun and the 11-Year Cyfite
of W. It is not difficult to show that this equation will be  Russiad, Nauka, Leningrad1976.
solvable only in the case of a dipolar magnetic flerdhe 4|_. Gyarm_ati,_Non-Equ_iIibrium Thermodynamigs, Field Theory and Varia-
higher the multipolarity of the field. the greater will be the tional Principles[Springer-Verlag, Berlin—Heidelberg—NewYo(k970);
. ! ; Mir, Moscow (1974)].
difference betW_een the number of equations and the nUMberp A varshalovich, A. N. Moskalev, and V. K. Khersonsk@uantum
of unknown variables. It has not been ruled out that the so- Theory of Angular Momentum: Irreducible Tensors, Spherical Harmonics,
lution should be sought under the hypothesis that the char- Vector Coupling Coefficients, 3_nj SymbpWorld Scientific, Singapore—
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. : e : . Howard, Annu. Rev. Astron. Astrophy22, .
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The results of the first experiment designed to measure the difference between the beta-decay
constants of atomic and molecular tritiulh =A,— X\, are presented. The experimental

scheme calls for the creation of two identical samples of a gas mixture containing helium-4 and
molecular tritium followed by the treatment of one of them for the purpose of bringing the
tritium into the atomic state. The value Af is determined by comparing the growth rates of the
ratio of the concentration of radiogenic helium-3 to the concentration of helium-4 in the
samples with molecular and atomic tritium. The vallig = (4.6+0.8)x10 12 s™1, which
corresponds to a relative change in the decay constant amountin@.26%, is obtained.

© 1999 American Institute of Physidss1063-784£99)00509-7

The subject of this report is the interaction of a betato determineAN. The method is based on a comparison of
electron formed by an atomic nucleus with electrons andhe growth rates of the ratio of the content of radiogenic
electron vacancies in the atomic—molecular system surhelium-3 to the content of helium-4 in two samples, each of
rounding the beta-active nucleus. According to the Fermivhich contains helium-4 and some chemical compound of
theory of beta decay, the probability of the emission of electritium. The important advantages of such an approach in-
trons by nuclei and their spectrum depend on the structure aflude the complete elimination of absolute measurements
the phase space accessible to a virtual beta electron in ttéd significant simplification of the way in which the helium
atomic—molecular system. In this case the experimentalljosses are taken into account, and the main sources of sys-
determined values of the fundamental parameters of bet@matic error are thereby eliminated. In the case under con-
conversion, viz., the decay constantind the cutoff energy Sideration the experimental scheme called for the creation of
Eax Of the beta spectrum, are sensitive to the state of th&o identical samples of a gas mixture containing helium-4
electronic environment of the nucle(as is manifested in the and molecular tritium at a time, followed by the treatment
so-called chemical shifts of andE,,,). The examination of Of one of them for the purpose of bringing the tritium into
tritium-containing atomic—molecular systems is most prom-he atomic state. The instant the tritium passed through a
ising from the standpoint of solving experimental and theo-Palladium membrane having an active area of 12,cen
retical problems in the area of the investigation of the chemifhickness of 0.01 cm, and a temperature~e630°C was
cal shifts accompanying beta decay. Since the mass excessgken s the starting point for measuring the time. The tri-

the second neutron in the tritium nucleus is close to the CouyllUM which passed through the membrane was mixed with

lomb energy of the second proton in the helium nucleus, th&€/lum-4, and then the mixture was distributed among mo-

" . - ~nlybdenum glass ampuls, which had an inner diameter of 8
energy released upon the beta decay of tritium is relatlvelyr)r’]m and a?ength of %50 mm. The partial pressure of tritium
3 3 -7 ; _ .
small( H_.) He+e +.V+18'6 kev). In this case an appre _in the ampuls was 93 Pa, and the partial pressure of helium
ciable portion of the virtual beta electrons are generated W'“Qvas 4-6 Pa. ThéH, molecules were dissociated by the

wavelengths characteristic of atomic electronic systems. Thiénergy from an rf discharge ignited in the ampul by a sinu-
leads to significant changes in the real beta spectrum anadoidal field with a frequency of 1 MHz and an intensity of
makes the chemical shifts af and E,,,x measurable. When 100 v/em, which was formed by external annular elec-
the cutoff energy is measured, the shiftsgf,, are masked  4qes. Thermalized free tritium atoms were obtained by a
by the unavoidable variation of the energy of the real betgesonant dissociation mechanism, under which®te mol-
electron as it moves toward the detector, which fundamengcyles receive the energy needed to break the interatomic
tally complicates the identification of observable changes ithond as a result of superelastic collisions with mercury at-
Emax- Such difficulties do not arise in measurements of theoms excited in the discharge, which were preliminarily intro-
chemical shifts of the decay constant, since the decay rate {fiiced into the ampul and vaporized by the discharge itself.
determined only by the density of vacancies for the virtualThe effective value of the current in the discharge was held
beta electron and clearly does not depend on the fate of thgt a level of~40 mA, and the power dissipated in the dis-
real electron leaving the circumnuclear space. This papetharge was 140—145 W.
presents the results of the first experiment designed to mea- Mass-spectrometric and optical methods were developed
sure the difference between the decay constants for atomto determine the degree of disassociation of the molecules. In
(Na) and molecular X)) tritium AN=N,—\,. the mass-spectrometric measurements free hydrogen atoms
Helium differential isotope mass spectrometry was usegassed from the discharge cell into the ionization chamber of

1063-7842/99/44(9)/3/$15.00 1018 © 1999 American Institute of Physics
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the mass spectrometer along a Teflon antirecombinatiostarting pointt, for the time measurements and in the values
channel in a molecular-flow regime. The value of the degreef t,, andt, did not exceed 8 s. The relative residual activity
of dissociation(¢) was determined from the dependence ofdue to the incomplete removal of tritium through the mem-
the current of atomic hydrogen ionson the powerP ab-  prane was measured by an internal-flow proportional counter
sorbed in the discharge cell. A horizontal plateau correywit a sensitivity equal to~10° tritum atom$ and
sponding to a'degree of dissociation of hydrogen close 1@ ounted t08,,=0.00115 ands,=0.00095 of the original
100% was achieved on the plot {fP) for the values of the = geific activity of the mixture. The permeability of the pal-
current and field intensity in the discharge indicated ablove'ladium membranes toward helium, the absorption of helium
The optical method for determining the valuesofvas based by the ampul walls, the presence ,of an admixturéheé in

on a comparison of the intensity of the,HH,, H,, and by o inert*He, and other factors which produce nonradiogenic
lines of the Balmer series, which were identified using a

monochromator, and the bands with wavelengths-662, chgnges in théHe/*He ratio in thg mixtures y\{ere monitored
~580, and~410 nm from the spectrum of molecular hydro- USiNG @ Mass spectrometer having a sensitivity-&x 10*

gen for two regimes of the rf discharge: a flow-through re-at0ms with respect téHe (Ref. 4. The amount of helium-3
gime, under which gas is continuously pumped through thdéormed in the samples during their exposure exceeded
discharge tube, and a static regime. In the flow-through re2x 10'° atoms. Thus, the possible systematic errors caused
gime the time spent by a molecule in the space between they helium losses were recorded at thd.0~° % level.
electrodes is only 0.003—0.01 s. Over this time practically no  The helium isotope ratios in the sample, which were
dissociation of the hydrogen occurs, and the spectrum of thelose to 0.001 in absolute value, were measured using a
discharge is dominated by molecular bands. In the static remodified MI1201 double-beam isotope mass spectronieter,
gime (i.e., without gas flow at the same values of the pres- which provided a reproducibility in relative measurements of
sure and the power dissipated in the discharge the intensifHe/*He at the 0.02% level in a series of independent control
of the lines of the Balmer series increases by a factor oxperiments with a special helium—tritium calibration mix-
10-15, while the intensity of the molecular bands decreasegre. |n the actual experiment for determiniag, five series

by a factor of 25 or more. A comparison of the coefficients measurements, in each of which samples of the helium

of relapv_e variation of the !ntensny re_veals_that the degree OFnixture from the “molecular” and “atomic” samples were
dissociation of hydrogen in the static regime exceeds 93%

. ) S i Iternately admitted into the chamber, were performed. As a
The statistical weights of the ionized and excited states ongult, a value of 0.90257 with a standard deviation of

hydrogen in the discharge, according to calculations base . 4 3y
on estimates of the current, electron density, and electro 00021 was obtained fofiie/*He),/(*He/"He)y from the

energy, does not exceed 1. Thus, the experimental con- left-hand si.de qf the equation of measurement. Thg effective
ditions ensured the observation of the beta decay of tritiunf*POSure time intervals had the valugs=271.80 min and

in the ground atomic and ground molecular states. T,=244.90 min, and the dimensionless coefficient was
The equation of measurement for the helium differentialk=0.70, i.e., the discharge was sustained for 171 min. The

method of determining\\ for the 3H atom-°H, molecule  Value taken for the degree of dissociatiomwas 0.95 §05.

pair has the forrh The ratio AN\ determined from the equation of mea-

surement for the values indicated above of the parameters
appearing in the equation has a value of 0.0626.00045.

The error of the result corresponding to one standard devia-
tion was determined by a quadratic form including the vari-
Here GHe/*He),, , are the mass-spectrometrically measuredances of all the parameters of the equation of measurement.
values of the helium isotope ratios in the samples with moThe variance of the ratia,/r,, was calculated with allow-
lecular and atomic tritium, and,, and 7, are the effective ance for the 95% positive correlation of the random quanti-
exposure times of the samples, and the time that a portion qfest,  andt, due to the identical nature of the procedures for

the tritium is in the atomic staté.e., the existence time of removing tritium from the two samples. When the absolute
the dischargpis expressed ag,-k, wherek<<1is a dimen- 1 e of the difference between the half-lives of molecular
sionless coefficient. The lengths of the time intervaglsand and atomic tritiumAT,,, is calculated on the basis of the

7o Were calculated from the relatpnsm,a (Fm'a to) measured relative shift of the decay constant, it is sensible to

+0ma* ”ma, Wheret,, andt, are the time readings at the .

. ' ar use the valueTy,=(12.296£0.017) years, i.e., the

instants the tritium is removed from the samplgs, and 7, . .
weighted-mean value of the two most recently published,

are the time intervals betwedp, andt,, respectively, and : _ . :
the time of measurement of the helium isotope ratios in th&!0Sely agreeing estimates of the half-life of molecular tri-

samples, ands,, and 8, are the relative residual specific UM, one of which was obtained by helium isotope mass
activities of tritium, which determine the rate of accumula- SPectrometry, while the other was obtained from the decay
tion of helium-3 in the “molecular” and “atomic” samples Curve plotted by recording the bremsstrahldraking into
during the time intervals;,, and 77, . The removal of tritum ~ account thatAT,,/T;,=—ANN when ANMN<1, we find
from the samples was accomplished by interaction of the ga&i/om— T1/2a=(0.0316- 0.0055) years (11.5+2.0) days.
mixture with a palladium membrane similar to the one usedror the absolute value of the difference between the decay
in filling the ampuls. The uncertainty in determining the constants\, and\,, we obtain

kSm'f'l

(*Hel*He),, Tm '

(*Hel'He), ra( AN
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In2 using beta electrons from their own nuclei is the ideal corre-
AN=Na=Ap=7—(0.00257-0.00043 lation between the coordinates of the object being probed
L/am (the electron cloudand the radiation sourcghe nucleus
=(4.6+0.8)x10 2 571, This makes it possible to use quantum beta-electron diagnos-

tics to investigate experimentally not only the energy struc-
Jyre of an electron ensemble but also its spatial configura-
ion.

This work was performed with financial support from
he Russian Fund for Fundamental Reseatetoject No.
7-03-3366% and the State Scientific-Technical Program
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The classic work by Mott and Massey, in which the scope of the physics of atomic collisions
was defined, was published about 65 years ago. Since then, this field has undergone
considerable development. In fact, all the theoretical methods named by Mott and Massey have
been implemented to some extent. As for experiment, the measurements performed, which

are differential with respect to several parameters, have provided for reliable testing of the
mechanisms proposed. The physics of atomic collisions has been developed to the point

that we can look back on the road taken and discover many achievements which have promoted
its development. Progress in science is usually associated with highly concentrated efforts

on the part of a critical number of investigators to solve a specific problem, which is widely
regarded as being of great importance. Such a “breakthrough” is usually followed by

rapid development of the field. In this respect, the physics of atomic collisions is no exception.

It has known periods of highly concentrated efforts aimed at solving specific problems

and breakthroughs followed by rapid development and subsequent periods of stagnation. The
cycles have repeated: a new area for concentrated efforts is discovered, a breakthrough

occurs, and a new concept is established. Some of these cycles are analyzed from the standpoint
of their significance to atomic physics as a whole. 1899 American Institute of Physics.
[S1063-784299)00609-1

The status of the physics of atomic collisions as an in-of electron volts. This discovery became possible owing to
dependent branch of atomic physics was established in thie use of the coincidence technidudn analysis of the
late nineteen-fifties and the early nineteen-sixties, when theoincidence spectra showed that characteristic lines are ex-
first international conferences on this subject were held. Twaited when definite distances of closest approach of the col-
discoveries were made in that period, which, as is now cleatiding patrticles are achieved. In fact, when the electronic
had a decisive influence on the development of the field. Onehells of atoms overlap, electrons are selectively “pro-
of them is the prediction and discovery of resonances in thenoted” from inner to valence shells. The vacancies formed
cross sections for the excitation of atoms and molecules bin the inner shells are usually filled by Auger transitions,
electron impact. It was simultaneously discovered that suchwhich are accompanied by the escape of fast electrons with a
resonances, or autionizing states, are excited not only updixed energy. To understand this process, it was necessary to
electron impact, but also upon photoabsorption and the imabandon the existing theories regarding adiabatic states and
pact of charged atomic particles. The investigation of theséntroduce “diabatic” one-electron orbitals, such as those in
states became a widely known achievement, to which scierthe H systent. This opened up the possibility of performing
tists at the A. F. loffe Physicotechnical Institute made a sighonempirical calculations of inelastic processes. The exis-
nificant contributior?. Some of the phenomena discoveredtence of a quantitative theoretical foundation and experimen-
will be considered in greater detail. The second discoverytal techniques that were continually being upgraded allowed
which was made in the Physicotechnical Institute in 1964the next 20 years to be devoted to testing the molecular-
and which, at first glance, is not associated with resonancesrbital model in ion—atom and atom—atom collisions.
was even more remarkable. In order to understand it, we The discovery of Auger electrons emitted when vacan-
should recall what an “adiabatic” state of a diatomic mol- cies in the inner shells of atoms are filfgatovided convinc-
ecule is. In such a state the electrons are found in bounthg proof of the validity of this model. Subsequently the
levels in a field of fixed Coulomb centers. It was expectedcharacteristic spectra of electrons emitted from the projectile
that transitions between “adiabatic” states are unlikely dur-and the target particle were measured with fairly high reso-
ing “slow” collisions (where the velocity of the projectile is lution. For several years many characteristics of inelastic
much smaller than the mean orbital velocity of a bound elecprocesses were studied, the cross sections for numerous tran-
tron). Thus, collisions in this energy range should be basisitions were reliably calculated, and it became possible to
cally elastic. It was shown in a series of notable studies carrelate the energies of Auger transitions to an ionization state
ried out at the Physicotechnical Instittitéaat in reality the and even to identify very weak processes. The final triumph
opposite situation occurs: intense lines were discovered iof the molecular model was possibly the discovery of x ra-
the energy-loss spectrum at energies of the order of hundrediation and Auger electrons as a result of transitions between
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short-lived quasimolecular states at the moment of impact.electrons are emitted as a result of direct ionizatidrave
Owing to this observation, all doubts that the molecular or-the following energy distributior?

bitals of are the key to understanding the mechanism of

slow iont%':ltom collisions disappeared. Amazingly, the ear-  (Ee)~Cexd—(Ee~ o)l av].
lier discoveries of Afrosimov and co-workers, which were  This relation holds over a broad energy range, which
seemingly unrelated to the resonances observed upon photesrresponds to variation of the cross sectio(E,) by 5
absorption and electron impact, ultimately turned out to beorders of magnitude. The basis for this formula was given in
unequivocally related to Auger processes; therefore, investiRef. 14. Following the remark in Ref. 15 that the adiabatic
gations of ion—atom and atom-—atom collisions are everenergy level€,(R) should be regarded as separate branches
more important. Slow collisions of many-electron atoms areof a single functiorE(R) of the complex variabl&, Ovchin-
accompanied by the formation of unusual states, which canikov and Solov’e¥* calculated this function for the H

be investigated by analyzing their decay products. The relisystem. The various branches BfR) are joined at branch
ability of standard calculation methods, such as the Hartreepoints. The probabilities of nonadiabatic transitions between
Fock methofland theR-matrix method, has increased as the states whose levels are joined at branch points are calculated
power of computers has grown. New methods for taking intdoy estimating the phase integrals along paths which begin
account electron correlations in multiply excited states haveand end on the red& axis and circumvent the branch points.
been proposetf Due to a lack of time, | am unable to list all Solov'e\® discovered series of branch points, which have
the achievements resulting from the intensive study of thesbeen termed “superpromotions” @ series, along which a
states which has been carried out by the community of sci2po electron of the united atom can be promoted to a con-
entists specializing in the physics of atomic collisions. | will tinuum state with an enerdy.. One of the remarkable fea-
mention only one discovery, which attests to the diversity oftures of this theory is that experimental data on cross sec-
the new phenomena associated with the unusual, multipl{ions can be described by the properties of the function of the
excited resonant states formed during ion—atom collisions. adiabatic energ¥(R) at complex values oR.

States of atoms with two inner-shell vacancies can form  The use of adiabatic states within the approximate hid-
with a high probability during ion—atom collisions. Even in den crossing theory led to definite success, but it ran into
this case the atom usually relaxes by means of Auger transsome other difficulties. The exact numerical solution of the
tions, which are essentially identical to the Auger transitiongime-dependent Schdinger equation is a goal which has
in atoms with one inner-shell vacancy. Such transitions aressentially been achieved owing to the continuous improve-
typically associated with the correlated motion of two elec-ment of computer technology. Direct application of the stan-
trons: one of them loses energy and fills the inner-shell vadard method of coupled molecular eigenvalues, which is also
cancy, while the other escapes, carrying off a fixed amounknown as the perturbed stationary state technique, is impos-
of energy. In the case where two inner-shell vacancies fornsible, although, as follows from the experimental data, elec-
they are usually filled by two independent two-electron tran4rons move along molecular orbits in a first approximation. It
sitions. In principle, there is a probability that the two elec-can be presumed that the requirement of Galilean invariance
trons filling the vacancies will transfer their energy to onerules out the possibility of using such states as a basis set for
electron as a result of a three-electron transition, which isionempirical calculations. It turned out that this difficulty
specified by the contribution of the correlations to the initialcan be overcome by many methods, the best of which, in my
or final state. Such transitions were discovered by scientistgpinion, is the use of the scaling transformation proposed in
working at the Physicotechnical InstituteTheir discovery Ref. 17. | will not discuss the details of this transformation
is attributable to the development of highly sensitive instru-and will only state that it leads to a satisfactory theory.
ments and to the fact that atoms with two inner-shell vacan- In fact, a satisfactory formulation of the problem in
cies form in atomic collisions with cross sections close to theerms of adiabatic states reveals the main reason why they
geometric value. are unsuitable for performing complete nonempirical calcu-

Along with the processes in the inner shells, transitiondations of ionization, viz., the need to use an infinite number
involving electrons in valence shells were investigated. Osof states. This is illustrated by the Demkov—Osherov
cillations of the excitation cross sectidAsevealed effects model® In order to go from a bound state to the continuum,
associated with interference between different “trajectories”an infinite number of intermediate states must be crossed. If
leading to the same final state. By plotting the excitationany of them is skipped, the result becomes erroneous in prin-
cross section as a function of the reciprocal velocity, 1/ ciple. For this reason, the use of adiabatic states is less suit-
which is proportional to the collision time, we can determineable for solving the Schrdinger equation than other approxi-
the phase and the energy differenEeg(t)—E,(t) of the  mations, for example, integration of a partial differential
qguasimolecular states which participated in the transitionequation or the use of multicenter atomic states. The exis-
The possibility of relating cross-section oscillations to levelstence of powerful modern computers makes the last two
of a quasimolecule gives us a valuable tool for analyzingnethods highly effective, but the general physical picture, in
atomic collisions within the molecular-orbital model which the behavior of the orbitals of the;Hsystem is a
adopted. source of information on ion—atom collisions, is lost when

The further development of the conception of “adia- they are used.
batic” states was associated with the discovery that slow The solution of the dilemma described calls for recon-
electrons, which do not participate in Auger procegsesh  structing the diagrams of adiabatic energy levels. In this
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100t Adigbatic curuves The new statesS,(w,q) are the eigenfunctions corre-
T a sponding to the eigenvalué®,(w). Now these eigenvalues
8.0% are the coefficients multiplying the potenti®l(q) in the
m scaled Schidinger equation, and at positive they acquire
6.0 . complex or even negative values. In the latter case the po-
% agh M tential is effectively reversed, and the wave function is con-

centrated in the region midway between the two protons,

2.0t where the local potential is described well by an harmonic

oscillator. The electrons have a probability of advancing into

or the harmonic-oscillator region by means of a mechanism for

20 : . . L L n movement at the top of the potential barrier; this leads to the
°15.0 -10.0 5.0 g 50 100 150 appearance of a so-call@dseries of branch points. There are

two possibilities for the electrons to reach the continuum.
One of them leads to a-type distribution, and the other
leads to am-type distribution. Since the contribution of the
corresponding trajectories is coherent, we should expect, as
in the case of the oscillatioffsfor electron excitation and

Sturmian eigenvalues

20F — - - antisym.
sym.

101 capture processes, the appearance of similar oscillations of
5k the electron distribution density. The distribution densities
E) ok oscillate with a frequency which depends on the difference
= between the real parts of the complex eigenenergies of the
r harmonic oscillator, as is shown in Fig. 2. In fact, the oscil-
-101 lation frequency is a measure of the energy difference taken
-15 at complex values of the internuclear distafc& his energy
-20 difference decreases with the internuclear distance fairly

2 1 slowly, asR™%? therefore, the corresponding phase integral
is fairly large:

FIG. 1. Dependence ab=E(R)R? on R for a particle in a field of two

zero-range potential®) and inverse dependence Rfw) on w (b). All the

values are in atomic units. qS:V*lf

AE(R) dR=~2C,/(VRY?),
Ro

case, the energy variable is replaced by the quaB(f)R2.  whereRy is of the order of unity and the real part &f
Figure 1a shows plots ab=E(R)R? for a model system of equals 4 in atomic unit%:
an electron in a field of two zero-range potentf‘ﬁ@q Let us Similar oscillations in the distribution of the very slow
turn this diagram through 90° and examine the functionelectrons formed in collisions of protons with helium atoms
R(w) (Fig. 1b. Only one eigenfunctiop(R(w),q), i.e., the ~ were discovered in Ref. 22.
modified eigenfunctio$(w,q), corresponds to this function. The imaginary part of the phase integral also has a
The exact solution of the model problem is expressed irPhysical meaning, which is best traced in the context of
terms of the single-valued function presented above. It haglectron-impact ionization. In this case another modification
been found that owing to the scaling properties of the Couof adiabatic states, in which the hyperradRiplays the role
lomb potential, such a device can be applicable to diatomi®f the adiabatic variable must be used. It turns out that the
systems. In this case there is an infinite number of the funcfunctionR(w) is suitable for describing electron-impact ion-
tions S,(w,q), whereq=r/R is now the reduced coordinate ization, and a theory similar to the theory of ion—atom col-
of the electron, and the reduced energy was defined abovlSions can be developed. States at the top of the barrier also
Unlike the case of an adiabatic basis set, in our case th@ppear in it, and they can be described using the “inverse
amplitude of the transition between any initial and any finaladiabatic states’S(w,R), whereR denotes all the coordi-
state, including the continuum, is specified by only one funcnates of the particles, except the hyperradu©ne of the
tion. The development of this theory was a result of coop-stages of cooperation between the Physicotechnical Institute
eration between scientists of the Physicotechnical Instituteand our team was devoted to applying the theory which we
and the Oak Ridge National Laboratory. developed to electron—atom collisiofisin this case the
The traditional course of the studies which we have carimaginary part ofC; is related to the famous Wannier
ried out in cooperation with scientists of the Physicotechnithreshold law. Our calculations exhibited very close agree-
cal Institute has been a constructive interaction of theory anchent with the data from measurements of ionization cross
experiment. This tradition is presently being continued, al-sections in the threshold region. It can be concluded that
though the financing of experimental work in the physics ofadiabatic states are applicable, in principle, to essentially all
atomic collisions is becoming increasingly problematic. Inlow-energy processes in which atoms or molecules break up
conclusion, | would like to present an example of how theinto three charged fragments.
theory which we developed predicted several new properties In summation, it can be stated that the conception of
that were subsequently discovered in experiments. adiabatic states has undergone considerable development in
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more promising and intriguing areas. However, in these

cases, too, hyperspherical adiabatic states have been used to

test the limits of applicability of the ordinary theof{! can-

not foresee the future, but | can speculate that adiabatic states
5 keV will astonish us further with possibilities for application to

k. -
¢ the calculation of diverse dynamical processes.
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The evolution of the radio-frequency magnetic resonance spectrum of optically oriented
potassium atoms in terrestrial magnetic fields as a function of the amplitude of the alternating
magnetic fieldH, is investigated theoretically and experimentally. It is shown that among

the set of observed-quantum resonances which satisfy the selection rales-0 and

Amg=*n (n is an integey, there is one resonance with the highest multiplicity 4
(mg=2&me=—2), which has exceptional properties. These qualities make this resonance a
candidate for use in a weak-field quantum magnetometer with record-high characteristics.

A preliminary investigation of an experimental model of a four-quantum potassium magnetometer
is performed. ©1999 American Institute of Physids$$1063-78499)00709-4

INTRODUCTION nance might have provided an exceptional experimental
technique back in the 1950s. However, in the experiments at
The Zeeman effect in the ground-state radio-frequencyhat time experimentalists focused on three-quantum reso-
spectra of several alkali-metal atoms has been utilized sincgances for technical reasons: the four-quantum resonance
the late 1950s for highly accurate measurements of the algyould have required a radio-frequency field with an exces-
solute value of the induction of weak magnetic fields mainlysively high amplitude. Under our conditions we worked with
in the geomagnetic range. The demands for precision meauch narrow resonances and in such weak static fields that
surements of this kind are very diverse, and the accuracgnly negligible amplitudes were needed to excite the four-
requirements imposed have no upper bound, creating a sitgjuantum resonance.
ation that constantly stimulates the search for new solutions.
The greatest a.bsolute accuracy gnd variational sensit_ivit NALYSIS OF THE EVOLUTION OF THE MAGNETIC
have been achieved using an_pptlcally pumpgd potassmnéESONANCE SPECTRUM OF POTASSIUM
vapor magnetometer, which utilizes a narrow isolated reso-
nance withAF=0 andmg=2mg=1 in the ground-state In a weak magnetic field the ground state of the potas-
radio-frequency spectrum of one of the two stable isotopes adium atom forms two systems of almost equidistant magnetic
potassiunt. Apart from the one-quantum transitions with sublevels separated by a hyperfine interval. An example of
Amg=*1, multiple-quantum resonances withmg= *n the energy structure of th€K isotope is shown in Fig. 1a,
appear when the amplitude of the resonance-stimulating alvhere the magnetic splitting has been greatly magnified for
ternating magnetic fieldH, is increased, and they are very clarity. In a terrestrial field the spectrum of transitions with
effective in the quasiequidistant magnetic splitting system ofAmg= *1 consists of six closely arranged lines in the vicin-
the ground-state hyperfine sublevels. At the time of theiity of a frequency equal té-7 Hz/nT, whereH is the in-
discovery in the early 1950s: these resonances seemed at-duction of the field in nanoteslas. The exact values of the
tractive because of their intrinsic width, which successivelyfrequencies of these transitions obey the familiar Breit—Rabi
decreases with increasimgHowever, it was soon found that formula and were given in Ref. 4. Under the conditions of
their frequency depends on the amplitude of the alternatingptical orientation the transitions within tHe=2 state are
field and that the stronger it is, the higher is the order of thanost clearly expressed in the spectrum, being manifested by
resonance. This dramatically reduced the interest in thes®ur almost exactly equidistant lines separated by an interval
resonances, and since then they were not employed iaqual to DH?, where the value ob for the 3K isotope is

magnetic-field metrology. 106.327 GHz/t. In an average terrestrial field of 307 this
In this report we turn our attention to the special prop-interval amounts to about 500 Hz.
erties of the resonance with the highest multiplicity- 4, In a vacuum flask with a paraffin cover the intrinsic

which is essentially not displaced by the alternating field. Inwidth of the resonances of potassium vapor is of the order of
addition, the frequency of this resonan@e contrast to all 1 Hz. The possibility of using one completely isolated, very
the otherg exhibits a strict linear dependence on the induc-strong line in the spectrum gives potassium a decisive advan-
tion of the static magnetic field. Being very narrow and verytage over cesium, which has been most popular in quantum
intense, this resonance merits study as a candidate for use fimagnetometry, but whose numerous overlapping resonances
a quantum magnetometer with record-high characteristics. form a broad(of the order of 50—100 Hzasymmetric line

The easily predicted features of the four-quantum resowith an indefinite position for the maximum, creating a ma-
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FIG. 1. Scheme of the ground-state energy sublevels ot’thatom (a) and detailed structure of the magnetic splitting of the upper ground-state hyperfine
sublevel of the**K atom in a magnetic field with inductiohl with accuracy to the terms quadratic with respect to the fieldafei7.004666 GHz/T and
b=106.327 GHz/t (b).

jor source of systematic errors in cesium magnetometers. Pef H; each atom responds to the perturbation as a set of
tassium magnetometers are completely free of errors assoéirdependent two-level systems. Ajs is increased, the spec-
ated with the influence of nearby resonances. The smattum begins to change: the lines broaden and shift, and new
width of the principal resonance together with its high am-lines correspondingn terms of perturbation theoryo mul-
plitude (the signal-to-noise ratio is of the order of*lih a  tiphoton resonances appear. Field-induced line broadening is
1-Hz band ensures the record-high sensitivity of potassiumwell known in the theory of magnetic resonance. The field-
magnetometers. Figure 2 presents a fragment of a record a@fduced displacement of a resonance in a two-level system is
the difference between the readings of two independent palso well known as the Bloch—Siegert effect. However, a far
tassium magnetometers, whose sensors were separated disonger field-induced shift of the resonance is exhibited in
two meters. The differential record enabled us to suppressultilevel quasiequidistant systems. In second-order pertur-
the natural fluctuations of the Earth’s magnetic field by abation theory the energy shifiE; of a certain levelj is
factor of 100 and to approach the internal noise of the instrugiven by the expressidn

ments. The noise track presented, which is confined to _ 2

1/4 pT, gives an upper estimate of the noise of the instru- AEj =2Vl (Ej~ Bt hw), @
ments. The record was made at the rate of 5 readings pevhere|V;,| is the matrix element associating thth level
second and provided a picture of the resolving powemith any possibléth level having an energlf,, and%w is
achieved in the instrument. the quantum energy of the field, .

A spectrum of 6 isolated lines is observed for a fairly The formula presumes that theh level lies above the
low amplitude of the radio-frequency field;, which is as-  jth level (otherwise, the sign in front okw changes and
signed by the relationyH,<I", where yH; is the matrix the denominator is fairly large compared to the width of the
element for a transition between adjacent sublevelslarl transitions, i.e., the displacement of levels under the action of
the intrinsic width of the transition. At such a low amplitude a nonresonant field is consideréal resonant field does not

1 1.0s
T

FIG. 2. Experimental record of the difference between the readings of two commercial GEM Systems potassium magnetometers in the Earth’s natural field
(Canada, April 1998
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shift the level$. The frequency shift of a transition is calcu- 19r
lated as the difference between the energy shifts of the com- [
bining levels. AsH; increases, the field-induced shift in- 18|

creases quadratically and becomes significant in the region-‘g
where multiple-quantum resonances appear, increasing with 3 17

increasing multiplicity of the resonance. The resonance of ® 1.6k
highest multiplicity is an exception. This can be seen by = |
applying formula(1) to the calculation of the shifts of the 'go 15F
mg=2 andmg= —2 levels under the action of the field, v
with the frequencyaH (Fig. 1b), which corresponds to 1/4 of 14|
the frequency of the unperturbed gap betweemthe 2 and : 3

mg= — 2 levels. This frequency exceeds the resonance value 1.3 I

for the mg=2eme=1 transition by dH?, while it falls
short of the resonance value for tme-=—1emg=—2
transition by the same amount. As a result, the upper and
lower sublevels of themg=2<mg=-—2 transition are
shifted identically in the same direction, so that the transitiorriG. 3. Calculated® magnetic resonance spectrum for four values of the
frequency itself remains unchangéeig. 1b). field amplitude:1) 27, 2) 27- 20, 3) 27-80, 4) 27190 Hz. The calcula-

The conclusion that there is exact compensation of thé’on was performed for a static field with an induction of about 5@.T.
field-induced shifts of the levels is based on the use of per-

turbation theory and requires more definitive confirmation _ o
for two reasons. First, the excitation of the four-quantum@Ptimum valueyH,=2m Hz, which is of the order of 50 fT

resonance near saturation requires a fairly high valuéifor and is thus essentially a negligible qua_ntity. 'I_'he s_teepngss of
which violates the criterion for a small perturbation. SecondN€ four-quantum resonance at the optimum is 7 times higher
in arriving at the conclusion that the field-induced shifts areth@n the steepness of a one-quantum resonance.

compensated, the lines of the one-quantum resonances were 'NUS, the mathematical simulation confirmed the ex-

assumed to be strictly equidistant, i.e., the terms higher thaR€Cted promising nature of the four-quantum resonance. This
lusion has also been confirmed by experimental teSting.

quadratic in the expansion of the transition frequencies iffONc!Us! .
powers ofH were discarded. In addition, the influence of the I addition to the data presented in Ref. 6, we present a set of

wings of neighboring resonances that are broadened at higggnoramic magnetic resonance spectra, which were recorded
values ofH, on the position of the maximum of the four- PY the technique of low-frequency modulation of the fre-
quantum resonance should also be taken into account. For QHeNcy ofH,. The signal was recorded from the output of a
these reasons it was decided to carry out an exact solution §¥Nchronous detector, so that the resonance lines had the
the problem of magnetic resonance in an 8-level system udfom Of dispersion curves. In Fig. 4 the upper spectra corre-
der the conditions of optical pumping without restrictions onSPONd to higher intensities ¢, . The lowest spectrum dis-

the amplitude of the fielth, . For this purpose we solved the P'ays the one-quantum resonances: three belong to the
Liouville equation for the density matrix, which was supple- =2 state and one of thie=1 resonances. In the next spec-
mented by a phenomenological relaxation matrix describing%rum two two-quantum resonances dominate. The third spec-
the optical pumping. During the search for a stationary solu"Um displays broadened two-quantum resonances and
tion in the rotating-field approximation, a system of 34 dif-
ferential equations was reduced to a system of algebraic
equations, which was solved using a personal computer for a
grid of values of the frequency and amplitudeHbf.

The result is presented in Fig. ®Ref. 4. The lowest
spectrum corresponds to the conditipH ;=27 Hz (the in-
trinsic width of the resonances was assumed to be equal to 1
Hz). The four resonances in thle=2 state can be seen here.
The resonances in thie=1 state are too small for this scale.
WhenyH, is increased to 2 - 20 Hz, the one-quantum reso- # p—
nances are strongly broadened and appreciably displaced, 50
while the three two-quantum resonances are optimized.

e L

349000 349500 350000 350500 351000
Frequency, Hz

i

Signal, arb.units

—

(=3

(==
|

When yH;=2#-80Hz, the two three-quantum resonances 0 ~v — lf
achieve maximum steepness, while the two-quantum reso- 0 100 200 300 400 500 600 700 800 900100011001200
nances have already reached saturation and broadened. Fi K-2Cs frequency, Hz

nally, whenyH,=27-190 Hz, the four-quantum resonance
dominates. An ana|y5i5 showed that the frequency of thi§!G. 4. Experimental potassium magnetic resonance spectra for various

0 : values ofH,. The spectra were recorded in a field with a magnetic flux
resonance responds to a 10% changld imo more strongly density of about 5@ T. The frequency of the fielth, measured relative to

than does the frequency of a one-guantum resonance in thi% doubled resonance frequency in cesium vapor, which was used to stabi-
case of the analogous changeHn in the vicinity of the lize the magnetic field, is plotted along the horizontal axis.
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clearly expressed three-quantum resonances. The upperm@@NCLUSION

spectrum exhibits the four-quantum resonance. The compli- ) , , . '

cated shape of the resonances is associated with the exces- 1h€ potassium atom in a fairly strong alternating field

sively high modulation frequency superimposed B, represents anew quantum system, WhICh. has, in particular, a

which generated nonstationary responses. We also note tHagW magnetic resonance line that is not displayed by the free

the widths of the resonances are restricted by the instrume/@tom. Until now, only one electronic paramagnet with a lin-

tal width of the procedure for obtaining the spectra. ear Tagneﬂc-ﬂeld dependgznce of the resonance frequency,
The use of the four-quantum resonance for the purposedZ- He in the metastable“3, state, has been avall_able to

of magnetometry is complicated by the narrowness of th&uantum magnetometry. The four-quantum potassium reso-

resonance, which requires very slow scanning of the resdl@nce has the same property, but is also a hundred times

nance and thus causes the instrument to have a low resporf@@Tower. This circumstance allows us to recommend this
rate. Therefore, a “tandem” scheme combining a self-"ésonance for standardizing the induction of fields in the geo-

generating cesium magnetometer, which provides for a faghagnetic range.

response of the instrument, and a four-quantum potassium

magnetometer, which guarantees a high absolute accuracy

and Ime.anty of the output freq.uency with reSp_eCt to th_e mea-1E. B. Alexandrov, M. V. Balabast al,, Laser Phys6, 244 (1996.
sured field, was chosen. An instrument of this type is pres-zy grossel, B. Cagnac, and A. Kastler, C. R. Acad. Sci. URSS 984
ently undergoing laboratory testing. Its resolving power is (1954.

determined by the cesium magnetometer and is of the ordefP- Kusch, Phys. Red3, 1022(1954.

of 1 pT/HZ? (the rms noisg The long-term stability will Fd;' sA;If:?;nsdcreoov jyg(fé)g%] Pazgalev, Opt. Spekird@. 534 (1996
apparently be limited by the photoinduced shifts of the po-sa. M. Bonch-Bruevich and V. A. KhodovipUsp. Fiz. Naukg5, 3 (1965
tassiummg=2 and mg=—2 levels, which can be mini-  [Sov. Phys. Usp8, 1 (1965].

mized by lowering the intensity of the optical pumping of ®E. B. Aleksandrov, A. S. Pazgalev, and Zh. L. Rasson, Opt. SpekBask.
potassium, if we bear in mind the high steepness of the four- -4 (1997 [Opt. Spectrosc2, 10 (1997

gquantum resonance. Translated by P. Shelnitz
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The major role of the collectivization of electrons in atoms and quasiatomic formations is
demonstrated. The random-phase approximation with exchange, which permits allowance for these
effects, is discussed in detail. The need to extend the scope of this approximation when

some processes are considered, which is achieved by combining it with perturbation theory, is
noted. The role of the collective effects is illustrated by the results of recently performed
calculations of the photoionization cross sections of atomic iodine and its positive and negative
ions, the single-electron ionization of Xeresonance-enhanced photon emission in

collisions of electrons with atoms and quasiatomic formations, the nondipole corrections to the
angular distribution of photoelectrons, and the probabilities of two-electron transitions in

which all the energy is released in the form of a single photon.19®9 American Institute of
Physics[S1063-784£99)00809-0

INTRODUCTION only when the residual interaction is taken into account, for
) . . ..example, the removal of two electrons by one photon.
The purpose of this paper is to demonstrate the signifi- g role of many-electron effects is most conveniently
cant, and in some cases decisive, role of the so-called gz eaied by examining atoms, as well as positive and nega-
sidual interaction between electrons in an atom. The residug) e ions with subshells which are completely filled or half-

interaction is the part of the ordinary Coulomb repulsiongjeq with electrons. These effects are especially important
which cannot be taken into account by any choice of the, quasiatomic formations.

mean atomic field in which the electrons are immersed. The investigations described in this report utilize the
The mean field in an atom is known to be fully compa- 15615 of many-body theory and Feynman diagram tech-

rable in strength to the nuclear field. Therefore, it is naturahiques_

that it should be taken into account exactly. We shall show

that the residual interaction also leads to significant many-

electron (collective effects, which must be taken into ac- THE HARTREE-FOCK APPROXIMATION AND THE

count exactly, rather than by perturbation theory. The paramRANDOM-PHASE APPROXIMATION WITH EXCHANGE

eter&, which gives an estimate of the role of collectivization,

is the ratio between the potential eneigfof the interaction

of a given electron with all the simultaneously excited elec

trons and the excitation kinetic energye:"

In order to reveal the role of many-electron effects, we
must first clearly define what is selected as the one-electron
“approximation. Knowledge of what is taken into account by
the latter is needed to avoid taking into account the same
1 RS 1 corrgctiops tyvice. In this study the Hartree—Fc(d:If) ap-

§=W/AE~(—~P§- _)/ Po=~R2pY3 (1) proximation is taken as the one-electron approxmatl_on. It

R R R can be regarded as the most exact of the systematic one-
electron approximations. In it electrons are regarded as mov-
where P, is the Fermi momentum, which is related to the ing in a single self-consisterite., determined by the states
densityp by the expressiop= P8/37r2, andR s the charac- of the electrons themselvesonlocal potential field.
teristic dimension of the system. The HF equations are solved numericdllifaving their

In heavy atomsé~1, and in quasiatomic formations, solution, i.e., the wave functions and the electron energies,
such as metal clusterg>1, which indicates the significant we can calculate the cross sections for the absorption and
or even very large degree of collectivization of the electronsscattering of photons by atoms and the cross sections for the
in these objects. scattering(elastic and inelastjcof electrons on atoms. The

Collectivization is most clearly manifested in photoab- results of such calculations differ significantly, sometimes
sorption, the inelastic scattering of fast electrons, and vaeven qualitatively, from the experimental data. This points to
cancy decay. These processes also take place in the ortbe importance of the collectivization of atomic electrons.
electron approximation, but, as will be shown below, their  The simplest and theoretically most systematic method
course changes radically when the residual interaction ifor taking it into account is the random-phase approximation
taken into account. There are also processes which can exisith exchange RPAE).? Within it, for example, the ampli-

1063-7842/99/44(9)/4/$15.00 1029 © 1999 American Institute of Physics
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tude D (w) of the absorption of photons of energyis rep-  negative ions with half-filled subshell$or example, Si),
resented in the form of a sum of its HF valdeand the and the prediction of the suppression of the radiation-
additional termAD (), which is defined by the expression induced vacancy decay due to destructive interference be-
AD(w)=D(w)x(w)U. As a result, the entire RPAE equa- tween different channels of this procéss.
tion in operator form is

R A A A A BEYOND THE SCOPE OF THE RPAE

D(w)=d+D(w)yx(w)U.

The RPAE has fundamental theoretical constraints,

Here the second term describes the excitatir@mova) of  \hich call for extending its scope in some cases. For ex-
the electron under consideration according to the followinggmple, in the RPAE the ionization potential is equal to the
mechanism: at first, an atomic electron passes as a consgg energy of the electron removed with the opposite sign.
quence of the absorption of a photon of enewgyinto a  Actually, however, there is a difference between these quan-
virtual excited state, where it resides for a tiggw), and tities, and it is very significant for outer and subvalence sub-
then, owing to the interelectron residual interactionit do-  shells. It is determined by the reorganization of the electronic
nates the energy to the electron under consideration, which subshells of the atom during ionization.

is excited or removed from the atom. Althou@®) is an The fact that each atomic electron is affected not only by
operator equation, which can be solved numerically on ahe HF energy but also by the polarization potentshon-
computer! its symbolic solution in the form local quantity that depends on the energy of the elegtron
- - - - which is determined by virtual excitations of the atom, is
D(w)=d/(1—x(w)U) 3 also beyond the scope of the RPAE. For example, the polar-
is convenient for a qualitative RPAE analysis. ization potential of alkaline-earth atoms is so great that it
The following main results were obtained within the leads to a bound state, i.e., the formation of a negativé ion.
RPAE. Processes in which an external field or a projectile electron

a) It was shown that the very h|gh maxima in the crossfémove an atomic electron from an intermediate or inner
sections for the absorption of photons by atoms and quasﬁUbShe” near its threshold also lie OU-tSide the RPAE: Auger
atomic formations, i.e., giant resonances, are zeros of thdecay of the vacancy formed sharply intensifies the attractive

denominator in(3): field acting on the slow electron removed from the atom.
A A This leads to considerable quantitative changes in the form
1-x(Q)U=0. (4)  of both the Auger spectrum and the energy distribution of the

We note that) = 0+ iT', whereT is the reciprocal life- sIovy .elegtron, wh|ch, taken together, are known as the post-
collision interactior?.

time of the resonance. For the objects discussed in this re- As has been found. if the electron removed from an atom

port, ' is only several times smaller thd®,, so that a giant S : . .
. . . . has sufficient energy, it excites or removes another atomic
resonance is a comparatively short-lived excitation of an

: . i electron with a high probability. Such “knock-out” has a
atom. The existence of the solution of Ed) is a conse- L R
S : significant effect on the energy, angular, and spin distribu-
guence of the collectivization of electrons belonging to at. : ;
: . tions of the electrons. This process is also beyond the scope
least one subshell. The giant resonance is displayed mos

.. of the RPAE.
clearly above the threshold of thel# subshell of Xe and its : .
neighbors, as well as in metallic clusters and fullerenes. The scope of the RPAE is usually extended by adding

: - corrections to it, which can be taken into account using
b) Interference resonances and correlation minima weré

discovered. In an interference resonafiié®) the ionization many-body perturbation theoMBPT). For example, the

_ A i polarization potential can be calculated to satisfactory accu-
amplitude of, for example, an outer subsf@l(wr) is far 50y in the second order of MBPT. However, the effect of

greater thard, . This occurs because of the large amplitudethe polarization potential on an electron should be taken into

D;(w) for the interaction of a photon with an inner subshell account exactly.

which is strongly coupled to that outer subshell by the re-  The theoretically rigorous extension of the scope of the

sidual interactiorlJ , : RPAE is extremely complicated, since outside the RPAE
. A . . even the simplest intermediate state includes two electrons
Do(wr) =do+Di(wr) xi(@r)Ujs, Do(@wr)>ds. (5)  interacting with one another, which are immersed in the

atomic field. The description of such a state thus requires the

At a correlation minimun{CM) destructive interference A ;
solution of a three-body quantum-mechanical problem.

occurs, so thab ,(wcy) =0, while d,#0. The interference
resonances in Xe and its neighbors and the correlation
S EXAMPLES OF STRONG MANY-ELECTRON EFFECTS
minima in the subvalence shells of the noble gas atoms be-
ginning from Ar were investigated most thoroughly. 1. Photoionization cross section of iodine and its ions
There are some other important results in the RPAEThe photoionization cross sections of Xe and Cs above the
such as the discovery of giant autoionizing resonaritms  threshold of the d4'° subshell are characterized by a high
example, in the Mn and Eu atopmshe prediction of “auto- maximum and a giant resonance. It is natural to expect that
ionization” accompanying the interaction of two continuous the situation in iodinél) is similar. Although experiment has
spectra(in contrast to ordinary autoionization, where one ofdemonstrated the presence of a maxinfthits height is

them is a discrete excitation leyeWwhich is characteristic of three times smaller than in Xe. In order to clarify the situa-
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tion, we performed calculations for | and 1 for the first ~ transferred from the electron to the target; aiiq) is the
time and repeated the calculations previously perfofmied  Fourier component of the static potential acting on the pro-
|-, but in the framework of new computational possibilities, jectile electron. The first term ir(6) describes ordinary
including up to ten interacting transitions, rather than flvo. bremsstrahlungOB), and the second term describes the so-
As a result of the calculation, it was found that the photoion-called “atomic” bremsstrahlungAB). At small values of,
ization cross sections of | and | beginning at 5 Ry, differ i.e., small scattering angles, the second tern6inbecomes
only slightly and increase, reaching the same maximum o€onsiderably greater than the first. The strong degree of col-
29 Mb at 6.7 and 7.3 Ry, respectively. In the case'df,ithe  lectivization of the atomic electrons stipulates a large value
region of discrete excitations is far broader, extending from 4or a(w) over a broad range of values @f The presence of
to 6.1 Ry. A photoionization cross section, which increase€ giant resonance in the spectrum enhandes. Therefore,
to 26 Mg at 7 Ry, is thus also found. At=10 Ry the cross AB is especially strong in polyatomic metal clusters and
sections of I, T, and I'* essentially merge. The high reli- fullerenes, as well as in atoms with filledd# and 4**
ability of the calculations performed allows us to state thatelectronic subshells. AB can also enhance the total flux of
the experimental data are erroneous. In any case, their abs@diation withw~( [see(4)] by tens of fold for atoms and
lute value requires a roughly threefold change in the normalby many orders of magnitude for metal clusters and
ization, which would increase the size of the giant resonancdullerenes. The role of OB is especially small in the latter.
The latter also affects the partial ionization cross sections of 4. Nondipole corrections to the angular distribution of
the 5p and 5 electrons. For example, it was shown us{fyy ~ PhotoelectronsThe ionization of atoms and quasiatomic for-
thatDs, increases at its maximum under the influence of themations by photons with energies amounting to tens, hun-
4010 electrons by a factor of 2.5 in comparisondg, . This dreds, and even thousands of electron volts is described in
corresponds to more than a sixfold increase in the cross sethe dipole approximation, in which the photon momentum is
tion in I, which reaches its greatest value at 6.5 Ry. neglected. The angular distribution of the photoelectrons is
2. Single-electron ionization ofe*. It was shown com- Symmetric to a plane perpendicular to the direction of flow
paratively recently that the cross section for the single of the photons. Allowance for the quadrupolar corrections
photoionization of Xe under the influence of a giant reso-breaks this symmetry, and the photoelectron yl¢ld, ) at
nance has a distinct maximum above the threshold of théhe angle® to the direction of the photons is proportional to
4d% subshell. There is considerable interest in the questiothe expressioft
of whether a similar maximum exists in the case of the single
ionization of the X& ion, i.e., in the cross section for the 1(0,0)~[1+B(w)Py(coB)+ y(w)Py(coB)
formation of Xe" ™. We? perfprmed calculations of the cor- + n(w)P3(coMd)]. 7
responding cross section within the RPAE. A very signifi-
cant, more than an order-of-magnitude, increase in the ionHere P;(co®) (i=1,2,3) are Legendre polynomialg(w),
ization cross section of Xe" under the effect of thedf®  1(w), and 7(w) are fairly complicated expressions composed
electrons was discovered. The calculations were performedf the dipole and quadrupole matrix elements for the inter-
by solving Eq.(5). The role of the second term was found to action of a photon with an atomic electron, as well as the
be considerably greater in Xethan in Xe. The experimental scattering phases of the photoelectron wave in the field of the
data still have a considerable spread, and, in addition, themesidual ion. The coefficientg(w) and 7(w) are proportional
have not been any absolute measurem&hktowever, the  [unlike B(w)] to the photon momentum= w/c, wherec is
presence of a broad maximum at 6.6 Ry is clear. After northe speed of light.
malization of the experimental data to the calculation results, The collectivization of atomic electrons has a significant
satisfactory agreement is observed over a very broad rangsffect on the dependence Bfon w. For example, for the Xe
of energies from 3 to 11 Ry. The high maximum correspond5p electrons 8 acquires an additional intense oscillation un-
ing to the discrete d— 4f transition is reproduced, although der the influence of the giant resonance.
it is shifted toward lower energies by 0.66 Ry in comparison  Calculations ofy(w) and 7(w) were recently performed
to the calculated position. for the Ar 3s electrons with consideration of the outep®
3. Photon emission upon electron scatteriiénen elec-  subshelt® The influence of the latter was found to be very
trons are scattered on atoms and quasiatomic formationsjgnificant: the coefficients/ss(w)= — 735(w) acquired an
photons are emitted. Their source can be either the projectiladditional intense oscillation, so that, as a whole, these coef-
electron or the target, which is virtually excitédolarized ficients become totally different from their values in the HF
during the collision. The total photon emission amplitudeapproximation. We note that in the hydrogen approximation
A(w), like the photon absorption amplitude, can be repre-y,(w) is determined very simply and does not have any
sented in the fornf2). In the case of fast electrons, the equa-oscillations: y,4{(w), like 7,J{w), is proportional tov/c,
tion specifyingA(w) can be simplified, and its solution can wherev is the velocity of the photoelectron.

be written in the forntt 5. Two-electron transition with the emission of one pho-
ton. If two electrons simultaneously change their state and
W(q) 47w . . .
Alw,q)~|— 5 a(w (6) the energy released as a result is carried off by a single
w
q

photon, the process occurs only by virtue of the presence of
Here a(w) is the dynamic dipole polarizability of any target, the residual interaction. Just this interaction permits the cor-
i.e., atom or quasiatomic formatiory is the momentum related, rather than independent, transition of two electrons.
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The passage of a highly charged®r ion through a tremely desirable, to do this systematically in a theoretical
carbon film, as a result of which the ion acquires two electreatment.
trons to become AP" and emits one photon, was recently One of the closely related and important problems is the
investigated experimentally. The energy of the photon development of methods for solving two- and three-
roughly equals dimensional RPAE equatioffs.In the case of success, it
w1=2(1 15+ V2/2), ®) would be possible t'o guantitatively examine the electr'onic
structure of complicated two-atom molecules, medium-
wherel y; is the ionization potential of A#*, which equals weight atoms, and heavy atoms in strong external electric
(18°=32 Ry, andv is the velocity of the AF*" ion. and magnetic fields, as well as aspherical metal clusters and
It can be seen fron8) thatw, is much greater than the fjierenes to the accuracy which has already been achieved
energies of any atomic one-electron transitions. The proby, the description of isolated many-electron atoms.
ability of the process Ar®+C=C"" +Ar"!*+y was cal- There are numerous questions and corresponding objects
culated using a model in which the field of the carbon atomsys jhyestigation, which can and should be investigated using
was neglected, the wave functions of the electrons were agne RPAE, such as, for example, the photoionization of ex-
sumed to be purely Coulomb in the field of a nucleus withgjteq states of atoms. Objects of investigation which seem
the chargeZ=18, and the electrons were assumed to havyotic at first glance merit serious attention. One example is
the energw?/2 in the initial state and to be bound in the 1 provided by highly excited spin-saturated states of atoms,
level in the final state. The interelectronic repulsion wasj e ' states in which all the electron spins are oriented in the
taken into account in first-order perturbation theory. In ef-game direction. The lifetime of such states can easily reach
fect, the process several microseconds, which are sufficient for experimental
etetATNLAT(=D)T 4 o (9) investigations. Collectivization should be markedly greater

was considered, and the cross section for it was caIcuIate«'f spin-saturated states than in ground atomic states.

X : : An even more exotic object of investigation consists of
The latter was compared with the cross section for single- ) .
o ) . "6 ~ electron bunches which are trapped and retained by a laser
electron recombination. Their ratio was equal to>31®

in the calculation in Ref. 15 and 3107 in the experi- field. When the retention time is sufficiently long, a structure

' . . . hould appear in such bunches, and collective many-electron
ment. These figures are in satisfactory agreement with eac : . :
other. effects should be observed in processes involving them.

Reaction(9) should also be observed in electronic refrig- As a WhOIG.' the field _of_many-electron effects in atomic
. . . : . . processes is virtually unlimited.

erators of highly charged ions, in which the relative veloci-
ties of the electrons and ions can be considered equal to zerowe have used the atomic system of units, in which# = m,=1.
The cross section of the process will depend not only on thé&The calculations were performed together with S. T. Manson and N. A.
electron density, but also on the structure of the eIectroQ)Cgeé‘fﬁ:rOf;ith S T Manson and N. A. Cherenoy
beam, I_‘?" the presence or absence of correlations betweaﬁ ?he case of e{tor'ns, after separa.tioﬁ of thepang'ular and spin variables,
the positions of the electrons. these equations are one-dimensional.

At first glance, proces$9) is the temporal reverse of
two-electron photoionization; therefore, their cross sections,
should be related by the principle of detailed balance. How-
ever, the cross section ¢9) actually corresponds to a very )
small part(especially for largev) of the cross section for 2M. Ya. Amusia, Atomic PhotoeffectPlenum Press, New York—London
double photoionization, specifically the part in which the 3;}99:23{ ZZranspi.a VLV and Soft X-Rav Photoionisationdied b
EJeCt(-T:(:J electrons ﬂy off "_1 th_e same direction with equal U.. Bec.ker and D A. Shirley, Plenum Presys, New YOIQG’(,) pp. 1—46y.
velocities. The main contribution to two-electron photoion- <G F. Gribakin, B. V. Gul'tsev, V. K. Ivanov, and M. Yu. Kuchiev, J.
ization comes from the portion of the spectrum where one of Phys. B23, 4505(1990.
the electrons carries off virtually all the energy of the photon °M: Yu. Kuchiev and S. A. Shieerman, Usp. Fiz. Nauk58 353 (1989

[Sov. Phys. Usp32, 569 (1989].
and the other electron moves away slowly. L. Nahon, F. Svensson, and P. Morin, Phys. Revi3A2328(1991).

’G. O'Sullivanet al, Phys. Rev. A53, 3211(1996.
8M. Ya. Amusia, G. F. Gribakin, V. K. Ivanov, and L. V. Chernysheva,

CONCLUSION J. Phys. B23, 385(1990.
°M. Ya. Amusia, N. A. Cherepkov, L. V. Chernysheva, and S. T. Manson,

[N ; DAMOP98, Abstracts of Paperétlanta, Georgig1998, p. 9.
We have demonstrated the significant, and Sor‘m:"tlmel%T. M. Kojima, M. Sano, N. Watanabet al. in Proceedings of the 20th

decisi\{e., ro_Ie of the rgsidual interaction and .the resultant ;cpeac Vienna(1990, p. MO 030. ;
collectivization of atomic electrons on the basis of general*M. Ya. Amus'ya, Bremsstrahlundin Russiai, Energoatomizdat, Mos-
estimates and in some concrete examples. The RPAE develcow (1990, 204 pp. . ,
oped to take it into account, which has been reconciled with ('\1'9;(3 '[SAQJ,USP%?,;T;TV@Ké?oo(ngzgg\]/' 2. 1. Teor. Rz 75, 1664
the original smgle-partlcle HF approximation, has a(?h|eved3M. Ya. Amusia, A. S. Baltenkov, Z. Felfli, and A. F. MsezaneVidF'12,
an extremely high internal accuracy in atomic physics and San Francisc¢1998, p. 12.
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led to success in describing many processes and character1§\6/- ‘(Vficzkﬁkei al, Ngclbl "LSUU:‘- M?th‘;fr‘ls F’hFi’S- F;gs-gissogg’lg%-
tics. However, extending the scope of the RPAE is necessary’- - Yakhontov and M. Ya. Amusia, Phys. Rev. 35, 1952(1997.

to describe some of them. It is very difficult, although ex- Translated by P. Shelnitz

M. Ya. Amusia and L. V. Chernyshev&omputation of Atomic Pro-
cesseslnstitute of Physics Publishing, Bristol-Philadelpli®97), 253



TECHNICAL PHYSICS VOLUME 44, NUMBER 9 SEPTEMBER 1999

Spin exchange and chemi-ionization during collisions of polarized metastable helium
atoms with ground-state cesium atoms

S. P. Dmitriev, N. A. Dovator, and V. A. Kartoshkin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 14, 1999
Zh. Tekh. Fiz. 69, 36—40(September 1999

The kinetics of the optical orientation of atoms in a helium—cesium gas-discharge plasma are
considered, and kinetic equations describing the optical orientation of atoms in the case

of two simultaneously occurring processes, viz., an elastic prgspssexchangeand an inelastic
processchemi-ionization, are derived. The rate constants of these processes are determined
experimentally:Cq=(2.8+0.8)x 10" ° cnPs !, C;=(1.0-0.3)x 107 ° cn®s™ L.
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INTRODUCTION orientation and magnetic resonance of metastable helium at-
oms.

Investigations of the interaction of excited polarized at-
oms of inert gases with ground-state alkali-metal atoms have
bgen carried _out for a fairly Ion_g_t_ime. Thg main inter_eSft ingggé‘gl\?END?NF -TFHE 5;’%2;‘3@ CC:)SF( Szt\Js?,:l)TlsT\I(i'erM
this problem is due to the possibility of indirectly polarizing
one of the participants in a collision by the other, if the latter ~ When excited metastable helium atoms in tH&22state
is preliminarily optically oriented by resonant optical collide with cesium atoms in the ground®,, state, ioniza-
radiation!3 Orientation of a collision partner can occur in tion of the cesium atoms occurs because of the large internal
the situation under consideration as a result of two processeexcitation energy of the metastable helium atoms
viz., spin exchange and chemi-ionization. It was shown in(E=19.82 eVj. In addition, if one of the collision partners is
Ref. 4 that these two processes have significant influences dieliminary polarized in some way, this polarization can be
one another. This must be taken into account both in perimparted to the other collision partner, if the total spin of the
forming calculations and in Setting up the Corresponding exsystem is maintained dUring the CO”iSion, i.e., the fOlIOWing
periments. picture is observed:

The recent heightened interest in systems involving  He(11S,)+ Cs'(21Sy)+e™ (my),
alkali-metal atoms is due to numerous reasons, both purely
scientific and practical. The latter include, in particular, the ~ H&(2°S1,my) +C8(62Sy5,mz)—HeCs +e™(mg). (1)
use of indirect optical orientation in alkali-metal-atom—inert- Procesg1) takes place with the rate 71'2/: C.N;, where
gas-atom systems to obtain polarized atoms of nuclear parg,; is the chemi-ionization rate constant aNg is the con-
magnetgprimarily *He and'??Xe atoms for subsequent use centration of metastable helium atoms or ground-state ce-
in medicine, particularly in nuclear tomographyas well as  sjum atoms. Reactiofll) is allowed when the total spin of
the creation and successful employment of alkali-metal-the reactantsn; +m, is equal to the total spin of the reaction
helium magnetometers with indirect optical orientation of theproductsm; (herem; is the projection of the electron spin of
atoms® Despite the interest in such systems, some importarthe respective particle Thus, if the cesium atoms are ini-
physical data, such as the cross sections of the respectitially polarized(let the projection of their spin onto the pre-
processes, have been studied to an extremely small exterfierred direction ben,=1/2), the predominant polarization of
Moreover, while experimental data on the ionization crosghe helium atoms as a result of a collision will bg=1.
sections have already been reported in the literatunanly The second process, which occurs simultaneously with
from experiments on decaying plasmatere are no data at chemi-ionization in the case of collisions of polarized par-
all on the spin-exchange cross sections. This is because it figles, is spin exchange:
diffi(_:ult to_distinguish between the_ two simultaneou_sly 0C'He(2381,m1)+Cs(6281,2,m2)—>He(2381,m1)
curring spin-dependent processes in experiments with polar- ) ,
ized particles, which have traditionally been used to measure +CH6°Sy5,my). @
spin-exchange rate constafits. Here my+m,=m;+my; if the total spin of the system is

In the present work a successful attempt was made teonserved, and the rate of the process i§2/Cs[N; , where
solve this problem, and the spin-exchange cross section was,, is the spin-exchange rate constant.
measured for collisions of excited metastable helium atoms In this paper we consider the interaction of cesium-133
with ground-state cesium atoms. It was possible to accomatoms with atoms of théHe isotope, which are diamagnetic
plish this in the framework of experiments on the opticalin the ground state and exhibit electron paramagnetism in the

1063-7842/99/44(9)/5/$15.00 1033 © 1999 American Institute of Physics
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metastable statéhe spinS;=1). In the ground-state cesium
atoms the electron spir5,=1/2, and the nuclear spin
[=7/2

Since the collision time of the particlek.{,~10 ?s) is
much shorter than the hyperfine interaction titfer Cs at-
oms 7,~10 1% 5), we henceforth assume that evolution of
the electronic orientation takes place during a collision,
while the nuclear orientation varies in the time interval be-

Dmitriev et al.

1,3 .
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The influence of the pump radiation can next be taken

tween collisions. The evolution of the longitudinal compo-into account by introducing the respective terms into Egs.

nents of the quantities observed in the experiment, viz., th
electronic orientation of the metastable helium atq8s.),
the electronic orientation of the Cs ato%:.), and the elec-
tronic alignment of the metastable helium atof,.) takes
the following form[here we assume th&s)=Tr(pS) and
the components of the electronic alignment have the for
(Que=Tr(pQ), where Q,z=3/2(S,Sz+SsS,) —S*0.p.
a,B=X,y, or z, andp is the density matrik

d , 1 1 S 2 4 4 ,
i (She)=— 3_72+2_73 (She)*+ 9—72+3—Ts (Sce
Hom 5o (S0 Qu™ ®
97'2 37'2 He, He !
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| 37, ™

£3)-(5): ¢p. @p, and ¢y (¢p=Ly/7p, 7, is the pumping
time for orientation or alignment, anld, characterizes the
radiation usef In addition, the contributions from diffusion
and other relaxation processes which influence the evolution
of the corresponding polarization moments can be taken into
Mhccount in the equations. In matrix notation the system of
equations takes the form

(She)” (She)”
—| (Sco® |=[A]] (Scd”
(Que*? (Que**
(Ste)(Qne)**
+[B]| (Sc9™Que**| +[¢p]+[RI,
(SHe)(Sce”
(6)
where the matricefA], [B], and[ ¢,] have the forms
0
1 —P1 r 0
L 0 =l r2 —p2 0|,
TR
0 0 —Ps3
_(i i)_i_i
31, 273 7 T
) (7)
|
p
[epl=]| ¢p |, 9
g

and the matri{R] takes into account the various relaxation
processes. It should be borne in mind that9nhthe respec-
tive matrix elements are manifested under definite pumping
conditions. When metastable helium atoms are optically
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pumped by linearly polarized light, the latter induces only ro
alignment, but in the case of pumping by circularly polarized <SCS>Z:p_<SHe>Z-
helium light, both orientation and alignment are induced si- z
multaneously in helium. W.hen cesium .atoms are optically L, ®pP2 )
pumped, electronic orientation appears in the system of Zee- (She)*= d 1-(2wy)
man sublevels. Orientation and alignment subsequently ap-
pear in the system of hyperfine sublevels of the cesium atom
as a result of the hyperfine interaction. where

We are interested in the case where optical orientation of
the metastable helium atoms takes place. As a result of col-
lisions of the latter with ground-state cesium atoms, the oriandAw=w—1/2: w,.
entation is redistributed between the collision partners. It fol- ~ For magnetic resonance at the frequencies of the Zeeman
lows from (3) and(5) that the magnetic-resonance linewidths transitions of the cesium atoms we obtain the following ex-
of the oriented §f,) and aligned 6f,) metastable helium Pressions, taking into account that thdactors of both hy-
atoms due to collisions with ground-state cesium atoms havBerfine states are equal in magnitude and differ only in sign

p1p,/d

pi+Aw’+(2w;)%pip,/d|’
(13

d=p1p2—r1r2, Aw=w—2w0,

the form (g==1/2):
7w 8f o= 1(273) + 1/(375), (10) (Seyi= @pl2 (1w )2 p.p,/d )
-0 - Y 1 H
76 y=3/(275) + 1(37y). (11) d 2] p3+Ae’+ wipp,/d

Hence it is not difficult to see that the difference between Aw=w—1/2- wy,
the magnetic-resonance linewidth$ 6f ,— 6f,,) is equal to

the rate of spin exchange between the helium and cesium 2_%p ﬂ( _ 2

- o (Sue*=—"|1+ 1-(2wy)
atoms (1f3=C.N¢g. Thus, there is a real possibility for Py d
determining both the spin-exchange cross section and the
chemi-ionization cross section from experiments on the op- p1p,/d
tic_al orientation of atoms jn the He—Cs mixtuteearing in P2+ Awi+(2w1)2pip,/d] | (14)
mind that the cross section of the process eqqal6T))
=C(T)/{v), where(v) is the mean relative collision fre- When necessary, it is not difficult to obtain the analo-
quency of the particlds gous expressions for the case of the optical orientation of

cesium atoms by resonant radiation.
Using the relations obtained above, we can write out an

MAGNETIC RESONANCE IN A SYSTEM OF OPTICALLY expression for the magnetic-resonance signal of the Cs at-
ORIENTED HELIUM AND CESIUM ATOMS oms, which can be observed in the form of the change in the

absorption of the pump radiation for the helium atoms for
The influence of magnetic resonance on the system cayht parallel to the static magnetic field:

be taken into account by supplementing the maf@xwith

diagonal elements of the following forms) or orientation S—-A ANpex FAJA(SY+ A A(QuYA.  (15)
|— o 1 [ 2 He .
. w?- 1pf He*
w)=———""1 - .
AN w2+ Aw?+ 1/p? Here the coefficientéy, A;, andA, are determined by the

relative probabilities of the transitions between the various
wherei=1 for helium and 2 for cesium;)tfor alignment Zeeman sublevels of the heliuni® and 2P, , , states, as
well as by the intensities of the,, D, andD, lines of the
30i(wi+480”+ 1/p3) helium pumping lamp and by the absorption contour of the
(402 +4A 0%+ 1/p3) (w3 + Aw?+1/p3)’ cell. It should be noted that the last two terms(i5) are
(12 dominant, since the population changes at the moment of
resonance are generally small. In addition, the possible varia-
tion of the contributions of orientation and alignment to the
Aw=w—w, is the detuning of the frequency, and, magnetic-resonapce signal due to thg c_oIIision processes
= yH, is the resonant frequency. s_hoql_d be takep .|nto account. Such variation can result in a
Thus, the resonance in a system of oriented helium asignificant deviation of the shape of the magnetic-resonance

oms, in a system of aligned helium atoms, and in a system di"€ from the Lorentzian line shapé.

oriented cesium atoms can be described by introducing
Fi(0,01), Fo(o,0,), andF (o, »s), respectively. EXPERIMENTAL DETERMINATION OF THE SPIN-

When helium atoms are optically oriented by resonanfEXCHANGE AND CHEMI-IONIZATION CROSS SECTIONS
radiation and magnetic resonance is excited at the frequeﬂi—?f;'\;:'E INTERACTION OF HELIUM AND SODIUM
cies of the Zeeman transitions of the helium atoftie g
factor equals 2 in the case of weak pumping we have the In the present work we have examined the interaction of
following results: 13%Cs atoms with optically polarized helium atoms in the

Fo(wq1)=1/ps

where w;=y;H; is the amplitude of the resonant radio-
frequency magnetic field,; is the gyromagnetic ratio,
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23S, state and experimentally determined the rate constant 8
of spin exchange during collisions of polarized metastable Af, kHz 1
helium atoms with ground-state cesium atoms for the first } /
time. As was shown above, the decay rates of the orientation
(Sne)? and the alignmentQy,.)** of metastable helium atoms 6
depend on collision processes of tygés and(2) in accor-
dance with(10) and(11). As can be seen frorfi0) and(11),
the contributions to magnetic-resonance linewidth for
aligned and oriented helium atoms should differ from one 4
another. Just this difference permits determination of the rate
constants of the two simultaneously occurring processes. LT T e O N

A standard system for investigating the optical orienta- |2 e ccmmemm 6_ ff°_f ................
tion of atoms was used in the experiment. The spins of the 2 . \ . | | )
metastable helium atoms were optically oriented by circu- ¢ 50 100 150 200 250 300
larly polarized light’ and were aligned by unpolarized pump N, 1010 em™3
radiation (\=1.08 um) propagating along a magnetic field
H,=35 mOe induced by Helmholtz coils within the mag- FIG. 1. Dependence of the magnetic-resonance linewidth of ori¢Ateohd

. . . . ; ; i, aligned (1) metastable helium atoms on the concentration of ground-state
netic shield. A helium capillary lamp, in which a high cesium atoms Ncg. Here 6f, 5 is the broadening of the magnetic-

frequency(hf) discharge was excited, served as the_Pumpingesonance line caused by the spin-exchange and chemi-ionization processes
source. The metastable state was populated by exciting the fk oriented and aligned atoms.

discharge within an absorption chamber containing gaseous

“He (P=1 Torr atT= 300 K) and metallic cesium. The gas- _ o _

discharge chamber was placed in a thermostat. The working@ch series and for the entire list of series. An example of the
temperature was determined by a thermistor glued onto thBlOts 0f 5fo, a(Ncg) obtained for one of the series of experi-
coolest part of the absorption chamber. Variation of the temMental measurements is presented in Fig. 1. As is seen, the
perature in the range 29343 K permitted regulation of the contributions of the oriente(?) and aligned 1) atoms to the
concentration of cesium atoms from X7I0© to 2.5 Mmagnetic-resonance linewidth differ significarflyn fact, it

x 1012 cm 3. Magnetic resonance was excited in the systenfollows from (3) and(4) that

of Zeema_n sublevels of the381. helium atoms by applying (5f 5~ 8 o) = NeLCoe (16)
an amplitude-modulated radio-frequency magnetic field ,
H,=hsinQtsinwt, where)/27=250 Hz, andw/2, i.e., the The value ofC, determined from(16) was (2.8-0.8)

x10"° cm®s 1. The value ofC, obtained was taken into
account in determining the chemi-ionization rate constant
from (10) and(11): C=(1.0+0.3)x 10 °cn®s™ L. It should

be noted that the dispersion of these measurements was
tion chamber was recorded with scanning of the frequency caused mainly by the error z_issociated with the determination
in the region of the magnetic-resonance frequenay of the concentrat|on_of alkali-metal atoms. Both the presence
= yH, (y/2m=2.8 MHz/08. At small values of the ampli- of temperature gradients on the surface of the chamber and

tude of the radio-frequency field<0.1 mOe(Ref. 7) the the variability of the measurements of the working tempera-

magnetic-resonance line shagor both orientation and tUré contributed to this error. , ,
alignment of the helium atomsvas nearly Lorentzian, and In conclusion, it should be noted that while the spin-

the magnetic-resonance linewidth depended mainly on thexchange rate constant was determined in the present work

collisional relaxation processes in the absorption chambef©r the first time, the chemi-ionization rate constant has been

The linewidth was determined from the full width of the determined repeatedly without consideration of the statistical
magnetic-resonance signal at half-maximum. multi_pEI;ier (}/}zd) in  previous studie_sg: (0%0‘16)

To find the spin-exchange rate constant sought, the inX 10 ° cm’s * (Ref. 9, (0.45+0.09)x10 °cm’s™* (Ref.
crementsf,, , of the magnetic-resonance linewidfor both 10). As can be seen from the results presented, satisfactory

oriented and aligned helium atojreppearing in response to agre_emem is observed between our results and the results
heating of the absorption chamber, i.6f, 4= Afe, o(T)  OPtained in Refs. 9 and 10.

—Afor o To), WhereAf,, o(To) is the linewidth atT =300

K (~2—3 kHz), was determined as a function of the concen-"Pumping by circularly polarized radiation can bring about both orientation

tration of cesium atoms in the experiment. To construct the and alignment. The relative amount of alignment in the magnetic-
resonance signal depends on the emission spectrum of the lamp and the

frequency of the radio-frequency field, wasl00 kHz, per-
pendicularly to the static magnetic field,. In the experi-
ment the variationat the modulation frequenc§)) of the
intensity of the pump radiation passing through the absorp

plOtS of of or, al VEISUS the Concentratlon of Cs atomCQ length of the optical path in the absorption chamber. In our experiment this
the temperature was converted into the valueNgf in ac- amount did not exceed 10%.
cordance with the data in Ref. 9. 21t should be noted that the width of the magnetic-resonance line of polar-

: idihg ized helium atoms also depends on the rates of diffusion, spin exchange
Several series of measurements for determird CQ with electrons, etc. In the present experiment the varidtiath increasing

both fpr orientation and for a_-lignmem were carried out in the temperaturg of the magnetic-resonance linewidth due to these processes
experiment. The data obtained were averaged both withindid not exceed the measurement error.
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The latest results obtained from investigating vector correlations in the photodissociation of di-
and triatomic molecules are reviewed. Expressions for the polarization moments of atoms
formed as a result of the photodissociation of an arbitrary molecule by polarized radiation, which
depend on spatial and spin variables, are presented. The set of anisotropy parameters, which
can be determined experimentally and then utilized to obtain a complete quantum-mechanical
description of the primary photodissociation act, is discussed. Two methods for determining

the orientation parameters, alignment parameters, and higher polarization moments of atomic
photofragments are considered. They are based @namaging, which involves laser
photoionization followed by mass-spectrometric detection of the photofragments) anth-b

Doppler laser polarization spectroscopy of the photofragments. The results of an experimental
study of the photodissociation of Linolecules, which leads to the formation of(t8,,,)

atoms with aligned electronic angular momenta, are presented as an examd®99@ merican
Institute of Physicg.S1063-784£99)01009-7

INTRODUCTION for example, Refs. 7 and 8The current stage of the research
in this area is based on a quantum-mechanical theory of pho-
The photodissociation of small molecules has attractedodissociation which takes into account all the possible types
the fixed attention of researchers already for manyof vector correlations.The predominantly employed experi-
decaded;® since such processes play a major role in themental methods of study are ion imagiiand sub-Doppler
physics and chemistry of the atmosphere of the Earth anthser polarization spectroscopy, and a great deal of attention
planets, as well as in gas lasers and industrial systems. Theas been attracted by studies of the orientation and alignment
nature of an elementary photochemical act is difficult toof the electronic angular momenta of atomic photofragments,
study, because there are several interdependent reactiorhich provide the most detailed information on the pro-
channels under typical conditions, and the processes takingesses taking placé:2°
place are characterized by a picosecond time scale. Consid- The purpose of this paper is to review and analyze the
erable progress has recently been observed in this area duelédest results obtained from investigating the vector correla-
the development of new theoretical models and a consequetibns associated with the photodissociation of small mol-
clearer understanding of the physical processes taking plaezules.
and to the introduction of new experimental methods.
At the present time it is possible to theoretically describe
and experimentally investigate the photochemical reaction§HEORETICAL TREATMENT OF CORRELATIONS

which occur in small atmospheric molecules with considerBETWEEN THE SPATIAL RECOIL ANISOTROPY OF

. . . . PHOTOFRAGMENTS AND THEIR ANGULAR MOMENTUM
ation of all the possible spatial and spin degrees of freedo ISTRIBUTION
of the photofragments formed, as well as to closely approac
the possibility of performing and interpreting a complete A general expression for the photodissociation cross sec-
guantum-mechanical experiment. tion of an arbitrary molecule by polarized radiation, which
The concept of vector correlations in the photodissociaincludes a dependence on the vedtoand on all the other
tion of molecules has played a major role in developing thespatial and spin variables of the photofragments formed in
current theories on the nature of an elementary photochemthe “instantaneous” photodissociation approximatfomyas
cal act. Attention was first focused on the correlation be-obtained in Ref. 9. This expression includes a kinematic part,
tween the motion direction vectdr of the photofragments which is characterized by the vectogsandk, as well as a
formed as a result of the photodissociation of a diatomicdynamic part, which is characterized by the dynamic func-
molecule and the polarization vecterof the dissociating tions fx(q,q’), whereK is the rank of the polarization mo-
radiation more than 30 years ago in Ref. 3. Correlations bement (the irreducible statistical tensdr of the photofrag-
tween the directions of the electronic angular momentumment, andg and q’ label cyclic projections of the electric
vectorj of a photofragment and the polarization vectoof  dipole moment of the molecule onto its axis. It was shown in
the dissociating radiation were discovered in Refs. 4—6Ref. 9 that the kinematic part for each polarization moment
Other types of vector correlations associated with the photoean be represented in a universal form, which is valid for fast
dissociation of molecules have also been investigése@, photodissociation processes of small molecules. At the same

1063-7842/99/44(9)/5/$15.00 1038 © 1999 American Institute of Physics
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time, the values of the dynamic functions are different for
different molecules and different experimental conditions
and can be determined theoretically in a general form when ZA
the corresponding multichannel scattering problem is solved
(see, for example, Ref. 21The computational difficulties
arising in this case are usually very great even for simple
molecules, since it necessary to take into account diverse
physical processes taking place on different portions of the
potential surfaces, such as the simultaneous coherent optica
populating of two or more excited states of a molecule from
its ground state, nonadiabatic transitions between different
potential surfaces, rotation of the molecular axis, the interac-
tion between the photofragments formed at large distances
between them, etc.

If the photodissociation radiation is linearly polarized
along theZ axis, and the angle® and ¢ characterize the
escape direction of the photofragments, the angular distribu-
tion for the number of photofragmentthe rank zero statis-
tical tensof?) can be represented in the following form:

1
Poo=4w—\/m[1+ﬂopz (cos®)], (1)

wherej is the total angular momentum of the photofragment,

andp, is the anisotropy parameter, which takes values in the B

interval Bo=—1...2 inaccordance between the ratio be-

tween the probabilities of transverse and longitudinal opticaFIG. 1. Vector model of the orientation of the angular momenta of

transitions in the molecule. photofragmentS.The componentg, j, , andj; of the total angular mo-
The angular distribution for the dipole moment of the mentum of the photofragment are mutually perpendicular to one another.

photofragmentgthe rank one statistical tensery or the  The term proportional to the third orientation paramegér

orientatiori’) can be represented in the fotii->* makes a contribution only to the off-diagonal elements of the
statistical tensof2b) and also describes dissociation involv-
_ 3\/§ - cof O+ 71 sir? ®} (2a) ing the coherent excitation & andll states in the molecule.

P10 4m2j+1l 2 ’ The contributions of all three mechanisms described to
the orientation of the angular momentum of a photofragment
. 33 have a simple physical meaning and can be interpreted

e R T e graphically using the vector model in the molecule coordi-
4my2(2i+1) nate frame shown in Fig. 1. It is seen that the angular mo-
) ) vi " mentum of a photofragment formed as a result of a perpen-

xXexpig)sin ® cos®O| a;— 5 i 7} dicular transition in a molecule is directed along the recoil

axis, while the angular momenta formed as a result of the

(2b) two possible coherent-excitation mechanisms are perpen-
Here py, is a diagonal element of the statistical tensor, andficular to the recoil axis and to one another. All three orien-
p1; and p;_, are off-diagonal elements. It was assumed intation parameters can be determined directly from an experi-
deriving formulas(2) that the photodissociation radiation is Ment by investigating the angular dependences of the
right-circularly polarized and propagates along thaxis.  orientation of the electronic moments of the photofragments.
The three orientation parameters, y;, andy} in (2b) are The angular distribution for the quadrupole moment of
normalized linear combinations of dynamic functions of rankPhotofragmentsthe rank two statistical tensgr,q or the
K =1 with different values ofj andq’ (Ref. 15. Each of the alignment?) was obtained in Refs. 9 and 16. For example,
terms on the right-hand side () corresponds to a definite for the case where the photodissociation radiation is linearly
mechanism for the appearance of orientation of the anguld?olarized along the axis, the expression for the diagonal
momenta of the photofragments in the photodissociation re¢omponent of this statistical tensor can be represented in the
action. For exampleq; characterizes photodissociation re- form
sulting from perpendicular¥—II) optical transitions in the J5V(j)

. e {

molecule, andy, characterizes the photodissociation result-  po(©,¢)= 4\/? P,(cos0)
ing from the coherent excitation of two states of different Vel +
symmetry by a single photor¥(—2,1T). We note that par- X[Sp—2a,P,(C0S®)]— 3y,Sir?
allel (2 —3) optical transitions in a molecule cannot lead to

orientation of the angular momenta of the photofragmé&hts. < OcoL 6 — 7 sirf' ®], 3
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which are normalized linear combinations of dynamic func-
tions of rankK =2 with different values ofj andq’ (Ref.
15). Another(fifth) alignment parametey, appears only in 5/
the expression for the off-diagonal components of the statis-
tical tensor. Each of the four terms on the right-hand side ofiG. 2. Typical setup for an ion-imaging experimett— diaphragm2 —
(3) describes a definite mechanism for the appearance ghotodissociation laser beaBy— probe laser beard,— ion drift chamber;
alignment in a photodissociation reaction. For example, th@ — microchannel detectof — phosphorescent screéft:— video camera,
. . . 8 — beam of molecules investigated.

terms with the alignment parametexsand a, describe the
contribution of the incoherent optical excitation of a mol-
ecule by means of perpendicular and longitudinal transitions,
while the terms with the alignment parameters and 7, One of the experimental signals obtained by the method
describe the contribution of the simultaneous coherent exciust described in Ref. 17 is shown in Fig. 3. In that work the
tation of two states of different symmetry.(~3,,II) and of ~ photodissociation of the chlorine molecule into atoms in the
two states of the same symmetry11,11), respectively. groundng,2 state under the effect of linearly polarized ra-
All five possible alignment parameters can be determinedliation with a wavelength of 355 nm was investigated. The
from an experiment by investigating the angular depenatoms were detected by the linearly polarized output of a
dences of the alignment of the electronic moments of thérobe laser with a wavelength of 234 nm by means 6f.2
photofragments. resonant ionization through thﬁjg,z excited state. TheZ

The theory also predicts the existence of polarizatior@Xis in Fig. 3 is directed toward the mass spectrometer, and
moments of the photofragments of higher orders with rankghe four ion images correspond to four mutual combinations
K>2 in photodissociation reactions. In principle, theseof the directions of the polarization vectors of the photodis-
quantities can also be determined in an experiment, but thefociation radiation and the probe radiation.
contribution to the total signal is always considerably smaller ~ As can be seen from Fig. 3, the recoil of chlorine atoms
than the contribution of the moments of lower rank. ConseWwas observed predominantly in an axially symmetric pattern
quently, the angular dependences of the high-rank polariza€lative to the polarization vector of the photodissociation
tion moments have not yet been observed experimentallyadiation in directions perpendicular to it. The corresponding
The set of anisotropy parameters with ranks fr&r0 to ~ angular distribution can be described by Ef. with an an-
K=2j make up a complete set of physical observables char-
acterizing an elementary photodissociation act.

where 1 2 4
N D ({E VI { X 7
S PR TPTy ; )_Z
Here s,, ay, vo, and 7, are four alignment parameters, 1 Y
3

o

EXPERIMENTAL METHOD AND RESULTS OBTAINED

Two models, which are based on ion imadihf and
sub-Doppler laser polarization spectroscdpy'®were re- Z
cently proposed for the purpose of experimentally investigat
ing the spatial distributions of the orientation, alignment, anc
high-rank polarization moments in photodissociation reac:  ppspe 2
tions.
In a typical experimental setup which utilizes ion imag-
ing two tunable lasers are employed for photodissociation o
the molecules under investigation and detection of the pha
tofragments formed, and their rays are directed toward on
another, as shown in Fig. Ref. 16. The photofragments
are detected by means of their multiphoton resonant ionize
tion by the output of the probe laser followed by mass- Probe Y
spectrometric recording of the ions formed using a time-of-
flight mass spectrometer. After traversing the drift chamber
the ion cloud is visualized using a photodetector consisting
of a microchannel detector, a phosphorescent screen, and a
video camera. The variation of the polarization of the outpufFIG. 3. lon images obtained by ion imagihfy; Il — direction of the po-

of the probe laser and the photodissociation laser makes Iﬁnzauon vect_or of the _photpdlssouatlon radiation along thexis and
along theY axis, respectively; the upper and lower rows correspond to the

possible to determine the angular .depen(_:ien.ces of both th&ections of the polarization vector of the probe radiation indicated in the
number of photofragments and their polarization moments. figure.
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D, (z), arb.units

Fit

z=(-w,)/ kv,

FIG. 5. Spectral dependences of the birefringence signal of the probe radia-
tion after passing through vapors of oriented photofragm®fts: incoher-

ent excitation of the2, —II transition in a dissociating molecul2,— co-
herent excitation of two states & and II symmetry;x is the relative
detuning of the frequency of the probe radiatiomelative to the center of

the absorption line of the photofragmenig, k is the wave vector, and,

is the absolute value of the recoil velocity of the photofragments.

isotropy parameteB, close toBy~ — 1, which characterizes

the perpendiculaX's ,,— C'I1,, optical transition in the

chlorine molecule. . making it possible to experimentally distinguish between
In addition, a difference between the images correspontiese mechanisms.

ing to different directions of polarization of the probe laser  Thys as a result of the investigations performed, new

output can be seen in Fig. 3. This difference is caused by thg,ethods for investigating photochemical reactions of practi-

alignment of the electronic angular momenta of the chloringg) importance have been proposed and approved, and new

atoms. Separating the contribution of the alignment t0 thgjata on the primary photodissociation act of small molecules

total experimental signal by subtracting the images shown ij5ve peen obtained.

the first and second rows in Fig. 3 from one another was  This work was carried out with support from the U.S.

proposed in Refs. 16 and 17. The corresponding differencgiyijian Research and Development Foundation for the In-

images are shown in Fig. 4, in which the experimental sigyependent States of the Former Soviet Uni@RDP) (Grant

nals are presented in the first row, and the theoretical resuli§o. Rp1-223 and the Russian Fund for Fundamental Re-
are presented in the second row. An analysis of these imag@garch(RFBR) (Grant No. 93-02-18313
permitted discovery of the existence of two different mecha-
nisms for the photodissociation of Omolecules and deter-
mination of the anisotropy parametets and 7,. H. Okabe Photochemistry of Small Molecul@d/iley, New York (1978;
In sub-Doppler laser polarization spectroscopy the pho- Mmir, Moscow (1981, 500 pp].
tofragments are detected by a narrow-band tunable |aser2'A. M. Pravilov, Photoprocesses in Molecular Gasgs Russian, Mos-
. - cow (1992, 350 pp.
whose frequency is scanngd aloqg t_he absorption line of theR_ N. Zare and D. R. Herschbach, Proc. IEEE 173 (1963.
photofragments  under investigation, and the total“r. j. van Brunt and R. N. Zare, J. Chem. Ph4@. 4304 (1968.
dichroisnt! or birefringencé**°signal of the probe radiation 5E. W. Rothe, U. Krause, and R. Duren, Chem. Phys. [7&1t100(1980.
. . . . 6 i i
is recorded. The information obtained as a result on the an;?- PS-g(asy“““j"lpﬂETPC'F]e%:LSggg((llgggg-
. . P. Simons, J. Phys. Che#ft, .

gular depenc_jen_ceg of the polarization moment_s of the_phogpl L Houston, J. Phys. Cheil, 5388(1987.
tofragments is similar as a whole to the information obtainede p. A. siebbeles, O. S. Vasyutinskii, M. Glass-Maujeztral, J. Phys.
by ion imaging, but in simple cases sub-Doppler laser poIarIOChem.loq 3610(1994.
ization spectroscopy is simpler to implement and can provide (Aigg;'sR' Heck and D. W. Chandler, Annu. Rev. Phys. Ché@).335
a better S|gnal—to-n0|§e ratio. As_ an exgmple of the possible.y Wang, H.-P. Loock, J. Cao, and C. X. W. Qian, J. Chem. Phge,
interpretation of the signals obtained, Fig. 5 presents the the-gog (1995.
oretical spectral dependences of the birefringence signal dfY. Mo, H. Katayanagi, M. C. Heaven, and T. Suzuki, Phys. Rev. IZ&tt.
linearly polarized probe radiation which h hrough,830 (1996.

ea. y pO(.:I e.d probe radiatio ch has pa;sed t OugklBT. Suzuki, H. Katayanagi, Y. Mo, and K. Tonokura, Chem. Phys. Lett.
a pair of spin-oriented photofragments for two different pho- 554 99 (1996,
todissociation mechanism3As is seen from this figure, the 1D. V. Kupriyanov, I. M. Sokolov, and S. V. Subbotin, Opt. Spektrcag,
spectral dependence of the birefringence signal caused hy’28(1996 [Opt. Spectrosc80, 653(1996).
incoherent transverse excitation of a dissociating molecule %Y‘ifl'gg%ye"' A. G. Smolin, and O. S. Vasyutinskil, J. Phys. CHEod,
differs significantly from the spectral dependence of the sigs\. Anmed, D. S. Peterk, O. S. Vasyutinskii, and A. G. Suits, J. Chem.

nal caused by coherent excitation of the same molecule, Phys.110, 4115(1999.

FIG. 4. Angular dependence of the alignment of chlorine atbmsper
row — experiment, lower row — theory; Il — same as in Fig. 3.
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The work in computational hydrodynamics related to investigations of the supersonic
streamlining of bodies, the interaction of shock waves, multiphase flows, and hyposonic flows in
devices for semiconductor technology is reviewed. 1899 American Institute of Physics.
[S1063-78429901109-5

INTRODUCTION simulated using Reynolds averaging and semiempirical mod-

Iels of turbulent transport. To allow for physicochemical pro-

systems and advances in the development of methods fGESSEs: the _gasdynamlc equations are supplemented with bal-
ance equations for the corresponding components of the

numerically solving nonlinear multidimensional problems,internal enerav of the gas. continuity equations for the
numerical simulation has become one of the principal meth- 9y gas, y €d

ods for studying complex gasdynamic phenomena. Thé:omppnn?nts of the gas mixture, and a radiation transfer
mathematical models of gasdynamic phenomena are highl?/quittzo ' th tical model d lead to initial/bound
complicated. Moreover, the flows considered are usually ac- € maihematical models used lead 1o initiafboundary-

companied by diverse physicochemical processes with vastl lue problems, and effective nume_rlcaI. methods of S.e°°f‘d'
different temporal and spatial scales. This imposes rigid reS rder accuracy based on the use of implicit constant direction

quirements on numerical simulation methods. The solutio chemes have been developed to solve thehin these

of the problems under consideration with acceptable exper@ethOOIS the values of the functions in each new step along

ditures of computer resources requires, first, the use of thg1e marching coordinate are found using iterations, in each

optimal mathematical and physical models and, second, efﬂQf which one-dimensional linear systems of difference equa-

cient computational algorithms, which have a high resolvingtions with three—diago.r!allblock mgtrices OT coefficients are
power. An important element of numerical simulation is thesolved._ When nonequilibrium phy&_cochempal Processes are
construction of computation meshes. In our studies we emt_aken |n_to aqcount, the computation algorithm includes a
ploy movable meshes, which adapt to the structure of thewton lteration process. : .

gasdynamic field. The adaptation of the mesh, which pro- The npmerlcal S|mullat|on procedgre just described has
vides for the resolution of fine details of the flow under in- _been applied to t_he solut|o_n .Of along I|s§t of (_:urren_t problems
vestigation, is performed during the solution of the problemIn the supersonic streamlining of bodies, including hyper-

either by varying the location of mesh points with a fixed sonic strez_imlini_ng under the conditi(érrg of the motion- of
total number of points or by adding and removing points inSPace vehicles in planetary atmosphéreshe highly non-

. ; . : stationary flows appearing in response to a rapid change in
appropriate portions of the computation region. . - .. L
pprop P P 9 flight conditions®~8 the streamlining of bodies in inhomoge-

neities of various origif;** and separated flows. As an ex-
ample, Fig. 1 presents the results of the solution of the clas-

Investigations of the supersonic streamlining of bodiessical problem of the formation of a flow field around a
are of interest for problems in aerodynamics and aerospac@rcular cylinder when a plane shock wave acts on it. The
technology. The current problems of this kind are characterupper part of Fig. 1 shows the density isolines obtained from
ized by a need to take into account the effects of rarefactiorg computation for a single moment in time, and the lower
viscous-inviscid interactions, flow separation and attachpart shows an experimental shadow photograph of such a
ment, and a long list of physicochemical processes initiatedlow, which was kindly supplied by M. P. Syshchikova. It
by heating of the gas in intense shock waves. In additiongan be seen that the calculation satisfactorily reproduces all
molecular or turbulent transport processes have a significaitite details of the experimentally observed shock-wave struc-
influence in the entire disturbed region of a flow and thus calture of the flow.
for the use of the equations of the dynamics of a viscous gas
instead of the traditional models of inviscid flow and bound-S”\/IUL'O\TIOI\I OF MULTIPHASE FLOWS
ary layers.

The most general mathematical model of gas flows in a  Heterogeneous mixtures are generally highly nonequilib-
continuous-medium regime is the Navier—Stokes system afium systems, which are characterized by a large set of
equations. Along with it, simpler models of “truncated” and physicochemical processes, which take place both within
parabolized Navier—Stokes equations are employed, dependach of the phases and on the phase boundaries. The inves-
ing on the specific condition'sTurbulent flow regimes are tigation of multiphase flows is of interest both from the

Owing to the impressive progress in creating compute

SUPERSONIC STREAMLINING OF BODIES

1063-7842/99/44(9)/4/$15.00 1043 © 1999 American Institute of Physics
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FIG. 1. Diffraction of a plane shock wave on a circular cylinder.
M..=3.0, y=1.29, Re=2.07X 10", t=5.8.

standpoint of the development of theoretical models of the
mechanics of continuous media and because of the broa
spectrum of applicationgproblems in power engineering,
chemical engineering, transportation, the creation of new
materials, etg.

A novel Lagrange—Euler algorithm has been developec
for numerical investigations of flows of multiphase media. It
permits the analysis of each of the phases in the most natur:
way: the carrier(dispersion phase is described using con-
tinual models(the Euler, Navier—Stokes, and other such
models, and the dispersed phase is described by a discret
test-particle model. Such an approach has great flexibility
which permits including different models of the components
of the heterogeneous mixture, physicochemical processe
taking place in them, and mechanisms of interfacial transpor
in the treatment. An algorithm for simulating the response of
a condensed medium to a pulsed high-energy disturbanci
which is a combination of the finite-element method and
TVD schemes, has also been developed.

The algorithm and programs developed have been used ) o ) ) )
to simulate the supersonic streamlining of bodies by gagIG. 2. Interaction of a cylindrical drop with a solid barri&=110 m/s.
flows containing solid particles or water droffshe erosion
failure of bodies streamlined by supersonic sputtered gas . . _— -
flows: the propagation of shock waves in gas suspensioné?c't'es gnd significant temperature variations. Such flows_
the ignition of gas suspensions, and the transition from com2'® realized, for ex_am_ple, n heat-e_xcha_nge_ processes, in
bustion to detonatiof® the high-speed interaction of a drop row—pre pulsed-perlodlc lasers, and in epitaxial reactors for
with a solid barrier or a liquid laye'® and the propagation of growing semiconductor structures from the gas phase.

shock and detonation waves in condensed media undergoinﬁ The_ f:lass of p_roblems desqubeq cannot be solqu within
a phase transition on the wave frdft the familiar Boussinesq approximation. At the same time, the

As an example, Fig. 2 presents .a comparison of the reuse of the complete Navier—Stokes equations leads to formi-
sults of an experim'entall investigati¢on the lefi*® and nu- dable problems associated with the tediousness of the calcu-

merical simulation(on the righ} of the interaction of a cy- !ations, losses of accuracy, and the complexity Of. formul_at-
lindrical drop with a solid barrier. Density isolines are "9 the gou?]dary COPQ':}'?TS OS Ithe bogdnd;\rtl)es hbelng
shown. The velocity of the steel projectile interacting with penetrated. The most faithful model is provided by the so-

the lateral surface of a motionless cylindrical drop\is ca_lled _hyposo_nic_: Navier—Stokes equations, which are ob-
—110m/s, and the time between frames iad As can be tained in the limit of small values of the Mach number and

seen from the comparison presented, the algorithm deve}he hydrostatic compressibility parameter.

: . : ; Several numerical methods based on an implicit modifi-
oped provides a faithful picture of the propagation of shock
pec p P propag cation of the Chorin—Hart method for incompressible flivs

waves and rarefaction waves, the formation of radial near- d block | o h b develoned for | o
wall cumulative jets, and the appearance and development ock iteratioft have been developed for Investigating
yposonic flows on structured walls. A conjugate-gradient

cavitation bubbles. method has been used to speed up convergence of the itera-

tions in finding the pressure correction, and fast Fourier

transformation has been used in the calculations of flows in
An extensive list of viscous gas flows of practical impor- simple region$!

tance are characterized by sldsompared with sonijcve- The growth of layers of GaAs and the solid solution

SIMULATION OF HYPOSONIC FLOWS
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FIG. 3. Computation mesh and distribution of the growth rate of GaAs for a planetary reket@r:— successive moments in tima,r=1 us.

AlGaAs in two- and three-dimensional formulations, nonsta-method has permitted an investigation of liquid-phase epi-
tionary processes involved in the synthesis of heterostrudaxy on a moving substratg.

tures, and the possibility of controlling the composition of
epitaxial layers have been investigaté?* A combination

Methods for calculating hyposonic flows on two-dimen-
sional and three-dimensional unstructured meshes have re-

of a macroscopic gasdynamic approach and a kinetic descrigently been developed:?’ To obtain a quantitative descrip-
tion within the Monte Carlo method has permitted simulationtion of processes in real industrial systems, the flow of undi-
of growth on a profiled surface, and a modified numericalluted gas mixtures is considered, and the thermal conduc-
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Spherical tokamaks are a limiting case of conventional tokamaks, combining simple design with
attractive physical characteristics. Being of potential importance for the controlled nuclear

fusion program in their own right, spherical tokamaks also contribute much to our understanding
of the physics of conventional tokamaks. For instance, they are contributing to the modeling

of confinement scalings for ITER and to research on general plasma properties such as energy
confinement and MHD processes. Results obtained for the first generation of spherical

prototype tokamaks are reviewed and the main trends for further research are indicat#899©
American Institute of Physic§S1063-784299)01209-X]

INTRODUCTION as Rotamak at Lucas HeigHtshe Heidelberg Spheromak,

In 1986 Peng and Strickieputlined numerous potential @nd the SPHEX “Rodamak® Each of these small experi-
theoretical advantages of the concept of “spherical tori” in Mments yielded important and reliable results on plasma equi-
which the aspect ratidé=R/a is substantially smaller than liorium and stability. For instance, it was observed in the
that of conventional tokamaks, being close to unity_Heidererg Spheromak that a small current in the rod stabi-
Robinsofi suggested that, as well as exhibiting typical “to- lizes the tilting instability, and the creation of a toroidal field
kamak” confinement and MHD stability because of the simi-in SPHEX improved the efficiency of energy transfer from
lar values of the safety factay, the plasma in these “spheri- the gun to the plasma, but all these were cold-plasma experi-
cal tokamaks” will also possess various favorableMents. The first experimental verification of the concept of
characteristics inherent in spheromaks and reverse-pinch dépherical tokamaks using a hot plasmal00eV) was car-
vices. Predicted advantages included the natural elongatidied out at Culham Laboratory using the small tight aspect
of the plasma in the vertical directiok2), high toroidal  ratio tokamak START. Although START was constructed
beta, and so-called “isodynamic” regions providing im- ©nly to prove the concept of spherical tokamaks, important
proved confinement. These predictions have now been coresults have been achieved with the following typical param-
firmed experimentally, particularly in the STARTSmall ~ €ters: major radiuR~0.3m, minor radiug~0.23 m, aspect
Tight Aspect Ratio Tokamakspherical tokamak at Culham ratio ~1.3, plasma elongation 1.8, plasma volume 0’5 m
Laborator§ and also in various other small spherical toka-{Ne)~5X10**m™%, vacuum toroidal field on axigat Ry)
maks (such as CDX-U, HIT, TS-3, MEDUSA, and ~0.3T,and plasma current up to 310kA.

ROTAMAK‘ST)'. . . 1) Plasma equilibrium characteristics.

These promising results have stimulated the develop-
ment and construction of the next generation of spherical One of the characteristic features of spherical tokamaks
tokamaks, including GLOBUS-M(Russian Federation is the improved efficiency of utilizing the toroidal field as the
MAST (Great Britain, PEGASUS and NSTXUS), ETE  aspect raticA decreases, because of an appreciable increase
(Brazil), and TST(Japa. in the edge safety factay, and toroidal effects. This was

The new geometry posed new problems and also servegpnfirmed by accurate probe measurements of the magnetic
as an important test of magnetic confinement theory. Receffigld in the low-temperature Rotamak-ST at Flindérs.
theoretical studies stimulated by the experimental results inWhereas at the center of the plasma the magnetic surfaces
dicate that spherical tokamaks may have additional advargre similar to those in a conventional tokamak, at the plasma
tages in terms of stability and plasma confinement. The nex@dge (with an extremely low aspect ratie-1.1) the field
generation of large spherical tokamaks is now being buillines are mainly concentrated in the inner regions of high
with important specific aims: they should improve our under-magnetic field, which leads to a substantial increase the
standing of the physics of toroidal plasma confinement syssafety factor at the plasma edge in a typical Rotamak-ST
tems, check out new theoretical predictions, and indicate théischarge exceeds 20 with a cylindrical equivalepy,
way to achieving high-beta compact fusion facilities having=5a’kB;/R1,=2.1.
various applications such as materials testing and power pro- Such an increase in the safety factphas a number of
duction. consequences. For instance, the toroidal field at the center of

existing spherical tokamaks and the next generation under
1. RESULTS OF EXPERIMENTS ON SPHERICAL TOKAMAKS  construction is usually ten times lower than that in conven-
The first spherical tokamaks were produced by insertindional tokamaks, and the normalized currégt=1,/(aBy)
a central rod into existing experimental fusion facilities suchmay reach high levels beforg falls below 2. Since the

1063-7842/99/44(9)/7/$15.00 1047 © 1999 American Institute of Physics
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FIG. 1. Observation of a magnetic wélbcal |B| minimum) in shot #35533 TICIenCy of .ut|I|zat|0n of the tor0|dal. field may be character-

with high beta 3+~40%). The dashed lines show the magnetic surfaces,'zed by a simple parameter: the ratio of the plasma current to

the solid lines give théB| contours. the current in the central rod,/l,,4. In recent spherical
tokamak experiments, the ratig/1,,4 has exceeded one. In
START the ratiol ,/1,,4= 1.2 was obtained in a plasma with

Troyon scaling indicates thagé is proportional toly, this  aspect ratioA=1.3 (Ref. 3, and in Rotamak-ST the ratio

implies that high values 0B may be attainedsee the next Io/10g=1.1 was recently obtained fok=1.1 without any

section. Furthermore, at the highg values obtained in indications of the MHD limit being reachedin TS-3 in

START, the associated diamagnetic effect compensates farokyo, a transition regime has been studied between a

the paramagnetic effect produced by the high normalizedpheromak and a spherical tokamak and the results of nu-

current, so that a magnetic well may appear onBjeprofile  merical calculatiorsindicate that the ratid,/l,,q may be

(Fig. 1) (the results plotted in Figs. 1-6 pertain to START increased substantially, and for very low valuks 1.1 it

This improves plasma stabilftyand also, by modifying the may exceed 3.

trajectories, reduces the fraction of trapped particles and con-

50
x 1996 ©1997 < 1998 START Operating Regime: Density Limit
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FIG. 4. Region of operating parameters demonstrating the increased acces-
sibility for pellet injection using the Frascati/Riso injector. The limit for gas
FIG. 2. Measurements of average values. fueling discharge regimes is shown.
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2) High beta. Bo=99%. Good agreement is observed when the total en-

ergy is compared with the results of the analysis using the

The ratio 8 of the plasma thermal energy to the mag- EFIT equilibrium code(dashed curve

netic energy is a characteristic of the efficiency of a fusion
device. When a 1 MW neutral particle injector loaned by
Oak Ridge National LaboratorfJS) was used on START,
an averageB~40% was obtainedFig. 2), which is more  a) Density limit.

that three times the highest value obtained in a conventional High densitiesn,=10?°m~2 with the Greenwald num-
tokamak{here3 is defined asr=2uo/pdV/(VBG), where  ber G=ma’n,/I,[10°m /MA]~1 were obtained in
Vis the plasma volume arig}, is the vacuum toroidal field in - START in high-pressure regimes. The range of operating
the geometric center of the plasin@he factorgy which is  parameters was extended still further by injecting frozen deu-
the ratio of3 to the normalized current,, was increased to terium pellets upward into the plasma from the inside. The
Bn~5.9 and it was also demonstrated that these high betgellet vaporizes and supplies working gas to the central re-
values (31>30% andBy>4) can be sustained over times gions of the plasma. The results obtained for START indi-

4) Range of operating parameters.

several times longer than the energy confinement tfme.

3) Central beta in the START tokamak.
The central beta, defined here gs= Z,uopa/Bg, where

cate that the plasma density is approximately trebled, thereby
extending the range of operating parameters, as shown in
Fig. 4, approaching the Greenwald numlég+ 1.5 and the
Murakami parameteM =n.R/B[10?°°m ?/T]~2.4 (Refs.

p, andB, are the plasma pressure and the vacuum toroidat2—14- Figure 5 shows oscilloscope traces of signals ob-
field measured on the magnetic axis, may reach 100% iffined in neutral-injection discharge #34881 with peripheral
START. Whereas the average beta is adequately determinéd-M MHD activity under conditions of pellet injection. A
by processing the magnetic measurement data using tfwofold increase in density averaged over the line of obser-
EFIT code!! the central beta is not determined as re"‘.ﬂbwvation was recorded: sawtooth oscillations cease but the
and requires additional analysis using data on the electrof-M activity continues, a picture consistent with the suc-
temperature and density profiles obtained using Thomsoﬁ_essful injection of deuterium into the central part of the
scattering diagnostics for 30 points. The profile of the ther-discharge.

mal ion temperature was measured by CELESTE diagnostics

of neutral particle spectra, while the behavior of the fast iong) 4 fimit.

was calculated using the Monte Carlo method. The profiles A remarkable feature of high-beta discharges in a
of the various components are shown in Fig. 3 for timedouble-null divertor configuration is that they can operate
t=36ms and discharge #36544 witlBr=31% and with extremely low values ofjgs=2.3. The initial calcula-
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tions used a plasma model with a limiter in which an edgeb) Internal reconnection of magnetic field lines.
safety factorg~4 was assumed for discharges with low as-
pect ratio and large coefficients of vertical elongation andden
triangularity of the outer magnetic surface. Recent calculaknO
tions using a plasma model with a separatrix showed th%te
values ofggs~1.1 are quite attainabl@ssuming some sta-
bilization by the walls.

The range of operating parameters in START in high-
sity lowg regimes was usually limited by an effect
wn as internal reconnection of magnetic field lines, or an
rnal reconnection evertRE). This effect has features
similar to the “soft disruptions” observed in conventional
tokamaks(including a precursor and thermal energy dump-
ing) and usually takes place once or twice during each
START discharge and is also observed in CDXREf. 16,
c) Beta limit. Medusa(Ref. 17, and HIST(Ref. 18. This effect appears to
) ] be caused by lown MHD modes; for instance, a small IRE

START demonstrated that low-aspect-ratio configura-sometimes occurs at the early stages of a START discharge
tions exhibit enhanced stability at very high beta. In a plasmgyhen the value ofj at the center initially falls below 2 and
with ,BN_>4 and low shear, the secor_1d region of stability forjhe m=2 instability grows rapidly. Strong gas puffing or a
ballooning modes was approached in the center. The valuggqyction in the toroidal fieldand/or an increase in the
of By obtained in START are considerably higher than theplasma currentcan also lead to a series of IREs .
conventional Troyon limigy=3.5 shown in Fig. 2, which is Hayashiet al'® proposed an interesting nonlinear model
in striking contrast to the situation obtaining in large colli- 5f the IRE process. They showed that at low aspect ratios the
sionless tokamaks with normal aspect ratios, where neoclagy—=2/n=2 andm=1/n=1 modes can interact with each
sical tearing modes limiBy to approximately 2. Recent qiner(as observed in CDX-)J and reconnection of internal
equilibrium calculation have shown that the stabilizing gnqd external magnetic fields may lead to current surges, a

Glasser term is significantly greater under typical conditiongyrop in thermal energy, and the helical perturbations ob-
in spherical tokamaks. Research using the next generation @gryved in the experiments.

large spherical tokamaks with hotter, less collisional plasmas  gqujlibrium calculations based on magnetic probe data

sufficient to sustain the highiy regimes obtained in START. in START is a flattening of the current profile. This is con-
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FIG. 7. Comparison between START ddtahmic regime and neutral injection regijneith recent ITER scalings for the (a) andH mode (b). Recent
START discharges with improved confinement are not shown: ¢ — the same data compared with the recent Kardaun ITER-98 scaling.

sistent with relaxation theory, which predicts that the plasmalasma ring and thereby prevents intensified interaction be-
will be transferred to a state of minimum magnetic energytween the plasma and the inner cylinder of the chamber.
which, in a tokamak, is associated with a flattening of the  The close proximity of the divertor coils to the plasma
current profile. At low aspect ratios, the plasma has a largeprevents any increase in elongation, as can be seen from Fig.
natural vertical elongation, which increases still further as6. In fact, after the divertor coils were installed in START in
the internal inductance decreases, as was observed expelB95, discharge disruptions began to occur at pwt is
mentally. This leads to an increasedmat the plasma edge hoped that the large gap envisaged in the next machine, the

and has a stabilizing effe¢Bec. 1.7. Mega-Amp Spherical TokamakMAST), will restore the
high stability against major disruptions. This stability would

6) Instabilities in spherical tokamaks caused by high- be a major advantage in future large facilities with high

energy particles. plasma currents and is another important property that needs

. . . to be studied in the next generation of spherical tokamaks.
Neutral particle beam heating of the plasma in START 9 P

was accompanied by several different classes of MHD

instabilities* The excitation of Alfve instabilities by high- g gnergy confinement in the START tokamak.

energy ions in START is obviously a harmless effect, which . i i )
may be an inherent feature of spherical tokamaks character- EXact calculations of the energy confinement time in
ized by low toroidal fields. However, the extent to which the START are difficult because of the short discharge duration

instabilities observed in START are attributable to Characterfjmd the indeterminacy in the mgasurements of the absorbed
istics unique to this tokamak has yet to be determined. CalP€am energy. In order to determine the stored plasma energy

culations of particle trajectories show that a considerabld? the thermal component, the total stored plasma energy is

number of the beam ions intersect the last closed magneti¢’St determined using the EFIT code from carefully cali-

surface and become neutralized. This effect which leads tBrateéd magnetic measurement data, and then the calculated
an unstable spatial velocity distribution will not be so impor- fraction of fast ions is subtracted. The deposited poies

tant in MAST, and in spherical tokamak reactors it will be tken as the sum of the Ohmic power and the absorbed neu-
altogether negligible. Hence, one source of instability inr@! P€am power. For this purpose the fraction of the power

START will most likely be absent in large spherical toka- passed straight through and the beam particle losses on the
maks. first orbit (in total these may reach 50% in START because

of the relatively low current and the small plasma dimen-
siong are subtracted from the total beam power.

Figure 7 compares results obtained for STARIT theL

Prior to October of 1995, internal reconnection eventsmode with additional heating without any indications of the
(IRE9) in the START plasma with low aspect raticA( H mode with the generally accepted ITER-97 scaling for
<1.8) did not cause much harm, their only consequencesonfinement times in conventional-aspect-ratio tokamaks in
being a reduction in the stored thermal energy, a currentheL mode(a) and in theH mode(b). It should be noted that
surge, and increased plasma elongation. No major curretihe predictions of this empirical scaling for confinement
disruptions had been observgeéxcept in regimes with times in theH- and L modes for aspect ratios typical of
A>1.8). An explanation for this apparent “immunity” to START are very similar, although there is experimental evi-
major disruptions was put forward in Ref. 20. As a result ofdence(see below to suggest that improved confinement re-
the flattening of the current profile caused by IRE, a low-gimes very similar to th&l mode may exist in START. This
aspect-ratio plasma significantly increases its vertical elongaanomaly may be eliminated by modifying the dependence on
tion, which leads to an increase s and an increased the aspect ratio in the ITER scaling for themode proposed
safety factor. Moreover, the reduction in the plasma inducrecently by Kardauf! which does not alter the predictions
tance leads to an appreciable increase in the plasma currefdy ITER but gives improved predictions for the START
which counteracts any decrease in the major radius of thdata. In Fig. 7c the new scalingnown as ITER-98HPSis

7) Stability against major disruptions.
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compared with the data base for the mode regime in tween the outer and inner sides of the machine, and also

START. The point denoted by the filled circle corresponds tassome asymmetry between the top and bottom on the inner

discharge #35533 with 40% beta. The START discharges iircumference®

which we observed the peripheral instabilities described in  The regions of energy release on the divertor plates are

the next Section are currently being analyzed. usually narrow(of the order of 0.5—1.5 cjpwhich indicates

It is predicted that the more accurate data on confinethat large gradients exist at right angles to the region outside

ment times obtained in the next generation of spherical tokathe separatrix because of the appreciable expansion of the

maks will have a major influence on tokamak scalings. poloidal flux in comparison with the equatorial plarep-
proximately 8—12 times’’ The observed asymmetry be-
tween the top and bottom appears to be caused by particle

9) Improved confinement characteristics in the START drift induced by the electric field in the region beyond the

tokamak. separatrix, which may predominate over drift in the toroidal

Recent START discharges which have demonstrated eXr:nagnenc field. However, the asymmetry between the outer

. . L ) a]nd inner sides of the divertor plates may well be unrelated
ceptional results have revealed various characteristics typic

of H-mode improved plasma confinement regirffe$hese © the particle drift effect. . _—
) . . . o The results of observations indicate that the power flux
include long periods accompanied by ELM instabilities

. . . . L 'from the plasma to the outer layer beyond the separatrix
changes in the poloidal rotation, a drop in g line inten- ° ep 0 the outer layer beyond the sep

sity (which can be identified from the fact that the plasmausually exceeds the value predicted from a comparison of

edge becomes significantly more clearly defipeddensity relative surface area. The highest power flux densities

edestal at the plasma edge, and a spontaneous densit rig%round 4-8MWIm in neutral-beam START dischardes
b L plasn g€, '} Sp 1Y N3%re observedrandomly on the outer side of the divertor
The rapid increase in energy confinement observed in th

periods between ELM instabilities indicates significantly im- Slates.
proved confinement.
The discharges with ELM instabilities observed in 11) Halo currents in spherical tokamaks.
START are the first indication that an improved confinement i i i
regime with a transport barrier may be achieved in a spheri- "' conventional-aspect-ratio tokamaks, a plasma having

cal tokamak. Although in typical discharges the plasma pag vertically elongated poloidal cross section is initially un-

rameters significantly exceeded the usual threshold for gtaple with respect to vertical displacements. If the feedback
transition to theH mode?® this was only achieved in certain system does not operate during termination of the discharge,

discharges with improved vacuum conditions and for specifié€ Vertical displacement of the plasma and current dumping
combinations of parameters. This may be attributed to th&'® frequently accompanied by the appearance of halo cur-
relatively poor vacuum inside the system and/or the higHents flowing through the composite circuit closed by the

neutral particle concentration at the periphery exacerbated asma and its surrounding conductors. The t°f9"?'a' asym-
the large ratio of vacuum volume to plasma volutoé the etry of the halo currents generates lateral and tilting forces
order of 20:1. Thus, details of the transition to th& mode which act on the vessel. Results obtained with conventional

are another feature of spherical tokamaks requiring furthefok@maks such as COMPASS{Ref. 28 indicate that the
study. total halo current may reach 40% of the plasma current with

Calculations made by Rewoldt al2* showed that the appreciable toroidal asymmet(the toroidal peaking factor

growth rate of instability caused by collisionless electrostaticd eaches-3.5). i
toroidal drift modes decreases very rapidly as the aspect ratio, Although the START plasma can conserve vertical sta-
decreases foA<1.5. Later calculations of electromagnetic Pty under appreciable elongatiofwhich depends on the

gyrokinetic microinstability® showed that in spherical toka- current profilg, yertical displace.ments may tgke place at
maks with A~1.4 and highB~45%, broad MHD-stable greater elongations and/or during a disruption. Measure-
pressure profiles have a velocity shear exceeding the linedpents of the halo currents confirmed the CDX-U findifigs

growth rate of all the drift modes and ITG modes caused b)}hat in a spherical tokamak the symmetric halo currents in
the ion temperature gradient. These calculations predict th4® central column are very SmaH:Gof’ of the total plasma

in the next generation of machines transport caused b§U'rent. have a small asymmetry<(5%), andthus should

plasma turbulence may be reduced consideratsiis may not present problems for the next generation of tokamaks.
well occur to some extent in the START experiments Results obtained for COMPASS, START, and CDX-U are

compared in Fig. 8.

These results are consistent with recent models which
describe toroidal asymmetry in terms of inductively coupled
elements of the plasma—wall circGit>° The mechanism de-

The thermal load on the surface facing the plasma is apends on the composite circuit closing the torus in the poloi-
important problem at low aspect ratios, since the power redal and toroidal directions. At low aspect ratios the relatively
lease from the plasma may be distributed over a smaller areahort length of the circumference around the inner cylinder
A detailed study of the released power distribution over theof the vessel allows induced currents to flow in the toroidal
four main points on the divertor plates in a standard doubledirection, creating a stabilizing effect which impedes the
null divertor configuration revealed strong asymmetry be-evolution of halo currents.

10) Physics of the peripheral region of the START tokamak.
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The main parameters and design of the Globus-M spherical tokamak are described, including the
modifications introduced after construction was completed. The experimental program and
possibilities for optimizing the operating regimes of the facility are discussed. The research
program envisages beginning with Ohmic heating experiments and continuing with work

on rf heating and generation of drag currents. Recent results of modeling the propagation of rf
waves in the 10-50 MHz and 2.45 GHz ranges are presented and the possibility of using

these to control the profiles of the plasma parameters is discussed. A brief description is given of
the primary diagnostics and the further development of the diagnostic complex is discussed.

© 1999 American Institute of Physids$S1063-784£99)01309-4

The Globus-M spherical tokamak has been developed bpower of up to 8 MW can be coupled into the plasma.
member organizations under a project of the International The tokamak electromagnetic system has a classical de-
Scientific-Technical Center and has been manufactured at treéggn with both windings located outside the vacuum vessel
“Leningrad Northern Plant” State Enterprisé&St. Peters- (Fig. 1). The sixteen, single-turn, D-shaped, toroidal field
burg. The tokamak has been installed in a new experimentatoils (TF) are made of M1 electrotechnical copper, con-
facility at the A. F. loffe Physicotechnical Institute of the nected in series to form the toroidal field winding. The coil
Russian Academy of Sciences. The area of the two-storegections passing through the inner cylinder of the vacuum
building is 600 M. In addition to the device, the facility will vessel are fabricated as sixteen mutually insulated segments
also accommodate technological equipment and systems fof thermally quenched bronze. The solenoidal field coil, or
diagnostics and auxiliary plasma heating. central solenoidCS), is wound onto the central rod formed
by these segments. The solenoid is fabricated as a two-ply
coil with an overall winding height of 1.3m. A 66 m long
continuous conductor of cold-rolled silver-containing copper

The final parameters of the Globus-M spherical tokamakhaving a 20< 20 mm rectangular cross section is used for the
were improved over the initial desidnthe nominal plasma Wwinding. The nine pairs of poloidal coils are divided into
current was increased to 0.5 MA and the toroidal magnetiéhree functional groups, i.e., fringe-field compensating coils
field was increased to 0.65 T. The major radRiss 0.36m  (CC) and “slow” (PP and “fast” (VFC, HFQ coils to
and the minor radius=0.24 m, which corresponds to an control the plasma position and shape.
aspect ratio of 1.5, where the vertical elongation of the  Figure 2a shows the operation of the poloidal system of
plasma column may reach 2.2 and the triangularity 0.6.  the Globus-M tokamak used to compensate for the fringing

The 1.1 vacuum vessel is an all-welded austenitic fields of the central solenoid in the prebreakdown phase. Fig-
stainless-steel structure having 38 diagnostic ports with are 2b shows the magnetic configuration in the discharge
total area of 0.8 ) which provide good access to the plasmawith two X points(plasma current 0.5 MA, elongation 2, tri-
for diagnostics and the auxiliary heating sources. Both riangularity 0.6.
heating and current generation, and neutral injection heating The tokamak coils are supplied from power transformers
are envisaged. The large ports and the small distance beennected to a high-voltage 110kV ac grid using six-phase
tween the outer magnetic surface of the plasma and the ve#iyristor rectifiers and fast current inverters at frequencies up
sel walls allow antennas for coupling rf power into the to 3kHz. The power sources are contained in feedback loops
plasma to be conveniently and effectively sited, and can alsand can sustain specific plasma positions, profiles, and cur-
enhance the neutral injection efficiency by reducing therents. The cooling system for the windings in the electro-
charge transfer losses. In this tokamak design, an auxiliargnagnetic system ensures that the tokamak can operate at a

DESCRIPTION OF TOKAMAK

1063-7842/99/44(9)/4/$15.00 1054 © 1999 American Institute of Physics
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FIG. 1. Cross section of Globus-M tokamak showing: vacuum vessel, TF — Zm
toroidal field coils, CS — central solenoid, CC — compensating coils, PF —
“slow” poloidal field coils, and VFC, HFC — “fast” control coils. 06
frequency of six shots per hour with a discharge duration of 04r
0.3s and a rated current of 0.5 MA, which is sufficient for D
relaxation of the current density profile. Discharges at the
rated plasma current are provided by the 0.38 \¢apaci- 0.2
tance of the poloidal coil system to which the central sole-
noid contributes 90%. Details of the tokamak design are de- ot
scribed in Refs. 2 and 3.
LIMITING REGIMES OF THE GLOBUS-M TOKAMAK 0.2F
For the chosen scheme of supplying the tokamak from D
the ac grid, the duration of the working pulse is limited 0.4k
mainly by the heat release in the windings of the electromag- ’
netic system. The discharge duration may be increased to 1s
by increasing the pause between pulses. 06F
An attractive feature of a spherical tokamak is that ex- L
tremely high currents can be obtained. The modifications in- 0 0.8 1

troduced in the design increased the current through the cen-
tral rod to 1.2 MA, which increased the toroidal peBk on _ _ o
the plasma axis to 0.65T and can produce a plasma curreﬁ]kG' 2. Lines of copstant poloidal component of thg magne_tlc field |nS|de.
. . . e tokamak vessel: a — prebreakdown phase, the figures give the magnetic
I, up to 0.5MA. The limiting plasma current while main- g4 i gauss, b — discharge with twé-points, 1,=0.5MA, Br=0.27,
taining stability to helical perturbations is extremely high, 1,=0.5, k=2, §=0.6, Globus-M. Those windings of the electromagnetic
and for tokamaks such as Globus-M may approach the magystem which are switched on are indicated by shading.
nitude of the current through the central rod. Various
experiment$on the START spherical tokamak have demon-
strated that it is possible to operate with a low edge safetyf the current density. The high current density and the high
factorq,. Forg,~3.6 andB1=0.62 T the plasma current in ratio B;/R of the order of 1.8 T/m can produce a discharge
Globus-M may reach 1 MA. having a high limiting average plasma density of around
Compared with other spherical tokamaks under con2x10?°m™2 even when the discharge is being supplied with
struction Globus-M can achieve extremely high current dengas. The establishment of regimes with low edge safety fac-
sities averaged over the plasma cross section. Even und&ar g, and high plasma density is an important line of re-
normal conditions, this density is 1.4 MAfmThis circum-  search in the controlled fusion program, since this can en-
stance makes Ohmic heating more effective, since the corirance the energy vyield of the fusion reaction, which is
tribution of the specific power is proportional to the squareproportional to the square of the plasma density, and can
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improve the reactor efficiency because of the high values of
the normalized currenty=1,/a- By in regimes with maxi- 1.0
mum Troyon coefficients. For low values gf, Globus-M
attains values of y=7. Calculations of the stability of the
plasma column under normal conditiong,£3.3) in a
double X-point configuration withl y=4.4 indicate that this
remains stable with respect to ballooning modes for
Br=18% for the first stability zon&.In order to attain re-
gimes with a large fraction of noninduction current generated
by plasma pressure gradiefitaie need to establish regimes
with high B,=(p)/(Bj/8m), where (p) is the volume-
averaged plasma pressure dylis the magnetic field pro-
duced by the plasma current. These regimes can only be

o
[~
i

dp(r)/dr, arb.units
o ® ;

& o

| L

attained at maximum plasma pressure by increasing the edge 0-2r

safety factor. In this case, it is important to increase

q* =L,B1/2wRB, (whereL , is the plasma circumference in 0 1 ! 1 |
the poloidal directioh i.e., to reduce the current or magnetic ~24 -12 0 12 %

field at a bounded elongation. Reducing both the current and T, em

the field in turn leads to a decrease in the maximum pIasmEHG 3. Spati , . I
. . . 3. Spatial profile of the absorption of rf power during ion cyclotron
density. Globus-M can operate in the range 88 <7 at  peating of the plasma:=11 MHz, By=0.5 T, 5%H+95%D.
an average plasma density of 0.5-210°°m~2 which is
substantially higher than that in other spherical tokamaks.

Work has recently been carried out on the development
of rf heating and current generation meth8dsSimulations
have been made of the propagation and absorption of

The first stage of the experimental program, optimizingmagneto-acoustic waves in a quasitoroidal geometry, taking
the parameters of an Ohmic discharge, will be implementedhto account the poloidal and paramagnetic components of
using conventional methods of producing plasmas and corthe field. Calculations were made for the frequency range
trolling their parameters. Compensation for fringing fields6—50 MHz, which covers the region between the fundamen-
down to a few gaus$Fig. 23 and plasma preionization at tal and the eighth harmonic of the ion cyclotron resonance.
15 GHz can substantially reduce the plasma breakdown volffhe code developed was used to solve the one-dimensional
age and economize on the stored volt-seconds available fromave equation with a “hot” permittivity tensor, allowing for
the poloidal system. At the initial stage of the experiment,corrections of the second order of smallness. The calcula-
the current rise will be achieved by an inductive method tions thus allowed for absorption at the fundamental and sec-
Calculations indicate that around 0.18%/is required to ond cyclotron harmonics and also for Landau damping, mag-
achieve a plasma current of 0.3 MA and the rate of currenbetic pumping, and interference mechanisms. For the
rise is then around 5MA/s. The plasma discharge is stabiGlobus-M tokamak, strong absorption of magnetoacoustic
lized either by currents flowing in the adjacent conductingwaves was predicted during a single pé@sssome cases up
wall of the vessel or by a feedback control circuit. This canto 80%). Figure 3 shows local power absorption profiles in-
suppress fast vertical plasma surges and lower harmonics tégrated over the wave spectrum emitted by the antenna. The
helical modes. Another method of suppressing plasma MHabsorption zone for the fundamental harmonic of the ion
activity may involve generating a current in the boundarycyclotron frequency is fairly narrow. For higher harmonics
layer by applying voltage to the divertor plateSince the of the fast acoustic waves, absorption of energy at 30 MHz
divertor plate segments in the Globus-M tokamak are insuprovides electron heating in a fairly broad band equal to half
lated from each other and from the vacuum vessel, this exthe minor radius. This method may be combined with ion
periment can be carried out without making significant modi-heating at the second harmonic of the ion cyclotron reso-
fications to the design. nance. Then electron@n the broad bandand ions(in the

High-power Ohmic heating combined with auxiliary narrow band are heated simultaneously. This effect may be
heating methods leads to increased particle and energy fluxesed to change the plasma pressure profile by tuning the
to the vessel wall. In addition to conventional methods ofoscillator frequency; this change in frequency has no signifi-
preparing the surface of the vessel walls, particular attentiosant influence on the overall absorption of energy and
has been paid to the choice of protective materials and thkeating.
design of intravessel elements. The shielding elements for The conventional system for generating lower-hybrid
the central cylinder and the divertor plates are made of stainnvaves is ineffective for spherical tokamaks because of the
less steel, are easily removable, and can be coated with va@pacity barrier at the plasma edge. In this case, only waves
ous protective materials such as B, Be, and C up to 1 mmwith strong initial dampingN;=7-10 penetrate inward.
thick. Rapid access to the shielding elements for replacemeiitowever, the strong inhomogeneity of the magnetic field
is provided by two ports, 400 mm in diameter, in the equa-over the poloidal circumference means that a nonstandard
torial part of the vessel. system can be used for heating: waves having frequencies

METHODS AND RESEARCH PROGRAM
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450k ments of various integrated plasma parameters such as the
average density, soft and hard x-ray fluxes, and so on. The
oo - equipment required is ready for assembly or has already been
installed in the tokamak. Further development of the diag-
350 nostic complex is directed toward measuring local plasma
300 - parameters with good temporal and spatial resolution. So far,
< draft designs have been completed and work has started on
a5 the working design of four innovative diagnostic facilities: a
$zao~ pulsed radar reflectometer, Thomson scattering systems, and
x-ray tomography and high-speed video camera systems.
150k The radar reflectometer is a combination of a phase reflecto-
meter with frequency sweeping and a pulsed radar. The Th-
100}+ omson scattering system is based on a neodymium laser,
which generates a series of twenty, 20J pulses during the
sor discharge, and silicon avalanche detectors. The system has
0 | ! L 1 1 an extremely high maximum sensitivity in terms of plasma
250 300 350 400 450 500

density, around ¥10 Ym™3. The x-ray tomography sys-
tem includes two pinhole cameras to record the soft x-rays
FIG. 4. Current generated by rf waves at 2.45 GHz as a function of pIast-nd to measure plasma instabilities and its electron tempera-
current f1eo="0.5X10°°m™3), ture. The high-speed video camera uses a CCD and has an
automatic system for setting the exposure time during the
recording of a frame, and also has an extremely large dy-

lower than € B,)/(meC), whereB,, is the poloidal mag- namic range.

netic field,m, ande are the electron mass and charge, and Work on preparing the experiment on the Globus-M

is the velocity of light, and low initial values &fj=2—-4, are ~ spherical tokamak has now reached the final stages, and

coupled into the plasma in the poloidal direction near thephysical commissioning is scheduled for the beginning of

equator. As these waves penetrate inwidincreases as a 1999.

result of the magnetic field inhomogeneity which leads to

effective damping. The matching between a grille positioned

in the equatorial plane and turned through 90° and thelv. A. Belyakov, V. A. Divavin, N. Ya. Dvorkiret al, Spherical Tokamak

plasma is fairly good: the reflection coefficient is only 10— Project Globus-M Preprint No. 1629, Physicotechnical Institute, Russian

159% i the plasia density profle 1s 10t excessively steep.(S*HT o SES S PATIIO 00 i

Calculations of the ray trajectories showed that depending on 16th International Conference on Fusion Enerd§ontreal, 1966, paper

the plasma parameters, energy is absorbed on the radius beAEA-CN-64/GP-15(1AEA, Vienna, 1997, Vol. 3, pp. 591-599.

tween 0.3 and 0.A. The lower electron density and tem- °V. K. Gusev, N. V. Sakharov, V. V. Spheizma al, Fusion Technol.

perature at the periphery lead to central absorption. Thel3M4(2Fz' g?gﬁza'C h R. Akers. P. G. Carolahal. Phvs. Rev. Lett80

higher values of the total current create conditions for effec- 3972'(19%/3_ Y L P TS Ee '

tive current generation at the boundary which may reach®s. G. Bespoludennov, L. M. Degtyarev, and S. Yu. Medvedev, Spherical

0.04x 10°° A/m?W (Ref. 9. Figure 4 shows the current gen- BIOEUS’\’AWL 302(1C99J7)-d_ o.M Kagbal. Nucl. Fusiors?, 5951997

erated by the waves as a function of the plasma current. .55 G%rl]c?srtc;n,.Plésrira Ighyé. Contiollod Fﬂéanﬁ'é’mégn. '
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An analysis is made of results obtained in the development of various technologies based on
injecting pellets into tokamak and stellarator plasmas. Pellet injection is now used for fuel
injection, plasma diagnostics, burn control, mode switching, and conditioning of the first

wall. Physical and engineering problems encountered in the development of these technologies
and results of recent applications are discussed.1999 American Institute of Physics.
[S1063-784299)01409-9

Injection of hydrogenfuel pellet3 and impurity pellets FUEL INJECTION
is now widely usgd for yariou; purposes in plasma magnetic; Main pellet parameters.
confinement devices including tokamaks and stellarators.

This suggests that new technologies may be developed for As an example, Table | gives the specifications for the
fusion reactors based on pe”et injection_ fuel pellet injeCtion System for the ITER reaCﬂOh: should

The idea Of using Sma” pieces Of So|id hydrogen acce|be noted that almost all these Specifications have been
erated to velocities of several kilometers per second to injecichieved separately in experiments using existing injectors.
fuel into a device first arose in the early 1950s as part of the
stellarator program. This method was considered as an altef- Penetration of pellets into the plasma.

native to conventional gas puffing, which cannot provide the  The evaporation of pellets in a high-temperature plasma
necessary deep fuel injection under reactor conditions. Res determined by the energy flux reaching the surface. At the
cent tokamak and stellarator experiments have demonstratqamgh rates of evaporation typical of hydrogen pellets, this
highly efficient injection of fuel pellets to sustain the dis- fjyx is predominantly formed by the high-energy tail of the
charge in closed magnetic configurations. A fuel pellet injecelectron distribution function and to a considerably lesser
tion system has now been incorporated in the design of thgegree by the transverse ion flux. A cloud of neutrals which
International Thermonuclear Experimental Rea€t®ER)."  shields the surface from the incoming thermal fluxes is con-
The use of pellets for plasma diagnostics was initiallycentrated near the pellet surface. The electrostatic potential
based on the similarity between the processes accompanyifgrmed at the edge of the cloud to compensate for the differ-
the evaporation of pellets in a hot plasma and the injection ognce between the electron and ion currents has a significant
barium clouds into the ionosphere. Information on theeffect on the evaporation. There is additional shielding due
plasma parameters and transport properties was obtained Ry the formation of a secondary plasma and to perturbations
observing the evolution of clouds near pellets or the evoluof the magnetic field by the moving plasma streams.
tion of concentration and temperature perturbations created The models developed so far fairly accurately describe
by the pellet. Both fuel and impurity pellets are used forthe evaporation processe$1°-1?As evidence of this, Table
diagnostic purposes. Il gives two theoretical and one experimental scaling relation
Injection of lithium pellets has recently begun to be usedobtained using data from the international database
to deposit a protective coating on the first wall to preventiPADBASE. It can be seen that the dependences of the
heavy impurities from entering the plasma and thereby reevaporation rate on the electron density, electron tem-
ducing the effective charge of the plasma. It was also found
that since several discharge burning regimes can be achieved

. . TABLE I. Specifications of fuel injection system for ITER.
for the same external parameters, pellet injection could be P ! Y

used to switch from one mode to another, which considerpsrameter Value
ably extends the scope for controlling the discharge burn. :

Finally, one of the critical problems of a fast emergencyPellm S1z€ §-10mm

’ . . X Pellet velocity 0.6-1.5km/s

shutdown of the discharge in tokamaks or quenching of thgyection frequency 1-100 Hz
plasma before a possible disruption may be solved by injectnjection time 10000 s
ing a fast pellet consisting of inert gases. Maximum throughput D) 100 Pa:m’s™*

Problems of pellet injection in fusion facilities have been g:fr;’g‘;?gléh{gsg:spg;g”et . iosz;) mes
discussed in detail in various reviews and original arti¢fés. Repeatability 50 of value

The present review is concerned with the latest results, witlgycie time <1s
particular attention being paid to reactor technologies.

1063-7842/99/44(9)/5/$15.00 1058 © 1999 American Institute of Physics
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peratureTe’ and the pe”et radiusp show good agreement. TABLE II. Theoretical and experimental scalings for the rate of evaporation
This confirms that neutral and electrostatic shielding have &' "ydrogen pellets.
substantial influence on the formation of the evaporation

Source Rate of evaporation
rate. In Table Il the comparison is made for conditions cor
responding to a Maxwellian plasma and no fast ion heating@ks Ref. 10 ~ngTg %3 =0
of the plasma. The presence of fast electrons and ions in thguteev Ref.5  ~nJ®TL7a %M 0288
plasma may substantially increase the rate of evapor&tion. IPADBASE Ref. 7 ~n*Ty AL

The rate of evaporation is sensitive to the plasma volume
interacting with the pellet. In closed plasma configurations
this volume has the scale of the volume between two closed ) ) ) _
magnetic surfaces separated by a distance of around the p&iuders can simulate a continuous flow; while one extruder is
let radius. In open configurations the volume interacting withoPerating, the others are filling with fuel. This technology
the pellet is limited by the length of the field line and is thusWas initially proposed for the ITER projett.
substantially smaller than that in closed configurations. This A more advanced method known as hydrogen screw

H 5-17 H
implies that the rate of evaporation in open systems may bgxtrusiort®™*’ was implemented by St. Petersburg State
significantly lower than that in closed ones. Technical University and the company Technical University

Applied Physics(TUAP), Ltd. A block diagram illustrating
the system is shown in Fig. 1. Hydrogen gas is fed into a
special unit with a rotating screw auger, maintained at cryo-
Recently substantial progress has been achieved in thgenic temperature§8—12K). In the upper part of the ex-
continuous formation of fuel pellets. Several promisingtruder the gas condenses into a liquid and then solidifies. The
methods of pellet formation have been tested on test rigs. Aower part of the screw provides sufficient pressure for ex-
multiextruder methotlwas proposed and developed in re- trusion at rates up to 50 mm/s.
search at St. Petersburg State Technical University and Oak A new modification of pellet formation technology di-
Ridge National Laboratory® This technology uses several rectly in a barrelin situ formation was proposed in Ref. 18.
conventional extruders operating in series. Two or three exPellets are formed inside the cylindrical chamber of a barrel

3. Pellet formation.

O O

FIG. 1. Block diagram of fuel pellet injector with screw extrudér— vacuum chambel2 — motor, 3 — heater,4 — valve,5 — electromagnetic drive,
6 — screw auger7 — heat exchangeB — extruder,9 — solid H,, 10— microphone 11 — barrel,12 — diagnostic chamber, aridd — roughing pumps.
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TABLE Ill. Comparative characteristics of fuel pellet shapers.

Shaper Three-piston extruder Porous shaper Screw extruder
Tested Not tested—10 mm for 2-3mm 2mm

pellet diameter single extruder

Extrusion velocity 50 mm/gsingle extruder 20-50 mm/s
Cycle time in Not determined

continuous regime (0.1 s with single extruder 1s 0.3 (0.1 s attainable
Continuous operating Not determin€dD00 pellets 60 min 60 min

time for single extruder

Velocity 1.4 km/s 1.2 km/s 700 m/s
Tritium technology Demonstrated Not checked Not checked
Stored tritium 2x 3 cnt 1x10cn? ~10cn?
Reliability Moderate Good Good

surrounded by a porous sleeve which is impregnated withable the methods are listed in order of their suitability for a

solid hydrogen and connected to a gas supply system. Theactor. Also listed are some typical problems still to be

cell is maintained at a temperature of around 10 K. After asolved.

shot is fired by high-pressure gas, the cell is heated to a

temperature at which the solid hydrogen can melt and diffusg_pgsition of the system on the machine.

into the barrel through the porous sleeve and refreeze to form o .

a new pellet. This method can produce pellets at a frequency Pellets are usually injected into a plasma from the

of around 1 Hz and suggests that the ITER parameters can lfagnetic-field sidefrom the outside Recently some ex-

attained using a system with 10—20 barrels. penmeryts _ have_ studied pellet injection from the _hlgr_l-
These methods of continuous pellet formation are comMagnetic-field side, from the top or bottom of the device in

pared in Table IIl. In view of the lack of return translational Order to determine the optimum injection geometry from the

motion and the small amount of stored fuel in the shaperPOINt of view of penetration depth and fuel injection

systems using screw extrusion and porous shapers are mdficiency.” Here the efficiency is taken as the percentage of

reliable than multiextruder ones. At present the ITER desigriPa'ticle trapped by the plasma relative to those inje¢see

is based on screw extrusion as the main fuel pellet injectofRef- 20, for instance The efficiency usually increases with

This technology can also be applied to existing tokamaks anf€Pth of penetration. The search for the optimum direction of

accelerators for which long-pulse experiments are scheduledli€ction will clearly continue over the next few years.

This particularly applies to Tore-Supra and Large Helical

Device. DIAGNOSTICS

Both hydrogen and impurity pellets are used for plasma
diagnostic$’ Impurity pellets are usually accelerated in gas-

Methods of pellet acceleration are listed in Table IV.dynamic injector& with typical velocities in the range 100—
Unfortunately, existing devices cannot achieve the velocitie$00 m/s. The number of electrons in a completely ionized
of around 10 km/s required to penetrate into the central repellet does not exceed 30% of the total number of electrons
gions of ITER-scale facilities. Nevertheless, all the methodsn the device, which corresponds to impurity pellets of diam-
of acceleration can ensure that the pellets penetrate beyomder 0.3—0.6 mm.
the so-called scrape-off layésOL). In view of the fact that Possibilities for the diagnostics of plasma parameters are
the depth of penetration is a weak function of the pellet ve-based on observing the parameters of clouds near evaporat-
locity (~v3?), all the methods listed in Table IV are com- ing pellets’*?* pellet trajectorie$; and measurements of the
petitive in terms of velocity. Under these conditions the mostate of evaporatiofi.Since the clouds are elongated in the
important technological parameters are reliability, simplicity,direction of the magnetic field, high-speed photography of
service life, and low load on the pumping system. In thethese clouds can be used to determine the direction of the

4. Pellet acceleration.

TABLE IV. Pellet accelerators.

Accelerator Velocities Problems

Centrifuge <1.3kml/s Difficulties with sizes larger than 2 mm,
large pellet expansion angle,
matching between shaper and accelerator

Single-stage gun <1.5km/s Increased gas loading on vacuum and tritium systems
Gasdynamic accelerator <0.6 km/s High gas load
Two-stage gun <4.2kmls Piston damage, high gas load,

problems with periodic regime
Railgun accelerator <2 km/s Erosion of electrodes
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magnetic field at various points on the pellet trajectory. Redayer. Lithium injection experiments revealed a significant
cent experiments on the ASDEX-Upgrade tokamak havemprovement in the plasma parameters in the TFTR
shown that information on central values of the safety factotokamak?®:°
can be refined considerably by using this method.

Plasma drift in the poloidal direction leads to asymmetryswITCHING BETWEEN MODES
of the cloud shape. By observing this asymmetry in lines of ) L
various ions, it is possible to estimate the radial electric field Discharge SW'tCh'”Q from thee to theH mode and back, )
in the plasma — an important parameter responsible for thgnpr_oved_ energy c_onfln_ement, and control of the density
plasma transport properties and the type of energy ComcinGp_roflle using pellet injection have been successfully demon-

. : 3

ment regime. This method has been successfully used in tHated in numerous tokamak experimefits?In the TFTR
FT-1 and T-10 tokamaks. Plasma drift velocities in the rang okamak for instance, pellet injection was used to transfer the
10°—1¢f cm/s were observed discharge temporarily from thie to theH mode. The oppo-

In tokamaks, the pellet trajectories are curved becausgite tr'ansitic.m. was achigved by per'ipher_al injection of
the pellets are accelerated in the toroidal direction under th ekuterlleI;hthurJ]m pigllgts n Or]lmhwdreglmes IIT thg Tl;m‘r_’lrnf’
influence of the plasma current. The curvature of the trajectokamak' -eriphera |njec_t|r?nh(_) h ydrogen ?e etsint le 10
tory is proportional to the local current density so that it canioKa@mak in a regime with high-power electron cyclotron

be measured. Such measurements have been made in P£2liNg also caused a transition to the mode. Pellet-
gimes where electron cyclotron resonance currents Werét'mmated peripheral instabilitig&nown as ELM were ob-
generated’ served in ASDEX-Upgrade.

The rate of evaporation contains information on the lo-
calization of magnetic islands and fast particle beams. At thE€ONCLUSIONS
sites of islands, the rate of evaporation decreases as a result Fysjon reactor technologies based on injecting pellets

of a reduction in the volume of plasma involved in the jhto the plasma are now being successfully developed and
evaporation. Near beams, the rate of evaporation increasggdely used in existing tokamak and stellarator experiments.
appreciably. Significantly the spatial resolution of the pelletrhese technologies can be used for internal fuel injection,
method is limited by the pellet size, which is far superior to measurements of plasma parameters, switching between dis-
other methods of diagnostics. charge burning regimes, rapid quenching of the plasma and
Pellet injection is accompanied by perturbations of theremoval of the current in emergency situations, and for con-
electron density and temperature which can be used to stugytioning the first wall the chamber. The technical specifica-
transport phenomena in a plasfianjection of impurities  tions of these injection systems are already close to those
provides information on their transport. required to operate under reactor conditions. These technolo-

Recently charge transfer of alpha particles at clouds surgies will quite clearly play an important role in the operation
rounding a lithium pellet was successfully used to determingy 5 future fusion reactor.

their parameters in the TFTR tokam#ZkThis method is a
unique means of determining the spatial and energy distribujs. L. Milora, W. A. Houlberg, L. L. Lengyel, and V. Mertens, Nucl.

tion of alpha particles. Fusion35, 657 (1995.
23. K. Combs, Rev. Sci. Instruné4, 1679(1993.
TERMINATOR PELLETS 3(81.9\9/).‘9Kuteev, A. P. Umov, |. V. Viniaret al, Plasma Devices Of2, 193

It has been suggested that 1—-10 cm pellets consisting ojg- x iuteev, EusilonF Te_crr;wsorzfé 19(3189 8594-

H H e H . V. Kuteev, Nucl. Fusio 3 .
deuterium or inert gases could be injected into a plasma ok " 5. i "5 pegourie, A. Geratet al, Nucl. Fusion37, 1167(1997.
rz_slp|d _coolmg and current remo_val in the eyent of an aCC|o_Ient7|_. R. Baylor, A. Geraud, W. A. Houlbergt al, Nucl. Fusion37, 445
situation, and also to obviate the risk of a major (1997.
disruptionf"9'27*28NumerouS experiments have demonstratedg"'- Nakamura and ITER JCTFuelling Detail Design DescriptioflTER,

- . . . Garching, 199Y.
the high efficiency of this teChnOI_OQy In T—10: _‘]T_GO’ °R. Yoshino, T. Kondoh, Y. Neyatamit al, Plasma Phys. Controlled Fu-
ASDEX-Upgrade, and DIII-D. Terminator pellet injectors sjon39, 313(1997.
are included in the ITER design. These pellets are presentl§/P. B. Parks and R. J. Turnbull, Phys. Flui2ls 1735(1978.

injected using existing hydrogen pellet injectors, but using Yl’éSAéHOU'berg’ S. L. Milora, and S. E. Attenberger, Nucl. Fusi#n595
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133, K. Combs, S. L. Milora, L. R. Bayloet al, Fusion Technol. 1153
(1996.

CONDITIONING OF THE FIRST WALL M. J. Gouge, S. A. Combs, P. W. Fishet al, ITER Plasma Fueling

; g DevelopmentReport MIG-ITER 3-97.
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Visualization of the atomic structure of the subsurface region of a solid
I. I. Pronin, M. V. Gromoyunova, N. S. Faradzhev, and D. A. Valda tsev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 14, 1999
Zh. Tekh. Fiz69, 68—71(September 1999

A new variant is proposed for a method of visualizing the atomic structure of the subsurface
region of a solid, based on the focusing of medium-energy reflected electrons and suitable for
studying atomic processes at the surface in real time. An original device developed for this
purpose is briefly described. The possibilities of the method are illustrated by examples of studying
the atomic structure of epitaxial silver films grown on the surface of &h08i single

crystal and also in the subsurface region of a layered,\0®81 crystal. © 1999 American

Institute of Physicg.S1063-78499)01509-3

Various surface effects, widely used in technology, arevantages is that atomic processes on a surface can be visual-
of enormous importance in the modern world. The processeized in real time. Here we report the first results obtained
taking place at surfaces are highly complex, and informatiorusing an original device developed by us for these investiga-
on the microscopic level is required to understand tthem.tions.

The main methods used for diagnostics of surface atomic The experiments were carried out in ultrahigh vacuum
structure are low-energy ~100e\) electron diffraction using samples having an atomically clean surface. Unlike the
(LEED), high-energy 50keV, glancing incidengeelec- initial variant of the method,where the diffraction patterns
tron diffraction (HEED), and also scanning tunneling mi- were recorded by scanning the entire electron reflection
croscopy(STM). Virtually no studies of adsorption systems hemisphere using a narrow-aperture energy analyzer, here
or the initial stages of thin film growth could be made with- we use a small electron-diffraction camera fitted with a
out these. In contrast to these methods, medium-energy eleseurce of 1.5-3keV electrons, which are incident on the
tron diffraction (MEED) at average energies of1 keV had  crystal surface at a glancing angle. The electrons bombarding
until recently been very little used in the structural analysisthe sample are scattered intensively in the subsurface layer
of surfaces. This was because the mechanism for the formand are partially reflected, undergoing energy losses. The
tion of the patterns had not been studied in depth and alscontrast interference pattern formed only by the fast reflected
because, in this energy range, particular attention had beexiectrons is obtained using a retarding-field energy analyzer
focused on problems of quantitative elemental analysis ofvith spherical grids. The flux of transmitted electrons is am-
surfaces using methods of electron spectroscopy. plified by a microchannel plate and causes the phosphor to

Considerable progress in understanding the mechanistaminesce, which is observed through an optical window in
responsible for the diffraction scattering of medium-energythe vacuum chamber. The electron diffraction camera col-
electrons was achieved with the development of x-ray pholects electrons in a fairly wide solid angle a cone with an
toelectron and Auger electron diffraction technigéesFo-  opening half angle of 57°). It is thus possible to observe the
cusing of electrons emitted by “internal” sources was shownimportant region near the normal to the surface of the
to play an important role here. It is also well known that sample, which is inaccessible to the commercial devices used
when the electron kinetic energies are similar, the diffractiorin low-energy electron diffraction. The diffraction patterns
patterns produced by reflected electrons, Auger electrongre recorded using a video camera combined with a com-
and photoelectrons are very simifdtIt was therefore natu- puter which can write them to hard disk at a rate of up to 50
ral to assume that this effect also predominates in the diffracirames per second and then process them using standard ap-
tion of reflected electrons. In order to check out this hypoth-plication programs.
esis, we carried out a wide range of experiments on samples We shall illustrate the possibilities of this new variant by
and compared the results with model calculatibiidt was  means of two examples. The first is a further development of
ultimately found that this effect not only predominates in theresearch on the interaction between silver and a silicon sur-
formation of the diffraction patterns of quasielastically scat-face. Figure 1 shows several diffraction patterns obtained
tered electrons but the patterns themselves also allow a veduring the deposition of silver on an (300 2X1 single
simple interpretation: their principal peaks occur when eleccrystal heated to 100 °C. The data are represented as two-
trons are emitted along close-packed strings of atoms. Thidimensional distribution patterns of the intensity of electron
specific feature of the spatial distributions of the electrongeflection over the polar and azimuthal angles of emission,
led to the development of a new method of visualizing theconstructed using a stereographic projection. The light areas
atomic structure of a thin subsurface region of a solid, whichcorrespond to maxima in the angular distributions and the
has been successfully tested on various adsorption systerbkack areas correspond to minima. A comparison of Figs. 1a
and multicomponent compoun#§:2 One of its main ad- and le shows that the diffraction pattern from the initial sili-

1063-7842/99/44(9)/3/$15.00 1063 © 1999 American Institute of Physics



1064 Tech. Phys. 44 (9), September 1999 Pronin et al.

ing maxima along the interatomic directions assigned to
these plane®.Hence, this pattern actually reflects in real
space the relative position of the atoms in the subsurface
layer, whose thickness is equal to the average depth of emis-
sion of the reflected electrons which in this case is 15 A.

The growth process of the deposited film is seen clearly
from the diffraction patterngFigs. 1b—1¢l As the coverage
increases, changes gradually appear in this pattern and are
seen particularly clearly when the data are compared for the
substrate and a comparatively thick filifeig. 1d of average
thickness 20 A, when the electrons are predominantly scat-
tered in the layer of condensed silVeDeposition does not
change the fourfold symmetry of the pattern but causes ap-
preciable redistribution of its intensity in various regions.
Whereas for 1100 the Kikuchi bands along the projections
of the{100 planes are seen most clearly, in the pattern from
the deposited film, the bands along th&00 and {111}
planes predominaté~ig. 1h). Since these atomic planes are
the most closely packed in the face-centered crystal lattice of
silver, we can immediately conclude that the as-grown film
consists of crystallites having a face-centered crystal struc-
ture with the Ag100) face emerging on their surface. More-
over, the azimuthal orientation of the crystallites is strictly
matched with the substra@00) »4||(100)s;. The validity of
this conclusion is confirmed by the results of modeling the
pattern in Fig. 1d, made using the single-scattering cluster
approximatior? It should be stressed that this pattern differs
qualitatively from that observed by us previously when visu-
alizing the structure of a silver film grown under the same
conditions on the other &i11) 77 silicon face. In an Ag/
Si(111) system two types of Ag1l) domains, azimuthally
misoriented by 180°, coexist on the surfaé&hus, a com-
parison between the results obtained for the two principal
silicon faces clearly shows that the atomic geometry of the
substrate surface has a decisive influence on the epitaxial
growth of the silicon film.

Returning to the patterns observed at the intermediate
stages of depositioifFigs. 1b and 1; we must note that
since the film growth in this system takes place in an island
mode?® both the substrate and the various silver islands con-
tribute to these images. Consequently, each of these is a su-
perposition of the patterns in Figs. 1la and 1d taken with
FIG. 1. a—d — Diffraction patterns of 2 keV reflected electrons observedVe€ighting factors which reflect the condensate coverage of
during deposition of silver on the @00 face: a — silicon with a clean the silicon. The validity of this interpretation of the diffrac-
surface, b—d — silver films having 20%, 40%, and 90% continuity, respectjgn patterns is convincingly demonstrated by the results of

tively, e,h — diagrams of most closely packed planes and directions of th%omputer modeling using a method similar to that described

(001 faces of silicon and silver; f,g — results of a numerical modeling of . ; . ;
the patterns in Figs. 1b and 1c. in Ref. 14. The intensity of the electron reflection in an ar-
bitrary direction was calculated by simply summing the in-
tensities of the reflection from the clean substrate and the
con sample with a clean surface exhibits symmetry charadhick silver film. The results of the calculations are plotted in
teristic of the (100 face. Its principal maxima are in fact Figs. 1f and 1g and these show very good agreement with the
observed when the electrons are emitted along close-pack&xperiment. Note that this method can also be used to deter-
strings of silicon crystal atoms. For instance, the bright spotnine the fraction of the substrate surface coated with the
at the center of the pattern is caused by focusing of electrordeposited silver film. This can be accomplished by varying
propagating in th€100) direction. Also clearly visible are the coverage and minimizing the difference between the cal-
extended regions of increased electron emisgigikuchi  culated and the observed pattern. This technique can natu-
band$ along the projections of these close-pacKdd0 rally also be applied to other systems. Hence, numerical
planes in the silicon. They are made up of numerous focusmodeling of diffraction patterns measured in real time is a
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the V and Se layers. The best agreement between the results
of the modeling and the experiment was observed for the
cased=1.57 A. In this case, the lattice constartsand ¢

were as in the bulk: 3.35 and 6.12 A. Figure 2b shows the
calculated pattern for these values of the parameters. This
pattern faithfully reproduces all the main features of the ob-
served pattern and the value of tRe factor is 0.095.

To conclude, these results show that this method of vi-
sualizing the atomic structure is not only suitable for quali-
tative investigations but can also be used to obtain quantita-
tive information on objects. This method can be used to
study in real time the atomic processes taking place in the

FIG. 2. Diffraction patterns of a V8001 single crystal: a — 2keV — ghgyrface region of a solid. It has the advantages that data
experiment; b — calculations using single-scattering cluster approximation

for an interplanar distance of 1.57 A between the layers of V and Se atom&an be obtained in direct spa(nather than in inverse space
as in conventional methods of high-energy and low-energy
electron diffraction and objects which do not possess far-

highly promising method of determining the phase compositfange order can be investigated.

tion of island films. This work was supported by the Russian Fund for Fun-

A second example illustrating the possibilities of this damental ResearctProject No. 96-02-16909and by the

method of visualization involves studying transition metalRussian State Program “Surface Atomic Structures”

dichalcogenides. A typical representative of this type of(Project No. 95-1.21L

compound is VSg which possesses clearly defined aniso-

tropic properties and is of particular interest from the point

of view of understanding their electronic structdre.

The starting point to calculate the energy band structure

of a material is to define the relative position of the atoms in*C. B. Duce, Surface Science: The First Thirty Yeafiorth-Holland,

the crystal unit cell. The lattice constants of the Y8gystal Zovmlsztegjae’}“ﬁo%fg?r" 182:1 P lid State Mater SEB(3), 213 (1990

are k_nown' but the atomic structure (_)f_the SUbsu_rface reg|0|1c" S.. ngley, inS.;/nchr.otron. Radiation Resear,;:hdvan;:es in Surféce

of this compound has not been sufficiently studied. In par- and Interface Science, Vol. 1, Techniques, edited by R. Z. Bachrach

ticular, the distance between the layers in which the VV and Se (Plenum Press, New York, 1992p. 421-518.
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carried out to determine this unknown. A single-crystal 6:\_'/"‘ '\'l,'_ gg%éfdn';iggéﬁg ,T gri'gif]” ?,l:)rv'eihri’);?s,\(lfi?(;l%a_
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immediately afterward(Fig. Za The measurements were —*- ilqo?ﬂi{ligg\éahéfpas, 166(1996]. » ZKSE :
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By using R-factors which describe the deviation of the cal- V- N. Strocov, H. I. Starnberg, P. O. Nilsson, and L. J. Holleboom,
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accurate determination of the unknown distadcketween  Translated by R. M. Durham

YResults obtained using Auger spectroscopy showed that this film is not
continuous and occupies around 90% of the substrate area.
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An analysis is made of some general laws governing a new physical effect, i.e., the spontaneous
penetration of particle&atoms, G, molecule$ adsorbed on a two-dimensional graphite

film on a metal(lr, Re, Pt, Mo, ..) to beneath the graphite filfintercalation. It is shown that
atoms having low ionization potential€s, K, Na intercalate a two-dimensional graphite

film on iridium at T=300-400 K with an efficiency~0.5, accumulating beneath the film

to a concentration of up to a monolayer. Atoms having high ionization potentials

(Si, Pt, Ni, C, Mo, etq.intercalate a two-dimensional graphite film on iridiumTat 1000 K

with an efficiencyx~1, forming beneath the film a thick intercalate layer which is

strongly bonded chemically to the metal substrate but is probably weakly bonded to the graphite
monolayer by van der Waals forces. The presence of a graphite “lid” impeding the escape

of atoms from the intercalated state up to record high temperaflireR000K leads to
superefficient diffusior{with an efficiency close to onef various atomgCs, K) into the

bulk of the substratéRe, In. © 1999 American Institute of Physid$$1063-78429)01609-§

Two-dimensional graphite films on the surface of metalSEXPERIMENTAL METHOD
are frequently encountered in various fields of science and
technology. These comprise a carbon mesh of strongly We used a combination of various complementary sur-
bound carbon atoms, structurally equivalent to a single layeface diagnostic techniques: high-resolution Auger electron
in a graphite single crystallt has now been established that SPectroscopy AE/E~0.1%), thermal desorption spectros-
such a film formed on many metals, Re, Pt, Ni, Rh, Ru, COPY. measurement of the work function using surface ion-
Mo, Pd of various types and crystal geometry is extremelyization and thermionic emission, and molecular beam prob-
nonreactive and is bound to the metal surface only by weakd Of the surface. The samples were thin metal ribbons
van der Waals force: Its work function ise,=4.45ev ~ Re Mo, Pt, etg. measuring 4&1x0.02mm which were

and does not depend on the nature and crystal geometry tgxtured and cleaned of impurities by a standard technique.
the substraté. As a result, in practice a single corresponding fadg:1)lr,

The formation of two-dimensional graphite films on (1010Re, (100Mo, (111)Pt appeared at the surface of the

metals leads to various remarkable effects. For instanc§bb°ns' An Auger spectrometer with a prism energy ana-

these films completely poison metal catalysts in dissociativ zer recordedi the Auger spectra directly at the strongly
. eated metal ribbonsT 2500 K).
heterogeneous catalygisEven at room temperature, mol-

: A two-dimensional graphite film was formed on the
ecules of various gase€0;, Hp, N, Op) and even polyva- metal surface by holding the heated ribbons in benzene
lent atoms of transition metal@u, Cu, Pt, N) are readily y 9

4 H H H 1 1 1 1)
v (CgHg) vapor:’ Films obtained in this way “automatically
desorbed from _the su_rfa@e. L o ) turn out to be two-dimensional and continuous, since on the
Thus two-dimensional graphite films exhibit unique ad-

i hemical. and IVt "y bined with graphite islands the benzene molecules do not dissociate
sorption, C emical, an cqt'a ytie p§SS|V|ty combined wit eX'(they are desorbegdut on the active metal surface they dis-
tremely high thermal stability. For instance, ¢Iil1)Ir these

i sociate completely, with the carbon accumulating in the ad-
films break down aff=1900K (Ref. 5, and on(1010Re layer and the hydrogen being desorbed.

they break down af=1600-1900K, depending on the con-  ~ v/arious experimental evidence suggests that these
ditions of formatiort: graphite films are in fact two-dimensional, continuous, and
In the present paper we consider the laws governing amyniform in terms of work functioff:? In reality the graphite
other very interesting physical effect which is a consequencenonolayer consists of a set of coalesced graphite islands.
of the weak van der Waals coupling between the graphiterheir concentration for a monolayer coating(@d ) iridium
film and the metal surface. This is intercalation, i.e., theis estimated as-5x 10’ per cm 2 and the average island
spontaneous penetration of particles adsorbed on a tweadius is~10* A (Ref. 3.
dimensional graphite film to beneath the graphite film. Inter- It is reasonable to expect that the edges of the graphite
calation was observed in work carried out by our group at théslands form a surface defect. Their relative area turned out
A. F. loffe Institute®’ and fundamental studies were thento be extremely small, accounting for0.1% of the total
reported? ™ surface ared.
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FIG. 1. a — Thermal desorption spectra of potassium ions after adsorption
of potassium: fluxvy=1x10"cm 2s™! for 40s, @ and y desorption
phases; b — structure of intercalated film when alkali metal atoms ard-IG. 2. a — Intensities of the Auger peaks of carljty platinum(2), and

adsorbed to saturation on a two-dimensional graphite film on iridium:=K iridium (3) as a function of the time of deposition of Pt atoms on a two-
positively charged alkali metal adatoDGF — two-dimensional graphite  dimensional graphite film o111 iridium at T=1200 K with the fluxvp,
film. =1x10%cm 2s™; b — structure of intercalated film when Pt atoms are

adsorbed on a two-dimensional graphite film on iridium: Pt — platinum
atom, Pt film — thick platinum film.

RESULTS AND DISCUSSION
_ o _ flm on (11DIr, this concentration is N,~N,
1. Intercalation by low-ionization-potential atoms such as ~3—4x10%atom/cm (Ref. 11

Cs, K, Na (Refs. 3 and 4)

Intercalation beneath two-dimensional graphite films on
metals by alkali metal atoms is observedrat 700 K with a
maximum diffusion efficiency of~50% when these atoms
are deposited in the temperature range 300—400 K. Coulomb For atoms having high ionization potentials, which are
repulsion of the adatoms plays a decisive role in the intercanot charged on the graphite surface and are weakly bound to
lation behavior of these atoms which, on a graphite monoi#t by van der Waals polarization forces, the temperature
layer, are positively charged and strongly bound to the layerange of efficient intercalation is shifted toward moderate
by image forced® and high temperature§ & 900—-1500 K. At lower tempera-

If alkali metal atomgsuch as K are adsorbed to satura- turesT<<900 K, polyvalent atoms readily form two- or three-
tion on a two-dimensional graphite film ofl1)Ilr at dimensional islands on the graphite film, impeding the pen-
T=300K and a temperature flash is applied, two desorptiortration of incoming atoms beneath the graphite layer and the
phases are observéHig. 19. The low-temperature-phase adsorbate islands act as traps.

(T~800K) corresponds to the desorption of potassium ada- By way of example we shall consider the adsorption of
toms from the graphite surfad€igs. 1la and 1pb The sec- Pt atoms on a two-dimensional graphite film ¢bl11)Ir

ond, completely unusualy-phase corresponds to potassium (Figs. 2a and 2b'? At T=1000K the diffusion efficiency of
desorbed at record high temperatufes 1900 K. The high- Pt atoms reaching the surface beneath the graphite film is
temperaturey-phase is formed by potassium located beneath¢~1. This implies that at these temperatures each atom im-
the two-dimensional graphite film in the intercalated statepinging on the graphite monolayer penetrates beneath it into
(Fig. 1b. The intercalated potassiutand also sodium and the intercalated state. At>1000 K some of the Pt adatoms
cesium is only released when damage occurs at the edges afre desorbed from the film, the intercalation efficiency drops
the graphite islands and f6t11)Ir this is at~1800-1900K. (x<1) and atT=1500K is»~0.1.

Note that the maximum concentrations of alkali metal ada- The conditionx=1 implies that before it ha time to
toms in thea and y phases are approximately the same anddesorb, a Pt adatom can migrate from the center of a graphite
correspond to a near-monolayer concentration: for examplesland to its edge where it is transferred to the intercalated
when cesium is adsorbed on a two-dimensional graphitstate.

2. Intercalation by high-ionization-potential atoms such as
Pt, Ni, C, Mo, Si, etc. >4
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It is extremely interesting to note that, unlike alkali on the graphite island. This bubble formation is based on
metal atoms which only form a monolayer film in the inter- allowance for the random thermal motion of the atoms when
calated state, atoms with high ionization potentials form aeach atom of the graphite island, undergoing thermal motion
thick film beneath the two-dimensional graphite film, whichmay at some time acquire sufficient kinetic energy at its
is strongly bound to the metal substrate; the other side of thbond with the metal substrate, such that as it moves away
film is weakly bound to the graphite monolayer, probably byfrom the metal surface it can break this bond and those of
van der Waals force§-ig. 2b). The presence of a thick ad- various neighboring carbon atoms. This results in the forma-
sorbate film is confirmed by electron Auger spectroscopy. Irtion of a bubble at this point on the graphite island. Bubbles
the above example, the Auger signal intensity of the iridiumform at any point on the island, have a certain lifetime, and
substrate falls to the noise level as a result of its screening bthen decay. The surface of the graphite layer can be likened
the growing platinum film, while the Auger signal intensity to the surface of the sea in stormy weather. We stress that the
of the carbon remains constaiftig. 23. transport of the intercalated particles can be reduced to their

It was established experimentally that not all polyvalentmigration inside bubbles over the metal and the two-
atoms form a “pure” thick intercalate film beneath a two- dimensional graphite film.
dimensional graphite film. For example, when Si atoms
are adsorbed beneath a two-dimensional graphite film

T~900-1300 K,bulk metal silicides are formed with the aéONCLUSIONS

graphite monolayer remaining on their surfage. Two-dimensional graphite films on metals behave as an-
isotropic selective diffusion barriers transmitting or not
3. Intercalation by C g, molecules. transmitting specific atomic particles depending on the depo-

Onsition conditions and subsequent heat treatment. It is highly
sprobable that two-dimensional graphite films on metals inter-
calated with atoms and molecules may prove to be some of
the most interesting nanometer-size objects for modern
micro- and optoelectronics devices.

This work was supported by the Russian Federation
State Program “Physics of Solid-State Nanostructures,”
Project No. 2-025/4.

Experiments have shown that two-dimensional carb
films on metals efficiently intercalate not only many atom
but also Gy fullerene molecules. A transition takes place
beneath the graphite layer when a th{8k-4 ML) film of Cgq
molecules deposited af~300K on a two-dimensional
graphite film on(111)Ir is annealed aT ~ 800—-900 K(Ref.
13). For lower concentrations of initially deposited fullerene
molecules, no intercalation takes place. The limiting concen
tration of Go molecules observed in the intercalated state is

close 1 ML (N(;60~2>< 10*mol/cn?). IA. R. Ubbelohde and F. A. LewisGraphite and Crystal Compounds
(Clarendon Press, Oxford, 196(. 264.
- e 2A. Ya. Tontegode, Prog. Surf. S@8, 201 (1991).
4. Superefficient diffusion 3A. Ya. Tontegode and E. V. Rutkov, Usp. Fiz. Natg311), 57 (1993.
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in metals and semiconductors

S. Marka, C. Parks Cheney, W. Wang, G. Lupke, J. Gilligan, Y. Yao, and N. H. Tolk

Department of Physics and Astronomy, Vanderbilt University, Nashville, TN 37235, USA
(Submitted January 14, 1999
Zh. Tekh. Fiz69, 76—80(September 1999

Studies of nonlinear, energy-selective material interactions localized at surfaces, heterointerfaces,
impurities, and defects in solids are described. Particular reference is made to a new

molecular interaction effect caused by transfer of surface energy by low-energy collisions, a new
noncontact nonlinear optical method of studying electron and hole dynamics at a
heterointerface, and a new approach using a free-electron laser developed at Vanderbilt University
to activate hydrogen-passivated dopants in silicon. In each case the unique characteristics of
particle and photon beams, optimized for the technology, were used to extend the range of
applications of these new energy-selective techniques to solve fundamental and applied
problems. ©1999 American Institute of Physids$S$1063-784£99)01709-2

INTRODUCTION yield per incident atom increases appreciably for incoming
Studies of dynamic processes at surfaces, heterointe nolecular ions. Figure 1 gives the sputtering yield per atom

+ . . . .
faces, and in the bulk have achieved considerable progress QA let ar?dhw lons. Allghe Experlrgetzts werft C?‘”'ed. olgt n
the end of the second millennium following the appearancéﬁIn ultrahigh-vacuum champer an € sputiering yield was

of new, and technologically more refined, nanosize probe%btalned l?[y :neaglcj)zl/n? the n_um_ber of |tr]130m|ng I(Q'“STh
and material processing technologies. This research frghe current atan 6 transmission meahd measuring the

guently leads to new physical discoveries and useful appli[naSS change of a polycrystalline gold sampising a quartz

cations. In particular in the present paper we report results d?1|+cr.obalanc¢ F|gure' 1 shows that' th? sputter.mg y|e!d for
increases appreciably at low kinetic energies, being ap-

research which extends the range of sputtering yield mea-2 . X : o
surements toward very low threshold energies and provid ro?qm_ately fourtimes hlghe_r when Fhe. kinetic energy of the
new information on processes of nonlinear energy transfeprojec_tIles is 50eV. We atiribute this increase 1o the_ Iar_ger
from molecular and atomic ions to surfaces. We also shoWlUantity of energy transferred by the molecular projectiles

that the nondestructive method of optical second-harmoni%er atom compared with atomic projectiles. Assuming that

generation is an important tool for studying Si/Si@etero- the (.:O"'S'On IS entlrtely |r}elasgci W(tehcatn east|ly show ant tg?
interfaces, providing new information on the dynamics ofMAXIMum energy transterred to the target 1S considerably

electrons and holes at a heterointerface. Finally, high—hlgher for molecules of mass2 compared with two atoms

intensity, tunable, infrared radiation obtained using the W_each of masm (this value is 1.76 for nitrogen molecules and

M. Keck free-electron laser at Vanderhilt University was & gold target This reasoning only holds for low projectile
used for wavelength-selective excitation of vibrational kinetic energies, when the molecules have sufficient time to

modes localized at specific impurities and defects. This
method offers a fundamentally new approach to resonant

“

nanosize modification of materials, which is important from § s o0
both the theoretical and practical point of view. ¥ qF s 8 ¢
NEW MOLECULAR INTERACTION EFFECT OBSERVED g - g
IN THE SPUTTERING YIELD NEAR THRESHOLD ENERGIES § i 3 t o

Measurements of the sputtering yield provide excep- 0'75
tional possibilities for studying the interaction between pri- 3, 3 §
mary particles and a surface, for example during epitaxial &
growth or etching. We recently observed a new molecular § ; 5/
effect which provides a deeper understanding of processes 035 i 2
energy transfer to a surface at low projectile kinetic & bl L
energies. A comparison of the sputtering yield per incident 100 1000
atom for low-energy molecular projectilésuch as § and Projectile kinetic enerqy, eV/atom

+ . . . . .
OZ+) relatge to the corresponding a_ttomlc primary parnclesFIG 1. Sputtering yield per atom for N(C) and N, (®) ions on
(N™ and O) revealed that at energies below the charactery poiycrystalline gold target as a function of the primary particle kinetic

istic initial energy of the molecular projectiles, the sputteringenergy.

1063-7842/99/44(9)/4/$15.00 1069 © 1999 American Institute of Physics
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interact with the surface. During this collisional interaction 2105
time the molecules may undergo several vibrations, whereas '
at high kinetic energies the collision time becomes so small T
compared with the period of the vibrations that the molecule @4 5105 :
interacts with the surface as if it consisted of two separate® :
atoms. Consequently, this new molecular effect is only ob- & vl 4 x . :
served at a specific threshold kinetic energy corresponding tc'g \ \u i.
the case when the collision time and the vibrational period*g et

are equal. For B (we assume that the ions are neutralized ™

-

-

[
«
T

before they impact with the surfacéhe calculated vibra- % R Beam. off

tional period and collision time become equal at a kinetic 1077 v .

energy of 224 eV, which shows reasonable agreement with : Beam an

the experimentally observed value-e800 eV. The relation- l

ship between these parameters explains why the targe 00 200 400' : 600 500 7000 72ﬁ 1'42]0

“senses” the molecular nature of the diatomic low-energy Time, s

projectile, whereas at high energy the surface interacts with

the molecule as if it consisted of two Separate atoms. Thé&IG. 2.. Time dependence of the SHG signal from_ a thermal oxide layer
importance of the relationship between the collision time ancfsl% nAafh;tkerg;‘:g]?ngntﬁg'gxﬁgeslg%? tzui’gtgate' The inset shows the SHG
the vibrational period was noted earlier by Landau and Teller

to explain the mechanisms of energy transfer by molecular

collisions in the gas phasealthough this relationship is used (around 10 A, which shows no increase in field as a result of
here for the first time to explain low-energy molecular scat-plocking the beam. In this case the field at the heterointerface
tering processes. decreased appreciably.

This effect cannot be attributed merely to multiphoton
excitation of electrons in the conduction band of S{@s has
been suggestéd for the initial increase in the SHG signal
We postulate that the holes also play an important role in the

The physical characteristics of the Si/SiBeterointer- charge separation dynamit$n accordance with numerous
face have played a vital role in establishing the dominance oftudies made by other groups the band offset for oxide is
silicon in semiconductor technology. As the dimensions ofbetween 4.35 and 4.9 efRefs. 8 and 8 Bearing in mind
MOS devices continue to decrease, it becomes increasingtpat the silicon band gap is 1.1 eV and the St@and gap is
important to understand the influence of the thin oxide layemapproximately 9 eV at room temperature, and also that the
on the carrier dynamics at a buried heterointerface, whiclexcited beam should have a photon energy higher than
may, for instance, lead to breakdown and injection of hotl.52 eV, we conclude that four photori6.08 e\j are re-
carriers. A recently developed noncontact method of studyeuired to create holes in the oxide valence band, whereas
ing dynamic processes at an Si/gifeterointerface is based three photons of energy exceeding 1.36@\V1eV) are re-
on monitoring the second-harmonic generatiSAIG) signal.  quired to excite electrons from the silicon valence band to
This method can “sense” the electric fie(dr charge distri- the oxide conduction band. Since the transition probability is
bution) at a buried heterointerface. All the experiments wereconsiderably higher for the three-photon process compared
carried out using a Ti-sapphire laser with a 150 fs pulse duwith the four-photon, photoinjection of hot electrons causes
ration; the wavelength was varied between 7100 and 9100 Agn initial increase in the SHG signal although holes excited
the average power was of the order of 300 W, and the repin the oxide layer also exist. Since the electrons possess a
etition frequency 80 MHz. The beam was focused into a spohormal mobility of around 0.002M(V-s) (Ref. 10, they
of around 1Qum diameter on the sample and the reflectedmigrate very rapidly(within a few picosecondsfrom the
SHG signal was measured using a photomultiplier and a phaexide layer, either into the silicon or to the outer surface of
ton counter with a time resolution of 0.5s. the oxide. In contrast the holes possess very low mobility, of

For all the thermal oxide samples we observed a sharthe order of 10°m?/(V-s) (Ref. 10. Thus, the holes pass-
increase in the SHG signal over the first few hundred secing through the heterointerface into the oxide will remain in
onds of irradiation, followed by gradual saturation. This the vicinity. For samples with an oxide layer more than 30 A
agrees with the results of observations made by othethick, holes near or at the heterointerface can easily migrate
groups?~® although our result§Fig. 2) also demonstrate a back into the silicon when the beam is switched off, whereas
new effect: an appreciable increase in the SHG signal aftemost of the electrons trapped at the surface remain there. The
blocking the exciting beam\(= 7900 A, maximum intensity different behavior of the holes and electrons leads to in-
10 GW/cnt) for several seconds and then unblocking it. Af- creased charge separation, which is responsible for the in-
ter unblocking the laser beam, the SHG signal dropped rapereased dark field in the SHG signal. When the beam is then
idly to its saturation level. This characteristic was observedswitched on, the hot holes will migrate across the heteroint-
for all oxide layers more than 40 A thick and at photon en-erface into the oxide, whereas the injection of electrons is
ergies exceeding the 1.57 eV threshold vdliehe inset to  severely impeded by the strong space charge field created by
Fig. 2 shows the SHG signal response for a thin oxide layethe electrons trapped at the Si@uter surface. Conse-

CARRIER DYNAMICS AT AN ULTRATHIN OXIDE
LAYER-SILICON HETEROINTERFACE
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qguently, predominantly holes will migrate into the oxide, re- £.09¢
ducing the SHG signal. For thinner layers of oxide, electrons 5
(like the hole$ can tunnel back into the silicon. As a result, 0.08F

no increase in field is observed as a result of switching offg g

the beam. This new effect of increasing field when the beansS
is switched off, which depends strongly on the oxide thick—g 0.06 él
ness and the photon energy, provides a deeper understandi - S:‘ﬂ
of the role of trapping, generation from traps, and relaxatior_§ 0.05F '
of holes at the Si/Si@heterointerface, which is extremely 3 S
important for developing a new generation of microelectron-é 0.04
ics devices. < F

O ’A/Op
C o St
0.07: TN
®
Si-H-P complex
1555 cm~7

0.03 ¢

]

E PSS SR TN S TN S SN AN TN SR SR NN WU S S I U U S SR WA S SR WOt
WAVELENGTH-SELECTIVE MODIFICATIONS 0.02 e e e 7000 2200 7400
OF AN a:Si-H-P COMPLEX Weve number, cm-7

The W. M. Keck free-electron las¢FEL) at Vanderbilt  FiG. 3. Comparison between the vibrational absorption spectra bisfolie
University is a powerful and unique instrument for studying curve and after FEL irradiatior{dotted and dashed curyest 1555 cmi ™.
semiconductors. In particular, it can be used to test the posThe inset _shows a schematic of the passivation of donors and acceptors in
sibility of wavelength-selective modifications of materials. rtype a-Si-H.

Here we demonstrate its scope for depassivating dopants in

hydrogenated semiconductors. The free-electron laser deliv-

ers macropulses of 4s rated duration and energies between2000 cm * is reduced appreciably. On comparing the vibra-
20 and 60J at a repetition frequency up to 30 Hz; each madional absorption spectra fa-Si—H samples with various
ropulse consists of approximately“lpulses of 1 ps duration dopant concentrations, we find that the intensity of this
at 350 ps intervals. The FEL wavelength can be tuned conshoulder correlates with the dopant concentration and we as-
tinuously in the range 2.0—-9/om. This range, which is usu- cribe this resonance to the P—H vibrational mode. Prelimi-
ally increased by frequency multiplication or by using highernary electrical measurements showed an increase of approxi-
harmonics, covers the band-gap energies of most technologirately two orders of magnitude in the surface conductivity
cally important semiconductors. The high average power andf phosphorus-doped-Si—H films, which provides further
complex time structure of the FEL pulses are used for varievidence of the coupling between this mode and the
ous spectroscopic studies of semiconductors and for modifyH-passivated donors. It should also be noted that the FEL
ing materials. Preliminary work with FELs has already dem-radiation does not influence the intensity of the Si—H peak at
onstrated that structure-selective modifications can be mad2000 cm . These results confirm that dopants could be se-
to materialsi!~*® The high FEL pulse energy means that en-lectively activated without removing hydrogen from dan-
ergy can be absorbed at specific bonds, leading to localizegling Si—H bonds.

modifications of materials. These processes depend strongly

on the excited-state lifetimes. The intrinsic lifetime, stimu-

Iated_lifetime, and atomic _confi_guratio_n dgtermi_ne_the ab-oncLUsIONS

sorption energy and the suitability of high-intensity infrared

radiation for nonthermal wavelength-selective modification =~ We have described three new, fundamental, energy-
of a material. selective nonlinear effects, relating to the ion—surface inter-

Hydrogen plays a key role in amorphous silicon, passi-action, carrier dynamics at an Si/Si@eterointerface, and
vating dangling bonds to eliminate defects. However, it alscstructure-selective modification of a material. We have ob-
changes the doping properties ®&fSi—H, binding the dop- served that energy transfer is considerably greater for mo-
ants and lowering the conductivity. The dopant is passivatetecular ions compared with atomic ions. These results can be
by forming a complex with a silicon atom and a hydrogenused in growth processes, such as molecular beam epitaxy.
atom, as shown in Fig. 3. This complex can be seen aSecond-harmonic generation, applied to study SiSiet-
1555cm ! in the vibrational absorption spectra for phos- erointerfaces, has provided a deeper understanding of the
phorus impurities and at 1875 eni for boron impurities!  nanoscale dynamics of bound electrons and holes, including

We investigated the possibility of using high-intensity trapping and generation processes in an ultrathin oxide film.
FEL laser radiation for selective activation of dopants inFinally, we have achieved selective activation of dopants
a-Si—H. By resonantly exciting the hydrogen doping com-which improved the conductivity by two orders of magnitude
plex, it is possible to remove the hydrogen, leaving the hywithout removing hydrogen from dangling bonds. This work
drogen at the sites of dangling bonds. Figure 3 shows vibrasffers a fundamentally new energy- and site-selective ap-
tional absorption spectra for a phosphorus-dope8i—-H  proach which is likely to produce a paradigm shift in the
film before and after FEL irradiation at 1555ch which  technology of nanodimensional modifications to materials.
corresponds to the vibrational mode of the-BPcomplex. This work was supported by the Office of Naval Re-
It can be clearly seen that after FEL irradiation, the shouldesearch under Grants Nos. 00014-94-11023 and 00014-94-
on the low-energy side of the strong absorption line atl0995.
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Experimental data are used as a basis for discussion of the principal methods of cluster
formation in the laser ablation of targets: condensation during expansion of the cloud of evaporated
material, clustering at the surface accompanying redeposition of material back on the target,

and emission of entire nanoblocks from the target. Methods of distinguishing between these
processes are discussed. 1©99 American Institute of PhysidsS1063-784£99)01809-7

INTRODUCTION CONDENSATION IN AN EXPANDING LASER JET

The development of laser ablation mass spectrorhétry The best-understood process is the formation of gas-
has been stimulated first, by the requirements for optimizingohase clusters as a cloud of evaporated materials cools down.
processes in laser technologies such as laser deposition bér instance, the formation of fullerenes was observed for
thin films and second, by the possibility of identifying large the first timé& as a result of the laser evaporation of carbon in
nonvolatile formations such as clusters, polymers, and bioa@ chamber filled with inert gases. However, condensation
molecules. The composition of the particles emitted by laseflso occurs during evaporation in vacuum conditions. Cool-
ablation differs radically from the products of thermal emis-ing takes place as a result of the isentropic expansion of the
sion or secondary ion emission. In thermal emission, largé&loud of evaporated material. A fairly high intermolecular
structural units of the target usually break down and atomsSollision efficiency is required for condensation in vacuum.
simple molecules, small clusters, and, very rarely, ions ard? MOst cases, the particle concentration above the surface
observed in the gas phase. When a target is bombarded wiwd%r pulsed laser evaporation is high enoughV_4]If°
ions or fast atoms, predominantly atoms and extremelf™ S (évaporation of 1-1000 atomic layers within ap-
simple compounds, albeit ionized to an appreciable extenProximately 10°s at a cloud expansion velocity of 30
are emitted from the target surface as a result of a cascade ¢ cm/s. Characteristic features of these fluxes and the con-
collisions; almost no large particles are observed. At thileénsation taking place in them have been quite well studied

point, it should be acknowledged that an exception to this igxperlmentally for_ gases expanding into empty space.

the interaction of ultrahigh-energynegaelectron-voltions Model representqtlons develpped to calcu!ate.these fluges

with a target; these interact with the target electrons rathef‘n a Iso be a_pp_lled o plescnbe c.ondensatmn in a laser jet.
or instance, it is possible to estimate the temperatures to

than the atom%.Sputtermg of a target by these ions haswhich the cloud would be cooled in the absence of conden-

many features in common with laser ablatfohThe pro- ; o .
. sation, the average number of collisions for each particle
cesses leading to the appearance of large gas-phase clustgrs.

d lecul It of | blati i turlng expansion, and the cloud volume at which the inter-
and macromoiecties as a resuit of 1aser avlation are no yf)article collisions terminate. For example, in the evaporation
fully understood. A special method of dissolution in a highly

) X : ) Y of 1000 atomic layers having an area of 1 mthe average
volatile matrix, known as matrix-assisted laser desorptio

S 5 - , ) ) "humber of collisions may be of the order of>10Note that
!onlzauon (_MALDI) is used to rehqbly identify these ob- the observed micron-size particlésf the order of 1¢° at-
jects. In this case, the laser energy is absorbed by the matng.ng cannot have a condensational origin. Even if there is a

and the complex component simply does not have time 19 gy, probability of the particles combining in each colli-
break down. It is entrained into the gas phase by the evapQjon, the center of the resulting particle size distribution
rating matrix and is rapidly cooled by adiabatic expansion ofshoyid not differ substantially from the calculated number of
the cloud of matrix molecules. However, we know that with- ~gjlisions in the approximation of independently expanding
out preliminary dissolution in a highly volatile matrix, poly- particles (18 atoms form a droplet of around 10 fniHow-
atomic cluster ions are found as a result of the laser ablatiogyer, the reliability of these calculations is very poor because
of samples. In the present paper we consider typical eXof the indeterminacy of the initial expansion conditions of
amples of their formation, their properties, and methods othe cloud, its composition, particle energies, and interaction
identifying their origin. The experimental results taken ascross sections. Thermal evaporation is usually assumed when
examples were obtained by analyzing the composition andstimating the initial parameters, approximating the equation
particle velocities in a laser jet using a time-of-flight massfor the particle thermal fluxgenerally atomsfrom the sur-
spectrometer. The experimental appardplasma expansion face at high temperatures.

from a target in a field-free space and its analysis at a dis- We shall now consider the experimentally most studied
tance of 40—120 minis similar to that described earliér. case of laser evaporation, viz., the ablation of YBaCuO ce-

1063-7842/99/44(9)/4/$15.00 1073 © 1999 American Institute of Physics
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FIG. 1. Yttrium oxide clusters formed by condensation during expansion of 0.05

laser-ablated target material in vaculifiarget — YBaCuO ceramic. o

ramic. Clusters consisting predominantly of yttrium oxide 0.051
were observed in the jet of evaporated material even under 002
vacuum condition$:° Figure 1 shows the mass spectrum of
these clusters. Since the yttrium atoms in the sample are g.014
separated by more numerous atoms of other elements, the
origin of these clusters can be attributed to condensation,
predominantly of yttrium oxide as the least volatile compo-
nent in the gas phase. It should be noted that the most favor-
able conditions for condensation in the case of laser ablatiopg, 2. Formation of fullerenes by redeposition of evaporated carbon back
in vacuum exist when the material to be formed has a highesnto the target. Target — graphite, initially containing no fullerenes: a —
binding energy than the material of the initial sample angsignal obtained for constar_n_ displacement of the Ia_ser beam over th_e _targe_t,
whose particles have internal degrees of freedwirational gt;.“{}ﬁ:rstigﬁ aﬁa}?;ﬁfyng:ﬂggssxgigﬁhe same point on the target is irradi-
and rotational for damping of the collision energy, and
when a large sample volume is evaporated in each pulse.
Important experimental evidence for the condensational origyey form clusters weakly bound to the target. If upon reach-
gin of the clusters during the ablation of YBaCuO ceramic ising 5 certain size these clusters become quite inert or if their
provided by the disproportionately rapid decay and completg,iface is covered with radicals of background substances
disappearance of the cluster peaks as the area of the iradjsnyeen laser shots, it will be the number rather than the size
ated spot on the surface decreases. , of the clusters that increases from shot to shot. When such a
Note that the quantity of evaporable material generallyogion of redeposition is exposed to low-power radiation
increases substantially for targets with smaller ordered StruGnear the evaporation threshold of the taygétose clusters
tures(microcrystal$, such as sintered powders, soot, and Syt hound to the target are readily emitted, with almost no
on. This may be attributed to the reduced thermal CO”dUCtiVbreakup. An example of this process is the formation of

ity of the target and to the detachment of entire blocks angyierenes as a result of the laser evaporation of various car-

their evaporation during the emission process. bonaceous samples in vacuum, especially pyrolytic graphite.
Even the first reports of the formation of fullerenes under
vacuum conditions mentioned that they appeared only after a
sufficient preliminary number of laser pulsésGranted, this
has been ascribed from the start to the need to form a crater
Deposition of material back onto the target and the for-to provide a denser flux of evaporated material, but later it
mation of clusters as a result of particles migrating over thavas shown that the redeposited phase plays a decisiv&role.
surface and coalescing is very rarely taken into account wheRigure 2 shows fragments of the mass spectra of carbon clus-
identifying clusters during the laser ablation of targets. It hagers formed as a result of the laser evaporation of graphite.
been noted that as they expand, the emitted particles underdte signal shown in the upper part is accumulated over 3000
numerous collisions and that even under vacuum conditionpulses when a laser spot of area 0.1mim continually
a considerable proportion of the ablated material is depositeshifted over a 20 mAregion of the target. The signal shown
back onto the target. Usually the entire target surface exce the lower part was obtained for 3000 laser shots at a single
for the irradiated part is passivated or often simply coategoint. In the second case the signal is thirty times weaker! In
with a layer of molecules or radicalater or vacuum-pump the first shots using a fresh sample, no fullerenes are ob-
oil) that are not taken into account. The redeposited particleserved, i.e., the criteria for the identification of cluster for-
are not usually incorporated back into the target structurenation by redeposition of sputtered material is the appear-
(their energy is low and the target is only heated logatimd  ance and growth in the number of clusters as the sample

[ e L.dh L ‘L'lA . 1.;JMJ“L,L;L l. l 1. l AMI >‘. PR R
50 &0 70 80 a0 100

Number of carbon, atoms per cluster

FORMATION OF CLUSTERS BY REDEPOSITION OF
MATERIAL FROM THE LASER JET BACK ONTO THE
TARGET
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evaporates and, most importantly, a substantial increase in
the number of these clusters as the laser beam moves to a
region adjacent to that which was irradiated previously.

!

;)b LR bl
17 us ” - .
EMISSION OF FRAGMENTS AND ENTIRE BLOCKS FROM 16 s ’mh‘ ;
THE TARGET ps | 1] ,

There are many hypotheses on the mechanisms for the |-rm W 75 us
removal of large clusters from a target under the action of a K

laser pulse. Hydrodynamic mechanisms for the formation of
droplets and cleaving of blocks as a result of steep thermal
gradients have been discus$éd? Overheating of the sub-
surface layers of the target and release of a gas phase in the
bulk may also play a significant rof@.Quite clearly, defects

and boundaries between microcrystals in the target play a
major role in the breakup of the target. A simplified case of
the detachment of blocks from a polycrystal is the emission
of clusters weakly bound to the surface, which was consid-
ered in the previous section. The kinetic energy of these 0 1 I | | | 1

clusters is orders of magnitude higher than the thermal en- Y 300 000 1200

ergy. For instance, the energy of desorbed fullerenes is up to Wumber of carbon atoms per cluster

50eV (Ref. 12. Itis true that their velocity is approximately Fi. 3. Emission of nanoclusters from porous graphite. The point of analy-
the same as that of the remaining particles in the jet and casis is 45 mm from the target. With increasing delay after the laser pulse the
be attributed to acceleration in the entire flux. However, evernasses of the detected clusters increase.

when isolated clusters are emitted, their energy is also high.

Gold clusters, desorbed after strong excitation of their elec-

tron system by the propagation of a high-energy ion, leavéor various delays after the laser pulse. The masses of these
the substrate with an energy of around 100@éf. 5. In  clusters correspond approximately to the postulated sizes of
order to exp|ain these high energies, the possibi”ty is conthe interpore barriers. The kinetic energy and therefore the
sidered that the electron excitation at the cluster boundariegPread of the initial kinetic energies of these particles is
is converted directly into kinetic energy of the entire particle,higher than 400 eV, which severely impedes mass spectro-
i.e., the electron excitation does not have time to be transmetric analysis. The criterion for cluster detachment from the
ferred to the atomic core, and the collective excitation of thelarget rather cluster formation during expansion as a result of
electrons at the boundary does not simply destroy the bonthe condensation of small fragments is that the number of
with the surface, but also leads to repulsion of the entireclusters in the jets produced in different pulses can vary con-
particle. It is postulated that in this case, the kinetic energyiderably but the mass distribution of the particles is con-
approximately corresponds to the binding energy of the parserved.

ticle with the surface. Similar models were considered earlier It can be seen from these examples that when laser mass
for the emission of atoms and simple molecules havingspectrometry is used to analyze structural units of complex
anomalously high kinetic energy from a surfddéi®1n a  targets, the results must be evaluated with extreme caution.
solid target, release of electron energy at grain boundarieshe simple reasoning described above can give preference to
and defects accumulated under intensive irradiation mugt particular hypothesis on the mechanism of cluster forma-
also be considered. Thus, entire fragments may become déon using a laser beam. At the same time, this reasoning is
tached from the target if it does not melt. At near-thresholdmportant for the directed development of cluster fluxes in
radiation energies, graphite is ablated to a considerable ex¥acuum.

tent, giving clusters of 7—27 atoms comprising fragments of ~ The authors thank A. M. Danishevskor supplying the
molecular graphite layers.We attribute the very substantial Porous graphite samples and discussing their properties.
variation of the amplitude and peak ratio in the mass spec- The authors are grateful to The Foundation for Intellec-
trum of the graphite clusters from one pulse to another to théual Collaboration and the Program “Fullerenes and Atomic
sparse information on the evaporation of microcrystals. Clusters” for supporting this work.

Graphite microcrystals have not been detected by mass spec-

trometry because of their very large mass, but we have ob- o o )
served fragments of porous graphite. The initial sample was 'Eaiec;;r?g'@ﬂg” '\li'lijvsx‘ri'yi;‘j}”ed by A. K. Vertes, R. Gijbels, and
obtained by etching silicon from SiC. The mass spectrumzy,, A~ Bykovslfﬁ’ and V. N. Nevolin,Laser Mass Spectrometfin Rus-
near clusters of 7—27 atoms is very stable for these sampleSsiari, Energoatomizdat, Moscow1985, 129 pp.
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creases, their velocity decreases. Figure 3 shows sections of pgaranov, S. Bogdanov, A. Novikoet al, Nucl. Instrum. Methods
mass spectra obtained at a distance of 45 mm from the targePhys. Res. BL22, 329 (1997.

1% ps

13 rx.s

12 ps

Signal , arb.units

1" i




1076 Tech. Phys. 44 (9), September 1999

B. N. Kozlov and B. A. Mamyrin

8M. Karas, D. Bachmann, U. Bahr, and F. Hillenkamp, Int. J. Mass Spec3R. Kelly and A. Miotello, Pulsed Laser Deposition of Thin Filmedited

trom. lon Processess, 53 (1987).

’B. N. Kozlov, I. I. Pilyugin, V. G. Shchebeliet al. Zh. Tekh. Fiz.64(9),
155(1994 [Tech. Phys39, 944(1994]; B. N. Kozlov, I. I. Pilyugin, V.
G. Shchebeliret al, Mikrochim. Acta120, 111(1995.

8H. W. Kroto, J. R. Heath, S. C. O'Brieet al, Nature(London 318 152
(1985.

90. F. Hagena, Surf. ScL06(1), 101 (1981).

10C. H. Becker and J. B. Pallix, J. Appl. Phy&4, 5152(1989.

1A, O'Keefe, M. M. Rass, and A. P. Baranovski, Chem. Phys. l1&6, 17
(1986.

2B, N. Kozlov, S. N. Kirillov, and B. A. Mamyrin, Proc. SPIB093 233
(1997.

by D. B. Chrisey and G. K. HubdWiley, New York, 1994, pp. 55-87.

R. Kelley, J. J. Cuomo, P. A. Learkt al, Nucl. Instrum. Methods Phys.
Res. B9, 329 (1985; R. Kelly and J. E. Rothenberg, Nucl. Instrum.
Methods7/8, 755 (1985.

15E. N. Sobol and N. G. Petrovskaya, Supercond. Sci. TechoB7
(1993; V. N. Bagratashvili, E. N. Antonov, E. N. Sobei al, Appl.
Phys. Lett.66, 2451(1995.

18R, W. Dreifus, R. Kelly, and R. E. Walkup, Appl. Phys. Led9, 1478
(1986.

17B. N. Kozlov, V. P. Bul'chenko, and B. A. Mamyrin, Mol. Matev, 99
(1996.

Translated by R. M. Durham



TECHNICAL PHYSICS VOLUME 44, NUMBER 9 SEPTEMBER 1999

Electron spectroscopy of objects for nanoelectronics
V. M. Mikushkin

A. F. loffe Physicotechnical Institute, 194021 St. Petersburg, Russia
(Submitted January 14, 1999
Zh. Tekh. Fiz69, 85—89(September 1999

An electron-spectroscopic analysis is made of layered nanostructures and clusters at the surface
and in the bulk of a solid. A new method of forming metal/insulator/semiconductor
(superconductgmanostructures is proposed based on ion-stimulated metal segregation effects at
the surface of low-temperature gallium arsenide and a 123 high-temperature superconductor.

The geometric parameters and electronic structure of these nano-objects are studied. It is shown
that their electronic properties can be controllably vaiieditu by acting on the surface.

The dimensional transformation of the electronic properties of metal clusters is studied for clusters
in the insulator SiQ, in the superconductor LTMBE-GaAs, and on silicon and graphite

surfaces. The nature of this transformation is clarified. A diagnostics for cluster ensembles is
developed by which one can determine the parameters needed to describe single-

electron transport: the average number of atoms per cluster, the average distance between
clusters and isolated atoms, and the chemical state of the atoms. Ensembles of silver clusters with
specified parameters are obtained on a silicon surface. It is shown that these ensembles are
potentially useful for developing single-electron devices. 1899 American Institute of Physics.
[S1063-784299)01909-1

Films and layered structures of nanometer thicknessstimulated segregation of metals, which we have observed at
guantum wires and clusters, are some of the “hottest” obthe surface of new materials: gallium arsenide grown by mo-
jects in modern physics. These objects can be used to déecular beam epitaxy at low temperatufeTMBE-GaAs)
velop fundamental ideas on an intermediate state of matteand the HTSC DyBzCu;0;_ 5 (Refs. 1-3. The MIS nano-
situated between the atomic and the solid state, and offestructures are formed during ion bombardment of the surface
fundamentally new possibilities in electronics. Thus moderrof these materialéFig. 1).
physics and nanoelectronics require the development of di- Segregation of arsenic and dysprosium at the surface of
agnostic methods to determine the electronic structure andTMBE-GaAs and DyBaCu;O,_ s was observed as a result
the elemental and chemical composition of nano-objects. Af analyzing the photoelectrons emitted by deep and shallow
promising basis for these diagnostic techniques are variousore levels. These photoelectrons have different mean free
modifications of electron spectroscopy, characterized by ngpaths\ and carry information on the elemental composition
nometer resolution over the depth of a solid-state object. Iof a thin (5—7 A) surface layer and a considerably thicker
the present paper we give examples of the controlled devel22—27 A “bulk” layer. The intensity ratio of the surface
opment and investigation of unique layered nanostructurephotoelectron line to the bulk line in samples exposed to ion
and cluster ensembles, which demonstrate the capabilities bbmbardment is considerably higher than the same ratio in
electron-spectroscopic methods of studying these objects. reference materials, normal gallium arsenide and metallic

Some of the most promising materials in electronicsdysprosium. This at least indicates that the surface is en-
are llI-V semiconductors such as GaAs and InP and 128iched in these elements. A detailed quantitative analysis of
high-temperature  superconductor§HTSC9 such as the relative intensities revealed that a layer of pure arsenic of
Y (Dy)Ba,Cu;0;_ 5. The potential usefulness of these mate-thickness |I=8 A forms on the LTMBE-GaAs surface,
rials derives from their inherent high carrier mobility which, whereas a monatomic or diatomic layer of dysprosium or
in principle, can increase the speed of devices by one or twan ensemble of dysprosium clusters forms on the
orders of magnitude compared with silicon devices. How-DyBaCu;O; _ 5 surface, depending on the ion energy.
ever, the fabrication of device nanostructures from metals, The reasons for the segregation of arsenic and dyspro-
insulators, semiconductors, and supercondudtdiS struc-  sium differ. The samples inserted in the spectrometer are
tureg is impeded by the effective interdiffusion of materials coated with a layer of native oxides. After this layer has been
in the conventional processes used for the layer-by-layeremoved by ions, the excess arsenic contained in the
growth of structures, such as molecular beam epitaxy. FOLTMBE-GaAs simply “pours” onto the freshly prepared
instance, the typical broadening of HTSC/insulator interfacesurface. The interaction between the ions and HTSC
is some tens of nanometers. It is therefore important to obbyBa,Cu;O;_ 5 is rather more complex: initially chemical
serve and study physical processes which could suggest funenversions take place, resulting in the formation of an insu-
damentally new methods of fabricating thermodynamically-lator layer containing elemental dysprosium, and then the
stable MIS structures. One such process may be ion-beandysprosium diffuses toward the surface. Studies of the spec-
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The proposed method of determining the numbgy
revealed new dependences in the formation of the electronic
structure of clusters at a surfatBFor example, Fig. 2 gives
the size dependence of the Auger electron energy over a
tra of the core and valence photoelectrons have establishedde range ofN,; as we have said, this dependence is al-
that the segregate layers are of a metallic nature and havaost completely described by the size dependence of the
determined the band offsets at the interfaces, the band bencklaxation energyR. The position of the observed step char-
ing, and the density of states, Ultimately the electronic strucacteristics inR(N,) correlates with the known “magic”
ture was reconstructed in its entirétyIt was also observed numbers for free spherical clusters: 2, 8, 20, and 46, which
that external influences on the segregate such as dosed oxrégulate the formation of the electron shells of the cluster. It
dation can change the parameters of the electronic structureras thus concluded that the electronic structure of planar
i.e., the electrophysical properties of the structures. Thus;lusters on a surface is formed in accordance with the same
MIS structures with nano- and subnanometer layers were olyelationships as for free spherical clusters. This conclusion is
tained by a fundamentally new method under conditions ofjuite unexpected, since the symmetry of the clusters under
in situ monitoring of their electronic properties. comparison is altogether different. This result also confirms

As we know, the properties of clusters depend on theithe reliability of the method of determining,,. The abrupt-
sizes. Electron spectroscopy provides information averagedess of the steps indicates the small spread of the cluster
over an ensemble of different-sized clusters at the surfacsizes in our experiments.
and in the bulk of a solid. Thus in order to improve the Another interesting result obtained on the basis of an
accuracy and reliability of the information on clusters, weaccurate determination of cluster size is that the spin—orbit
need to produce ensembles with a small variance in clusteplitting of the level ) varies nonmonotonically during
size. We solved this problem for ensembles of metal clustergrowth of a cluster on a surfaddl-he splittings of the @ and
at the surface of silicon and graphfté. It was shown that 4d levels of silver shown in Fig. 3 were obtained from the
these clusters are planar. The nature of the so-called siz&uger and photoelectron spectra. It can be seenARain-
shifts of the Auger and photoelectron lines was identified creases abruptly, then decreases, and oscillates with decaying
i.e., changes in the energies of the electrons emitted by themplitude and frequency as the atoms merge to form di-
clusters as the cluster sizes vary. For clusters consisting @tomic, triatomic, and polyatomic clusters. This effect is evi-
several atoms these shifts are caused by a change in tlkently caused by distortion of the electron shells as a result
binding energy as a result of a change in the internucleaof the polarization of the atoms by the surface, which may
distance and the increasing importance of quasimolecular okary appreciably at the initial stage of cluster formation. Po-
bitals. For larger clusters these size shifts are mainly causddrization of the shell increases the effective orbital angular
by a change in the relaxation energy of the electron submomentum and thus the spin—orbit interactigslf). The
system as a result of electron collectivization and an increaseuter 4d shell is considerably more strongly polarized that
in the density of states near the Fermi level. The establishethe inner 3 shell. Thus, the observed effect is considerably
dependences can be used to link the dose scale of the depasronger for the d shell, although the absolute value of the
ited metal fg) with the average number of atoms in the splitting is an order of magnitude lower.
clusters (N5) and to propose a method of determining this Polarization of the clusters by the surface is clearly re-
number’ In this way we solved the problem of the controlled sponsible for the anomalous behavior of the probability of

FIG. 1. Schematic of ion-stimulated formation of MIS nanostructures.
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0 4 8 12 16 external electron decreases while that for a photoelectron in-
T T creases drastically. The first dependence is expected and cor-
relates well with the size dependence of the relaxation en-
6.8 ergy: the lower relaxation energy is caused by a lower degree
i of electron collectivization in the cluster, which is also re-
sponsible for the lower probability of excitation of collective
[ oscillations. The anomalous increase in the probability of
6.0 excitation of a plasmon by a photoelectron can be explained
[ 5 o qualitatively by polarization of the outeisshell of the silver
atom. Since plasmons in silver exhibit hybrid oscillations of
the 5 free-electron gas with correlated excitation off 4
6.8 electrons, the plasmons can be excited via the excitation of
[ 4d electrons. The probability of this process depends on the
6.4 - overlap of the wave functions of thed4 5s, and photoion-
[ izing 3d electrons. For small clusters the overlap should be
6.0 greater because of the stronger interaction of the atoms with
i the surface and thus the stronger polarization of the valence
* ' 5s shell. For larger clusters, the role of intracluster interac-
0 4 8 12 16 L o
N tion mcreases_and the polarlzatlon of the atoms decreas_es.
at Figure 4a illustrates an important result: local collective
FIG. 3. Spin—orbit splitting of Agly, s, (@) and Agddss, 5, (b) levels asa  OScillations are excited in clusters consisting of only a few
function of the average number of atoNs, in silver clusters on a graphite atoms (between two and fourt® This implies that plasma
surface. Filled and unfilled circles — results of two experiments. oscillations can be excited in systems consisting of only a
few electrons. We observed low-frequen¢ired” ) local
r_[Plasmon modes and established that they are excited consid-
erably more effectively by photoelectrons than by external
electrons’ It was shown that the size dependence of the
local-plasmon energy red shift due to these red modes can

Sl
'
1

excitation of collective oscillations of the electron subsyste
of an isolated clusteflocal plasmon by a photoelectron

emitted in that clustef The size dependence of this probabil-

ity is shown in Fig. 4b, and the analogous dependence of thﬁlso be used to determine the average particle size.
probability of excitation of a local plasmon in a detected Electron-spectroscopic analyses have been used to de-
event in which an external electron is scattered by the clustq;

It b that th babilities d td d elop the technology for the controlled production of en-
(@. It can € seen that these probabilities do not depend ofy 65 of homogeneous subnanometer clusters on a sur-
the cluster size for particles containing more than 12 atom

F " lusters the d d directly th Sf’ace, having a given average size and intercluster distance.
or smafler clusters the dependences are directly the 0pp%’ystems showing Coulomb blockade effects in the transport
site: the probability of excitation of a local plasmon by an

of individual electrons were obtained, and it was demon-
strated that these ensembles are potentially useful for devel-
oping fundamentally new single-electron devices.

" e Ag a Changes in the electronic properties of copper in an,SiO
2 006 ] matrix have been studied for the transition from an atom to a
S : AR 13570 cluster and then to the solid metaFigure 5 shows size
<€ 004} ‘% dependences of the electron binding energy in the atom
s L =y Eg(Na), the energy levels(N,), the Auger electron ener-
0.02}F 13568 giesEA(N,), and the relaxatioR(N,). It can be seen from
i : Fig. 5 that the relaxation changes during cluster growth are
00—t o responsible for the enormous shifts of the Auger lines, which
I b | reach 5eV. It was noted that these large shifts can be used to
6 i determine cluster sizes of less than 10 A in an insulator ma-
¢ [ trix with reasonable accuracy. It was established that for a
S 4| i transition from an atom to a cluster, the energy levels de-
[ X ] crease rather than increase as they do for clusters at the sur-
2k Si—> i face, and that this behavior is caused by charge transfer from
| ] ? ] the matrix to the atom and not by any change in the quasi-
ol v Asg bulk ~ molecular orbitals.
0 4 8 12 16 20 These investigations were used as the basis to develop
Nt electron-spectroscopic diagnostics for copper and arsenic

FIG. 4. Size depend fih bability of excitation of a local sil clusters in new composite materials Cu/giend LTMBE-
. 4. Size dependences of the probability of excitation of a local silver- . . .
cluster plasmon in a detected event in which an external electron is scatterecé_a'a‘S which are al_so elXtre_mely pr(_)mlsmg for faprlcatlng
by the cluster(@ and in the emission of aBphotoelectron by the cluster Single-electron devicést' This technique can provide the

(b). Size dependence of the relaxation enetdy (a). information needed to describe the transport of isolated elec-
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] electrons emitted by the clusters. We have devised diagnostic
- 1 techniques for determining the parameters of their electron
933.5F 43 structure and the geometric parameters of cluster ensembles
> : Ep | and developed a technology for the controlled production of
&:933.0 - > cluster ensembles having the properties required to fabricate
3 | 2 g single-electron devices.
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Paleoastrophysics: progress and prospects
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(Submitted January 14, 1999
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Results of highly accurate measurements of the radiocarbon concentration in the annual growth
rings of trees over the last 400 years are presented. The temporal behavior of the intensity

of galactic cosmic rays is reconstructed for the first time for the periods before, during, and after
a deep and extended solar activity minimum — the Maunder minirl6d45-1715. It

was established that even during the epoch of a deep solar minimum, the intensity of the galactic
cosmic rays experienced solar modulation. The time profile of the generation of high-energy
gamma radiation from the supernova explosion of 1006 is established. It is shown that processes of
particle acceleration and generation of high-energy gamma rays take place with a three-year
delay relative to the onset of the optical flare. The time profile of the generation of solar cosmic
rays was obtained for the first time over the last thirty cycles of solar activity by precision
measurements of the nitrate content in the polar ice cap. It is shown that solar flares accompanied
by the generation of cosmic rays occur during the growth and decay phase of solar activity
(measured by the Wolf number&kesearch prospects in the field of experimental paleoastrophysics
are discussed. €999 American Institute of PhysidsS1063-784£99)02009-7

INTRODUCTION the Sun. This experiment is extremely complex and expen-

The following definition may be proposed for paleoas_zlr\]/tecizcri]t:?e(?;|res the collaboration of scientists from differ-

trophysics as a scientific field: the study of astrophysical phe- The annual growth rings of trees have become a tradi-

nomena whose signals reached the solar system before the I . S
birth of instrumental astronomy. Instrumental astronomyf[Ional source ofqu_anUtatlye data on the t|m e variation in the
dates back to the beginning of the seventeenth century as! tensity of galactic cosmic rays on the time scale between

result of the systematic study of the skies made by Galiled"® presgnt day and t.en. thougand years ago. The. width O.f the
Galilei. Using a small optical telescope made with his OWnannual rings and their isotopic content contain information

&y solar activity and climatic effects over a large time scale
the phases of the Moon. He officially reported the observal the past. It was recently establisfiblat the dynamics of
tion of sunspots in Padudtaly) in 1610 solar activity up to 25 million years ago can also be recon-
Konstantinov and Kochard? have set forth the funda- struct;zd frolm the width of these rings. . o
mental ideas of a new scientific field — paleoastrophysics, . 1€ Polar ice cap is an important source of quantitative
They showed that by using natural archives, it is possible tdformation on solar flare activity, supernova explosions, and
study quantitatively a whole range of astrophysical phenom-CI'mat'C effects. The frequency and amplitude of solar-flare

ena that occurred in the distant past. Some of these includg.r ot%nls are d;atirmmeld from the ?]ltrate ?.ondcen.tratlor;] in
long-lived variations in the intensity of galactic and solar dat€d layers of the polar ice cap. The amplitude-time char-

cosmic rays, flare and modulation activity of the Sun, catgacteristics of supernova explosions are established by mea-

strophic events in the past, amplitude—time characteristics oturng .th.e time Ero?ée of th(336 co'nc.entrat|on of the cos-
supernova explosions, and so on mogenic isotopes$’C, 1%Be, and*®Cl in independently dated

samples of polar ice. These isotopes are formed in nuclear
reactions in the Earth’s atmosphere under the action of ga-
lactic cosmic rays assumed to originate from supernova ex-
plosions. These isotopes are also generated under the influ-
The Earth’s crust is a permanent detector of cosmic parence of gamma rays of cosmic origin. According to current
ticles and radiation. Wolfsberg and Kochat@howed that thinking on supernova explosions, both high-energy protons
only the crust offers the fundamental possibility of determin-and hard gamma rays are formed.
ing the dynamics of the generation of thermonuclear energy The time scale for obtaining astrophysical information
in the Sun’s interior on a time scale of the last tens of mil-using the polar ice cap is now hundreds of thousands of
lions of years. The principles of neutrino paleoastrophysicyears.
were developed in Ref. 3. It was shown that under the action It has been shownthat the outer centimeter layer of
of solar neutrinos, specific isotopes of lead and technetiuntunar soil contains quantitative information on the time pro-
are generated in the Earth’s crust, and by measuring thefile and power of solar-flare protons on a time scale of the
content it is possible to determine the fundamental imporiast few hundred thousand years. Another possible method of
tance of the energy release dynamics in the deep interior aftudying paleosolar flares also exi$t/e know that various

NATURAL ARCHIVES OF COSMIC PARTICLES
AND RADIATION
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isotopes are generated in the Sun’s atmosphere under tipessibilities of paleoastrophysics was first formulated, an ex-
action of particles accelerated in solar flares. These transmtensive series of highly accurate measurements have been
tations are taking place on the Sun at the present time anthade of the radiocarbon concentration in the annual growth
also occurred in the past. This implies that the chemical andings of trees over the last 400 years in order to determine the
isotopic composition of the solar matter vary with time andnature of the deep solar minimum and the nature of the solar
this variation should in turn affect the Sun’s atmospheremodulation of the intensity of galactic cosmic rays before,
Consequently, an experimental determination of the isotopicluring, and after the Maunder minimum. In order to study
composition of the solar wind can be used to establish thgolar flare activity over the same time interval, yearly mea-
intensity of the solar flares and nuclear reactions in the pasgurements have been made of the nitrate content in the polar
the mechanism for the formation of the solar wind, the dy-ice cap. Nitrates are a unique source of yearly variation in the
namic characteristics of physical processes in various regioriatensity of solar cosmic rays which provide experimental
of the solar atmosphere, in the subphotosphere layers, and gata on the power, frequency, and time of flare generation of
on. Comprehensive information is contained in the nucleathe cosmic rays.
gamma lines from the quiet Sun, which can be recorded after Radiocarbon studies have been carried out by groups in
increasing the sensitivity by some tens of times over theRussia, Lithuania, Ukraine, and Georgia under the scientific
present level. guidance of the present author. Highly accurate yearly mea-
The idea of experimental paleoastrophysics, formulatedurements of the nitrate content in the polar ice cap were
in 1965 (Ref. 1), has been developed rapidly over the lastmade jointly by the loffe Institute and the University of Kan-
few decades as a result of the efforts of scientists from mangas, and the results are presented in Refs. 7 and 8. Here we
countries, and can now be divided into three fields in termsnerely describe the main features of the Maunder minimum.
of aims and experimental methods. 1. The radiocarbon content in the Earth’s atmosphere in
Paleoastrophysics of cosmogenic isotopes is based afie epoch of a deep minimum is 2:8.3% higher than that
the following: Cosmic rays generated in natural particle achefore and after the minimum. This increase was predicted,
celerators in space continuously bombard the Earth’s atmaand the magnitude of the effect was established for the first
sphere, initiating various nuclear reactions. Radioactive nutime.
clei such as'‘C/®Be, and *Cl are generated in these 2. The transition of the solar activity from the normal
reactions. For these isotopes there are natural archives witbvel to a deep minimum and back takes place over a period
good retention and accurate time markers. Tree rings are thgf no more than a year.
best for radiocarbon, and the polar ice cap is best'%Be, 3. The main characteristics of the eleven-year cycle of
and *®Cl. By measuring the content of cosmogenic isotopessolar activity before and after a deep minimum were the
in independently dated samples, it is possible to reconstru@ame as those over the last fifty years, according to the re-
the cosmic ray intensity over a long time interval, and obtaingy|ts of direct measurements.
information on the source of the cosmic ragsipernova ex- Results of measurements of the nitrate content in the
plosions, solar flaresand on the characteristics of the inter- polar ice cap over the last 400 years reliably established the
stellar medium, solar activity, and the entire heliosphere.  following.

Paleoastrophysics of nitrates is based on highly accurate 1. No solar flare activity was observed during the Maun-
measurements of the nitrate content in the polar ice camjer minimum.
Independent methods have been developed for dating ice, 2. In the epochs before and after the Maunder minimum,
and yearly nitrate measurements are already available for theslar cosmic rays were reliably recorded. Of fundamental
last 400 years. Nitrates in the polar ice cap are not only amportance is that the cosmic rays are generated during the
unique archive for the study of astrophysical phenomena igyrowth and decay in the numbers of sunspots. This effect
real time but also in the distant pastupernova explosions, was observed in direct experiments over the last few de-
solar flare activity, and deep solar minimaJnlike cos- cades. |ncreasing the time span to 400 ydmund 40
mogenic isotopes for which nuclear interactions are typicalcycles of solar activity provides evidence to support the
nitrates are sensitive to the low-energy range: atomic colliconclusion that solar cosmic rays are generated during the
sions, temperature effects, changes in the ambient mediUI’growth and decay of Sunspot-forming solar activity_
and so on. The clearest, and most unexpected, experimental obser-
vation is that the intensity of the galactic cosmic rays varies
in the epoch of the Maunder minimum, although the nature
of this variation differs from the well-known eleven-year
cycle of solar activity. A twenty-two year cycle was ob-

According to historical data, in the past history of the served during the Maunder minimum. This corresponds to
Sun there were long time intervals when not a single sunspdhe period of polarity reversal of the Sun’s general magnetic
was observed on the surface of the Sun. The nearest deéipld. A theory for this effect has not yet been developed.
extended solar minimum to the present day occurred over thBearing in mind the importance of this effect and the fact
period 1640—1715. This minimum is called the Maunderthat the duration of the Maunder minimum was only seventy
minimum, after the English scientist who published a workyears(three periods of twenty-two year cycjesve need to
on the existence of this minimum in 1921. study the time variations for the Smw minimum, which was

Over the last thirty years, since the idea of the specificof relatively long duration1416—1534, i.e., more than five

THE PROBLEM OF DEEP EXTENDED SOLAR ACTIVITY
MINIMA
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twenty-two year cycles. The problem of the s@ominimum  ago there was a supernova explosion at a distance of 160
is now the central issue for radiocarbon and nitrate measurdight years from the Earth. The total energy of the cosmic

ments. rays is 18%erg and shows good agreement with the theory.
However, it must be borne in mind that the enhanced con-
THE ORIGIN OF COSMIC RAYS centration of cosmogenic isotopes established may be a con-

sequence of the reduced geomagnetic level in the same ep-

The origin of cosmic rays has been one of the key issuegSch with a corresponding time profile. We suggete

in high-energy astrophysics for several decades, Fundamegbeciﬁc possibility for determining the nature of this phe-

tal and guiding ideas on this subject were put forward bynomenon The Farmington meteorite has a cosmic age of
Ginzburg (see Ref. 9 and the literature cited thejeilhe ) g 9

fundamental idea proposed by Ginzburg that the recordeé'0 000 years, so that it should hav_e beeq |rrad_|ated by cosmic
rays from the supernova explosion being discussed. As a

cosmic rays are generated in our Galaxy has already been . L
) y 9 . yr Y De&sult of this irradiation®Kr atoms should have accumu-
confirmed experimentally. According to Ginzbutghese . . .
. - ) o lated in the meteorite as a result of nuclear reactions. Hence,
mainly originate from supernova explosions. This idea can- L L .
) ! . determining the content of these nuclei in the Farmington
not be checked out experimentally in real time, because the . . .
meteorite should answer the question as to the nature of this

required duration of an experiment to record cosmic rays . . .
d P Y phenomenon. In order to achieve this, the sensitivity of

from a supernova explosion is tens of thousands of year?. X 1 ;
The only possibility is to use paleoastrophysics metH8ds, counting the®'Kr atoms must be improved tenfold. Another

such as recording high-energy gamma rays from the eXplor_)ossible method of recording cosmic rays from a supernova

. S . losion also exists. Here we are talking of the unique
sions of historic supernovas and high-energy protons from Xplo ) N )
close supernovéess than a few hundred light years away eminga object, V.Vh'Ch. Is 300000 years old and_ 300 light

The ided was to make precision measurements of the/€2rS away. Geminga is a powerful source of high-energy

radiocarbon content in the annual growth rings of trees ovepamma rays, so this unique object should be a strong source

a time interval embracing the explosions of two supernovasc.)f cosmic rays. Highly accurate measurements must be made

the supernovas of 1004 and 15¥Pycho Brahe. In both of the cosmogenic isotop8e in the polar ice cap over the
cases the observed effect is caused by high-engreays last few thousand years. This is a difficult task but is possible

generated in nuclear reactions initiated by protons accelef” principle.

ated in the explosions. The time profile and total explosion 10 _conclude, the author would like to stress that the
energy were determinéd! The rise time of they-ray possibilities of experimental paleoastrophysics are enormous

fluxes is 3—5 years and the decay timd0 years. The total and embrace a wide range of problems in physics and astro-

explosion energy is 8 erg. physics. _ _ o
These results fully support the Ginzburg's idea that su-  1he author would also to specially mention the initiating
pernova explosions in our Galaxy are the main source of°!® Of B. P. Konstantinov in creating this new, now wide-
galactic cosmic rays. spread field of high-energy astrophysics.
This work was supported by the Russian Fund for Fun-

CONCLUDING REMARKS damental Research, Grant No. 990218398.

1. The problem of deep solar minima
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chives led the author to concludén 1982 that 35000 years Translated by R. M. Durham
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Investigation of heavy cosmic-ray nuclei by solid-state track detectors on orbiting
platforms
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Results are presented from investigations of Fe-group nuclei in galactic and solar cosmic rays in
the energy ranges 30—210 MeV/n and 7—-210 MeV/n in various phases of the solar cycles.
Spectra of Fe particles have been obtained with high energy resolution as a result of exposing
PLATAN chambers, made up of layers of a polyethyelene terephthalate solid-state track

detector, for between one and three years on the Salyut-6, Salyut-7, and Mir space stations, orbiting
at an inclination of 51.6° to the plane of the equator and at an altitude of 350—400 km.
Measurements were made of the energy spectra of Fe particles from a unique event, the series of
solar flares of September 29 and October 19-29, 1989, which is the most powerful of those
recorded and measured over the entire history of cosmic ray research. A modern model of particle
penetration inside the Earth’s magnetosphere, developed at the Institute of Nuclear Physics

at Moscow State University, is used to compare the measured spectrum with measurements made
using the solid-state track detector in the HIIS experiment on the LDEF station, and with
extramagnetospheric measurements made using electronic equipment on the IMP-8 satellite and
the Galileo space station. It is shown that the solid-state track detector technique has

advantages for obtaining the characteristics of the energy spectrumi99® American Institute

of Physics[S1063-78499)02109-1

INTRODUCTION A. F. loffe Physicotechnical Institute. This resulted in the

Until recently, the low-energy region of heavy nuclei in development of the technology and procedures for a Russian
cosmic rays between tens and several hundreds giolid-state track detector using polyethyelene terephthalate,
megaelectron-volts per nucleus had been the least well stugpecially designed to record and identifz 20 heavy nuclei
ied and the most difficult to interpret. This can be attributedstopped in the detector layer8.This technology includes
to the relatively weak particle fluxes and the broad spectrunthe conditions for exposure to the detector by ultraviolet ra-
of sources of these nuclei, including galactic, solar, andiiation after prolonged exposure in outer space in order to
anomalous sources, and, for measurements within the magestore and enhance the detector sensitivity, and conditions
netosphere, trapped particles. Outside the Earth’s magnet@s; etching the detector in an alkali solution to identify par-
sphere, only the integral particle flux had been measured fqf o tracks. Second, we developed the PLATAN-1, -2, -3, -4,
galactic nuclei in this energy range and no energy spectra d -5 units, with geometric factors of 0.25—4sn which

had been obtained, while the energy spectra of Fe particlesé”‘fn tullv deploved by th i . .
solar origin were limited to a maximum energy of 20— were successiully deployed Dy the crews of niné missions in

30 MeV/n until the end of 1996. Nowadays, measurement¥/Nich the apparatus was mounted and exposed on the exte-
of the energy spectra of heavy nuclei inside the magnetodor surface of the Salyut-6, Salyut-7, and Mir space stations
sphere, made using long exposures of solid-state track detegnd then demounted. The nuclear charge was determined by
tors on orbiting space stations, can provide new and mortheLR method, using the dependence of the lengthsf the
detailed information on heavy nuclei, including the profile of track cones etched on the upper and lower surfaces of the
the energy spectra of galactic cosmic ré§CRS, its varia-  detector layer on the rang® measured from the particle
tion during a solar cycle, and determination of the degree o§topping point in the detector. Figure 1 gives these depen-
ionization of heavy particles in solar cosmic raf8CRS.  gences for SCR particles having charges between 18 and 28.
These data can be used to check the accuracy of varioys, qst common element, iron, can be identified from the

models of particle penetration inside the magnetosphere b \uster of point the di It b that el t
comparing these with measurements outside the magnet wuster of points on he diagram. ft can be seen that elements

sphere and also inside the magnetosphere for various ordietween Ca and Fe are almost absent. The charge distribu-

inclinations. tions for GCRYRef. 3 and SCRgRef.4) are plotted in Figs.
2a and 2b, respectively. The charge resolution achieved for
METHOD GCR and SCR Fe nuclei is 0.25 and 0.35 charge units, which

Research on a solid-state track detector was started sonffe substantially better than the resolution of 0.45 and 1
twenty-five years ago in the Cosmic Ray Laboratory of thecharge unit achieved in the more sensitive solid-state track

1063-7842/99/44(9)/5/$15.00 1084 © 1999 American Institute of Physics
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is the same as the resolution of the electron detector on the
Galileo station.

RESULTS AND DISCUSSION

Figure 3 gives the energy spectrum of GCR Fe nuclei in 20
the energy range 40—210 MeV/n measured for the first time
inside the Earth’s magnetosphere over the period 1984—-1985
in the PLATAN-2 experiment. It is observed that the flux
increases by almost an order of magnitude as the energy
increases. The increase in flux observed with decreasing en-
ergy in the range 30—40 MeV/n is determined by the contri- 0
bution of Fe particles from solar flares in April and July
1985. For comparison Fig. 3 gives the energy spectrum of
GCR Fe nuclei measured on Voyager during the maximum
GCR intensity in 1986—-1987 at 28 Aldurvel), and calCu- [, 2. Measured charge distributions of heavy nudei— GCR particles,
lated curve?2 and 3 of GCR Fe fluxes outside the Earth’s b — SCR particles.
magnetosphere for April 1985 and October 1984. Spettra
and 3 were obtained indirectly using measured spectra of
helium and oxygen, with allowance for the relative Fe/He
and Fe/O abundance. Note that the absolute particle fluxemnce could be attributed to the incomplete ionization of low-
measured within the magnetosphere are twenty times lowanergy GCR Fe particles as a result of which this flux is
than those measured on Voyager. Despite the large diffelattenuated in the magnetosphere considerably less than a flux
ence between the fluxes, the energy resolution of thef completely ionized particles. However, recent
spectra in our experiment was comparable with the Voyagecalculation§ using the model developed at the Institute of
data. Nuclear Physics at Moscow State University, which more
Preliminary results of measurements of the Fe nucleaccurately allows for the change in the particle transmission
flux from the PLATAN-4 chamber in 1994-1995 near the coefficient inside the magnetosphere and the average geo-
GCR intensity maximum, indicate that at energies of 100—magnetic disturbance over the 1984—-1985 year of exposure,
150 MeV/n the flux increases by almost an order of magni-agree with the experimental data. A detailed analysis of the
tude. A comparison between the experimental spectrum oéxperimental data for GCR heavy nuclei at energies up to
GCR Fe nuclei in 1984-1985 and calculations made by variseveral hundred mega-electron volts per nucleus showed that
ous authorgsee the literature cited in Ref),5which show the fraction of incompletely ionized heavy particles in GCRs
good agreement among themselves, reveals that the expesit these energies is negligible.
mental values are almost twice the calculated offtég. 3, In the first three experiment®LATAN-1, -2, and -3
curve 4) in the energy range 100-150 MeV/n. This differ- we observed heavy nuclei from solar flares in September
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FIG. 3. Energy spectrum of Fe nuclei: on the orbit of Salyut-7 in 1984— exposures. Solid curve — approximation.
1985 (@), Voyager in 1986—1988 at 28 AUA( and 1), calculations for
May 1985 and October 1982 and 3), and calculations for Salyut-7 orbit
(4). For curvesl-3 the fluxes were reduced tenfold.
charge distribution(Fig. 2. The complete agreement be-
tween the Fe particle spectra in the energy range 45—
1978, April and July 1985, and from a series of flares in130 MeV/n obtained by the two different methods indicates
September—October 198Big. 4). that this fast method of obtaining the spectrum of SCR Fe
During the 1988-1990 period of exposure, theparticles is reliable and efficient.
PLATAN-3 chamber registered a unique phenomenon: pow-  On the basis of our measurements, the energy spectrum
erful fluxes of Fe particles from a series of solar flares ornof the Fe particles reveals a kink-at30 MeV/n. In the range
September 29—October 4 and October 19—-29, 1989. The paB0-100 MeV/n the spectrum is approximated by a straight
ticle fluxes are at least an order of magnitude higher thatine (dashed line in Fig. #which is extrapolated to lower
those measured earlier in similar events. The background ahergies. Below 26—30 MeV/n the spectrum departs from a
GCR Fe nuclei in this exposure is almost negligible. The Festraight line. For particles witd = 12—16 a sharper kink is
particle fluence at the maximum energy in the spectrumgpbserved in the spectrum at this enefggt shown in Fig. 4.
200 MeV/n, is an order of magnitude higher than the totalThis difference in the behavior of the spectra of light and
two-year background of GCR nuclei. At low energies thisheavy particles within the Earth’s magnetosphere can be at-
difference increases by a further three orders of magnitudeributed to their different degrees of ionization: light SCR
In order to determine the orientation of the PLATAN-3 particles are almost completely ionized whereas Fe particles
chamber relative to the recorded particle flux during the timenave charges of-14-15. The spectrum of heavy particles
of the flares, we used data on the angular distribution obecomes less deformed in the magnetosphere since these par-
particles entering the chamber in the total solid angte 4 ticles penetrate as far as the station orbit over a wider range
The working surface of the chamber was perpendicular to thef latitudes.
longitudinal axis of the station. The counterflux of Fe par- Note that for light SCR particles the kink in the spectrum
ticles entering through the bottom of the chamber was equakas observed earlier since the spectra of light particles are
to the direct flux in the range 100-130 MeVI(fig. 4), measured in a larger energy range. The kink in the Fe par-
which indicates that the irradiation was isotropic during thisticle spectrum observed for the first time at 30 MeV/n is first,
series of flares. indicative of a general feature in the profile of the energy
We used theLR method to construct the energy spec- spectra which does not depend on the particle charge, sug-
trum in the range 45—-210 MeV/n to determine the particlegesting that these spectra have a common mechanism of for-
charge. A fast method of estimating particle charge was useghation, and second indicates that the spectral profile does
to increase the rate of processing in the energy rangeot depend on the power of the solar flare. At the preliminary
7-130MeV/n. This method can separafe=20 particles stage of research using the Institute of Nuclear Physics
from lighter Z<16 particles according to the number of model, we compared the Fe particle spectrum obtained in the
etched-through detector layers without making detailed meaenergy range 30—130 MeV/n with that measured using the
surements. The energy spectrum of the Fe particles was obelid-state track detector in the HIIS experiment on the
tained by subtracting the fraction of Fe particles from theLDEF station with its orbit inclined at 28¢Fig. 5, Ref. 8.
flux of Z=20 particles on the basis of the measured particleNe used our experimental data to reconstruct the extramag-
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FIG. 5. Energy spectra of Fe particles from a series of solar flares in
September—October 1989: PLATAN experiment (51.6° orpit), HIIS FIG. 6. Energy spectra of Fe and protons outside the Earth’'s magnetosphere
experiment (28° orbjt(O), calculated spectrum outside Earth’s magneto- for events in September—October 1989. Curves — proton flugneesced
sphere 4&), extrapolation of calculated spectrufh), and calculated spectra by a factor of 100 1 — October 19—-272 — October 24—-273 — Sep-
inside the Earth’s magnetosphere for a 28° otdiand 3). tember 29-October 61 — PLATAN-3 experimental data converted to
extramagnetospheric spack,— approximation,® — event of October
24-27,A — sum of events of October 19—-2%, — September event, and

netospheric spectrum of Fe particles and then extrapolated # — sum of September and October events.

the high energy rangeurvelin Fig. 5. By allowing for the

transformation of this spectrum as the particles penetrated to

an orbit inclined at 28°, we were able to make a comparisoiux from the entire series of flares outside the magneto-

with the results of measurements made on the LDEF statiosphere was obtained using data from IMP-8 and Galileo and

The calculations made for various modifications of theproton fluxes(data from the HEAO satellite, curveés-3 in

model(curves2 and3 in Fig. 5 show satisfactory agreement Fig. 6). Assuming that the Fp/ratio for the entire series of

with the HIIS experimental data. This analysis allowed us toflares in October 1989 was the same as that for the event of

estimate the degree of ionization of SCR Fe particles at endctober 24, we reconstructed to the total Fe particle flux. A

ergies of 50 and 500 MeV/n which varies between 14.0comparison between the characteristics of the spectra of Fe

*+2.6 and 15.%3.1. The possibility of matching data ob- particles and protons in Fig. 6 shows that for SCR flares the

tained under such different experimental conditions indicategatio Fep decreases with increasing energy. The deformation

that the model used is quite adequate. of the initial energy spectrum of the SCR Fe particles as the
Equally interesting is a comparison of the experimentalparticles penetrate inside the magnetosphere to an orbit in-

data on particle fluxes obtained inside and outside the maglined at 51.6° reduces the flux by a factor of 15 at 8 MeV/n

netosphere. Unfortunately Fe particle fluxes outside the magand by a factor of 6 at 200 MeV/n.

netosphere have only been measured using electronic appa- New experiments using the PLATAN apparatus are

ratus for the flare dated September 29—October 4, 1989 usinganned in the Russian section of the International Space

two devices on the IMP-8 satellite in the energy ranges 5-5@&tation to continue our systematic studies of Fe-group GCR

and 50-800 MeV/n. For the event dated October 24—27 thend SCR heavy nuclei and the search for low-energy super-

spectrum was also measured using equipment on Galileo ifeavy GCR and SCR nuclei.

the range 7—8 MeV/n as well as these two devidég. 6). This work was supported by the RFB&rants Nos.

The spectrum measured in the PLATAN-3 chamber cover94-02-06387 and 96-02-17965

the energy range of these three electronic devices, and the

energy resolution achieved in the 30—80 and 50—-210 MeV/n

ranges is four and six times higher. Figure 6 shows the ex1y,, ¢ Gagarin, I. V. Gordeev, N. S. Ivanowt al, Izv. Akad. Nauk

tramagnetospheric spectrum reconstructed using our datasssR, Ser. Fiz47, 1844(1983.

The calculations allowed for the exact movement of the sta-°D. G. Baranov, V. A. Dergachev, Yu. F. Gagaghal, Radiat. Meas25,

tion over the Orpit quring the solar _ﬂargs and the variation in 3éég.lgg?a{nov, V. A. Dergachev, Yu. F. Gagaehal, in Proceedings of

the geomagnetic disturbances which influence the degree o

! ~ Ylthe 24th International Cosmic Ray Conferendeome, 1995, Vol. 4,
deformation of the measured spectra. The total Fe particle pp. 1051-1054.
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The search for antimatter in cosmic rays
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The search for antimatter in the universe is a page in the history of the loffe Physicotechnical
Institute (IPTI). Experiments on spacecraft and high-altitude balloons, begun in the 1960s,

yielded information on to the presence or absence of antimatter stars or galaxies according to
evidence arising in explosive processes in these objects. Antiprotons with energies of

2-5 GeV in galactic cosmic rays were observed at the end of the 1970s in balloon experiments
by the Cosmic Spectrometry Laboratory at the IPTI. These studies were done using a

magnetic spectrometer at altitudes with a residual pressure of 16 giitin a threshold
geomagnetic rigidity of 3 GV. High-latitude experiments in the 1980s, yielding the first
measurements of the flux of galactic antiprotons with energies of 0.2—-2 GeV, gave some
indication of the mechanism by which they are generated. The measured ratios of the fluxes of
antiprotons and protons in the cosmic rays are 2¢k 10~ * and 6"1*x 107° at energies

of 2-5 and 0.2-2 GeV, respectively. Subsequent balloon-borne experiments employing magnetic
spectrometers by groups from the USA and Japan have confirmed the results obtained by

the IPTI. Experimental and theoretical work on the search for antiparticles in cosmic rays is
summarized and the astrophysical consequences of this research are discussed.
Experimental data on the detection of antiparticles in galactic cosmic rays indicate that there are
no objects made of antimatter within the local group of galaxies.1%®9 American

Institute of Physicg.S1063-784£99)02209-9

INTRODUCTION Experiments to detect the entry of micrometeors into the
Earth’s atmosphere in the early 1960s during meteor showers
The search for antimatter in the universe, one of theyn ajrplanes at altitudes of 13—18 km revealed an enhance-
most interesting areas of astrophysics, was begun at the A. Kyant in the intensity of the hard gamma radiation and neu-
loffe Physicotechnical InstitutdPTl) in the early 1960s at trons that correlated with the formation of a meteor wake at

the _|n|t|at|ve_of B. P. Konstantinov. Data from_ eIemen_tarya height of about 100 km as recorded by radar. The effect
particle physics suggested a baryon symmetry in the universe .

. ' : . . was roughly 2% above background and exceeded the statis-
and the possible existence of antimatter objects in the uni-

verse in the form of antistars, antigalaxies, or aggregations c'}*cal error by a factor of 6.0f the 20 meteor shower surges

them. Explosive processes in these hypothetical objectd the period 1961-1964 a positive effect was observed
should result in the ejection of antimatter into space in thdn 18

form of antiparticles, dust, or comets; hence, the major effort ~ Experiments to observe the entry of meteor showers into
in the experiments on the antimatter problem at the IPTI waghe Earth’s atmosphere in 1966—-1967 in the orbital path of
to search for antinuclei and antiprotons in cosmic rays and tthe scintillation gamma spectrometer on the Kosmos-135 sat-
detect the possible entry of antimeteors into the Earth’s atellite recorded an~50% increase in the intensity of the 511
mosphere. The experiments were conducted using high altkeV annihilation line(at a level of 7.5 standard deviations
tude balloons and Spacecraft. A search for antipartides ilaluring the active period of two of the three showers that
cosmic rays using balloons was also begun in the early 196Qgere studied. The experiments on the satellite and in air-

by groups from the USA, Japan, and India. planes had a high statistical reliability but have not been

The use of spacecraft ensures greater exposure than ,b g’(plained yet. The orbital experiments to detect gamma ra-
loon studies. For example, the search for antimatter carrie

out by the IPTI in the mid-1970s on the Zond-5 and -7 iation during the entry of micrometeors laid the foundation

spacecraft and the Kosmos and Soyuz series satellites 69r future successful work at the IPTI on x-ray and gammg
means of emulsion chambers yielded a better upper limit fofistronomy and on the problems of the dust component in
the ratio of antinuclei to nuclei with charges exceeding 3, aPPace:

a level of 2.7 1074 for energies below 1.2 GeV/nutThis Balloon experiments to search for antiprotons in galactic
work also laid the foundation for subsequent studies at th€osmic rays begin in the end of the 1960s detected the first
IPTI of nucleus—nucleus interactions at high energies irantiprotons with energies of 2-5 GeV at the end of the
space. 1970s.

1063-7842/99/44(9)/4/$15.00 1089 © 1999 American Institute of Physics
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ANTIPROTONS IN COSMIC RAYS

A balloon borne magnetic spectrometer, which first flew
in the autumn of 1969, was used to search for galactic anti- SD1
protons. This was the second spectrometer lifted into the
stratosphere, following an American spectrometer built for l N
measuring a positron spectrum. The measurements in its first /

flight yielded an upper limit for the ratio of the fluxes of
antiprotons and protons in cosmic rays at a level of 20 :
(Ref. 4. / SC2
The magnetic spectrometer consisted of: a monitor tele-
scope of scintillation detectors which determined the solid
angle of the instrument for detecting particles and made it
possible to distinguish singly charged particles from the am-
plitude of the signals in the scintillators; systems of spark
chambers for determining the trajectories of particles through
the device; a permanent magnet which deflected charged par-
ticles and, together with the trajectory measurements, made
it possible to measure the rigidity spectrum of the particles
and to separate the particles according to the sign of the
charge; a threshold gasefenkov detector which permitted
velocity selection of the particles and, together with data on
the rigidity of the detected particles, made it possible to sepa-
rate particles of the same charge by mass; and, a directional
solid state @renkov detector that was used for shielding
against albedo particléater, this problem was solved using
time-of-flight analysig Figure 1 shows a conceptual dia-
gram of the magnetic spectrometer. The apparatus was cali-
brated using the natural background of atmospheric muons,
which could be used to measure and monitor the required

sD2

M

SD3
SC3

SC4

SD4

parameters of the device. GCC
The balloon experiments were done at altitudes with a
residual atmospheric pressure of 10—11 ¢/dm a region SD§

with a geomagnetic cutoff rigidity of 3.2 GV. During the
flights, the spectrum of deflections of the singly charged par-
ticles in the magnetic field of the spectrometer was recorded _ ,
(here the deflecton is the recprocal of the rigiigthe L Saleorene naghele sesonr fon 0 v 2 e P
threshold Lorentz factor of the gase@nkov detector Oper- getectors, GCC gas efenkov counter, SC1-SC4 spark chambers, M
ating in an anticoincidence mode was chosen to be 6.Ipagnet.
which corresponded to threshold rigidities for particle detec-
tion of 5.6, 0.8, 0.6, and 0.003 GV for protons, pions, muons,
and electrons. Thus, within the deflection region for posi-Mexico in June of 1979. The measured ratio of the antipro-
tively charged particles, primary protons with rigidities of ton and proton fluxes over energies of 4.7-11.6 GeV was
3.2-5.6 GV, secondary protons from the residual atmospher®.2+1.5x 10”4 (Ref. 6. The results of these first experi-
at 0.1-5.6 GV, positive atmospheric muons at 0.1-0.6 GVments were roughly 5 times the antiproton fluxes expected as
and positive pions from nuclear interactions in the device at result of interactions of cosmic rays with the interstellar
0.1-0.8 GV were detected. Within the deflection region formedium and suggested the existence of additional sources of
negatively charged particles, muons and pions were detectethtiprotons in outer space. The situation was further esca-
within 0.1-0.8 GV. The range 3.2-5.6 GV of rigidities cor- lated after a balloon-borne experiment in 1980 by a group
responded to the expected region for detection of galactirom the University of California who measured a ratio of
antiprotons, while within the range 0.8—5.6 GV, antiprotonsthe antiproton and proton fluxes of 2:9.6x 10 * at ener-
from the residual atmosphere could be detected. gies of 0.13-0.32 GeV using a device which measured anti-
The balloon experiments of 1972, 1974, and 1977 reproton annihilation events American measurements of an-
corded events that satisfied all the criteria for sampling otiproton fluxes at high energies of 10-50 GeV in the same
primary antiprotons. The measured ratio antiproton and properiod also yielded positron fluxes an order of magnitude
ton fluxes over 2—-5 GeV was estimated to be at a level ohigher than expected from interactions in the interstellar me-
6+4x10"* (Ref. 5. A similar result was obtained in a bal- dium. The processes responsible for generating positrons in
loon experiment with a magnetic spectrometer by an Amerithis energy region could be associated in energy with the
can collaboration between NASA and the University of Newcreation of antiprotons at energies of the order of a few GeV.
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The experiments stimulated a series of theoretical studieSONCLUSION

related to possible sources for the antiprotons. Detailed

analyses were done of various models for the creation of Balloon studies of antiprotons in primary cosmic radia-
antiprotons in interstellar space, clouds of molecular hydrotion have yielded a world statistics of roughly 90 antiprotons
gen, metagalactic sources made of antimatter, the generatigistributed over energies of 0.1-19 GeV. The energy distri-
of antiprotons in primary black holes, neutron oscillations,bUtiO“ of the ratios of the antiproton and protons fluxes sug-

“dark matter” (photino, higgsinbin the galactic halo, and gests that, most likely, the antiprotons detected in these ex-
relativistic astrophysical objects. periments originate in the galaxy in the course of nuclear

In 1983-1985, high latitude balloon experiments werelnteractions of cosmic rays with the interstellar medium. The

done at the IPTI using magnetic spectrometers in the energr)‘f?sun_s of expeglmepts and calculations flor the relative fluo>l<es
range 0.2—2 GeV. These experiments yielded a ratio of the anhprqglnns orn mtputerfspgce n T)Lljc ekakr] |rI\teraé:thns ur
antiproton and proton fluxes of 0.§4x 10 48 which cast "9 POSSIDIe evaporation of primary black holes, during an-

: nihilation of supersymmetric particles in the dark halo sur-

doubt on the measurements of the University of California

group and indicated the existence of a kinematic cutoff typi-roundlng the galaxy are shown in Fig. 2 The observations of

- . . . alactic antiprotons can, in particular, yield an experimental
cal of a secondary origin for the antiprotons in cosmic raysg P P y P

. . ! : limit on the number of evaporations of primary black holes
This conclusion was subsequently confirmed in measure

o _ | _ in the cosmos of less thandL0 3 pc3yr~! and an experi-
ments by American and Japanese groups in 11992_1994 Wental limit on the mass of the Higgs particles of greater
the IMAX, BESS, and CAPRICE experiments: than 50 GeV.

Measurements of antiproton fluxes at energies of 2-5  The prospects for searching for antimatter in the uni-

GeV were extended in 1986-1989, when magnetic SpeGserse using antiproton spectrum measurements are limited by
trometers from the IPTI were carried aloft in flights lasting 4 background level of 10~ ° at energies of hundreds of
many days off the Kamchatka Peninsula in order to refine th@ ey and 2x 104 at energies above a few GeV owing to the
previous measurements. The resulting refined value of thgirth of antiprotons in nuclear interactions in interstellar
ratio of the antiproton and proton fluxes was %4x10™*  space. The possibility of solving the problem by searching
(Ref. 12. In a 1991 balloon flight, a University of New for antinuclei is much better, since the creation of antihelium
Mexico group obtained a ratio of the antiproton and protomuclei in nuclear interactions of cosmic rays is expected to
fluxes for energies of 4-19 GeV of 1.2%23x10 *** sub-  occur with a ratio of the fluxes of antihelium-3 and helium of
stantially lower than that measured previously by this groupthe order of 102, and the experimental limits are associated
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with the level of separation of the particles in the device and  Further studies of antiparticles in cosmic rays will re-
the number of detected events. quire the organization of longpf the order of a monthbal-

The upper limit for the ratio of the fluxes of antihelium loon flights of high throughput magnetic spectrometers and
and helium nuclei at energies of 0.1-8.6 GeV/nucl obtainedhe planning of experiments on spacecraft. In the Russian—
in recent years in balloon experiments by American andtalian space project with the “Pamela” magnetic spectrom-
Japanese groups i8L0 ¢ (Ref. 19. The minimum mea- eter, in which the IPTI is participating, plans are to measure
sured upper limit for the ratio of the fluxes of antinuclei and antiproton and positron spectra at energies of 0.1-100 GeV
nuclei with a charge exceeding 3 <80 ° within the en-  beginning in 2001 and search for antinuclei at an antihelium
ergy range 1-15 GeV/nué.These results indicate that there to helium ratio of the order of 10’ (Ref. 22. In the inter-
are no antimatter objects within a radius of the order of 1national space station “Alpha,” an American—European col-
Mps. On the whole, there is a restriction on the search fotaboration is planned for early in the next millennium on an
antimatter using cosmic ray observations, probably to a disexperiment to search for antinuclei with the aid of an even
tance of the order of 10 Mps, owing to the escape of cosmicnore sensitive AMS magnetic spectrometer.
rays from sources, diffusion in magnetic fields, and the pen-
eration of extragalactic CO-SmiC rays 'into the -ge-lla)-(y' IN. S. Ivanova, D. G. Baranov, and E. A. Yakubovsky Piroceedings of
Gamma-ray astronom_y permits observation of ann|h|lat|o_n the 14th ICRC Munich (1975, Vol. 1. 'pp.' 300-304. y g
processes at great distances, but the results are negatives p._konstantinov, M. M. Bredov, A. 1. Belyaevskiand I. A. Sokolov,
so far. Kosmicheskie Issledovaniyg 66—73(1966.

Recent U. S. ba"oon experiments on h|gh energy posi_aB. P. Konstantinov, M. M. Bredpv, S. V. GolenetsKE. P. Mazetst al,
trons in cosmic rays yield a ratio of the fluxes of positrons 4'|§YA5§§35 m‘ljgfs_sg_' fuet:)'/;']i?;a?gai%(\lf?'Romanovﬂmcee dings
and electrons that is close to that expected from nuclear in- of the 12th ICRCHobart(1972, Vol. 5, pp. 1730—1739.
teractions in interstellar spaEé. SE. A. Bogomolovet al, in Proceedings of the 16th ICR®yoto (1979,

Thus, decades of experimental searches for antimatteg\F/f'-L 162%;3;?;3'32-h o Rev. Lett43, 1196(1979
using cosmic rays have yielded a negative result up to nowsy A B'uﬁmgton et al, Asﬁréphys'. 1248 1179(1981.

During this period, changes have occurred in our theoreticabg, A, Bogomolovet al, in Proceedings of the 20th ICRGMoscow,
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conservation of baryon number. These reactions involve sd—lG-IBarbielligi et glz-,oin Proceedings of the 25th ICR®urban, (1997
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A model is proposed for the formation of fullerenes from three-ring structures. It is shown that
under arc discharge conditions, fullerenes are more efficiently formed through the capture

of C, molecules from the surrounding space by a growing cluster. A system of equations is written
down for calculating the kinetics of fullerene structure formation under these assumptions

and is then used in some calculations. 1®99 American Institute of Physics.
[S1063-78429902309-0

When analyzing the process of fullerene synthesis, most Stone—Wells transformation. Of any set of four adjacent
researchers view an arc as an efficient source of carbon va@olygons with such a structure, at least one tetra- or heptagon
por. The differences in the properties of the charged ands formed, and to return to a structure of pentagons and hexa-
uncharged clusters which precede the formation of aons requires new transformations involving large energy
fullerene, as well as the reactions specific to an arc plasm#gxpenditures. It is difficult to create these energies in the
lie beyond the scope of the investigation. The purpose of thi$ow-temperature region at the periphery of an arc.
cycle of papers is to fill this gap. Naturally, it is necessary ~ We assume that in an arc discharge, fullerenes are more
to begin with an examination of the kinetics of fullerene efficiently formed when a growing cluster captures ahd,
formation. possibly, G molecules from the surrounding space. This as-

The soundest scheme for fullerene formation isSUMption creates two advantages. First, capture of en@-
the evolution of carbon along the following path: atomsé&cule by the central region of an initial three-ring system
—molecules-chains»two- and three-ring systems gives an effective push to the subs_equent_ r_e_actions. Second,
fullerenes. This path is based on studies of the mobility andn€ capture of even one molecule in the initial stage of as-
annealing of carbon clusters formed during laser vaporizaS€MPbly ensures more uniform filling of the surface by pen-
tion of graphite! The least comprehensible and most com-tagons aqd hexagons_. This greatly simplifies the annealing of
plicated modeling step in this carbon evolution scheme is thd€ résulting surface into a fullerene.
last transition from three-ring systems to fullerenes. The OPENNEss of the sy_stem d“r,'”g growtr_\, however,

A model for this kind of transition has been propoid means that it must be described statlsthally, since clus_ters
a study of the evolution of three-ring clustéFig. 1a and b with different numbers of polygons and different topologies

as a result of a sequence of internal transitions. It was
assumetithat a cluster develops in such a way that an al-
ready assembled segment of the surface has no more than
one atom with unsaturated valen@radical. At the same
time, based on model quantum mechanical calculations, it
was assumed that the increase in the binding energy of a
cluster is small during formation of adjacent pentagons. Un-
der these assumptions, the evolution of a cluster begins with
the formation of a compact aggregation of six pentagons. In
the course of the evolution, an extended cluster develops
which is closed by an analogous aggregate of pentagons. l

The scheme proposed in Ref. 2 is difficult to use directly
for analyzing fullerene formation in arc discharges for two
reasons:

1. The time of the first reaction, which is required to
trigger isomerization, is on the order of 19s for a structure
with a central hexagofFig. 1b. Over these times, the gas
dynamic stream carries a three-ring cluster into the low-
temperature zone and it can no longer undergo isomerization. d c

2. The final structure of cluster evolution in Ref. 2 iS ki 1. Initial three-ring clusters in Ref. @b and the capture reaction of
extremely difficult to convert into a fullerene with the aid of a C, molecule by the core of a structute,d).

1063-7842/99/44(9)/5/$15.00 1093 © 1999 American Institute of Physics
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coexist at any time. This naturally makes the calculations
more complicated.

As in Ref. 2, we have taken a three-ring cluster, shown
in Fig. 1b, as an initial structure. Although the scheme de-
scribed here also applies to two-ring structures, a much more
rapid transformation of the cluster is ensured in the three-
ring variant and it requires substantially fewer combinations
of C, molecules.

We have assumed that the most efficient reaction in th
first stage of “construction” of a fullerene is the combina-
tion of a G molecule with the atom of one of the rings
nearest to the hexagon. The reaction cross sectionris 5 bon atom of a connected,@nolecule is much shorter than
where op=5.2x 10" '%exp(~0.5/T) cn¥ corresponds to the 7,
combination of two carbon atoms into g @olecule? and In order to estimate the contribution of induced reactions
the characteristic time iso=(500vn,) *~10"*s for a  we must compare the hypothetical times over which a central
temperaturdl =0.3 eV and density,=10"*cm 3. We esti-  core of pentagons is formed without the involvement gf C
mate that concentrations of this order are entirely typical oimoleculeé (~57,) to the timer,.
the regions where three-ring systems are generated in arcs.  For a concentratiom,=10*cm 2 in our model, the

The most probable result of the combination of mol-core of a cluster can capture 1-2 @oleculesnot counting
ecules is the formation of a bond between the first atom of ahe first collision, which gives a push to isomerizaliddere
C, molecule and the first atom of a chain, which correspondshe chain of subsequent reactions keeps the maximum num-
to the double line in Fig. Xfor economy of space, in the ber of pentagons from exceeding three in the region of maxi-
figure the chains are indicated by fragments of yays., the  mum aggregation.
formation of a pentagon and a carbon atom that “sticks  The transformation of a three-ring cluster into a fullerene
out.” This is because a radial is not formed in such a reacis described by a system of balance equations for the con-
tion, but the reactivity of a chain of two atoms is very high. centrationY of clusters withNs pentagonsNg hexagonsN

It should be noted that, as the surface of the bui|dingatoms,u protruding atoms, angh vacant radicals. It was
cluster increases, the reaction rates rise rapidly and the pressumed that if the assembled segment of the surface is large
truding atoms vaniskFig. 2a—c; the region occupied by the enough, then all possible positions of the radicals are occu-
surface prior to initiation of the reaction is shaglethey are  pied by the ends of chains with equal probability. In the
replaced by radicals, the number of which also decreaseagitial stage of assembly, the possible reactions and configu-
gradually to zerqFig. 2d. rations were examined “manually.”

In the following we shall refer to the reactions among  The equations included induced reactions, forward and
the carbon atoms that already exist in the system as spontgeverse spontaneous reactions for creation and loss of poly-
neous and to the reactions stimulated by r@olecules as gons, and reactions for “embedding” ,Cmolecules in
induced. The characteristic times for the spontaneous reaghains. The cross sections for these reactions have been
tions in the initial stage of isomerizatidqexcept for the first,  calculated and for the typical ring sizes yield a characteristic
“slow” reaction) can be estimated on the basis of Ref. 2.time of roughly a third ofry, so that over the isomerization
They are roughlyr;~2-3x10"°s. Evidently, the time it time, a total of 7—9 ¢ molecules are able to become at-
takes to form a new polygon with the participation of a car-tached to the cluster. Finally, the possibilities of an atom’s

breaking away in the final stage of isomerization if the num-
ber of atoms is odd and the closure of a cluster into a
4%}

fullerene for an even number of atoms are taken into ac-
d e f

eFIG. 3. An induced reaction with formation of a hexagon.

count.

Figure 2 shows the six spontaneous reactions that were
considered. The reactions induced by the attachment gf a C
molecule with subsequent formation of a pentagon or hexa-
gon and a projecting atom are shown in FiggtHe transi-
tion from Fig. 1b to 1gand 3.

The system of equations had the following appearance:

AYNg N o /8= (Wang =+ 1Y )ng— 1™ (Wang=+1Y)ng Ng

T (Wang=+1Y)Ng Ng—1

—(Wang=+1Y)Ng Ng

+(Wyn - 1Y)
FIG. 2. Reactions leading to loss of protruding atoms and the formation of ( ANg=—1"/Ngs+1Ng
radicals(a,b,9, loss (d) and reaction without involvement of radicals and —(W Y)
protruding atomsge,f). ANg=—-1T/Ng,Ng
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T (Wang=-1Y)Ng Ng+1

_ (WAN6= —1Y)N5,N6+ novtexp(—0.5/T)
X[(oang=1ap=+1Y)INg—1Ng u—1p

_(UAN5:1,AM:+1Y)N5,N6,M,9 _
a4 /4

T (TaNg=1au=+1Y)Ng Ng-1u—1p

- (O'AN6: 1ap=+1Y) Ng.Ng pd FIG. 4. State of a surface with=0 vacant radicals and a minimum “hole”
within which this number of radicals can be accommodated. The “hole”
and chain “residues” are shown on the right, the “hole” in its assembled

+ 3N,V oo (n_2- Y _
2Vl 2(N=2-Ng/3 " Ng.Ng.N—2 form, on the left.

—02,(N-NY3YNg,Ng NI D

The subscript on the probabilitiéf of the spontaneous Nected surface with the given number of pentagons and hexa-
reactions indicates the change in the number of pentagor@°ns. In particular, it is easy to show that, if, fior3, Dy
and hexagons. In fact, each term of the type is the sum =0, thenD3—D;=N5—6, while the sunD;+D,+ D3 ob-
over all reactions of a given type, during which the numberg/iously equalsR. Thus, it was sufficient to specify indepen-

u andp change in different ways. For example, dently only one of the numbei3, ,D,,D 3, for exampleD3.
We have assumed thBt;<<3 and the surface configurations
Wang=+1YNg Ng=WaNg=+142=04p=0YNg Ng 1.0 with D3=1.2 are equally probable.

W v 5 The system of Eq9.1l) does not allow us to follow the
T WaNg=+14u=-14p=+1YNg Ng 0 * (2) evolution of the cluster to the end, since each of the reactions
Here the first term corresponds to reactions shown in Fig. Z(I:on5|dered assumes the appearance of one new bond and one

and the second, in Fig. 2c. In the system of E(® polygon. For the terminal reactions, this is not true. Thus, the
O ANg—1Ap= 11 and O ANg-1u-+1 A€ the cross sections for calculation was carried out until the size of the unassembled

formation of a pentagon or hexagon and protrudin aton*Diece of surfacgor “hole”) capable of accommodating a
: P 9 9 P g given number of radicals reached a minimum. If there are no
during capture of a £molecule;o, in the last term of Eq.

(1) iis the cross section for capture of a @olecule by a rin radicals p=0), this hole consists of a central hexagon and
of K atoms P 2 y 9 six polygons surrounding {Fig. 4), i.e., the number of poly-

. ing i =12-Ng+Nge—Ng=7.
It was assumed that the probabiliy/ of spontaneous Jo '~ lacking in the fulleren@ Ny =12 N+ Ner. ~ Ne=7

: Nse is the number of hexagons in a fullerene with the given
reactions can be represented as the product of three factor(nsl.meer of atoms From this we find the numbeds of poly-

the first characterizes the assembly state of the system; the . . .
) . . ons in the assembled piece of surface of a cluster which
second, a combinatorial term, characterizes the geometr%

D . . . could be referred to as a prefulleren;+Ng=2+N/2
probability of configurations of the active elements of the_ANZ subject to the conditiolNs<12. ForR=7 (p=1),

surface such that a given reaction takes place; and the thirg,N —9. Forp=2, ANs =10, while forp=3, ANy =11

the (_energetics qf the reac_tion. For a reaction involving pro- E\Ne .shaII représentzthe e’volution ofa C|l,.lStel’zaS its.move-

?huecﬁfggs?fo? ;agg?!’alt,;]ea:&'rfcé:(;rr;aegt?ﬁsvzﬁé&;ﬁgfof ment along a tabl&Ng,Ng, which we shall call an activity

a pair of adjacent pentagons, exi*/T) (E* is a variable table (Tables | and Il. For each two dimensional table the
P J P gons, numbersN, u, andp are fixed. The entries in the table are to

gﬁg\i/v?ﬁ?ﬁ:iFO;be\)/(vzgqs\ller}i’ttézeinptrr?eb?:rl::y of the reaction be filled with the values of the corresponding concentrations.
9- The above discussion implies that we can follow the fate
W=W-D2(C’F§f§/C’,§+6)exq—2E* 75/T), ®) of all clusters located in the activity table that do not lie
" ) below the diagonaNy =2+ N/2—ANs . To characterize the
where Cp=n!/(m!(n—m)!); 75=Ns/(Ns+Ng) is the  entries in this part of the table we shall use the following
probability of obtaining a pentagon among the polygons adg|assification:
jacent to a newly formed pentagdRs=u+ p+6 is the num- 1. We shall denote the entries lying on the diagonal
ber of possible positions of a radical or protruding atom; andN2:2+ N/2— ANy by the symbolF. It was assumed that
Dy is the number of segments of the surface between twene probability of a transition by clusters corresponding to
possible positions of a radic@r protruding atomseparated  these entries into a fullerene is determined by the number of
by k carbon bonds(Thus, in Fig. 2a, a segment wik=3 is  pentagon—pentagon boundaries which must be formed,

indicated)
The factorw was specified in the form We_ pur=w exp(—E*N,ANs/AN;T), ®)
w=Aexp(—E,/T), 4) whereANs=12—N;, andN, is the number of edges in the
unassembled segment of the surface.
whereE,=E,(Ns5,Ng). 2. Entries withNg+Ng=Ns, N5<12, andNg=<Ng
The characteristic values of the d&t with differentk  correspond to a cluster in an intermediate stage of develop-
were determined by the general properties of a simply conment and are denoted in the table by the synmbdhctive.
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TABLE I. The fate of typeS and D clusters does not interest us,
since they cannot be converted into fullerenes. These clusters
N h d points of th luti d determine the bound-
N are the end points of the evolution and determine the boun
1 (23|45 |6;7]|8|9]|10]11 aries of the activity table. Clusters of tyge transform to
Talalalalalalalalalo Lullerr‘zm;:is with time. Thus, the entire set of objects within the
2lalalalalalalalalalop oundaries
31AAAA A A AALALD Ng=Nge+1, N5=10, Ng+Ng=2+N/2—ANy
4 1A|A|A|A|A|ALlA]|A]A D
5| A|lA|lA|A|A|AlA|A|lA]|D and the fullerenes with a gived must ultimately come into
6 |A|A|A|A|A|A|A|A|A|D equilibrium, when the bulk of the initial product is converted
TIA|A|A|A|A|A|A|A|A|D into fullerenesF, S, andD clusters and there are almost no
81A|A|A|A|A|A|A|A|A|F clusters of typeA (if the reverse reactions are neglected,
9|A|A|A|AA|A A |AIF there are none of them left at all, or Bfclusters.
101ArAlAlA) A AL ALF In the calculations, it was assumed that three-ring clus-
Ay AaLAlAlALA)F ters with a central hexagon and different numbrsm 26
12 |A[{A|A|A|A|F . . . L .
Blslsls!sls to 74) of atoms in the chains exist at the initial time. The

concentration of all the clusters was assumed torQe_o

=0.5. This value was chosen for the linear problem so that,

given the transformation of odd clusters into even, the con-

centration of fullerenes should be 1. The concentrationof C
3. The entries corresponding to a cluster with a deficieninolecules and the temperatufewere assumed to be fixed

number of pentagons and an excess of hexagons are denotg@oughout the entire calculation.

by the symbolS These clusters cannot be closed with the  The solution of the first order linear system of equations

existing number of atoms and exists subsequently as a she§ the sum of an enormous number of exponential terms,

(). which can be found analytically. Neglecting the reverse clus-
4. An entry withNs=11 must correspond to an almost ter decomposition reactions, the change in the concentration

closed cluster, which is no longer capable of accommodatingf all the clusters can be written in the form

the given number of atoms in itself. Such a cluster cannot be

realized and its predecessor in terms of the number of pen- Y Ng N 9N = BNy Ng pa,p,NL EX( — U/ 71)

tagons is denoted b® (for deadlock. Thus the right-hand

Note: N=44, p=0.

d
. o —exp(—w t
boundary of the clusters of typ& andF is arbitrarily taken P WG Ng apit)]
to beNg=10.
2 NG Ng N (NG N7 ')
d
TABLE II. X[EeXA =Wy e D)
N d
. 2 —exp(— Wi, . D], (6)
12131456l 7)18|9]10]|11 § _ N N
wherewy_ n is the probability of decomposition of the
5N P
1A |A|A]|AJAA|A|A|A D . .
clusters from the given set owing to all of th& <Ny and
2| A|A|A|A|JAlAA|A|A|D , . f
3lalalalalalalatlalalop Ng<Ng and over alle” andp’. _ _
alalalalalalalalalalop The coefficientsa and o are determined by a chain of
slalalalalalalalalalo recurrence relations. In fact, however, the matrinccupies
6 lA|AJA|A|A|AlA|A|A|D an enormous amount of memory and there was not enough
7|AJA[AJA|A|A|A|A|A|D memory to include all pairbls andNg. The concentration of
BlA|A|A|AAA | A A|A|D clusters that could not “fit” in the analytic solution was
SlA|AA|AALA AL AVA D calculated by the Runge—Kutta method.
1014 )A1ATA AT A ATA)NALD Figure 5 illustrates the formation dynamics of fullerenes
A A A ALA A )A A A LD with different numbersN of atoms. It is clear that the satu-
12 |A|A|A A ]JA|A]A|A|A D . . .
ration level for these curves is close to 1. For fullerenes with
13| A|A|A|A|AJA[JA|A|A D I his h b he di -
@dlalalalalalalalalalop small N, this happens because the |agombg+_ N6—2
5latalalalalalalalalo +N/2— ANy almost completely overlaps the activity table.
6lalalalalalalalalalF For the fullerenes wittN=56-66, the direction of the most
17| A|A A |A|A|A|A]A|F rapid development of the clusters also passes through this
18| AlA|A|A|A|A|A|F diagonal and only a small fraction of them settle in entSes
9 |A|A|A|A|A|A|F or D. Thus, the saturation level is also high.
20 A|A A A A |F The characteristic time it takes to reach saturation is of
20| S| S{S|S|S order 10°%s in the calculations. It has been shown

Note: N=60, p=0. experimentall§ that the region in which fullerenes are



Tech. Phys. 44 (9), September 1999 N. I. Alekseev and G. A. Dyuzhev 1097

Yy
0.6F 0.8
04}
-
0.2F
0 0.5 1.0 1.5 2.0
1, 11073

FIG. 5. The rise with time of the concentrations of fullerenes with different

numbers of atomsN=46 (1), 54 (2), 60 (3), T=0.3eV; n,=10"%cm2. 0.8 I
0.6

formed in an arc is 2—3 cm long. When the gas dynamic flow i
velocity out of the discharge is 2x 10° cm/s® the time of 0.4t 2
flight through this region is alse- 10" s, in accord with the :
calculations. 0.2+F

Figure 6 shows spectra of fullerenes in the initial stage :
of their growth (graph 2 and in saturatior(graph 3. The 0
calculated spectra are obviously shifted relative to the initial 30 40 50 60 70 80
spectrum of three-ring clustefg step by roughly 14-18 3
atoms (which corresponds to attachment of 2—-3 @ol- 08T
ecules to the growing core of a surface and 5—7 molecules to [

rings) and cut off at 68—70 atoms. The number of clusters

with high N is limited because, a increases, the diagonal

N5+ Ng=2+N/2— ANy in the activity table shifts down- 0.4

ward, while the direction in which the clusters shift through i

the activity table through the most highly populated entries 0.2

changes little. I I I 'l
If we assume that all the carbon atoms vaporized from 0 3‘0 * "4‘0' ‘ 50 : 66 ' 20 - 8]0 N

the anode of the arc discharge are consumed in forming the

initial three-ring clusters, while the end products of the clus-FIG. 6. Initial spectra of three-ring clustef® and of fullerenes in an early

ter evolution withN#60 are transformed to carbon soot, stage of developmenf2) (tenX magnification and in saturation(3).

then the data of Fig. 6 imply that the “percent content of T=0-3 eV nz=10cm™>.

fullerenes in the soot” is~9%. This value is in good agree-

ment with available experimental datajthough this agree- Science and Engineering program “Fullerenes and Atomic

ment may be purely accidental. Clusters” (Project No. 98-05p6and was supported in part by
The scheme we have developed can be included in ehe firm Fullerene Technologies, St. Petersburg, Russia.

spatial calculation of the concentrations of the different clus-
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done_ “manu.a”y” in this paper, would be qa_lqulat_ed self- 2V.’A. Scfgwei;)e.rt, A. L. Alexandrov, Y. N. Morokov, and V. |. Bedanov,

consistently in that sort of problem from the initial discharge chem. phys. Lett23s 221 (1995.

parameters and the known properties of the arc. The result ofv. A. Schweigert and A. L. Alexandrov, Chem. Phys. Le263 551

such a calculation and a discussion of the reactions specifi¢(1996.
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Crosstalk caused by incoherence of the readout light in wavelength-division
multiplexing of reflection holograms

A. V. Chamrai, V. M. Petrov, and M. P. Petrov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 25, 1998

Zh. Tekh. Fiz69, 110-114(September 1999

The effect of incoherence of the readout light on the level of crosstalk in wavelength-division
multiplexing of reflection holograms is studied. The level of crosstalk is determined
theoretically as a function of the spectral width of the readout light, the total number of
multiplexed holograms, and the frequency difference between neighboring holograms. Good
agreement is obtained between the theory and experiment for the case of two sinusoidal
gratings. ©1999 American Institute of Physid$S$1063-784£99)02409-5

The high selectivity of volume holograms makes it pos-where S, andR,,, are the complex amplitudes of the signal
sible to record a large amount of information usingand reference beams, respectively, anés a constant de-
wavelength-division or angular multiplexing techniqded. scribing the properties of the recording medium.

Wavelength-division multiplexingWDM) of reflection ho- It is assumed that the dynamic range of the optically
lograms has a number of advantages, primarily a low level ofensitive medium is sufficient for recording all the holo-
crosstalk(XSR. For this casé;® grams in a linear regime.
K. \2 Suppose we want to reconstruct a certain hologram,
XSR:(K—QL> 1) numberl, from the set of recorded holograms, using light
g

which is not ideally coherent but has a temporal frequency
Here K is the wave vector of the recorded hologram andbandwidth év. Besides thdth hologram in which we are
Kg. characterizes the angular spectrum of the recorded signterested, the intensity of the diffracted light will contain
nal. This result holds for the case when both recording angontributions from all the other holograms recorded in the
readout are done with perfectly coherent light. In practicecrystal. The crosstalk level is characterized by the rf&R
however, this is far from the case. In holographic memoryof the intensities of the light diffracted on the “undesired”
system§6 employing WDM, tunable laseréfor example, holograms to the intensity of the reconstructdth
semiconductor lasersvith a relatively low level of coher- hologram™®
ence are used as a readout light source.

The prospects for the practical utilization of WDM for [—1M
creating various holographic memory systems, as well as in XSR= ETORR ()]
channel switching systems in fiber-optic lirdsnake it nec- !

essary to analyze in detail the effect of the incoherence of the . . . .
readout light on the crosstalk level. wherel is the total intensity of the reconstructed light 4

In this paper we study the effect of the width of the is the intensity that the reconstructed light would have if the

temporal frequency spectrum of readout light on the level oath hologram alone had_ begn recorded.

crosstalk in WDM of reflection holograms. It is shown that When_ mcoherent I|gh_t Is used for readou’_[, the recon-
incoherence of the readout light greatly increases the level 0§§ruc§ed light will also be mcohgrent_. Then th.e intensity dis-
crosstalk and, therefore, limits the information capacity Oftrlbutlon of the reconstructed light in the exit plane of the

systems employing WDM technology. device is given by
I=(S(r, ,t)S*(r ,t)). (4)

THEORETICAL ANALYSIS Here S(r, ,t) is the amplitude of the reconstructed light

As a model we consider holographic memory, where thevave and . . .) denotes averaging over all possible realiza-
information is recorded in a photorefractive crystalve  tions, i.e., simultaneously in terms of both the time and the
shall assume that we have recordddeflection holograms ~ensemble of recorded holograms. We write the amplitude of
in ideally coherent light at different temporal frequenciesthe reconstructed light wave in the form of the spectrum of
»(™_ The permittivity variation induced in the crystal as the the temporal and angular frequencies,
holograms are recorded can be written in the form

M

S(ro,t)~ E(o,,6 i —8v-1))do, dév.
58%amzlefn(r)5m(r)+c.c., 2 (re.b) JJ (o, dv)expli(o,r, = dv-1))do, dov

5
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We express the Fourier spectrum of the amplitude of the  Using the approximation of a quasimonochromatic ex-
reconstructed ligh{Z (o, ,6v)) in terms of the frequency tended source of readout lightwe obtain
response function of the recorded holograrRs, ],

E(p191)=3 Fulps ,00)P)(p1 o). RS [ DLORILIS
HereP(p, ,6v) is the spatial-temporal spectrum of the am- <> p* Sv)P* Sv)dp. ds 10
plitude of the readout lightp, is that component of the wave % mi(po . OV)PT (py, ov)dp, dov. (10

vector of the readout light which describes the propagation

direction of the light wave, and it is related to the wave The integral is taken over the angular aperture and tem-

vector of the reconstructed light and the wave vector of thQ)ora| frequency spectrum of the readout light source.

mth hologram by In order to minimize crosstalk the set of sinusoidal grat-

7 ings is recorded in a crystal in accordance with the Rayleigh

criterion;*" that is with a temporal frequency step size such

The frequency response function of a volume hologramthat the detuning paramete®™ V) in the Kogelnik

Fmi(p. ,6v), for an arbitrary spatial frequency spectrum at aformulal® equalssw, wheres is an integer, and the diffrac-

fixed temporal frequency has been derived eIsest_eWe tion efficiency goes to zero; this ensures a minimal level of

shall use the special case of simple sinusoidal gratings,  crosstalk during readout by ideally coherent light. We have

o=p—K{".

_ ) defined the the spectral selectivityy, of the hologram as
Fn(pi, 0v)~An(p.) eXpi&T(p, ,6v)) the frequency detuning of the readout light for which the
Xsin c(fﬁm')(pL ,0v)), diffraction efficiency reaches the first zero.
) We shall assume that readout is done with a light source
g(”")( )= —Kém) +2(P'Kém)) that has a rectangular temporal frequency spectrum with a
roWPL oV 4p\T—T(p, —KI)p? center frequency ") equal to the frequency at which the
9 Ith hologram was recorded. A very narrow, nearly delta-
p=2mn(vV+sv)lc, Anlp,)=8(p,), (8)  function angular spectrum of the readout light can be ob-

where () is the center frequency of the readout lightis tained using a collimator,

the refractive index of the mediurn,is the speed of light in

vacuum, andT is the thickness of the crystal in which the P(p, 5v)= 8(pr); —Asv=A, 11)
recording is done. P 0; Své[—A;A].
" 2
KM = p(m — g{m, p(m):U(m):T_ 9) We shall assume that the holograms have a random

phase in the case of WDM, as is, in fact, true, if special
Here p™ and o{™ are the wave vectors of the coherent measures are not taken. Then, on averaging over the large
writing light. Since the level of crosstalk depends weakly onnumber of holograms, the crosstalk adds up incoherently.
the angular spectrum of the recorded signal, the results olSubstituting Eq(8) for the frequency response function and
tained below for simple sinusoidal gratings with different the readout light spectrurtil) into Eq. (10), we obtain a
periods can be carried over to the case of recording complifinal formula for the level of crosstalk owing to the incoher-
cated holograms to within a factor oK{’/K{™)2. ence of the readout light,

A
J E| sin c?[27n/c(Aves(I —m)+ 5v) T(1— A ves(l —m) — sv/vD)]dSv

—A m#
XSR= — " . (12)

A
f sin c?[2mwdvn/cT(1— svlv")]dsv
A

In deriving Eq.(12), the terms related to the angular EXPERIMENT

2
spectrum of the recorded hoIogran((sKgL/ Kg) ) were In order to check these theoretical results, we conducted

dropped because they are small. In fact, for the typical pagg fojiowing experiment. Two holograms with wave vectors

rameter values used in practick /K™ =5x10"2) one K and K@ were recorded in a 0.05 mol. % Fe:LiNGO
can record on the order of 300 pixels/mm, and the correctiogrystal with a thicknesd =5 mm (Fig. 1). Recording was

introduced toXSRby the angular spectrum of the holograms done with two opposed He—Ne laser beams. The period of
is about 10°3. the first holographic grating was,~137.61 nm and that of
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The erasure time for holograms in doped LiINBEys-
tals is much longer than the recording time. In our case, it
was several tens of hours, so a fixing process was not re-
quired.

Light from a mercury lamp was used for reconstruction
(Fig. 2. The degree of coherence was controlled using a
monochromator. The center frequency was set equal to that
of the He—Ne lasery("! =4.74x 10'*Hz. When the width of
the exit slit of the monochromator was much smaller than the
width of the entrance slit, the temporal frequency spectrum
of the readout light would be close to rectangular. We could
change the temporal bandwidth of the readout light and,
thereby, control the degree of coherence, by varying the
width of the exit slit.

Another assumption in the theoretical analysis, namely
that of a very narrow, nearly delta-function angular spectrum
of the readout light, is also satisfied. The width of the angular
spectrum can be estimated &4~5x 10 4, whered is the
width of the exit slit andr is the focal distance of the colli-
mating objective.

Besides the difference in the periods of the gratings,
there was a small angle between the wave vectors of the
4 recorded holograms. Because of this, we separated the light
diffracted on the first and second holograms. The angle be-
tween the beams reconstructed on the first and second holo-
grams wasy=12', which is smaller than the angular selec-
tivity Af6~1° (the angle at which the Bragg conditions

the secondA ,~138.04 nm. While the Bragg condition was implies a diffraction efficiency of zejobut this was enough
satisfied exactly ¢ =0) for the first hologram with normal to resolve these two signals in the plane of the photodetector,
incidence of light with a wavelength of 633 nig},~ 10 for given the width of the angular spectrum and the divergence
the second hologram. In order for the Bragg condition to bénduced by diffraction on the finite aperture.

met for the second hologram with the same incidence of the  The ratio of the intensity of the light reconstructed on the
readout beam, the wavelength must be changed. Thus, thefiest hologram (), for which the center frequency of the
holograms are equivalent to two gratings recorded at differmonochromator is the frequency of the writing beam, to that
ent temporal frequencies of the writing light with a step reconstructed on the second holograit?)j is also the level
s~10. of crosstalk described by E¢).

FIG. 1. Geometry for the wavelength-division multiplexing of reflection
holograms in the LiNb@ crystal employed in the experiments.

I DM o6 e I

T

To selective <« — |
nanovoltmeter <« — -—

T2

FIG. 2. Experimental apparatus for readout of holograms by partially coherent lightmercury lamp,2 — focussing lensM — monochromator3 —
entrance slit4 — exit slit, 5 — collimating objective with a focal length df =350 mm,6 — crystal of Fe:LiNbQ, 7 — chopper,8 — photomultiplier.
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FIG. 3. Theoretical dependenceX$Ron the total numbek of holograms ] ) ]
(solid curve| =M/2) for s=1, v =4.74< 10" Hz, Avy=1.4x 101°Hz, as  FIG. 4. XSRas a function of the relative width of the temporal frequency

well as on the order numbér(dot-and-dash curveV =100) of a hologram  SPectrum of the readout light: a —comparison of the@ofid curve with
for different relative widths of the temporal frequency spectrum of the read-experiment(®); b — theoretical dependence fer1, M=100.
out light (A/Avg):a— 0.3,b— 0.7, c — 1.

DISCUSSION OF RESULTS bandwidths of the readout light are shown in Fig. 5.

Quantitative theoretical estimates of the level of As the step size is increased, the crosstalk decreases,

crosstalk owing to the incoherence of the readout light havéut here it is worth mentioning that the minima in the curve
been made for the following system parameters. The holowith incoherent readout light are not the same as the condi-
grams were recorded within the specified frequency rangéons for minimum crosstalk with readout by absolutely co-
with a fixed adjustment step=1. TheIth hologram was herent light(s is an integel?). In addition, as the temporal
recorded at the frequency of the He—Ne laser. The crystgtequency spectrum is broadened, the requirements on the
thicknessT=5 mm, soAvo/»)~3x107°. Figure 3 shows accuracy of positioning the center frequency of the readout

plots of XSRas a function of the total number of recorded |jght hecome less stringent. On specifying a certain crosstalk
holograms and the order number of the reconstructed holqg, | for the system, we can use Hd2) to obtain a rela-

gram for several widthgA) of the temporal frequency spec- .. . . . ]
trum of the readout light. It is evident from these graphs thattIonShIp among the bandwidth of the readout light, the spec

the major contribution is from neighboring holograms andtral selectivity pf the recorded h.oIograms, and the step size in
that after the total number of holograms exceeds five, théNDM' Thus, n order_ tq obtairK SR<0.1, the following
level of crosstalk no longer varies as the number of holoin€quality must be satisfied:

grams is increased. Therefore experiments with just two ho-
lograms can provide an estimate of the order of magnitude of

the crosstalk. Figure 4 shows a comparison of experiment

with the theoreticaKSRcurve as a function of the bandwidth

of the readout light calculated using EG2) for the experi-

mental conditions =2, s=10, T=5 mm). Also shown 10
there is a theoretical plot ofSRas a function of the band-

width of the readout light for a total number of holograms w07
greater than five witls=1.

The level of crosstalk caused by the incoherence of the 70—2L
readout light greatly exceeds the noise associated with the =
complexity of the recorded signal. Thus, in creating practical = ,,-3
systems with the maximum possible information capacity,
high standards must be imposed on the coherence of the ;4|
readout light source.

One possible way of reducing the crosstalk is multiplex- oL
ing the holograms with a step size exceeding their spectral 0
selectivity, i.e., withs>1. However, here the frequency tun-
ing range of the light source must be increased SUbStantla"MG. 5. Theoretical dependence ¥5Ron the step size between multi-

in order to preserve the capacity. .Theoretical p|0t§ of th&jexed holograms for different relative widths of the temporal frequency
crosstalk as a function of the step size in WDM for differentspectrum of the readout light\¢Av,): a — 0.3, b — 0.7, ¢ — 1.
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Two new methods are proposed for determining the polarization of vacuum ultraviolet radiation
which permit the determination of an arbitrary polarization mode for photons with energies

of 10—-100 eV. The essence of these methods is to create and detect a nonequilibrium population
of the magnetic sublevels of atoms and molecules excited by the original VUV radiation

and then determine the polarization of this radiation based on these measurements in accordance
with known formulas. ©1999 American Institute of PhysidsS1063-784£99)02509-X

INTRODUCTION then to determine its polarization from these measurements
using some known formuld$:*3
Vacuum ultraviolet (VUV) radiation (radiation with Two methods for detecting a nonequilibrium population

wavelengths of 10 to 200 nnis now used widely in various of the excited states are proposéd): determining the polar-

areas of science and technoldggtorage rings and undula- ization of infrared, visible, or ultraviolet fluorescence radia-

tors are extremely promising sources of intense VUVtion (the fluorescence methtd) and(2) detecting the di-

radiatiort2 with a high degree of coherence and an ellipticalchroism of probe laser lighiprobe beam methd&'3.

polarization. Methods for studying the parameters of VUV Measurements in either method can be used to determine the

radiation are of great importance when these sources afeolarization of the VUV radiation to within about 3%. In

used. In addition, it is difficult to determine the polarization addition, the proposed methods allow the measurements to

state of VUV radiation at wavelengthe<105 nm by stan- be made more rapidly than before, and also offer the possi-

dard methods. bility of nonperturbative monitoring of the polarization of
The idea of using reflecting polarimeters was first pro-YUV radiation.

posed by Hamm and MacRae.Schledermann and

Skiblowsk* made the first attempt to determine the degree ok UORESCENCE METHOD EOR DETERMINING THE

elliptical polarization of synchrotron radiation in the VUV. po|LARIZATION OF VUV RADIATION

The proposed method was based on analyzing the intensity . )

of the radiation reflected from a mirror surface with simulta- 1€ fluorescence method for determining the polariza-

neous measurements of its optical constants. Unfortunatel{lon State of VUV radiation essentially involves a prefimi-

this attempt was not successful, to a great extent because BRY conversion of the frequency of that radiation to a longer
the technical complications. In the second half of the 1980’5\/""’“/(3“3‘ngth and a dgtermlng’[lon of the polarization state of
increasing interest in using the polarization properties o he converted radiation, which is then used to calculate the

VUV synchrotron radiation, in particular that with circularly polarization state of the initial VUV radiation using standard

polarization, led to the development of new methods for po_formulas. An atomic gas can be used as the frequency con-

o . L . verter. In this case, absorption of the VUV radiation causes
larization analysis of VUV radiation and stimulated numer-_° .~ . S
. . . _ excitation the gas atoms, whose fluorescence lies in a spec-
ous experimental studies of this problémf. tral region that is convenient for study

The use of multilayer reflecting polarimeters has re- '
cently made it possible to increase the accuracy of the mea- A+hvy,—A** - A*+huy,
surements substantiallyjo 109%9.%'° The problem, however, \yhereA is an atom or ion, and** andA* are the states of
has not yet been solved definitively, since, first of all, thisihe atom or ion after absorption of a VUV photon and after
accuracy is not adequate for many applications and, secongbemission of a fluorescence photan,, and vy are the
the known methods do not provide for nonperturbative monifrequencies of the initial VUV and fluorescence radiation,
toring of the polarization of the VUV radiation. respectively.

In this paper we examine a new approach to this problem  Here the polarization of the fluorescent emission from
based on some assumptions we have published edrlierthe excited atoms is uniquely determined by the polarization
Two new methods of determining the polarization of VUV state of the absorbed VUV radiation and the angular mo-
radiation, which presumably have a greater efficiency andnenta of the atomic(ionic) states involved in the
accuracy than the standard methods, are studied theorephotoprocess?
cally. The essence of these methods is to create and detect a The proposed technique for determining the polarization
nonequilibrium population of the magnetic sublevels of at-of the VUV radiation is illustrated in Fig. 1. Note that the
oms and molecules excited by the initial VUV radiation andabsorption chamber containing the atomic or molecular gas

1063-7842/99/44(9)/8/$15.00 1103 © 1999 American Institute of Physics
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X SL(0)—S.(0)
/ Sy(O)= - 3
Si(0c)+SL(0)
whereS;, S, S)’(l, andS)’,1 are the intensities of the fluores-

cence radiation after transmission through an analyzer turned
hvyuy so that theX, Y, X4, andY; axes are the transmission axes,
Z

1 ]
<

respectively, with the; andY, axes lying in one plane with
X andY and forming an angle of 45° with the latter.

As the solid angle of for detection of the radiation goes
to zero,$,(0.), S(0.), andS;3(®,.) approach the Stokes
parameters for the fluorescence radiation propagating along
the Z axis: S}, S5, S5.

Let us determine the relationship between the normal-
ized Stokes parameters of the VUV radiatiop, I ,, andl 5,
and the integral Stokes parameters for the fluorescence radia-
tion Sy, S,, andS;. Let the atomic gas used in the absorption
chamber be excited by the VUV radiation from its ground
state with angular momentury into state2 with angular
momentumj, and the nonequilibrium population of the
magnetic sublevels of the excited state be registered by de-
termining the state of polarization of the fluorescence radia-
tion from level2 to level 3 with angular momentunj;. We
choose the coordinate system so that Zhexis coincides
with the propagation direction of the original radiation. We
shall describe the propagation direction of the fluorescence
light by the polar angle® and ¢.

In a first approximation with respect to the intensity of
A the exciting radiation, the intensity of the fluorescence radia-

5 tion with polarization vectoe; in the 2— 3 transition can be
written as®

S(er.€)=S) 2 fum(@)(er-duy ) (er-dp,)*,  (4)
mm'’
FIG. 1. A sketch of the experimental apparatus for determining the polar- a
ization of VUV radiation by the fluorescence methdd:- absorption cham- WhereS(’) is a normalization constang is the polarization
ber with an atomic or molecular ga2,— M4 plate only for analyzing yector of the exciting radiatiorfyyy is the density matrix of
circular polarizatioh, 3 — linear polarizer4 — monochromators — pho ; . .
todetector, ané — recording system. the _e_xcned atoms, which de_pends on the polarization of the
exciting radiation; anddy,, is the matrix element of the
dipole moment operator of the atom, where the subsaonipt

) o _ enumerates the Zeeman sublevels of the excited statg,and
must be shielded from external magnetic fields in order tqnose for the ground state.

avoid depolarization of the fluorescence owing to the Hanle  Note that this relation is valid when the exciting radia-
effect. The detected fluorescence emission is analyzed in thg)n is resonant with thé—s 2 transition.
customary way using &/4 plate(only for analyzing circular In the absence of an external magnetic field, the density

polarization, linear polarizer, monochromator, and photode-matrix of the excited atoms can be written in the féfm
tector. It is assumed that, in order to enhance the signal-to-

noise ratio, the fluorescence radiation is detected within

some solid angle) with an opening half angl®.. The fmm’(a):':f’)% (A~ @) (d - €)% (5)
experimentally determined quantities are the integral Stokes
parameterss;(0.), S;(0.), andS;(0.), given by whereF is a normalization constant that is independent of

the polarization of the radiation.
, , In order to find the intensity according to E@), it is
S(O,) = S(0c)—5(0) (1) convenient to use an expansion of the density matrix in terms
Cc

Si(O.)+S)(0,) of the irreducible tensor operatofs
i2 K
| S,(09-S),(00) Frum ()= 2 q;K (= D)) (T i (6)

)

Si(0)= , :
S,(0c)+S) (O) where
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The coordinate systems/(,y’,z’) and ",y”,z") are

K
(Tg)mm,z(— 1)"2*”"_21(—“1/2 _12 :721) (7) oriented so that th&’ andZ" axes coincide with the propa-
(2j1+1) m q gation directiors, the X' axis lies in a plane with the vectors
and the expressions in brackets are thesgmbols'® Z ands, and theX” axis is turned at an angle of 45° with
The components of the density matifi§ and the fluo- respect to theX’ axis; and,l . andl _ are the intensities of
rescence intensit$ can be written in the forh? the light after passing through right- and left-circular analyz-
ers, respectively.
() =F [ 1 1 K]Cb"(e,) ®) The dependence of the functiordy; on the normalized
q %, jp ju & Stokes parameters of the radiation propagating in the direc-
9 tion specified by the polar anglg3 and ¢ can be written,
S(ene)=5 (2K+1)[jl jl jK] using Eq.(10), in the form
k=0 2 2 3
1 | | .
x P0=——, dl=-2cosO, dl=—>_sinOe?,
X 3 (~15e)P" (e, © VBT e 216

q=—«

1 3
where Fy and Sy are normalization constants, the expres- cI)%z—(l—S cog ©)+ ——I, sir? 09,
sions in the curly brackets are thg 8ymbols!® and the 24/30 24/30

functions®(e) and®g(e;) characterize the polarization of

the exciting radiation and the fluorescence radiation, respec-  g2_ _ 1 sin® cos@eld— 1

tively, and are given by Y25 2\5
! 1 1  « Xsin®(l; cos®+il,)e'?,
K _ _1\0/2 *
q)q(e)_ql,fgz—l (= ea(ey,) (Ch —0z _CI)' 1 1
(10) 2= — ——sir? Oe??+ ——(1,(1+co 0)
wheree, are the circular components of the polarization vec- 4\5 4.5
tor e, +2il, cos®)e??. (13

1 . The functionsb! ;, ®2 ,, and®? , are determined from
e1= — (&t |ey)_ €0=€;, € 1=(6— |ey)

2’ 2 1D the @1, @2, and ®3 given above in accordance with an
) equation that follows directly from Eq10),
The 6 symbolg®
o X =(—1)UDH*. (14)
Ji )2 I3
[j i ] Since, according to E(d8), the components of the den-
4 75 16 . _ S sity matrix fg(g) are proportional to the function®g(e),
are nonzero only if the triplets of numberg;(j;,j3s), these functions determine which components of the density

(i1.Js.06)s (ias2.06), and (4,js,je) satisfy the triangle matrix of the excited state of the atoms appear when the
condition. Thus, a p symbol in Eq.(8) or (9) is nonzero  atoms interact with light incident in a given direction with a
only for x=0,1,2 and only the following components of the given polarization. In their turn, thé;(e;) determine just
density matrix of the excited atomic state contribute to thewhich components of the density matrix of the excited state
intensity of the fluorescence radiati¢®): contribute to the intensity of the fluorescence emission with
f3, fl(q=0x1) and f2(q=0=1+2). polarizatione,.** _
Thus, if the exciting radiation is linearly polarized, then
As can be seen from Eq&)—(11), for a given polariza-  ®;(e)=0 for any of the allowed valueg=—1,0,1; at the
tion vectore; of the fluorescence radiatio(er,)/Sy is  same time, among th&3(e), some are nonzer@lignment
uniquely determined by the polarization of the exciting ra-of the atomg Excitation of the atoms by circularly polarized
diation, &, and by the angular momenta ,jz,js of the light leads both to alignmer(tb(e)+0) and to orientation
atomic states which participate in the photoprocess. of the atomiq)é(a) #0).2° In addition,®3(g)=1/y2 and is
The functions®,(€) characterizing the polarization of independent of the polarization and propagation direction of
radiation propagating in the directiawith polarization vec-  the exciting radiation, witfJ~®3(e), while
tor e can be expressed explicitly in terms of the Stokes pa-
rameters of this radiation. Let us define the normalized O~ £ =Trf
Stokes parametels, |,, andl; of the radiation as o & mm

Lo —lyr L=l yn l—1_ is the population of leveR, which, when the atoms are ex-

|1=| L e e (120 cited from an equilibrium ground state, depends only on the

Xty Xty - intensity of the exciting radiation and not on its polarization.

wherel,. 1 ,l,» andl . are the intensities of the light after We now consider the scheme for determining the polar-
passing through the polarizer turned so that XieY’, X", ization of VUV radiation shown in Fig. 1. Let the initial

andY” axes are the respective transmission axes. radiation propagate along the axis and the fluorescence



1106 Tech. Phys. 44 (9), September 1999 Bakman et al.

radiation be detected within a solid angdkewith an opening Thus, in general, to find the Stokes parametgrsf the

half angle® ., whose axis is also directed alodg We shall  radiation being studied, it is necessary to solve a system of

assume that the surface of the linear or circular analyzer usetbnlinear equations; determining the coefficients,, and

to determine the polarization of the fluorescence radiation isy,,,,, which depend on the optical properties of the analyzers

parallel to the X,y) plane. If the effects associated with ob- being used, requires some rather cumbersome calculations.

lique incidence of the fluorescence radiation on a linear anaHowever, it has been sho#hthat for anglesd . <40° the

lyzer are smalf® then after it passes through this analyzer,absolute magnitudes of the\S;,5 are small (AS;,

the radiation can be regarded a linearly polarized in a plang<0.01,|AS;|<0.04), so that errors owing to oblique inci-

parallel to §,z), regardless of the direction of propagati@n  dence of the light on the analyzer can be neglected when

e., the polarization vector is determined by the intersection ofletermining the Stokes parametégswith the proposed ac-

the (x,z) plane and a plane perpendicular to the propagatiorcuracy.

direction of the light,s). If the fluorescence emission is detected in the direction
Substituting Eqs(8) and (13) in Eqg. (9) and taking the defined by the polar anglg3 and ¢, then, neglecting finite

integral over the solid angl®, we obtain expressions relat- solid angle effects in the detection of this radiation, we ob-

ing the Stokes parameters of the exciting VUV radiatign,  tain

to the integral Stokes parameters of the fluorescence radia-

\ 3 3
tion, S (k=1,2,3), A2M2<—§sin2 9+ 5(1+cog a).|1)
3A2M ZG(®C) Sl(ﬁvﬂ): 1 3 y
1= 1 2AOM0—A2M2(—(1—3CO§ 9+ =1, sir?ﬁ)
2AgM o+ > cosO.(1+cos®,)A,M, 2 2
S;(3,Q)

X(1-AS8(O¢.&))ly,
3A,M, cos -1,

_ 3A2M26(C) = 1 3
S2= 1 2A0M0—A2M2<— (1—3cog 9)+ sh sir? a)

2AM g+ 5 COSO(1+C0SO ) AM 2

9,Q
X(1-ASy(0O.,e))l,, Ss(9,Q)

3AM, cosd-l5

3 =
=AM (1+cos0® 1 3 '
2 ! 1( C) 2AOM0_A2M2<_(l_300§ '&)“’—Il S|n2 ’ﬁ)
S= 1 2 2
2A M+ > cosO.(1+cos®,)A,M, (17
_ In this approximation, when the propagation direction of
X(1=AS4(0c,€))ls, (19 the initial VUV radiation and the detection direction for the
where fluorescence coincide, the dependenc&obn I takes the
simpler fornt®
1 O, (27 )
G(®c)—m fo jo 9(0,¢)sin®dOd¢, 3A,M,

SL= A M g T AM, L
g(0®,¢)=(cos Ocogy—sir? y)cos 2

3A,M,
+c0s 0 sin 2y sin 2¢, 82:2A0M0+A2M2|2’
v=1v(0,¢)=arctan(cos Otang), s, 3A;1M, (19
1 1 « 1 1 « ~ 2AgMot+AM;
AK:|j2 i jJ’ MK:{Jz iy jl]' Let us consider an application of this method. The pho-

_ ) toexcitation of helium atoms
while the functionsAS,(0O.,e)) (k=1,2,3) account for er-

rors in the polarization measurements when the analyzer op- He(1'Sp) +hwvy,,—He(2'S;) —He(2'Sp) +hwy (19
erates in a nonparallel light beahlt can be shown that the
AS, as functions of the Stokes parametggshave the fol-
lowing form (m=1,2,3):

can be used to determine the polarization state of VUV ra-
diation at a wavelength of,,,=58.4 nm. Here the fluores-
cence should be detected)at=2058.1 nm and in this case
Eq. (18) reduces toS,=1, (k=1,2,3). Other reactions in-

2 aml m volving He atoms, as well as other atoms and molecules, can
AS(O,11,1,,13)= m—_ (16) be used._ In.order to. operate at.shorter VUV wavelengths,
] photoexcitation reactions of atomic and molecular beams can

m'm

m be used.
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sensitivity and, for when a pulsed laser is used as an excita-
tion source, the possibility of eliminating effects owing to
the depolarization of stat2 as it is filled by cascading and
by trapping of the fluorescence radiation in the volume of the
gas.

Let us consider the interaction of arbitrarily polarized
VUV radiation with an atomic gas that leads to dichroism of
the gas for probe light that is resonant with one of the atomic
lines. The VUV absorption leads to a nonequilibrium popu-
lation of the Zeeman sublevels in the first excited state of the
FIG. 2. An atomic level scheme illustrating the probe beam method— atqms In the absorption chamber. As noted ab.ove.’ the popu-
transition under the influence of VUV radiation with polarizatign 2—3 — lation of the sublevels depends on the polarization of the

i i nti~l5,16
transition under the influence of the probe radiation with polarizatipn ~ €XCIting radiation,
3-4 — detected fluorescence emission.

Frnymy (8)=F02 (O, €) (- @)%, (20)
M
PROBE BEAM METHOD

wheref ., v is the density matrix of the atoms in the first
This method essentially involves detecting dichroism in MMy y

the absorption of a probe light beam in an atomic gas thag*cited stateFo is a constant of proportionalitgly, ,, is the

has been irradiated beforehand by the VUV radiation undefatrix element of the operator for the dipole moment of the

study; the Stokes parameters of the VUV radiation are detei@tom, € is the polarization vector of the exciting radiation,

mined using standard formulas. The sketch of the energgnd the subscripts;; andm; enumerate the sublevels of the

levels of the atoms in Fig. 2 illustrates this photoprocess. It idirst excited state angt those of the ground state.

assumed that the atoms are initially excited from their =~ The population of the sublevels of the second excited

ground state with angular momentiymby the VUV radia-  state, formed during absorption of the probe light by atoms

tion into state2 (the first excited stajewith angular momen-  in state2, depends both on the population of the first excited

tum j2, and then the excited atomic gas is probed by a pol@VEl (i.e., on the polarization of the initial radiatiband on

larized probe beanfsuch as a lasgrwith a frequency the polarization of the probe light. The matrix elements for

corresponding to the transitid®— 3. Circular or linear di- the density of atoms in sta® fr, m/, where the indicesn,

chroism in the absorption of the probe beam is detected bgnd m, enumerate the sublevels of the given state, can be

laser induced fluorescence through the intensity of the fluowritten in the form

rescence from leved (a second excited statt level4, as a

function of the polarization of the probe radiation. The pro-

posed arrangement of the experimental apparatus is shown |H‘2m (6.8)=F1 m% Fimym; (&) (g, - €) (A

Fig. 3. ' 21)
The advantage of this method compared to the fluores-

cence method discussed in the previous section is increas#hereF; is a constant of proportionality arej is the polar-
ization vector of the probe light.

Transforming to a irreversible tensor operator represen-

*
lep),

v 1 J tation, we can write
z / / /Z 2j K1
fmymy(@)= 2 . 2 (D@ T s
e — k1=0 q1=—xq
hvyuy hvpr (22
X | 2j3 K2
/// : \\\\ hvg m2m (&, ep)_KZE Q2Z—K2 (— 1)q2fK2(Q ep)(T )mzm )
eﬁ—\;» (23
and
ﬂi/“
fo(e ) =(—1) 2 Fongiy (8 €0) (T2 )iy,
mam
6
— wheref"l are the irreversible components of the density ma-

FIG. 3. Sketch of the experimental apparatus for determining the polarizatrix fm m; andf"2 of the density matn)efm m;
tion of VUV radiation by the probe beam methdd:— absorption chamber .
with atomic gas2 — probe radiation sourcéase), 3 — polarizer,4 — Accord'ng tO the Wigner—Eckhart theoréﬁﬁhe matrix

monochromator5 — photodetector, ané — recording system. elements of the circular componerts (q,=0,+=1) of the
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dipole moment operator can be expressed in terms of the 1 1 kg
product of 3 symbols and these matrix elemenisg|@||j,), (COP E P ETI PY A § PO i ] ]
2 2 1
: ER S PR 1 1 «
dg.) = —1)'3‘”‘2( ) dlljo). (25
(dg,) m,m, = ( M, g, My (jaldli2) X i is s
Substituting Egs(21), (22), and(25) in Eq. (24), after a iz j2 1

number of algebraic transformatlons we obtain S
X4Js J2 1,

KZ ' q K K1 K>
fo(e &) =Fo(—1)*" "2 > (~1)MIIf fl(e) _ o
K101 whereSj is a normalization constant.
K Ky K Using the representatiofi3) for the functionsd)gi(a),
2
x%/ HK,< — —q’) ®g%(ey), and @f(e), we can express the intensity of the

, fluorescence radiation given by E@O0) in terms of the
X By Py (€9, (26)  Stokes parameters of the original VUV radiatidp, and of
the probe radiationP, (k=1,2,3). As an example, let us
where for simplicity, we have used the following notation consider one of the possible arrangements for this experi-
ment(Fig. 3). Let the VUV radiation propagate along tle

2k+1, axis and the probe light, in the opposite direction, while the
) _ fluorescence radiation is detected in a direction correspond-
Ja J2 1 ing to theX axis. After a number of simple, but cumbersome
B =B (jaajo)=93Js J2 1. (27) algebraic transformations, we obtain an explicit dependence
K2K1K K2K1K R .
Ky K1 K of the fluorescence intensity on the Stokes parameterg
andP,,

Here the expression in the curly brackets isjas§mbol!®
Equation(26) relates the density matrix of the atoms in the
first and second excited states to the polarization of the prob@hereK is a constant and the coefficielRs— Rg are deter-
light. Note that the elements of the density matrix for anymined by the angular momenis—j, as follows:

state of the atoms subjected to cascade excitation can be

=K{R;+RyP;+ (R3+R4P1) 11 —R4P5l ,+RsP3l 3}, (31)

calculated by successive use of E26). R.—— Ml ABont 1 AB
An expression for the intensity of the fluorescence emis- ! 33 0| Tomo00 25 2m0z2
sion at the3—4 transition can be obtained by inserting the
fgj specified by Eq(26), where thefgi are given by Eq(8), V5 vl Ap S
=M 25202
as the components of the density matrix of the upper fluo- 66 V2 V10
rescence level in the expression for the intenéty Using
the definition of the irreducible vector product of tenstis, el _ i
X \/gAszzo ﬁBzzz ,
{Mjl®Nj2}Jm 2 lemljzm2 jlmle2m21 (28) \/g \/g
zzm M ﬁAszzz‘*AoBzoz ,
whereM andN are arbitrary irreducible second rank tensors
of orderj; andj,, respectively, and using the definition of \/g 5
the scalar product, —=A,Bo0t+ AgB ,
p 4\/— \/— 252227 Ag 220)
[MIN{1=2 (= 1) "™MN o, (29 S S S
42\/§2\/§ 0022@2222’
whereM’ andN’ are the irreducible tensors of orderthe
expression for the intensit$ of the fluorescence emission 1 1 V3
with polarization specified by the vecter can be written in Rs=— 2 A1 §M03011+ S M2Ban ],
V2
the form
1 1 « 1 1 «
. . . . AK: H H H ’ MK: . - . 3
S(Q epvef) S,0 2 GKKlKZ(J15121J3!j4) J2 12 Jl J3 13 14
K, Kl Kzf . .
X[{®,,(8)2PL (&)} P ()], (30 o e
Kq Q Ko ep K= K ef ’ BKK1K2: j3 j2 1

with K K1 K
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As Egs.(31) imply, four measurements of the intensities nm and have a number of advantages compared to the exist-
Sfor different combinations of the Stokes parametegsof ing methods: greater accuracy and speed, and the possibility
the probe light are required to determine the required Stokesf nonperturbative monitoring of the polarization of the
parameters,. Then the four unknown quantitids andl, VUV radiation. These methods essentially involve creating
(k=1,2,3) are to be sought as the solution of a system o&nd detecting a nonequilibrium population of the magnetic
four equations based on E@1). sublevels of atoms, ions, or molecules that have been excited

Let us consider a possible sequence of measurements. ly the initial VUV radiation and then determining the polar-
the first measurement it is necessary to choose probe liglization of the VUV radiation from these measurements using
that is linearly polarized along thé axis. This corresponds standard formulas.
to the following normalized Stokes parametePs:=1, P, The fluorescence method assumes detection of a non-
=0, andP3=0. In the second measurement, probe light thaiequilibrium population in the excited state of the atoms used
is linearly polarized along th¥ axis, with Stokes parameters in the experiment by determining the polarization of fluores-
P,=-1,P,=0, andP3=0, is to be used. In the third mea- cence emission which may lie in the infrared, visible, or
surement, probe light that is linearly polarized at an angle ofiltraviolet. In this paper we have derived equations relating
45° to theX axis with P;=0, P,=1, P;=0 is to be used, the normalized Stokes parameters of the initial VUV radia-
and in the fourth, circularly polarized light with Stokes pa- tion and of the detected fluorescence light for the general
rameters?,;=0, P,=0, andP;=1. In each experiment, one case in which the directions of propagation of the initial and
measures the fluorescence inten8ty wheren is the num-  detected light differ and the fluorescence emission is col-
ber of the measurement. Equati8il) yields a relationship lected in a solid angle with an opening half an@le.

between the normalized Stokes parametgref the VUV The major shortcomings of the fluorescence method are:
radiation and the experimentally determined intensifigs 1) it is not possible to measure the polarization of VUV
(n=1,2,3,4; k=1,2,3), radiation over a wide frequency range, since the frequency of
the light under investigation must be resonant with one of the
(S1—S2)(Ri+Ry) 2R, v 0

transitions of the atoms, ions, or molecules that are used;

| 1= ’
(S,—S))(R3+ Ry +2R, thus, in general, different absorbing media must be used to

S-S, R, determine the polarization of light at different wavelengths;
l,=|2 =1 =+1q], and, 3 collisional depolarization of the excited state of the
S R4 o :
atoms that are used, as well as depolarization owing to cas-
S,—S; R, R, cade population of the given state and owing to trapping of
l3= 2—31_ s, 1 R, T Iy Re’ (32 the fluorescence radiation in the volume occupied by the gas.

o o The probe beam method, the second method considered
As an example of determining the polarization state ofhere, provides a radical way of avoiding depolarization of
VUV radiation with a wavelength of =58.4 nm, let us con-  the excited state through collisions, cascading, or radiation
sider the following photoexcitation reactions for helium at- trapping of the fluorescence light. This method relies on de-
oms. tecting a nonequilibrium population of the excited state by
He (11Sy) + hvy,—He(2'Py), detecting dichroism in the absorption of the probe laser light

L L L from a measurement of the intensity of the fluorescence in-

He (2°Py) +hv,—He(4°Sy) ~He(3"Py) +hury. (33)  duced by the probe light. Equations have obtained here for
Here the wavelength of the probe light\s,=504.8 nm and determining the Stokes parameters of the initial VUV radia-

that of the fluorescence light is;=2074 nm. In this case, tion from the known Stokes parameters of the probe light
and measured intensities of the fluorescence light. Some ex-

:1_1 SIS amples of the proposed techniques were considered.
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The ion current of adsorbed water molecules is studied experimentally as a function of the
frequency of near-IR radiation incident on a surface at frequencies in the intrinsic vibrational bands
of the water molecule. The ions are produced by nonequilibrium field surface ionization.

The observed banthear one of the combination frequengiéss a width of 100 cm' and is

shifted relative to the free molecular band by 130 ¢mEstimates show that the cross

section for absorption of the radiation by the adsorbed molecules is 3—4 orders of magnitude
larger than for free molecules, as is typical of surface processesl9% American

Institute of Physicg.S1063-784£99)02609-4

INTRODUCTION AT=Ty—T~500-800. It has been shofvhthat such a

All the known methods of surface spectroscopy have![a;]\rge_ll)nc:_easei n thte tl'o n Cl;r;ent csn db_e EXptl)a'?ﬁ din terms of
been classified by R. F. Willis in terms of the physical natureI € V'dr: lona tﬁXCI a I?hn ot esrc])r € ||ons i’ € energy re-
of the exciting(probe radiation: electrons, photons, neutral €ased during the exothermic chemical reaction.

particle§ A further classification in terms of the physical . Thus, the surface ionization efficiency of excited par-

nature of the system response can be introduced: photontédes should also increase during IR excitation of vibrational

electrons, neutrals, ions. The method of vibrational surface?tates of adsorbed molecules. However, at the low emitter

spectroscopy proposed in this paper uses IR photons astgmpe;atft:res dnecsssi%yfto form S|Ign|f|c;rlt fcoa.tlngs, the life-
probe and the response is desorbed ions. time of the adsorbater{ for neutrals an or iong) can

This classphotons, ionsof surface(but not vibrational greatly exceed the relaxation time for vibrational excitation,

spectroscopy includes photoionization microsCogryd pho- 7*. In order for the particles to be desorbed into excited

todissociative surface ionizatiGrNote that here we are only states, it is necessary to reduce their lifetimes on the surface.

considering methods with resonant absorption of light. In the! N€ lifetimes of neutral particles cannot be changed under

first of the above methods, laser light excites electronic '[ran'Ehese cwpumstances. In contrast, t.he .I|fet|me of lons .forr_ned
sitions in the adsorbed molecules and this lesa rule from excited molecules by nonequilibrium surface ionization

with multiphoton absorptionto the ionization of molecules can be shorj[en'ed, by onvering the Schottky barrieJréiy *means
or their fragments. In the second method, visible light in-Cf @n electric field applied to the surface to make<r

creases the heterogeneous dissociation of alkali halide sal@ef' 7.

with the release of alkali metals which ionize at the surface. | "€ novelty of the proposed method, therefore, lies in
establishing a relationship between the current of ions des-

orbed from a surfacéin the presence of an strong electric
field) and the varying frequency of IR radiation incident on
that surface within bands corresponding to eigenmodes of
In this method, adsorbed molecules are excited bythe adsorbed molecules. Since this method is mass spectro-
monochromatic IR radiation within their intrinsic vibrational metric, observations are made of the current of ions of a
bands. The excited molecules are ionized by nonequilibriuncertain mass which increases only when the incident radia-
surface ionization, i.e., ionization from vibrationally excited tion excites those vibrations in the adsorbed molecules or
states of the adsorbatdn order to keep these states from their fragments which lead to desorption of ions of these
relaxing before the ions are desorbed, the lifetime of thearticles. Here the excitation process must involve single
adsorbed ions is simultaneously reduced by lowering thehotons, in order for the vibrational modes to be resolved.
Schottky barrier by applying an electric field to the surface. Thus, the recorded spectrufice., the dependence of the ion
The phenomenon of nonequilibrium surface ionization hagurrent on the frequency of the radiatjois the desorption
been observédand describet in studies of the ionization vibrational spectrum of the adsorbed molecules and their
of the heterogeneous exothermic decomposition products dfagments.
acetone peroxide. The measured ion currents of the radicals Figure 1 is a sketch of the apparatus, which consists of a
formed in the reaction exceeded the equilibrium currents calspectroscopic computational systéSVU-23) and a static
culated according to the theory of surface ionization by 6—7%ector mass spectrometer with a field surface-ionization ion
orders of magnitude. Studies of the energy distribution ofsource. The ion emitter is an oxidized tungsten filament with
these ions have shown that the effective ion temperdfyre a diameter of 5or 10) um. A voltageU = —(0.5—-20) kV is
of this distribution exceeds the surface temperaflirey  applied to an electrode that is coaxial with it to produce an

FEATURES AND EXPERIMENTAL IMPLEMENTATION OF
THE METHOD

1063-7842/99/44(9)/4/$15.00 1111 © 1999 American Institute of Physics
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FIG. 2. The curreni of desorbed KO™ ions as a function of the wavelength

. . \ of the light incident on a surface: the horizontal lines denote the root-
FIG. 1. Block diagram of the apparatusi— mass spectromete2— field mean-square errop; , v,, andrs are the displacements of the atoms in the
surface-ionization ion sourceg — secondary electron multiplie} — normal vibrational modes of the water molecule; ¢ v3) and (v, + v,) are
monochromator5 — multipurpose spectroscopic and computational sys- the positions of the combination frequencies on the abscissa.

tem.

electric field strength at the emitter of from °1Qo .
8% 10° Vicm with a smooth filament and up to &w/cm  (M/€=18U during a scan over 1.6 to 2m. The current

after scales have grown out of the tungsten oxfid@he exceeded the root-mean-square deviation in the background
desorbed ions pass through a system of electron lenses whié®f A=1.91-1.95um. The eigenfrequencies of the water
ensure a constant geometry for the ion beam over the entif@olecules nearest these frequencies are the combination fre-
H -1_ -1_
range of variation in the electric fields and make it possibledUencies ¢1+v;) “=1.91umand pp+vs) "=1.88um.
to analyze the ions in energy by the retarding potentia‘Bes'O_lelS these frequencies there is a fourth harmonic
method® The ions are then focussed onto the entrance slit of4¥2) ~=1.63um within this interval, but its excitation
a mass spectrometer with a resolutionnafAm=200. The probability is very low) Here we use the fqllowmg notation
emitter is illuminated by monochromatic light with a wave- r 7lthe parallel  normal 7lv|brat|ons: _ skeletal
length of from 1.6 to 3um (obtained using an MDR-23 (¥1) "=2.73um, deformation ¢,) :761'27"””’ ang for
monochromatdrperpendicular to the axis of the emitter and the perpendicular skeletal vibrationsgf *=2.66 um.”
to the electron-optical axis. The collecting angle for the jon  Vibrations at the combination frequencyxt vs), like
beam is+3°. The angle at which the IR radiation is absorbedth® fundamental;, are not excited on the surface if the
most efficiently by the surface is88°1 which corresponds symmetry axis of an adsorbed molecule water lies perpen-
to a central angle of-2° when the light is incident on a dicular to the surfacdThis position of the molecules is most
cylindrical surface. probable, especially in an electric fieldipoles positioned
The residual gas pressure in the chamber was found igarallel to the surface are not excited, since the appropriate
be 10°° Torr using an additional electron-impact ionization component in the radiation incident on the metallic surface is
ion source. The pressure of water, whose desorption Speggro.l Thus, the observed band can be attributed to the com-
trum we were studying, was found to be (1207 Torr.  bination vibration frequency i+ v.). Theﬁi"’idth_ of the
The emitter temperature in these experiments wa50— band in the desorption spectrumdslpo cnt -, which cor- .
400 K. Water ions fi/e=18 amy were detected in a pulse responds to the band width for an isolated molecule. This
counting mode. An SIRSh-200 lamp was used as a lighf"€ans that, in our case, the adsorbed molecules are not
source. The spectrum was recorded by scanning on the wavBoUnd by hydrogeno bonds, i. e., they do not form a water
length abscissa over 1600—2000 nm and 2000—3000 nm wifffm on ”181 surface” The shift in the absorption band by
a step size of 20 nni300 lines/mm grating The ordinate 130 cm ~ toward longer wavelengths indicates the exis-
was the signal from the secondary electron multiplier of thd€nce of a chemical shift that oj\éerlaps with the dipole inter-
mass spectrometer fed the KSVU-23 computer. action of the adsorbed molecules. _
A background scariwithout illuminating the emitter Some words are in order about the possible appearance
was made in each of these spectral ranges and then a scaf,a band of skeletal vibrations;. No statistically reliable
with the emitter illuminated. The working scan was the dif- SPikes in the ion current were observed in the course of an

ference between the two. 110 and 80 working scans, respegl@lysis of the spectra over 28n. Nevertheless, a change
tively, were made in these spectral intervals. in the form of the noise pattern was observed, in particular, a

drop by a factor of 2—3 in the number of times the noise
curve passes through zero near2.7 um (Fig. 3). Given
that the band corresponding to the frequengyis less in-
Figure 2 shows the spectrum of the ion current fgOH tense than that at,,* we can hope that when the irradiation

EXPERIMENTAL RESULTS AND DISCUSSION
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-0l desorbed in the form of ions, whose current will be deter-
mined by the extent of nonequilibrium surface ionization
0 (aN) !7
[2]
S AjweAgaNzeAgANexpe(erﬂ,
g -10 N
.“i where Ay is the ratio of the statistical weights of the ionic
~ -2k and neutral states of an excited particle, whose populations
' are determined by the nonequilibrium temperaflixe
We note, once again, tha@i, is an effective temperature
-3 that characterizes the quasi-Maxwellian distribution of the
v ions with respect to their initial translational velocities and,
- L when the adsorbed particles are vibrationally excited, it ex-

4L L 1 \ 1
2000 2200 2400 2600 z8o0a 3000

. nm ceeds the surface temperatdrdy an amouniAT.
?

The flux of excited particleQg is proportional to the

FIG. 3. The curren} of desorbed HO™ ions as a function of wavelengih concentration of particledy, the radiation intensity, and the
the horizontal is the average of the noise path line apddenotes the  cross sectionr for the process, i.e.,
location of the skeletal vibration on the abscissa.

Ag=NIlo,
wherel =P/Shy, hv is the photon energyp is the radiation

intensity is raised, the band a§ will appear in a statistical Power,Sis the area of the surface illuminated by the light
significant form. and falling within the aperture of the mass spectrometer.

We now derive a formula for the change in the nonequi-  Then, using Eq(1), we write the ratio ofAj to j as

Iibrium_ s_urface-ionization ion current during absorption of_ Aj Ag ay e(cp+\/e_F—V) AT
IR radiation by adsorbed molecules for the purpose of esti- —=-—x—=|g7"ex k. T T
mating the cross sectionr for absorption of radiation by ] 9 @ N

adsorbed molecules. 2
Let us consider the case of hard-to-ionize particles, for ~We leave out the ratié /A, which should enter in Eq.

which the degree of surface ionizatiom, is given by (2), because it is close to unity. In fact, since vibrational
levels of the molecules are excited, we only consider the
a= 9_+<1_ factors in the vibrational statistical weights,
Yo N
I o . Ay Oy 6°
Then the equilibrium surface-ionization currentthe S~ X —
. . . . . e . 0 +
current in scans without illumination of the emittés given On 0
12
by where 6°, 63 and 6%, 6y are the vibrational statistical

e(¢++eF—V) weights in the ground and excited states for the neutrals and
j~ega=egAhex KT ,

ions, respectively.
At low temperatures, the rati@®/ 6% can be written in
wherek is the Boltzmann constang, is the flux of particles the form

onto the surface, which for<1 is essentially equal tg; -6
: hv;
g, andgg are the fluxes of ions and neutrals from the sur- (1—e* kTJ) [3n-6 hy,
face (in the steady stateg=go+g.), € is the electronic 0 =i N =1 KTy T \3n-6
charge,A is the ratio of the statistical weights of the ionic 0 3n-6 h 3n—6 1 Te ,
. . . 0N v hVi N
and neutral states of the particlesgs is the work function of H —e kT H res

the surfaceF is the electric field strength at the surface, and i=1 ' i=1
V is the ionization potential of the particles.

The fluxg determines the concentratibhof particles at
the surface and is related t through the lifetimes of the
neutral and ionic components,

1 1

4 —
T+ 'To

where n is the number of atoms in a molecule ahdis
Planck’s constant.

For 6;;/6* we obtain the reciprocal of this; thus,
Ay/A~1. Note also that* appears in Eq(2) because, as
noted above, the condition”<7* applies. Unfortunately,

: not all the experimentally measured quantities in E2).
were measured in our experiments. Thus, we could not mea-

When a strong electric field is present, <7, so that  sureAT by the lag method because of the small curréits

N The ionization potential of the water molecules was deter-
g=—. (1)  mined from table¥ aseV=12.6 eV.
T+ The equilibrium currentj was used to estimate

When the surface is illuminated, some part of the adF (~10° V/cm); ¢ was determined from the temperature
sorbed particles enter a vibrationally excited state and areurves of the bismuth ion curréfitand was found to be

g=N
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given by e¢=6.7+0.05 eV; the intensity of the radiation follows from the closeness of the deformation vibration fre-

(1=10' ph/cnts) was estimated from the electrical power quencies of the adsorbed and free molecules; these frequen-
of the radiator, its temperature with a correction for the blackcies are determined by the motion of the hydrogen atoms
body emission spectrum, and the relative aperture of théoward one another, and they remain free when the molecule
monochromatory™ can be estimated based on the following iS adsorbed by its oxygen atom; and t8e symmetry axis of
circumstance: the experimental fact that the translational vethe molecule lies perpendicular to the surface; this is implied
locity distribution of the excited ions is Maxwellifiindi- by the absence of absorption bands with perpendicular vibra-
cates that during ionization of the excited molecules we ardions vs.
dealing, not with vertical transitions, but with adiabatic ones.  In conclusion, we sincerely thank M. V. Knat'ko, V. I.
In other words, after an IR photon is absorbed with subsePaleev, and N. D. Potekhina for helpful discussions.
guent ionization, the energy absorbed by the particle is ran-
domized over its degrees of freedom, including the transla-
tional degreqs of freedom. F?rthls, the ions must complete al, i rational Spectroscopy of Adsorbatdi: Russiai, Mir, Moscow
least a few vibrations. Then" cannot be less than 16°— (1984, 246 pp.
10 ¥s. 2V. S. Letokhov,Laser Photoionization Spectroscofig Russian, Nauka,

The value ofAj was taken to be the amount by which  Moscow(1987, 318 pp. =~ _
the current exceeds the root-mean-square deviation from theEéYﬁé'Zgngfggéx' V. Knatko, V. I. Paleest al, 1zv. RAN. Ser. Fiz.
average current in the working scan. Thus, it was assumedn; v Blashenkov and G. Ya. Lavrent'ev, Pis'ma zh. Tekh. fid, 1359
that the spread in the values of the currpnbrresponds, on (1988 [Sov. Tech. Phys. Letfl4, 593(1988].
the whole, to a normal distribution and that deviations in the °N- M. Blashenkov and G. Ya. Lavrentev, Zh. Tekh. F&0(2), 154
current_from this distributiqn ata corlfidence level of .0.67. are el(_l,?fQBgls(ﬁ}{h; h,{'ls_'Jég?asir;ﬁ%\,’zzg_%??_]évremm al, Pis'ma zh.
determined by a systematic factor, in our case the vibrational Tekh. Fiz.1, 170(1975 [Sov. Tech. Phys. Lettl, 81 (1975].
excitation of the ions. The exponent in Ef) was estimated  ’N. M. Blashenkov and G. Ya. Lavrent'ev, Pis'ma Zh. Tekh. Fi2(24),
within the limits of variation of AT~10-50. Under these 15 (1999 [Tech. Phys. Leti21(12), 1000(1995]. :

. . . . H. D. Beckey,Principles of Field lonization and Field Desorption Mass
assumptions and glve_n the E)_(pe”mental value Aqﬂ] . Spectrometry(Vol. 61 of International Series in Analytical Chemistry
~10 3, the cross section for this process calculated using Pergamon Pres$1977), 335 pp.

Eq. (2) lies within the range 10%-10 ! cn?. Such high  °L. A. Gribov, Introduction of Molecular Spectroscoplin Russiar,
values of the cross sectionsfor various processes involving 10:\(‘:”;38'\2825?(:"‘;1373% %92? . ¥626), 81 (1982 [Sov. Phys. Uspds
adsorbed molecules compared to those for gaseous phasgg (1992,

processes have been noted in several experimental pajers,''G. HerzbergMolecular Spectra and Molecular Structure. Vol. 2. Infrared

but have not yet been explained theoretically. and Raman Spectra of Polyatomic Molecul®&n Nostrand, New York
(1945; Nauka, Moscow(1949, 647 pp].

2E. Ya. zandberg and N. I. lonovSurface lonization Nauka, Moscow
CONCLUSIONS (1969, 432 pp.

. . - 3Dissociation Energies of Chemical Bonds. lonization Potentials and Elec-
The data obtained using the new method of field photo- tron Affinities Nauka, Moscow 1974, 351pp.

desorption IR spectroscopy yield the following conclusions:i4n. m. Blashenkov and G. Ya. Lavrentev, Pis'ma zh. Tekh. Bié4), 72
1) when parallel vibrations are excited in water molecules, (1990 [Sov. Tech. Phys. Lettl6(2), 154 (1990].

they are desorbed with the highest probability from solid "St: Y- Dixon-Warren, I. Harrison, K. Reggett al. J. Chem. Phys88,
surfaces and undergo deformation vibrationswater mol- 4092(1989.

ecules are adsorbed on a surface by the oxygen atoms; thiganslated by D. H. McNeill
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Inverse problems in the theory of electrostatic energy analyzers. |
Yu. K. Golikov, K. G. Utkin, and D. V. Grigor'ev

St. Petersburg State Technical University, 195257 St. Petersburg, Russia
(Submitted June 26, 1998
Zh. Tekh. Fiz69, 128-131(September 1999

General formulas are derived for reconstructing two-dimensional Laplace fields from specified
focusing and dispersion characteristics in the plane of symmetry. The electrode
configuration is determined for an energy analyzer with ideal focusing of a fan beam. The
parameters of the plane trajectories, their shape, and their energy dispersion are determined.
© 1999 American Institute of PhysidsS1063-784£99)02709-9

STATEMENT OF THE PROBLEM sionless coordinatesy,z, which are related to the real car-

. tesian coordinateX,Y,Z by equations of the form
Many papers have been devoted to energy analysis OF ¥y eq

electron flows in electric fields.As a rule, the choice of X=Ix, Y=ly, Z=lz. (2
electrode configurations is dictated by simplicity of fabrica-  1ha scale length is usually chosen in accordance with

tion, symmetry considerations, and engineering estimates Qf,q gimensions of the system. The real tini conveniently
the proposed electron-optical properties based on a”alogi%§<pressed in terms of the dimensionless variabley
taken from the literature. In systems found by such a direct

approach, it is not usually possible to attain high focal qual- t=T7. (©)
ity and high dispersion simultaneously. For example, a | the following the derivatives with respect towill be

spherical reflector has substantial dispersion, but its focgjenoted by an overhead dot. If the choice of units for the
quality is inadequate. A cylindrical mirror with second order time, T, is subject to the condition

focusing does not provide the required dispersion, while
prism spectrometers have a large reserve of dispersion but _ F
i . . T=1\/——,

low throughput, are complicated in design, etc. qd,
For fields with a plane of symmetry, it is possible to

propose a more flexible and efficient approach to choosin

the field structure, taking as a basis the theory of invers

problems for particle motion, in which the characteristics of ~ x=—g¢p(x,y,2)/dx, y=—de(X,y,2)/dy,

the controlled flow are specified and the potenéiék,y,z) )

of the field is sought. This program for synthesizing energy 2= —d(X,Y,2)/dz. (5)

analyzer systems with previously specified parameters is \ynen condition(4) is satisfied, the initial kinetic energy
most easily realized for two-dimensional Laplace potentlalsbf a particle,Ey= mv§/2, is replaced by a dimensionless en-

with a plane of symmetry along which a fan beam spreadg, . "narametew with the clear physical significance
out. These fields include some very convenient variants

which combine small size with high dispersion and sharp ~ w=(x3+y3+23)/2=E/q®d,. (6)
focusing. In particular, on this path it is easy to find systems

: . o . The parametew expresses the interrelationship between
with a previously specified order of focusing, and among,, . . . o .
. 2 T the initial particle energ¥, and the characteristic potential
them, a field with ideal focusing in one plane. An energy

analyzer based on this approach, the “Tutankhamon"enerqu(bo of the field. Evidently, whemw>1, the particle

analyze? has been studied in several pap&fsbut a com- moves with a weakly curved trajectory in the field region and

lete theory is given here for the first time. For generalit for w=~0 the motion takes place near a line of force of the
P yisg : 9 Yfield that passes through the initial starting potgtyg,zg,

apd mgthematlcal .clanty, all these investigations are done Ir\}vhile all the basic transformations of the particles with a
dimensionless variablés.

small spatial density must take place fer=1. The function
¢ in Eqg. (1) is most often chosen subject to the condition
0<|go|<l.

4

then the nonrelativistic equations of motion of a particle with
gwassm and chargey will take the form

DIMENSIONLESS MODEL
We write the physical potential of the field in the form
D(X,Y,Z)=Doe(X,Y,2), (1)  INVERSION FORMULAS

where®,, is a characteristic value of the potential in ordinary Let us consider the motion of a particle in the plane of
measurement units, such as volts and the fag{ory,z) is  symmetry of a two-dimensional field with a potentig(x, y)
the dimensionless potential, which depends on the dimerdistributed along it in accordance with

1063-7842/99/44(9)/4/$15.00 1115 © 1999 American Institute of Physics
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AF'(f)df

o JA—f
Equation(14) can be used to study the focal quality and

the magnitude of the dispersion in any specified figb) in

a very much more constructive physical sense in another

variant. Let the beam be monoenergetic, with=w,

=const. We express c@sin terms ofA using Eq.(10) and
rewrite Eq.(14) in the form

P=2.wcosf (14)

P(A)  [AF'(f)df
23wo—A Jo JA—f

This can be regarded as an Abel integral equation in the
unknown functionF' (f), if the functionP(A) is considered
given forw=wy. Solving Eq.(15) by a standard methdd
and integrating with respect tip we arrive at the following
key formula in the theory of analyzers:

(19

FIG. 1. Particle trajectories in an ideally focusing field.
1 (f  P(AdA
2m Jo(wo—A)(F=A)

=0. 7) It can be used to solve various problems concerning the
x>0 focusing of fan beams in the plane of symmetry of a field,
uniquely determining the structure of the potential in the
plane of symmetry from a specified angular dependence of
the arrival functionP(A), whereA=w, sir? § serves as the
angular variable in this case.

Let us assume, further, that the anglgstands out in the
flow and we consider the variation of the arrival functien

X=—aflax, z=0. (8) with the energyw and, thereby, study the dispersion proper-

ties of the field. It is convenient, as before, to retain the

Foryy,=0 andyozo, all the trajectories lie in the plane parameteA=w sir? 6, in the equations as a basic parameter,
of symmetry. The energy integral for motion aloxg given  assuming that it varies as a result of the enexgyrhen Eq.
by (14) should bee transformed to a new form, on expressging
in terms of A for #= 6y=const,

x=F(f)= (16)

¢

y-0=100, 1(0=0, =

The particles start from the poingy=y,=2z,=0 at an
angle 6 to the z axis with energyw= (x3+y3)/2, form a
symmetric arc under the influence of the fi¢kig. 1), and

return to thez axis at the poinP. In this case, the equations
of motion have the form

X212+ f(x)=A, )
where tangoP(A)  (AF'(f)df w7
, 2JA  Jo JA—f
A=x3/2=w sir? . (10)

Solving this equation foF " and integrating with respect

The time of flight of a particle from the start to poiRt ~ to f subject to the conditioir (0)=0, we obtain the second
equals twice the time of flight to the peak, wherekey inversion formula in the theory of analyzers,

x=\2(A—f)=0. We find this time from Eq.(9) by tandp (1 P(A)dA
quadraturé, x=F(f)= . 18
(f)=—_ o VA=A (18)
o= \/EJX”‘L. (12) Now we have the possibility of uniquely determining a
0 VA—f(X) two-dimensional field from a specified dependence of the

arrival function P on the energyw through the parameter

Along thez axis, there is a drift A=wsir’6,, which is now an energy parameter, in other

7=27,7=\/2W COSH- 7. (120  words, actually from the magnitude of the dispersion:
In the class of monotonic potentiaf{x) the integral Dzwﬁz ﬁ (19
(12) is profitably transformed to the variable of integration W IA’

by specifying the relation betwednand x through the im-

plicit dependence If we intend to specify the variation in the dispersion

D(A) for a fixed entrance angle,, then it is first necessary

x=F(f), F(0)=0. (13)  to recover the functioP(A) from Eq.(19) by integrating,
With the aid of Eqs(7) and (11)—(13) we calculate the P(A):f D(A)dA 20)
arrival functionP of the particle, A
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In both cases, the spatial distribution of the potential ..
is easy to find explicitly using the complex potential 1ok
Q=uy(x,y)+ie(x,y) in accordance with the obvious for- ’
mula

Q=if(x+iy) (21

. . - . | 10 10
or in the implicit notation a7

X+iy=F(=iQ)=F(p—iy). (22

From Eq.(22) we obtain a convenient real representation
of the equipotentials in the parametric form 0.5

X:Fl(wv()o)! y:FZ(ll/v(P)a (23)
where for fixede=const it is necessary to changeas a
parameter. 0.25
FIELD WITH IDEAL FOCUSING

Let us setwy=1 in Eq.(16), which in no way reduces 0.0

the generality, and choos®as a constant, sag=1. Then., 7.0 -0.5 0.0 0.5 10y
using Eq.(16), we quickly find the variation in the potential FIG. 2. Equipotentials of a field with ideal focusing.

which ensures complete independence of the arrival function
P from the angled, i.e., ideal focusing of a monoenergetic
flow w=1. Integrating Eq(16) yields the expression

Then
Fh= Lt 24 J J
X= =—Inh——= 1 2—A(1+coskz)++A(1—coskz
271 \Jf x=—In ( > 1) A ( ), (29
and, therefore, ( )
where
f=tank mx. (25)
. . . . . 1-A
Equation(25) is contained, in somewhat hidden form, as k=2 —
W—

a special case in the most interesting papers of Gerorfithus,

which have not had a proper influence on electron optics, The structure of a focussed fluxwE& 1) is shown in
apparently because of an excessively abstract initial premisgig. 1. Equation(14) yields the arrival functiorP(w, 6),
Here we associate E(R5) with the variation of the potential

in a real two-dimensional Laplace field, in its midplane, and w
the entire construction acquires a clear and distinct physical (W) =C0s6\] l—wsi o (30
significance.

Separating the imaginary part from the complex poten-  The corresponding linear energy dispersion alongzhe
tial 1, axis is

Q=y+ip=itantt m(x+iy), (26)

we obtain the ordinary scalar potential

sint? 2arx—sir? 2y

p(Xy)= (27

(cos 2mx+cos 2my)?
Its equipotential portrait is extremely complicatéeig.

2) and can be used extensively in beam optics, in particular,

where there is a convenient closed fragm@igis. 2 and B

as the basis for an energy analyzer.

PARTICLE DYNAMICS IN A PLANE OF SYMMETRY

With the aid of the integral9),for the potential25) it is
easy to find a trajectory shape and arrival functi®w, 9) z
with arbitrary energyw, but subject to the condition

] FIG. 3. Possible design of an electrostatic energy analyzer with ideal focus-
A=wsir? §<1. (28 ing in one plane X2).
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an order of magnitude higher than for plane and cylindrical

2.”5— mirrors of similar size. The height of the pea,<1.29. A
real device with dimensions of 160L00X 130 mm with a
0.1 mm exit slit can have a resolutidvE/E=0.01%.

1.5
THE CONFIGURATION OF THE “TUTANKHAMON” ENERGY
ANALYZER

ror From the overall equipotential portrdfig. 2) it is pos-
sible to cut out a fragment bounded by the equipotentials
¢=0 and, for examplep=0.95. In space this forms an

051 elongated box, whose elegant outline resembles an Egyptian
sarcophagus, which led to the idea of calling this analyzer
“Tutankhamon” (Fig. 3).

0.0 The great convenience of this configuration is that the

entrance and exit slits lie on theaxis in the recess of the
grounded electrode, where there is almost no field and the
apertures need not be covered with a grid.

The other electron-optical characteristics will be de-
scribed in part Il of this paper.

FIG. 4. The height of rise of the trajectori€s) and the energy dispersion
(2) as functions of the entrance angle in the figld,

D=W£ — cosé A / w ) (3D lv. P. Afanas’ev and S. Ya. YavoElectrostatic Energy Analyzers for
IW 2 (1-w sir? 0)3 Charged Particle BeamdNauka, Moscow(1978, p. 224.
2yu. K. Golikov, Abstracts of the Second All-Union Conference on Mass
Under ideal focusing conditions witlv=1, Spectrometryin Russiar, Moscow (1974, p. 324.
5L. N. Gall', R. N. Gall', Yu. K. Golikov, and K. G. Utkin, Inventor's
1 Certificate No. 5443071976, Bl, No. 3 (1977.
=—. (32 4Yu. K. Golikov, S. N. Davydov, V. V. Korablev, and K. G. Utkin, Inven-
2cog 6 tor’s Certificate(USSR No. 1365987(1987); pub. Byull. Izobret., No. 1
. ) ) o (1988.
The maximum swing of the trajectory along thexis is 5S. N. Davydov, M. Sh. Sugaitov, V. V. Korablev, and Yu. A. Kudinov,
given by a formula for the coordinate of the peak(Fig. 1), Abstracts of the Seventh Symposium on Secondary Electron and Photo-

) electron Emission and Spectroscopy of Solid SurféiceRussiar, Tash-
1 1+sinéd kent (1990, pp. 14—15.
Xm=5_-MNT—=—- (33 yu. K. Golikov, K. G. Utkin, and V. V. Cheparukhin, “Design calcula-
27 1-—siné ' - . - i
tions for elements of electrostatic electron-optical systefins’'Russiar,
The curves<,(¢) andD(6) (Fig. 4 manifest a remark- ~_LPlim. M. |. Kalinina, Leningrad1984, 80 pp.

. ning 80 .
able property of this field, which is optimal for an energy '(‘igDE;&"a;gg‘%snd E. M. LifshitzMechanicgin Russiar, IFML, Moscow

analyzer, specifically a combination of small trajectory di- sya. | Geronimus, zh. Tekh. Fi&2, 3 (1962 [Sov. Phys. Tech. Phyg,
mensions with a high level of dispersion, and all this occurs 1 (1962].

under ideal focusing conditions in at least one plane. For Y& L. Geronimus, Zh. Tekh. Fi&2, 848(1962 [Sov. Phys. Tech. Phys.
example, for angles #86<88°, the dispersion varies within 7, 620(1963].

11.56<D <410, so that the minimum dispersion is already Translated by D. H. McNeill
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Production of thick YBa ,Cu30-_ films on sapphire with a cerium oxide sublayer
E. K. Hollmann, D. A. Plotkin, S. V. Razumov, and A. V. Tumarkin
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The feasibility of producing high-quality films of the high-temperature superconducting material
YBa,Cu;O; _ 5 with thicknesses up to 2&m by dc magnetron sputtering is demonstrated.

It is found that inclusions consisting of CuO and Y,Ba,yOg coexist with the growing film and
are“sinks” for defects, nonstoichiometric atoms, and mechanical stresses. X-ray diffraction

and Rutherford backscattering studies show that the structural perfection of the films increases as
the thickness is increased in the proposed production regimel99® American Institute

of Physics[S1063-784299)02809-3

INTRODUCTION a—c andb-c facets than ta—b, while the orientation of
the grains observed at the substrate in the initial stages of
YBCO films with thicknesses of 0.6—26m offer great  growth depends on temperature. This hypothesis explains the
promise as a material for creating microwave and highfact that the relative volume of the phase rose with thick-
power electronic devices. Microwave applications requireness in all the experiments. Computer calculatiohave
that the film thickness be greater than a few times the Lonshown that for a 10:1 ratio of the growth rages, the amount
don penetration depth, , otherwise the microwave signal of the a-oriented phase at the surface increases from 2 to
losses increasa, is roughly 140—180 nm for a perfect crys- 100% as the film grew to a thickness of 300 nm. These re-
tal along thec axis of the unit cefl and is considerably gyits are consistent with experimén®n the other hand, it
greater in real films because of their structural imperfectionpas peen reportédhat a-oriented growth is thermodynami-
i.e., point defects, intergrain walls, etc. This means that film%a”y preferred, whilec-oriented growth is kinetically pre-
with satisfactory quality must be obtained with thicknesseSegrred and can only take place with high supersaturation.

over 0.5um. However, attempts to grow thick films have angther hypothesis is that cooling of the growing film sur-
encountered major difficulties associated with a deterioration, .« |eads to a change in its orientation. According to the

in quality with thickness and changes in the orientation Ofdata of Refs. 1 and 2

the gro(\j/ym? flJI[mihYBCbO tf|lt[nsf.|W|th _thei'rf[:, axes orlcintelci grains to predominate, the temperature of the growing sur-
perpendicular to the substrate filra grientation) are optimal face must fall by 120°C. Several possible mechanisms for

from the standpoint of their electrical and physical propertie§hiS amount of cooling have been proposed, but direct obser-
and for use in microwave devices. Beyond some critical '

. . . ) vations of such a large temperature drop have not been con-
thicknesst, the growth of grains with theic axes parallel . . P
. . . : firmed. However, it has been possibte increasé. to sev-
to the surface 4 orientation begins to predominate. In

. . . oo eral microns using a linear or stepwise increase in the
a-oriented films the critical current density is an order oftem erature during film arowth. Nevertheless. the structural
magnitude lower andl, is three times greater. Thus, we face P 9 9 ) ’

the problem of avoiding changes in the orientation of theperfection of these films deteriorated with thickness and the
growing film during deposition of films with thicknesses of volgme of thea-oriented phase increased, although it re-
0.5—1.5um. mained rather small.

Orientation during growth of YBCO films has been the |t may be assumed that bote and c-oriented grains
subject of many paperls‘.“ It has been established that the de_ve_lop at t_he substrate surfac_e-, as well as at the surface of
formation ofa-oriented grains takes place at lower tempera-£XISting grains. The rate at which they are formed depends
tures than that of-oriented grains, regardless of the sub-ON temperature, supersaturation, the orientatoar(da) of
strate material(Studies have been made of growth on sub-the previous layer, and the presence of defects on the surface.
strates with good matching of the lattice parameters of the We have recently studied the growth of secondary di-
substrate and film{STO, LaAlO;) and with poor matching electric phases(inclusions during the initial stages of
(MgO), as well as on a previously deposited tigioriented growth of YBCO films’ It was found that these inclusions
YBCO film.) In films grown at the optimum temperature for consist of CuO and YB&u;Og phases and that their con-
formation of c-oriented grainsa-oriented grains have also centration varies with time as the first layers of the film grow
been observed, either at the film—substrate intefface at  and then reaches a saturation level of abodtch® 2. These
some film thicknes$2 In any case, beginning with the criti- inclusions can coexist with the growing film and are “sinks”
cal thicknesstc, growth of thea-oriented phase predomi- for defects, nonstoichiometric atoms, and mechanical
nated. It has been suggestedat growth along tha axis is  stresses. As they are dielectrics, they do not detract from the
faster because the unit cell “aligns itself” more easily to the superconducting and microwave properties of the YBCO

in order for formation afphase

1063-7842/99/44(9)/4/$15.00 1119 © 1999 American Institute of Physics
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films 2 In this paper we assume that the secondary phases can a

affect the relative rates of growth of thee and c-oriented = FWHM (005)
YBCO (123 phases and study YBEu;O;_ s films with
thicknesses of 0.3—2m grown under conditions such as
to ensure the formation of dielectric inclusions.

EXPERIMENT

The films were deposited in a planar dc magnetron sys-
tem in an atmosphere of pure oxygen at a pressure of 1 Torr. -
An oxygen enriched atmosphere ensures complete oxidation 0 0.5 1 L5 2 2.5 3
of the inclusions, ensuring that they are dielectric and per-
mitting their use in microwave devicesl102] (r-cut) sap-
phire was used as a substrate with a 200-A -thick sublayer of b
cerium oxide with a mixed (0Q1(111) orientatior?. Sput- 1k FWHM (005)
tering was done at two discharge currents, 400 and 200 mA,
which ensured two different deposition rates. During the first
30 min of deposition the discharge current was raised, and 0.8F
then it was kept constant. The substrate holder temperature
was maintained at a level of 650°C and not raised during 0.6
deposition. The deposition time varied from 5 to 45 h.

The thickness of the resulting films was measured with a
DEKTAK 3030 profilometer and ranged from 0.1 to 4. 0.4 . L L L L
The rate of deposition determined from the thicknesses was 0 0.2 0.4 0.6 0.8 1
10.5A /min (=5%) for a current of 400mA and and
3 A /min (+5%) for a current of 200 mA. It should be noted gig. 1. The half-width of the005 YBCO peak in the rocking curve as
that halving the discharge curref@nd, therefore, the depo- function of film thickness. Currer(mA): a — 400, b — 200.
sition ratg reduces the growth rate by a factor of three. This
is because the the growth rate is quite low and is close to the
kinetic minimum at which all the atoms arriving at the sub- RESULTS
strate are reevaporated and the film does not grow.

The structural perfection of the grown films was studied
using a Rigaku—Dmax Geigerflex x-ray diffractometer. The
amounts of thec- and a-oriented phases were calculated
from the relative intensities of the YBC@O05) (c orienta-

oo e
PN Om =W
1

Figure 1a and 1b shows the dependence of the full width
at half maximum of thg005 YBCO peak as a function of
film thickness obtained by scanning. There is a clear ten-
dency toward a reduction in the degree of disorientation of
. i . . the film along thec axis for both deposition rates. The broad-
tion) and (200 (a orientation peaks. To do this we com- ening caused by the finite thickness of the film is negligible:

pared the integrated intensities of the peaks obtained frorn can be estimatéfl as 0.1° for the thinnest filnthickness
the rocking curve and normalized to the intensities for pow-, .

_ . 0.1um). The instrument error is the same for all samples
dered sampleéwe followed the method descnbeq in Rej. 1 and is less than 0.1°, i.e., the curves in Fig. 1 reflect a genu-
The half-widths .Of the(009) peak from th? roclgng CUNVE ine improvement in the structural perfection of the films with
were used to estimate the degree of disorientation of the f”nf'hickness At the same time, the half-width of 1065 peak
along thec axis. . for relatively thin films with thicknesses of 0.1—Qun is

Ruthe'rford backscatterln(RI.BS).was alsg used to ana- comparatively large, at 1-1.1°, and the 0.7-0.8° obtained
lyze the film structure. RBS with intermediate energy I0NS¢ - fiims with a thickness of 0.5m is typical for our films
and an electrostatic analyzer provides a resolution of about
5 A and yields information on the structural perfection of

the films along thec axis, so that the quality of the film

structures can be compared at a fixed depth. P 81(2) L

The morphology of the film surfaces was studied usinga S 0.08 |
scanning electron microscope. The concentration and aver- £ 0.06 F
age sizes of the objects on the surface were determined with 0.04 L ]
the aid of a specially developed computer program. 0.02 F >

- . 2

The parameters that are most sensitive to the structural 0.00 i ; -
perfection and orientation, the critical current dengiyand 0 1 2 3
the microwave surface resistanRg, were chosen for com- d, pm

paring the electrical properties of these films. The criticalFG - ber oforiented arainsi — without ling2 — with
. . L. € number oa-orientea grainsi — without annealinges — Wi
current density was measured by a contactless method rmalizing; current 400 mA; * — normalizing with a weight factor:

77K and the surface resistance, in a copper cavity at 77 K at=1(200)/T(200)/((005)/T(005)+ | (200)/T(200)), with T(200)=28.7,
60 GHz. T(005)=11.2.
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FIG. 4. Ratio of the channeled and random signals in the Rutherford back-
scattering spectrum as a function of film thickness.

probably also slowly growing inclusions at the bottom of the
holes. The overall concentration of macroscopic defects re-
mains at a level of about10° cm™2, which is close to the
FIG. 3. The surfacéscanning electron microscopy saturation level for the concentration of islands of secondary
phases as a function of time in the initial stages of YBCO
film growth
used in the microwave devices, while the 0.45—-0.5° ob- RBS analysis, which was used to compare the magnitude
served in the films with a thickness of 12n is close to  of the dechannelling(50), confirmed that as the film thick-
the lowest widths reported in the literature for much thinnerness increases, the orientation of the structure improves.
films. x(50) is proportional to the ratio of the channelled and un-
As the same time the half-width of th@05 peak is channelled signals at a depth of 50 mm from the film surface.
decreasing, the amount of theoriented phase decreases The dechannelledy signal is higher for films with a
with increasing thickness. This dependence is shown in Figgreater concentration of defects, intermediate layers, and
2 for a discharge current of 400 mA. Note that the relativedamage in the lattice. It also rises with increasing disorien-
volume of thea phases decreases more rapidly with increastation of the grains along the channels perpendicular to the
ing film thickness than if the initial amount ai-oriented  surface. Figure 4 is a comparison for films deposited at 200
grains was kept constaffig. 2). This means that some sort mA. x(t), wheret is the distance from the film surface also
of recrystallization is taking place: annealing in a pure oxy-yields information on the types of defects. In our case, this
gen atmosphere and with a constant flux of the componentsinction can be approximated linearly, gs x(0)+ Dt. The
of YBCO onto the substrate. For all the films deposited at avalues ofy(0), x(50), andD are listed in Table Ix(0) and
lower deposition ratgcurrent 200 m4, and for the films D, measured for a single crystal and calculated by a Monte
with a thickness of 2.aem deposited with a discharge cur- Carlo method for a perfect crystal, are also listed there. Note
rent of 400 mA, noa-phase grains were observed by x-ray that, in order to evaluate the structural perfection we have
analysis, i.e., the intensity of th@00) peak was below the choseny(50), which is observed directly, whilg(0) andD
resolution threshold for our apparatus. This suggests an ugre approximationd reflects the presence of defects in the
per limit for the relative volume of tha phase of~5%. volume of the film, such as point defects and dislocations.
Scanning electron microscopic studies of the film sur-The concentration of these defects can be estimated if their
faces revealed two types of macroscopic defects: holes argipe is known. Assuming that the defects are dislocations,
inclusions of secondary phaséBig. 3). Here there were we estimated their concentration ax 50*°cm™2. In turn,
more holes on the surface of the thicker samples, and morthe difference between the measured and theoretical values
inclusions on the surface of the thinner samples. There aref x develops because of disorientation of the grains with

TABLE I.

Sample Current, A Thickness, fat/cn? Thicknessum x(50nm) D, 10 *cn?/at.  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 1.4 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
Single crystal 0.7 0.03
(theoretical min. 0.2 0.015

Note: The thickness was measured by RBS and only for films with thicknesses less tham0.5
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respect to the axis or the presence of nonchannelling phasenough to affect the film orientation. Thus, some other fac-
at the surface. In the first case, our films should have had tors must predominate; of these, only macroscopic defects
disorientation on the order of 0.12—0.45°, which is smallerare on hand. The physics of their interaction with growing
than that observed in the x-ray analysis. The second variariims has not yet been studied. They certainly act as sinks for
seems more probable, since the macroscopic defects that atefects and nonstoichiometric atoms. In addition, they can
visible in the microphotographs are most likely not channel-act as preferred sites for nucleation of tghase, limiting
ling defects. The contribution of inclusions from secondaryits growth and changing the relationship between the vol-
phases at the surface to the nonchannelling signal is propoumes of thec- and a-oriented grains in favor of the orien-
tional to their concentration and average size, while the contation. The above results suggest that the formation of sec-
tribution of the holes also depends on their depth. Takingondary phases and macroscopic defects may be used in
both types of macroscopic defects into account, we shouldrowing high-quality YBCO films of the required thickness.
reducey(0) for thec-oriented phase to 0.11 in the best films. In sum, a study of these thictup to 2.6um) YBCO
This value is close to that measured for single crystals.  films has shown that the amount of tlaeoriented phase

The measurements of the critical current density yieldedlecreases as the thickness incredsestrary to previously
less unambiguous results. The dependence of the critical cupublished dataand is less than 0.5% for the thickest films
rent density on the film thickness was irregul@g; varied  (2.6u.m) grown with a discharge current of 400 mA and for
over 0.9 10° to 2x 10° A/cn?. It should be noted that both all the films obtained at 200 mA. The orientation of the
values are typical of good films. The best results were obphase also improves with thickness, as confirmed by RBS
tained for films of intermediate thickness. One possible exand x-ray diffraction studies. Macroscopic defects have been
planation for this effect may be the presence of dielectrianentioned as a possible cause of such a phenomenon. It is
macroscopic defects. It is not known how they affect theassumed that these defects, which have were observed by
critical current recorded by the contactless inductive methodscanning electron microscopy, serve to stabilize the growth
Microwave measurements showed that the surface resistanoéthe c-oriented phase and inhibit the growth of thghase.
of all the films thicker than 0.2um was less than 50 for In order to clarify the mechanism for the structural improve-
60 GHz at 77 K. A study of the characteristics of microwavements and the role of macroscopic defects in this process,
deviced(filters) fabricated using our films allowed us to com- further studies of the growth of YBCO films with dielectric
pare the properties of films with different thicknesses ininclusions will be required. In particular, the question of
more detail. The results of this study will be reported later. what thickness of high-qualitg-oriented films can be ob-

We conclude that the structural perfection of our films,tained is of practical interest.
which was fairly low for films with thicknesses of
0.1-0.3um, improved with the thickness of the films, and *f. vassenden, G. Linker, and J. Geerk, Physici76 566 (1991).
for films with thicknesses of 1—-2m, approached the best 28 Sievers, F. Mattheis, and H. Krebs, Appl. Ph8. 5545(1995.
results from processes optimized for growing thin single- A H: Carim, S. N. Basu, and R. E. Muenchausen, Appl. Phys. Bet.

) 871(199).

phase YBCO films. The amount of the phase also de- 4C. W. Nieh, L. Anthony, J. Y. Josefowicet al, Appl. Phys. Lett.56,
creased with increasing thickness and the grains ofathe 2138(1990.
phase which grew at the start underwent recrystalllzatlonF’Elgg‘arCIa -Gonzalez, G. Wagner, and M. Reedyk, Appl. Pf#.353
The production of YBCO films with thicknesses of 1x#n (s JaPennycook M. . Chisholm, D. E. Jessaral, Physica C202, 1
that have high structural perfection and a low content of the (1995,
a-oriented phase has also been reported previously, but thée. K. Hollmann, V. I. Goldrin, D. A. Plotkiret al, Tech. Phys. Lett22,
tendency toward a reduction in these parameters with in- 942(1996.
creasing thickness is a new fact. Given that the growth of thegé f< Eiﬂm';n'; i”g Lzathi;\?I VAFl’Ep'LEg?r"SOE';e;f 6? ﬁi‘;/gw;% sS04
a phase predominates at lower temperatdresye might (1993.
conclude that in our case the surface of the growing film IS“’J P. Gong, M. Kawasaki, and K. Fuijito, Phys. Rev5@& 3280(1994.
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An original experimental method is developed for determining the sputtering coefficients of
electrically conducting materials during bombardment by light gas ions at threshold energies. This
information is very valuable in both purely scientific and practical terms. The basis of the

method is a special field-ion-microscopic analysis regime. The procedure for measuring the
sputtering coefficients includes cleaning the surface by field desorption and evaporation,

with the subsequent work on an atomically clean and atomically smooth surface. The method
permits identification of single vacancies on the irradiated surface, i.e., it is possible to

count individual sputtered atoms. The method is tested on commercially pure tungsten, tungsten
oxide, and a W—C mixed layer on tungsten under deuterium ion bombardment. The

energy dependences of the sputtering coefficients of these materials for sputtering by deuterium
ions at energies of 10-500 eV are obtained and analyzed. An important relationship

between the energy threshold for sputtering and the conditions for oxidation of tungsten is found.
The energy threshold for sputtering of an oxidized tungsten surface is 65 eV. The energy
threshold for sputtering of the W—C mixed layer is almost equal to the corresponding value for
pure tungsten. ©1999 American Institute of Physids§1063-784299)02909-9

INTRODUCTION sputtering thresholds requires especially sensitive, high-
resolution methods capable of observing each vacancy

Carbon composite€CFC) and tungsten are currently un- formed on a sputtered surface by a bombarding(ian, of

der examination as candidate materials for controlled thereounting each atom removed from the surfacf the mod-

monuclear reactor designs. CFC and tungsten are to be use¢h experimental techniques for surface diagnostics, these

for the most energy stressed parts of the diverter systemequirements are best met by field-ion microscopy, which is

which are subjected to high fluxes of particles and electrowidely used for examining the structure of surface atomic

magnetic radiation from the plasma. The presence of differtayers, studies of the formation, behavior, and evolution of

ent materials in the components of the divertor and first waldefects in crystal structure, and analyzing various radiation

will inevitably lead to the formation of pulverized, mixed defects on the surface and in the volume of electrically con-

layers on the surface of the facing materials in the divertoducting materialé:3

and first wall. In this paper field-ion microscopy is used for the first
Tungsten is characterized by a high mass number andime to determine the energy thresholds for sputtering of

because of this, a high self-sputtering coefficient. In additiontungsten, tungsten oxide, and mixed W—C layers on tungsten

because of the high chemical affinity of tungsten for oxygenpy D* ions, as well as to measure the energy dependences of

its surface is always oxidized. It has been establiSiiedt  the sputtering coefficients of these materials for sputtering by

the presence on a tungsten surface of tungsten oxide, formei* ions in the threshold energy region.

during bombardment of the tungsten surface by light ions

wherl a high partial pressure of oxygen is prgsent (8=xPERIMENTAL TECHNIQUE

X 10 °Torr) in a vacuum vessel, causes a substantial reduc-

tion in the threshold for sputtering of tungsten owing to a  We have used standard needle tips for field-ion micros-

drop in the binding energy of the atoms to the surface. copy with average radii of curvature at the tip on the order of
Under conditions such that the materials in the divertorRy=<100 nm as test samples in this work. In order to obtain a

and first wall of a thermonuclear reactor are pulverized, thdayer of oxide on the tungsten surface, the samples were

surface layer of tungsten will consist of a mixture of tungstenheated in the atmosphere to a temperature~af50 °C.

and oxygen atoms. In this regard, a study of the effect ofilms of a W—C mixture were prepared by collecting the

oxide and mixed W-C layers on the threshold sputteringoroducts of simultaneous sputtering of tungsten and graphite

energy of tungsten is of fundamental importance. by 20 keV Ar" ions on needle and bulk samples of tungsten.
It should be noted that the experimental determination offhe area of the ion beam was<xA0 2m?. The collectors

1063-7842/99/44(9)/5/$15.00 1123 © 1999 American Institute of Physics
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FIG. 1. Experimental apparatus for creating
mixed W—C layers on the surface of tung-
sten samples- tips for field-ion-microscopy:
1 — vacuum chamber?2 — ion source,
3 — collector.

were placed a distance of 25 mm from the sputtering target@ metal-ceramic cathode assembly grid was used. This as-
Figure 1 is a sketch of the apparatus used to deposit theembly was placed in the spacce between the sample and
mixed layer. fluorescent screen only during single beam irradiation pulses.

The thicknesses of the oxide and mixed layers, and their ~ An original method for a pulsed two-step change in the
roughness and chemical composition were determined usingplarity of the high voltage was developed and used for ir-
a Sloan Instruments profilometer and Auger electron analysisadiating the samples. Here the gas, which could also serve
in combination with layer-by-layer etching on the bulk for imaging, was ionized by electron impact at the moment a
samples. The phase composition of the samples was deteshort high-voltage pulse of the oppositeegative polarity
mined using x-ray structural analysis in a grazing incidencevas delivered and the sample generated electrons by field
beam geometry. Figure 2 shows a typical depth distributioremission. These “ion imaging” high-voltage pulses were
of oxygen on the oxidized tungsten surface, and Fig. 3 showshorter than 0.Jus and their amplitude was 5.0 kV. At the
the depth distribution of carbon in a W—C mixed layer. same time as the high-voltage pulse, a low-voltage negative

In this paper the sputtering coefficient of tungsten and itpulse was applied to the sample; its duration wa$0 us
compounds was determined by directly counting the numbeand its amplitude, which was varied between 10 and 500 V
of vacancies that were forme@See, for example, the field- with a step of at least 10 V, corresponded to the specified
ion microscope image of a pure tungsten surface in Fig. 4energy of the bombarding ions. Various control analyses
where the individual vacancies formed during a single beamvere carried out in parallel, with a different sequence of
pulse are indicated by arrowys. pulses and their parameteia diode and triode configura-

A field-ion microscope of original desidmt the Institute  tions; in the latter case the above mentioned cathode assem-
of Theoretical and Experimental Physics was used in oubly grid was usej
experiments. In order to form a system of pulses between the The procedure for measuring the sputtering coefficients
needle samplécathodé and the microchannel platanode, involved the following basic operations} fabrication of the
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FIG. 2. Depth distributions of elements in
the surface layer of WO after oxidation of
tungsten sampleg is the concentration and
d the depth.

&
P

)
500

sample tips and their installation in a field-ion microscoperanged from 10 to several hundred for low sputtering coeffi-
capable of operating in three modes: a field-ion microscopeients.

per se a desorption ion microscope, and a field-emission  An important stage in the procedure for determining the
mlcrqsc_0pe5, b) vacuum pumping of the microscope and sputtering coefficienty was calculating the irradiation flu-
adm|s§éon of deuterium; the initial vacuum was ences. We emphasize that this is by no means a trivial prob-
3X10 " Torr, agld thes pressure after the deuterium was adrem. This problem, together with the estimate of the bom-
mitted was 10°-10 °Torr; ¢) a preliminary field-ion or  parging jon energy and the calculation of the number of
Qesorptlon microscopy analysis of the initial s_urface, clean;qividual vacancies formed during bombardment, imply a
g gnd evapor?::on o_f) thel Slérface d.b¥. the :'frzd to enTur%ertain arbitrariness in the resulting valuesrofn this paper,
maximum smoothness;) gulsed irradiation of the sample the irradiation fluence was calculated using the formulas of

surface by D ions; 8 a second microscopic analysis of the . .
samples with the object of identifying the formation of iso- Eef. 6. Here the required values of the average work function

lated vacancies on their surface; anjlcélculation of the ¢ for W, WO, and WC(4.54, 5.0, and 3.6 eV, respectively
sputtering coefficients corresponding to the given bombardwere taken from Ref. 7. For the given irradiation parameters,
ing ion energy. For a given sample, operations c—f werdhe surface of a tip with an average radius at its en®Ref
repeated many times. The number of bombarding pulses-100 nm experienced-2.5x 10" D" ion impacts per sec-
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FIG. 4. Field-ion microscope image of the surface of a sample of pure” /G- 5. Energy dependence of the sputtering coefficiénf tungsten for

tungsten: the arrows indicate individual vacancies formed as a result of gPuttering by D ions: 1 — results of the present wor, — experimental
single pulse of D ions. data of Ref. 93 — theoretical calculatich

ond, which corresponds to 250 ions striking the sample sur- | ) )

face during a single pulse or a flux of X307 ions/cn?s. In ~ aré in good agreement with previous measurements of the
turn, Y~10"! corresponds to the observation of 25 indi- threshold sputtering energy of W and we _
vidual vacancies over the entire sample surface observed un- | n€ threshold energy for sputtering of tungsten oxide by

der the microscope after a single beam putbe field-ion deuterium ions measured by field-ion microscopy is 65 eV,
- as compared t&,~18eV for tungsten oxide sputtered by

D* ions in a vessel with a residual oxygen pressure of 8
X 10" ° Torr measured by weighing. As noted in the refer-
ence, the low value d&,, is caused by a low binding energy
(E.=0.3eV) of the tungsten oxide molecules to the surface.
In our experiments, an oxide film with a thickness of
EXPERIMENTAL RESULTS ~50nm developed on the tungsten surface. An estimate of

. ) . the binding energy analogous to that in Ref. 1 gives
Table | is a comparison of the experimental values of the_41 1 a\/.

threshold sputtering energies of pure tungsten, tungsten car- e gypstantial increase in the threshold energy for sput-
bide, a mixture of W~C, and tungsten oxide by deuteriumyjng of a tungsten oxide layer by deuterium ions observed
ions, together with corresponding published expenmenta!)y the new method employed here may also be related to

: 8-10
and theoretical datel — differences between these two methga®ighing and field-
The table shows that during'Dion bombardment there jo, microscopy. The new method identifies only the vacan-

are no significant differences betweeg, for W and for a  ;jeq in the tungsten, that is, it counts only tungsten atom-
W-C mixed layer. The results for W and the W—C mixture g \hile the weighing method records all sputtered surface
species, including adsorbed atoms and molecules.

Auger electron analysis of a mixed W-C layer showed
that in a layer with a thickness of 10* nm, the W and C are

image of the end surface of a sample tip wiRh~100 nm
contains=10° atoms),Y~10"2 corresponds to an observa-
tion of 5 vacancies in two beam pulseg~10"2 corre-
sponds to observation of 1 vacancy in 4 pulses, etc.

TABLE |. Threshold sputtering energies.

Eyr, €V distributed essentially uniformly, while the oxygen impurity
Material (experiment,  Eg,, eV Egy, €V on the surface is no more than 9.5 at. %. The thickness of the
No. Material T, K present paper (experiment  (theory layer of WO on the tungsten resulting from heating it in air is
1 w 293 160 179Ref. 8 201(Ref.9  —o0nm.
178 (Ref. 9 160 (Ref. 10 The energy dependence of the sputtering coefficient for

209,37(Ref. 9 tungsten by deuterium ions obtained in the present experi-
5 we 171 (Ref ments is shown in Fig. Ecurvel). Besides these data, Fig. 5
150 Esz' g also shows the experimenta@urve 2) and theoreticalcurve
4 W oxide 293 65 <18 (Ref. 1 3) energy dependences obtained in Ref. 9. As can be seen
from Fig. 5, the tungsten sputtering coefficients measured by

2 W+ C 78-293 150
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0.10000 sputtered at an oxygen pressure of 80" ° Torr (curve 2)

and for pure tungstetcturve3) are shown there for compari-

son. At energies<100eV, the sputtering coefficients for
s tungsten irradiated in a high background pressure of oxygen
substantially exceed the field-ion microscopy measurements.
For E=350 eV the sputtering coefficients for tungsten oxide
(curve 2 of Fig. 70 measured by the weighing method
approach those for pure tungstéourve 3). This means
that when the sputtering coefficient increased to
3% 10 4atom/ion under the experimental conditions of Ref.
1, the oxide film on the tungsten surface had already been
sputtered away by the Dions. In our experiments, a thick
film of tungsten oxide was present on the tungsten surface,
so that a higher sputtering coefficient was required to sputter
it away.
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4.00001 1 L1l ] ) CONCLUSION
/A

1.0
E, keV 1. It has been shown that measuring the sputtering coef-

ficients of materials by field-ion microscopy has the follow-
FIG. 6. Energy dependence of the squtering coefficient of a mixed W— qng advantages: the ability to clean the sample surfaces of
layer on a tungsten surface for sputtering by @ns: 1 — results of the . . .
present work2 — experimental data from Refs. 9 and 10 for a WC system. f’:ldSOI’bgd a.toms f”md molecules, of OXIdQ f!lms' etc., d"'e.Ctly
in the field-ion microscope and the possibility of observing

and identifying each vacancy produced by the bombarding
the different methods are similar and agree fairly well withions on the sample surfaces, i.e., the possibility of counting
the theoretical curve. each sputtered atom.

The energy dependences of the sputtering coefficients 2. A sharp increase has been found in the threshold en-
for a pulverized layer of W—C and Ware also essentially ergy for sputtering of tungsten oxide by deuterium idBg,
the same as those obtained héfa. 6). is 65 eV.

Figure 7 shows the energy dependence of the sputtering 3. The threshold energy for sputtering of pure tungsten
coefficient for tungsten oxide with sputtering by deuteriumby deuterium ions at room temperature is in satisfactory
ions (curve 1). Experimental data from Ref. 1 for tungsten agreement with the calculations of Ref. 1, but is considerably
lower than the corresponding values determined by the
weighing method at room temperature.

4. The energy dependences of the sputtering coefficients
of pure tungsten and of a W—C mixed layer on tungsten for
sputtering by deuterium ions are in agreement with previ-
ously published data for W and WC.
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